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A B S T R A C T

The electrochemical CO2 reduction reaction (eCO2RR) facilitates high rates and yields for the selective pro
duction of formate, a quintessential C1-compound that can serve as a valuable carbon and energy source for 
biosynthesis. The use of double-chamber (DC) electrochemical cells with membranes is deemed essential to avoid 
mixing of electrochemical products (i.e. anodic oxygen and cathodic formate) and thus cross-reactions that lower 
yields, Faradaic efficiency (FE) and effective rate. However, single-chamber (SC) setups for eCO2RR can be more 
suitable to combine with bioprocesses. This work comprehensively evaluates, using different experimental set- 
ups, the conditions under which SC operation can obtain results comparable to DC systems. At a 50 mL scale, 
under biocompatible conditions, formate production in the SC setup achieved a 14 % reduction in the production 
rate (146 mg L− 1 h− 1 for SC and 170 mg L− 1 h− 1 for DC) and a 15 % decrease in FE (72.2 % in SC and 84.7 % in 
DC). The highest formate concentration produced in 24 h SC experiments was 1.8 g⋅L− 1 with FE of 41 %, a 
concentration appropriate for fermentation processes. The SC operation of eCO2RR to formate without a 
membrane could reduce energy losses and capital costs, although at the cost of an expected reduction in rate and 
FE.

1. Introduction

The electrochemical CO2 reduction reaction (eCO2RR) offers a highly 
appealing avenue for transforming this greenhouse gas into valuable 
feedstock for materials and fuels. Thus, eCO2RR aims to close the 
human-induced carbon cycle and set ground for a circular bio-based 
economy. The eCO2RR can be operated under ambient conditions at 
high rates and yields. This sets it apart from other CO2 utilization 
technologies, such as biochemical, thermocatalytic, photosynthetic and 
photocatalytic processes [1–3].

Recent reviews highlight eCO2RR for the cost-effective production of 
formate/formic acid and carbon monoxide [4–7], favouring electro
chemical methods in terms of sustainability and efficiency [5,8]. Spe
cifically, numerous researchers have demonstrated that high selectivity 
towards formate can be achieved with eCO2RR employing certain metal 
cathodes [9–11]. Formate/formic acid plays a crucial role as a chemical 
building block in the pharmaceutical industry [12], acts as feedstock for 
preserving animal fodder [13], and as a fuel for fuel cells [14]. 
Furthermore, it also serves as a temporary storage molecule for elec
trolytic H2 [15].
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For the eCO2RR in an aqueous electrolyte solution, indium (In) ex
hibits the highest selectivity to formate/formic acid production 
compared to tin (Sn), mercury (Hg), and lead (Pb) [16,17]. At In elec
trodes, eCO2RR is highly efficient and achieves Faradaic efficiency (FE) 
exceeding 90 % [18]. This outstanding performance can be due to the 
high overpotential reported for undesired side reactions, such as the 
hydrogen evolution reaction (HER) [11,19]. However, Hegner et al. 
estimated the overpotentials for formate production (1.725 V) and HER 
(1.703 V) to be similar under biocompatible conditions [20], suggesting 
that the selectivity for eCO2RR at In is caused by mechanical or kinetic 
processes rather than thermodynamics. Detweiler et al. further sug
gested that the increased FE at negative potential is due to In-oxide layer 
formation via anodization, suppressing HER by creating an In-OH layer 
on the electrode surface [21].

The eCO2RR can be conducted in electrochemical cells using either a 
double-chamber (DC) setup with a membrane or a single-chamber (SC) 
setup without one. Membranes are typically considered necessary for 
separating the anolyte and catholyte. For eCO2RR specifically, the use of 
DC shall prevent undesired crossover reactions such as anodic formate 
oxidation and cathodic oxygen reduction. This ought to increase the FE 
and allow different conditions for anolyte and catholyte (i.e., different 
pH). Prior studies have shown a high FE for formate production when 
utilizing in DC setups for eCO2RR with ion exchange membranes. Ikeda 
et al. achieved 87.6 % of FE for formate production using an In catalyst 
with a cation exchange membrane [22], while Hori et al. achieved a 
slightly higher FE of 94.9 % using the same type of catalyst and mem
brane [19]. On the other hand, the use of membranes raises the resis
tance, which results in energy losses, leading to the need for higher cell 
voltages [23]. Thus, adding membranes also increases capital expendi
ture (CAPEX), the need for specialized equipment, and the added 
complexity of the system (such as intricate design, operational consid
erations, and maintenance) [24]. The alternative is using a 
membrane-free SC system to decrease the costs, although this could 
result in crossover reactions. Despite this trade-off, the simplicity of SC 
configurations makes them particularly attractive for integrated setups, 
where compatibility with downstream biological processes is crucial. 
While other architectures, such as membrane electrode assemblies, flow 
cells, and gas diffusion electrode (GDE) systems, are optimized for stand 
alone electrochemical performance and scalability, they often require 
more complex designs. In contrast, SC systems provide a more practical 
platform for direct coupling with microbial processes [25]. To our 
knowledge, no study has compared SC and DC setups for eCO2RR under 
identical conditions.

