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Abstract

Microbial electrosynthesis (MES) is an emerging technology that can convert carbon dioxide
(COy,) into value-added organic carbon compounds using electrons supplied from a cathode.
However, MES is affected by low product formation due to limited extracellular electron uptake
by microbes. Herein, a novel cathode was developed from chemically synthesized magnetite
nanoparticles and reduced graphene oxide nanocomposite (rGO-MNPs). This nanocomposite
was electrochemically deposited on carbon felt (CF/rGO-MNPs), and the modified material was
used as a cathode for MES production. The bioplastic, polyhydroxybutyrate (PHB) produced by
Rhodopseudomonas palustris TIE-1 (TIE-1), was measured from reactors with modified and
unmodified cathodes. Results demonstrate that the magnetite nanoparticle anchored graphene
cathode (CF/rGO-MNPs) exhibited higher PHB production (91.31 4+ 0.9 mg1™"). This is ~4.2
times higher than unmodified carbon felt (CF), and 20 times higher than previously reported
using graphite. This modified cathode enhanced electron uptake to —11.7 & 0.1 zA cm™ 2, ~5
times higher than CF cathode (—2.3 4 0.08 A cm ™ ?). The faradaic efficiency of the modified
cathode was ~2 times higher than the unmodified cathode. Electrochemical analysis and
scanning electron microscopy suggest that rtGO-MNPs facilitated electron uptake and improved
PHB production by TIE-1. Overall, the nanocomposite (rGO-MNPs) cathode modification
enhances MES efficiency.

Keywords: magnetite nanoparticles, microbial electrosynthesis, rhodopseudomonas palustris
TIE-1, polyhydroxybutyrate(PHB)

(Some figures may appear in colour only in the online journal)

1. Introduction

Growing energy needs and increasing CO, emissions have
led to severe environmental problems such as a rise in global
temperatures [1]. In order to counter CO, emissions, research
geared toward the utilization of CO, (as a feedstock) via
chemical, electrochemical, and biological technologies is

0957-4484/21/035103+14$33.00

essential [2]. Current technologies require high energy input,
large land area, or expensive catalysts [3]. Therefore, novel
technologies are needed for CO, conversion/fixation.
Microbial electrosynthesis (MES) is a promising new tech-
nology that can convert CO, into organic carbon compounds
using autotrophic microbes that are capable of performing
electron uptake and CO, conversion/fixation. Here, these

© 2020 IOP Publishing Ltd  Printed in the UK
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microbes serve as biocatalysts in a bioelectrochemical sys-
tems [4-7]. Electrosynthesis by autotrophic microbes requires
mild electrical power input to trigger the thermodynamically
non-spontaneous reduction of CO, into organic carbon
compounds [8]. In principle, autotrophic bacteria residing at
the cathode (electrode) in MES utilize CO, as the sole carbon
source to produce value added organic compounds such as
acetate [9, 10], butyrate [11, 12], other volatile fatty acids
(VFAs) [13], and polyhydroxy butyrate (PHB) [14, 15].

Several microbes can take up electrons from cathodes at
different poised cathode potentials (PCP), and some studies
show that they can perform MES. For example, the model
metal reducing bacterium Shewanella oneidensis MR-1 can
accept electrons from plain indium tin oxide at PCP of
—0.303 V versus standard hydrogen electrode (SHE; hereafter
all the potentials are relative to SHE unless otherwise noted)
using the Mtr multiheme cytochrome c electron conduit [16].
Also, iron oxidizing bacteria such as Mariprofundus fer-
rooxydans [17] at PCP of —0.076 V and Acidithiobacillus
ferroxidans [18] at PCP of +0.244V were cultivated by
electron uptake from a cathode. Sporomusa ovata and Clos-
tridium spp. have been shown to produce acetate from CO,
by accepting electrons at PCP of —0.400 V via MES. For
more examples of MES by other microbes, please read these
recent reviews [5, 7, 8, 19].

Our research shows that the phototrophic iron oxidizing
bacterium, Rhodopseudomonas palustris TIE-1 (TIE-1) can
take up electrons directly from a poised electrode at PCP of
+0.100 V while fixing CO, [20-22]. In these studies, the
poised cathode is the only electron source and CO, is the sole
carbon source for TIE-1. TIE-1 is an attractive model
organism for bioproduction due to its metabolic versatility
[23]. When grown photoautotrophically, TIE-1 can use mul-
tiple electron sources including hydrogen and soluble iron,
Fe(Il) [23], in addition to poised electrodes [20-22]. When
TIE-1 uses Fe(Il) as an electron donor for photoautotrophy, it
produces goethite and magnetite [23]. Recent work from our
group shows that the PioAB complex, which is related to the
MtrCAB system of Shewanella sps., likely forms an electron
conduit responsible for electron uptake from both Fe(Il) and
poised electrodes. PioB is an outer membrane porin asso-
ciated with the decaheme cytochrome ¢ protein, PioA [24].
There are several differences between the Mtr system of
Shewanella and the Pio system of TIE-1. These include the
lack of an extracellular multiheme cytochrome c¢ protein
MtrC in Shewanella) in the Pio system and a large post-
translationally processed N-terminus in the PioA protein that
is absent in the MtrA protein [24]. These differences might
affect the manner in which these two microbes interact with
iron oxides minerals.

