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In microbial electrosynthesis (MES), microorganisms grow on a cathode electrode as a biofilm, or in the
catholyte as planktonic biomass, and utilize CO, for their growth and metabolism. Modification of the
cathode with metals can improve MES performance, due to their catalytic activity for H, production, which
can be consumed by microorganisms, or via modifying the cathode properties. On the other hand, metals
can have an inhibiting effect on MES. While these single roles of metals and their oxides have been
identified, an investigation of the simultaneous effects on MES is still lacking. Here, we modify activated
carbon (AC) electrodes with nickel (Ni) at high (5%) and low (0.01%) loadings, to investigate its combined
effects on MES. Upon Ni impregnation, multiple factors explained the MES performance, including
electrocatalytic H, production, trace element availability, metal toxicity, Ni leaching and redeposition/bio-
crystalization. Instead, the electrode surface properties (i.e., surface area and pore structure) were not
affected by Ni addition. Compared to unmodified AC, low Ni loading did not improve abiotic H»
production, whereas at high Ni loading a 6-fold increase was observed. During biological experiments, low
Ni loading resulted in over a 3-fold increase of acetate production and 35% higher planktonic growth,
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compared to unmodified AC. Instead, high Ni loading resulted in 25-fold increase of acetate production,
21% decrease of planktonic growth, and improved biofilm growth. Unmodified AC, and low and high Ni
DOI: 10.1039/d1cy02151f loading each resulted in unique microbial community composition. The effect of Ni on MES is therefore
concentration-dependent, with apparently different mechanisms of interaction being prevalent at low or

rsc.li/catalysis high Ni loadings.
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Introduction

Globally, there are ongoing efforts to decrease carbon dioxide
(CO,) emissions. CO, can be converted to valuable products
via  chemical or biological conversion. Microbial
electrosynthesis (MES) is an electrocatalytic conversion
process based on the ability of microorganisms to reduce CO,
to products such as methane (CH,), acetate and ethanol, in
the presence of a cathode electrode. During MES, an
oxidation reaction takes place at the anode, releasing protons
and electrons. These are transferred to the cathode and
utilized by microorganisms to catalyse the reduction of CO,
into organic molecules." MES can be performed using either
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pure cultures or mixed cultures of different microorganisms.
Microorganisms can grow in suspension (planktonic
microorganisms) or as biofilm on the electrode surface.”
Direct electron transfer from the cathode to the
microorganisms is facilitated by biological structures such as
c-type cytochromes, quinones, ferredoxin complexes and
electroconductive pili."* Aside from direct electron transfer,
which is limited to truly electroactive species, indirect
electron mediators (e.g., methyl viologen, anthraquinone-2,6-
disulfonate and neutral red) and/or electrochemically
produced electron donors such as hydrogen (H,) can also be
used during MES.*

Metals and their oxides have a plurality of (potential) roles
which can affect microbial growth and metabolism, as
reviewed in Table 1. In an attempt to improve the
performance of MES, electrode modification with metals has
been proposed. Metals can enhance electron transfer between
the electrode and the biofilm, due to their low charge-
transfer resistances and high conductivities. In addition,
metal nanostructures have been proposed to enhance biofilm
attachment to the electrode, due to their high active surface
area and biocompatibility.” For example, adding iron oxide

This journal is © The Royal Society of Chemistry 2022
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Table 1 Mechanisms of interaction between metals/metal oxides and microorganisms

Role of metal Explanation of interaction mechanism

Electrode

modifier

microorganisms® !

Electrocatalyst
biofilm or in the planktonic phase®®

Trace element

concentration was limiting)'>*?

Toxic

compound 1718

metal concentration

on granular activated carbon cathodes has been shown to
increase density and acetate production, by
increasing extracellular electron transfer and resulting in an
enrichment of iron-reducing microorganisms.® Adding gold,
palladium or nickel nanoparticles on a carbonaceous cathode
during MES increased the current density and acetate
production versus a control without metals.> Furthermore, a
nickel nanowire-coated graphite electrode improved the
current density, acetate production and biofilm formation,
compared to a control electrode.” This has been attributed to
the increased electron-exchange capacity and conductivity of
the nickel-modified electrode. Furthermore, the surface
roughness and porosity of the electrode increased via nickel
addition, which improved biofilm attachment.”

Next to these indirect effects on the growth and
biocatalytic activity of microorganisms (via the electrode
properties), metals and their oxides can also have a more
direct effect on microbial metabolism, via their
electrocatalytic activity, such as the electrocatalytically-
produced H,, which can be consumed by microorganisms. For
example, Tian and co-workers showed that a H,-producing
molybdenum carbide electrocatalyst on graphite felt electrodes,
combined with mixed-culture MES, resulted in improved
acetate production and biofilm formation, due to the
electrocatalytic activity of the added metal.® Kracke and co-
combined H,-producing electrocatalysts (cobalt-
phosphide, molybdenum-disulfide and nickel-molybdenum
alloy electrodes) with acetate and methane-producing
microorganisms, and report that the microorganisms in
suspension were able to fully utilize the electrocatalytically-
produced H, as an electron donor for the production of acetate
and methane.” Metal electrocatalysts for H, production have
also been used to improve the methane production of
hydrogenotrophic methanogens in coupled anaerobic digestion
and microbial electrolysis reactors. For example, Wang and co-
workers used stainless steel, copper and nickel mesh electrodes
as biocathodes, and report higher methane production with
nickel, presumably due to the higher electrocatalytic activity of
this electrode for H, production.’® Thus, metal electrocatalysts
can have a direct effect on improving the production rate of
biological reactions, by catalysing the production of substrates
(e.g., Hy), which can be thereafter used by microorganisms as a
substrate for biological reactions (e.g:, CO, reduction during
MES).

current

workers
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Increased surface area and roughness for improved biofilm coverage and attachment™’
Increased electron conductivity and decreased charge-transfer resistance for improved electron transfer to biofilm-forming

Electrocatalytic production by the metal catalyst of electron donors (e.g., H,) that can be oxidized by microorganisms in the
Increased availability of a certain trace element (i.e., added metal) that can improve microbial growth (in case the

or alter the enzymatic pathways'! and/or microbial community composition
Inhibition of microbial growth or altered microbial community composition via inhibition of metal-sensitive taxa due to high

15,16

While both the indirect (e.g., surface properties) and direct
effects (e.g., H, production) of nickel nanostructures on MES
are well known and described separately, the combination of
these effects on MES has been overlooked during previous
studies. For example, during studies on the effect of metals
on the surface and electron transfer properties of the
electrode,”” the authors did not report abiotic testing of the
synthesized cathodes, which would have revealed whether H,
production was enhanced due to metal addition, thus leading
to improved acetate production by the microorganisms.
Similarly, during studies on the catalytic activity of metals
and its effect on MES,® the authors correlated the improved
acetate production solely to the H, production, without
reporting the effect of the metal on the surface properties of
the electrode. Finally, aside from the direct and indirect
effects discussed so far in relation to MES, another direct
effect of metals on microbial growth and metabolism is the
availability of the tested metals as trace elements, and the
potentially inhibiting effect of high metal concentration on
biological processes.'®*° However, these two mechanisms of
interaction between metals/metal oxides and MES have also
been previously overlooked.

Among the metals tested for electrode modification during
MES, nickel is of particular interest, as it can have multiple
roles in bio-electrochemical processes. Nickel is an essential
trace element,® while it can be toxic at high
concentrations,’”?® and it has been previously shown to
catalyse the production of H, at high rates as a cathode
electrode.?” Therefore, in order to elucidate the effect of
nickel addition on MES, all the potential roles of nickel ought
to be considered. Aside from the specific metal used, the
amount of metal should also be taken into account, as this
would likely affect the mechanism of interaction with
microorganisms. Studies on the concentration-dependent
effect of nickel on MES, which could reveal the prevalent
mechanism  of interaction  between  nickel and
microorganisms, are lacking. Instead, the concentration-
dependent effect of iron oxide on the extracellular electron
transfer and enrichment of electroactive microorganisms has
been previously shown during MES studies.® However,
different mechanisms of interaction depending on the iron
loading were not reported, and a concentration-dependent
effect was solely correlated to the dispersion of iron oxide
nanoparticles.®
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Here, we report on a comparative MES performance study
using high (i.e., 5%), low (i.e., 0.01%) and no nickel loading
on a carbonaceous cathode. The surface properties (ie.,
surface area and porosity), electrocatalytic activity for H,
production and metal leaching of the three cathodes were
measured, and correlated to various parameters of MES
performance (product formation, microbial growth and
microbial community composition). We show for the first
time that the mechanism of interaction between nickel and
MES depends on the amount of added metal. Doping AC
granules with nickel at both high and low loadings resulted
in an overall improvement of acetate production with MES,
albeit via apparent different mechanisms. Upon nickel
doping on the cathode, the main factors influencing the MES
performance were H, production, current density and nickel
concentration. No clear correlation could be observed
between MES performance and surface properties of the
electrode (i.e., surface area and pore structure), indicating a
negligible role in this study. Overall, this study reveals the
importance of a multi-factorial approach to elucidate the
different mechanisms of interaction between metals and
MES, including both direct and indirect effects of metal
doping on the cathode electrode.

