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Electrode modification for improving the performance
of bioelectrochemical cell

Yun-Jeong Choi

Department of Ocean Systems Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

Bioelectrochemical cell (BES) is a technology that obtains energy from
organic compounds by electrically active microorganisms. Depending on the
form of energy, it can be divided into microbial fuel cell (MFC) that
produce currents and microbial electrolysis cell (MEC) that produce high
value-added materials such as methane and hydrogen. Most biochemical
cells consist of anodes, cathodes, cation exchange membranes, and external
power supply. Among them, electrodes are an important factor in
determining MEC efficiency and focus on electrode modification to improve
BES performance.

In the case of cathodes, the cost-effective electrode was fabricated to
replace the high-cost Pt and applied to the MFC. Non-platinum-based metal
(PGM-free) nanocatalysts were prepared using a simple and cost-effective
technique called electrophoresis (EPD) and showed high catalytic oxygen
reduction reaction rate (ORR) on the surface of MFC cathode. Among the
catalysts without PGM, the maximum power density of 1630.7 mW m™ was

- Vil -
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obtained based on nickel nanoparticles. This value is 400% higher than the
value obtained using commercial Pt catalysts under the same conditions.
These results are due to the uniform deposition of Ni/NiOy nanoparticles on
the cathode, which improves electrical conductivity, catalyst activity, and
long-term stability and reduces electron transfer resistance. PGM-free
catalysts significantly enhanced MFC performance induced by metal/metal
oxide nanoparticle layer formation and accelerated ORR.

For anodes, it was improved as a conductive polymer material to solve
the inefficient problem of carbon felt (CF) commonly used and applied to
MEC. CF has a high surface area with three-dimensional porosity, but since
it is hydrophobic, it is not easy to move water and gas, so only electrode
surfaces are used (role as a 2D electrode). To solve this problem, poly
3,4-ethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS) was used as a
unique material including high conductivity (PEDOT) and hydrophilic group
(PSS). PEDOT:PSS was coated on the CF surface by electropolymerization
and improved durability by heat treatment at 110C. PEDOT:PSS/CF
electrode improved biocompatibility and electron transfer to the oxidation
electrode by greatly improving hydrophilicity (water contact angle changed
from 136.5° to 0° ). As a result, the MEC using PEDOT:PSS/CF as a
cathode material produced 33.4% higher hydrogen than the MEC using CF.

Overall, the performance of BES can be improved by cost-effectively
modifying materials suitable for the characteristics of electrodes, which
indicates significant progress in commercialization.

KEY WORDS: Electrochemical cell; Microbial fuel cell; Nickel/nickel oxide;
Microbial electrolysis cell; PEDOT:PSS.

- viii -

Collection @ kmou



A3 AL 5 ABA/HHAA 1& B4

0% BHL AL HAR o3
& A %otk oUA Fejel met AFE A
MFCS} W@ 8 st 2o 1Rsphd B4¢ A48 MEC

et s AedS, BANT, Folem

4 rr

0,

v}

)

e

s

o

il

Y

A

ot
1=

b |
8% 8942, AA T FFE A AT AN HFI
AT A, uvgo PtE AT = e vEEHHA AFE A
et MFCell A&ttt vl 57 54(PCM-free) Y=Srl= #7953

ZHEPD)o]2}= Xtetsal Hl-&

| 4
&9l 7]%g Agste] AxPOom, MFCY
FAAT ERAM B Fu) Ak

SRS S =(ORRE HeEHRT AEd

PGM-free Zuwj(Ni, Co, @ Cd 7]¥bH FoA4 YA Y YAE 7|Fo =

1630.7 mW m 29 Hu #AE Wor} 2AEAL. o] e A3 ZAA

Ae3E Pt SujE AFESHY 4e FRT 400% © =t} o] A= 3IdA
o Fo &

= Aol Ni/NiO, Uix g4Ate] gFe

AGAGE ZaA RN BNAEE, Ju) B4 2 A7) IHAL A9

Collection @ kmou



71 #sh, poly 34—ethylenedioxythiophene:polystyrenesulfonate (PEDOT:PSS)&

FHEE (PEDODS X547] (PSS :—z@o}t 553 =45 AHEskth
PEDOTPSS&= 7)ol 238 CF &Hel Z'EHAIL 110CAA DA el
oal Aol =AUt PEDOTPSS/CF =2 T8-S A T
N st Zo g AAAAART Az ALFE AASET. (B HE=7Zho)
136.5° oA 0° = wWs=") 7 A3}, PEDOT:PSS/CFE 4tslxd=o = ALg3h
MECE= CFE AR8&3 MECHUY 334% £& 45 AAtstit

AHtrR o7 Ao EAX uw:= ABE ALESIY AF9 4]
MEe T3l BESS Hes FEAIE < don, ol BES9 &
g RS YERAT

KEY WORDS: A EZ17|88td#];, n|EATAR]; YA/YA 2315, v|YE
A8l A A); PEDOT:PSS.

