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Copper can be used as a metal catalyst for abiotic CO3 conversion into methane and organic chemicals, but it has
not been examined as a catalyst for enhancing biotic methane generation in microbial methanogenesis cells
(MMCs). In this study, copper-based electrodes prepared using several different techniques were compared to the
performance of MMCs containing graphite block cathodes. Gas production was examined under both abiotic and
biotic conditions at a fixed cathode potential of —0.9 V vs. Ag/AgCl in two-chamber electrochemical cells. All
copper-based cathodes showed better methane production than plain graphite blocks except for the cathode
made from copper foil which lacked a biocompatible surface. The cathode prepared by an electroless Cu
deposition (electroless-Cu) method had the highest current density production of 0.6 A/m? and methane pro-
duction rate of 201 nmol/cm®/d, and its performance was stable over time. Both the electroless-Cu and electro-
deposited Cu electrodes produced more current than that obtained with copper powders with a Nafion binder
(Nafion-Cu), likely due to different surface characteristics such as hydrophobicity and uniformity of the copper
layer. The results of this study showed that copper-based biocathodes improved methane production relative to
plain graphite materials and techniques for preparing copper electrodes impact bioelectrochemical performance
with the highest performance in the electroless-Cu reactors.

1. Introduction

Carbon capture and utilization (CCU) technologies are being exam-
ined as methods to address climate change by producing valuable
products from CO». The electrochemical conversion of CO, into methane
(CHy4) could be a particularly useful method for producing a biofuel
combined with a renewable energy source as long as CHy is not released
into the atmosphere during the process [1]. The electrochemical con-
version of CO; to other chemical forms requires a high over potential of
cathode due to stable structure of COy and it can be limited by low
solubility and ineffective mass transfer of CO3 into solution [2]. Elec-
tromethanogenesis is a biological process that uses microorganisms as
biocatalysts on the cathode to minimize overpotentials for biological
conversion of CO; into methane [3]. In microbial methanogenesis cells
(MMCs), electromethanogenesis takes place on the cathode using elec-
trons generated from anodic reactions such as water splitting in abiotic
anodes or organics oxidation by biotic anodes depending on the exper-
imental conditions. When the goal of the bioelectrochemical system is to
produce primarily organic chemicals such as acetate and formate these
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systems are referred to as microbial electrosynthesis (MES) cells [4].
Since the goal here was to produced methane we refer to this system as
an MMC despite the possibility of production of additional organic
chemicals. The enriched biocathodes in MMCs provide several advan-
tages over abiotic CO; reduction reactions such as high selectivity of
final products, high theoretical energy conversion efficiencies, and
reduced overpotentials [5]. Methanogens on the cathode can produce
methane by several different methods including direct electron transfer,
using chemical products such as hydrogen gas released by biotic or
abiotic reactions, and chemicals produced by the cathode such as
formate by abiotic reactions or released enzymes [6,7].

Most MMC reactors have used carbon-based materials for the bio-
cathodes to enhance direct electron transfer to methanogens while
avoiding Hy generation and the need for precious metals such as plat-
inum. These carbon materials include graphite felt, cloth, plates, and
brushes [8-11] that have a relatively low cost and can be highly
biocompatible for biofilm formation. Non-precious metal catalysts can
also be used for abiotic electrochemical CO, conversion into products
other than Hs due to their high electrocatalytic activity. According to the
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Sabatier principle, the catalytic activity of a metal catalyst depends on
the binding energy between the catalyst and the reactant [12]. If the
interaction between the two is too weak, the reactant will fail to bind to
the catalyst surface and if it is too strong the product will fail to disso-
ciate [13]. Based on this principle, copper (Cu) has been found to be a
suitable non-precious metal catalyst for abiotic CO conversion to
reduced forms other than Hy owing to its good catalytic activity indi-
cated in the volcano plot for the CO, reduction reaction [14]. Copper-
catalyzed electrodes can abiotically convert CO5 into methane and
carbon monoxide, but they also can be used to produce organic chem-
icals including formate, ethanol, methanol, and acetate, which can be
good substrates for certain methanogens [15-17].