Experimental
Electrode preparation

Granular activated carbon (AC, PK 3-5, from Sigma-Aldrich)
was pre-oxidised in 32% nitric acid aqueous solution at 25 °C
overnight, to ensure the formation of oxygen groups on the
surface, which allow anchoring of the metal. AC granules
were loaded with nickel nitrate hexahydrate (Sigma-Aldrich)
dissolved in demineralised water, via incipient wetness
impregnation. After impregnation, materials were first dried
at 105 °C overnight, followed by calcination at 200 °C for two
hours in a static air oven (Nabertherm P 330, Germany),
forming nickel oxide.*> Two target metal loadings were
selected in this study: low nickel loading at 0.01% wt (sample
AC-Ni 0.01%) and high nickel loading at 5% wt (sample AC-
Ni 5%). Control/blank AC granules were also prepared using
the same treatments but without addition of the metal salt
(sample control).

To prepare the working cathode electrodes, AC granules
were manually compressed in a perforated polypropylene
tube (Sibel, 5 cm height, 1.35 cm inner diameter), with a
titanium wire core serving as current collector (@ = 1 mm).
For all electrodes prepared, the average resistivity was <1 Q
between the current collector and different positions of the
AC granules in the polypropylene tube. The amount of AC
added per electrode was on average 0.990 + 0.001 g for the
control, 0.990 + 0.020 g for the AC-Ni 0.01% and 1.110 +
0.086 g for the AC-Ni 5%. Counter electrodes were prepared
by wrapping 7 cm of platinum wire (& = 0.3 mm) around a
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.
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Electrochemical reactor operation and product analysis

Chronoamperometry experiments at a cathode potential of
-1.06 V vs. Ag/AgCl (i.e., —0.85 V vs. SHE) were performed in
3-electrode, 2-compartment electrochemical H-type reactors as
previously described.”® A Nafion cation-exchange membrane
(projected surface area 11.3 cm?”) separated the anode and
cathode compartments. The anolyte (250 ml) was phosphate
buffer (6 g L' Na,HPO,, 3 g L' KH,PO,, pH 6.7). The
catholyte (230 ml) was autoclaved biological growth medium
of the following composition: 0.2 g L™ NH,CI, 0.04 g L™
MgCl,-6H,0, 0.015 g L™ CaCl,, 6 ¢ L' Na,HPO,, 3 g L™
KH,PO,, 2.11 g L™ BrCH,CH,SO;Na and 1 ml L™ of mixed
trace element solution. The trace element solution contained:
1.5 g L™ FeCl;-6H,0, 0.15 g L~ H3BO;3, 0.03 g L™ CuS0,-5H,0,
018 ¢ L™ KI, 012 g L' MnCl-4H,0, 0.06 g L™
Na,Mo00,-2H,0, 0.12 g L™" ZnS0,-7H,0, 0.15 g L CoCl,-6H,0,
0.023 g L' NiCl,-6H,0, and 10 g L™* EDTA.

Microorganisms were harvested from a parent reactor with
a graphite felt cathode electrode (4 mm thick, CTG carbon
GmbH, Germany) which has been operated for three years to
produce volatile fatty acids from CO, in an electrochemical
reactor as described in the paragraph above. Microorganisms
growing in the parent reactor were provided from a
previously described acetate-producing mixed culture
biocathode.>® A liquid sample was taken from the parent
reactor, centrifuged twice, re-suspended in fresh biological
growth medium and used as inoculum. At the time of
inoculation, the concentration of the major liquid products
in the parent reactor was approximately 5 g L™" acetate and 1
g L™ n-butyrate, whereas gas products were not monitored.

All electrochemical tests were performed at 25 °C. The
catholyte was flushed with CO, prior to each experiment for one
hour, and the pH was approximately 6.7 after flushing. A multi-
layer foil gas bag (Cali-5-Bond™) was connected to the headspace
of each reactor and was used to collect gaseous products. Liquid
and gas samples were analysed every 2-3 days (ie., 3 times per
week). After sampling, the catholyte was replenished with an equal
volume (10-15 ml) of fresh medium and flushed with CO, for 30
minutes. An IVIUM n-stat potentiostat (IVIUM, Netherlands) was
used for all electrochemical experiments.

Gas chromatography (Agilent Technologies) with flame
ionization detector (GC-FID) was used to analyse liquid products
from chronoamperometry experiments (C2-C8 carboxylic acids,
C1-C6 alcohols), as previously described.>> Gas chromatography
was also used to analyse the gas composition (O,, N,, CO,, H,,
CH,, CO), as previously described.”® The concentration of
formate was measured with high performance liquid
chromatography (HPLC), with refractive index and UV detection
(column specification: Aminex HPX-87H, 300 x 7.8 mm, BioRad
1225-0140). Prior to GC and HPLC analysis, samples were
filtered with a 0.45 um cellulose acetate syringe filter.

Analysis of electrodes and microbial community composition

At the end of MES experiments, electrodes were removed
from the reactor and allowed to dry under N, flow. The

This journal is © The Royal Society of Chemistry 2022
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Table 2 BET surface area, t-plot external surface area, t-plot micropore (<1 nm) area and metal loading of AC granules

Sample BET surface area (m” g™") External surface area (m”> g™") Micro-pore area (m”> g™") Ni (Wt%) Fe (wt%)
Control 663 * 30 209 £ 12 454 + 22 0.0 1.3x 107"
AC-Ni 0.01% 676 £ 15 190 2 485 + 17 1.7 x 107 8.2x107
AC-Ni 5% 665 £ 7 168 + 26 498 + 33 6.3 7.7 %1072

biocathodes were dried in whole before individual granules
were removed from the polypropylene tube, to prevent
scraping off the biofilm. Once dried, the granules were
immediately harvested for characterization.

Part of the sample was transferred into a 2.5%
glutaraldehyde solution to fixate biological structures prior to
characterization with scanning electron microscopy (SEM).
SEM was performed using a FEI Magellan 400 FESEM with
energy dispersive X-ray spectroscopy (EDX) (Oxford
Instruments). EDX was performed using an Everhart-
Thornley detector, at 2.00 kV voltage and 13 pA current. SEM-
EDX analysis was performed on both unused and biofilm-
covered AC granules. In addition, transmission electron
microscopy (JEM-1400Plus) analysis was performed on
unused AC-Ni 5% granules, to visualize nickel structures.

The metal loading of AC samples was measured via
inductively coupled plasma optical emission spectroscopy (ICP-
OES; Perkin Elmer ICP-OES AVIO 500). For ICP-OES
measurements, microwave-assisted extraction in aqueous
HNO; and HCI solution was used to dissolve all metals from
the carbonaceous support. Textural properties of samples were
assessed using nitrogen physisorption (Micromeritics Tristar I
PLUS) at liquid nitrogen temperature. Prior to physisorption
measurements, the samples were degassed at 120 °C for 12 h
(Micrometrics VacPrep 061). For the calculations of the
isotherm data plots, the BET (Brunauer-Emmett-Teller)
method was used and the pressure region for fitting the
linearized data was determined by the Rouquerol method.

To assess the microbial community composition, at the end
of MES experiments, liquid samples (40 ml) were removed from
each reactor and centrifuged. The pellet formed after
centrifugation was transferred in an Eppendorf tube, immersed
in liquid N,, and stored at —80 °C. DNA extraction, amplification,
and taxonomic analysis was performed on these samples using
next generation sequencing (NGS) as previously described.”” In
order to estimate the deviation among duplicate reactors, for all
three electrode types, DNA sample was acquired from each of the
duplicate reactors and analysed separately. During the inoculum
preparation for MES experiments, a pellet sample from the
parent reactor was also acquired and subjected to the same
procedure, in order to assess the microbial community
composition of the parent reactor. NGS sequences were
deposited in the European Nucleotide Archive.i Other raw
experimental data related to electrode characterization and

1 16S rRNA gene raw sequences are deposited in the ENA database (https://www.ebi.
ac.uk/ena, accessed on 1 March 2022) under the accession number PRJEB51246.

§ The datasets generated during the current study are available in the 4TU.
ResearchData repository (DOI: 10.4121/19248359, accessed on 9 March 2022).

This journal is © The Royal Society of Chemistry 2022

reactor operation are available in the 4TU.ResearchData

repository.§

Calculations and statistical analysis

The current densities (in mA ecm™) reported throughout this
manuscript were calculated based on the apparent volume of
the electrode. This volume was calculated (V = n-r*%) based
on the dimensions of the cylindrical electrodes (r = 0.675 cm and
k=5 c¢m), and corresponds to 7.157 em? for all electrodes tested.