For product extraction, the high solubility of formate in aqueous 
solutions demands an energy-intensive and consequently costly extrac
tion process. This restriction can be addressed by merging the eCO2RR 
with microbial synthesis. Once formate is produced with eCO2RR, it can 
be utilized as a substrate for further conversion by formatotrophic mi
croorganisms, producing value-added products [12,26]. This concept 
was first proposed by Li et al., who described a process involving the 
eCO2RR to formate, which was then converted into higher alcohols with 
an engineered strain of Ralstonia eutropha [26]. Given the 
well-established knowledge regarding the microbial conversion of 
C1-compounds, this approach provides access to a wide range of po
tential products [12,27].

Coupling eCO2RR and microbial catalysis in a single system is an 
unsolved problem that is far from simple. Performing abiotic eCO2RR 
under biocompatible conditions needs systematic engineering to meet 
certain requirements, including sterility, pH, salinity, and tolerance to 
microbial media components, ensuring consistent integration with mi
crobial processes. These compatibility factors are critical, as they affect 
both microbial growth and the electrochemical processes involved. For 
instance, microbial media components like yeast extract, trace elements, 
and phosphate can interfere with CO2 reduction, significantly 
decreasing catalytic efficiency. Gimkiewicz et al. demonstrated that the 
presence of all three components reduced eCO2RR performance at 

− 1.6 V vs Ag/AgCl in carbonate buffer to just 11 % or less of the initial 
value (FE of 62 %) [28]. Additionally, maintaining sterility presents a 
challenge, as sterilization methods, whether steam, chemical or even 
γ-radiation, can alter the catalyst’s layer, affecting its properties and 
compromising its efficiency, which ultimately reduces eCO2RR effi
ciency [29].

Maintaining a pH that supports both microbial viability and elec
trochemical efficiency is also a key challenge in integrating eCO₂RR with 
microbial catalysis. For optimal microbial activity, a neutral or near- 
neutral pH is usually ideal [30]. However, pH also influences the 
competition between the eCO₂RR and the HER. In more acidic condi
tions, HER is favoured, which significantly reduces the FE of eCO₂RR. To 
avoid this, near-neutral or slightly alkaline conditions are typically 
preferred, as they inhibit HER and allow for more efficient CO₂ reduction 
[31]. Therefore, the reliance on proton concentration offers a way to 
adjust the selectivity of eCO2RR according to pH levels. Research con
ducted in liquid electrolyte has pinpointed an optimal pH range for 
eCO2RR, specifically from 7 to 10 [4]. A highly selective and efficient 
eCO2RR to formate at pH 6.5 using DC has already been demonstrated 
by Hegner et al. [20], who explored the eCO2RR for 1 h on In in DC, 
yielding an impressive FE of 94.5 % and a rformate of 0.061 mmol h− 1 

cm− 2. In a more recent development, Izadi et al. [32] reported a 
consistent FE of 82.3 % over the first few hours at pH 6.5 in a DC setup. 
However, since the optimal pH varies among microorganisms, further 
investigation across a broader pH range is necessary.

This work evaluates eCO2RR to produce formate in SC configuration 
compared to conventional DC operation. The formate production that 
could be obtained in SC configuration is tested under biocompatible 
conditions, spanning different scales and interlaboratory experiments. 
Different applied potential and sterilizing procedures are tested with a 
view to its compatibility with subsequent microbial synthesis and to find 
the best conditions and the limitations that can be found when operating 
a SC configuration.

2. Material and methods

2.1. Experimental setup

To confirm the reproducibility of the experiments, setups from two 
different research groups were used. The first experimental setup 
(UFZ_configuration) was previously elucidated in detail by Gimkiewicz 
et al. and Hegner et al. [28,29,33]. In this study, experiments were 
conducted at two scales: 50 mL electrochemical cells as SC and DC and 
1 L electrochemical reactors as DC. With the second setup (UAB_confi
guration), experiments were also conducted at two scales of 250 mL SC 
and 1 L SC.

The UFZ_configuration was used as a blueprint for setting up the 
UAB_configuration, which is described in detail as follows. Electro
chemical pretreatment and In electrodeposition on the graphite back
bone were conducted in a 300 mL vessel with a lid that included slots for 
each electrode and a port for sample and gassing (Fig. S1). All experi
ments using UAB_configuration were conducted under potentiostatic 
control with two potentiostats: NEV3-v2 (Nanoelectra, Spain) and VMP3 
(BioLogic Science Instruments, France). The three-electrode setup con
sisted of a working electrode (WE), an Ag/AgCl reference electrode (RE, 
SE 11, 0.197 V vs standard hydrogen electrode (SHE) from Xylem An
alytics Germany Sales Gmbh & Co. KG Sensortechnik Meinsberg, Ger
many), and a counter electrode (platinum sheet 2.5 cm × 2.5 cm, Merck, 
Spain).

