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Electrocatalytic metals and microorganisms can be combined
for CO2 conversion in microbial electrosynthesis (MES). How-
ever, a systematic investigation on the nature of interactions
between metals and MES is still lacking. To investigate this
nature, we integrated a copper electrocatalyst, converting CO2

to formate, with microorganisms, converting CO2 to acetate. A
co-catalytic (i. e. metabolic) relationship was evident, as up to
140 mgL� 1 of formate was produced solely by copper oxide,
while formate was also evidently produced by copper and

consumed by microorganisms producing acetate. Due to non-
metabolic interactions, current density decreased by over
4 times, though acetate yield increased by 3.3 times. Despite
the antimicrobial role of copper, biofilm formation was possible
on a pure copper surface. Overall, we show for the first time
that a CO2-reducing copper electrocatalyst can be combined
with MES under biological conditions, resulting in metabolic
and non-metabolic interactions.

Introduction

CO2 is regarded as a potential feedstock for fuels, chemicals and
materials.[1] However, the conversion of CO2 is considered
challenging, due to the thermodynamic stability of the
molecule.[2] Therefore, energy is needed to convert CO2.
Electricity-driven conversion of CO2, using renewable electricity
(e.g. solar, wind) is particularly attractive, since it can convert
intermittently-available electricity into chemical energy (i. e.
fuels or chemicals from CO2), thus facilitating the storage and
transportation of renewable energy.[3]

A technically and economically emerging technology for
electricity-driven CO2 conversion is Microbial Electrosynthesis
(MES).[4] A schematic of this process is shown in Figure 1. Water
is oxidized at the anode electrode (Figure 1, eq. I), releasing O2

gas, protons (H+) and electrons (e� ). As illustrated in Figure 1,
protons and electrons are transferred to the cathode side, via
the electrolyte (blue arrows) and the external electric circuit
(black arrows), respectively. At the cathode, whole cell micro-
organisms (e.g. autotrophic acetogenic or methanogenic bac-
teria), under pure, one-species cultures, or as mixed cultures,
catalyse the conversion of CO2, under (or close to) ambient
conditions in aqueous electrolytes[5] (Figure 1, eq. IV, VI, VII).
MES microorganisms include electro-active species, which can
directly take up electrons from the cathode electrode (i. e. direct
electron transfer, Figure 1 pathway a), as well as microorgan-
isms that rely on electrochemically provided mediators like
hydrogen, formate or methyl viologen (i. e. mediated electron
transfer, Figure 1 pathway c).[5] Among the possible electron
donors for MES, a further distinction can be made between
compounds that get recycled from the electrode to the
microorganisms (such as methyl viologen), and compounds
that get consumed by microorganisms, such as H2 (an electron
donor for the Wood-Ljungdahl metabolic pathway of acetate
biosynthesis) and formate (a key intermediate of CO2 reduction
via this metabolic pathway).[6] End products of CO2 reduction
via MES are typically acetate (CH3COO

� ) and methane (CH4),
[7]

whereas multi-carbon components like butyrate and caproate
have also been reported.[8] In addition, the microorganisms
themselves grow during MES and are therefore a biobased
source that could be refined for proteins and other microbial
constituents.[9] The unique product spectrum, as well as the use
of inexpensive, self-regenerating biocatalysts, give MES a
distinct position compared to chemical electro(catalytic) syn-
thesis.

MES production rates are often limited by the electron
transfer rate from the electrode to the microorganisms.[10] One
approach to improve this is to increase the concentration of
electron donors for mediated electron transfer. For example,
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biocompatible metal electrocatalysts have been recently devel-
oped, which achieve high-rate generation of H2,

[10c,11] in order to
increase the overall production rate of MES. As such, a
syntrophic (i. e. metabolic) relationship is essentially developed
between the H2-producing metal catalysts and CO2-reducing
biocatalysts. A schematic representation of this relationship is
shown in Figure 1 pathway c.

Mediated electron transfer via in situ generated electron
donors would also expand the spectrum of potential micro-
organisms that can be used for MES to species which depend
on H2 consumption, such as specific acetogenic and methano-
genic microorganisms.[10c] Aside from syntrophic, non-metabolic
effects may also arise from the combination of the two types of
catalysts (i. e. symbiotic effects). Adding metals on an electrode
before biofilm development likely affects the surface properties
and conductivity of the cathode, which in turn can influence
the electron transfer and biofilm attachment during MES

(Figure 1 pathways d-f).[12] While increasing the surface area and
porosity of the electrode is considered to improve biofilm
attachment, symbiosis between the two catalysts can also have
negative effects. For example, some metals (e.g. metallic silver
and copper and their oxides) can be toxic to microorganisms
via several mechanisms, including causing structural changes to
biological membranes, the formation of free radicals and
reactive oxygen species, and interaction with enzymes, proteins
and DNA, which leads to damage and deactivation.[13] Further-
more, microbial growth on a catalytic electrode could result in
blocking of the catalyst’s surface,[14] thus leading to loss of
catalytic activity. In addition, microbial components and metab-
olites (e.g sulfide and sulfate ions) in the electrolyte could result
in catalyst poisoning.[15] It should be noted that the microbial
growth medium of MES already contains trace metals like
copper to support microbial growth. In previous studies on
MES, copper deposits were found on the electrode surface after
biofilm development, and it was suggested that microbial
modification of the electrode surface (possibly via biological
synthesis of catalytic nanoparticles from dissolved copper)
enhanced the formation of hydrogen.[16] Thus, combining metal
electrocatalysts and biocatalysts could affect MES performance
via multiple mechanisms, including syntrophic and symbiotic
effects.

Formate production has also been investigated to integrate
electrocatalytic and microbial conversions. Practically, this can
be of use because formate is an in-water-storable electron
donor and provides a versatile substrate for formatotrophic
organisms.[17] Earlier work of Li and co-workers[18] showed a first
proof of principle for catalytic cooperation between a metal
and bio-electrocatalyst, based on formate production by the
metal catalyst and subsequent conversion by microorganisms.
A pure culture of the chemolithoautotrophic bacterium Cupria-
vidus necator (formerly Ralstonia eutropha), genetically engi-
neered to enable the conversion of formate to higher alcohols,
was able to in situ convert formate that was electrocatalytically
produced from CO2 by an indium cathode.[18] More recently, an
indium electrocatalyst converting CO2 to formate was used as
cathode, in combination with pure cultures of Escherichia coli
strains, genetically engineered to enable the production of
pyruvate from formate and CO2.

[19] Hegner and co-workers
investigated the combination of Indium-electrocatalysed for-
mate production and microbial utilization in a two-step
reaction, wherein genetically engineered strains of Meth-
ylobacterium extorquens AM-1 were introduced in the reactor
after formate production, and were able to deplete formate,
forming mesaconate and methylsuccinate.[20] Similar studies
have also been performed using non-genetically engineered
microorganisms, namely Methylobacterium extorquens AM1 and
Cupriavidus necator H16, to produce Poly(3-hydroxybutyrate)
(PHB) from in situ electrochemically generated formate, in
combination with an indium electrocatalyst.[21] These studies
demonstrate that a syntrophic relationship based on formate
between metal electrocatalysts and biocatalysts is possible in
one reactor. However, other aspects of the apparent “symbiotic
relationship” between the two catalysts (such as bio-toxicity or
metal catalyst poisoning) were not addressed, and no evidence

Figure 1. Schematic representation of the relationship between a metal
catalyst (for example iron, illustrated as grey nanoparticles) and an MES
culture (illustrated as orange cells). Microorganisms or extracellular enzymes
can use electrons directly from the cathode (a), or via mediators, such as by
oxidizing reduced metal species on the electrode (b). Metal nanoparticles
can catalyse the electrochemical production of electron donors such as H2 (c,
eq. II) or formate (eq. V), which can be used by planktonic microorganisms.
Microorganisms utilize the H+ and e� (or the H2 and formate), to convert
CO2 (dissolved in the electrolyte, eq. III) to products such as acetate (eq. IV,
VI and VII). Metal nanoparticles on the electrode can likely increase the
surface area and porosity of the electrode, which improves biofilm formation
(d), compared to unmodified, smooth electrodes (e). Metal nanoparticles can
also likely increase the conductivity of the electrode (f), thus leading to
improved electron transfer to the microorganisms.
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is provided on the type of syntrophic relationship (i. e.
mutualistic, wherein both species benefit; commensalistic,
wherein one species benefits and other is not affected; or
parasitic, wherein one species benefits and other is harmed).