There are two additional points to be considered in this study to
adopt copper-based materials as biocathodes for MMCs: biofilm forma-
tion on the electrode surface, and CO, conversion under typical cathodic
potentials. Despite good electrical conductivity and catalytic activities,
many metals such as copper may not provide a good surface for mi-
crobial adhesion which could limit development of a thick biofilm on
their surface [18,19] although some studies have shown that exoelec-
trogens can successfully grow on copper [20]. One way to overcome
possible biofilm formation limitations is by depositing the metal cata-
lysts on surfaces good for biofilm formation such as carbon-based ma-
terials. There are several methods to coat metals on the substrate
materials such as electrodeposition, electroless plating, and binding
metal particles using polymers. While copper can be used to abiotically
produce chemicals from CO,, the cathodic potentials used for abiotic
CO4 reduction reaction are typically much more negative than those in
MMC studies. For example, abiotic COy reduction experiments using
copper cathodes were conducted over a range of -1.4 to —1.8 V (versus
Ag/AgCl) at a pH of 6.8 [15]. In a study by Kuhl et al. (2012), CO2 was
converted into CH4 with a comparable current efficiency for Hy pro-
duction at cathode potential more negative than -1.7 V vs. Ag/AgCl
[15]. This potential is much more negative than that commonly used in
in MMCs of -0.7 to -1.1 V vs Ag/AgCl [11]. Therefore, it is not clear if a
biocatalyst on a copper electrode could produce better performance than
carbon materials in MMCs under cathode potentials typically more
positive than -1.7 V vs Ag/AgCl.

In this study, MMC performance was examined in terms of current,
methane production rate, and stability for CO, reduction using several
different copper-based cathode materials. Three different coating
methods were used to coat copper on graphite electrodes, and their bi-
otic and abiotic performance were compared with those of pure copper
and plain graphite electrodes. The electrochemical and physical prop-
erties of each electrode were evaluated and then compared to MMC
performance based on biogas generation rates.

Plain graphite

(control) Pure copper

\
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2. Materials and methods
2.1. Cathode preparation

Plain graphite blocks (2 cm x 2 cm x 0.32 cm, McMaster-Carr,
Cleveland, OH) were used as a control material, or they were coated
with copper using three different methods. Graphite blocks were drilled
to make two holes of 0.8 mm diameter to insert a titanium wire through
the top hole and then bent around in a J-shape into the second hole to
make a good electrical connection [21]. The blocks were polished using
sandpaper, sonicated in acetone for 20 min, immersed in 1 N HCl
overnight, and then rinsed with deionized water. The three different
methods used to coat copper on graphite block were: electrodeposition
(e-deposited-Cu), electroless plating (electroless-Cu), and binding cop-
per powders with a polymer (Nafion) binder (Nafion-Cu) (Fig. 1). The
electrodeposition process was conducted using a copper mesh anode
(wire thickness, 0.6 mm; opening size, 0.2 cm; 2 cm x 2 cm) and a
graphite block cathode. A fixed voltage of 1 V between anode and
cathode was applied for 10 min in the electrolyte consisting of 32 g/L
CuSO4 in 150 g/L of HySO4 solution [22]. To perform electroless plating
of copper the block was first immersed in the sensitization solution (30
g/L SnCly, 60 mL/L HCI) for 15 min, followed by transfer into the
activation solution (0.25 g/L PdCl,, 10 mL/L HCI) for 15 min. The blocks
were then immersed in the electroless copper solution (32 g/L CuSO4,
15 g/L EDTA disodium, 20 g/L sodium potassium tartrate, 12 g/L. NaOH,
0.2 mL/L thiourea, 13 mL/L formaldehyde) at 45 °C and a pH of 12.5 for
20 min [23]. All the obtained electrodes by electrodeposition and
electroless plating were washed with deionized water to remove any
residual chemicals and loosely bound copper and dried overnight. The
Nafion-Cu cathode was made by coating a catalyst slurry consisting of
copper powders (10-25 pm; 10% w/w) with carbon black powders
(Vulcan XC72) using borosilicate glass balls and a vortexer [10]. The
coating slurry was made by adding 0.83 pL of DI water, 6.67 pL of Nafion
in an unspecified mix of alcohols (5% w/v) and 3.33 pL of 2-propanol
per mg of powder mix. The slurry was applied to the graphite block
using a paintbrush and air-dried overnight.