The graphite rod used as the WE had 99 % purity (Ø 1.27 cm [actual 
geometric working surface area for 250 mL was 31 cm2 and 41 cm2 for 
1 L], Fisher Scientific, Spain). Following mechanical and electro
chemical pretreatment, In was electrodeposited on the graphite rods, as 
described previously [28]. For In electrodeposition, the graphite rod was 
linked to a rotating electrode holder (RW 20 D S000, IKA RW20 digital, 
Spain) via a custom-made adapter crafted from polylactic acid using a 
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3D printer. Throughout the measurements, CO2 was constantly sparged 
at a rate of 100 mL min− 1. The electrolyte solution was continuously 
mixed using a magnetic stir bar rotating at 800 rpm. Experiments were 
conducted at 30ºC utilizing a water bath.

2.2. Electrochemical CO2 reduction to formate

For the electrochemical reduction of CO2 to formate, a stirred vessel 
was filled with 250 mL or 980 mL of de-aerated NaHCO3 (0.05 M, pH 
6.5) and continuously sparged with CO2. Chronoamperometry was 
performed to produce formate by applying a working electrode potential 
(EWE) of − 2.2 V vs Ag/AgCl unless otherwise stated. Samples of 1 mL 
were collected at 0, 1, 2, and 4 h for all formate production experiments. 
In the case of 24 h experiments, samples were taken at 0, 1, 2, 4, 20, 22, 
24 h. These samples were then analysed using HPLC Dionex Ulti
mate3000 (Dionex-Thermo Fisher Scientific), which was equipped with 
a UV detector at 210 nm and an RI detector (Dionex-Thermo Fisher 
Scientific). The components were separated with an ionic exchange 
column ICSep ICE-COREGEL 87H3 (Transgenomic, Omaha, NE, USA). 
The mobile phase used was 6 mM sulphuric acid, and the separation was 
performed at a flow rate of 0.6 mL min− 1. The samples were promptly 
evaluated following sampling, and formate was the sole analyte detected 
in the liquid phase.

2.3. Sterilization and pH neutral conditions

To maintain a sterile environment in the 1 L setup as required for 
bioprocesses, steam or chemical sterilization methods were applied 
following the In electrodeposition on the graphite rods. For the steam 
sterilization, the In coated graphite backbone was assembled onto the 
WE inlet ports of the reactor lid, the gas sparger and the counter elec
trode was also assembled to the reactor vessel. Subsequently, the 
assembled reactor was placed inside the autoclave for steam sterilization 
at 121 ◦C for 20 min. Following the cooling, the reactor was equipped 
with a RE that underwent sterilization with 70 % ethanol for 10 min in a 
laminar flow box.

For the second method, chemical sterilization, the media and all the 
other reactor components underwent the same autoclaving procedure as 
before, while all the electrodes were submerged in a solution of 70 % 
ethanol for a duration of 10 min.

To analyse the effect of pH on eCO2RR, the system performance using 
electrolyte solutions with different initial pH (4.5, 5, 5.5, 6, and 6.5) was 
studied. The solutions were prepared by adding the required amount of 
hydrochloric acid (HCl) to 0.05 M sodium bicarbonate (NaHCO3).

2.4. Calculations

The FE of eCO2RR to formate was determined (Eq. 1) with the charge 
transferred to formate (Q, Eq. 2), calculated from the actual mass (m) of 
formate produced, measured in grams, within the volume of the elec
trolyte solution (as determined by HPLC analysis) in relation to the total 
charge (Qtotal) until the sampling point. 

FE =
Q

Qtotal
⋅100% (1) 

Q =
m
M

⋅z⋅F (2) 

M represents the molar mass of formate (45 g mol− 1). The variable z 
is the number of electrons needed for eCO2RR to formate (z = 2). F is the 
Faraday constant (96485 C mol− 1). Qtotal (Eq. 3) can be determined by 
integrating the current (i) until the sampling point. 

Qtotal(t) =
∫ t

0
i(t) dt (3) 

The formate production rate (rformate, Eq. 4, in mol cm− 2 h− 1) was 

calculated with Δm as the increment of formate mass produced and 
normalized to the geometric surface area of the WE (AWEgeom in cm2). 

r =
Δm

M⋅AWEgeom ⋅Δt
(4) 

Each experiment was conducted with a minimum of 3 independent 
replicates (n = 3) or more, as indicated in the text and captions. Inde
pendent replicates in this context mean that each individual replicate 
underwent the electrochemical cleaning, In electrodeposition and sub
sequent formate production.