We have previously shown a syntrophic relation between a
copper oxide electrocatalyst and a mixed-culture of naturally-
occurring microorganisms, using sequential reactors. Specifi-
cally, the copper oxide electrocatalyst produced formate from
CO2 within a microbial growth medium electrolyte, and this
medium was thereafter transferred into bio-reactors, where
microorganisms, H2 and CO2 were supplied. Microorganisms
consumed the provided substrates (formate, H2 and CO2) and
produced acetate and methane.[22] The objective of the present
follow-up study is to investigate potential symbiotic and
syntrophic effects, by combining either non-formate producing
copper foil (Cu-foil) or formate-producing copper oxide (CuOx)
electrodes with biocatalysts together in one MES reactor with
continuous CO2 supply. Emphasis was given on electrocatalyti-
cally produced formate-based electron transfer interactions
(Figure 1 pathway c), since formate is highly soluble in water
and therefore its dynamics could be monitored in the
experimental approach used.

Copper is among the best electrocatalysts which demon-
strate formate production at high selectivities.[23] As a catalyst,
and particularly in combination with microbial catalysis, copper
is a controversial material, due to its known toxic effects,[24] as
well as its potentially negative environmental impact, either
during the extraction of copper,[25] or due to leaching and
subsequent release to the environment.[26] However, for CO2

electroreduction, copper is unique among metal catalysts, as it
can produce a variety of products besides formate at high
current efficiencies, such as methanol, ethylene and ethanol.[27]

Therefore, a proof-of-principle of catalytic cooperation between
naturally-occurring microorganisms and copper may allow to
envision various co-catalytic routes, based on the unique
product spectrum of copper, for final products of longer carbon
chains and with higher value, compared to acetate and
methane, such as butyrate, isobutyrate,[28] caproate,[29] and
caprylate.[30] Furthermore, several methods have been described
to recover copper from waste,[31] including the synthesis of
catalysts from waste.[32] Particularly the use of copper as a
cathodic electrocatalyst could possibly further decrease the
environmental impact due to leaching, as copper can be
recovered from the electrolyte via electrodeposition.[22] Taken
together, while an impact analysis of the use of copper was not
part of this study, copper is expected to be a promising catalyst
for the development of co-catalytic concepts in combination
with microbial catalysts.

In the present study, inoculation of the reactors containing
copper electrodes with the bio-electrocatalyst led to growth of
microorganisms, which produced acetate as the final product.
In the presence of both CuOx and biocatalysts, formate was
most evidently produced by the metal electrocatalyst, and
consumed by microorganisms, to produce the acetate. By
comparing the performance of each copper electrode with and
without microorganisms, differences were observed in current
density for both electrodes, as well as the catalytic activity of

the copper foil electrode. In addition, differences in microbial
acetate production were observed among reactors with Cu-foil
and CuOx electrodes. Another remarkable finding was the
formation of biofilm on the copper electrodes. While biofilm
formation on other metal electrodes has been previously
shown, we will show for the first time here that pure copper
electrodes can serve as a bio-cathode, despite its known
antimicrobial role.[24] Overall, these results show novel MES
integrations, by combining a copper oxide or a plain copper foil
electrode with microorganisms in one reactor.

Results

Electrochemical experiments

Effect of catalytic combination on current density

In order to investigate the potential syntrophic and symbiotic
effects between metal and biocatalysts, four types of electro-
chemical experiments were performed, namely: abiotic copper
electrosynthesis (CES) in fresh electrolyte, microbial electrosyn-
thesis with copper electrodes (MES), copper electrosynthesis in
the presence of deactivated microorganisms (deactivated MES),
and microbial electrosynthesis with copper electrodes in
reactors with pre-grown biocatalyst on a graphite felt electrode
(mature MES). The current density recorded during different
electrochemical experiments is shown in Figure 2a for CuOx
and Figure 2b for Cu-foil electrodes. Data for deactivated MES
experiments with Cu-foil are not available in duplicate, and the
results of a single experiment are shown in Supporting
Information (Figure S1).

Within minutes after applying a negative cathode potential,
the current density rapidly decreased for all CuOx electrodes
(e.g. from � 2.6 to � 1.3 mAcm� 2 for CES experiments in
Figure 2a), while this trend was not observed with Cu-foil
electrodes (Figure 2b, Figure S1). A sharp peak in the current
density of the CuOx electrode was observed on day 1 during
the CES experiment (Figure 2a). This was likely due to uninten-
tional perturbation while sampling, as it was not observed in
any other experiment with CuOx or Cu-foil electrodes.

Within the first five days, a different pattern could be
observed for current evolution among experiments with fresh
(CES, MES) and used electrolyte (mature and deactivated MES,
Figure 2a,b, Figure S1). For both electrodes, during CES experi-
ments, the current density increased and thereafter decreased
to less negative values, followed by a second decrease. Thus,
two opposite peaks were formed over time, i. e. towards more
negative values (around day 1) and towards more positive
values (around day 3). In MES experiments, the current density
also increased and thereafter decreased, but this transition was
slower compared to CES experiments.

Only one peak towards more negative values could be
distinguished around day 3 during MES experiments. On the
contrary, during experiments in used electrolyte (deactivated
and mature MES), a more stable current density was recorded
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during the first 5 days, and no clear peaks could be observed
over time with either CuOx or Cu-foil electrodes.

Compared to the first three days of operation, during which
fluctuations in the current could be observed, by day 5 the
current density had become more stable in all experiments (i. e.
steady state), and slowly decreased to less negative values over
time for both electrodes (Figure 2a,b). The approximate time to
reach this steady-state (based on visual evaluation of the
provided graphs), as well as the current density during steady
state, was different among experiments. For an easier compar-
ison, a summary of the steady-state current density for all
experiments is given in Table 1. Irrespective of the experiment
(e.g. CES, MES or deactivated MES tests), the time to reach
steady state was the same between CuOx and Cu-foil electrodes
and corresponded to approximately 4.5 days in fresh electrolyte
(CES, MES), and up to 2 days in spent electrolyte (mature and
deactivated MES) (Table 1). For both CuOx and Cu-foil electro-

Figure 2. Electrochemical performance of CuOx (left) and Cu-foil (right) electrodes during various chronoamperometry experiments. a, b: current density; c, d:
dissolved formate concentration; and e, f: calculated electron recovery over time. When available, error bars indicate standard deviation based on duplicate
experiments. For CES experiments with CuOx, due to biological contamination in one reactor, data for long-term operation are not available in duplicate.
Instead, data from a short-term abiotic experiment are shown, which has been previously reported,[22] to illustrate the reproducibility among experimental
repetitions. For deactivated MES experiments, results of the duplicate reactor that became contaminated are shown separately (as~) in Figure c and e.

Table 1. Overview of current densities recorded with CuOx and Cu-foil
electrodes during chronoamperometry experiments at different conditions.

Experiment CuOx Cu-foil
Average
current
density[a]

[day 4–7]
[mAcm� 2]

Time until
stable
current
[days]

Average
current
density[a]
[day 4–7]
[mAcm� 2]

Time until
stable
current
[days]

CES � 2.63�0.04 4.5 � 2.67�0.05 4.5
deactivated
MES

� 1.79�0.03 2 � 0.87�0.03 2

MES � 1.73�0.13 5 � 0.56�0.06 5
mature MES � 1.45�0.02 0.5 n.a. n.a.

