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A B S T R A C T

A 10 L Rotating Disc Bioelectrochemical Reactor (RDBER) was operated as a microbial electrolysis cell (MEC) 
under different rotational speeds and counter electrode configurations. Increasing the anode’s speed from 0.25 to 
1 rpm raised the anodic current density from 0.55 ± 0.14 to 1.00 ± 0.07 A m− 2 while increasing hydrogen 
production rates from 0.05 ± 0.01 to 0.18 ± 0.01 LH₂ LR

− 1 d− 1. Higher speeds provided no further benefit. Moving 
the counter electrodes to the upper reactor half reduced observed hydrogen shuttling. The modified RDBER 
reached current densities of 1.98 ± 0.11 A m− 2 and 0.99 ± 0.03 LH₂ LR

− 1 d− 1 hydrogen production. Optical 
coherence tomography confirmed biofilm morphology changes but no significant increase in biovolume or 
substratum coverage. Hydrogen recovery remained below 50 %. While the RDBER achieved high volumetric 
current densities and volumetric hydrogen production rates compared to other MEC pilots, improvements in 
anodic current density and cathodic hydrogen recovery are required for practical application.

1. Introduction

Microbial electrochemical technologies (METs) intertwine applied 
electrochemistry with microbial metabolism, either directly or indi
rectly (Schröder et al., 2015). METs are receiving research attention 
mainly due to their potential contribution to electricity-driven waste 
stream transformations within a future sustainable economy (Ieropoulos 
et al., 2024; Jiang et al., 2023; Jourdin and Burdyny, 2021). A specific 
implementation of this technology is a microbial electrolysis cell (MEC). 
Here, the exergonic microbial degradation of organic compounds is 
electrically linked to an abiotic, cathodic hydrogen production 
(Rozendal et al., 2006). Since the anode reaction is driven by the mi
crobial oxidation of organic substrates (e.g. acetate/CO2, E◦′ ≈ − 0.29) 
instead of water oxidation (H2O/O2, E◦′ ≈ 0.82 V), the electrical energy 
input required to drive the cathodic hydrogen evolution reaction (H+/ 
H2, E◦′ ≈ − 0.41) can be significantly lower in a MEC compared to con
ventional water electrolysis (Kim et al., 2025). In this way, MECs have 
positioned themselves at the forefront of the evolving field of METs - by 

coupling the treatment of carbon-rich waste streams with the surplus of 
an electrocatalytic hydrogen production. Microbial electrochemical 
technologies have undergone extensive laboratory study over the last 
decades and are currently finding their way into pilot-scale imple
mentations (Das and Ghangrekar, 2024). Inevitably, this also drives the 
development of novel reactor designs to meet the scaled demands of a 
pilot plant (Enzmann et al., 2019). For a more detailed overview of MEC 
fundamentals and recent advances, readers are referred to comprehen
sive reviews on this topic (Jiang et al., 2023; Rousseau et al., 2020).

MECs are typically classified into dual-chamber and single-chamber 
reactors, depending on whether the anode and cathode compartments 
are physically separated by a selectively permeable membrane. At the 
laboratory scale (<1 L reactor volume), zero-gap flow cells clearly 
outperform other reactor concepts in the pursuit of increased current 
densities and enhanced hydrogen production rates (Kim et al., 2025). 
These zero-gap designs are optimized versions of a conventional dual- 
chamber MEC reactor, that employs a membrane separating anode 
and cathode chambers to ensure hydrogen purity and prevent 
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electrochemical short circuits (Gautam et al., 2023). However, while the 
ongoing development of zero-gap flow cells partly addressed challenges 
associated with conventional membrane-based MEC designs – such as 
the formation of pH gradients and increased internal resistances (Bian 
et al., 2024; Rossi et al., 2023, 2022) – high operational costs related to 
maintenance and membrane fouling might remain a significant issue 
(Kracke et al., 2018). Noteworthy, the outstanding performance of these 
systems is currently limited to rather small-scale reactors (a few milli
liters in anodic working volume), which appear to be at least challenging 
to scale linearly. Hence, it is often proposed that the increase in reactor 
working volume and electrode surface area should be achieved through 
numbering up of small dual-chamber zero-gap reactors (Enzmann et al., 
2019). The modular design of commercial-scale water electrolyzers is 
often held up as a reference, as a similar stacking concept is already 
practiced here. Yet, connecting thousands of individual modules in order 
to provide sufficient anode working volume required to treat real liquid 
waste streams may result in a plethora of potential leakage points which 
considerably complicates periodic inspection and maintenance during 
long-term operation. Besides, prolonged narrow flow channels could 
also lead to high flow resistances leading to pressure drops that might 
result in uneconomical pumping energy demands. Additionally, the 
narrow flow channels of current zero gap designs may be prone to 
clogging due to biofilm formation and/or suspended solids in real waste 
streams (Kim et al., 2025). Finally, the distribution of inter-cell voltages 
in large stacks remains unknown, as do possible pH and nutrient gra
dients that may develop within or between individual stacks.

Taken together, while clearly demonstrating the most promising 
performance on a small scale, numbered-up dual-chamber MECs may 
not (yet) be suitable for all large-scale MET applications, such as treating 
high volumetric waste streams with an elevated content of suspended 
solids. Hence, novel creative reactor concepts that circumvent these 
limitations of conventional MEC-architectures could facilitate a broader 
implementation of METs beyond the laboratory, enabling practical 
deployment in large-scale waste treatment and bioelectrochemical 
production.

Along these lines, a novel reactor design - the Rotating Disc Bio
electrochemical Reactor (RDBER) - has recently been introduced 
(Hackbarth et al., 2023). The RDBER employs 14 rotating graphite discs 
as working electrodes, providing a total working electrode surface area 
of 1 m2 within a 10 L reactor volume, thereby offering a convenient ratio 
of working electrode surface area to reactor volume of 100:1. Concep
tually, the RDBER design allows for easy scaling while maintaining the 
surface-to-volume ratio for example by elongating the reactor chamber, 
thereby increasing the number of graphite discs that can be mounted on 
the rotating shaft (Pott, 2023). The reactor is fully autoclavable, can be 
chemically sterilized in situ and is thus, in combination with the inte
grated temperature control, especially suitable for axenic cultivations a 
prerequisite for many biotech applications. As a single-chamber bio
electrochemical system (BES), the RDBER deliberately avoids the use of 
membranes. While simplifying the reactor design and avoiding com
plications caused by membrane fouling and membrane failure on the 
one hand, such a single-chamber system can be prone to electrochemical 
short circuits, that can result in decreased efficiencies compared to a 
conventional two-chamber set up. Hydrogen shuttling is a commonly 
reported example for such an electrochemical short-circuit of a single- 
chamber MEC (Knoll et al., 2023). Here, the cathodically produced 
hydrogen gets reoxidized into protons by the electroactive, anodic bio
film. This short circuit decouples the current densities in the MEC from 
the net hydrogen production of a MEC. As a result, the electrical energy 
supplied to the MEC no longer correlates directly with the amount of 
hydrogen produced. Whether this significant disadvantage of a single- 
chamber MEC can be offset by the advantages of reduced costs and 
complexity in reactor design will be shown in future studies on an 
optimized pilot scale and long-term continuous operation under real 
conditions.

Although similar in name, the rotating disc bioelectrochemical 

reactor (RDBER) presented in this study is not derived from the rotating 
disc electrode (RDE) technique used in analytical electrochemistry. 
While RDEs typically operate at several hundred to thousands of revo
lutions per minute (rpm) to study mass transport under well-defined 
conditions, the RDBER is based on the design principles of rotating 
biological contactors (RBCs), commonly used in wastewater treatment 
(Hassard et al., 2015). RBCs consist of closely spaced discs that serve as 
biofilm substratum, mounted on a rotatable horizontal shaft. Here, the 
rotation of the half-submerged discs through the bulk medium and the 
oxic gas phase of the reactor ensures the supply of gaseous and dissolved 
substrate and nutrients to the biofilm, thereby reducing the reliance on 
energy-intensive pumping or stirring to aerate the bulk phase. RBCs are 
characterized by low maintenance and operating costs, ease of process 
control, and a compact design (high surface area to volume ratio) 
(Cortez et al., 2008). Initial efforts to integrate bioelectrochemical 
functionality into RBCs have already been successfully demonstrated at 
the laboratory scale. Table 1 summarizes studies and their respective 
objectives presenting BES that incorporate design features inspired to 
varying extents by RBCs. Notably, apart from the advanced BES incor
porating polarity inversion presented by Cheng et al., the RDBER is the 
only RBC-like reactor in which anodic biofilms have been cultivated on 
the rotating discs. In all other designs, the anodes remain stationary 
while the rotating cathodes facilitate either abiotic or biologically 
mediated reduction reactions (Cheng et al., 2011).

In an RBC a faster rotation of the discs not only counteracts the 
limiting diffusive transfer of nutrients and (gaseous) substrates into the 
biofilm, it also directly increases the shear force acting on the biofilm 
and influences the overall energy consumption of the system. Therefore, 
the rotational speed of the substratum can be defined as a key operating 
parameter of an RBC type reactor. Still, the role of the rotational speed of 
the working electrodes in an RDBER when operated as a MEC remains 
underexplored and will likely diverge from the behavior observed in 
conventional RBCs, given that in the RDBER the rotating anodes are 
fully submerged in the bulk liquid during MEC operation.