We have also shown that TIE-1 can produce the bio-
plastic polyhydroxybutyrate (PHB) linked to electron uptake
at a PCP of +0.100 V using CO, as the sole carbon source,
thus demonstrating MES [15]. PHB is an attractive bioplastic
naturally synthesized by many microorganisms [25-27]. It
serves as a carbon and energy reserve in cells when microbes
are grown under environmentally stressful conditions
[28, 29]. PHB can be an alternative to non-biodegradable

plastics produced from petroleum [30, 31]. However, the
major limitation for commercialization of PHB as a bioplastic
is the associated high production cost [29, 32-34]. By using
the low-cost feedstock CO, and abundant renewable resour-
ces such as sunlight and electricity, MES can lower PHB
production cost [35-37]. However, in MES applications low
electron uptake by microbes including TIE-1 leads to lower
product formation [7, 19, 38—40]. Increasing electron-uptake
is expected to improve the titer of products such as PHB
during MES [41, 42].

Modification of the cathode surface to improve MES has
been explored in a number of studies. Electrode (both cathode
and anode) modifications include using nanoparticles, carbon
nanomaterials, and conducting polymer composites [39,
42-50]. Studies have shown that modified cathode surfaces
improve VFAs production via MES [39, 42, 44, 49]. Gold
nanoparticle coated carbon cloth improves acetate production
up to 6 times compared to unmodified carbon cloth
(30 + 7-181 £ 44mMm 2 d~') [49]. Carbon nanotube
coated electrodes can also improve acetate production via
MES [51]. We have previously shown that using a graphite
electrode coated with an insoluble iron oxide redox mediator,
Prussian Blue, is an inexpensive way to increase electron
uptake by TIE-1 by ~3.8 times. There was an enhanced
cellular attachment of TIE-1 on the Prussian Blue-modified
graphite electrode as well [22]. However, natural (semi)con-
ductive iron minerals, such as magnetite produced by TIE-1
during photoautotrophic growth using Fe(I) [23] have not
been tested previously for cathode modifications in PHB
production via MES by TIE-1.

Due to their biocompatibility, conductivity, low toxicity,
and large specific surface area, natural (semi)conductive iron
(IIT) oxides such as magnetite have been used to increase
extracellular electron transfer (EFT) [52—-54]. Furthermore, it
is non-toxic to microorganisms and can be artificially syn-
thesized using a simple chemical precipitation method
[55, 56]. Magnetite is desirable as iron oxide in EFT appli-
cations because of its unique magnetic and electrical prop-
erties based on the electron transfer between Fe(II) and Fe(IIT)
in its octahedral sites [57]. In a relevant study, a Geobacter
sulfurreducens mutant lacking the multiheme c-type cyto-
chrome, OmcS, regained the ability to reduce Fe(IIl) to Fe(Il)
when magnetite was added only when the pilA gene, encod-
ing the pilin protein, was present. This suggests that magnetite
can compensate for the lack of OmcS in G. sulfurreducens as
long as the cells contain the pilA gene [58]. To effectively use
magnetite for MES applications it needs to be anchored to a
supportive surface such as conductive carbon materials.
Graphene has been recognized as a promising nanomaterial in
electrochemical sensors because of its large surface area and
exceptional electrical conductivity [50, 59-62]. We surmised
that the integration of magnetite and graphene nanomaterials
would improve the performance of the cathode in MES by
TIE-1.

The present study focuses on improving PHB production
from CO, via MES by TIE-1 using chemically synthesized
magnetite nanoparticles (MNPs) and reduced graphene oxide
(rGO). The obtained rGO-MNPs was attached to carbon felt
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Figure 1. Schematic steps of nanocomposite synthesis and modified electrode fabrication. (a) Amine functionalized magnetite nanoparticle
(MNPs) synthesis, and (b) Reduced graphene oxide-magnetite nanoparticle (rGO-MNPs) coating on carbon felt electrode fabrication. SHE:
standard hydrogen electrode. APTS- 3-aminopropyltrimethoxysilane; PBS-phosphate buffer saline, Amine—NH,; GO—Graphene oxide.