The total amount of nickel on each electrode was
calculated based on the metal loading measured with ICP-
OES (in %, Table 2), multiplied by the average amount of
AC of each electrode (in gram, given in Electrode
preparation section). Leaching of nickel in the electrolyte
during experiments was calculated based on the amount
of dissolved nickel (likely as nickel oxide) in the catholyte,
measured with ICP-OES (in ug L), excluding the amount
of nickel present in fresh electrolyte, and expressed as
percentage of the total amount of nickel on each electrode.

For electrochemical experiments, electron recovery (%)
was calculated between consecutive sampling points (ie.,
with a time interval of 48 or 72 hours). The produced
amount of gas and liquid products (in mol) was
calculated based on the concentration difference between
sampling points, as measured with HPLC and GC. The
number of electrons (in mol) recovered in the product
was estimated based on reaction stoichiometry (ie., 2
mols of electrons per mol formate and hydrogen, 8 mols
of electrons per mol acetate and methane), and converted
to electric charge, by multiplying with the Faraday
constant (96485 Coulombs per mol electrons). Electron
recovery was calculated as the percentage of electric charge
recovered into the product, compared to the total electric charge
between two sampling points, as recorded by the potentiostat.

The non-parametric  Spearman's rho  correlation
coefficient (2-tailed) was calculated using SPSS Statistics
software (IBM SPSS Statistics 25), to estimate the
correlation between the main microbial genera identified
with NGS and several parameters measured during MES
experiments (i.e., electrocatalytic activity, dissolved nickel
oxide concentration, onset of product formation, product
concentration and electron recovery, microbial growth).
For this analysis, only data corresponding to
experimental reactors were used, whereas NGS data from
the inoculum samples were not included. One-star
significance corresponds to correlations at the 0.05 level,
and two-star significance corresponds to correlations at
the 0.01 level.
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Fig. 1 Current density (mA cm™) recorded during abiotic (a) and MES experiments (b and c) with the three types of AC electrodes in duplicate
experiments. In figure b, the current density for MES experiments is shown for the first 24 hours, to clearly visualize the sharp decrease in current
at the start of the experiment. In figure c, the entire duration of MES experiments is shown for a limited range between 0 and -3 mA cm™, in order
to better visualize the deviation among reactors. Due to a technical problem, a power failure occurred in the laboratory for approximately 24
hours on day 20 during MES experiments. As a result, reactors were operating under open cell potential (OCP) during that time (day 20-21), and
data regarding the current density between days 17-20 were lost. During that time (day 17-20), a stable value was assumed for the current,
calculated as the average current recorded for 1 hour in each reactor before data was lost (evident as a flat line in figure c).

Results

Abiotic and biological (i.e., MES) electrochemical experiments
were performed in duplicate, and the results (ie., current
density, product concentration, electron recovery, optical
density) are summarized in Fig. 1-4.

Concentration-dependent increase of current density with
nickel

The current density (in mA cm ™) over time (in days or hours)
during electrochemical experiments with each electrode is
shown in
Fig. 1a (for abiotic) and b and c (for MES experiments).
During cathodic operation, negative values are recorded for
the current, and higher cathodic current corresponds to more
negative values. For both abiotic and MES experiments, the
current density ranged between -9 and —0.1 mA cm™. During

the first minutes of the experiment, the current density was
higher (e.g., up to -9 mA em™ for abiotic AC-Ni 0.01%), and
thereafter transitioned to lower values, during both abiotic
and MES experiments. After this initial sharp change in
current, the current density was more stable for the rest of the
experiment. Stable current density after day 1 corresponded
to less than -1 mA cm™ for control and low Ni loading
electrodes during both abiotic and MES experiments. For high
Ni loading a higher cathodic current was measured, ie.,
around -2 mA cm ™ for both abiotic and MES experiments. In
Fig. 1b, the full current range for MES experiments is shown
during the first day of the experiment, to illustrate the sharp
change in current during the initial phase. For clearer
visualization of the long-term current density, only values
between -3 and 0 mA cm ™ are shown in Fig. 1c.

Previous studies on MES have reported an evolution of the
current density towards more negative values over time.”*

Acetate (g - L)

Formate (mg - L)

—&— Control (A)

= = =Control (F)

16

20 24 28
Time (days)
—=— AC-Ni 0.01% (A)
— = = AC-Ni 0.01% (F)

32

36 40 a4

—#— AC-Ni 5% (A)
= = =AC-Ni 5% (F)

Fig. 2 Average concentration of acetate (A, left axis, in g L™®) and formate (F, right axis, in mg L™") measured in the electrolyte over time during
MES experiments. At each sampling point, both the measured and the calculated concentration after refreshing the electrolyte are shown. Error
bars indicate the standard deviation based on duplicate experiments.
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Fig. 3 Average electron recovery (in %) for gas (a) and liquid (b) products over time during abiotic and MES experiments. H, was the only product
detected during abiotic experiments (graph a), whereas H,, CH,4 (graph a), acetate (A) and formate (F) (graph b) were produced during MES
experiments. Error bars indicate the standard deviation based on duplicate experiments.

Nevertheless, such an effect was not observed in the MES
experiments reported here (Fig. 1c). The initial sharp change
in current density during the first minutes of the experiment
for all electrodes can be attributed to capacitance, as well as
reduction of components on the electrode and in the
electrolyte at the start of the experiment.>*?®

While the initial cathodic current density was lower with
AC-Ni 5%, compared to the other two electrodes
(Fig. 1a and b), this electrode reached a higher current
during the rest of the experiment, for both abiotic and MES
experiments (Fig. 1a and c, respectively), thus indicating an
effect of high Ni loading on the electrocatalytic activity of AC,
likely via improved H, production, as has been previously
discussed for carbon electrodes modified with Pt or Ni.*
Instead, AC-Ni 0.01% and control electrodes reached a
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Fig. 4 Average optical density in the electrolyte over time during MES
experiments. At each sampling point, both the measured and the
calculated value after refreshing the electrolyte are shown. Error bars
indicate the standard deviation based on duplicate experiments.
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similar current density throughout abiotic electrochemical
experiments (Fig. 1a), thus indicating that low Ni loading did
not improve the -catalytic activity of AC. During MES
experiments (Fig. 1c), the current density was not
significantly different between control and AC-Ni 0.01%
electrodes during the first 20 days. Instead, some deviation
could be observed from day 20 onwards (i.e., after a power
failure of 24 hours, described in Fig. 1), with an average
current density of —0.26 + 0.04 mA cm™ for control and -0.39
+0.02 mA cm ™ for AC-Ni 0.01% electrodes.

Concentration-dependent enhancement of electrocatalytic H,
production and MES performance with nickel

The concentrations of liquid and gas products, as well as
gaseous CO, concentration, were measured over time in the
reactors. No liquid products were detected during abiotic
experiments. During MES experiments, acetate was the main
product measured in the electrolyte, and the concentration
over time is shown in Fig. 2. Acetate was detected in all
reactors 11 days after inoculation, and thereafter the
concentration increased until the end of the experiment. The
concentration of acetate was significantly higher throughout
the experiment with AC-Ni 5% electrodes, with a 25 times
higher concentration by the end of the experiment (i.e., over
3 g L"), compared to reactors with control electrodes (136
mg L ™). Low Ni loading also led to a measurable increase of
acetate production compared to control electrodes,
particularly after day 21, resulting in 3.5 times higher
concentration (i.e., 472 mg L") by the end of the experiment
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(Fig. 2). This is in line with the increased current density of
AC-Ni 0.01%, compared to control AC, after day 20 (Fig. 1c),
thus suggesting that higher current density was due to
differences in biocatalytic, rather than electrocatalytic,
activity between reactors with these two electrodes.

Aside from acetate, formate was also detected in the
electrolyte during MES experiments, and the concentration
over time is shown in Fig. 2. Formate, an intermediate
product during acetate biosynthesis,® was initially formed
and thereafter depleted from the electrolyte in all MES
experiments. The difference in formate concentration does
not appear to be significant among reactors. However, it can
be observed that the peak in formate concentration was
recorded earlier in reactors with AC-Ni 5% electrodes,
followed by AC-Ni 0.01%, and thereafter control electrodes.