3. Results and discussion

3.1. Using double vs. single chamber electrochemical cells for eCO2RR

Fig. 1 compares the performance of eCO2RR in SC and DC at 50 mL 
under the same operational conditions, using 0.05 mol L− 1 NaHCO3 (pH 
6.5) as electrolyte and EWE of − 2.2 V vs Ag/AgCl. The performance 
metrics (FE and the amount of formate produced) decreased for SC vs 
DC. The FE achieved using the DC setup was 84.7 ± 1.8 %, while the SC 
exhibited 72.2 ± 6.0 % (14 % lower). Similarly, the amount of formate 
produced after 1 h was 170 ± 15.1 mg L− 1 for DC and 146 ± 5.0 mg L− 1 

for SC (15 % lower). No significant changes in pH and conductivity were 
observed during the 1 h experiment (Table S1). It is worth mentioning 
that DC results closely coincide with the findings reported in other 
studies. Another evident outcome is the overall important level of 
reproducibility, as indicated by the minimal statistical variance. Thus, 
there was about 15 % decline in performance for eCO2RR with the SC. A 
potential explanation for this SC system’s performance, despite the risk 
of crossover reactions, may be attributed to the continuous sparging of 
CO2. This constant flushing may ensure that most of the oxygen pro
duced at the anode is expelled from the setup instead of being reduced at 
the cathode. In SC systems, the absence of a membrane allows ions from 
both electrochemical half cells to freely mix, which can lead to local pH 
shifts [34], and unstable ion transport [35]. These fluctuations may 
influence the reaction environment, especially on the local scale of the 
electrode, and reduce consistency. However, compared to DC systems, 
where such fluctuations are more controlled, their effect in SC appears to 
be minimal.

Compared to previous studies (Table 1), our study showed that the 
rformate in the DC configuration using In as catalyst reached 0.074 
± 0.008 mmol cm− 2 h− 1, demonstrating an enhanced performance. 
Nevertheless, the rformate attained with the SC configuration (0.061 
± 0.003 mmol cm− 2 h− 1) was 18 % lower than that with the DC 
configuration. This underscores that the SC setup can achieve compa
rable performance to the DC configuration. The current density is only 

Fig. 1. eCO2RR to formate in single chamber (SC) and double chamber (DC) at 
50 mL scale (1 h). Reported values are means and the error bars represent the 
standard error of the mean (n = 3).
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reduced by about 6 % in SC vs DC, while the highest difference occurs in 
FE (15 % lower in SC vs DC). In any case, the rformate for the SC setup is 
similar to previous studies conducted in DC setup under the same EWE. 
Specifically, the current density reported by Hegner et al. [20]
(-3.8 mA cm− 2) in the DC setup was lower than that in this study, but 
resulted in rformate similar to this work in the SC setup.

Given the fundamental implications, this study reveals that crossover 
reactions had minimal influence on the eCO2RR to formate. Oxygen 
reduction at the cathode could be a potential problem in a SC compared 
to a DC, but Hegner et al. [20] reported a higher selectivity of In for 
eCO2RR to formate vs oxygen reduction reaction (ORR), ruling out a 
significant effect. Surprisingly, the influence of formate oxidation on FE 
appears to be minor under the conditions examined. Despite the higher 
standard oxidation potential of water (1.23 V) [37] compared to that of 
formate (0.22 V) [38], the oxidation of formate was minor due to the 
comparable but low concentrations produced with both SC and DC. This 
could be attributed to the limited availability of formate on the anode 
surface.

3.2. Performance of eCO2RR in single chamber electrochemical cells at 
different scales

Fig. 2 shows a comparison of process performance of SC at three 
different scales (50 mL, 250 mL and 1 L) over the course of 1 h. A 
decrease in performance is noticeable in both 250 mL and 1 L reactors, 
with lower current density and formate production rates when 
compared to the 50 mL electrochemical cell. The rformate for the 250 mL 
and 1 L reactors is 26 % and 30 % lower, respectively, compared to the 
rformate of the 50 mL electrochemical cell. Despite this, FE remained 
consistently high across all scales throughout the 1 h period. Apart from 

the limitation of using identical electrode sizes for both scales, the 
increased distance between electrodes at the larger scale also contrib
uted to lower current density. This greater separation causes variations 
in current density, even at the same applied potential.

One possible explanation for the variation in process performance 
could be the quality of the graphite rod backbone used. For the 50 mL 
electrochemical cell, high-quality graphite (> 99.997 % purity) was 
used, whereas, for practicality and lower CAPEX, graphite rods (99 % 
purity) were used for the 250 mL and 1 L setups. The presence of im
purities in slightly lower grade graphite can have two different effects: 
non-conductive impurities may affect the electroactive surface area, 
while conductive impurities could act as alternative catalysts [39]. 
Moreover, these impurities may modify the features of the electrode, 
such as electrical resistance, which can lead to a decrease in rformate by 
affecting the current density.