(CF) to create a new material, CF/rGO-MNPs. This modified
electrode was used to assess electron uptake and PHB pro-
duction in MES by TIE-1 in lab-scale reactors. The modified
electrode, CF/rGO-MNPs, shows ~5 times higher electron
uptake and ~4.2 times higher PHB production
(91.31 £ 0.9mg1™ ") compared to the unmodified CF elec-
trode. This improvement is ~20 times higher than what we
previously observed using unmodified graphite electrodes
[63]. These lab-scale studies support the idea that electrode
modifications using magnetite and graphene can be used to
improve PHB production via MES in larger-scale platforms.

2. Experimental methods

2.1. Materials

Carbon felt substrate (AvCarb soft carbon felt) was purchased
from Fuel cell earth, MA, USA. Water dispersed graphene
oxide (4 mgml ™', Graphenea), Ferrous chloride tetrahydrate
(FeCl,. 4H,0, Sigma-Aldrich), Ferric chloride hexachloride
(FeCl3.6H,O, Alfa Aesar), Ammonia solution (NH,OH, 28%,
Alfa Aesar), 3-aminopropyltrimethoxysilane (APTS, Alfa
Aesar) were purchased for nanocomposites synthesis.

2.2. Synthesis of the amine functionalized magnetite
nanopatrticles

Magnetite nanoparticles (MNPs or Fe;0, NPs) were prepared
via chemical co-precipitation method by mixing a 1:2 mol
ratio mixture of ferrous (Fe”) and ferric (Fe3+) salts
(figure 1(a)). In a typical synthesis procedure, 1.5g of
FeCl,.4H,0 and 3.0g of FeCl; were mixed in 100 ml of

water and vigorously stirred for 30 min at 60 °C under N, gas
flow. Under this condition, 5 ml of NH,OH was added to the
solution via a syringe pump (Legato 110, KD Scientific, Inc.)
at a rate of 0.5mlmin~' to precipitate MNPs. Next, the
MNPs were collected from the solution and washed at least
three times with Milli-Q water by the centrifugation-disper-
sion method at 5000 rpm for 15 min. Then the purified MNPs
were dispersed in 15ml of Milli-Q water and 1%
3-aminopropyltrimethoxysilane was added to functionalize
positive charge (-NH, group) on MNPs [64]. This reaction
mixture was then transferred into a Teflon-lined stainless
pressure vessel and autoclaved at 90 °C for 3 h. Finally, a
black precipitate consisting of the amine-functionalized
magnetite nanoparticles (MNPs- NH,) was purified with
ethanol by the centrifugation-dispersion method and dried at
30 °C for 12h.

2.3. Electrostatic assembly of rGO-MNPs composite and
electrode fabrication

Amine functionalized MNPs were anchored on graphene
oxide (GO) by the electrostatic assembly to avoid aggregation
of magnetic particles (figure 1(b)). Wherein, 75 mg of amine-
functionalized MNPs were added into 25 ml of GO solution
(0.6 mgml™") under mild magnetic stirring and the mixture
was continuously stirred at room temperature for 12 h to form
GO-MNPs composite mixture (5:1 ratio of MNPs and GO).
This composite was used to fabricate a modified carbon felt
electrode (cathode) for MES experiments. Typically, a piece
of carbon felt (1 x 1 cm?, AvCarb soft carbon felt, Fuel cell
earth) was electrically connected with titanium metal wire
[65]. This carbon felt electrode was then immersed in the
composites of GO-MNPs for 15 min and dried for 1 h at room
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Figure 2. Schematic set up of the microbial electrosynthesis reactor for bioplastics production by Rhodopseudomonas palustris TIE-1. No—
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temperature (25 °C). This immersion and dry coating proce-
dure were repeated twice in order to obtain the complete
coating of the nanocomposites [46]. The coated carbon felt
electrode was electrochemically reduced at the potential of
—1.212V for 15min and cycled (~10 cycles) between
—1.212 and 1.088 V in PBS buffer at a scan rate of 10mV s~ '
using an electrochemical potentiostat (Gamry Multichannel
potentiostat, USA). During this electrochemical reduction, the
nanocomposite (rGO-MNPs) is successfully deposited on the
carbon felt electrode. This modified carbon felt electrode was
further characterized by both electrochemical and surface
characterization prior to its use in MES experiments
(figure 2).

2.4. SEM, XRD, Raman and FTIR characterizations

The morphology/size of the nanocomposites and its mod-
ification on carbon felt electrodes (before and after MES
experiments) were analyzed by scanning electron microscopy
(SEM, Thermofisher Quattro S ESEM) equipped with energy
dispersive x-ray system (Oxford AzTec energy dispersive
x-ray spectrometer). In order to image the microbial cells
attached /enriched on the cathodes, a piece of the cathode was
fixed with 5% glutaraldehyde for 15 min. Then the sample
was gently rinsed with PBS solution, followed by serial
dehydration of the sample with 50%, 60%, 70%, 80%, 90%,
95% and 100% ethanol [66]. At the end, the cathode samples
were sputter-coated with 10 nm gold using a High Vacuum
Sputter Coating system (Leica ACE 600) for SEM analysis.
Powder x-ray diffraction (XRD, Bruker d8 Advance x-ray
diffractometer) was used to determine the crystal structure of
the magnetite sample. The Raman spectra were measured

using a Renishaw inVia Raman system, 532 nm laser line for
excitation and the wavenumber calibration was performed
before the measurements. The Fourier-transform infrared
(FTIR) spectra of the samples were recorded using an FTIR
spectrometer (Thermo Scientific Nicolet 470).