[a] Current density was calculated by first calculating the average current
density of each experiment at every time point based on duplicate
reactors, and thereafter calculating the average and standard deviation for
all time points between day 4 and 7.
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des, a more negative current density was recorded during CES
experiments (i. e. up to � 2.6 mAcm� 2 at steady state), com-
pared to all experiments with microorganisms in the electrolyte
(up to � 1.8 mAcm� 2 for CuOx). Particularly for Cu-foil, the
average current density between days 4–7 was 4.8 times higher
during CES, compared to MES experiments (Table 1). Differences
in current density were also observed between the two
electrodes in some experiments. Compared to Cu-foil, CuOx
resulted in more negative steady-state current density during
both MES (-1.73 compared to � 0.56 mAcm� 2) and deactivated
MES experiments (� 1.79 compared to � 0.87 mAcm� 2). Instead,
in the absence of bacteria (CES experiments), the steady state
current density among the two electrodes was very similar
(Table 1).

Effect of the biocatalyst on formate concentration

Combining biocatalysts with copper electrocatalysts may lead
to different patterns of formate concentration, resulting for
example from the effect of the added biomolecules on the
surface properties of the electrode (i. e. adsorption or blocking
of catalytic surface), or the consumption of formate by micro-
organisms, which would effectively decrease the formate
concentration. To compare the catalytic activity of copper
among experiments, the concentration of formate produced
and the calculated electron recovery are shown in Figure 2c
and e, respectively.

For CuOx, both CES and deactivated MES experiments
showed an increase of formate concentration over time until
day 17, and thereafter a decrease by day 21 (Figure 2c). The
calculated electron recovery into formate reached a maximum
of approximately 0.8% within the first two days (Figure 2e), and
remained above zero until day 17. The low electron recovery
towards formate was likely due to the electrolyte composition,
containing phosphate buffer, which has been previously shown
to decrease the selectivity towards formate, compared to
bicarbonate buffer.[22] The formate concentration and calculated
electron recovery is in agreement with our previously reported
findings for abiotic experiments with duration of 72 hours.[22]

Some deviations can be observed between CES and
deactivated MES experiments, which cannot be further eval-
uated, due to the lack of duplicate data. Nevertheless, it can be
postulated that deactivated MES effluent did likely not lead to
deactivation or poisoning of the CuOx catalyst, and long-term
catalytic activity of up to 18 days was retained with this
electrolyte. Formate was the only liquid product detected
during abiotic experiments with either CuOx or Cu-foil electro-
des. Instead, gaseous products were formed with both electro-
des, as was evident by gas bubble formation on the surface of
both CuOx and Cu-foil during these experiments. Gas formation
likely accounts for the remaining electron recovery during
abiotic experiments.

While formate production with CuOx continued for multiple
days in the absence of bacteria, a different pattern can be
observed during MES and mature MES experiments (Figure 2c).
Using CuOx catalyst, formate concentration increased until day

2 during MES, and thereafter gradually decreased, until formate
was depleted on day 21. The calculated electron recovery to
formate (Figure 2e) reached a maximum of about 0.8% on day
2, and thereafter also decreased to zero within the first 4 days.
In the presence of a mature MES bio-culture, only trace
amounts of formate could be detected in the electrolyte over
time, corresponding to an electron recovery of less than 0.05%.

Formate concentration and electron recovery were also
measured in reactors with Cu-foil electrodes (Figure 2d and f,
Figure S1b and c, respectively). Measurable amounts of formate
were produced with Cu-foil during deactivated MES experi-
ments. The formate concentration increased until day 13, and
the calculated electron recovery was >0 during the first
13 days of the experiment (Figure S1). On the contrary, no
formate production was detected with Cu-foil electrodes during
CES experiments in fresh electrolyte at the same cathode
potential (� 1.2 V, Figure 2d). In fact, electrocatalytic formate
production with Cu-foil in fresh electrolyte was only detected at
more negative potentials (� 1.6 V), during additional abiotic
experiments presented in Supporting Information (Figure S2).
Therefore, compared to fresh electrolyte, deactivated MES
effluent apparently decreased the over-potential for formate
production with Cu-foil electrodes. During MES, trace amounts
of formate could be detected in the electrolyte on days 1, 14
and 24, which were thereafter depleted (Figure 2d). Increase of
formate concentration at those time points resulted in a
positive value for the calculated electron recovery for Cu-foil on
the corresponding days (Figure 2f).

Effect of copper electrodes on microbial growth and
metabolism

The concentration of acetate in the electrolyte and the
calculated electron recovery was measured over time during
MES and mature MES experiments, and the results are shown in
Figure 3a and b, respectively. The concentration of formate
during MES experiments with CuOx is also shown in this
Figure (i. e. same as in Figure 2c), to better illustrate the
simultaneous production and consumption of the two com-
pounds over time during MES experiments.

No acetate production was detected with either copper
electrode during CES experiments, thus confirming that acetate
was produced by microorganisms. With both Cu-foil and CuOx
electrodes, measurable amounts of acetate could be measured
in the electrolyte during MES experiments by day 21. Thereafter,
acetate concentration increased for both electrodes until the
end of the experiment, with 3.3 times higher final concentration
in the CuOx reactors (up to 900 mgL� 1) compared to Cu-foil
(270 mgL� 1, Figure 3a). Nevertheless, the calculated electron
recovery to acetate over time for both electrodes was similar
(Figure 3b). Electron recovery became positive on day 21, when
acetate production began, and increased to a maximum of
about 30% for both electrodes on day 28. Thereafter, electron
recovery to acetate decreased in all MES reactors until the end
of the experiment (Figure 3b).
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During mature MES experiments (Figure 3a), acetate was
first detected in the electrolyte on day 14, and thereafter
increased over time until the end of the experiment. The
calculated electron recovery to acetate followed the same
trend, increasing until day 21 to 55%, and thereafter fluctuated
between 40% and 60% until the end of the experiment.
Compared to MES experiments, which reached a maximum
acetate concentration of 0.78 gL� 1 by day 28, acetate produc-
tion was roughly 3 times higher with a mature MES bio-
cathode, reaching a concentration of up to 2.1 gL� 1 by day 29
(Figure 3a). Acetate production was detected earlier in these
reactors (day 14 compared to day 21), and thereafter the
concentration increased over time until the end of the experi-
ment. Higher acetate production by a mature MES bio-reactor
was also evident based on the calculated electron recovery
(Figure 3b). Compared to MES experiments, electron recovery
was higher during mature MES experiments at every time point,
reaching a maximum of 60% on day 23.

The optical density (OD) was measured in the electrolyte
over time in all biological reactors, as an indicator of growth for

planktonic microorganisms (Figure 3c). Increase of OD in both
MES reactors was evident already on day 4, and thereafter OD
increased with time until the end of the experiment. Compared
to CuOx electrodes, OD was higher at every time point during
MES experiments with Cu-foil electrodes. A similar increase in
OD over time was also observed during mature MES experi-
ments.

Metabolic deactivation of MES with heat treatment

In order to confirm that deactivation of microorganisms was
successful during deactivated MES experiments, acetate con-
centration and optical density (OD) were monitored in the
electrolyte over time, as indicators of biological growth. The
concentration of acetate is shown in Supporting Information
(Figure S3).

The concentration of acetate during deactivated MES
experiments decreased over time in both reactors, which could
be due to evaporation and/or transport and oxidation at the

Figure 3. Bio-electrochemical performance during various chronoamperometry experiments. a: dissolved acetate concentration; b: calculated electron
recovery; and c: optical density in the catholyte over time. For an easier comparison between Figures, in Figure 3a, the average concentration of formate is
also shown during MES experiments with CuOx (i. e. same as in Figure 2c). Error bars indicate standard deviation based on duplicate experiments. During
mature MES experiments, reactors were operated with graphite felt electrodes for 19 days at � 1.06 V vs. Ag/AgCl, until acetate production was observed.
Thereafter, CuOx electrodes were added in these reactors, operating at � 1.2 V vs. Ag/AgCl for the rest of the experiment.
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anode. Lack of acetate production supports that deactivation of
microorganisms by heat treatment of the effluent was success-
ful in these reactors. Optical density was not measured at every
time point, as the sample volume required for continuous
measurement could result in depletion of the electrolyte.
Nevertheless, similar optical density values were measured at
the start and at the end of the experiment (0.078�0.005), thus
further supporting the effective deactivation of microorganisms,
as no growth of planktonic microorganisms was observed.