Three different pure copper electrodes, copper foil (0.5 mm of
thickness), copper mesh (wire thickness, 0.6 mm; opening size, 0.2 cm),
and copper cloth (wire thickness, 0.2 mm; opening size, 0.2 mm), were
cut into the same projected surface area as graphite block (2 cm x 2 cm)
(Fig. 1). The mass of copper was determined by directly weighing
electrodes (for pure copper electrodes) or by calculating the difference
in mass before and after copper coating on the graphite block (for
copper-coated electrodes) (Fig. S1). Total surface area was calculated by
sum of six faces of electrodes except for copper mesh and cloth which
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Fig. 1. Photographs of seven different biocathodes used in this study.
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was calculated following previous study (Fig. S1) [24]. All electrodes
used in this study had a contact resistance <1.0 Q after connecting with
titanium wires.

2.2. Reactor construction and operation

Two-chamber reactors were constructed by separating the side arms
(inner diameter 2.4 cm; length 3.8 cm) of two glass bottles with a proton
exchange membrane (PEM, Nafion 117; Fuel Cell Store, CO) held in
place using an O-ring and screw clamp. The bottles were filled with
either 100 mL (biotic tests) or 110 mL (abiotic tests) of the medium. The
anodes were carbon brushes (4 cm long and 4 cm in diameter) made
using carbon fibers wound into two twisted titanium wires [10]. The
carbon brushes were heat treated at 450 °C for 30 min before use. The
carbon-based anode was used here due to its low cost, but overall effi-
ciencies could be improved by using IrO5 catalysts on the anodes [25].
The reference electrodes (Ag/AgCl electrode; 3 M of KCI) were inserted
into the cathode chamber through a hole in the rubber stopper that was
used to seal the bottles. All potentials were reported here versus a Ag/
AgCl reference electrode (+200 mV vs. a standard hydrogen electrode,
SHE). Tests were performed in duplicate. Reactors were operated at
30 °C in the dark. The current was recorded at 10 min intervals using a
potentiostat (VMP2, BioLogic, Knoxville, TN).

The reactors were operated at fixed cathode potential of -0.9 V
which is in the range of typically applied potential in previous MMC
studies [26-29] as it is sufficientsu to convert carbon dioxide into
methane via both direct and indirect pathways. A fixed cathode poten-
tial was applied to all reactors throughout the operational period except
for the open-circuit reactors (Control-OC). Both chambers were filled
with the medium containing NaHCOs (2.5 g/L), NH4Cl (1.5 g/L),
NaH,PO4 (0.6 g/L), KCI (0.1 g/L), vitamin (10 mL/L) and mineral so-
lution (10 mL/L) [10]. The pH of the medium was adjusted to 7.0 before
use and no further pH adjustments were made during operation. The
medium was sparged with CO2/N2 (20:80 v/v) gas for 10 min before
every new cycle to provide CO, and remove residual gas in the solution
from previous cycles. The carbon source for methanogenesis was pro-
vided by both forms of bicarbonate in the medium and CO, gas in the
headspace to minimize substrate limitations for microbial metabolism.

Biocathodes were first enriched in a single chamber microbial elec-
trolysis cell configuration [9] using graphite blocks as the anodes and a
sludge inoculum 50% (v/v) from the anaerobic digester at the Penn-
sylvania State University wastewater treatment plant at an applied
voltage of 1.0 V. The anaerobic sludge composition was: total chemical
oxygen demand (TCOD) of 17,700 + 200 mg/L, soluble COD (SCOD) of
408 + 3 mg/L, total solids (TS) of 37,000 + 6000 mg/L, total volatile
solids (TVS) of 27,500 + 4000 mg/L, total suspended solids (TSS) of
33,000 + 0 mg/L, and a volatile suspended solid (VSS) of 25,000 + 0
mg/L. The medium was the same as that used in the two-chamber MMC
reactors except sodium acetate (2 g/L) was added as an organic carbon
source for the bioanode. After 2 months of repeated batch operation
with 50% of medium replenishment, the biocathodes were transferred to
two-chamber MMC reactors for biotic experiments. Five repeated batch
cycles (5 days per cycle) were conducted with a complete medium
replacement (100%) by fresh one for both anolyte and catholyte at the
beginning of each cycle.