2.5. MES experimental set up for polyhydroxybutyrate (PHB)
production

MES experiments were conducted in a three-electrode (Pt as a
counter electrode, Ag/AgCl as reference electrode 0.288 V
versus SHE, and unmodified or modified carbon felt as
working electrode or cathode) configured seal type electro-
Iytic reactor (CO01 Seal Electrolytic Cell, Xi’an Yima Opto-
electrical Technology Com., Ltd, China). For MES experi-
ments, 10ml of wild type TIE-1 cells grown photo-
autotrophically on hydrogen in freshwater medium with
sodium bicarbonate (22 mM) [15, 22] were inoculated in
70ml of the same medium without hydrogen. The starting
optical density (ODggo nm) Of each inoculated reactor was set
to be ~0.06. Further, the headspace gas of each MES reactor
was purged with N,/CO, (80%:20% at 48 kPa pressure)
mixture. The performance of modified and unmodified carbon
felt cathodes was evaluated by measuring electron uptake by
TIE-1 (chronoamperometry analysis using Gamry multi-
channel potentiostat) at PCP of +0.100 V for 180 h [20]. We
performed two sets of experiments for PHB synthesis: (1)
using unmodified carbon felt (CF) and (2) using rGO-MNPs
modified carbon felt (CF/rGO-MNPs) cathodes. All the MES
experimental reactors were replicated (n = 3) at 25 °C unless
noted otherwise.
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Figure 3. Scanning electron microscopy (SEM) images of magnetite nanoparticles (MNPs), reduced graphene oxide-magnetite nanoparticles
(rGO-MNPs); and reduced graphene oxide with magnetite nanoparticles coated carbon felt (CF/rGO-MNPs) cathode prior to and after
microbial electrosynthesis experiments. (a) Magnetite nanoparticles (MNPs), inset reduced graphene oxide-magnetite nanoparticles (rGO-
MNPs); (b) reduced graphene oxide-magnetite nanoparticles electrodeposited on carbon felt (CF/rGO-MNPs), inset- magnified view of CF/
rGO-MNPs. (c¢) Unmodified carbon felt (CF) electrode at the end of microbial electrosynthesis experiment, inset-magnified view; (d) reduced
graphene oxide with magnetite nanoparticles modified electrode (CF/rGO-MNPs), inset- magnified view.

2.6. PHB analysis and faradaic efficiency

PHB measurement and faradaic efficiency from all MES
reactors were performed at the end of the electron uptake
experiment. A 10 ml bacterial sample was pelleted at 8000x g
for 10 min and stored at —80 °C until PHB extraction and
analysis were performed. 1 ml of water (LC-MS grade) and
600 pl of methanol (HPLC grade) were added to arrest
metabolic activity of TIE-1. 10mgml~' of poly[(R)-3-
hydroxybutyric acid] (Sigma-Aldrich, USA) was used as a
PHB standard. The extraction of PHB was followed by its
conversion to crotonic acid. The concentration of crotonic
acid was measured using an Agilent Technologies 6420 Tri-
ple Quad LC/MS as follows: using Hypercarb column, par-
ticle 5 um, 100 x 2.1 mm (Thermo Fisher Scientific, USA) as
stationary phase; water with 0.1% (v/v) formic acid as phase
A; acetonitrile and 1% (v/v) formic acid as phase B [3]. The
injection volume was 5 pul; the flow rate was set at
500 gl min~'; the column temperature was set at 15 °C and
the gas temperature was 300 °C. PHB was detected as cro-
tonic acid with mass to charge ratio (m/z) =87 which was
normalized to bacterial cell number. PHB production effi-
ciency was analyzed through their faradaic efficiency (n%)
[14, 67]. The faradaic efficiency was determined by the

following formula

nzF
f idt

‘n’ faradaic efficiency, ‘n” number of moles of the pro-
duct, ‘7 number of electrons transferred (18 e~ transferred
from CO, to from crotonic acid), ‘F’ faradaic value
96485 C molfl), ‘I’ is the current (A), and ‘¢’ is the time (s).