Although the RDBER was originally designed as a scale-up attempt 
for a thermophilic, oxic microbial electrosynthesis process, both anodic 
and cathodic biofilms have been successfully cultivated in the reactor in 
proof-of-concept studies (Hackbarth et al., 2023). However, systematic 
research assessing hydrogen production and evaluating the potential 
and limitations of this bioelectrochemical reactor operated as a MEC 
under controlled and defined laboratory conditions is lacking. 
Addressing this gap is crucial not only for gaining valuable insights that 
can directly inform reactor design improvements but also for providing 
baseline data to develop a future model as a foundation for potential 
scale-up efforts.

Therefore, in a series of batch experiments, we cultivated the model 
exoelectrogens Shewanella oneidensis and Geobacter sulfurreducens as a 
co-culture in the RDBER operated as a MEC at different working elec
trodes speeds while monitoring substrate degradation, current and gas 
production. These anode-reducing model microorganisms are known to 
form two-species biofilms that produce higher current densities in a BES 
compared to pure-culture biofilms of each species (Engel et al., 2019). 
This increased performance is likely attributed to Shewanella oneidensis 
capacity to oxidize a wide range of substrates, such as lactate, into 
carbon dioxide and acetate. The acetate produced serves then as the 
primary carbon source for Geobacter sulfurreducens, which then fully 
oxidizes the acetate into carbon dioxide. Additionally, S. oneidensis plays 
a vital role in reducing oxygen contaminations, which would otherwise 
hinder the acetate oxidation process by the strict anaerobe 
G. sulfurreducens. As hydrogen shuttling from the cathode into the 
anodic biofilm was observed during co-cultivation of these organisms in 
the RDBER operated as an MEC, we attempted to mitigate this electro
chemical short circuit by modifying the reactor’s cathode configuration. 
Finally, we compare key performance indicators of the modified reactor 
with those of other MEC reactor concepts in the scale range of 10 L and 
above.
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Table 1 
Studies involving bioelectrochemical reactors inspired by RBCs (rotating biological contactors) and their respective study objectives. Notably, all reactors listed are 
single-chamber BES (bioelectrochemical systems). Rpm – revolutions per minute.

Reference Objectives Working 
volume 
(Total 
reactor 
volume)

Function of rotating discs 
(surface area)

Rotational speed Quantification of 
gaseous products

(Krzemieniewski 
and Rodziewicz, 
2005)

A rotating electrobiological contactor (REBC) 
was presented and operated to assess the impact 
of an applied current on the efficiency of nitrogen 
compound removal from both synthetic and real 

wastewater.

Four stages 
in series à 2 
L 
(− )

Cathode 
(0.6 m2 per stage)

60 rpm –

(He et al., 2007) The impact of rotating a half-submerged cathode 
on power production in a river sediment 
microbial fuel cell was assessed. Rotation 

enhanced cathodic oxygen availability, thereby 
increasing the cathodic reaction rate and 

resulting in higher power output.

1.3 L 
(− )

Cathode 
(0.0086 m2)

0.5 to 2 rpm –

(He et al., 2009) Electricity production from ammonium was 
investigated using a rotating-cathode microbial 

fuel cell. Addition of ammonium salts led to 
current generation, whereas sodium chloride, 

nitrate, or nitrite had no effect on current 
production.

0.75 L 
(1.125 L)

Cathode 
(0.0475 m2)

1.1 rpm –

(Cheng et al., 2011) A rotatable bioelectrochemical contactor (REBC) 
was designed, built, and operated as a microbial 

electrolysis cell with polarity inversion for 
methane production from low-strength 

wastewater. Each REBC disc was subdivided into 
two isolated half-discs: one immersed in the 
liquid bulk, the other in the gas headspace. 

Polarity inversion promoted the formation of a 
mixed-species biofilm, catalyzing both anodic 

acetate oxidation and cathode-driven 
methanogenesis.

1.75 L 
(ca 4 L)

Regular half-rotations resulted in 
polarity inversions of the half discs: the 
anode became the cathode and vice 
versa. (a total of 0.095 m2 submerged 
in bulk phase)

No continuous 
rotation  

Intermittent 180◦

rotations every 2 h

yes

(Cheng et al., 2012) A rotatable bioelectrochemical contactor (REBC) 
was operated under oxic conditions as a 

microbial fuel cell. Each disc was subdivided into 
two isolated half-discs: one immersed in the 

liquid bulk phase, the other in the gas headspace. 
Regular polarity inversion was applied to prevent 
the formation of inhibitory pH-gradients at the 
electrodes. Performance was compared between 
REBC operation with and without electron flow.

1.75 L 
(ca 4 L)

Regular half-rotations resulted in 
polarity inversions of the half discs: the 
anode became the cathode and vice 
versa. (a total of 0.095 m2 submerged 
in bulk phase)

No continuous 
rotation  

360◦ inversion once 
every 15 min or 180◦

rotation every h

–

(Sayess et al., 2013) A microbial fuel cell was ‘integrated’ into a 
rotating biological contactor and operated with 
synthetic wastewater for 80 days. The impact of 
the C/N ratio on COD (chemical oxygen demand) 

and nitrogen removal was investigated under 
conditions with and without electron flow.

Three stages 
in series à 
1.33 L 
(− )

Cathode 
(0.041 m2)

3 rpm –

(Rodziewicz et al., 
2020)

A rotating electrobiological contactor (REBC) 
was operated on synthetic wastewater 

resembling effluent from soilless tomato 
cultivation at varying hydraulic retention times. 
The reactor is now referred to as either a rotating 

electrobiological disc contactor (REBDC) or 
rotating electrochemical disc contactor (RECDC) 
if the cathodic biofilm was manually wiped off 

the rotating cathodes. Currents of up to 10 A m− 2 

were applied to investigate both biotic and 
abiotic nitrogen and phosphorus removal.

Four stages 
in series à 2 
L 
(− )

Cathode 
(0.6 m2 per stage)

10 rpm –

(Hackbarth et al., 
2023)

A rotating disc bioelectrochemical reactor 
(RDBER) was presented, demonstrating proof-of- 
principle cultivation of both cathodic and anodic 

biofilms on the rotatable working electrodes.

Ca. 9 L 
(10 L)

Either cathode or anode – dependent 
on the organism cultivated 
(1 m2)

1 rpm yes

(Knoll et al., 2023) An RDBER, inspired by Hackbarth et al. (2023), 
was designed, built, and used to analyze the 
robustness (in terms of current) of a model 

biofilm formed by Geobacter sulfurreducens and 
Shewanella oneidensis under rapidly changing 

process conditions such as anode potential and 
shear forces. Additionally, a mathematical model 
was developed to predict the system’s behavior 

in terms of current output.

10 L 
(12.6 L)

Anode 
(0.5 m2)

0.25 to 2 rpm –

(Juergensen et al., 
2025)

This study aimed to enhance the performance of 
axenic Shewanella oneidensis cultivation in an 

10 L 
(12.6 L)

Anode 
(0.5 m2)

– –

(continued on next page)
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Table 1 (continued )

Reference Objectives Working 
volume 
(Total 
reactor 
volume) 

Function of rotating discs 
(surface area) 

Rotational speed Quantification of 
gaseous products

RDBER operated as a microbial electrolysis cell 
by improving genetic strain modifications and 

medium optimization.
This study This study assesses the impact of the rotational 

speed on the performance (hydrogen production, 
COD degradation) of an RDBER operated as a 

microbial electrolysis cell under controlled 
laboratory conditions, using a low-complexity 

anodic biofilm.

Ca. 9 L 
(10 L)

Anode 
(1 m2)

0.25 to 2 rpm yes

Fig. 1. Schematic 3D renderings of the RDBER used in this study. (a) Overview of the reactor and its peripheral equipment, including several measuring electrodes 
(pH, dO2, reference), a recirculation pump and the OCT-probe head. (OCT – optical coherence tomography) (b) Top-down view of isolated reactor components 
illustrating the setup for OCT image acquisition. (c) Cross-sectional view of the reactor, depicting the anodic electrode roll and the modified counter electrode made 
of perforated stainless steel.
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2. Material and methods

2.1. Strains and preculture conditions

Shewanella oneidensis MR-1 was routinely cultured aerobically in LB- 
Lennox-Medium (at 30 ◦C, 180 rpm), while Geobacter sulfurreducens PCA 
was pre-grown under anoxic conditions at 30 ◦C in BES-medium (pH 
7.4). The detailed composition of this minimal medium can be found 
elsewhere (Hackbarth et al., 2023). Briefly, 20 mM sodium acetate and 
40 mM of disodium fumarate were added as electron donor and 
acceptor, respectively. Mid-log phase cells were harvested and washed 
twice in BES-medium omitting fumarate before final inoculation of the 
reactor.

2.2. Reactor design

A detailed description of the design and configuration of the bio
electrochemical reactor employed for all experiments in this study has 
been provided in a previous publication (Hackbarth et al., 2023). The 
reaction chamber of this rotating disc bioelectrochemical reactor 
(RDBER) has an inner volume of 10 L. Relative to the working electrode 
area of 1 m2 this results in a surface-to-volume ratio of 100 m2 m− 3. 
Fig. 1 shows three 3D renderings of the reactor, providing schematic 
insight into its design while highlighting specific components. The 
working electrode assembly consists of 14 graphite discs - each with a 
diameter of 210 mm - mounted on a rotatable titanium shaft, which also 

serves as current collector. A high-resolution stepper motor on the back 
of the reactor (Lexium MDrive Motion Control, Schneider Electric) al
lows precise, load-independent control of the rotational speed of the 
titanium shaft. In its original configuration, the counter electrode con
sisted of 15 semicircular mixed metal oxide (MMO) coated titanium 
plates (platinode type 177, Umicore) that were mounted on four 
threaded titanium rods located in the lower half of the cylindrical re
action compartment (Fig. 2a shows a detailed view of a single assembled 
titanium plate on top of a single graphite disc anode). The individual 
half-disc-shaped counter electrodes were each mounted alternately be
tween the working electrode discs with a distance of 5.5 mm to the two 
adjacent discs. The active counter electrode surface area of the original 
configuration added up to approximately 0.5 m2.

