',\' frontiers

in Energy Research

ORIGINAL RESEARCH
published: 20 July 2018
doi: 10.3389/fenrg.2018.00072

OPEN ACCESS

Edited by:
Andrea Schievano,
Universita degli Studi di Milano, Italy

Reviewed by:

Pascal E. Saikaly,

King Abdullah University of Science
and Technology, Saudi Arabia
Matteo Grattieri,

University of Utah, United States

*Correspondence:
Tian Zhang
tzhang@whut.edu.cn

tPresent Address:

Nabin Aryal,

Biological and Chemical Engineering,
Anaerobic Digestion Technologies,
Aarhus University, Aarhus N, Denmark

Specialty section:

This article was submitted to
Bioenergy and Biofuels,

a section of the journal
Frontiers in Energy Research

Received: 14 April 2018
Accepted: 03 July 2018
Published: 20 July 2018

Citation:

Aryal N, Tremblay P-L, Xu M,
Daugaard AE and Zhang T (2018)
Highly Conductive
Poly(3,4-ethylenedioxythiophene)
Polystyrene Sulfonate Polymer Coated
Cathode for the Microbial
Electrosynthesis of Acetate From
Carbon Dioxide.

Front. Energy Res. 6:72.

doi: 10.3389/fenrg.2018.00072

Check for
updates

Highly Conductive
Poly(3,4-ethylenedioxythiophene)
Polystyrene Sulfonate Polymer
Coated Cathode for the Microbial
Electrosynthesis of Acetate From
Carbon Dioxide

Nabin Aryal 2, Pier-Luc Tremblay ', Mengying Xu', Anders E. Daugaard?® and
Tian Zhang "#*

" School of Chemistry, Chemical Engineering and Life Science, Wuhan University of Technology, Wuhan, China, ? The Novo
Nordisk Foundation Center for Biosustainability, Technical University of Denmark, Kongens Lyngby, Denmark, ° Department of
Chemical and Biochemical Engineering, Danish Polymer Centre, Kongens Lyngby, Denmark

Microbial electrosynthesis (MES) is a bioelectrochemical technology developed for
the conversion of carbon dioxide and electric energy into multicarbon chemicals
of interest. As with other biotechnologies, achieving high production rate is a
prerequisite for scaling up. In this study, we report the development of a novel
cathode for MES, which was fabricated by coating carbon cloth with conductive
poly(3,4-ethylenedioxythiophene):polystyrene  sulfonate  (PEDOT:PSS)  polymer.
Sporomusa ovata-driven MES reactors equipped with PEDOT:PSS-carbon cloth
cathodes produced 252.5 + 23.6 mmol d~' acetate per m? of electrode over a period
of 14 days, which was 9.3 fold higher than the production rate observed with uncoated
carbon cloth cathodes. Concomitantly, current density was increased to —3.2 £ 0.8A
m~2, which was 10.7-fold higher than the untreated cathode. The coulombic efficiency
with the PEDOT: PSS-carbon cloth cathodes was 78.6 + 5.6%. Confocal laser scanning
microscopy and scanning electron microscopy showed denser bacterial population
on the PEDOT:PSS-carbon cloth cathodes. This suggested that PEDOT:PSS is more
suitable for colonization by S. ovata during the bioelectrochemical process. The results
demonstrated that PEDOT: PSS is a promising cathode material for MES.

Keywords: microbial electrosynthesis, carbon dioxide, PEDOT:PSS, acetogens, acetate

INTRODUCTION

Reductive bioelectrochemical reactions rely on the transfer of electrons from a cathode to a
microbial catalyst for the reduction of a substrate with protons coming from an anodic reaction
(Rabaey and Rozendal, 2010; Tremblay and Zhang, 2015). The substrate can be inorganic carbon
molecules such as CO; that will be reduced to multicarbon compounds or CH4 via microbial
electrosynthesis (MES) (Cheng et al., 2009; Nevin et al., 2010; Lovley, 2012; Ganigué et al., 2015;
Bajracharya et al., 2016, 2017; Tremblay et al., 2017). The MES process requires electric energy that
could be generated by a combination of renewable sources such as wind and solar with biological
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oxidation reactions at the anode (Villano et al., 2010, 2013;
Tremblay and Zhang, 2015). In the actual energetic and
environmental context, MES could become a flexible approach
for the capture of the greenhouse gas CO; and the storage of
intermittent clean energy into compounds of interest such as
biofuels and commodity chemicals (Zhang and Tremblay, 2017).