Fig. 3 illustrates efficient formate production via eCO2RR in SC at 
250 mL and 1 L scale for 24 h. Again, the FE obtained during the initial 
1 h period was relatively consistent across both scales. However, over 
time, the FE exhibited a gradual decrease. The decrease in FE for the 
250 mL reactor was approximately 45 % after 24 h, while for the 1 L 
reactor, it was 32 %. Interestingly, a strong inverse linear correlation (R² 
up to 0.991) was observed between FE and formate concentration 
(Fig. 4). This indicates that as the concentration of formate increases, its 
oxidation at the counter electrode likely becomes more significant, 
thereby reducing both the formate retained in the medium and the 
overall FE. These results indicate that the extent of formate oxidation 
increases with higher formate concentrations. This gradual FE decrease 
raises concerns about the long-term sustainability of eCO2RR. A lower 
FE necessitates more resource input, particularly electricity, to obtain 
the same amount of product. When also the carbon capture efficiency is 
affected, more CO2 is required and, further, diluted product streams 
need additional downstream separation and recycling processes How
ever, this issue can be mitigated by reducing the operation time to 
prevent a higher concentration in the medium. Furthermore, when 
aiming to integrate eCO2RR with microbial synthesis, it is advantageous 
to maintain lower formate concentrations as higher levels can be toxic to 
many microorganisms [40]. It is also worth mentioning that this 
decrease in FE comes with the trade-off of working in a SC setup, which 
may provide compensatory benefits in scenarios where membrane 
addition is not feasible. Following a 24 h experimental period, a slight 
decrease in pH was observed, which can be attributed to the continuous 
flushing of CO2. In contrast, conductivity exhibited a gradual rise over 
time, likely due to the generation of formate (Table S2).

A factor that may also contribute to the decrease in FE over time, 
beyond the effect of crossover reactions inherent to working in a SC 
setup, is its association with the HER. The HER competes with eCO2RR, 
thereby reducing formate production efficiency [21,41]. HER may also 
contribute to In degradation by spalling off the metal catalyst [42]. 
However, the measurement of hydrogen in the headspace was not 
feasible during the experiment due to continuous CO2 flushing but will 
be performed in the future. While our study was limited to 24 h oper
ation, previous work demonstrated that In electrodes can sustain 
formate production for up to 72 h [32]. Although fluctuations in per
formance were observed after 24 h, likely due to competing HER, pH 
drift, and increased In leaching, formate production continued, indi
cating that the catalyst remained active under these conditions.

After 24 h, the formate concentration reached 1834 ± 87 mg L− 1 in 
the 250 mL setup and 1327 ± 130 mg L− 1 in the 1 L reactor. Notably, in 
this study, differences in scale resulted in variations not only in the 
reactor design but also in the surface area to volume ratios at different 
scales (Table S3). More precisely, the volume to surface area ratio at 
250 mL was 3 times greater than at the 1 L scale, resulting in the 
increased formate concentration.

To ensure result reliability and verify outcomes independently, the 
performance of the 1 L SC eCO2RR was also assessed by both research 
groups independently (Fig. S2). Despite differences in reactor 

Table 1 
Compilation of current density (j), FE and formate production rate (rformate) 
obtained for double chamber (DC) and single chamber (SC) configurations. 
Reported values are mean values (n = 3) with standard error.

Config. Catalyst j (mA 
cm− 2)

FE (%) rformate 

(mmol cm− 2 

h− 1)

EWE (V vs 
Ag/AgCl)

Ref

DC In − 27.8 72.5 0.0719 − 1.9 [36]
DC In - 96.5 - − 0.9 [18]
DC In - 87.6 - − 2.0 [22]
DC In − 5 94.9 - − 1.8 [19]
DC In − 3.8 94.5 0.061 − 2.2 [20]
DC In − 1.14 

± 0.1
64.6 
± 6.8

0.013 
± 0.002

− 1.6 [28]

DC In − 4.68 
± 0.7

84.7 
± 1.8

0.074 
± 0.008

− 2.2 This 
study

SC In − 4.40 
± 1.1

72.2 
± 6.0

0.061 
± 0.003

− 2.2 This 
study

Fig. 2. Comparison of the performance of eCO2RR to formate in SC at EWE= - 
2.2 V vs Ag/AgCl for 1 h using three different scales: 50 mL, 250 mL and 1 L in 
0.05 M NaHCO3 electrolyte. Reported values are means, and the error bars 
represent the standard error of the mean.
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configurations, the performance remains remarkably similar. The FE 
achieved within 1 h using the UFZ_configuration was 73 ± 6.2 %, 
closely matching the value (74 ± 2.4 %) observed in the UAB_configu
ration. A decrease in FE was observed over time in experiments con
ducted with both configurations. After 24 h, the UFZ_configuration 
showed a 38 % reduction in FE, whereas the UAB_configuration 
demonstrated a 32 % reduction. This interlaboratory experiment, 
despite using different equipment, clearly demonstrated the reliability 
and accuracy of the SC setup. These consistent results suggest that the 
findings are generalizable across different configurations and condi
tions, enhancing their robustness and indicating broader applicability. 
Performing ring-tests, as already performed for the ORR [43], may be of 
interest for future studies.