To minimize hydrogen-shuttling in between the original titanium 
counter electrodes and the biofilm on the working electrode, a new 
counter electrode made from a bent stainless-steel (1.4571) plate was 
examined in this study (Fig. 1c and 2b). For this purpose, a pair of 
stainless-steel pipes were first screwed onto the two upper titanium rods 
that originally served for the mounting of the original titanium elec
trodes. The stainless-steel plate was bent into a round shape and welded 
to the stainless-steel pipes so that it was now located on top of the anodes 
in the upper half of the reaction chamber. A perforation in the electrode 
plate allows emerging hydrogen to easily escape towards the gas outlet 
in the upper part of the reactor and is intended to prevent evolving 
hydrogen bubbles from accumulating under the steel plate. The active 
surface area of the new stainless-steel counter electrode amounted to 

Fig. 2. Photographs of the different counter electrode (here the cathode) configurations of the RDBER used in this study. For clarity, only one of the 14 working 
electrode discs was installed on each picture. (a) semicircular mixed metal oxide (MMO)-coated titanium counter electrodes located in the lower half of the reactor 
(exemplary the photo depicts only one of the 15 counter electrodes). (b) bent and perforated stainless-steel plate (grade 1.4571) serves as modified counter electrode 
placed above the rotating working electrodes. WE – Working electrode; CEL – Counter electrode.
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0.111 m2.

2.3. Reactor operation

Prior to each new start-up of the reactor, the system was completely 
disassembled into its individual parts in order to clean them successively 
with isopropanol, ethanol and demineralized water. Subsequently, the 
reactor was reassembled and sterilized by autoclaving. The reactor was 
then filled with approximately 10 L of previously inoculated BES me
dium (pH 7.4, 20 mM sodium lactate and 20 mM sodium acetate as 
electron donors). This involved inoculation with S. oneidensis and 
G. sulfurreducens in a 9:1 ratio, resulting in an initial optical density 
(OD600) of 0.1. Both S. oneidensis and G. sulfurreducens are well- 
established electroactive model organisms, extensively employed in 
the investigation of extracellular electron transfer (EET) mechanisms. 
Under anaerobic conditions, these organisms can oxidize easily 
degradable organic acids. The thereby released electrons are then 
transferred to an insoluble extracellular electron acceptor – such as 
metal oxides or an anode – serving as the terminal electron acceptor of 
an anaerobic respiration. Within our experimental setup, S. oneidensis 
carries out the partial oxidation of lactate, producing acetate and CO2, 
whereas G. sulfurreducens utilizes acetate as an electron donor and fully 
oxidizes it to CO2: 

CH3CH(OH)COO− +2H2O→CH3COO− +CO2 +5H+ +4e−

CH3COO− +2H2O→2CO2 +8H+ +8e−

The partial oxidation of lactate to acetate and CO2 by Shewanella is 
coupled to the transfer of four electrons to the anode, whereas the 
complete oxidation of acetate to two moles of CO2 by G. sulfurreducens 
yields in an EET of eight electrons.

A heating jacket in the reactor shell enabled a circulation thermostat- 
dependent control of the reactor temperature, which was kept constant 
at 30 ◦C. The medium was recirculated at a pump rate of 500 mL min− 1. 
Using a potentiostat (Interface 5000P, Gamry Instruments, Warminster, 
USA), a constant potential of 0 mV vs. SHE (standard hydrogen elec
trode) was maintained at the working electrode for each 9-day experi
ment while recording the current densities throughout. Once a day, the 
reactor’s cell voltage (between the counter and working electrodes) was 
manually measured using a conventional multimeter. Unfortunately, 
this data was irretrievably lost due to a serious water spill damage. Due 
to the very limited amount of reliable voltage data remaining after the 
incident, we chose not to include calculations of the reactor’s energy 
efficiency into this manuscript. Presenting such calculations based on 
insufficient data could mislead readers into interpreting these estimates 
as robust results. We would also like to emphasize that all other per
formance parameters presented in the manuscript are based on data that 
were not affected by the water spill. Nonetheless, interested readers are 
welcome to perform their own estimations based on the remaining cell 
voltage data, with the understanding that such calculations are subject 
to the limitations discussed above (See supplementary data).

The working electrodes (with a disc radius of 210 mm) were rotated 
at speeds of up to 2 rpm, corresponding to a tangential (tip) velocity of 
up to 22 mm s− 1. A detailed estimate of the resulting shear forces acting 
on the biofilm is provided by Knoll and colleagues (Knoll et al., 2023). 
The evolving gases (e.g. cathodic H2 and CO2 from the microbial 
oxidation of the organic acids) were collected in a gas sampling bag after 
passing a MilliGascounter (Ritter, Germany) for measurement of the 
volumetric flow rate. Analysis of the collected gases was conducted by 
means of a Micro Gas Chromatograph (GC) (490 Micro GC, Agilent 
Technologies, Germany) loaded with two carrier gases (argon and he
lium) and two stationary phases (CP-Molsieve 5 Å Plot and PoraPLOT U 
J&W GC columns, Agilent Technologies, Germany). Finally, media 
samples were taken twice a day in order to determine the concentration 
of organic acids by means of a Metrohm 881 Compact Pro Ion Exchange 
Chromatograph (IC) with a Metrosep Organic Acids 250/7.8 column 

(Metrohm, Switzerland).
All experiments were performed at least in duplicate. If not otherwise 

mentioned, data are presented as mean values from two independent 
experiments and error bars represent the absolute deviation from the 
mean. Given the small sample size (n = 2 per condition), statistical 
analysis was not conducted, as it would not provide meaningful 
inference.

2.4. Optical coherence tomography and parameters for biofilm 
characterization

At the end of each experiment (after 9 days), optical coherence to
mography (OCT) was used for 3D visualization of the anodic biofilm, 
using a GANYMEDE II spectral-domain OCT system (Thorlabs GmbH, 
Dachau, Germany) with an LSM04 objective. The digital image pro
cessing of the OCT datasets and the calculation of the biofilm structure 
parameters, mean biovolume BV, and mean substratum coverage SC, 
were conducted using imageJ (Bauer et al., 2019; Schneider et al., 2012) 
and in-house made macros (Bauer et al., 2019) as described elsewhere 
(Hackbarth et al., 2023).

BV (μm3 μm− 2) represents the average biovolume across all mea
surement positions, while SC indicates the average percentage of the 
anode surface covered by biofilm on a trapezoidal section of the total 
visualized area (marked as a green box in Fig. 5c):

BV is defined as the measured biofilm volume VBF (μm3) in relation to 
the visualized area AST (μm2). 

BV =
VBF

AST 

As described in detail in our previous publication, AST refers to the 
area of a single trapezoid. The sum of all such trapezoidal areas (

∑
ASTn, 

with n indexing each individual trapezoid) constitutes to the surface of a 
radial section of the visualized disc (Hackbarth et al., 2023).

Accordingly, the mean biovolume BV is calculated as the sum of all 
locally determined biofilm volumes divided by the surface of the radial 
trapezoidal area: 

BV =

∑
VBFn

∑
ASTn 

The mean substratum coverage, SC, is described as follows: 

SC =

∑
ASTn − Auc
∑

ASTn 

where Auc denotes the area of uncovered substratum (biofilm thickness 
= 0 μm.)

2.5. parameters for reactor performance characterization

COD (chemical oxygen demand) degradation rates were calculated 
from the IC-measured lactate and acetate degradation rates (see Section 
2.3) by assuming a COD of 64 g for one mol of acetate and a COD of 96 g 
for one mole of lactate.

The Coulombic efficiency CE (%) of the anodic half-cell reaction was 
calculated as the ratio of the moles of electrons transferred to the anode 
(calculated from the working electrode current densities ne(cd)), and the 
moles of electrons ne(oa) theoretically released from the full oxidation of 
the consumed organic acids – where the consumption is based on the 
collected ion chromatography data: 

CE = 100×
ne(cd)

ne(oa)

ne(cd) =

∫
I(t) dt

F 
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n(oa) = nacetate(consumed) ×8+ nlactate(consumed) ×12 

where F is the Faraday constant and I (A) describes the measured anodic 
current.