Since the beginning of the decade, multiple strategies have
been deployed to increase the productivity of MES reactors.
For instance, better microbial catalysts capable of synthesizing
a wider range of products have been developed and electrolyte
solution have been optimized (Ganigué et al.,, 2015; Tremblay
et al,, 2015; Ammam et al., 2016; May et al., 2016; Aryal et al.,
2017b; Lehtinen et al,, 2017; Krieg et al., 2018). Additionally,
several research groups have focused their effort on the
development of optimal cathode materials to establish highly
efficient electron transfer to microbes (Aryal et al., 2017¢). Most
commonly-used materials for MES cathodes are carbon base
such as graphite, carbon cloth and carbon felt as well as metals
including stainless steel and nickel (Nie et al., 2013; Soussan et al.,
2013; Tremblay and Zhang, 2015; Cui et al., 2017). More recently,
a highly performant MES cathode made of multiwalled carbon
nanotube coated onto reticulated vitreous carbon was developed
(Jourdin et al.,, 2014, 2015, 2016). The potential of graphene, a
robust, cheap and highly conductive material, was also explored
for MES (Aryal et al,, 2016, 2017a; Chen et al., 2016; Song et al.,
2017).

The ideal cathode material for MES application should
have some critical properties such as high conductivity,
excellent chemical stability, high mechanical strength, good
biocompatibility, high surface area and low cost (Aryal
et al,, 2017¢). The poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) polymer and its derivatives, which have
high conductivity at room temperature, are electrochemically
stable, flexible and easy to process as well as relatively inexpensive
could be interesting materials for the fabrication of performant
MES electrodes (Groenendaal et al, 2000; Kirchmeyer and
Reuter, 2005; Song et al, 2014). PEDOT:PSS consists of
polycationic PEDOT chains incorporated into a polyanionic
PSS matrix (Nardes et al., 2008). Combining PEDOT with PSS
enables the formation of aqueous dispersion that can be cast into
thin, optically transparent, conductive films. PEDOT:PSS films
have been used for many applications including photovoltaics,
circuits, field-effect transistors and light-emitting diodes (Chen
et al, 2003; Kok et al, 2004; Ko et al, 2007; Yoo and
Dodabalapur, 2007). PEDOT:PSS alone or in combination with
other materials has also been employed in the fabrication of
anodes to improve the performance of microbial fuel cell (MFC),
a technology developed for the production of electric energy from
the microbial oxidation of organic carbon (Wang et al.,, 2013;
Chou et al., 2014; Antolini, 2015; Jiang et al., 2015; Webb et al,,
2015; Pang et al., 2018).

This work reports the fabrication of a cathode made of carbon
cloth coated with PEDOT:PSS. The PEDOT:PSS-carbon cloth
cathode was tested in MES reactors with the well-characterized
electroautotrophic bacteria Sporomusa ovata as microbial catalyst
(Nevin et al., 2010). The composite cathode covered with the
conductive polymer was shown to be suitable for bacterial

colonization resulting in microbial acetate production from CO,
and current density nearly one order of magnitude higher than
the unmodified electrode.

EXPERIMENTAL PROCEDURE

Bacterial Strain and Growth Condition

S. ovata DSM 2662 was ordered from the Deutsche Sammlung
Mikroorganismen und Zellkulturen (DSMZ) and grown in 311
medium with 40 mM betaine as substrate under a N,:CO, (80:20)
atmosphere (Moller et al, 1984). Bacteria were successively
transferred four times in autotrophic condition with H; as the
electron source and CO; as the carbon source omitting yeast
extract, betaine, casitone, sodium sulfide, and resazurin from 311
medium. Cultures from the fourth transfer were used to inoculate
the cathode chamber of MES reactors. Cysteine was omitted from
311 medium during MES experiments (Aryal et al., 2017b).