3.3. eCO2RR to formate at different electrode potentials

The efficiency of eCO2RR is intricately linked to the EWE, as shown 
for different materials such as Cu, Sn, and In [20,21,44–48]. Although a 
significant number of studies focused on the influence of EWE on the FE 
and rformate in DC [20,32], no studies have been reported on EWE’s 

influence on SC eCO2RR. Therefore, the effect of EWE on eCO2RR using 
In electrodes was systematically examined in a 250 mL SC setup with 
0.05 mol L− 1 NaHCO3 (pH 6.5) as electrolyte. As shown in Fig. 5, the 
correlation between the increase in current density and rformate un
derscores the essential role of EWE as a critical parameter for driving the 
eCO2RR to formate. Furthermore, it indicates that a more negative EWE 
enhances rformate, but the selectivity and therefore FE of the reaction 
toward formate is slightly lower for more negative potentials (-2.2 V).

The small relative decline for SC in FE (from 99 ± 0.7 % at − 1.6 V to 
74 ± 4.2 % at − 2.2 V) may be attributed to the increased significance of 
formate oxidation at the anode and increased competition with HER at 
the cathode with a more negative EWE. At more negative potentials HER 
may compete more effectively with eCO2RR reducing overall selectivity 
as shown for mildly acid conditions, whereas at pH-neutral conditions 
this was not the case [20]. The same range of applied voltages (-1.6 V to 
− 2.2 V) was also evaluated for DC configuration (50 mL) for 1 h 
(Table S4), to compare with SC setup (250 mL). In the DC setup, the 
rformate exhibited an increase with more negative potential, aligning with 
observations in the SC setup. However, the trend for the FE showed a 
slight rise with more negative EWE in the DC setup, in complete contrast 

Fig. 3. eCO2RR to formate at (A) 250 mL scale and (B) 1 L scale. Reported values are means and error bars represent the standard error of the mean (n = 3).
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to what was observed for the SC setup. Likewise, Hegner et al. [29]
examined comparable potentials using DC configuration and noticed a 
rise in rformate and current density and detected a shift in the selectivity 
of the reaction towards formate with a more negative EWE with a FE of 
93 % and rformate of 0.061 mmol cm− 2 h− 1 at − 2.2 V.

Contrary to the results from the SC setup, there have been more re
ports of an increase in FE with decreasing EWE, particularly in the 
context of anodized In electrodes. The anodization pretreatment of In 
electrodes, where an oxide layer is formed anodically on the electrode 
prior to CO2 electrolysis, leads to the formation of an In-oxide layer [21]. 
Detweiler et al.[21] propose that an In-OH layer, resulting from an 
acid-base reaction at the electrode surface, impedes the HER at more 
negative potentials. Moreover, the FE for the formation of CO, a 
recognized intermediate or side product for In- and Sn-based electrodes, 
decreased at more negative cathode potentials. Agarwal et al. examined 
a range of EWE between − 1.5 V and − 2.4 V (vs Ag/AgCl) employing Sn 
as a catalyst in DC for formate production [8]. They identified a narrow, 
optimized potential window between − 1.8 V to − 2.2 V (vs Ag/AgCl), 
beyond which the FE for formate production drops significantly to below 
60 %.

The experiments in SC were extended for an additional 4 h of oper
ation for each tested EWE to evaluate its performance (Fig. S3). While the 
current density continued to increase with time, there was a slight 
decrease in FE, which was also observed in the case of rformate after 4 h. 

The decrease in rformate was particularly noticeable at − 2.2 V, showing a 
decrease of 43 % after 4 h. Izadi et al. [32] examined the same potentials 
(-1.6 V to − 2.2 V) to evaluate DC setup for eCO2RR to formate pro
duction using a 50 mL setup (72 h). Contrary to the results obtained in 
this study (4 h), they observed a decrease in performance concerning FE 
and rformate at less negative potentials. For both SC and DC, the rformate 
shows similar trends across all potentials tested. In their study, using DC 
configuration, they reported rformate values of 0.01 mmol cm− 2 h− 1 at 
− 1.6 V and 0.06 mmol cm− 2 h− 1 at − 2.2 V after 4 h. In the present 
work, similar values of 0.015 mmol cm− 2 h− 1 ± 0.001 and 0.024 
± 0.001 mmol cm− 2 h− 1 at − 1.6 V and − 2.2 V were observed after 4 h, 
respectively.

3.4. eCO2RR for sterile operation and pH-neutral conditions

When integrating eCO2RR with biosynthesis, two different aspects 
should be considered: the need for sterility and the operation of eCO2RR 
at biocompatible pH. Fig. 6 A illustrates that the production of formate 
was reduced when two sterilization methods were used (steam and 
chemical), in comparison to the unsterilized cathode. After 24 h, the 
production of formate for the non-sterilized reactor reached a concen
tration of 1.33 ± 0.28 g L− 1, surpassing the sterilization methods using 
steam (0.84 ± 0.21 g L− 1) and chemical (0.87 ± 0.13 g L− 1). Although 
there was a decrease in FE with time in all cases (Fig. 6 B), both steam 
and chemical sterilization resulted in reduced FE even after 1 h, with 
steam sterilization being 28 % lower and chemical sterilization being 
22 % lower than unsterilized electrodes. This indicates that the sterili
zation methods affect the catalyst layer. While the performance differ
ence between the two sterilization methods is not exceptionally high, 
the less complex method (chemical sterilization) appears to be the best 
option for the integration with microbial synthesis.