The cathodic hydrogen recovery rcat (%) was calculated as the ratio 
of the actually produced moles of hydrogen measured at the gas outlet of 
the reactor nH2(measured), and the moles of hydrogen that theoretically 
could have been produced based on the measured current densities as 
described in nH2(cd). 

nH2(measured) =

∫ p × Vgas(t) × xH2 (t)×
R × T

dt 

With R as the universal gas constant and Vgas(t) being the volumetric 
flow rate of the total off-gas as recorded by the MiliGasCounter. xH2 (t)
represented the volume fraction of hydrogen in the collected off-gas as 
measured by GC-analysis. An atmospheric pressure p of 1.013 bar and a 
room temperature T of 295 ◦C were used in the calculations. 

rcat = 100×
nH2(measured)

nH2(cd)

nH2(cd) =
ne(cd)

2 

3. Results and discussion

3.1. Impact of the rotational speed on reactors performance

As part of the iterative process of exploiting the RDBERs potential, 
the impact of the anodes’ rotational speed on the performance of the 
reactor operated as a microbial electrolysis cell was assessed in a series 
of batch experiments. In this context, the RDBER was operated at con
stant anodic rotational speeds (0.25, 1 and 2 rpm) for a period of 9 days 
each, while recording key parameters such as current densities, 
hydrogen production rates, and COD removal. An axenic co-culture of 
Geobacter sulfurreducens and Shewanella oneidensis served as inoculum in 
all experiments. The working electrode potential was kept constant at 0 
mV vs. SHE by means of a potentiostat. As a result, the slowest rotational 
speed tested (0.25 rpm) led to anodic current densities of up to 0.55 ±
0.14 A m− 2 (corresponds to a volumetric current density of 55 ± 14 A 
m− 3). As depicted in Fig. 3, by increasing the rotational speed to 1 rpm, 
maximum current densities of up to 1.00 ± 0.07 A m− 2 (100 ± 7 A m− 3) 

could be achieved.
A further doubling of the speed to 2 rpm did not significantly in

crease the obtained current densities. Rather, a prolonged initial ‘lag 
phase’ was observed in the current density profile of the 2 rpm experi
ments. The COD degradation rates (see Fig. 4a and b) showed a similar 
correlation between rotational speed and performance. By increasing 
the rotational speed from 0.25 rpm to 1 rpm, COD removal approxi
mately tripled (from 0.08 ± 0.02 to 0.25 ± 0.03 kg m− 3 d− 1 for the 
average, and from 0.13 ± 0.04 to 0.39 ± 0.04 kg m− 3 d− 1 for the 
maximum degradation rate). Operating the RDBER at 2 rpm did not 
result in any further significant difference in the organic acid degrada
tion compared to the experiments conducted at 1 rpm. Another process 
parameter that was heavily affected by the speed of the working elec
trodes was the hydrogen production rate. Again, the most notable dif
ference in both the average and maximum hydrogen production rates 
was evident between the 0.25 rpm and 1 rpm experiments (See Fig. 4c 
and d). Here, the maximum hydrogen production rate was increased by 
a factor of four to slightly exceed 0.4 liters of hydrogen per liter of 
reactor volume and day. Likewise, the average daily hydrogen produc
tion quadrupled from 0.05 ± 0.01 to 0.18 ± 0.01 LH₂ LR

− 1 d− 1. Increasing 
the anodes speed to 2 rpm did not significantly change the average or 
maximum hydrogen production rates. Rittmann et al. employed a 
rotating biological contactor (non-electrified) to assess oxygen mass 
transfer into an aerobic biofilm growing on non-conductive discs 
(Rittmann et al., 1983). Yet, it is important to note that the Rittmann- 
RBC was operated as a gas-liquid contactor, exposing half of the disc 
surface to air, which may limit the comparability of their results with 
our study. Nevertheless, they demonstrated an increase in aeration with 
increasing rotational speeds up to 30 rpm. In our study, since acetate 
was likely not limiting, one of the primary effects of rotation during MEC 
operation could have been enhanced mixing and the faster removal of 
anodically produced protons. This effect improved as the rotational 
speed increased from 0.25 to 1 rpm, but no further improvement was 
observed beyond that speed. One possible explanation for the observed 
behavior in our system could be a cathode limitation resulting from the 
rather small surface area of the counter electrode, which may have 
masked further improvements in nutrient supply to the biofilm at higher 
rotational speeds. It should also be mentioned that no abiotic organic 
acid degradation or hydrogen production was measured in a sterile 
control experiment, nor could any influence of the rotational speed on 
the anodic idle current of the non-inoculated reactor be observed (see 
Supplementary Fig. 1).

Based on the rates described above, the respective yields of the 
RDBER operated as a microbial electrolysis cell were determined. 
Coulombic “efficiencies” (CE) were calculated as the ratio of electrons 
transferred to the anode (based on anodic current densities) and elec
trons released through the oxidation of the degraded organic acids 
(measured by means of ion chromatography). The CEs obtained in this 
manner (see Fig. 3e) ranged well above 100 % (up to 353 ± 3 % in the 
0.25 rpm run). However, to be consistent with the law of conservation of 
energy, “efficiencies” above 100 % should be critically scrutinized and 
can be attributed to the fact that not all electron sources available to the 
anodic biofilm were included in the above calculation. Since care was 
taken to ensure that the employed minimal medium did not contain any 
respiratory electron donors accessible to the co-culture, the hypothesis 
was made that some cathodically produced hydrogen was re-oxidized by 
the anodic biofilm, resulting in an additional source of anodic electrons. 
Indeed, only around 60 % of the hydrogen, theoretically expected to be 
cathodically produced as a result of the complete anodic oxidation of the 
consumed organic acids (not accounting for biomass as a carbon and 
electron sink), was detected at the gas outlet of the reactor - with a 
negligible influence of the rotational speed which supports the 
assumption of hydrogen shuttling between the two electrodes. Although 
this hydrogen loss could also be caused by leaks in the reactor itself, the 
cathodic hydrogen recovery rcat, calculated based on the moles of 
hydrogen that theoretically should have been produced based on the 

Fig. 3. Impact of the rotational speed of the working electrodes on the volu
metric and anodic current densities over time (straight lines). The dotted line 
corresponds to the measured current densities of the modified reactor system 
with the new stainless-steel (SS) counter electrode at 1 rpm. Data are presented 
as mean values from two independent experiments (n = 2); error bars represent 
the absolute deviation from the mean.
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measured current densities, amounted to only around 20 %, which 
suggests that some of the hydrogen is re-oxidized by G. sulfurreducens in 
the anodic biofilm and thus remains trapped in a ‘hydrogen loop’ in the 
reactor. This short-circuiting of a microbial electrolytic cell, which re
sults in a significant reduction in rates and yields of the desired elec
trochemical process, has previously been observed in other studies as a 
typical unintended side effect of a membrane-less BES (Wang et al., 
2023).

Different approaches are conceivable to reduce or even prevent this 
phenomenon of hydrogen recycling in a microbial electrolysis cell. The 
apparently simplest solution is to install a semi-permeable membrane 
between the anode and cathode compartments. However, this is con
trary to one of the main concepts of the RDBER, according to which the 
high ohmic losses and the complexity of the reactor, especially in the 
context of future scaling, are to be reduced by the elimination of the 

membrane. Moreover, biotic hydrogen re-oxidation might also be sup
pressed by the addition of specific inhibitors. For example, conjugated 
oligo-electrolytes were added to a membrane-less MEC, which increased 
hydrogen recovery by 67-fold and acetate removal by 4.4-fold as re
ported by Liu et al. (Liu et al., 2015). However, the regular addition of 
high-priced inhibitors to a biotechnological process, specifically a 
continuous process, would be economically unsound. Furthermore, the 
RDBER is designed especially for biotechnological pure culture appli
cations due to its autoclavability and the theoretical possibility of clean- 
in-place. Thus, it would also be feasible to rely on other electroactive 
strains that are either natively (e.g. Geobacter metallireducens, Desulfur
omonas acetexigens or Shewanella oneidensis) or due to genetic modifi
cations not capable of oxidizing hydrogen. However, the limited number 
of electroactive microorganisms or the lack of a genetic accessibility 
often restricts microbial strain options. Additionally, preventing the 

Fig. 4. Impact of the rotational speed of the anodes on different performance parameters of the RDBER operated as microbial electrolysis cell (orange). The lilac bar 
represents the performance of the reactor system operated with the new stainless-steel (SS) counter electrode configuration at 1 rpm. The experimental duration of all 
experiments shown was 9 days. (a) and (b) maximum and average COD degradation rates in kilograms COD per m3 of reactor and day (c) and (d) maximum and 
average hydrogen production rates in liters (LH2) per liters of reactor volume (LR) and day. (e) coulombic “efficiencies” (CE) for the anodic half-cell reaction (ratio of 
the electrons transferred to the anode and the electrons theoretically released from the degraded organic acids). (f) Cathodic hydrogen recovery rcat: This hydrogen 
yield was calculated as the ratio of the moles of hydrogen measured at the reactor’s gas outlet to the theoretical moles of hydrogen produced based on the measured 
current densities. Data are presented as mean values from two independent experiments (n = 2); error bars represent the absolute deviation from the mean.
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undesired proliferation of hydrogen oxidizing microorganisms in a 
mixed-species anodic biofilm presents a challenge. Therefore, we aimed 
for a constructive approach to minimize hydrogen recycling, as it has 
already been shown for other bioelectrochemical reactor concepts that a 
well thought-out arrangement of the electrodes and a well-managed 
directional flow of the fluid and gas streams in a reactor can signifi
cantly reduce electrochemical short circuits between the electrodes 
(Anoy et al., 2024; Giddings et al., 2015; Guo et al., 2010).