Collection @ kmou



Chapter 1. Literature review

1.1 Bioelectrochemical cell

Bioelectrochemical system (BES) is a sustainable technology to produce
energy from organic materials in wastewater using electrically active
microorganisms (exoelectrogens) which have been maximizing efficiency by
donating or accepting electrons directly out of cells [1]. Therefore, it has two
advantages that treat wastewater and produce energy at the same time [2].
BES is divided into cathode and anode, separated by a membrane [3]. The
electron acceptor (ARB, anodic respiring bacteria) growing on the anode
shares similarities in oxidizing organic matter, whereas microbial fuel cells
(MFCs) and microbial electrolysis cells (MEC) depend on the type of cathode
[4].

Various ARBs (Shewanella, Geobacter ext.) present in the anode oxidize
organic matter in the waste stream in the anaerobic state, and electrons
accumulated in the anode move to the cathode by the potential difference [5].
When the current is generated together with the oxygen reduction reaction, it
is used as MEC when producing high value-added substances (hydrogen,
methane, ethanol, butanol, and so on) by MFC and hydrogen reduction
reaction [6]. Hydrogen is one of the main products produced by MEC as a
sustainable source of green energy that does not emit greenhouse gases
during combustion [7]. The basic principles of the MFC and MEC systems are
shown in fig. 1.1, followed by a detailed explanation of the principles from an

electrochemical aspect.
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Fig. 1.1. Schematric representation of (a) electricity production from MFC and
(b) hydrogen production through MEC [8].

1.1.1 Priciple of MFC and MFC in electrochemical aspects

The same reaction occurs in the MFC and MEC in the oxidation chamber (eqn. (1).
The oxidation of acetate, a substrate used mainly in neutral MFC and MEC systems,
was considered. The theoretical equilibrium potential needed to oxidize 1 g L™ acetate
(16.9 mM) in neutral state (pH = 7) can be calculated from the Nernst equation at
about —300 mV (eqn. (2)) [91.

CH,COO™ + 4H,0~ 9H + 8¢~ + 2HCO; E° =0.187V D

CH,CO0~
Ey, = Ey, — }82}1;” | 3—2 +]9

(HCOO, [P [H™]
8.31j
E,, =0.187— Cotic 2% 11 p— 1001691 a0y
An =0 5(96500C 0.005]2[10” "M)° '

mol

@)
- 2 -

Collection @ kmou



The Nernst potential should not depend on the anode material because the presence
of the biofilm can change the kinetics of the reaction, the concentration of species in
the electrolyte medium is not constant, and the calculated value of the Nernstian
potential is the presence of the biofilm on the electrode surface [1, 10]. Changes in
species concentration under these conditions may change the theoretical value or the

reaction pathway. Thus, an additional overpotential be required.

On the other hand, the reaction is different in the cathode chamber. In MFCs,
oxygen reduction reactions occur in the presence of dissolved oxygen (eqn. (3)),
whereas hydrogen is produced in anaerobic conditions without dissolved oxygen in MEC
(eqn. (5)). In the MFC system, the cathode Nernstian potential at the neutral state of
the oxygen saturation reduction chamber and atmospheric pressure is calculated to be
about 805 mV (eqn. (4)). Therefore, the balanced cell voltage of the MFC is calculated
to be about 1.105 mV (= [0.805 V] - [-0.300 VD.

%Oﬁ 2H + 2¢ -~ H,0 E° =1.229V

3
RT 1
E, =FE, — in
Ca Ca nF [02]1/2[H+]
( iillfj( )(298.15K) .
mol
4)

The voltage calculated in the Nernst equation (eqn. (6)) at neutral (pH = 7) in the
MEC system is about -0.114 V (= [-0.414 V] - [-0.300 V]. The reaction is not
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spontaneous and therefore requires external energy and does not include the resistance

(ohm loss, activation overpotential, and concentration, potential) within the MEC system.

Therefore, hydrogen production requires a higher voltage (normal range; -0.6 to 0.5 V)

than calculated [10].