Biofilm growth on pure copper electrodes

Characteristic SEM images of selected electrodes before and
after operation are shown in Figure 4. Electropolished copper
foil had a smooth surface before electrochemical testing (Fig-
ure 4a), but some heterogeneity and defects of unknown origin
could be observed (i. e. black spots). Unused CuOx electrode
surface was instead homogeneously covered with copper oxide
particles (Figure 4b).

For CuOx electrodes after MES experiments, large flower-
like crystals were observed with SEM (Figure 4d–e), which
consisted of copper phosphate, as confirmed with EDX analysis.
Crystals were likely formed during the fixation of SEM samples
in glutaraldehyde, as similar crystal structures were also
observed on unused CuOx electrodes stored in glutaraldehyde
(not shown).

By the end of the MES experiment, the surface of Cu-foil
was covered with biofilm, which appears as bright-coloured
structures on the grey (copper) background (Figure 4c). Similar
structures were observed on the surface of CuOx (Figure 4d–e),
confirming biofilm growth on both electrodes the end of the
experiment. The surface of Cu-foil was rather homogeneously

covered with biofilm structures (Figure 4c). Instead, on CuOx
electrodes, the biofilm coverage appears more heterogeneous,
as biofilm could be observed both on and among the copper
phosphate crystals (Figure 4e). Higher magnification images
obtained between the crystals reveal extensive formation of
biofilm on the CuOx electrode, with a layer of microorganisms
completely covering the electrode surface (Figure 4f). Never-
theless, a quantitative comparison of biofilm coverage between
the two electrodes cannot be performed, as crystal formation
on CuOx has significantly changed the surface structure.

Discussion

Symbiotic effects of microorganisms on copper electrodes

By comparing the current density among different experiments,
the symbiotic, rather than syntrophic effects of microorganisms
on the copper electrodes can be revealed, as will be further
explained in this section.

The current density recorded over time during electro-
chemical experiments is shown in Figure 2a (for CuOx) and b
(for Cu-foil). While a lot of different patterns emerge during the
experiments, the current evolution can be roughly divided into
three phases. The initial phase, during the first minutes of the
experiment after a cathode potential is applied, is characterized
by a sharp decrease in the current density from negative to less
negative values for CuOx electrodes. This is likely associated
with reduction of the surface metal oxide layer, and the same
trend is not observed with Cu-foil electrodes (Figure 2b,
Figure S1a).

The second phase lasts until approximately day 5, and is
characterized by peaks in the current density during CES and
MES experiments. Finally, after day 5, the current density for all
electrodes reached a steady state phase, and slowly decreased
until the end of the experiment. The average current density
during steady state, and the time required to reach steady state
for each experiment are also summarized in Table 1 (in Results).
The use of fresh electrolyte resulted in a distinct pattern for
current evolution until day 5 during experiments in fresh
electrolyte (CES and MES), whereas this was not observed
during experiments with spent electrolyte (mature and deacti-
vated MES) (Figure 2a-b, Figure S1a). We have previously
reported this characteristic pattern for current evolution in
microbial growth medium, compared to buffer electrolytes,
likely due to added nutrients and trace elements that get
reduced or electrodeposited on the electrode surface at variable
rates when negative cathode potential is applied.[22] During
mature and deactivated MES experiments, the electrolyte was
not fresh, but had instead been used electrochemically during
experiments with graphite felt electrodes. Compounds that can
act as electron sinks may have been already reduced during the
initial operation. Lack of this characteristic patter of current
consumption during mature and deactivated MES experiments
could therefore be due to the unavailability of reduceable
substrates in these spent MES electrolytes. Alternatively, the
different pattern of current flow for both electrodes between

Figure 4. SEM images of electrodes before use (a: CuOx; b: Cu-foil) and after
use (c, e, f: CuOx; d: Cu-foil,) in MES experiments.

ChemPlusChem
Full Papers
doi.org/10.1002/cplu.202100119

769ChemPlusChem 2021, 86, 763–777 www.chempluschem.org © 2021 The Authors. ChemPlusChem published by Wiley-VCH GmbH

Wiley VCH Dienstag, 11.05.2021

2105 / 203932 [S. 769/777] 1

https://doi.org/10.1002/cplu.202100119


fresh and spent electrolyte could be due to the presence of
(deactivated) microorganisms in the latter, but the exact
mechanism cannot be elucidated based on the available data.

For both CuOx and Cu-foil, the average current density was
lower in the presence of microorganisms, compared to the
current recorded during abiotic experiments (Table 1). In fact,
for each electrode type, the current density was similar in the
presence of both metabolically active microorganisms (MES)
and deactivated MES experiments (i. e. around � 1.75 mAcm� 2

for CuOx electrodes and less than � 1 mAcm� 2 for Cu-foil
electrodes in both MES and deactivated MES experiments), and
lower compared to CES experiments (� 2.65 mAcm� 2 for both
electrodes at steady state). In the presence of both active (MES)
and inactive microorganisms (deactivated MES), the CuOx layer
resulted in an increased average current density, compared to
Cu-foil electrodes. On the contrary, the two electrodes
produced similar currents densities in the presence of fresh
electrolyte (Figure 2a–b, Table 1). These observations support
that microorganisms present in the electrolyte have an effect
on the current density for both CuOx and Cu-foil electrodes.
The effect was similar in the presence of active and metabol-
ically-deactivated microorganisms, thus indicating a symbiotic,
rather than a syntrophic (i. e. metabolic) effect. The effect of
microorganisms on the recorded current density could be due
to structures on the cytoplasmic membrane of microorganisms,
such as phospholipids[33] and proteins,[34] which may interact
with the surface of the electrode, or with compounds present in
the electrolyte, such as sulphur-containing compounds,[35]

which could result in catalyst poisoning. On the other hand,
biogenic components present in the electrolyte may also
explain the positive effect on the catalytic activity of Cu-foil
during deactivated MES experiments, which, compared to CES
experiments, exhibited a lower overpotential for formate
production (Figure S1b, c). This could be due to organic or
sulphur constituents acting as promoters,[36] thus improving the
selectivity for formate production with Cu-foil, or the role of
enzymes, which may get released in the electrolyte by the
microorganisms during microbial growth or due to cell lysis
upon deactivation of MES microorganisms, and catalyse formate
production in deactivated MES experiments with Cu-foil.[37]

Nevertheless, as characterization of the electrolyte components
was not preformed after the experiment, such hypotheses
cannot be further substantiated at this stage.

Syntrophic and symbiotic effects of copper on
microorganisms

By comparing several parameters related to microbial growth
among different experiments with the two types of copper
electrodes, both syntrophic and symbiotic effects are evident
between the two catalysts, and these effects will be further
explained in this section.

Upon combining copper electrodes with MES, growth of
microorganisms was evident in all biological reactors, as
indicated by the increase of optical density (OD) in the
electrolyte over time (Figure 3c). Dissolved NH4, a major nutrient

for biological processes, was also measured in the electrolyte at
certain time points during MES experiments (not shown in
Figure 3), as an indicator of biological growth. While OD gives
an indication only of planktonic microorganisms’ growth, NH4
consumption is a measure of growth for both planktonic and
biofilm-forming microorganisms. Decrease in NH4 concentration
over time in all biological reactors further supports that growth
of microorganisms was successful.

A clear difference can be observed in terms of microbial
growth between the two electrodes during MES experiments.
OD was higher in the case of Cu-foil compared to CuOx
electrode at every time point during MES experiments, which
implies that more planktonic bacteria were present in the
reactors with Cu-foil, compare to CuOx. Additionally, lower NH4
concentration was also recorded in the presence of Cu-foil
electrodes (22�0.4 mgL� 1), compared to CuOx electrodes
(30.4�1 mgL� 1) on day 18. Thereafter, more NH4 was added to
reactors with Cu-foil, to equalize the concentration among all
reactors. In agreement with the OD results, increased con-
sumption of NH4 with Cu-foil electrodes further supports that
there was higher biomass growth in the presence of Cu-foil,
compared to CuOx.