3.2. Operation of the RDBER with a modified counter electrode

In an attempt to minimize hydrogen shuttling, an alternative counter 
electrode configuration was developed specifically for MEC operation of 
the RDBER. For this purpose, the counter electrodes, which act as H2- 
producing cathodes during MEC operation, were moved from the lower 
half of the reactor to the upper part of the reactor and thus above the 
rotating drum of the working electrodes. The relocation of the cathodes 
was intended to prevent the cathode-generated hydrogen bubbles from 
passing the anodic biofilm on their ascent to the gas outlet of the reactor 
and thus from being reoxidized by the microbes in the anodic biofilm. As 
part of this process, we also decided to replace the electrode material 
(MMO-coated titanium) with a more cost effective perforated and bent 
stainless steel plate (a simplified detailed photograph of both electron 
configurations can be seen in Fig. 2). The basic reactor structure, 
including the counter-electrode current collection and mounting system, 
has remained unchanged by these modifications and therefore either the 
original or the revised counter-electrode arrangement can be installed, 
depending on the application. To avoid any misconceptions, the authors 
want to clarify that, at this preliminary stage of reactor development, the 
modification of the counter electrode in this study was not intended to 
optimize the overall cell voltage or enhance the system’s energy effi
ciency (especially since the reactor was controlled by means of a 
potentiostat under chronoamperometric conditions for defined labora
tory conditions). Rather, the primary objective was to investigate 
whether bioelectrochemical short-circuiting - specifically hydrogen 
shuttling, which is inherent to single-chamber MECs - could be mitigated 
through simple and cost-effective design interventions. To this end, we 
employed inexpensive and widely available materials, without consid
eration of their electrocatalytic properties or electrochemically active 
surface area. The modifications were instead aimed specifically at 
influencing gas flow and bulk medium transport dynamics within the 
reactor.

We conducted batch cultivations of G. sulfurreducens and S. oneidensis 
in the modified RDBER under identical conditions to the previous batch 
experiments (e.g. 0 mV vs. SHE, 20 mM lactate, 20 mM acetate in BES- 
medium) to allow for direct comparison with these prior cultivations. A 
rotational speed of 1 rpm was selected for the working electrodes, as the 
previous rpm-comparison experiments indicated that increasing the 
speed to 2 rpm provided only marginal performance improvement – if at 
all –, which did not justify the increased energy consumption and wear 
on the reactors bearings and rotary shaft seals associated with higher 
rotational speeds at this point.

As illustrated in Fig. 2, the current density profile recorded in these 
cultivations exhibits a significantly steeper and more exponential in
crease, reaching a sharp peak at a twofold higher anodic current density 
of 1.98 ± 0.11 A m− 2 (corresponding to a volumetric current density of 
198 ± 11 A m− 3, compared to 100 ± 0.07 A m− 3 for the previous 
cathode configuration). Following this peak, the current density declines 
in a wavelike manner to well below 1 A m− 2. This performance 
enhancement is similarly reflected in the specific degradation rates. The 
maximum COD degradation rate exceeds 0.75 kg m− 3 reactor volume 
and day, compared to ~0.4 kg m− 3 d− 1 in the previous configuration. 
Likewise, the average COD removal rate raised, increasing from 0.25 ±
0.03 to 0.34 ± 0.02 kg d− 1 m− 2. Notably, the increased current densities 
of the modified reactor also correspond to enhanced hydrogen produc
tion rates. For instance, the maximum hydrogen production rate more 

than doubled, rising from 0.43 ± 0.03 to 0.99 ± 0.03 LH₂ LR
− 1 d− 1. 

Interestingly, while the average COD degradation rate increased by 
approximately 35 %, the average hydrogen production rate rose by ca. 
90 %. This indicates that less hydrogen was reoxidized by the anodic 
biofilm and that the modification of the cathode, thus, had a positive 
impact on minimizing the hydrogen shuttling in the system. This effect 
might also be reflected in the anodic efficiency of the modified system, 
which is closer to 100 %, with a Coulombic efficiency (CE) of 155 ± 4 % 
(previously 261 ± 20 %). On the one hand, this shows that the contri
bution of H2 as an additional electron donor (that was not considered 
when calculating the CE) could be minimized. On the other hand, it 
implies that at least one-third of the total electrons transferred to the 
anode by the anodic biofilm could still originate from hydrogen reox
idation. This estimate is based on the definition of the CE as the ratio of 
electrons actually transferred to the anode to the theoretical maximum 
derived from complete oxidation of the organic substrate. A CE of 155 % 
therefore implies that approximately 35 % (one third) of the electrons 
must originate from an additional source - most plausibly hydrogen - 
which was not accounted for in the theoretical calculation.

Approximately 75 % of the electrons theoretically released through 
organic acid oxidation were recovered in the produced hydrogen. 
However, this only accounts for about 50 % of the expected hydrogen 
yield based on the measured current densities rcat (cathodic hydrogen 
recovery). This suggests that while the cathode modification reduced the 
amount of hydrogen shuttling to some extent, it could not entirely 
prevent it.

From an economic perspective, one of the key parameters of a MEC is 
the energy input required to produce a specific amount of hydrogen or to 
degrade a defined quantity of a given compound or COD. The electrical 
energy input in an MEC primarily consists of energy for pumping, 
heating, and the energy directly invested in the bioelectrochemical 
processes (Ieropoulos et al., 2024). The latter is directly dependent on 
the current flowing through the MEC and the applied input voltage. In 
this study, a potentiostat was used to maintain a constant potential of 0 
mV vs. SHE on the working electrodes to ensure more consistent and 
comparable experimental conditions. While the current was monitored 
and recorded by the potentiostat, the cell voltage was manually 
measured during operation. Unfortunately, a significant portion of the 
data was lost due to water spill damage, leaving only two recorded cell 
voltages for the first run (single run, 0.25 rpm – old cathode) and 10 cell 
voltages for the final run (single run, 1 rpm – new cathode). The 
manually recorded cell voltages were current-dependent, ranging from 
0.55 to 0.6 V in the 0.25 rpm replicate with the original reactor 
configuration, and from 0.78 to 1.8 V in the last replicate of the 1 rpm 
run with the modified stainless-steel cathode (the leftover data can be 
found in the supplementary material). We hypothesize that the reposi
tioning of the counter electrode, along with the change in its material, 
may have negatively impacted (increased) the cell voltage due to several 
factors: (a) the increased distance between the counter and working 
electrodes; (b) the altered electrocatalytic properties of the counter 
electrode material; and (c) a substantial reduction in the overall surface 
area of the counter electrode. Since the primary objective of the modi
fication was to reduce hydrogen shuttling rather than maximizing en
ergy efficiency, the new counter electrode was not optimized for a 
minimal electrical energy input. Yet, given the limited data on cell 
voltage in this study, it remains unclear whether the potential benefits of 
this studies’ counter electrode modification (e.g., higher degradation 
rates, increased hydrogen production, etc.) might be outweighed by a 
higher electrical energy demand of the modified system. While our re
sults clearly demonstrate that bulk flow steering and deliberate elec
trode positioning can minimize hydrogen shuttling in a single-chamber 
MEC, further efforts are needed to target an optimization of the reactors 
energy efficiency. To reduce the cell voltage in a future reactor iteration, 
several modifications are conceivable, including but not limited to: (a) 
minimizing the distance between anode and cathode, (b) replacing 
stainless steel with a material that has better electrocatalytic properties, 
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and (c) increasing the cathode surface area, for example, by adding 
multiple layers of the bent perforated plates.

3.3. Optical coherence tomography of anodic biofilms

In order to obtain structural information about the anodic biofilm 
and especially in order to elucidate, whether or not the improvement of 
the reactor’s performance parameters after the cathode modifications (e. 
g.: higher current densities) might be a consequence of a vast change in 
biofilm quantity or morphology, we conducted an OCT analysis of the 
biofilm on the foremost anode disc after each batch experiment. Since 
space-time-resolved in vivo monitoring of biofilm development in the 
RDBER was already the focus of other studies, and pausing electrode 
rotation to capture OCT images (which can take up to an hour) could 
have interfered with the experimental outcome, we conducted only an 
endpoint analysis of the biofilm in this study - prior to reactor disas
sembly and cleaning. The biofilm parameters, average biovolume (BV in 
μm3 biofilm per μm2 anode surface) and substratum coverage (SC in % of 
anode surface that is covered with a biofilm) were then calculated from 
the OCT-data sets (Wagner and Horn, 2017). Fig. 5 suggest that 
increasing the rotational speed from 0.25 to 1 rpm in the original reactor 
configuration may enhance biofilm formation, though the large error 
bars warrant caution in interpretation. However, the bar charts in Fig. 5

clearly show that cathode modification did not significantly increase 
biovolume or anode coverage, indicating that these factors do not 
explain the observed rise in current densities or degradation rates due to 
the reactor modification.

It should be mentioned that the interpretation and in particular the 
comparison of OCT data between different reactor systems, must 
generally be carried out very carefully and should not be over- 
interpreted. The development of biofilm morphology strongly depends 
on mass transfer, detachment caused by hydrodynamics and shear, as 
well as on growth behavior and reaction rates. The resulting 
morphology, in turn, affects how the flow interacts with the biofilm, 
influencing shear and mass transfer again. To define and distinguish the 
physical and biological causes and effects, much more must be known 
than was visualized. In this study, OCT was applied to non-moving an
odes, so any biofilm movement was not documented or quantified. It is 
known that, in the case of streamers, (too) strong shear forces are 
mitigated through movement, while this flapping also increases mass 
transfer (Taherzadeh et al., 2012). Moreover, the OCT analysis does not 
reveal how cells are arranged inside the biofilm matrix. Differences in 
the counter electrode configuration of the two setups tested in this work 
resulted in different shear forces acting on the anodic biofilm and thus 
might have led to different biofilm densities (number of catalytically 
active cells per biofilm volume). In addition, a denser biofilm could lead 

Fig. 5. OCT-derived biofilm parameters of the anodic biofilm after 9 days of operation. (a) mean biovolume and (b) mean substratum coverage. The lilac bar 
represents the biofilm parameters obtained from the experiments conducted with the stainless-steel (SS) counter electrode configuration. (c) representative OCT- 
derived height maps of a radial excerpt of the anode after 9 days of operation. The same radial section has been visualized on the working electrode in each 
case. Colors are coded from black (0 μm) to white (30 μm). Data are presented as mean values from two independent experiments (n = 2); error bars represent the 
absolute deviation from the mean.
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to different diffusional behavior within the biofilm, which could impair 
nutrient supply.