2H" +2¢ - H, E° =0.000V

- RT H,
E., = E{, oy In TRt

8.315
() (208.15K) .

=0.0— X =—0.
Bg, =00 965000 In s e T 0414V

mol

(6)

®

Theoretically, a simple process in both reactor conditions and design, but many

aspects and parameters are important when considering BES. System components in

BES (e.g., electrodes, membranes, electrolytes, inoculum, and microorganism species)

contribute to improving the performance of the process [11]. The role of each

component in improving the bioelectrocatalyst performance of the system is then

discussed.

1.2 Key configuration factors

1.2.1 Anode

The anode is a major determinant of current and biogas generation because

it induces direct attachment of microbes and electron transport at the
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microbial-anode interface [12]. It is important to concentrate anode-respiring
bacteria (ARB) at the anode and to accelerate the rate of electron transfer
[13]. This purpose can be achieved through the selection of specific electrode
materials, the shape of the electrode surface and microbial culture. The
electrode material and form should promote bacterial attachment and
subsequent biofilm formation. At the same time, along with biofilm formation,
the anode surface should enhance electron transfer from bacteria to the
electrodes [14]. This requires characteristics such as high conductivity, low
corrosiveness, high specific surface area and porosity, suitability for microbial
growth and low cost [15].

Carbon-based materials such as carbon fiber, carbon felt, carbon paper and
granular activated carbon (GAC) satisfy these properties and are widely used
[16-19]. Among them, 3D porous forms of materials such as carbon brushes
and carbon felts are preferred because of their large surface area [20], but
the inherent hydrophobic nature of carbon-based materials limits the high
performance of BES [21]. This results in insufficient adhesion of
microorganisms to the electrode surface, which negatively affects microbial
fixation, resulting in lower current density and increased interfacial resistance
[22]. In this regard, increasing the surface area using the entire compartment
of the GAC-charged anode can increase the number of ARB reactive sites.
However, some reports have shown that BES performance improves when
GAC is used in 3D, while other reports do not show much worse performance
than similarly designed two-chambered MECs [23].

In order to solve this problem, methods of doping a conductive polymer
material and a carbon-based catalyst material on a 3D porous carbon-based
electrode are introduced. For example, Alae et al. used zeolites and bentonite
modified CFs as anodes for MFC to increase hydrophilicity [24]. Maximum
current densities were provided of 24.5 and 27.9 A m™ respectively, while an

unmodified CF showed 169 A m™® by increasing the exploitation of the

_5_
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internal surface area of the 3D porous CF by electroactive biofilm. Compared
to hydrophobic unmodified carbon felt, hydrophilic modified electrodes
increased the utilization of the internal surface area of the 3D structure of
the carbon felt by the electroactive biofilm. Mohamed et al. fabricated
Fe/Fe203-CF (3200 mA m™), which is inexpensive and highly conductive, to
reduce electron transfer resistance and showed 185% higher current density
than CF (1120 mA m™ [25]. Roh et al. fabricated PPy-CNT/CF (287 mW m™®
with high porosity and large surface area, resulting in a 38% improvement in
power over pristine CF (208 mW m™ due to its excellent corrosion resistance,

good conductivity and biocompatibility [26].

1.2.1 Cathode

Electrons and hydrogen ions generated at the anode move to the cathode
and the BES type is changed according to the concentration of dissolved
oxygen at the cathode. In the MFC, electrons, hydrogen, and oxygen from the
anode combine to form water while saturated oxygen is dissolved in the
cathode chamber [27], while MEC is advantageous for hydrogen production
due to the combination of electrons and hydrogen ions under conditions of
exhaustion of dissolved oxygen [28]. When there is sufficient overpotential,
the cathode reaction proceeds smoothly, and the improvement of the
reduction reaction rate is an important factor in determining the BES
performance [29]. In addition, the voltage loss due to the ohmic resistance
and interfacial electron transfer (reduced O, or H, generation) of the
electrolyte at the cathode contributes significantly to the potential loss of BES
[30]. Therefore, high electrical conductivity [31], large surface area [32], low
cost [33], and high efficiency catalyst [34] are required as the cathode
material.

In order to reduce the reaction overpotential, platinum has been used as

_6_
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the most active electrocatalyst for high stability and high efficiency reduction
catalysts, but expensive Pt has limited commercialization and thus requires
other alternatives [35]. Carbon-based materials such as carbon paper, carbon
cloth, graphite felt, and granular graphite have been mainly used to multiply
microorganisms because of low cost [36-38], but they have been incompatible
with platinum [39]. Recently, many studies have been reported on the
development of non-platinum based cathodes comprising other transition
metals [40], alloys [41], non-metal doped carbon materials [42], or reducing
bacteria formatted biocathodes [43].