Faradaic efficiency (1) =

3. Results and discussion

3.1. Morphology and electrostatic assembly of reduced
graphene-magnetite nanoparticles (rGO-MNPs)

After the successful preparation of a nanocomposite, a num-
ber of characterization techniques were performed prior
microbial electrosynthesis (MES). Figure 3 shows the SEM
images of as-prepared magnetite nanoparticles (MNPs),
reduced graphene-magnetite nanoparticles (rGO-MNPs) and
their deposition on carbon felt (CF) electrode. As shown in
figure 3(a), the MNPs were distributed uniformly with a size
of 60-90 nm. These nanoparticles were observed as spherical
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Figure 4. X-ray diffraction (XRD), Raman and Fourier transform Infrared (FTIR) spectroscopy of nanocomposite. (a) XRD pattern of
magnetite nanoparticles; (b) Raman spectra of GO, rGO and rGO-MNPs; (c) FTIR spectra of GO, MNPs-NH, and rGO-MNPs. GO—
graphene oxide; MNPs-NH,—amine-functionalized magnetite nanoparticles; rGO-MNPs—nanocomposites of reduced graphene oxide with

magnetite nanoparticles.

shaped particles that aggregated with each other due to the
characteristic nature of magnetic dipole interactions [68]. The
nanoparticles were uniformly anchored on the graphene layer
indicating the formation of reduced graphene-magnetite
(rGO-MNPs) nanocomposite by the electrostatic assembly as
shown in insets of figure 3(a). This nanocomposite was suc-
cessfully used to modify the carbon felt electrodes by an
electrochemical reduction method as shown in figure 3(b).
Further, prior to rGO-MNPs nanocomposite preparation XRD
analysis was performed to confirm the crystallinity of the
magnetite nanoparticles. Figure 4(a) shows the XRD pattern
of the magnetite nanoparticles. Diffraction pattern appeared at
20 of 18.35°, 30.14°, 35.50°, 37.12°, 43.15°, 53.48°,57.03°,
62.65°, 71.01°, and 74.11° corresponding to the crystal plane
of (111), (220), (311), (222), (400), (422), (511), (440), (620),
and (533) the magnetite phase, respectively [69]. Character-
istics of carbon atoms present in the GO, rGO and rGO-MNPs
can be identified by Raman spectroscopy. As shown in
figure 4(b), the characteristic carbon material D-band (dis-
order and defects, like disruption in the sp? bonding) and
G-band (plane bond stretching motion of sp® hybridized
carbon atoms) of the GO sample was present as 1349 cm ™'

and 1594 cm ™' [70-72]. The intensity ratio of D and G band
(14/Iy) was close to 0.89 in the case of GO sample. In contrast
the intensity ratio (/3/1,) was increased in the case of rGO
(1.02) and rGO-MNPs (1.03). This indicates that functional
groups present in the graphene oxide dropped out when the
GO was reduced to rGO [70]. The electrostatic assembly of
MNPs and graphene oxide (GO) was analyzed by FTIR as
shown in figure 4(c). The spectra in the presence of GO
shows an absorption band at 3384 cmfl, which was assigned
to the —OH stretching vibration of alcoholic functional group,
and the band at 1630 cm ' was attributed to the -COOH
functional group [73]. In addition, the GO characteristic band
at 1050cm™!, 1253 cm™ ", 1373 cm™! suggests the presence
of C=0, C—O-C, C—OH groups [74]. The FTIR spectrum of
amine-functionalized nanoparticles (MNPs-NH,) shows the
characteristic band at 535 cm™"', which was attributed to the
stretching vibration of Fe—O bonds in MNPs [75, 76]. Further,
the two bands 3423 cm ™' and 1620 cm ™' can be assigned to
the N-H stretching vibration and —-NH, bending vibration,
respectively. The stretching vibration of C-H at 2972 cm ™',
two bending vibrations of —CH, at 1484 cm ! and -CHj; at
1367 cm™!, and stretching vibration of C-N at 1306 cm”!
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Figure 5. Representative cyclic voltammetry of modified and unmodified carbon felt (CF) electrode in phosphate-buffered saline (PBS) at a
scan rate of 10 mV s~ . (a) Before and after electrochemical deposition of the reduced graphene oxide (rGO) on CF electrode; (b) before and
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modified (CF/rGO-MNPs), unmodified CF, and CF with reduced graphene oxide (CF/rGO) electrodes; (d) electrochemical characteristics of
these three electrodes with 1 mM Fe(CNg)> /4. GO—graphene oxide; ED—electrochemical deposition; SHE—standard hydrogen

electrode.

were observed in MNPs-NH, spectrum [77]. This result
indicates that successful functionalization of the positive
amine (-NH;) group in MNPs was obtained using
3-aminopropyltrimethoxysilane. The FTIR spectrum of rGO-
MNPs shows that the characteristic band for Fe—O shifted to
570 cm_l, and peaks at 3384, 1050, 1253, 1630, and 1740
em~ ' decreased when compared to the spectrum of GO.
These results suggest that the oxygen-containing functional
group in graphene oxide (GO) was reduced to graphene
(rGO) with MNPs in the nanocomposite.