2.3. Material characterization and electrochemical analyses

Electrodes were examined using scanning electron microscopy
(SEM) Verios G4 SEM (Thermofisher-Scientific, Hillsboro, OR) and en-
ergy dispersive X-ray spectroscopy (EDS) mapping was performed using
an X-MaxN EDS detector (Oxford Instruments, Concord, MA) with an
accelerating voltage of 15 keV. To estimate electrochemically active
surface area (ECSA) of each cathode material, the electrochemical
double-layer capacitance (Cg4) was measured through cyclic voltam-
metry (CV) with different scan rates ranging from 60 to 140 mV/s [30].
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The small potential range (-0.85 to —0.95 V) was used to obtain CV re-
sults. Current density was calculated as J = 0.5 x (J, —J.), where J, and
J. indicated the anodic and cathodic current densities recorded at —0.9
V. The slope of linear relationship between current density and scan rate
was determined as the Cg value, which is proportional to the ECSA [30].
Linear sweep voltammetry (LSV) experiments were conducted under
abiotic conditions before batch tests using a potential range of-0.4 to
-1.7 V and a scan rate of 10 mV/s. The LSV was performed to investigate
the electrochemical efficiency of each cathode material by overpotential
for current production.

2.4. Chemical analyses

Gas composition was analyzed using a gas chromatograph (GC) by
extracting 250 pL of gas from the headspace using an airtight gas syringe
(Hamilton, Reno, NV, USA). Hydrogen and methane were analyzed
using a GC (model 2601B, SRI Instrument, Torrance, CA, USA) equipped
with a 3-m Molsieve 5A 80/100 column (Altech Associates, Inc., Ban-
nockburn, IL, USA) and thermal conductivity detector (TCD) with argon
as the carrier gas. Carbon dioxide was analyzed using another GC (model
310, SRI Instrument, Torrance, CA, USA) with a 1-m silica gel column
(Restek, Bellefonte, PA, USA) and TCD with helium as the carrier gas.

Formate and acetate were measured with high performance liquid
chromatography (HPLC; CTO-20A UFLC; Shimadzu, Columbia, MD)
equipped with an autosampler (model SIL-20A HT, Shimadzu,
Columbia, MD) and column (250x4.6 mm “Allure Organic Acids”, 5 pm
particle size; Restek, Bellefonte, PA). Propionate, and butyrate were
measured using a GC (Shimadzu, GC-2010 Plus, Japan) equipped with a
Stabilwax-DA column (30 m x 0.32 mm x 0.5 pm, Restek, Bellefonte,
PA) and flame ionization detector (FID; a detection limit of each VFA of
0.1 mM) with nitrogen as the carrier gas. The samples were prepared by
using a syringe filter with 0.45 pm of pore size. Total inorganic carbon
(TIC) concentration was quantified by infrared detection after persulfate
oxidation using total organic carbon analyzer (TOC-VCSN, Shimadzu
Co., Kyoto, Japan). The solution pH was measured using a probe (Sev-
enMulti, Mettler-Toledo International Inc.) and meter (SevenMulti,
Mettler Toledo, OH).