Zhang et al. investigated that nitrogen doped carbon nanotubes synthesized
through pyrolysis bimetallic metal-organic framework Co nanoparticles nano
polyhedra (AC-CoNCNT) (2252 + 46 mW m™® showed 154% higher power
density than control (AC) in air-cathode MFC [44]. Chao et al. increased MFC
performance by fabricating nanorod CoFe,O/AC (1780 + 20 mW m™® with
mesoporous structure, which has high catalyst activity and low cell resistance
[45]. Kim et al. reported high hydrogen production rate and recovery (98 =+
5%.) in MEC with only a small amount of nickel by blending nickel power
[46].

1.2.3 Proton exchange membrane

The PEM separates the anode chamber and the cathode chamber, and
cations can be diffused through the membrane or freely exchanged with other
cations for the purpose of selectively transporting only hydrogen ions [47]. In
MFC, the PEM prevents oxygen diffsusion in the anaerobic anode chamber
and formation biofilm in the cathode side [48]. In the MEC, the purity of
hydrogen generated in the cathode is improved [49]. In addition, the PEM
prevents that electron acceptor bacteria existing in the anode side infiltrate

into the catholyte. On the other hand, membraneless MEC promotes the

_7_
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growth of hydrogenotrophic methanogens, reducing hydrogen purity and
increasing methane production efficiency.

Nafion has been the most widely used material as a PEM in BES because
of its high proton conductivity, low internal resistance, and good ion exchange
capacity [50]. However, Nafion is expensive to produce, accounting for
approximately 40% of the total cost of MFCs [51]. To solve this problem,
sulfonated hydrocarbon-based polymers, which are sulfonated porous polyether
ether ketones (SPEEK) [52] and sulfonated poly (arylene ether sulfone)
(SPAES) [53], glass fiber separators [54], and salt bridges [55] has been

studied to replace to Nafion.
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Chapter 2.

Electrophoretically fabricated nickel/nickel oxides as cost
effective nanocatalysts for the oxygen reduction reaction in

air-cathode microbial fuel cell

2.1 Introduction

Global energy scarcity and the continuous production of wastewater effluent
are considered the most serious challenges facing the world and hinder
socio-economic development. In recent times, microbial fuel cell (MFC)
technology has attracted significant attention due to advantages such as high
conversion efficiency and environmental friendliness [1]. Interestingly, this
technique allows the simultaneous production of energy and degradation of
organic pollutants in wastewater [2, 3]. An air-cathode MFC typically consists
of anodic and cathodic chambers separated by a proton exchange membrane.
In the anodic chamber, exoelectrogenic microorganisms oxidize organic
substrates via metabolic reactions, generating electrons and protons that are
moved to the cathode chamber by the external circuit and proton exchange
membrane, respectively [4]. On the cathode surface and under aerobic
conditions, the electrons reduce oxygen, which combines with protons,
producing a non-toxic reduction product G.e., water) [5]. Despite the

advantages of MFCs, their large-scale application is restricted by the low
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catalytic activity of the oxygen reduction reaction (ORR) [6], low production of
power [7], and the high cost of their components [8]. Therefore, significant
efforts have been devoted to the enhancement of MFC performance by
optimizing a variety of operational factors such as electrode type [9], catalyst
material [10], wastewater conditions [11], bacterial cultures [12], and substrate

concentration.

Among these parameters, the catalyst material plays a critical role in
improving the performance of MFCs due to its direct effect on the ORR,
which is considered the main parameter limiting the generated power of
MFCs. Moreover, the ORR catalyst materials represent more than 50% of the
total cost of MFCs [13]. It has been known for several years that Pt is an
efficient ORR catalyst for MFCs, due to the rapid kinetics of the oxidation
reduction reaction and its high catalytic activity. Nevertheless, its high cost,
limited availability, poor durability, and tendency to cause surface poisoning
(especially when using wastewater) have restricted the widespread or
large-scale application of MFCs using a Pt-based catalyst [14, 15]. Such
concerns have prompted researchers to develop alternative non-precious
catalyst materials with high ORR electrocatalytic activity for use in MFC
scale-up. In general, catalyst materials can be classified as biotic or abiotic.
Biotic catalyst materials, such as enzymes or bacteria, are extremely active
and more selective in neutral media, but their high cost and poor durability
restrict their application in MFCs [16]. Moreover, the electron transfer
mechanisms for these biomaterials are not fully understood, especially in
wastewater media [17]. Abiotic catalysts are mainly subdivided into three
groups: carbonaceous materials [18], Pt group metal (PGM) catalysts [19], and
PGM-free catalysts [20]. With their high chemical resistances, good stabilities,
long lifetimes, and cost efficiencies, PGM-free catalysts (i.e., Fe, Mn, Co, Cd,