3.2. Electrochemical characterization of rGO and rGO-MNPs
modified electrode

Electrodeposition of rGO and rGO-MNPs composite on car-
bon felt electrode was performed at a reductive potential of
—1.2V for 15min (data not shown). To confirm the elec-
trodeposition on CF electrodes, cyclic voltammetry (CV) was

performed as shown in figures 5(a), (b). This CV profile
indicates that before electrodeposition, a wide cathodic
reduction peak of about —0.7 V starting from —0.3 to —1.0 V
was observed in the case of CF/rGO and CF/rGO-MNPs
electrode. This wide cathodic peak disappeared after elec-
trodeposition on both electrodes. The disappearance of the
wide reduction peak was due to the large reduction of the
surface oxygen group in rGO layer [78]. Also, after electro-
deposition, the electrode CF/rGO-MNPs show a clear redox
mid-point potential at +0.05 and —0.450 V. The peak current
at this redox potential was significantly enhanced after elec-
trodeposition of CF/rGO-MNPs electrode when compared to
CF/rGO electrode. In addition, CVs of the unmodified CF,
CF/rGO, and CF/rGO-MNPs electrodes clearly exhibit
electrodeposition on the CF surface (figure 5(c)).

The CVs of unmodified CF, CF/rGO, and CF/rGO-
MNPs electrodes were performed using a redox probe (1 mM
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Figure 6. Cyclic voltammograms (CV) of the unmodified carbon felt (CF), CF with reduced graphene oxide (CF/rGO), and reduced
graphene oxide with magnetite nanoparticles modified CF (CF/rGO-MNPs) electrodes in the presence of 1 mM [Fe(CN)6]® /4~ in 0.1 M
NaCl solution at a scan rate of 10 mV s~ . (a) unmodified CF electrode; (b) reduced graphene oxide (rGO) modified CF electrode (CF/rGO);
(c) reduced graphene oxide with magnetite nanoparticles modified CF electrode (CF/rGO-MNPs); (d) square root of the scan rate versus
cathodic and anodic peak current density (i,, and i) derived from CV analysis. SHE—standard hydrogen electrode; sqrt—square root.

Fe(CN6)37/ 47) to calculate the electroactive surface area of
the electrodeposited nanocomposites (figure 5(d)). The elec-
troactive surface area of the CF/rGO-MNPs was calculated
and compared with the unmodified CF electrode and the CF/
rGO electrodes using the Randles—Sevcik equation from CVs
analysis [59, 79]

ipe = 2.69 x 10 x n3/2 x D'/2 x v!/2 x A x C,

where i, is the cathodic peak current (A); 7 is the number of
electrons transferred; D is the diffusion coefficient
(7.6 x 107® cm?s™"); v is the scan rate (V s~ '); A is the
electroactive area (cm”) and C is the concentration of the
redox probe (mol cm_3). The cathodic peak current of the
unmodified CF, CF/rGO and CF/rGO-MNPs were
—2.1075 x 1077 A, —4.0091 x 1077 A, and
—5.3243 x 102 A, respectively (figure 5(d)). Based on the
Randles—Sevcik equation, the electroactive area of each
electrode was calculated as follow, 0.326 cm” (CF) < 0.62
cm?® (CF/rGO) < 0.824 cm® (CF/rGO-MNPs). The electro-
active surface area of CF/rGO-MNPs was 2.53 times higher

than the unmodified CF electrode and 1.33 times higher than
the CF/rGO electrode. These results indicate that the nano-
composite (rGO-MNPs) based electrode had a greatly
enhanced electrochemical active area. Further, the scan rate
dependent CVs of the carbon felt electrode (CF), CF/rGO,
and CF/rGO-MNPs electrodes were analyzed in the presence
of ferro/ferri redox probe (figures 6(a)—(c)). This study
indicates that the anodic (ip,) and cathodic peak current (i)
linearly increased by increasing the scan rate from 10 mV s~
to 30mVs ™' in all electrodes. The relationship between
anodic and cathodic peak current of each electrode was
plotted against the square root of scan rates (mV s ') in
figure 6(d). The obtained peak currents (i,,) were linearly fitted
to the scan rates (linear coefficient of 0.99). These results
suggest that the electrochemical reaction at the electrodes are
mainly diffusion-controlled. Higher peak current was
observed in the case of CF/rGO-MNPs due to reduced dif-
fusion, which leads to faster electron transfer [60, 80]. Also,
the nanocomposite surface (CF/rGO-MNPs) provided better
electroactivity than the rGO modified electrode. Therefore,
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Figure 7. Electron uptake measurements of (a) unmodified carbon
felt (CF) electrode, and (b) reduced graphene oxide with magnetite
nanoparticles modified CF electrode (CF/rGO-MNPs) poised at
+0.100 V versus standard hydrogen electrode in the presence and
absence of Rhodopseudomonas palustris TIE-1. Biotic—TIE-1
inoculated reactor and abiotic—sterile control. Biotic data was
collected from three biological replicates, and the error bar
represents the standard deviation.