H, was the only product detected during abiotic
experiments, and the calculated electron recovery is shown in
Fig. 3a. The average electron recovery to H, was slightly
higher with AC-Ni 0.01% compared to control electrodes, but
the two values were not significantly different, based on
duplicate experiments (Fig. 3a). Therefore, adding a small
amount of Ni did not improve the electrocatalytic H,
production, as was also evident by the current density
(Fig. 1a). Low loading likely resulted in formation of too
small and/or scarce Ni nanostructures on AC for measurable
H, production. Instead, AC-Ni 5% had a significantly higher
electron recovery into H, at every time point, compared to
the other two electrodes, reaching a maximum electron
recovery of up to 90% on day 4, and an over 6-fold increase
compared to control electrodes on day 7 (Fig. 3a). For all
three electrodes, the electron recovery was less than 100%,
which may indicate that some H, was leaking out of the
reactor or adsorbed on the AC electrode over time.*’

Gas products were also measured during MES
experiments, namely H, and CH,. The calculated electron
recovery into H, is shown in Fig. 3a. As was also observed
during abiotic experiments, H, production was higher in
reactors with AC-Ni 5%, whereas the difference observed
between the other two AC electrodes was not significant
(Fig. 3a). The highest average electron recovery was recorded
on day 7 and corresponded to 76% for MES reactors with AC-
Ni 5%. H, production could be observed until day 11 in
reactors with AC-Ni 5%, with an electron recovery of over
60%, whereas it drastically dropped to 10% by day 14. Only
trace amounts of H, could be measured from day 16
onwards. Similarly, H, production decreased in MES reactors
with control and AC-Ni 0.01% electrodes after day 9, and only
trace amounts of H, could be detected after day 18.

The electron recovery into CH, over time during MES
experiments is also shown in Fig. 3a. CH, production was
recorded in all reactors during later stages of reactor
operation, which coincided with a lower apparent H,
production. Production was detected earlier in reactors with
AC-Ni 5% cathodes (day 14), followed by AC-Ni 0.01% (day
18) and thereafter control electrodes (day 23). The highest
average electron recovery of over 25% was recorded with AC-
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Ni 5% cathodes on day 43, 29 days after the onset of
production, whereas reactors with AC-Ni 0.01% and control
electrodes reached a maximum of approximately 14% at the
onset of production, on days 18 and 23, respectively. No CH,
production could be detected with control and AC-Ni 0.01%
electrodes after day 43, whereas production was recorded
until the end of the experiment in reactors with AC-Ni 5%
cathodes.

For both acetate and formate production during MES, the
electron recovery was also calculated at every sampling point,
and the results are shown in Fig. 3b. At almost every time
point, particularly between days 14-37, the electron recovery
to acetate was significantly higher in reactors with AC-Ni 5%,
followed by AC-Ni 0.01% and finally control electrodes. The
maximum recovery was calculated with AC-Ni 5% (74% on
day 16), followed by AC-Ni 0.01% (64.5% on day 11) and
control electrodes (28.5% on day 14). Instead, the highest
electron recovery to formate was calculated with AC-Ni
0.01%, reaching a maximum of 20% on day 14, followed by
control (12% on day 16), and last by AC-Ni 5% electrodes (2%
on day 11). As an intermediate product, lower concentration
and electron recovery to formate is not necessarily indicative
of lower production, but could be due to the intermittent
sampling and fast formate uptake by the microorganisms
during MES experiments.

Enhancement of planktonic growth with low nickel loading

To visualize the growth of planktonic microorganisms, the
optical density of the electrolyte was measured over time
during MES experiments (Fig. 4).

For all MES reactors, the optical density increased
continuously throughout the experiment. The optical density
was similar among all reactors until day 25. From day 28
onwards, some deviation could be observed among
experiments, with the highest optical density recorded for
reactors with AC-Ni 0.01%, followed by control and finally by
AC-Ni 5% electrodes. The final optical density was 35%
higher with AC-Ni 0.01% electrodes, compared to control
electrodes, whereas with AC-Ni 5% the final optical density
was 21% lower than in reactors with control electrodes. It
should be noted that optical density measurements at a
single wavelength could only give a rough indication of
microbial growth in mixed cultures.>* Nevertheless, in lieu of
microscopic observations in the electrolyte, the recorded
differences in optical density do imply that the concentration
of planktonic microorganisms was higher during experiments
in reactors with AC-Ni 0.01%, followed by control and AC-Ni
5% electrodes.

Insignificant effect of nickel addition on surface properties
of AC

The surface properties of the three AC samples were
characterized using N, physisorption, and a summary of the
results is shown in Table 2 (columns 2-4).

This journal is © The Royal Society of Chemistry 2022
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Based on the standard deviation calculated for duplicate
measurements, the three AC samples do not show significant
differences in terms of surface properties. Aside from
physisorption, AC granules were also analysed using ICP to
determine the actual metal loading. Table 2 includes an
overview of the metal concentration for all electrodes used
(columns 5-6). As can be observed, for both Ni-impregnated
electrodes, the concentration of Ni was slightly higher than
the target metal loading, and corresponded to 1.7 x 107> %
for AC-Ni 0.01% and over 6% for AC-Ni 5% (Table 2, row 3-4,
column 5). This could be due to partial burning of the AC
during calcination, resulting in less amount of AC and
therefore higher percentage of Ni on the granules. Aside from
nickel, iron was detected on all AC samples after metal
extraction (Table 2, row 2-4, column 6), indicating the
presence of metal impurities on the AC granules, in spite of
the treatment in nitric acid that was performed before
impregnation.

Effect of nickel addition on dissolved nickel concentration
due to leaching and re-deposition

The concentration of dissolved Ni atoms was measured in
the catholyte during the experiments, and the results are
summarized in Fig. 5, for both abiotic (Fig. 5a and b) and
MES (Fig. 5c-e) experiments. At the start of the experiment,
electrodes were added in the reactors, and the electrolyte was
flushed with CO, for 30 minutes. The samples corresponding
to time point zero in Fig. 5 were taken at the end of this 30
minute period, before potential was controlled. Compared to

View Article Online
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fresh electrolyte, which had a concentration of 5.7 pg L™, the
concentration of dissolved Ni was higher in every reactor at
time point zero during abiotic experiments, and
corresponded to approximately 16 mg L™ for AC-Ni 5%, 90
ug L™ for AC-Ni 0.01%, and 15 pg L™ for reactors with
control electrodes (Fig. 5a and b). The same trend was also
observed during MES experiments, with the concentration of
dissolved Ni at time point zero reaching 15 mg L™ for AC-Ni
5%, followed by 70 ug L™ for AC-Ni 0.01% and 12 pg L™ for
reactors with control electrodes (Fig. 5¢ and e).

High concentration of dissolved Ni atoms in the
electrolyte at the start of the experiment indicates that
leaching occurred for both Ni oxide-impregnated electrodes.
Compared to the total amount of Ni on each electrode
(Table 2) and in the microbial growth medium (in
Experimental section), it can be calculated that leaching
corresponded to approximately 10% for AC-Ni 0.01% and 5%
for AC-Ni 5% electrodes. For control electrodes, the deviation
between the expected (5.7 pg L") and the measured
concentration (12-15 pg L") of Ni cannot be attributed to
leaching, and is therefore likely due to inaccuracies in the
measurement, as the level of quantification for ICP
performed in our laboratories is set at 10 ug L.

For both abiotic (Fig. 5a) and MES experiments (Fig. 5c)
with AC-Ni 5%, the concentration of Ni atoms in the
electrolyte decreased over time until day 7 to approximately 1
mg L', and thereafter remained somewhat more stable until
the end of the experiment. Decreasing concentration over
time indicates that dissolved Ni oxide was reduced and re-
deposited on the electrode, due to the cathode potential
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Fig. 5 Average Ni atom concentration (dissolved as nickel oxide) in the electrolyte over time during abiotic (a and b) and MES (c-e) experiments.
Average values are based on duplicate experiments, and error bars indicate standard deviation. At each sampling point, both the measured and the
calculated concentration after refreshing the electrolyte are shown. In figure c, data is shown between days 0-30 of MES experiments, whereas in
figure d, data for reactors with AC-Ni 5% are shown between days 7-30 at a different scale, to better illustrate the decrease in concentration
during this stage. For comparison, the concentration of Ni in fresh electrolyte was 5.7 ug L™ The first time point corresponds to samples taken 30
minutes after the electrodes were added in the reactor, before applying a negative cathode potential.
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applied, or utilized by microorganisms, in the case of MES
experiments. Unlike reactors with AC-Ni 5%, which reached
the highest dissolved Ni atom concentration on day zero,
reactors with AC-Ni 0.01% reached the highest concentration
at the second measurement time point on day 2, which
corresponded to 135 ug L™ for abiotic (Fig. 5b) and 163 pg
L™ for MES experiments (Fig. 5e). Thereafter, the
concentration decreased over time until the end of the
experiment. Clearly, both leaching and re-deposition seem to
have occurred at different rates in reactors with AC-Ni 0.01%,
compared to AC-Ni 5%, and this was likely related to the total
concentration of the metal, as all other factors among the
different experiments were the same (e.g., cathode potential,
sampling frequency).