Compared to the long-term abiotic experiment, which
showed that formate production with CuOx continued for
17 days after the start of the experiment, the calculated electron
recovery of CuOx catalyst for formate dropped to zero within
4 days in the presence of microorganisms during MES experi-
ments (Figure 2e). We have shown that long-term catalytic
activity of CuOx (i. e. CO2 conversion to formate) is not evidently
affected in the presence of deactivated biological effluent
(Figure 2e). The decreasing formate concentration over time in
biological reactors, which results in decrease of the calculated
electron recovery, is therefore not attributed to a symbiotic, but
rather a metabolic (i. e. syntrophic) effect, such as formate
consumption by the biocatalyst.

Consumption of formate in the CuOx reactor during the first
18 days of MES experiments was not accompanied by acetate
production (Figure 3a). Nevertheless, OD increase (Figure 3c)
reveals there was biological activity in all reactors already on
day 4. Therefore, formate was likely used by the microorganisms
as a carbon and electron source for other biological processes
during this time, such as cell division. Formate depletion by the
biocatalyst can also be observed during mature MES experi-
ments. After addition of the CuOx electrodes, only trace
amounts of formate could be detected in the electrolyte of
mature MES reactors (Figure 2c). Considering that deactivated
MES effluent does evidently not affect the electrocatalytic
production of formate (Figure 2c), the most likely explanation is
that electrocatalytically produced formate is being consumed to
acetate by the biocatalyst. Compared to co-catalytic experi-
ments inoculated at day zero, which show a slow consumption
of formate over time, mature bio-cultures consumed formate
much faster, resulting in only trace amounts of formate being
detected in the electrolyte (Figure 2c).

Overall, these results support co-catalytic activity between
the metal- and bio-electrocatalyst, as both can be active
simultaneously in the same reactor. The relationship is
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syntrophic, as evident by the consumption of formate by the
biocatalyst. Continuous removal of the product (i. e. formate)
could improve the kinetics of CO2 reduction by the metal
catalyst, thus resulting in a mutualistic syntrophic relationship,
as both syntrophic partners would benefit from the combina-
tion. However, this effect cannot be quantified, as the amount
of formate consumed by bacteria is not known. Therefore,
further distinction between mutualistic or commensalistic
syntrophic relationship is not possible at this stage.

As shown in Figure 2c, up to 100 mgL� 1 of formate can be
produced by CuOx in the presence of deactivated MES effluent,
which, if fully converted, would yield 65 mgL� 1 of acetate (eq.
VII in Figure 1). Therefore, if only syntrophic effects are
considered, CuOx should have resulted in mild increase of
acetate concentration by 65 mgL� 1, compared to Cu-foil.
Instead, acetate concentration in the presence of CuOx was
much higher (900 mgL� 1), compared to Cu-foil (270 mgL� 1,
Figure 3a). Thus, the recorded increase in acetate production
observed with CuOx electrodes cannot be attributed to only
syntrophic effects, but should also consider other symbiotic
effects between the two catalysts, such as the increased surface
roughness of CuOx for biofilm formation (Figure 4b, compared
to Figure 4a), or the positive surface charge, which may improve
the electronic interaction between the cathode and micro-
organisms for improved electron transfer.[10a] This conclusion is
further substantiated by the results recorded for the two Cu-foil
MES bio-reactors. As mentioned in the experimental section
(see section: Testing the pure syntrophic effects of formate
addition to MES), 50 mgL� 1 of formic acid were added at the
start of the experiment in one of the duplicate Cu-foil reactors
(Figure 2d), in order to simulate electrocatalytic formate
production. The added substrate was depleted within the first
4 days of experiment, and did not lead to significant differences
between the two duplicate reactors, either in terms of optical
density during the initial stage (Figure 3c), or in terms of current
evolution and acetate production for the entire duration of the
experiment (Figure 2b and Figure 3a, respectively). Taken
together, the improved acetate production with CuOx, and the
insignificant effect of added formic acid on acetate production
between the two Cu-foil reactors, indicate that symbiotic effects
exist between the metal and biocatalyst, which (at least
partially) explain the improved acetate production with CuOx.
While the calculated acetate production during MES was higher
in the presence of CuOx electrodes by approximately a 3.3-fold
(Figure 3a), the calculated electron recovery to acetate was
similar between reactors with CuOx and Cu-foil electrodes
(Figure 3b). Increase in acetate production was therefore likely
due to the 3-fold increase in current density observed with
CuOx (Figure 2a), compared to Cu-foil (Figure 2b).

In addition to formate, gas products were evidently also
produced with both Cu-foil and CuOx electrodes, as gas bubble
formation could be observed on the surface of the electrodes.
While formate, produced by the CuOx catalyst, can serve as an
electron donor for MES, by comparing the amount of electron
equivalents from formate production (i. e. 4.45 mmol·L� 1 of
electrons from 100 mgL� 1 formate) to the number of electrons
incorporated into acetate by the end of the experiment (i. e.

120 mmol·L� 1 of electrons from 900 mgL� 1 acetate), it is clear
that formate was not the only electron donor during MES
experiments reported here. Alternative sources of electrons for
microbial growth and metabolism should therefore be consid-
ered, such as indirect electron transfer via H2. H2 concentration
was not measured during any of the experiments reported
here, and therefore the exact mechanism of electron transfer to
the microorganisms cannot be elucidated based on the present
results. Nevertheless, consumption of formate in the presence
of metabolically-active microorganisms does provide conclusive
evidence of a syntrophic relationship, even though the role of
hydrogen production and consumption was not investigated as
part of this relationship.

Parasitic and inhibitory effects between copper electrodes
and microorganisms

Microbial activity was clearly not completely inhibited by the
presence of copper electrodes in the experiments shown here,
which supports that catalytic combination using these types of
electrodes is possible with MES. Nevertheless, some partial
inhibition or competition with biological processes may have
occurred. Similarly, the growth and metabolism of microorgan-
isms may have caused some negative symbiotic and syntrophic
effects on the copper catalyst, as is discussed further in this
section. While partial inhibition was not investigated, some
clear differences can be observed in MES performance among
the different electrodes used here, particularly with graphite
felt, compared to the two copper electrodes. In the presence of
graphite felt, the average concentration of acetate exceeded
2 gL� 1 after 29 days of inoculation, whereas the average
concentration of acetate was less than 1 gL� 1 after 32 days in
the presence of only copper electrodes (Figure 3a).

Higher acetate production with graphite felt could be due
to the higher biocompatibility of this electrode material,
compared to copper, in terms of biofilm attachment and
toxicity. While carbonaceous materials are characterized by
high biocompatibility and optimal surface properties for biofilm
growth, a metallic copper surface is generally considered an
antimicrobial material.[38] Thus, some inhibition of biological
growth may have occurred during MES experiments with
copper electrodes, particularly in the form of biofilm growing
on the reduced metal electrode surface. On the contrary, during
mature MES experiments, a graphite felt electrode was used for
19 days before the CuOx electrode was added in the reactor,
and thereafter the graphite felt electrode remained in the
reactor until the end of the experiment. Thus, a similar
inhibition would not have occurred during mature MES experi-
ments, which contained a graphite felt electrode as a more
biocompatible support for biofilm attachment. Biofilm forma-
tion on the electrode during mature MES experiments was not
measured with SEM. Nevertheless, similar optical density was
measured in the electrolyte over time during both MES and
mature MES experiments. Thus, higher acetate production
during mature MES experiments was not due to higher
concentration of planktonic microorganisms. It is therefore
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reasonable that higher acetate production during mature MES
experiments may have been due to higher biofilm formation on
graphite felt electrodes.

The calculated electron recovery also differs between the
two biological experiments, with an average maximum recovery
of 60% in the presence of graphite, compared to an average
maximum of 30% in the presence of only copper electrodes
(Figure 3b). These results support that the use of copper
electrodes resulted in inhibition of biological acetate produc-
tion. One possible explanation for this could be the different
catalytic activity between copper and graphite felt. Some
reactions may be catalysed by the copper electrodes during
biological experiments at � 1.2 V, whereas these reactions may
proceed at a lower rate with a graphite electrode at � 1.06 V.
Thus, lower acetate production during biological experiments
with copper could be due to electron competition among the
electrode and the microorganisms (parasitic relationship),
compared to the graphite felt electrode operating at lower
potential during the first 19 days of mature MES experiments.