PEDOT:PSS-Carbon Cloth Electrode

Fabrication

Carbon cloth (Jiangsu Tongkang Special Activated Carbon Fiber
& Fabric Co., Ltd, China) was first pretreated by immersion
into 3M HNOs3 during 12h before being extensively washed
with ultrapure water (Aryal et al., 2016). The conductivity of
carbon cloth is ca. 110S em™! (Stolten et al., 2016). The acid-
treated electrode was then dried under nitrogen gas. The dip
and dry method described by Hou et al. (2012) was used to
coat carbon cloth with PEDOT:PSS. Briefly, the carbon cloth
material was dipped into an aqueous solution of commercially
available PEDOT:PSS (3.0-4.0% in H, O, high-conductivity grade
above 200S cm™!, Sigma-Aldrich, USA) for 2h to ensure that
the porous carbon substrate was completely soaked. Then,
the electrode was taken out of the solution and left at room
temperature in air for 15 min to remove excess PEDOT:PSS. The
process was repeated a second time before drying the electrode in
an oven at 105°C for 5 h. In the last step, the PEDOT:PSS carbon
cloth electrode was cleaned continuously for 15 min with running
ultrapure water (Hou et al., 2012).

Operation of MES Reactor

Dual-chambered three-electrode system bioreactors were
operated at room temperature with S. ovata grown in the
cathode chamber as described previously (Nevin et al., 2010;
Tremblay et al, 2015). Unmodified or PEDOT:PSS-coated
carbon cloth cathodes (20.25 cm?) and the graphite stick anode
(36 cm?) were both immerged into 250 ml of 311 medium and
were separated by a Nafion 115 ion-exchange membrane (Ion
Power, Inc., New Castle, DE, USA). A platinum wire and a
marine wire were used as current collector for the cathode and
the anode, respectively. Platinum wires were not in contact with
the electrolyte solution to avoid unwanted H; evolution reaction.
An Ag/AgCl electrode model ET072 (eDAQ, Denmark) was
used as reference electrode and the cathode potential was set at
—690mV versus Standard Hydrogen Electrode (SHE) during
MES with a CH Instrument potentiostat (CH Instruments, Inc,
USA). The cathode potential was chosen because it works well
for S. ovata-driven MES and it enables performance comparison
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FIGURE 1 | SEM images of (A) sterile carbon cloth and sterile (B) carbon cloth coated with PEDOT:PSS.
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FIGURE 2 | (A) S(2p) XPS spectrum of PEDOT:PSS-carbon cloth electrode.
(B) Cyclic voltammograms of carbon cloth and PEDOT:PSS-carbon cloth
electrode (polymerized) in sterile 311 medium. Scan rate of 1 mV s 1.

with other electrodes tested under the same MES operational
conditions (Tremblay et al., 2015; Ammam et al., 2016; Aryal
et al., 2017a,b; Lehtinen et al., 2017). After the inoculation of
MES reactors with S. ovata, bacterial population were established

with a N:CO,:H; (83:10:7) gas mix. After three fresh medium
swaps, the gas mix was switched to N»:CO, (80:20) and acetate
production as well as current data started being collected (Aryal
etal., 2017a). All MES experiments were done in triplicate.

Cyclic Voltammetry

The cyclic voltammetry (CV) experiments were performed with
a Gamry potentiostat (Gamry Instruments, Warminster, PA).
Electrochemical data for both MES and CV experiments were
analyzed with the EC-Lab v.10.2 software (BioLogic, France) as
described previously (Sharma et al., 2013; Lepage et al., 2014) CV
of tested electrodes was performed at a scan rate of 1 mV s™!
within a potential range of 0 to —1000mV vs. Ag/AgClL

High Performance Liquid Chromatography

and Gas Chromatography

High Performance Liquid Chromatography (HPLC) was used for
the quantification of acetate as previously described (Tremblay
et al, 2015). Gas chromatography (GC) was used for the
quantification of H, in the MES reactor headspace. Briefly, gas
samples were collected in N;-flushed serum bottles and H; was
measured with a Trace 1300 gas chromatograph (ThermoFisher
Scientific, Denmark). Argon was the carrier gas with a HP-
PLOT Molesieve column (Agilent). The GC oven temperature
was 130°C. H; was detected with a thermal conductivity detector
(TCD).