3. Results & discussion
3.1. Characterization of cathode materials

The ECSA of each cathode material was estimated based on the Cy
(Fig. 2 and Fig. S2). Although all materials had an identical projected
surface area (4 cm?), the ECSA values can be substantially affected by
microstructure of the materials so it could give more comprehensive
insight on the potential electrochemical performance of them as elec-
trodes [31]. The Cq4 was higher for the plain graphite (1.12 mF/cm?) and
Nafion-Cu (1.11 mF/cm?) electrodes, followed by electroless-Cu (0.79
mF/cm?), e-deposition-Cu (0.69 rnF/crnz), and Cu foil (0.09 mF/cm?)
electrodes. The differences in the Cg of the materials were likely due in
part to the different surface morphology of each material as shown by
the analysis using the SEM (Fig. S3). The plain graphite block had a
rough surface with some irregular pores compared to other materials,
which could enlarge its ECSA even with the same projected surface area
[32]. In contrast, the Cu foil had a very smooth surface, typical of many
pure metal surfaces [18]. The copper-based cathodes prepared by
different methods had appreciably different surface morphologies. The
copper layers formed using the Nafion binder or electrodeposition
seemed to be smoother than the original rough and porous surface of the
plain graphite block. A smoother surface could reduce the active elec-
trode area. However, the Nafion-Cu electrodes had much smaller par-
ticles than e-deposition-Cu electrodes, which may have compensated for
the surface area reduction by the production of many smaller particles
consistent with the results that these electrodes had a high electro-
chemically active surface area.



G. Baek et al.

400

350 (A)
< A A
€300 &
3 A
% 250 r A Plain graphite: 1.12
§ 200 | EIectroIess—C—L: 079 _ . _@~- ‘;—_:
g . 8- g e
2150 | _.-~—g-‘—,’,..‘...‘.~.'.'.'7 .............
S | SeerSiiE A e-deposition-Cu: 0.69
£ 100
o

50 - Cu foil: 0.09

------------------ Memmmmmmmm o mmmmmm o= X
O x 1 * 1 1 1
50 70 90 110 130 150
Scan rate (mV/s)
1.2
(B) [ ]
1.0
08 —

Cy (mF/cm?)
o o
> o

T T

o
N
T

o
o
L
L
L
L

¢ € 8
N

Fig. 2. (A) Current density as a function of scan rates where the numbers
indicate the slope of the trendline and (B) electrochemical double-layer
capacitance (Cqy) calculated from the slope of the relationship between cur-
rent density and scan rate. The current density was obtained from the cyclic
voltammetry (CV) curves withing the potential range was —0.85 to —-0.95 V vs.
Ag/AgCl. Current density was calculated as J = 0.5 x (J, — J), where J, and J.
indicated the anodic and cathodic current densities recorded at —-0.9 V vs.
Ag/AgCl

The relative amounts of copper estimated by EDS surface mapping
showed good agreement with the copper mass measured during the
preparation processes (Fig. S1). The e-deposition-Cu electrodes had the
highest amount of copper on the surface (87 wt%), followed by
electroless-Cu (1.2 wt%) and Nafion-Cu (0.8 wt%) (Fig. S4). The
electroless-Cu and Nafion-Cu electrodes had similar amounts of copper,
but the copper layer appeared to be more uniformly applied on the
surface for the electroless-Cu electrode compared to the relatively un-
even distribution of copper for the Nafion-Cu material.

3.2. Current and gas production under abiotic conditions

All copper-based cathode materials showed better electrochemical
performance than plain graphite block based on the LSVs in abiotic
condition (Fig. 3). The LSV using copper-based cathodes showed higher
current production compared to that obtained with a plain graphite
electrode at the same cathode potential. For example, at cathode po-
tential of —1.7 V, pure copper electrodes (Cu foil, Cu mesh, and Cu cloth)
and Nafion-Cu electrode produced >4.5 mA/cm? while plain graphite
electrodes produced only 2.6 mA/cm?. The electroless-Cu and e-depo-
sition-Cu electrodes showed much higher current density at the same
cathode potential as well as smaller onset potential for increasing cur-
rent density. The current from the electroless-Cu started to increase
when potentials were more negative than —0.7 V and current production
was already highest from the e-deposition-Cu electrodes at the lowest

Chemical Engineering Journal 435 (2022) 135076

-2

-6

Current density (mA/cm?)
A

T T T T T T T T T T T T T T T T T T T T T T

—Plain graphite —Cu foil
-8 —Cu mesh —Cu cloth
Nafion-Cu —e-deposition-Cu
—Electroless-Cu
qo0 L
-2.0 -1.5 -1.0 -0.5 0.0

Cathode potential (V vs. Ag/AgCl)

Fig. 3. Electrochemical characterization of copper-based cathode materials
through linear sweep voltammograms (LSV) and comparison with plain
graphite block used as a control. The current density was normalized by project
surface area of each electrode.

scanned voltage (0.4 V), while other cathodes started to produce cur-
rent at more negative potential than -1.1 V.