In addition to electron competition with the copper catalyst,
acetate production may have been limited during MES experi-
ments due to other competing biological reactions. Several
mechanisms employed by bacteria to minimize the toxic effects
of copper have been described.[13a] These include extracellular
sequestration of copper ions, metallothionein-like copper-
scavenging proteins in the cytoplasm and periplasm, as well as
active extrusion of copper from the cell. The total copper atom
concentration was measured in the electrolyte during the first
9 days of MES experiments with CuOx and Cu-foil electrodes,
and the results are shown in Figure S4 (in Supporting
Information). As can be observed, for both CuOx and Cu-foil,
the concentration of dissolved copper in the electrolyte at the
start of the experiment was higher (i. e. up to 550 μgL� 1 for Cu-
foil and 400 μgL� 1 for CuOx) compared to the expected
concentration of the biological growth medium (7.6 μgL� 1),
thus indicating leaching of copper ions from the electrodes.
Therefore, during MES experiments, microorganisms may have
invested more energy in their defence against copper toxicity,
and therefore the yield for the desired product (acetate) was
low. This could have been particularly evident when copper
was added at the same time as the bacteria (MES experiments).
Instead, when copper is added to a pre-grown bio-culture,
bacteria are likely better acclimated to reactor conditions and
may therefore respond faster to the toxic effects. More bacteria
are present in the mature MES reactor, compared to a reactor
that was just inoculated, and therefore the toxic effect is
divided and the response is amplified by the number of bacteria
present. Graphite felt, still present in the reactor during experi-
ments with mature MES cultures, may also adsorb dissolved
copper ions, thus further minimizing the toxicity. Bacteria
growing as biofilm on the graphite may be more protected
against dissolved copper, as only the outer layer of the biofilm
would experience high copper concentrations in the electrolyte,
whereas diffusion limitation and active sequestration of copper
in the outer layers of the biofilm would result in lower
concentrations in deeper layers.

At the end of MES experiments, both Cu-foil and CuOx
electrodes used here were covered with biofilm. Development
of a robust electro-active biofilm on the electrode is usually one
of the objectives of MES,[39] as it allows high biomass
concentration and facilitates electron transfer to the micro-
organisms. Nevertheless, the effect of biofilm formation on the
catalytic activity of the metal is unclear. Complete covering of
the metal catalyst could decrease the catalytic activity of the
electrode due to biofouling, as it would block the surface of the
catalyst.[14] Generally, biofilm formation is considered as a
negative factor for the performance of cathode electrodes,
presumably by catalyst poisoning[40] and increasing the resist-
ance of electron or mass transfer, although a previous study by
Santoro and co-workers using activated carbon, iron and
aminoantipyrine-based cathode electrodes has shown that
biofilm coverage after 16 days did not significantly affect the
cathode performance.[15] Clearly, future research on combining
metal and biocatalysts should focus on the potentially negative
symbiotic effect of biofilm development on the electrode,
particularly for long term experiments (e.g. 32 days in this
study).

Limitations and opportunities for catalytic cooperation
between copper electrodes and MES

In this study, a pure copper electrode, thermally annealed at
300 °C to form a CuOx layer, was used as catalyst for the
production of formate from CO2, with a maximum electron
recovery of less than 1%. While gas formation was not
quantified, gas bubble formation on the surface of the
electrode was evident during experiments, and likely accounts
for the remaining electron recovery. In order to improve the
applicability of copper electrodes for co-catalytic processes, the
selectivity towards the desired products should be better
investigated. It has been previously shown that the electro-
catalytic activity of copper electrodes can dependent on the
electrolyte composition, particularly the use of phosphate
instead of bicarbonate-based buffer, which can drastically
decrease the selectivity to formate, while increasing the
selectivity to H2.

[22; 41] In an attempt to increase formate
production with CuOx electrodes during MES, we have
previously recommended an approach to optimize the electro-
lyte for formate production, by increasing bicarbonate and
minimizing phosphate buffer concentration.[22] In our studies,
phosphate salts in the electrolyte were used as a buffer at high
concentrations (9 gL� 1 in total). Instead, if another buffer salt
was selected, the required concentration for phosphate salts
would be much lower, as is the case for other macronutrients
(e.g. 0.2 gL� 1 for NH4Cl). For example, a medium containing
0.24 M of NaHCO3 (i. e. within the range of concentrations
typically used for metal catalysts) and only 0.2 gL� 1 of K2HPO4

has been previously used as electrolyte for a mixed culture of
microorganisms, converting CO2 to acetate.

[42] Such a bicarbon-
ate-rich and phosphate-limited medium composition could
improve the selectivity to formate during co-catalytic processes.
Compared to previous studies on catalytic combination, which
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use pure cultures of microorganisms to combine with metal
catalysts, designing an optimal electrolyte for both catalysts
may be further facilitated here, due to the adaptability of mixed
cultures to a variety of ambient conditions. It has been
previously shown that a mixed consortium of acetogenic
microorganisms can be adapted to a bicarbonate-rich medium
by sequential growth in reactors with increasing concentrations
of up to 15 gL� 1.[43] While the acetate production rate was
enhanced due to the high bicarbonate concentration, the
carbon conversion efficiency exhibited the opposite effect. In
addition, further increase of the concentration to 20 gL� 1

resulted in inhibiting conditions and decreased acetate
production.[43] Clearly, optimizing the electrolyte composition
for a co-catalytic process requires further investigation on the
effects of high bicarbonate concentration on the individual and
combined catalytic reactions. Nevertheless, optimization of the
electrolyte composition was not tested here, as microbial
inoculum was pre-acclimated to phosphate-based medium in
the parent reactors, and changes in the electrolyte composition
could have resulted in unexpected changes in microbial
community composition and metabolic activity.

Extensive biofilm formation on the copper electrodes
observed here, contradicts previous reports with copper foam
bio-cathodes with a pure culture of Sporomusa ovata, where
only scattered and damaged cells could be observed on the
electrode.[10b] However, the surprising biocompatibility of
copper electrodes for biocatalysed anodic reactions has been
previously shown, by comparing various metal electrodes, as
well as graphite electrodes, for application in bioanodes with
mixed-culture acetate-oxidizing microorganisms.[44] In fact, the
authors reported higher biofilm thickness on copper (249 μm)
compared to graphite (117 μm), which resulted in higher
current generation from acetate oxidation at the two anodes.
This could be due to the passivating effects of phosphate ions
contained in the electrolyte solution, as well as components of
the biofilm itself, which can bind metal ions and prevent toxic
effects to the microorganisms.[44] For example, the release of
extracellular polymeric substances (EPS) as a response to high
dissolved copper concentrations has been previously shown to
be employed by metal-tolerant microorganisms, during the
simultaneous copper reduction and acetate production in MES
experiments.[45] Interestingly, dissolved copper sequestration
and EPS production were shown to be enhanced in the biofilm,
compared to planktonic microorganisms.[45] Such adaptations of
the microbial community to metal toxicity, particularly within
the biofilm, may explain the formation of biofilm on copper
electrodes observed here. More recently, the improved bio-
electrocatalytic performance of anodic biofilms on copper
electrodes, compared to graphite electrodes, was attributed to
copper sulphides, formed due to dissolution of copper ions
from the anode and sulphate reduction by microorganisms,
which are incorporated as a conductive network in the biofilm,
resulting in improved electrogeneity.[46] While the tolerance for
mixed cultures of electro-active microorganisms to copper
needs further elucidation, the findings of the present study, in
agreement with the results of Schröder and co-workers,[44,46]

confirm that copper can be a suitable support material for
biofilm formation during bio-electrochemical processes.