Steam sterilization, a commonly utilized method (ISO 13408) that 
requires exposure to high-temperature steam [49], has the potential to 
impact the In layer on the graphite rod. The comparison of photographic 
images captured prior and subsequent to the application of this pro
cedure on the graphite rod indicates possible modifications in the 
chemical and physical characteristics of the In layer. The colour varia
tion of the In layer was quite apparent, as observed visually (Fig. S4).

So far only Hegner et al. [29] assessed the performance of an 
In-layered graphite rod after steam sterilization for eCO2RR using DC 
configuration. Their results are in accordance with our findings. They 
noted a nearly 23 % decrease in FE after 1 h with electrodes subjected to 
steam sterilization. In this study, the performance of eCO2RR was also 
assessed using a DC with UFZ_configuration on a 1 L scale, employing 
steam sterilization for In electrodes. Comparable to the results obtained 
in SC, a reduction in FE due to steam sterilization was also noted in the 
DC configuration (Fig. S5). In the latter configuration, the decrease in FE 
was nearly 7 % with steam sterilized electrodes.

Regarding steam sterilisation, the SC approach offers an extra 
benefit. While steam effectively sterilizes In-layered graphite rods, 
sterilizing the membrane adds additional intricacy to the overall elec
trode sterilization procedure. Hegner et al. [33] utilized dry heat ster
ilization by enclosing the counter electrode chamber with a graphite rod 
in a glass vessel, effectively preventing any contact between water vapor 
and the ion exchange membrane. This method can be bypassed when 
working with a SC setup. For instance, in fermentation processes, 
chemical sterilization is commonly employed for pH and oxygen probes 
in bioreactors to avoid microbial contamination, ensuring probe integ
rity during fermentation [50]. However, the use of this sterilizing 
technique on In electrodes in this study, employing a 70 % ethanol so
lution for 10 min, resulted in adverse effects on the In-catalyst layer.

The impact of pH on the performance of eCO2RR in terms of FE and 
formate production is depicted in Fig. 7. The increase in FE and the 
quantity of produced formate is apparent at a more neutral pH. The 
impact of the competing HER on eCO2RR was quite significant at lower 
pH, resulting in a 58 % decrease in FE at pH 4.5 compared to pH 6.5 after 

Fig. 4. Impact of formate concentration on FE at different scales. All experi
ments were conducted in 0.05 mol L− 1 NaHCO3 (pH 6.5) as electrolyte solution; 
n = 3; EWE = -2.2 V. Reported values are means and the error bars represent the 
standard error of the mean.

Fig. 5. Potential dependence of the SC eCO2RR to formate at In electrodes 
(V=250 mL). Reported values are means (n = 3) and the error bars represent 
the standard error of the mean.
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1 h, and this decline persisted over time.
After 4 h, the final formate concentration at pH 6.5 reached 0.67 

± 0.05 g L− 1, which was 67 % higher than the concentration obtained at 
pH 4.5. These findings were anticipated, as they align with prior studies 
showing that increased acidity is known to enhance the HER signifi
cantly [51]. Nevertheless, the conductivity, as measured for various 
initial pH, exhibited a gradual increase over time, suggesting the for
mation of formate (Table S5). A slight decrease in pH was also observed 
over time (Table S6). Thus, pH levels lower than 4.5 were not tested as 
also previous studies have reported that even exceptionally effective 
eCO2RR catalysts may fail under highly acidic conditions [52].

As mentioned earlier, the decline in performance over time may be 
attributed to the shift in local pH at the electrode surface. This shift can 
have an impact on the reaction pathways, selectivity, and stability [53]. 
Factors such as HER competition, In leaching, pH changes at the elec
trode surface may coexist and interact with each other, presenting a 
significant challenge in designing stable eCO2RR electrolysers for long 

term use. Most studies were performed under neutral to alkaline con
ditions to mitigate HER competition [20,28,29,32,33,54–57]. However, 
in contrast to our study, only a few studies have obtained satisfactory 
results under acidic conditions. Recently, Huang et al. used Cu as a 
catalyst in a strong acid electrolyte solution achieving a current density 
of 1.2 A cm− 2 and a FE of 50 % for multi-carbon products [58]. Whipple 
et al. [59] explored different pH conditions (4, 7, 10) for eCO2RR to 
formate using a Sn catalyst on a GDE within a microfluidic electro
chemical cell. They observed that lowering the pH enhanced current 
density and selectivity for formic acid due to reduced cathodic polari
zation losses, enabling higher current densities.