and Ni) are superior to PGM catalysts, and have higher or comparable
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electrochemical performance [21, 22]. In this context, many researchers have
investigated carbon-supported PGM-free catalysts electrodes, such as
MnO,-graphene hybrids [23] and manganese oxide (MnOx) supported on a
nitrogen-doped carbonaceous electrode, [14] as cathode materials for MFCs.
Interestingly, the results of such investigations have shown comparable
electrochemical performance with those achieved with a Pt catalyst electrode.
Furthermore, carbon-nanotube-doped transition metals such as Fe and Co
have exhibited higher electrocatalytic activity and good stability with respect
to ORR compared to a commercial Pt/C electrode [24]. In addition, a
carbon-supported Ni composite electrode has shown excellent potential for use
as an alternative cathode material in MFCs [25]. However, most of these
previous studies demonstrated that the fabrication technique has a significant

effect on the catalytic activity of the PGM-free catalyst electrode [23].

Consequently, several techniques have been investigated in previous studies,
such as chemical vapor deposition [26], hydrothermal treatment [27], brushing
[28], and sol-gel techniques [29]. However, most of these investigated
techniques are expensive, complicated, time-consuming, and require specific
conditions such as high temperature and pressure. In addition, the generated
power and current densities of MFCs based on those techniques is insufficient
for large-scale applications. Therefore, developing an efficient and appropriate
strategy for fabricating an alternative, non-precious catalyst with high
conductivity and large exposed active sites (while maintaining effective

stability) is necessary for achieving optimal performance of MFCs.

In this study, EPD is introduced as a simple, cost-effective, and scalable
technique to prepare Ni, Cd, and Co nanoparticle catalyst layers on a
carbon-felt (CF) cathode material for use as efficient PGM-free catalytic
cathode materials for single-chamber air-cathode MFCs. The performance of

the fabricated PGM-free catalyst cathodes has been investigated and
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compared to that of the Pt-coated carbon cathode in a single air-cathode
MFC. This study compares the performances of MFCs employing three
different PGM-free nanocatalysts. In addition, it introduces detailed procedures
for a simple and cost-effective fabrication technique, along with an in-depth
discussion about the unique features based on morphology, chemical
composition, catalytic activity, and electrical resistivity of the prepared catalyst
materials. These considerations have not been well-described in previous
studies. Overall, this study introduces a new approach for the improvement of
MFC application on a large scale, based on economic viability of PGM-free

cathode catalyst materials.

2.2. Materials and methods

2.2.1. Electrode fabrication

A CF (3 X 3 cm, 2.5 mm thickness, purchased from Morgan, UK) was used
as the cathode base material for MFCs. First, CF was cleaned by sonication in
acetone for 12 hours to remove impurities and then immersed in deionized
water for 20 h and dried overnight in a drying oven at 70C. The PGM-free
catalyst layers were fabricated on the surface of CF cathodes using EPD, as
described in a previous study [30]. To electrophoretically fabricate a cathode,
two carbonaceous electrodes were immersed in an electrolytic cell containing
500 mL of a target metal precursor solution (190 mM), depending on the
selected catalyst materials (Ni, Co, and Cd). The catalyst precursors were
NiCl, - 6H,0, CdCl, - 6H,O, and CoCl, - 6H,0O, which were purchased from
Samchun chemicals (South Korea). An external power supply was used to
adjust the difference of voltage between the two electrodes at 30 V for 30
min. As a result, CF cathodes covered with PGM-free catalyst layers were
obtained. The prepared cathodes are denoted as Ni/CF, Cd/CF, and Co/CF for
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the nickel, cadmium, and cobalt-doped CF, respectively. A commercial
Pt-coated carbon-based cathode (purchased from Chem Inc., USA) was utilized

as a control cathode (denoted as Pt/C).