CF/rGO-MNPs electrode was used as cathode material to
investigate the electron uptake and PHB synthesis in MES by
TIE-1.

3.3. Electron uptake measurements and PHB synthesis

Based on electrochemical characterization, CF/rGO-MNPs
and unmodified CF electrodes were chosen to investigate the
performance in MES by TIE-1. The electron uptake mea-
surements were conducted with nanocomposite modified
electrodes (CF/rGO-MNPs) and unmodified CF electrodes
using TIE-1 as a biocatalyst at PCP of +0.100 V as shown in
figure 7. Herein, the cathodic current density increased on
both modified and unmodified cathodes in the presence of
TIE-1 in a biotic MES reactor. However, the cathodic current
uptake of CF/rGO-MNPs (biotic) was higher than the

—a— CF abiotic
—a— CF biotic

—s— CF/rGO-MNPs abiotic
—v— CF/rGO-MNPs biotic

4I8 ' 712 . 9I6 .1é0. 14I4'16IS'1é2
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Figure 8. Photoelectrotrophic growth of Rhodopseudomonas palus-
tris TIE-1 in the microbial electrosynthesis reactors with unmodified
carbon felt (CF) electrode, and reduced graphene oxide with
magnetite nanoparticles modified electrode (CF/rGO-MNPs). (a)
Growth curves from different reactor set-ups; (b) Digital image of
the reactors at the initial and final time. Reactor 1—unmodified CF
electrode in an abiotic reactor; reactor 2, 3, 4—unmodified CF
electrode in biotic reactors; reactor S—reduced graphene oxide with
magnetite nanoparticles modified electrode (CF/rGO-MNPs) in an
abiotic reactor; reactor 6, 7, 8—reduced graphene oxide with
magnetite nanoparticles modified electrode (CF/rGO-MNPs) in
biotic reactors. Biotic data in figure (a) was collected from three
biological replicates, and the error bar represents the standard
deviation.

unmodified CF cathode (biotic). The maximum cathodic
current density of —11.7 + 0.1 uAcm™ > was for the CF/
rGO-MNPs and —2.3 + 0.08 A cm 2 for the CF cathode.
This cathodic current uptake (—11.7 £ 0.1 uA cm ™) in CF/
rGO-MNPs was ~5 times higher than the unmodified CF
cathode. These results clearly reveal a significant difference in
electron uptake from the nanocomposite modified electrode
by TIE-1.

During the electron uptake measurements, growth mea-
surements were also performed. Figure 8(a) shows the optical
density (ODggp) of the MES reactors with modified and
unmodified cathodes at different intervals. MES reactors
reached a final ODggy of 0.81 £ 0.1 for CF/rGO-MNPs
(biotic) and 0.30 & 0.01 for CF (biotic) cathodes when
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Figure 10. Electrochemical impedance spectra of reduced graphene
oxide with magnetite nanoparticles modified electrode (CF/rGO-
MNPs), and unmodified carbon felt electrode (CF) with or without
an attached biofilm in the freshwater medium. CF—carbon felt;
MNPs—magnetite nanoparticles; rGO—reduced graphene oxide.

compared to the abiotic reactors (0.02 £ 0.001). These results
suggest that biomass production was enhanced in CF/rGO-
MNPs (biotic) reactors, as demonstrated in the digital images
of MES reactors at the end of the electron uptake experiment
(figure 8(b)). This microbial growth enhancement in the CF/
rGO-MNPs (biotic) reactor can be correlated to its higher
electroactive surface [42, 61, 62].

The intracellular PHB accumulation and faradaic effi-
ciency of both the CF cathode and the CF/rGO-MNPs
cathode reactors were measured at the end of the electron
uptake measurements as shown in figure 9. The modified CF/
rGO-MNPs (biotic) electrode had a PHB yield of
91.31 £ 0.9mgl" compared to 23.43 = 1.29mgl™ " (p-
value < 0.005) from the CF biotic cathode. Also, the faradaic
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Figure 11. Cyclic voltammetry of biofilm enriched unmodified
carbon felt electrode (CF) (a) and reduced graphene oxide with
magnetite nanoparticles modified electrode (CF/rGO-MNPs) (b) in a
freshwater medium at a scan rate of 5mV s~ !. SHE—standard
hydrogen electrode.

efficiency increased two times in the case of CF/rGO-MNPs
(biotic) cathode (9.05%= 0.2%) compared to the CF biotic
cathode (4.95% =+ 0.04%). The improved performance of the
modified electrode may be due to lower charge transfer
resistance and improved bioelectroactive sites of the biofilm
in CF/rGO-MNPs cathode.