Constant applied voltage tests were conducted to determine abiotic
gas production under conditions typical for MMC tests. Each cathode
was poised at 0.9 V (for 24 h, with intermittent measurement of gas and
liquid concentrations (Fig. 4). Only Cu foil was used as a pure copper
electrode due to the similarity of its performance to other copper metal
electrodes in LSV tests. Differences in electrocatalytic activities were due
to hydrogen gas production since no other gaseous or liquid product
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Fig. 4. Changes in concentration of (A) hydrogen and (B) carbon dioxide in the
headspace during 24-h abiotic tests. No methane was detected during
the experiment.
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(methane or VFAs) were detected. The e-deposition-Cu and electroless-
Cu cathodes showed highest hydrogen production (4190-4280 pM),
followed by Nafion-Cu cathode (273 + 86 pM), and a negligible Hy
evolution from plain graphite (33 & 5 pM) and Cu foil (12 + 0 pM)
(Fig. 3A). The results obtained from abiotic tests indicate that there was
a clear difference between copper-based electrodes and plain graphite at
-0.9 V of cathodic potential, which is in a typical potential range of
MMC operation but rarely used in the abiotic CO5 conversion experi-
ments [26-29]. In addition, each copper-based material showed
different electrochemical efficiencies depending on their preparation
methods. High electrochemical performance of the e-deposition-Cu
electrodes was likely due to the greater amounts of copper on the sur-
face. The electroless-Cu electrodes had a lower amount of copper, but its
layer was uniformly deposited on the surface, resulting in high elec-
trochemical performance as well.

A decrease in CO; concentration in the headspace (Fig. 3B) was not
due to its conversion into other products (e.g., methane or VFAs) in this
abiotic condition, but instead due to the absorption of COs into the so-
lution due to a change in pH. Theoretically, protons generated by water
splitting reaction from the anode should be transported to cathode
chamber through PEM to maintain pH balance between the anolyte and
catholyte. However, the catholyte pH can increase due to the competi-
tion in the transport across the membrane between protons and other
cations that are present in the electrolyte such as Na®™ and K [33]. To
confirm that CO, absorption was occurring, pH and TIC concentrations
were monitored after 24 h using plain graphite or electroless-Cu cath-
odes (Fig. S5). As the pH increased from 7.0 to 8.1 in the electroless-Cu
reactors with rapid Hy production, TIC concentrations in the liquid
increased from 343 to 380 mg/L, demonstrating that CO in the head-
space was absorbed into the liquid and there was no net consumption of
CO, or bicarbonate. In contrast, there was negligible pH change and
slightly reduced TIC concentration after reaction in the plain graphite
reactors, possibly due to lower current production. Because current
production was low, pH change was less than the electroless-Cu reactors
and thus less CO, was absorbed from the headspace to the catholyte. A
slightly reduced TIC concentration was possibly due to a saturation of
CO4 between the headspace and solution, supported by a slight increase
of CO4 concentration in the headspace (Fig. 3B). The lack of any elec-
troreduction of CO5 into other reduced products observed here was
different from previous abiotic results showing that CO, could be con-
verted to products such as CH4, methanol, or formate, on metallic copper
surfaces [14-16,34]. The reason for a lack of these chemical products
was likely the less negative cathodic potentials applied here compared to
previous abiotic studies to provide operational conditions appropriate
for MMC operation.

3.3. MMC performance with different cathodes

All copper-based electrodes except for the Cu foil showed better
methane production than plain graphite electrodes as biocathodes in
MMCs (Fig. 5). The electroless-Cu reactors showed the best performance
in terms of both methane production rate and stability over cycles,
having 110-201 nmol/cm®/d of methane production rate. The Nafion-
Cu reactors had comparable performance to the electroless-Cu reactors
during the first two cycles but deteriorated rapidly from the third cycle
and reached 8 nmol/cm®/d at the end of operation. There was negligible
methane production (<0.5 nmol/cm®/d) from both the open circuit
control and the Cu foil electrodes, except for small amount produced in
the third cycle using the Cu foil, indicating that electron supply and
biofilm formation were crucial factors for methane production in MMCs
here. Although the Cu foil showed better electrochemical performance
than the plain graphite in abiotic LSV tests, it did not effectively produce
methane in MMCs. This different observation suggests that poor per-
formance in biotic tests was likely because the Cu foil could not provide
enough surface for biomass growth in terms of roughness or porosity
compared to other materials observed by SEM images (Fig. S3).
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Fig. 5. Rates of (A) hydrogen and (B) methane gas productions from biotic tests
during batch cycles 1-5. All experiments were conducted at fixed cathodic
potential of 0.9 V vs. Ag/AgCl except for the control reactors operated under
open circuit (OC) potential.