Notably, the biofilm morphology undergoes an interesting trans
formation as a result of the cathode modification. In the original 
configuration of the RDBER, the anodic biofilms on the foremost 
graphite disc primarily consist of punctiform, tower-like structures. 
After the modification, however, distinct shooting star-like formations 
emerge, with tail angles that vary depending on the disc radius. Whether 
these are static micro-textures of the biofilm or genuine streamers 
cannot be deduced from the height maps. The underlying causes of this 
morphological change remain unclear. Potential contributing factors 
include: (I) reduced shear due to fewer passing hydrogen bubbles, (II) a 
shift in substrate utilization from hydrogen to organic acids, or (III) 
solely the altered hydrodynamics resulting from the displacement of the 
counter electrode. Due to the fact, that only 1 28th of the anode surface 
was characterized via OCT and that (especially in the SS cathode 
arrangement), the visualized first disc experiences different fluid dy
namic conditions than the other electrode discs of the stack, further 
experiments are required to determine how homogeneously the biofilm 
distributes across the 14 different working electrode discs in the reactor. 
Thereby it should be analyzed whether growth significantly differs be
tween discs due to suboptimal hydrodynamic conditions, caused by 
hydrodynamically isolated regions and in the most detrimental case, the 
presence of stagnant dead zones in the reactor. A hydrodynamic model, 
combined with an in-depth biofilm analysis using molecular biological, 
optical, and gravimetric methods on all electrode discs during reactor 
disassembly, will be essential for addressing these questions and further 
optimizing the system. The overall hydrodynamic design of this version 
of the RDBER can certainly be improved, as it was not a primary focus 
during the construction of this first reactor version. For instance, 
Introducing the recirculated substrate laterally, in addition to the front 
inlet, and increasing the number of perforations in the graphite discs 
could improve the mixing of the bulk phase in the gaps between the 
individual anode discs. This would enhance substrate delivery to these 
areas, reducing the formation of electrochemically induced pH gradi
ents. Additionally, it would minimize the formation of a ‘laminar-like’ 
flow around the rotating electrode drum, ensuring better flow through 
the interelectrode space.

3.4. Comparison of the performance of the RDBER operated as a MEC 
with pilot-scale MEC reactors

For a comprehensive comparison of the RDBER’s performance with 
other scale-up attempts, we adopted, modified, and expanded a 

spreadsheet from a recent literature review by Jiang et al., which sys
tematically analyzed MEC reactor approaches and their performance 
(Jiang et al., 2023). As a result, Table 1 compiles construction details 
and performance parameters from MEC pilot studies with reactor vol
umes of 10 L or more. To provide a clearer visualization of the perfor
mance comparison, we plotted selected performance indicators and 
reactor characteristics against each other in three different scatter plots 
(see Fig. 6).

As shown in Table 1, the MEC reactors used in different studies vary 
not only in obvious parameters such as reactor volume and projected 
anode or cathode surface area but also in electrode materials and con
figurations. These differences lead to variations in electrode porosity 
and surface properties, which in turn influence both electrocatalytic 
performance and biocompatibility. Moreover, the composition of the 
anolyte and catholyte differs significantly across studies, ranging from 
nutrient- and substrate-poor, raw municipal wastewater to industrial 
waste streams with high organic loads, as well as synthetic, well- 
buffered media, such as the minimal medium used in this study. 
Furthermore, the reactors in these studies were operated under different 
temperature conditions, which can significantly impact MEC perfor
mance. Additionally, the mode of operation - whether batch, fed-batch, 
or continuous - along with feeding parameters such as organic loading 
rate and hydraulic retention time, can play a crucial role in substrate 
availability and, consequently, the development of the anodic biofilm.

As a result, such comparisons are inherently difficult - if not nearly 
impossible - to interpret quantitatively. Nevertheless, they can still offer 
valuable insights into the strengths and weaknesses of a reactor concept 
and help guide further optimization efforts. As indicated in Table 1, most 
published MEC scale-up attempts rely on multiple dual-chamber re
actors, often arranged in a cassette-style configuration as part of a 
numbering-up strategy. Only 8 out of 28 pilot-scale studies with reactor 
volumes of 10 L or more utilize single-chamber reactors, three of which 
describe either the reactor examined in this study or a variation thereof. 
In terms of reactor volume, the 10 L RDBER presented in this study 
represents the lower end of pilot-scale MECs plotted in Fig. 6a, which 
includes reactors up to 1000 L. However, scaled up 100 L versions of the 
10 L RDBER, each with a 10 m2 working electrode surface, are currently 
being demonstrated and evaluated in different pilot test setups (Pott, 
2023).

As shown in Fig. 5a, the maximum achieved anodic current density 
(~2 A m− 2) falls within the upper mid-range. In comparison, state-of- 
the-art flat-plate zero-gap reactors at the laboratory scale (with only a 
few milliliters of anode working volume) have achieved record current 
densities of up to 80 A m− 2 - 40 times higher than the anodic current 

Fig. 6. Classification of performance characteristics of the RDBER (lilac dot) in comparison to pilot-scale MEC reactors (≥10 L reactor volume) from other studies 
(data points derived from Table 1). (a) Maximum anodic current densities reported in the literature are plotted against the respective total reactor volume. (b) 
Maximum volumetric current densities achieved are shown as a function of the projected anode surface. (c) Volumetric hydrogen production rates are plotted against 
the hydrogen yield, calculated from recorded current densities. The hydrogen yield rcat corresponds to the cathodic hydrogen recovery in percent.
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densities measured in this study. Yet, the RDBER’s current densities are 
well in range with the anodic current densities obtained by Knoll and 
Juergensen in a very similar variation of our 10 L RDBER (1.8 A m− 2 and 
1.4 A m− 2 respectively) (Juergensen et al., 2025; Knoll et al., 2023).

Among the upscaling attempts listed in Table 1, the reactor systems 
developed in the Liu lab approach for a MEC scale-up comparably high 
current densities of up to 34 A m− 2. Interestingly, all of these reactors 
are single-chamber MECs (Singh et al., 2021; Wang et al., 2021). In 
order to target anodic current densities of similar magnitude in the 10 L 
RDBER, several approaches are conceivable: As explained in detail in 
Section 3.3, a well-designed and computationally validated flow regime 
could play a crucial role in improving mixing in the reactor, thereby 
minimizing dead zones that could otherwise hinder the development of 
biofilms on distinct areas of some anode discs and thereby limiting the 
anodic current density. The rapid decline in current density in this study 
after reaching its peak may be due to such insufficient reactor mixing, 
causing localized pH drops in poorly mixed zones around some of the 
anode discs. This local acidification could have compromised the 
viability of electroactive microorganisms, potentially explaining the 
sudden performance loss.

The plain graphite electrodes currently used in the reactor are an 
unpopular choice as anode materials in pilot-scale MECs. In the original 
RDBER design, they were primarily selected for their highly planar 
surface, which facilitates precise quantitative OCT biofilm analysis. 
Enhancing the specific surface area of the anode could be achieved by 
roughening the graphite discs, utilizing alternative porous materials, for 
example integrating graphite felt on a support structure as working 
electrode discs.

Lastly, reducing the distance between the anode and cathode in the 
RDBER by replacing the individual rotating graphite discs, which 
currently serve solely as working electrodes, with sandwich electrode 
assemblies separated by functional spacers, could be an interesting 
approach: These assemblies could be arranged alternately, forming 
cathode and anode compartments between the discs along the rotating 
electrode drum. In addition to providing structural stability to the zero- 
gap assembly discs, the spacers could also guide the bulk flow - driven by 
their rotation - from the anode “compartments” into the cathode 
“compartments” (where the medium and gas outlets must be located), 
thereby preventing hydrogen shuttling.

With a projected anode surface area of 1 m2, the 10 L RDBER falls 
within the mid-range of pilot-scale MECs in terms of working electrode 
surface (see Fig. 5b). However, when considering volumetric current 
densities, the RDBER ranks among the highest-performing systems (ca. 
200 A m− 3). Only the single-chamber reactors from the Liu Lab exceed 
the RDBER’s performance, though their volumetric current densities 
remain within the same order of magnitude (215–970 A m− 3) (Singh 
et al., 2021; Wang et al., 2021). This strong performance is primarily 
attributed to the RDBER’s high surface-to-volume ratio of 100:1. 
Consequently, its maximum volumetric hydrogen production rate of 
approximately LH₂ LR

− 1 d− 1 ranks among the top three reported in the 
literature for MEC pilots of at least 10 L reactor volume, surpassed only 
by the Liu Lab’s systems, which could achieve 3.9 and 5.9  LH₂ LR

− 1 d− 1. 
Interestingly, even the RDBER’s average hydrogen production rate of 
0.5 LH₂ LR

− 1 d− 1 remains higher than most maximum hydrogen produc
tion rates reported for pilot scale MECs studies listed in Table 1. Still, the 
authors recognize that the controlled, axenic conditions of this study 
differ from real-world scenarios. In a single-chamber reactor, intro
ducing real waste streams would promote mixed culture enrichments, 
possibly leading to methane formation instead of pure hydrogen pro
duction in the RDBER.