Unlike the experiments with Ni-impregnated electrodes,
which show variations in the concentration of dissolved Ni
time due to leaching and re-deposition, the
concentration in reactors with control electrodes remained
stable over time, at less than 20 ug L™ for both abiotic
(Fig. 5b) and MES experiments (Fig. 5e). This is likely due to
EDTA added in the electrolyte, a chelating agent that stabilizes
dissolved metal species,®* and prevents the depletion of the
metal due to electrodeposition.”® It should be noted that the
EDTA concentration in the electrolyte was selected based on
the native concentration of metals (i.e., concentration given in
the Experimental section), and was not adapted to stabilize the
additional amount of Ni during experiments with AC-Ni
electrodes. Thus, for Ni-impregnated electrodes, due to the
opposing forces of EDTA and the negative cathode potential
applied, the dissolved metal concentration remained relatively
high throughout the experiment, i.e., over 900 pug L™ with AC-
Ni 5%, and 100 pg L™ with AC-Ni 0.01% electrodes during
MES experiments (Fig. 5c-e). With both Ni-impregnated
electrodes, the concentration of dissolved Ni in the electrolyte
during MES experiments continued to decrease over time at a
slower rate after day 7, possibly due to microbial utilization.
With AC-Ni 5%, due to the much higher total concentration,
this trend is not as obvious in Fig. 5c. For a clearer
visualization, this time period in reactors with AC-Ni 5%
electrodes during MES is shown in Fig. 5d. After correcting for
dilution due to sampling and adding fresh electrolyte, the
actual decrease in concentration between days 7-30
corresponded to 29 ug L™ with AC-Ni 0.01%, whereas the
concentration increased in the electrolytes with AC-Ni 5%
electrodes by 150 ug L7, likely due to leaching from the
electrode during OCP around day 20.

over

Microbial utilization of dissolved nickel and formation of
nickel structures for improved biofilm formation

Electrodes were characterized before and after MES
experiments with SEM-EDX, and characteristic pictures are
shown for each type in Fig. 6 and 7. Aside from microscopic,
visual comparison of the biofilm-covered granules was used
to compare the electrodes, and photographs of dry granules
are shown in Fig. 7d.
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Fig. 6 SEM at various magnifications of unused granules from control
AC (a), AC-Ni 0.01% (b, d and e) and AC-Ni 5% samples (c and f). On all
three samples, hollow tubular structures (d and e), as well as
amorphous areas (f) can be observed.

Fig. 6 shows wunused AC granules at various
magnifications without metal (a), with 0.01% Ni (b, d and e)
and 5% Ni (c and f). No differences could be observed in the
microscopic structure of the different electrode types. The
surface of the granules was heterogeneous, including rather
amorphous areas (d and f), as well as areas with
characteristic tubular structure (d) and channels (e), likely as
residues of natural structures in the plant precursor of the
AC.** Ni could be detected on both AC-Ni electrodes with
EDX, but no Ni structures could be distinguished at a
magnification of up to 35000 with SEM. For better
visualization of Ni nanostructures, samples were also
analysed with transmission electron microscopy, and
characteristic images are shown in Fig. S1 (in ESIY).

Fig. 7 shows characteristic SEM images after MES
operation of all three electrodes. As can be observed, a
uniform layer of biofilm was formed on all electrodes,
consisting of rod-shaped microorganisms that form an
extensive network on the electrode. Filamentous structures
can also be observed among the cells.

The amount of biofilm could not be compared among
samples based on electron microscopy observation, as all
samples exhibited full coverage with high biofilm density,
consisting of multiple layers. Instead, visual observation of
the three biofilm-covered AC samples was performed, and a
characteristic image is shown in Fig. 7d. White coloured
precipitates can be observed on all samples, highlighted with
red arrows for control and AC-Ni 0.01% samples in the
figure. Similar structures always appear on electrodes after
MES testing, whereas they are not formed during abiotic
experiments, and are therefore attributed to biofilm

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 SEM images for control AC (a), AC-Ni 0.01% (b) and AC-Ni 5% (c) electrodes, and photograph (d) of dried granules after MES experiments
(with sample from each of the duplicate reactors shown in the top and bottom part of the photograph). Crystal formation was observed on AC-Ni
0.01% (b) and 5% electrodes (not shown) after MES, and characteristic crystals are highlighted with a red circle (b). White coloured precipitate on
control and AC-Ni 0.01% granules are indicated with red arrows, whereas AC-Ni 5% granules are completely covered by these precipitates,
resulting in an apparent grey colour of the granules (d).

formation. As can be observed, white structures were only  electrodes. Instead, AC-Ni 5% granules were completely
visible on some parts of the control and low Ni loading  covered by these structures, resulting in an apparent grey

1

Fig. 8 SEM-EDX analysis on AC-Ni 5% granules after MES operation. Dendrite crystals (highlighted with red circle) can be observed on the
cathode (green colour in layered map image), consisting of Na (yellow) and O (blue). In addition, large particles (indicated with red arrow) can be
observed on top of the biofilm (green spots in layered map image), which consist of Ni (green).
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colour of these granules, compared to the black colour of the
other two samples. This observation suggest that more or
thicker biofilm was formed on the AC-Ni 5% electrode.
Furthermore, this observation confirms that microorganisms
could access the external surface area of all the granules on
the electrode, despite the confinement in the polypropylene
tube.

Dendrite crystals could also be observed with SEM on the
two AC-Ni electrodes, as can be seen for example for AC-Ni
0.01% in Fig. 7b (highlighted with red circle). To further
investigate these structures, SEM-EDX was performed, and a
characteristic image is shown in
Fig. 8 (crystal highlighted with red circle), accompanied by
maps for individual elements detected on the sample. The
composition of the crystals was mainly Na and O, indicating
sodium hydroxide crystals. On control electrodes, amorphous
rather than crystalline deposits could be observed that had
the same composition (not shown in Fig. 7a). Amorphous or
crystalline solid artefact formation has been previously
reported during SEM sample preparation.*>*® Alternatively,
crystallization may have occurred during cathodic operation
(at —1.06 V vs. Ag/AgCl and pH of approximately 6.7).

EDX on the AC-Ni 5% electrode after MES operation
revealed large particles that consist of Ni on top of the
biofilm surface (indicated with red arrow in Fig. 8). Based on
ICP measurements in the electrolyte (Fig. 5), re-deposition of
the leached Ni occurred primarily during the first four days
of both abiotic and MES experiments, whereas biofilm
growth likely occurred throughout the experiment.’” Thus, if
these large Ni particles were formed due to electrodeposition,
they would be on the activated carbon and the initial layer of
biofilm resulting from the inoculum, with more biofilm
growing on top of them over time until the end of the
experiment. The fact that the Ni particles are on the
outermost surface of the biofilm implies that these are bio-
crystallised structures, using H, or electrons from the
electrode as an electron donor for the reduction of dissolved
Ni. Alternatively, they may be formed during the SEM sample
preparation. While Ni is an essential element for microbial
growth in trace amounts, it has been shown to inhibit
microbial  activity with increasing amounts, with
concentrations as low as 1 mg L™* being inhibiting in certain
studies.®® Throughout MES experiments with AC-Ni 5%
electrodes, the Ni atom concentration in the electrolyte was
higher or equal to 1 mg L™ (Fig. 5b). Bio-crystalized Ni
structures on the electrode could therefore be a response of
microorganisms to inhibiting concentrations of the dissolved
metal, as a mechanism to decrease the potential toxic effects
of high Ni concentration in the electrolyte.

Concentration-dependent effect of nickel on planktonic
microbial community composition

The microbial community composition was analysed for each
reactor at the end of MES experiments. Aside from the
experimental reactors, the inoculum used at the start of the
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experiment was also analysed. An overview of the relative
abundance of different families in each reactor and in the
inoculum is shown in Fig. S2 (in ESIf). In terms of average
distribution within all the samples, the dominant phylum
(>10% relative abundance) was Proteobacteria (63.3 + 25.9%),
followed by Firmicutes (24.7 + 18.6%). The majority of the
microorganisms identified were bacteria, whereas some
unidentified operational taxonomic units (OTUs) (about 0.5%
in all samples) and methanogenic archaea (Euryarchaeota)
were also present, primarily in the inoculum sample (19.6%).
Interestingly, nearly 1% of Methanobrevibacter were present
in reactors with AC-Ni 5%, despite the addition of the
methanogen inhibitor BrCH,CH,SO;Na. Previous MES
studies have also reported the presence of methanogens,
despite addition of this compound.” It has been shown that
the methanogen inhibitor in the catholyte mainly inhibits
methanogenic species on the electrode, whereas they can still
be abundant in the electrolyte, due to the adsorption of the
inhibitor on the carbonaceous electrode.”® The most
dominant families among all the samples were
Helicobacteraceae (42.6 + 18.7%), Peptococcaceae (11.6 =
16.9%), Veillonellaceae (11 + 4.2%) and Desulfovibrionaceae
(10.6 + 4%). The most dominant genera identified are
presented in Fig. 9, whereas genera with a smaller
contribution are shown in Fig. S3 and S4 (in ESIf).