3.4. Bioelectroactivity of rGO-MNPs modified electrode

To investigate the bioelectroactivity of TIE-1, electrochemical
impedance spectroscopy (EIS) and CV were performed on the
biofilm-enriched cathode and biofilm-free cathode (abiotic) in
a freshwater medium. EIS data from the cathodes were plotted
as a Nyquist curve as shown figure 10. An equivalent circuit,
(Ry(C(R.:W))) was used to derive the values of the circuit
component. All the cathodes showed a typical semicircle at a
high-frequency region and straight-line at a lower frequency
region in EIS analysis. The value of charge transfers resist-
ance (R between electrode and electrolyte can be calculated
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from the diameter of the semi-circle. Lower R, value (9 + 2
Q cm %) was obtained in the case of CF/rGO-MNPs with
biofilm compared to the unmodified CF with biofilm (17 &£ 2
Q cm?) in the freshwater medium. The low R, value of the
biofilm enriched CF/rGO-MNPs cathode could improve the
EET, resulting in a higher electron uptake and PHB produc-
tion via MES by TIE-1. Also, a higher capacitance (C) value
was obtained from the biofilm enriched CF/rGO-MNPs
cathode (52.06 =3 mF cm ) compared to the biofilm
enriched CF cathode (5.31 0.7 mF cm™2). This higher
capacitance of biofilm enriched CF/rGO-MNPs cathode
correlated with a higher electroactive surface area of the
nanocomposite. It has been reported that the high surface area
of nanocomposite is favorable for microbial colonization,
which leads to better biofilm formation, and faster substrate
diffusion for bioelectrochemical reactions [50, 66, 81]. We
observe that the electroactive moieties of biofilm enriched
cathodes were analyzed in CV as shown in figure 11. A redox
peak around 0.130 V was observed in the case of the CF
biofilm, and 0.017 V from CF/rGO-MNPS biofilm, corresp-
onding to the redox activity of TIE-1 [22]. Electroactive
surface coverage of the biofilm on the cathodes can be
obtained from the CV analysis (figure 11), and was calculated
by using the surface coverage formula, I' = Q/nFA, with
charge involved on the active reduction peak area of the
biofilm as Q, number of electrons involved in the reaction as
n, Faraday constant (C mol_l) as F, and area of the electrode
(sz) as A. The electroactive surface moieties of the biofilm
on CF/rGO-MNPs cathode was 5.3472 x 10~ ®mol cm 2
compared to 7.3160 x 10~'° mol cm ™ on the biofilm on CF
cathode. This higher number of electroactive moieties at the
rGO-MNPs composite can improve extracellular electron
transfer leading to a more efficient synthesis of PHB
[22, 82, 83]. The surface-attached biofilms on the unmodified
(CF) and modified (CF/rGO-MNPs) cathodes were verified
by using SEM as shown in figures 3(c), (d). The biofilm
attached cells on both CF and CF/rGO-MNPs cathode
appeared rod-shaped, similar to the previous reports of TIE-1
attached to cathodes [20, 22]. The biofilm attachment on CF
cathode was less than the CF/rGO-MNPs cathode
(figures 3(c), (d)). This likely leads to the higher value of
electroactive surface coverage moieties obtained from elec-
trochemical analyses. Therefore, rtGO-MNPs modified CF is a
superior cathodic material compared to the unmodified CF
because it demonstrates an enhanced cellular attachment and
higher electroactive surface moieties. Overall, this leads to
improved MES performance and PHB production.

4. Conclusion

In this work, magnetite nanoparticle anchored graphene
composite electrodeposited on carbon felt (CF/rGO-MNPs)
was used as cathode material to increase electron uptake and
polyhydroxybutyrate production by Rhodopseudomonas
palustris TIE-1 via MES. The nanocomposite was prepared
by a combination of amine-functionalized magnetite and
graphene oxide. The nanocomposite modified cathode

11

improved extracellular electron uptake
(—11.7 £ 0.1 A cm 2 ~4.2 higher than a CF cathode) and
enhanced PHB production (91.31 + 0.9mgl™'; ~5 times
higher than a CF cathode; 20 times higher than graphite [15]
in TIE-1). There was an increased cellular attachment on the
modified cathode suggesting a potential molecular interaction
between magnetite and TIE-1. It has been observed that
purified MtrC from Shewanella oneidensis MR-1 can make a
specific bond with hematite, and this was suggested to be the
basis for strong whole-cell interaction with hematite [84]. It is
possible that components in the TIE-1 outer membrane
(PioAB complex) might interact with magnetite leading to the
improved attachment we observe here. This study sets the
stage for future investigations into the interaction of TIE-1
with magnetite. Based on this study, we suggest that rGO-
MNPs when electrodeposited on carbon felt can be a pro-
mising cathode material in MES. Future studies will focus on
understanding the basis of the observed increase in extra-
cellular electron uptake and the concomitant increase in bio-
plastic production.
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