Finally, Fig. 6c shows, that the best hydrogen yield based on current 
density rcat (cathodic hydrogen recovery) reached in this study was 
approximately 50 %, which is still lower compared to other reactor 
systems listed in Table 2. This can be explained by the prevalence of 
dual-chamber designs in most of the other studies, which can effectively 
minimize hydrogen shuttling. Notable, some of the studies in Table 1

which report exceptionally high rcat values involved glucose supple
mentation or formation from complex organic compounds in the ano
lyte. Under anoxic conditions, glucose can be metabolized directly in the 
bulk phase, leading to additional hydrogen production that inflates yield 
calculations.

Table 2 shows, that high hydrogen recovery rates of dual-chamber 
systems - often over 80 % - seem to come with low hydrogen produc
tivity as a key trade-off (often orders of magnitude lower than the 
maximum hydrogen production reported in this study). Modern dual- 
chamber designs, however, appear to overcome this limitation suc
cessfully. For example, Jiang et al. demonstrated a solid hydrogen pro
duction rate of 0.5 LH₂ LR

− 1 d− 1, while reporting a hydrogen recovery 
exceeding 90 %. Yet, it is important to emphasize that dual-chamber 
cassette-style reactors have benefited from over a decade of optimiza
tion, whereas high-performing pilot-scale single-chamber systems like 
the one presented here remain relatively new and under active devel
opment. Clearly, without creative solutions to further optimize cathodic 
hydrogen recovery in single-chamber MECs, achieving competitiveness 
against well-established dual-chamber designs will be challenging. 
Although the reactor modifications presented in this study could only 
partially prevent hydrogen shuttling, we still consider carefully 
controlled fluid dynamics to be a promising approach for the continued 
optimization of single-chamber reactors.

4. Conclusions

Taken together, this study demonstrates that increasing the rota
tional speed of the working electrodes from 0.25 to 1 rpm improved the 
performance of the RDBER when operated as a microbial electrolysis cell 
under controlled laboratory conditions. However, further increasing the 
electrodes speed to 2 rpm did not result in a convincing benefit. This 
suggests that other, as yet unidentified, factors became limiting at higher 
rotational speeds. With the aim to mitigate observed hydrogen shuttling 
within the reactor, a modification of the counter electrode was imple
mented, resulting in a successful increase of the cathodic hydrogen re
covery rcat to 50 %. Moreover, the data indicated that the RDBER 
outperforms most other MEC scale-up efforts in volumetric metrics, such 
as hydrogen production rates (~ LH₂ LR

− 1 d− 1) and volumetric current 
densities (up to ~200 A m− 3), thanks to its favorable electrode surface- 
to-volume ratio of 100:1. However, without significant advancements in 
optimizing other critical key performance parameters - such as 
increasing anodic current densities (which reached only ~2 A m− 2 in 
this study) and reducing the overall cell voltage between counter and 
working electrode - the RDBER risks being outpaced by the continued 
development of dual-chamber zero-gap systems utilizing a numbering- 
up strategy. While the scalability of these zero-gap modules is 
frequently framed as a straightforward engineering hurdle, it remains to 
be demonstrated that stackable modules can effectively process hun
dreds or even thousands of liters. In scenarios demanding large anodic 
working volumes - whether due to high wastewater throughput or a 
substantial presence of suspended solids - a system like the RDBER might 
still offer unique advantages. However, these theoretical benefits must 
be rigorously validated through future studies.

Abbreviations

AEM Anion exchange membrane
BES Bioelectrochemical system
BV Biovolume
CE Coulombic Efficiency
CEL Counter Electrode
CEM Cation exchange membrane
IC Ion chromatography
iWW Industrial wastewater
LB Lysogeny broth
MEC Microbial electrolysis cell
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Table 2 
Tabular summary of MEC pilot studies with ≥10 L reactor volume, reactor details and performance indicators. AEM – anion exchange membrane, CEM – cation exchange membrane, conti. – continuous, dWW – domestic 
wastewater, iWW – industrial wastewater, MMO – mixed metal oxide, PEM – proton exchange membrane, PBS – phosphate buffered saline, rWW – real wastewater, SHE – standard hydrogen electrode, SPC – projected 
cathode surface, SPA – projected anode surface, sWW – synthetic wastewater, WWTP – wastewater treatment plant. List adopted, modified and extended from Jiang et al., 2023 (Jiang et al., 2023).

Ref. Total 
construction 
volume 
[L]

Anodic 
working 
volume 
[L]

Reactor type 
(membrane/ 
separator)

Anode 
material 
(projected 
surface 
[m2])

Cathode 
material 
(projected surface 
[m2])

SPA/V 
(SPC/V) 
[m2 

m− 3]

Anolyte Catholyte Inoculum Operation 
Mode 
(days 
operated)

Anodic 
potential 
or voltage 
applied

Max. 
current 
density 
[A m− 2]

Max. 
volumetric 
current 
density [A 
m− 3]

Max H2 

production 
rate 
[LH2 LR

− 1 

d− 1]

Anodic 
CE 
[%]

rcat 

[%]

(Baeza 
et al., 
2017)

167 130 Multi- 
module dual- 
chamber 
(AEM)

Graphite 
fiber 
(3.2)

SS wire wool 
(1.63)

19.1 
(9.76)

sWW 
rWW

4 g L− 1 

NaCl
MEC effluent Batch 

Conti. 
(> 190)

1.5 V 0.4 3.9 0.031 28 82

(Brown 
et al., 
2014)

– 60 Multi- 
module dual- 
chamber 
(PEM)

Graphite 
plate 
(0.39)

SS plate (0.39) 6.42 
(6.42)

dWW 1 M PBS Effluent from 
WWTP

Batch 
(>12)

0.4 mV vs. 
SHE

0.78 5 – 27 –

(Brown 
et al., 
2014)

– 46 Multi- 
module dual- 
chamber 
(PEM)

Graphite 
plate (0.1)

SS mesh (16.5) 1.66 
(35.87)

rWW 
with spiked 
acetate

1 M 
carbonate 
buffer

Effluent from 
WWTP

Conti. 
(>30)

0.4 mV vs. 
SHE

1.09 6.52 – 8 –

(Cotterill 
et al., 
2017)

182 175 Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Graphite 
felt (6.0)

SS wire wool 
interwoven into 
steel mesh (2.4)

32.9 
(13.2)

dWW rWW Conti. 
(217)

0.9 V 0.79 
(anode 
area 
specific)

4.34 0.003 
(average)

27.7 <10

(Cotterill 
et al., 
2018)

135 26 Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Carbon felt 
(0.82)

SS wire wool 
(0.5)

6.0 
(3.7)

dWW 0.1 M NaCl dWW Conti. 
(>180)

1.2 V 0.16 
(average)

~ 0.59 0.04 – –

(Cotterill 
et al., 
2018)

45 – Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Carbon felt 
(1.4)

SS mesh with SS 
wire wool (0.6)

32 
(13.33)

dWW 0.1 M NaCl dWW Conti. 
(>180)

0.9 V 0.1 
(average)

~ 1.33 0.004 
(average)

– –

(Cristiani 
et al., 
2021)

12 3.1 Tubular 
dual- 
chamber 
(AEM)

Graphite 
granules 
(− )

Graphite granules 
(− )

– sWW Activated sludge Conti. 
(>75)

− 1.3 to 
− 2.3 V vs. 
SHE 
(cathode 
potential)

– 26 – 121 41 
(for 
methane 
pro- 
duction)

(Cusick 
et al., 
2011)

1000 910 Multi- 
module 
single- 
chamber 
(strips of 
glass fiber 
matting as 
separator)

Graphite 
fiber brush 
(− )

SS 304, mesh #60 
(72)

- 
(7.2)

iWW Wastewater and 
different sludges

Conti. 
(100)

0.9 V 0.41 
(cathode 
specific)

7.4 0.07 – >100 % 
(H2 

production 
from 
directly 
from sugar)

(Escapa 
et al., 
2015)

13.2 6.6 “Single- 
chamber” 
twin units 
(geotextile 
membrane as 
separator)

Graphite 
felt (0.22)

Carbon paper 
with 
electrodeposited 
Ni (0.22)

16.86 
(16.86)

dWW Effluent from 
WWTP

Batch 
(~ 170)

0.7 V ~ 0.5 
(anode 
specific)

~ 16.82 ~ 0.033 120–238 10–25

(continued on next page)

Z. Xiao et al.                                                                                                                                                                                                                                     
Bioresource Technology Reports 31 (2025) 102208 

13 



Table 2 (continued )

Ref. Total 
construction 
volume 
[L] 

Anodic 
working 
volume 
[L] 

Reactor type 
(membrane/ 
separator) 

Anode 
material 
(projected 
surface 
[m2]) 

Cathode 
material 
(projected surface 
[m2]) 

SPA/V 
(SPC/V) 
[m2 

m− 3] 

Anolyte Catholyte Inoculum Operation 
Mode 
(days 
operated) 

Anodic 
potential 
or voltage 
applied 

Max. 
current 
density 
[A m− 2] 

Max. 
volumetric 
current 
density [A 
m− 3] 

Max H2 

production 
rate 
[LH2 LR

− 1 

d− 1] 

Anodic 
CE 
[%] 

rcat 

[%]

(Gil-Carrera 
et al., 
2013)

– 10 Twin units 
dual- 
chamber 
(polyester 
cloth)

Carbon felt 
(1.06)

Carbon paper 
with 
electrodeposited 
Ni (0.3)

106 
(30.124)

dWW homogenized 
anaerobic 
mesophilic 
sludge

Conti. 
(45)

– ~ 0.6 ~ 18.63 ~ 0.05 23–129 –

(Guerrero- 
Sodric 
et al., 
2023)

220 135 Dual- 
chamber 
(AEM)

Carbon felt 
(1.47)

SS wool 6.68 
(− )

sWW 5 g L− 1 

NaCl
Aerobic sludge Conti. 