The gradual decrease in the methane production rates in the reactors
after the second cycle (Fig. 5) was due to corrosion of the carbon brush
anode, as evidenced by the development of a dark brown color of the
anolyte over time [35] (Fig. S6). In addition, 100% replacement of
medium at the end of every cycle may have negatively impacted MMC
stability due to insufficient retention time for biomass attachment onto
the electrode surface and disturbance of the biofilm on the cathodes.
Graphite blocks are particularly susceptible to biofilm loss as their sur-
face area is low, compared to other carbon-based materials such as felt,
cloth, and brushes which have interior surfaces [36], so only small
changes in biofilm integrity can largely affect MMC performance. Only
the e-deposition-Cu and electroless-Cu electrodes maintained their
higher methane production until the last cycle, showing 56 nmol/cm®/
d (e-deposition-Cu) and 113 nmol/cm?/d (electroless-Cu), which is in
line with their best performance in abiotic experiments (Fig. 4). How-
ever, the methane production rates obtained from this study was lower
than previously reported MMC performances (Table S1), likely because
carbon brush without any catalyst was used as an anode and H-type cells
with high internal resistance were used.

The best MMC performance of the electroless-Cu reactors was
attributed to high electrocatalytic activity of this cathode material, as
observed from the abiotic results, due to a high ECSA and a uniformly
distributed Cu layer on the surface. The stability in performance over
multiple cycles indicated that this surface was biocompatible for mi-
crobial attachment to the cathode. In contrast, the Cu foil had a very
smooth surface with less porosity and roughness compared to other
cathode materials as seen in the SEM images (Fig. S4) which could
indicate poor biocompatibility consistent with a failure in methane
production over time. The low stability of the Nafion-Cu reactors, shown
by a decrease in rates of methane over time (from 201 to 8 nmol/ cm?/ d),
could be due to the partially hydrophobic surface created using the
Nafion binder. Nafion has phase-separated structures comprised of hy-
drophilic ionic clusters and hydrophobic perfluorocarbon backbones
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[37]. The presence of hydrophobic regions on the surface of the elec-
trode (i.e., relatively hydrophobic surface compared to other electrodes
used here) could limit biofilm formation or decrease stability (detach-
ment) over time [38]. Partially hydrophobic surfaces of the Nafion-Cu
electrodes could also have led to the extremely low Hy production
from these reactors (<0.6 nmol/cm®/d) compared to other copper-based
electrodes (Fig. 5A). It was previously reported that hydrophobic surface
constructed on copper oxide nanowire electrodes by Nafion coating
could enhance the selectivity of CO, reduction reaction by suppressing
Hj evolution activity [39]. Overall, copper-based cathodes except for the
Cu foil showed better MMC performance compared to the plain graphite.
This is possibly due to the high catalytic activity of copper in terms of the
interaction between catalyst surface and the reactant as explained by the
Sabatier principle and observed in many abiotic experiments [12]. The
binding energy for adsorbed reaction intermediates (e.g., carbon mon-
oxide) on copper surface is a key reason for its better ability to catalyze
CO;, reduction to final products which are further reduced form of the
intermediates [16].