Among the three experimental reactors and the parent
reactor, significant differences can be observed in terms of
microbial community composition at all taxonomic levels.
Some OTUs have a much higher abundance in the inoculum,
compared to experimental reactors, such as the family
Ruminococcaceae (primarily genus Oscillibacter),
Porphyromonadaceae and Lentimicrobiaceae. This is likely due
to the metabolic and symbiotic role of these taxa.
Ruminococcaceae are known to metabolize a variety of
complex polysaccharides,’®*® and may be therefore more
abundant in the parent reactor, due to the availability of
more complex substrates. Similarly, members of the family of
Porphyromonadaceae,  characterized by a  proteolytic
metabolism,** likely grow symbiotically with other microbes
in the parent reactor, and consume organic matter released
in the electrolyte from the decay of other bacteria.
Unclassified Lentimicrobiaceae species have been recently
identified as potential acetate-oxidizing bacteria in
thermophilic methanogenic chemostats,”” and their higher
abundance in the parent reactor may be related to the higher
acetate concentration. On the contrary, the family of
Comamonadaceae (primarily genus Hydrogenophaga) exhibited
higher abundance of over 8% in experimental reactors,
compared to the parent reactor (<2%). Several metabolic
pathways have been described for strains in this genus,
including CO, fixation using H,.*® Therefore, higher
abundance in experimental reactors may be due to H,
accumulation, whereas in the parent reactor gas products
were allowed to escape via a water-lock.

Among the taxonomic wunits that exhibited high
abundance in experimental reactors, different trends were

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Main genera identified in the inoculum and in experimental reactors. Inoculum sample was not analysed in duplicate. For MES reactors, the
average values given are based on duplicate reactors, and error bars indicate the standard deviation between duplicates.

observed, depending on the Ni loading. For example,
Helicobacteraceae (primarily genus Wolinella) exhibited a
higher abundance of up to 64% in reactors with control and
AC-Ni 0.01% electrodes, compared to AC-Ni 5% (22%) and
parent (28.5%) reactors. A similar trend can be observed for
the family Desulfovibrionaceae (primarily the genus Bilophila),
with up to 14% abundance in reactors with control and AC-
Ni 0.01% electrodes, compared to AC-Ni 5% (9%) and parent
(3%) reactors. On the contrary, Peptococcaceae exhibited the
highest abundance in reactors with AC-Ni 5% electrodes (over
36%) whereas less than 2% was found in the other two
reactors. While all three families include H,-consuming
strains,”*° the different trends in microbial composition
may be related to other factors, such as Ni concentration and
competition with other taxa, as will be further explained in
the Discussion section. It should be noted that the reactors
were operated in batch mode, and microbial community
composition was not analysed over time, but only at the end
of the experiment. Therefore, some OTUs detected may not
have been metabolically active or dominant throughout the
experiment, but due to lack of complete renewal of the
electrolyte, they did not get washed out, and can still be
detected during community composition analysis.

Discussion

Among the potential mechanisms of interaction between Ni
and MES, presented in Table 1, some could not be
investigated in the present study, whereas others were shown
to have an insignificant effect on MES performance. More
specifically, among the electrode properties that could affect
MES, the charge transfer resistance, electrode conductivity
and availability of redox mediators were omitted, and will

This journal is © The Royal Society of Chemistry 2022

therefore not be further discussed here. Ni impregnation
resulted in an insignificant effect on electrode properties,
such as surface area and pore structure. On the contrary, Ni
addition on AC was shown to significantly affect the
electrocatalytic production of electron donors at high metal
loadings (i.e., H,), as well as the availability of dissolved Ni
ions at both metal loadings, which has a role as a trace
element, but can also be toxic for microorganisms at high
concentrations. Finally, aside from the mechanisms
presented in Table 1, the presence of large Ni particles within
the biofilm at the end of MES experiments revealed another
possible mechanism of interaction between dissolved Ni and
MES, as a source of Ni for the formation of bio-crystalized
structures.

In order to determine the factors that affect the MES
performance and microbial community composition, the
Spearman's correlation coefficient was calculated for the
main genera identified in experimental reactors and several
parameters measured during MES experiments (Table 3). As
can be observed, there are numerous significant correlations
among experimental parameters and the relative abundance
of certain OTUs, such as between abiotic H, production and
the family of Peptococcaceae, which exhibits a positive
correlation with two-star significance. Some negative
correlations can also be observed, such as between Azonexus
and dissolved Ni concentration. Certain correlations can also
be observed between experimental parameters, such as
between the onset of acetate production and the abiotic H,
production, which implies that acetate production begins
earlier in reactors with higher abiotic H, production. Finally,
correlations can also be observed among the different OTUs,
which can be positive (such as between Wolinella and
Azonexus), thus indicating a symbiotic effect, or negative
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Table 3 Spearman's correlation coefficient calculated for several experimental parameters and the relative abundance of the most dominant OTUs at
the genus level. Abiotic and MES H, production refer to the electron recovery calculated on day 7 during abiotic and MES experiments, respectively. This
time point was selected, as it was indicative of long-term operation during abiotic experiments (which only lasted 7 days). MES CH,4 production
corresponds to the calculated electron recovery on day 43, as methanogenic activity was well established in all reactors by this point. MES acetate
production refers to the concentration of acetate in the electrolyte on day 46 (i.e., end of the experiment). As acetate accumulated in the reactors over
time, the final concentration was selected as it was indicative of the total production in each reactor. With the same logic, the cumulative charge and
the OD values used in this test also correspond to day 46. Formate and acetate onset refer to the day that production of this compounds begun, i.e.,
that a measurable concentration was detected in the electrolyte. Dissolved Ni oxide concentration values correspond to day 30, which was the last
measuring point during MES experiments. *Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed)

3

= % % é o = g 3 § § § S é ‘§ § 2 2

2 £ g 3 2 H g g 5 g $ & e g g g 3 3 2
Abiotic Ha -0.926™" 0.829 —-0.886" 0.943™
Formate onset 0.953™ -0.883" —0.971"" | 0.883" 0.883" -0.883" -0.883" -0.883" 0.883"
Acetate onset -0.926™ 0,953 2 -0.926" | 0.926™ 802 -0.926"
0D -0.829" 5 3 8 -0.943" 0.943™
Dissolved Ni 0.829" 802 0.829° 0.829" -0.886" —0.943" | 0943 0.886" 2 0.943™ 0.829" —0.943""
MES H2 —0.883" —0.829" 3 0.829" 5 0.943™
MES CHa 5. 5 0.829" -0.829° 0.829"
MES acetate -0.971" -0.926™" 0.829" 0.829° —-0.943" | -0.886" 0.886" 0.943™ 0.886" -0.886"
Charge -0.886" 0.883" 0.926™ —0.886" 5 -0.943" 0.829" -0.943"" -0.886" -0.829° 0.829"
Wolinella 0.883" 8 -0.943" -0.886" 0.829" -0.886" -0.943" 5 =1.000" —0.943" 1.000"
Peptococcaceae 0.943" —0.883" -0.926™ 0.943™ 0.886" —0.943" | —0.886" 0.829° 0.886" -0.886"
Sporomusa —0.883" 0.886" 0943 —-0.886" —0.943"" | 0.829" 3 5 0.943™ 0.886" —0.943"
Hydrogenophaga
Bilophila -0.829"
Desulfovibrio —0.883" 0.943™ 0.886" —-0.829° —-1.000"" | 0.886" 0.943" 5 0.943™ -1.000""
Methanobrevibacter -0.943" 0.943™ —0.886"
Lentimicrobium 5. 0.829" 0.829° 5 -0.943" 0.886" 5. 0.943™ —0.943"
Azonexus 0.883" -0.943" —0.886" 0.829" 1000 —0.886" -0.943" -1.000™" —0.943"
Kerstersia 0943 8 2. —0.886"

(such as between Azonexus and Desulfovibrio), which implies  electrodes operating at —0.85 V vs. SHE at a current density of
competition between these two OTUs. approximately —-0.4 mA-cm>.® Instead, the low optical
density recorded in reactors with AC-Ni 5% electrodes here

implied that H, production did not give a competitive

Concentration-dependent effect of nickel on microbial advantage to planktonic microorganisms, compared to the
growth reveals the role f’f nickel as toxic compound, other two electrodes. Low optical density in the presence of
electrocatalyst, conductive material and trace element AC-Ni 5% electrode was possibly due to the inhibiting effect

Decreased planktonic growth and increased biofilm  of high dissolved Ni concentration (Fig. 5) on MES
formation with AC-Ni 5% as a result of nickel toxicity. An  microorganisms. In fact, high dissolved Ni concentration in
improvement in  microbial growth of planktonic  the catholyte may further explain the improved biofilm
microorganisms was expected with AC-Ni 5%, due to the  formation on AC-Ni 5% electrodes, compared to the other
superior catalytic activity of this electrode for H, production  two electrode types. It has been previously shown that biofilm
(Fig. 3), which can serve as an electron mediator for  formation can be used as a response of bacteria to stressful
planktonic microorganisms. Previous studies on biocathode  conditions, such as high Ni concentration, and this response
modification with molybdenum electrocatalysts have also  is regulated via a transcriptional effect on genes responsible
shown the beneficial effect of metal modification on the  for biofilm formation.”® Upon exposure to nickel and copper
growth of planktonic microorganisms, likely due to improved  surfaces, studies on gene expression have revealed the
H, production by the metal catalyst, using carbon felt  upregulation of genes related to general stress response,
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colony morphology, auto-aggregation ability control and
metal-binding proteins.>® While differences in colony
morphology and gene expression were not investigated in the
present study, it is possible that improved biofilm formation
and decreased planktonic growth in reactors with AC-Ni 5%
electrodes was a response to high Ni concentration. Ni
structures observed with SEM-EDX on the outermost layer of
biofilm on AC-Ni 5% electrodes (Fig. 8) could further support
the toxic effects of Ni, as bio-crystallization may have been
used by microorganisms to decrease toxic dissolved Ni
concentrations. Nevertheless, no significant correlation
between optical density and dissolved Ni concentration could
be observed based on the statistical analysis performed
(Table 3), and thus this mechanism of interaction between Ni
and MES microorganisms cannot be further substantiated.