The pH of the electrolyte solution significantly impacts the eCO2RR 
and the subsequent separation of formate/formic acid. The choice of 
separation process is contingent on the acid dissociation state. Although 
electrochemists commonly employ formic acid and formate inter
changeably, their equilibrium directly affects the selection of a suitable 
downstream process. Ramdin et al. [31] reviewed the impact of pH on 

Fig. 6. (A) Formate production and (B) FE of eCO2RR in the 1 L reactor in SC without and with steam and chemical sterilization (UAB_configuration). Reported 
values are means and error bars represent the standard error of the mean (n = 3).

Fig. 7. (A) FE and (B) formate production of SC eCO2RR under different pH conditions (250 mL). Reported values are means and error bars represent the standard 
error of the mean (n = 3).
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the downstream separation processes and their economic aspects, sug
gesting liquid− liquid extraction for formic acid and electrodialysis for 
formate. However, both methods are complex and costly.

3.5. Future perspectives for the SC set-up

Attaining high FE at high current densities is a sought-after trait for 
any commercial eCO2RR process. This study achieved, for the first time, 
high FE at a less negative potential (-1.6 V) in a SC setup at different 
scales and under various operational conditions. Operating at a less 
negative potential decreases the energy requirements at the expense of 
producing less formate (340 mg L− 1 for − 1.6 V) than at a more negative 
potential (650 mg L− 1 for − 2.2 V) after 4 h. Hence, a trade-off exists 
between achieving high FE and maximizing formate production for SC 
eCO2RR. Nonetheless, to further improve the performance in terms of 
rformate, the utilization of 3D electrodes is highly appealing [60]. For 
instance, bed electrodes, unlike the graphite rod employed in this study, 
can enhance current densities and overall reaction rates within the 
reactor volume. Additionally, the use of GDE instead of monolithic 
electrodes is highly appealing. GDEs offer a large electroactive surface 
area, enabling operation at higher current densities, while also 
enhancing the three-phase boundary area to mitigate mass transfer 
limitations and promote eCO2RR. Nevertheless, the performance of 
eCO2RR is still constrained by the long-term stability of the electro
catalyst (in this case, In on the graphite rod). Thus, it is essential to 
explore alternative electrode materials such as Sn or Cu, which are less 
critical [61] or other catalysts like MoSi₂N₄, which have shown promise 
for their stability and electrochemical performance in various catalytic 
processes [62]. Additionally, optimizing operational conditions to align 
more closely with industrial implementation should also be investigated 
[63].

Given the paramount importance of sterility and pH when linking 
eCO2RR and microbial catalysis, the impact of these factors on SC 
eCO2RR performance was also investigated. While both steam and 
chemical sterilization methods can ensure sterility, their implementa
tion impact performance compared to the unsterilized system. This 
study shows that chemical sterilisation has a similar impact on formate 
production as steam sterilisation and is much more efficient from a 
practical point of view, especially when membranes are involved. 
Nevertheless, ensuring the sterility of the electrobioreactor is crucial, 
and thus alternatives could be evaluated. The γ radiation presents a 
potential alternative for sterilizing electrodes. Although cost-effective 
(excluding initial setup) and capable of deep penetration without leav
ing toxic residues, there is an evidence of detrimental effects on steril
ized products, such as material degradation and chemical changes [64, 
65]. However, the impact of γ radiation on electrodes for eCO2RR re
mains unexplored.

4. Conclusions

This study demonstrates for the first time formate production via 
eCO2RR using In as a catalyst in a single chamber setup across multiple 
scales (50 mL, 250 mL and 1 L). To assess the reliability of the SC setup, 
its performance was benchmarked against the DC configuration. Under 
the same conditions, the DC configuration yielded a rformate of 0.074 
± 0.008 mmol cm− 2 h− 1 with a FE of 84.7 ± 1.8 %. The SC configura
tion yielded 17 % lower rformate of 0.061 ± 0.003 mmol cm− 2 h− 1 with a 
FE of 72.2 ± 6.0 %, indicating that the use of membranes is not essential 
for formate production via eCO2RR, but some reduction in rate and FE is 
to be expected. In the SC setup, applying more negative potentials 
(-2.2 V vs Ag/AgCl) resulted in higher current density and rformate, albeit 
at the expense of slightly reduced selectivity. An independent inter
laboratory test by two research groups showed similar FEs (73 ± 6.2 % 
vs 74 ± 2.4 % at 1 h) and similar reductions of FE after 24 h (38 % and 
32 % reduction) for the SC set-up.

Two sterilization methods (steam and chemical) were benchmarked 

against a non-sterilized setup. Both methods were found to have detri
mental effects on the eCO2RR performance, resulting in reduced FE. 
Steam sterilization led to 28 % reduction, while chemical sterilization 
resulted in a 22 % compared to unsterilized electrodes. The significance 
of pH in regulating the selectivity of eCO2RR was also evident, with the 
more kinetically favourable HER outcompeting eCO2RR and causing a 
58 % decrease in FE at pH 4.5 compared to pH 6.5.
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