Microscopy

Confocal Laser Scanning Microscopy (CLSM) images and
Scanning Electron Microscopy (SEM) images were taken after
14 days of MES operation to study bacterial population at the
surface of the different cathodes. For CLSM, S. ovata cells present
on cathodes were stained with the LIVE/DEAD® BacLight™
Bacterial Viability Kit (ThermoFisher Scientific). Images were
taken with a Zeiss LSM 5 Pascal microscope and analyzed with
the ZEN imaging software (Zeiss, Germany) (Aryal et al., 2016).
For SEM images, cathodes from MES reactors were fixed with
0.1M buffer solution at pH 7.0 containing 2.5% glutaraldehyde
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FIGURE 3 | Acetate production, electron consumption and current draw with (A) unmodified carbon cloth cathode and (B) PEDOT:PSS-carbon cloth cathode.
Electron consumption curves correspond to the acetate concentration in mM if all the electrons transferred were converted to acetate. Acetate production curves in
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consumption are in triplicate. Current draw curves are from a representative example of three replicate MES reactors.
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TABLE 1 | MES performance with PEDOT:PSS-carbon cloth cathode 2.

Cathode Microbial catalystb Acetate production rate Current density Coulombic efficiency for
(mmol m—2 d-1)¢ (Am—2)c acetate (%)°

Carbon Cloth Sterile N.D.d —-0.0+0.2 N.A®

Carbon Cloth S. ovata 27.3+45 —0.3+0.1 872+741

PEDOT:PSS-carbon cloth Sterile N.D. —27+12 N.A.

PEDOT:PSS-carbon cloth S. ovata 2523 £17.7 -3.2+0.8 78.6 +5.6

aCathode potential set at —690mV vs. SHE.

bS, ovata is the wild type strain DSM-2662.

CEach value is the mean and standard deviation of three replicates.
9Not detected.

¢Not applicable.

for 5h at room temperature. Fixed samples were washed with
the same buffer without glutaraldehyde and then immersed
successively in acetonitrile and ethanol before being dried under
nitrogen as described previously (Zhang et al., 2013). SEM images
were taken with a Quanta 200 FEG scanning electron microscope
(FEI) at an accelerating voltage of 10V under high vacuum
condition (Aryal et al., 2016).

Analytical Methods

Specific surface area of carbon cloth and PEDOT:PSS-carbon
cloth cathodes was measured with the Brunauer-Emmett-Teller
(BET) method as previously described (Poreddy et al., 2015).
X-ray photoelectron spectroscopy (XPS) was performed with
an ESCALAB 250Xi XPS system (ThermoFisher Scientific) with
an aluminum K-alpha (1486.6eV) source. X-ray spot area
measurement was set at 500 WM.

RESULTS AND DISCUSSION

The PEDOT:PSS-Carbon Cloth Electrode

The novel PEDOT:PSS-carbon cloth electrode tested here for
MES activities was fabricated via the dip dry method (Hou et al.,
2012). SEM image showed that the coating of the carbon cloth
cathode electrode with the PEDOT:PSS polymer was successful
(Figure 1). After treatment, a PEDOT:PSS layer significantly

increasing surface roughness could be observed on the carbon
fibers comprised in the carbon cloth electrode (Figure 1B inset).
This layer was not present on the untreated electrode (Figure 1A
inset). XPS also confirmed the presence of PEDOT:PSS at the
surface of carbon cloth. Characteristic S(2p) peaks were observed
corresponding to the sulfur signal from PEDOT at a binding
energy of 164.1 and 163.1eV and to the sulfur signal from PSS
at 167.2eV (Figure 2A) (Crispin et al., 2006). Electrochemical
performance of the PEDOT:PSS-modified carbon cloth electrode
was investigated by CV with sterile 311 medium as the
electrolyte (Figure 2B). Interestingly, the reductive current
response with the sterile medium was improved from —0.988
to —5.506 mA after coating with PEDOT:PSS. Furthermore,
PEDOT:PSS increased the specific surface area of the electrode
from 0.5 to 1.1 m? g~1. This is consistent with results published
before by Guzman et al. also showing a doubled specific surface
area when carbon cloth material is coated with PEDOT (Guzman
et al., 2017).