The potentially inhibiting effects of high dissolved Ni
concentration are also evident based on the microbial
community composition. For example, the order of
Selenomonadales (unclassified Peptococcaceae bacterium) had
highest abundance in reactors with AC-Ni 5% electrodes
(36%), followed by inoculum (4.1%), AC-Ni 0.01% (1.8%) and
control samples (0.4%), which could be due to their tolerance
to high dissolved Ni concentration, compared to other
groups, as sulfate-reducing bacteria including Peptococcaceae
are often found in metal-rich sites.’>>* This hypothesis is
further substantiated by the statistical analysis performed,
which shows a strong positive correlation between the
abundance of Peptococcaceae and the dissolved Ni
concentration (Table 3).

Another strong positive correlation with dissolved Ni
concentration was calculated for Desulfovibrio (Table 3), which
exhibited highest abundance in the reactors with AC-Ni 5%
electrodes (7.1%), followed by the inoculum (3.4%), AC-Ni
0.01% (1.5%) and control samples (1.1%). It has been
previously shown that the abundance of Desulfovibrio in
mixed cultures increases with increasing copper amounts on
steel supports.®® Increased abundance with increasing copper
amounts may be linked to the corrosion acceleration
mechanisms employed by Desulfovibrio and other sulfate-
reducing bacteria, including direct biocatalytic cathodic
electron transfer.> Thus, a similar mechanism to copper
tolerance can be hypothesized for Ni, which could explain the
higher abundance of Desulfovibrio with AC-Ni 5% electrodes.

Biofilm enhancement, syntrophy and competition based
on H, as an electron donor. While the increased H,
production with AC-Ni 5% was not shown to improve the
growth of planktonic microorganisms, it could explain the
higher biofilm coverage on AC-Ni 5%, compared to the other
two electrodes. Previous studies on biocathode modification
with H,-producing electrocatalysts have also correlated the
improved biofilm formation on the modified electrodes to
improved H, production, compared to control electrodes.® In
fact, effective scavenging of the electrocatalytically produced
H, by biofilm-forming microorganisms, which are in close
proximity to the electrode, as has been previously shown,>'°
could further explain the lower growth of planktonic

This journal is © The Royal Society of Chemistry 2022
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microorganisms in this reactor, as H, may have been
consumed before it could be dissolved in the electrolyte, and
thus limit the availability of electron donors for planktonic
microorganisms. Effective scavenging of H, by biofilm-
forming microorganisms may further explain the lack of H,
detected with GC after day 11 (Fig. 3). H, consumption within
the biofilm contradicts our findings of strong correlation
between the electrocatalytic H, production and the
abundance of certain OTUs with a known hydrogenotrophic
metabolism in the planktonic phase, such as unclassified
Peptococcaceae bacterium,*’ and hydrogenotrophic
methanogenic archaea.’® This could imply that H, is not fully
depleted within the biofilm, but part of the
electrocatalytically produced H, is dissolved in the electrolyte,
and thereafter depleted by planktonic microorganisms.
Alternatively, it could be hypothesized that these OTUs
originate from the biofilm, and were detached. The high
abundance of these OTUs in the planktonic phase could also
be due to syntrophic effects with H,-producing
microorganisms detected in the present study. For example,
the co-occurrence between hydrogenotrophic methanogens
(including Methanobrevibacter) and fermenting bacteria (e.g.,
Bacteroidetes, Spirochaetes) has been previously reported in
anaerobic digestion reactors, as the latter are capable of
hydrolysis and produce intermediates, e.g., H,/CO,, formate,
and acetate.”” Acetate oxidizing bacteria within the phylum
Synergistetes and the family Lentimicrobiaceae may have also
operated in symbiosis with hydrogenophilic methanogens, as
has been previously shown.”>”® A syntrophic effect based on
H, is also evident between Wolinella and Sporomusa, which
can both consume H, to reduce nitrate, sulfur and
fumarate®®* or CO,,** respectively. The strong negative
correlation between these OTUs (Table 3) likely indicates
competition for H,.

Consumption of H, near the surface of the electrode by
biofilm-forming microorganisms in the present study
complicates the interpretation of the interaction between
planktonic growth/community composition and
electrocatalytic activity of the modified electrodes for H,
production. Therefore, while AC is clearly a suitable electrode
material for MES, studies on electrocatalytic
cooperation based on H, intermediate would likely benefit
from the use of a less biocompatible electrode with strong H,
evolution activity, such as a pure metallic nickel foil or mesh.
Alternatively, the effect of H, as an electron donor could also
be investigated under different cathode potentials, in order
to tune the H, production, or via feeding electrochemical
reactors with specific H,/CO, ratios.

Improved conductivity within the biofilm via bio-
crystallization of dissolved nickel. By the end of the
experiment, Ni structures could be detected on the biofilm with
AC-Ni 5%, whereas these were not observed with the other two
electrode types (Fig. 8). A previous bio-electrochemical study
with pure cultures of Desulfovibrio desulfuricans on bioanodes
has revealed the ability of the microbe to form Pd nanoparticles
from dissolved Pd ions in solution, which can be found on the

future
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extracellular surface of the microbes, and have been shown to
improve the electron transfer between the microorganisms and
the electrode.”® Pd nanoparticles present on the membrane,
alongside the enzymes responsible for electron transfer
(cytochromes, hydrogenases), could facilitate electron transfer,
due to their higher conductivity than these proteins. Thus, Pd
nanoparticles possibly participate in the metabolism as
biologically-derived electron carriers.”> Aside from Pd, sulfate-
reducing bacteria have also been previously shown to convert Ni
from its dissolved form into nanoparticles.®* A similar role of
improving electron transfer has also been previously
highlighted for iron nanostructures. For example, Li and co-
workers investigated the addition of Fe;O, on methanogenic
microorganisms, and report that iron structures could be found
attached on the surface of microbial cells, thus bridging the
cell-to-cell connections for improved electron transfer.®® In fact,
some OTUs such as Geobacteriaceae were shown to strictly rely
on the addition of iron nanostructures and their electrical
conductivity. Insulating the Fe;O, nanostructures or replacing
them with known soluble electron shuttles negated the
observed results, thus further supporting that the increased rate
of methane production was due to the improved electrical
conductivity for cell-to-cell electron transfer.®® The Ni structures
observed on the biofilm in the present study could have a
similar role in improving conductivity within the biofilm. While
the structures can only be visualized on the outermost layer of
the thick biofilm with SEM-EDX, it is possible that similar
structures were present throughout the biofilm thickness, thus
increasing the overall electron transfer from the innermost to
the outermost layer of biofilm. A similar effect has been
previously shown for anodic biofilms, wherein magnetite
nanostructures dispersed within the biofilm increased the
electron transfer.®® Such conductive bio-crystalized structures
could therefore explain the improved biofilm formation on AC-
Ni 5%, by improving the electron transfer during MES
experiments, and thus offering a competitive advantage to
biofilm-forming, compared to planktonic microorganisms.
Increased planktonic growth with AC-Ni 0.01% as a result
of trace element availability. Reactors with AC-Ni 0.01%
electrodes exhibited the highest growth of planktonic
microorganisms. While some improvement in
electrocatalytic H, production can be observed between
AC-Ni 0.01% and control electrodes (Fig. 3a), the high
standard deviation among duplicate control reactors
reveals that this difference was not significant. Instead, in
terms of optical density, as well as acetate production, AC-
Ni 0.01% resulted in a clearly superior performance,
compared to control electrodes. Therefore, improvement of
microbial growth in the planktonic phase with AC-Ni
0.01% is not related to the electrocatalytic activity, but is
possibly caused by the different concentration of dissolved
Ni. Considering that dissolved Ni was not depleted over
time during MES experiments with control electrodes
(Fig. 5e), it appears that Ni concentration as a trace
element was not limiting for microbial growth in any of
the MES reactors. However, chelating agents have been
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shown to inhibit the uptake of trace Ni from the
medium.®” Therefore, while trace element limitation was
not evident based on the dissolved metal concentration
during control experiments, the uptake of Ni by
microorganisms may have been in fact inhibited due to
EDTA. Higher dissolved Ni concentration in reactors with
AC-Ni 0.01% may have improved the Ni uptake kinetics by
microorganisms, thus leading to higher optical density in
these reactors. Nevertheless, as the kinetics of Ni uptake
were not evaluated for the microorganisms present in the
reactors, particularly considering that a mixed culture with
variable uptake kinetics was used, no conclusions can be
drawn at this stage regarding the role of added Ni as a
trace element and the enhancement of microbial growth.
Furthermore, the simultaneous electrodeposition (due to
the negative cathode potential), solubilization (due to
EDTA) and microbial consumption of Ni during MES
further complicate the understanding of the role of Ni as
a trace element. Instead, future studies should separately
examine these mechanisms, in an attempt to optimise
trace element concentrations in MES systems.