Total cathodic recoveries in terms of biogas and liquid chemical
productions were calculated based on the current produced during each
cycle (Fig. 6 and Fig. S7). The total cathodic recovery based on
hydrogen, methane, and VFA species (only formate and acetate were
detected) production were quite low even for the electroless-Cu reactors
(23-60%) which showed the best MMC performance (Fig. 6). There was
only a limited production of VFAs during 1-3 cycles except for the Cu
foil reactors in the second cycle and the electroless-Cu reactors in the
third cycles, showing <0.05 mM of formate and no acetate production
and <2% of formate production as cathodic recovery (Fig. S7). In the
last cycle the formate concentration was higher in the e-deposition-Cu
reactors (0.12 4+ 0.01 mM), Cu foil reactors (0.11 + 0.03 mM),
electroless-Cu reactors (0.09 + 0.05 mM), and Nafion-Cu reactors (0.05
+ 0.06 mM), compared to the plain graphite reactors (no production).
Higher formate productions from copper-based cathodes than graphite
ones might be related to the observations from the previous abiotic CO5
conversion study, where formate and hydrogen were the main products
from copper at relatively lower overpotential (before reaching —1.4 V
vs. Ag/AgCl) [15]. Although the absolute concentration of VFAs were
low, our systems can be also referred to as an MES systems as organic
acids are biotically produced.

Low total cathodic recovery from MMCs in this study could be
attributed to intrinsic disadvantages of graphite block or foil as bio-
electrodes to carry enough amount of biomass as well as 100% medium
replenishment, leading electron loss to other pathways than gas-
producing activities [40]. There are several possible electron sinks at
the cathode including microbial growth and acetate conversion to mi-
crobial carbon storage molecules, which could reduce the gas recovery
efficiency in MMCs [40,41]. In addition, it was recently reported that
some metal ions such as iron and cobalt were deposited on the cathode
surface in microbial electrosynthesis systems during operation [4].
Metal deposition could be one of the possible ways to increase current
densities in the present study as well, given that several metal ions are
present in the vitamin and mineral solutions added in the medium. Also,
the liquid chemicals other than VFAs, such as methanol, was not
measured in this study, which could further account for final products
from CO; conversion [15]. Total cathodic recoveries from each bio-
cathode were compared with data from the 4th cycle where the highest
current was produced (Fig. 6B). Methane was a dominant bioproduct
(20-25% of total cathodic recovery) from all Cu-based electrodes except
for the Cu foil electrode, suggesting the success of conversion of elec-
trons into methane in these reactors. Hydrogen was not efficiently
converted into methane in Cu foil electrode MMCs, but there was a
considerable production and recovery of formate (16 + 9%), although
the final concentration of formate was quite low (<0.25 mM). Formate
recovery based on total coulombs was further increased in the last cycle
(0-47% from each electrode; data not shown), possibly due to an un-
favorable growth environment for methanogens as discussed above (i.e.,
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Fig. 6. (A) Average current densities normalized by cathode projected surface
area during batch cycles 1-5 and (B) cathodic recovery at 4th batch cycle where

the highest current was produced at fixed cathodic potential of —0.9 V vs.
Ag/AgCl

100% medium replenishment and washout of methanogens).

There was a large pH difference between the anolyte (5.8-6.2) and
catholyte (7.6-8.2) in the electroless-Cu reactors where the highest
current density was produced (Fig. 6A and Fig. S8). The pH difference
may have increased further if the system was operated longer (>5 days).
A high pH will adversely impact the growth of methanogens that have a
relatively narrow optimal pH range (7.0-7.6) compared to acid-
producing bacteria (5.0-8.5) [42,43]. It was recently shown that a pH
imbalance can be reduced by using an anion exchange membrane in a
more compact electrode design [44]. Similar configurations could be
used to construct MMCs to avoid pH imbalances and improve long-term
performance.

4. Conclusions

All copper-based cathodes except copper foil showed better MMC
performance than plain graphite blocks, suggesting the potential of
some forms of copper as a catalyst to increase methane production in
biotic systems. The electroless-Cu was better than the other cathode
materials in terms of CO,-to-CHy4 conversion rate, current generation,
and maintaining stability over multiple cycles without losing its
methane production efficiency. The MMCs with Nafion-Cu cathodes had
decreased performance over time possibly due to their hydrophobic
surface and a non-uniform copper layer. Based on the overall results
showing that some copper-based biocathodes could improve MMC
performance, it may be possible to further improve performance though
copper deposition onto more roughened or porous materials.
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