MES With PEDOT:PSS-Carbon Cloth

Cathode

MES systems equipped with a PEDOT:PSS-carbon cloth cathode
poised at —690 mV vs SHE had an acetate production rate of
252.3 4 17.7 mmol m~2 d~! (n = 3) over a period of 14 days with
a current density of —3.2 + 0.8 A m~2 and a coulombic efficiency
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FIGURE 4 | SEM and CLSM images of (A, C) a PEDOT:PSS-carbon cloth and (B, D) of a carbon cloth cathode in S. ovata-driven MES reactors.
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FIGURE 5 | Cyclic voltammograms obtained at a carbon cloth and a
PEDOT:PSS-carbon cloth electrode (polymerized) in S. ovata-driven MES
reactors. Scan rate of 1mV s~1.

of 78.6 = 5.6% (Figure 3,Table 1). Acetate production rate was
9.2-fold faster and current density was 10.7-fold higher with the
modified electrode compared to the untreated electrode. No H,
was detected in the headspace of MES reactors equipped with the
PEDOT:PSS-carbon cloth cathode. In combination with the good
coulombic efficiency, this suggested that most electrons coming
from the cathode were harvested by the microbial catalyst.

To understand further the impact of PEDOT:PSS on MES
productivity, SEM and CLSM images were taken after 14 days
of reactor operation. The bacterial population found on the

modified cathode was significantly denser than on the untreated
electrode with the presence of numerous characteristic rod-
shaped S. ovata cells (Figure 4). The higher number of bacteria
attached to the PEDOT:PSS-carbon cloth cathode electrode
suggested that this material is more suitable for colonization
by electroautotrophic bacteria than carbon cloth. As with other
MES systems, this increase in the bacterial population density
may correspond to a higher number of electric contacts between
microbial catalysts and the modified cathode, which is probably
one of the main reasons for the observed higher rates of current
consumption and acetate production (Chen et al., 2016; Aryal
etal., 2017a).

Until now, the three-dimensional graphene carbon felt
electrode (3D-G-CF) was the best reported cathode material for
MES with wild type S. ovata as microbial catalyst and a cathode
potential set at —690 mV versus SHE. The PEDOT:PSS-carbon
cloth cathode performance was similar to the 3D-G-CF, which
had an acetate production rate of 231.4 £ 7.4 mmol d~! per m?
of electrode (Aryal et al., 2016). The PEDOT:PSS-carbon cloth
electrode is more performant than other carbon-based cathodes
tested at the same potential with S. ovata wild type including
carbon cloth, carbon paper, carbon felt and reduced graphene
oxide (RGO) paper (Aryal et al., 2017a). Within this group, RGO
paper cathode achieved the highest acetate production rate of
168.5 & 22.4 mmol d~! per m? of electrode, which was ca. 1.37
times lower than with PEDOT:PSS-carbon cloth electrode. These
comparisons showed the potential of PEDOT:PSS as an electrode
material for MES.
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Electrochemical Performance of the

PEDOT:PSS-Carbon Cloth Biocathode

The PEDOT:PSS-modified biocathode was further characterized
via CV (Figure 5). The cathodic current of the PEDOT:PSS-
carbon cloth biocathode was significantly improved compared
to the unmodified biocathode, showing that the PEDOT:PSS
modification increased bioelectrocatalytic activity. No reversible
redox peaks were detected on the current-potential curves
before and after colonization by S. ovata during MES
(Figures 2, 5). This suggested that no electroactive species
were present in the medium or excreted by S. ovata, acting
as electron shuttles between the bacterial cells and the
cathodes.

CONCLUSION

The results presented here demonstrate that PEDOT:PSS is a
suitable conductive polymer for the development of performant
MES biocathode. The results of acetate production as well as
current consumption were improved significantly in the presence
of PEDOT:PSS. S. ovata population at the surface of PEDOT:PSS
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