For both planktonic and biofilm-forming microorganisms,
altered trace metal concentration could result in different
gene expression and enzymatic activities within the mixed
culture.*®®” While these effects were not investigated in the
present study, it is plausible that the improved production
rate and yield of acetate as a response to Ni addition was due
to the effect of the added metal on gene regulation and
altered activity of enzymes.

Overall, the present results indicate that nickel addition at
low concentrations improves microbial planktonic growth,
whereas at high concentrations, nickel results in a switch
from planktonic to biofilm growth, as a result of nickel
toxicity. In order to further elucidate the concentration-
dependent effects of nickel, future studies should focus on a
wider range of nickel loadings, including both intermediate
loadings (between 0.1% and 5%), as well as loadings greater
than 5%. Such investigations may help reveal an optimal
nickel loading to steer biocatalysts towards planktonic or
biofilm growth.

Improved product formation with added nickel reveals the
role of altered microbial community composition and
enhanced electron transfer

Modification of bio-electrodes with Ni has been shown to
decrease resistivity and activation energy threshold of
electron transfer from electrodes to bacteria, both for
cathodic and anodic processes.®®”* Previous studies on
biocathode modification with metals (nickel, palladium, gold
and molybdenum) have revealed a positive effect of metal
addition on current density, acetate production and biofilm
growth, without significantly affecting the electron recovery
to acetate.>”® The observed effects have been correlated to
the surface properties and electrocatalytic activity for H,
production of the modified electrodes. In contrast to these

This journal is © The Royal Society of Chemistry 2022
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result, modification of the AC electrode with Ni in the
present study did not only result in higher production rate of
acetate, but also in increased electron recovery, compared to
the control AC electrode, as can be observed for both AC-Ni
0.01% and AC-Ni 5% (Fig. 3b). Therefore, additional factors
should be considered to fully explain the effect of Ni addition
on acetate production observed in the present study.

Improved acetate formation with nickel as a result of
altered microbial community composition. One explanation
for the improved product formation reported here, which was
not investigated during previous studies on Ni addition on
single-culture MES biocathodes,”” could be enrichment of
acetogenic microorganisms due to Ni impregnation of the
cathodes. For example, the abundance of Sporomusa and
Peptococcaceae, which can both have an acetogenic
metabolism,****”>”* was found to be positively correlated to
both dissolved Ni concentration and acetate production
(Table 3). Therefore, higher electron recovery to acetate in Ni-
containing reactors could be due to the higher abundance of
these OTUs, compared to control MES reactors. Changes in
microbial community composition within mixed cultures have
also been previously shown as a response to the addition of
conductive materials, including both metals®*”*”” and
carbonaceous materials,”*®® and have been correlated to
altered community metabolism and increased production of
methane. More specifically, within the field of MES for CO,
conversion, Tian and co-workers modified a carbonaceous
biocathode electrode with a H,-producing metal electrocatalyst,
and report a decrease in the abundance within the biofilm of
the electrotrophic Arcobacter, and an increase in the abundance
of the hydrogenotrophic acetogen Acetobacterium, as a response
to the addition of the metal catalyst.® Metal addition on a
biocathode can alter the microbial community composition
not only due to electrocatalytic effects (and thus substrate
availability), but also due to enrichment of metal-reducing
species. For example, Zhu and co-workers have also reported a
concentration-dependent effect on MES upon metal (iron)
oxide impregnation on activated carbon biocathodes.®
Specifically, acetate production and electron recovery were
shown to increase with increasing amounts of Fe;0,, compared
to control electrodes, reaching a maximum when 38% Fe;0,
was added, whereas a decrease in electron recovery and acetate
production was recorded when 50% Fe;0, was added on the
electrode. Similarly, the microbial community composition
revealed a concentration-dependent effect of Fe;O, addition,
with Arcobacter and Acetobacterium exhibiting the highest
abundance in the presence of 38% Fe;O4 and this was
correlated to improved acetate production by the authors.’®
Overall, based on these previous reports, it can be hypothesized
that Ni addition affected product formation during MES in the
present study, resulting from changes in the microbial
community composition, either due to the electrocatalytic
activity, or the availability of Ni as an electron transfer
mediator.

Improved acetate formation with nickel as a result of
increased electrode and biofilm conductivity. Improved

This journal is © The Royal Society of Chemistry 2022
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electron transfer due to added conductive nanostructures may
have provided a metabolic advantage to microorganisms in
reactors with AC-Ni 5%, compared to the other two electrode
types. Several studies have previously exhibited a switch from
H,-based to direct electron transfer in mixed microbial
communities upon addition of conductive structures.””””* %!
This may offer an advantage, as direct electron transfer
among species is considered to consume less energy,
compared to the production and oxidation of H,.”® In the
presence of conductive materials, microbial cells likely do not
need to spend energy for the production of electron-shuttling
biological structures, such as membrane bound pili and
cytochromes, as they can rely on the added conductive
structures to facilitate electron transfer.””*! In fact, a previous
study using microbial mutants upon gene deletion further
supports that biologically-formed conductive structures such
as pili and cytochromes are not necessary for electron
transfer in the presence of conductive materials.®?
Therefore, higher rates of acetate production observed for
reactors with AC-Ni 5% electrodes in the present study may
be related to the improved electron transfer, which allows
microorganisms to save energy by not investing in electron-
conductive structures, and thus investing more energy in
other biological functions, such as cell division or metabolic
processes. Improved electron transfer due to Ni addition
may further explain the accelerated formate production
observed here, as a decrease in lag phase has been
previously shown for biological reactors supplemented with
conductive materials.”>””’®* While the effect of Ni on
electrode conductivity and charge transfer resistance was
not measured in this study, a positive correlation between
dissolved Ni concentration and acetate production (Table 3)
supports this mechanism of interaction between Ni and
MES microorganisms, either due to improved electron
transfer between the electrode and the biofilm, or due to
the bio-crystalized Ni structures within the biofilm (Fig. 8).

Conclusions

In this manuscript, nickel doping on carbonaceous electrodes
at low and high concentrations is shown to positively affect
MES. This is the first report of concentration-dependent
effects of nickel addition on MES. Factors that have been
previously proposed to explain the effect of nickel on MES,
such as the electrode surface area and porosity, were not
found to be significant in the present study. Instead, the
catalytic activity and metal concentration were highlighted as
the main contributing factors for the observed effects.

High nickel loading resulted in the highest biofilm
formation, acetate production and electron recovery to
acetate. This was likely due to the improved H, production,
as well as the improved charge transfer within the biofilm.
Fast consumption of H, near the cathode surface likely
resulted in the low abundance of planktonic microorganisms,
due to substrate depletion. A shift from planktonic to biofilm
growth may also be due to high nickel concentration in the
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electrolyte, as a response of microorganisms to stressful
conditions (i.e., potential toxic effects of nickel). Large nickel
deposits on the biofilm indicate that microorganisms used
the available metal to create conductive bio-structures, as has
been previously shown for palladium, and these may have
resulted in improved electron transfer within the biofilm,
and thus biofilm formation.

Low nickel loading resulted in improved acetate
production and electron recovery, compared to control
experiments, as well as the highest abundance of planktonic
microorganisms. This was likely due to the higher availability
of nickel as a trace element.

Contrary to previous reports, which only show an effect of
metal addition on acetate production rate, both the rate and
electron recovery to acetate were improved by nickel doping
on AC in this study. Furthermore, an acceleration of formate
production was observed with increasing nickel loading.
These effects are likely related to the altered microbial
community composition as a result of nickel addition.
Altered gene expression and improved charge transfer may
further explain these findings, although these factors were
not investigated in the present study.

A combination of the aforementioned mechanisms (i.e.,
catalytic activity, charge transfer, toxicity, trace element
availability) of nickel interaction with MES microorganisms is
evidently responsible for the observed improvement in MES
performance. Therefore, the individual and combined effects
of nickel on MES ought to be better understood. Multi-
factorial investigations such as the present study could offer
a valuable starting point for understanding the improvement
of MES via electrode modification, both in terms of
fundamental research and application.
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