While a pure copper electrode was shown to be a suitable
support for the development of cathodic biofilm, more
biocompatible materials like graphite felt may improve bio-
logical growth and products selectivity. In order to employ co-
catalytic processes using copper catalysts and biocatalysts,
while minimizing the potentially toxic effects of copper to the
biological process, copper nanoparticles could be employed,
supported on more biocompatible, carbonaceous materials.
Previous studies have demonstrated that copper nanoparticles
supported on a carbonaceous electrode can achieve high
selectivities for formate production, with reported electron
recoveries of up to 80%.[47] Aside from pure copper, bimetallic
catalysts or alloys of different metals could be considered, as
they could increase the biocompatibility of the catalyst by
decreasing the content of copper.[48] For example, a CuSn3 alloy
catalyst has been recently shown to achieve 95% selectivity for
formate production at high current density and low over-
potential, with no evident loss of activity after 50 hours.[49]

Importantly, metals such as copper and tin are much more
competitive in terms of price than indium, which has been
previously used for co-catalytic reactions with MES,[18–21] with an
estimated price of over 20 or 8 times lower than indium,
respectively.[50] Therefore, a co-catalytic process based on
supported copper nanostructures or alloys of copper would be
more applicable, and effectively use smaller amounts of metal
catalyst, while it has the potential to increase the biocompati-
bility of the electrode, by using carbonaceous support materi-
als.

As discussed in the previous section, microbial growth on
copper electrodes may have resulted in decreased catalytic
activity for the latter, due to blocking of the catalytic surface.
Combining metal nano-catalysts on a carbonaceous support
could possibly help overcome the limitation of biofilm blocking
the electrode surface. Likely, microorganisms would preferen-
tially grow on the more biocompatible parts of the electrode,
thus prevent covering of the catalytically-active surface (i. e.
metals). For example, Tian and co-workers report that H2
catalytic activity was retained after 14 days of MES experiments,
despite biofilm formation on the carbonaceous electrodes with
supported molybdenum carbide nanostructures after 30 days of
MES operation.[11] This could be due to microbial growth on the
carbon support, instead of the catalytic nanostructures, which
would prevent biofouling of the catalytically active sites, and
thus retaining catalytic activity for H2 evolution. However, as
both the catalyst dispersion and biofilm formation appear to be
rather heterogeneous on the carbon support, based on the SEM
images provided, the location of the biofilm in relation to the
catalyst cannot be further elucidated. Therefore, more research
would be required to reveal the optimal architecture of a
biocompatible and catalytically-active metal electrodes to
combine with MES.
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Conclusion

We have shown that metabolic cooperation is possible between
a copper electrocatalyst and a mixed culture of naturally
occurring MES biocatalysts, including formate as metabolic
intermediate. Both catalysts appear active upon combination in
one reactor. Syntrophic effects between the two catalysts were
evident, as formate was produced by CuOx and depleted in the
presence of microorganisms, whereas depletion did not occur
in the absence of microorganisms. In addition to syntrophic (i. e.
metabolic), other symbiotic effects were also observed upon
combining the two catalysts. Specifically, compared to an
unmodified copper foil electrode, CuOx electrodes resulted in a
3-fold increase in current density during MES experiments,
accompanied by an equivalent increase in acetate production,
as a result of symbiotic effects between the two catalysts. In
spite its antimicrobial role, copper allowed the formation of
biofilm on the surface of the electrode.

The effect of biofilm coverage on the catalytic activity of
copper was not investigated (i. e. blocking of active sites on the
electrode or electron competition). Nevertheless, it was indi-
cated that the presence of microorganisms in the electrolyte
does not affect the long-term catalytic activity of copper for
CO2 reduction to formate. Overall, this study shows that there is
potential for combining copper and biocatalyst in one reactor.

Considering this unprecedented biocompatibility of a pure
copper electrode as an MES bio-cathode electrode, some
strategies are discussed to further improve the performance of
co-catalytic concepts based on copper catalysts, including the
optimization of the electrode structure and electrolyte compo-
sition.

Experimental Section

Electrode preparation

Copper foil (Cu-foil), titanium and platinum wires were purchased
from Salomon’s Metalen B.V., the Netherlands. Copper foil was cut
in square pieces (2×2×0.01 cm), and each was connected to a
titanium wire current collector (Ø=0.8 mm), by applying mechan-
ical pressure to clamp the wire to the foil. The thus prepared
electrodes (i. e. Cu-foil connected to Ti wire) were pre-treated by
sonication in acetone (99.8%) for 30 minutes, followed by
sonication in iso-propanol (99.95%) and finally in demi water, each
for 30 minutes, to remove organic contaminants from the surface.
Electrodes were rinsed with demi water between sonication in
different solvents. Hereafter the electrodes were electropolished in
concentrated phosphoric acid (85%) at a current of +2.08 A for
one minute, where copper foil was used as the counter electrode.
Finally, the electrodes were rinsed with milli-Q water and dried
under dry N2 flow at 25 °C. Electropolished Cu-foil electrodes were
annealed in a muffle static air oven (Nabertherm P 330) at 300 °C
for 12 hours, to develop a surface copper oxide layer, as has been
previously described.[51] These copper oxide (CuOx) electrodes were
manufactured in at least quadruplicates.

For some experiments, graphite felt (4mm thick, CTG Carbon
GmbH, Germany) was used as a cathode electrode. Prior to
electrode manufacture, graphite felt was treated overnight in 33%
nitric acid at 25 °C, in order to increase the hydrophilicity of the

material, and thereafter washed with demi water, until the effluent
pH was neutral. Electrodes were prepared using a dry piece of
graphite felt (3×4×0.4 cm), by passing a titanium wire current
collector through the felt. For all the cathode electrodes, the
projected surface area was calculated based on dimensions. The
calculated surface area was 8 cm2 for both Cu-foil and CuOx
electrodes (i. e. 2 sides of 4 cm2 each). For graphite felt, a three-
dimensional electrode, the projected surface area is typically
calculated based on one side,[52] thus corresponding to 12 cm2. The
formulas used for calculations are shown in Supporting Information
(formula I and II, section S5).

For electrochemical experiments, anode (counter) electrodes were
prepared by wrapping 7 cm of platinum wire (99.95% and Ø=

0.3 mm) on the edge of a piece of titanium wire current collector.
The reference electrode used for all electrochemical tests was Ag/
AgCl (3 M KCl), and all potentials in this paper are reported against
that electrode. An IVIUM n-stat potentiostat (IVIUM technologies
B.V., the Netherlands) was used for all electrochemical techniques.

(Bio)electrochemical experiments

In order to determine the symbiotic or syntrophic effects between
copper electrodes and microorganisms, several chronoamperome-
try experiments were performed, as described in Table 2.

Chronoamperometry was performed in a 3-electrode, 2-compart-
ment electrochemical H-type reactor, with a Nafion cation-
exchange membrane (projected surface area 11.3 cm2) separating
the anode and cathode compartments, with a total volume of
310 ml each. An image of the reactor is shown in Figure S6 (in
Supporting Information). All chronoamperometry experiments were
performed at a cathode potential of � 1.2 V, unless otherwise
indicated. The anolyte (250 ml) was phosphate buffer, and the
catholyte (220 ml) was autoclaved biological growth medium. The
electrolyte composition is shown in Table 3. All electrochemical
tests were performed at 25 °C. The catholyte was continuously
flushed with pure CO2 gas (50 mlmin

� 1) during electrochemical
experiments, maintaining a catholyte pH of 6.6–6.7 throughout the
experiment, unless otherwise indicated. The catholyte sampling
frequency was varied among experiments (1–4 days). Excess gas
was vented to the air via a water lock. Gas products were therefore
not analysed.

Table 2. Description of electrochemical experiments. Abbreviations: CuOx
(copper oxide), Cu-foil (electropolished copper foil). Unless otherwise
indicated, both biocatalysts and electrocatalysts are added in the reactor at
the start of the experiment, before applying cathode potential. All
experiments were performed in duplicate (2x), but some results were
excluded due to biological contamination in the reactor (1x*). Formic acid
was added in the catholyte of one MES Cu-foil reactor, but not the other,
and therefore these reactors are not exact duplicates (2x**).