(>100)
0.8–1.1 V 1.23 8.21 0.1 26 70

(Guerrero- 
Sodric 
et al., 
2024)

220 150 Dual- 
chamber 
cassette 
(AEM)

Carbon felt 
(1.14)

Ni-Foam 
(0.577)

5.18 
(2.622)

iWW Anaerobic sludge Batch 
Conti. 
(97)

1.3 V 2 10.36 0.21 ~ 20 ~ 80

(Heidrich 
et al., 
2013)

120 88 Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Carbon felt 
(0.72)

SS wire wool 
(0.34)

6 
(2.8)

dWW 50 mM 
PBS

Effluent from 
WWTP

Conti. 
(>90)

0.6–1.1 V 0.27 0.126 0.02 – 55

(Heidrich 
et al., 
2014)

120 88 Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Carbon felt 
(0.24)

SS wire wool 
(0.3)

6 
(2.5)

dWW 50 mM 
PBS

Effluent from 
WWTP

Conti. 
(>149)

1.1 V – ~ 0.29
0.014

– 41.2

(Huang 
et al., 
2022)

40 38 Single- 
chamber 
(− )

Graphite 
felt 
(0.47)

Graphite felt 
(0.43)

11.75 
(10.77)

iWW MEC effluent Conti. 
(> 60)

0.8 V 0.0 0.07 ~ 0.001 1.2 –

(Isabel San- 
Martín 
et al., 
2018)

– 150 Multi- 
module dual- 
chamber 
(AEM)

Graphite 
felt (2.35)

Graphite felt 
(2.35)

15.67 
(15.67)

dWW Activated sludge Conti. 
(63)

1 V 0.27 ~ 1.8 – – –

(Jiang et al., 
2025)

85 40 Dual- 
chamber 
cassettes 
(CEM)

Carbon 
brush 
(− )

SS mesh 
(0.2)

- 
(2,38)

iWW 100 mM 
PBS

Effluent MEC Conti. 
(90)

0.9 V 12.5 – 0.5 105 > 90

(Juergensen 
et al., 
2025)

12.6 10 Single- 
chamber 
RDBER 
(− )

Graphite 
plates 
(0.5)

Titanium-coated 
half discs 
(0.2)

50 
(20)

Buffered LB Medium 
enriched with 20 mM 

lactate.

Genetically 
modified 
S. oneidensis

Conti 
(7)

0 V vs. 
SHE

1.4 70 – 98.2 –

(Knoll et al., 
2023)

12.6 10 Single- 
chamber 
RDBER 
(− )

Graphite 
plates 
(0.5)

Titanium-coated 
half discs 
(0.2)

50 
(20)

Minimal medium containing 
20 mM lactate

mixed culture of  

S. oneidensis and 
G. sulfurreducens

Fed-batch 
(47)

− 0.2 to 
0.2 V vs. 
SHE

1.8 90 – 113 –

(Leicester 
et al., 
2020)

72 36 Multi- 
module dual- 
chamber 
(Rhinohide 
membrane)

Carbon felt 
(1.456)

SS mesh with SS 
wire wool 
(0.73)

20.2 
(10.1)

return sludge 
liquor

500 mM 
PBS

MEC effluent Conti. 
(~ 270)

0.9 V 1.4 ~ 13.75 0.015 23–131 116 
(hydrogen 
surplus not 
addressed 
in study)

(Luo et al., 
2017)

21.6 19 Dual- 
chamber 
(AEM)

Carbon 
brush 
(− )

Carbon cloth 
coated with 
activated carbon 

- 
(1.5)

sWW 3 g L− 1 

NaCl 
acidified 
to pH 4

Anaerobic sludge Conti. 
(217)

0.8 V – 0.83 0.006 – –

(continued on next page)
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Table 2 (continued )

Ref. Total 
construction 
volume 
[L] 

Anodic 
working 
volume 
[L] 

Reactor type 
(membrane/ 
separator) 

Anode 
material 
(projected 
surface 
[m2]) 

Cathode 
material 
(projected surface 
[m2]) 

SPA/V 
(SPC/V) 
[m2 

m− 3] 

Anolyte Catholyte Inoculum Operation 
Mode 
(days 
operated) 

Anodic 
potential 
or voltage 
applied 

Max. 
current 
density 
[A m− 2] 

Max. 
volumetric 
current 
density [A 
m− 3] 

Max H2 

production 
rate 
[LH2 LR

− 1 

d− 1] 

Anodic 
CE 
[%] 

rcat 

[%]

and platinum 
(0.034)

(San-Martín 
et al., 
2019)

32 16 L Twin dual- 
chamber 
(CEM)

Graphite 
felt 
(0.36)

SS mesh 
(0.36)

11.25 
(11.25)

iWW 
supplemented 
with 0.2 g L− 1 

acetate

0.1 M PBS Digestate from 
WWTP

Fed-batch 
(103)

1 V 3.5 39.4 0.2 7–9 84

(Sim et al., 
2018)

110 100 Dual- 
chamber 
(AEM/CEM)

Carbon 
fiber 
(0.127)

Carbon gas 
diffusion 
electrode 
(0.5)

(0.127) 
4.55

sWW (acetate 
medium)

Tap water MEC effluent Batch 
(~ 140)

0.35–1.9 
V

1.0 ~ 4.36 – – –

(Singh 
et al., 
2021)

10 10 Single- 
chamber 
(Cloth 
separator)

Carbon 
cloth 
(1.013)

Carbon cloth 
coated with MoP 
catalyst 
(0.17)

100 
(16.89)

50 mM acetate in 100 mM 
PBS

MEC effluent Batch 
(~ 50)

1.06 V 31.0 520 3.9 116 67

(Singh 
et al., 
2021)

10 10 Single- 
chamber 
(Cloth 
separator)

Carbon 
cloth 
(1.013)

Carbon cloth 
coated with MoP 
catalyst 
(0.28)

100 
(28.15)

50 mM acetate in 2 g L− 1 

glucose in 150 mM 
bicarbonate buffer

MEC effluent Conti. 
(~ 85)

1 V 34.0 970 5.9 127 56

(Wang 
et al., 
2021)

10 10 Single- 
chamber 
(Cloth 
separator)

Carbon 
cloth 
(1.013)

Carbon cloth 
(0.24)

100 
(24)

iWW Activated sludge Conti. 
(~13)

1.36 V 16.5 215 0.71 – 32

(Zeppilli 
et al., 
2020)

12 – Dual- 
chamber 
(AEM)

Graphite 
granules 
(− )

Graphite granules 
(− )

– sWW Mineral 
medium

Activated sludge Conti. 
(136)

2.25–4 V – 23.5 0 24 –

This study 10 ~ 9 Single- 
chamber 
RDBER 
(− )

Plane 
graphite 
discs (1)

MMO-coated 
titanium 
(0.5) 
or 
type 1.4571 
stainless steel 
(0.11)

100 
(50 or 
11.1)

Minimal medium 
containing 20 mM sodium 
acetate and 20 mM sodium 

lactate

Mixed culture of 
S. oneidensis 
and G. 
sulfurreducens

Batch 
(10)

0 V vs. 
SHE

1.98 198 0.99 155.2 49.9
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MET Microbial electrochemical technology
MMO Mixed metal oxide
OCT Optical coherence tomography
OD Optical density
PBS Phosphate buffered saline
PEM Proton exchange membrane
RBC Rotating biological contactor
RBEC Rotatable bioelectrochemical contactor
RDBER Rotating disc bioelectrochemical reactor
RDE Rotating disc electrode
REBC Rotating electrobiological contactor
REBDC Rotating electrobiological disc contactor
RECDC Rotating electrochemical disc contactor
rWW Real wastewater
SC Substratum coverage
SHE Standard hydrogen electrode
SS Stainless steel
sWW Synthetic wastewater
WE Working electrode
WWTP Wastewater treatment plant
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Baeza, J.A., Martínez-Miró, À., Guerrero, J., Ruiz, Y., Guisasola, A., 2017. 
Bioelectrochemical hydrogen production from urban wastewater on a pilot scale. 
J. Power Sources 356, 500–509. https://doi.org/10.1016/j.jpowsour.2017.02.087.

Bauer, A., Wagner, M., Saravia, F., Bartl, S., Hilgenfeldt, V., Horn, H., 2019. In-situ 
monitoring and quantification of fouling development in membrane distillation by 
means of optical coherence tomography. J. Membr. Sci. 577, 145–152. https://doi. 
org/10.1016/j.memsci.2019.02.006.

Bian, B., Yu, N., Akbari, A., Shi, L., Zhou, X., Xie, C., Saikaly, P.E., Logan, B.E., 2024. 
Using a non-precious metal catalyst for long-term enhancement of methane 
production in a zero-gap microbial electrosynthesis cell. Water Res. 259. https://doi. 
org/10.1016/j.watres.2024.121815.

Brown, R.K., Harnisch, F., Wirth, S., Wahlandt, H., Dockhorn, T., Dichtl, N., Schröder, U., 
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