Code name Electrocatalyst
[& replicates]

Biocatalyst Duration

CES CuOx (1x*) No 21 days
Cu-foil (2x) 10 days

MES CuOx (2x) Yes 32 days
Cu-foil (2x**)

deactivated
MES

CuOx (1x*) Yes,
deactivated

21 days
Cu-foil (1x*)

mature MES Graphite felt (29 days) & CuOx
(added on day 19) (2x)

Yes 29 days
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Selecting an appropriate duration for electrochemical
experiments

Electrochemical experiments with metal catalysts are typically short
(i. e. minutes to hours, as reported for example by Jermann and
Augustynski[53] or Li and Kanan[51]), whereas MES experiments are
commonly performed for longer time (i. e. days to months, as
reported for example by Nie and co-workers[12] or Jourdin and co-
workers[54]). To understand the dynamics of formate production and
consumption over time, at a time-scale relevant for MES, all
electrochemical experiments were performed for multiple days.
During MES experiments with CuOx, the electrocatalytically-
produced formate was depleted after 21 days. Therefore, abiotic
experiments were performed for 21 days, in order to investigate if a
similar depletion of formate would take place in the absence of
microorganisms. Instead, biological experiments were carried out
for longer time periods (i. e. 32 days), in order to illustrate the
effects of different electrodes on mature MES communities. No
formate production was detected during CES experiments with Cu-
foil electrodes, therefore these reactors were not operated for
21 days, but were discontinued on day 10, as is shown in Table 2.

Source of microorganisms

Two MES reactors with mixed communities of microorganisms had
been operated for three years at a cathode potential of � 1.06 V,
with graphite felt cathodes, under the same conditions as described
above (see section: (Bio)electrochemical experiments; data not
shown). Inoculum for these reactors was obtained from a
previously-described bio-reactor.[55] These “parent” reactors were
used as source of microorganisms for all biological experiments
reported in this paper.

At the start of every biological experiment, reactors were inoculated
with microorganisms from the parent MES reactors. Inoculum was
prepared from a liquid sample, twice centrifugated at 6000 rpm for
10 min and re-suspended in fresh biological growth medium.

Deactivation of microorganisms for abiotic experiments
(Deactivated MES tests)

Some electrochemical experiments were performed with deacti-
vated microorganisms in the electrolyte. Metabolic deactivation
was achieved by heating the effluent of parent reactors at 60 °C for
30 min.[56] Deactivated biological effluent was allowed to cool

down, and then used directly as medium for abiotic chronoamper-
ometry experiments (as described above, see section: (Bio)
electrochemical experiments). This experiment allowed to study the
pure symbiotic effects of microorganisms on the metal catalyst
(e.g. blocking/poisoning of catalyst surface), without underestimat-
ing formate production, as a result of active microbial metabolism
(i. e. formate consumption by microorganisms).

Testing the effect of copper electrodes on mature MES
communities (Mature MES tests)

Batch production processes based on microbial growth are typically
characterized by different phases, including a lag phase at the start,
followed by acclimation and exponential growth, and concluding
with a static and death phase.[57] To better understand the
symbiotic and syntrophic effects of copper at different stages of
microbial growth, two MES reactors were used to test the co-
catalytic activity of CuOx and a mature MES community. Reactors
were inoculated and operated with graphite felt cathodes at
� 1.06 V, as previously described for parent reactors (see section:
Source of microorganisms). 18 days after inoculation and after
acetate production had started, CuOx electrodes were added in
these MES reactors, and thereafter the potentiostat was restarted,
controlling the CuOx electrodes at � 1.2 V. The graphite felt
electrodes were disconnected from the potentiostat but remained
in the reactors, so as not to remove the microorganisms grown as
biofilm on the electrodes during the first 18 days.

Testing the pure syntrophic effects of formate addition to
MES (MES tests with Cu-foil)

To study the pure syntrophic effects of formate production on
microorganisms, formic acid (50 mgL� 1) was added at the start of
the experiment in the electrolyte of one of the two MES reactors
with Cu-foil. Adding formic acid was intended to simulate the
production of formate with CuOx in this Cu-foil reactor. By
comparing the reactor containing formic acid to the reactor that
did not, while all other parameters between the two reactors
remained the same (e.g. electrode type, current density), the
syntrophic effects of (simulated) formate production on MES could
be revealed. Formic acid was used (instead of formate salts) to keep
the composition of the electrolyte the same between the two
reactors.

Due to the buffering capacity of the electrolyte, formic acid
addition did not cause deviation in terms of pH among the two Cu-
foil reactors (6.79�0.021 for Cu-foil and 6.84�0.021 for CuOx
reactors after 24 hours). Moreover, formic acid addition did not
cause deviation between the two Cu-foil reactors in terms of
current and optical density, as is shown in Supporting Information
(Figure S7). The added formic acid was depleted by day 4, likely
due to evaporation, oxidation at the anode, and/or biological
consumption. Therefore, the reactors were treated as duplicates
from day 7 onwards, and average values are reported in the rest of
this manuscript.

Analytical techniques and calculations

Surface characterization of the copper oxide catalyst was performed
using Scanning electron microscopy (SEM, FEI Magellan 400 FESEM)
with energy dispersive X-ray spectroscopy (EDS, Oxford Instru-
ments) equipped with an Everhart-Thornley Detector, at 2.00 kV
voltage and 13 pA current, before and after electrochemical tests,
as well as on biofilm-covered electrodes, at the end of the
experiments.

Table 3. Composition of electrolytes.

Component Growth
medium

Phosphate
buffer

Na2HPO4 6 gL� 1 6 gL� 1

KH2PO4 3 gL� 1 3 gL� 1

NH4Cl 0.2 gL� 1 –
MgCl2 · 6H2O 0.04 gL� 1 –
CaCl2 0.015 gL� 1 –
FeCl3 ·6H2O 1.5 mgL� 1 –
H3BO3 0.15 mgL� 1 –
CuSO4 ·5H2 0.03 mgL� 1 –
KI 0.18 mgL� 1 –
MnCl2 · 4H2O 0.12 mgL� 1 –
Na2MoO4 ·2H2O 0.06 mgL� 1 –
ZnSO4 ·7H2O 0.12 mgL� 1 –
CoCl2 · 6H2O 0.15 mgL� 1 –
NiCl2 · 6H2O 0.023 mgL� 1 –
ethylenediaminetetraacetic acid
(EDTA)

10 mgL� 1 –
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In order to perform SEM-EDX on biofilm-covered electrodes, fixation
of biological structures was performed with glutaraldehyde. Electro-
des were removed from the biological reactors at the end of the
experiment, and were stored in 2.5% glutaraldehyde solution in
growth medium. Biofilm-covered electrodes were treated in ethanol
solutions with incrementally increasing concentration (from 10% to
100%) to remove water, and thereafter dried using Critical Point
Drying. To allow visualization of the biofilm with SEM, samples
were coated with 12 nm Tungsten before analysis.

Gas chromatography (Agilent technologies) using flame ionization
detection (GC-FID) was used to analyse liquid products from
chronoamperometry experiments in catholyte samples (C2-C8
volatile fatty acids and medium-chain fatty acids, C1-C6 alcohols),
as previously described.[8] The concentration of formate was
measured with high performance liquid chromatography (HPLC),
with refractive index (RI) and UV detection (column specification:
Aminex HPX-87H, 300×7.8 mm, BioRad 1225–0140). Inductively
coupled plasma optical emission spectroscopy (ICP-OES) was used
to quantify the amount of copper ions that leached from the
cathode over time during electrochemical experiments.

Optical density (Abs) was measured in catholyte samples at 660 nm
to monitor the growth of planktonic microorganisms in biological
reactors (HACH LANGE DR3900 spectrophotometer). Dissolved
ammonium concentration was measured over time in the catholyte
to estimate nutrient consumption by both planktonic and biofilm-
forming microorganisms in MES reactors (HACH LANGE DR3900
spectrophotometer, HACH LCK 304 Ammonium cuvette test). At
the end of MES experiments, the microbial community composition
of one replicate reactor with CuOx electrode was analysed. The
methodology and results are shown in Supporting Information
(Figure S8).

The current densities (in mAcm� 2) reported throughout this manu-
script were calculated based on the defined projected electrode
surface area (8 cm2 for Cu-foil and 12 cm2 for graphite felt), as
shown in Supporting Information (formula III, section S5).

For electrochemical experiments, electron recovery (%) was calcu-
lated between consecutive sampling points, and the corresponding
calculations are shown in Supporting Information (formula IV,
section S5). Changes in volume and dilution due to refreshing of
the reaction medium were corrected for, when calculating the
electron recoveries (formula V, section S5 in Supporting Informa-
tion).
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