2.2.2. MFC assembly and operation

The utilized reactors of MFC reactors have identical dimensions of 5 X 2.5
X 8 cm, with a total volume of 100 mL (84 mL working volume + 20 mL
head space). MFCs were operated under batch mode at room temperature.
The anode material was commercial CF and the cathode material was CF
coated with PGM-free catalyst layers. One side of the coated cathode faced
the cation exchange membrane (CEM, CMI-7000), which was purchased from
Membrane International Inc. (USA). The other side was directly exposed to air
(.e., an air-cathode configuration). The distance between two electrodes was

fixed at 3.5 cm.

The MFC was inoculated with anaerobic sludge collected from the
Sooyoung wastewater treatment plant in Busan (South Korea) under
oxygen-free conditions. The anaerobic digester sludge had the following
characteristics: total suspended solids (TSS) 11525 mg L™, volatile suspended
solids (VSS) 4147 mg L™, chemical oxygen demand (COD) 5849 mg L™, pH
8.23, and electrical conductivity (EC) 6.84 mS cm™. To support bacterial
growth, the wastewater sludge was diluted in a 1:3 ratio with an autoclaved
anaerobic nutrient buffer solution, as described in a previous study [29]. The
diluted anaerobic sludge was then purged using nitrogen gas for 20 min to
remove the remaining oxygen before and after inoculation into the MFC. As a
carbon source, acetic acid was injected into the MFC at an 80 mM
concentration. In order to analyze the bacterial and archaeal communities, the

microflora in anaerobic sludge was examined by next generation-sequencing
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(Ion PGMTM System, Life Technologies, USA).

2.2.3. Material characterizations

The crystal structures of the prepared PGM-free catalyst cathode materials
were investigated using an x-ray advanced diffractometer system (XRD,
RIGAKU, Japan). Diffraction patterns were recorded over 26 from 10° to
90° at a step rate of 0.05° . The morphology of the prepared cathodes was
investigated with a field-emission scanning electron microscope (FE-SEM,
Tescan, Czech Republic), which was equipped with an energy dispersive X-ray
(EDX) analysis tool. TEM images were observed using high-resolution
transmission electron microscopy (HR-TEM, JEOL, Japan). The element
compositions of the prepared cathode were analyzed using Fourier-transform
infrared spectroscopy (FT-IR, Spectrum GX, Perkin Elmer, USA) in the range
of 650-4000 cm™ and Raman spectroscopy (DXR, Thermo Scientific, USA) with

laser excitation at 532 nm.

2.2.4. Electrochemical measurements and polarization curves

Open circuit voltage (OCV) and electrode potentials were measured versus
time using a multimeter (Model 2700, KEITHLEY, USA) and Ag/AgCl reference
electrodes (RE-1B; AS, Japan), respectively. After stabilization of the OCV, the
cell circuit was closed, and polarization curves were then attained under
various external resistances (10 to 1300 k). Currents were calculated using

Ohm’ s law, as shown in Eq. (D).
I=V/R (D

Here, 1 (A) is current, V (V) is voltage, and R (£) is applied external

resistance. The electrocatalytic activity of the prepared cathode materials was
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investigated using cyclic potentiostatic voltammetry (CV, ZIVE SP1, WonATech,
Korea) in a three-electrode cell. In which, the fabricated PGM-free catalyst
electrode was connected as the working electrode, whereas Ag/AgCl and a Pt

wire were used as the reference and counter electrodes, respectively.

The actual conversion efficiency of the MFCs was measured using the
coulombic efficiency (CE) equation, which represents the ratio of the actual
generated current to the theoretical current that should be generated as a
result of organic substrate degradation by microorganisms in the MFC. The CE
of batch mode MFCs can be calculated as described in a previous study using
Eq. (2) [311

t
M/Idt
0

~ V. ACOD

an

CE 2

The overall internal resistance of the MFC based on pristine and fabricated
PGM-free catalyst cathodes was calculated using the slope of the polarization
curve (AE/AID. Finally, the current stability was investigated for two days at
a constant voltage of 0.2 V. Moreover, the COD before and after MFC
experiments was measured using an HS COD-LR kit (Humas, HS 2300 plus,

Korea).
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2.3. Results and discussion

2.3.1. Morphology of the fabricated cathodes

Fig. 2.1 shows the FE-SEM and HR-TEM characterization of pristine and
fabricated PGM-free catalyst cathodes materials. As shown in the FE-SEM
images, the pristine CF fibers were smoothly interlinked (Fig. 2.1a), unlike the
coated CF fibers (Figs. 2.1b, ¢, and d), which are evenly covered with metal
nanoparticles, exhibiting an intertwined network porous microstructure
morphology. This porous structure is attributed to the spreading growth of
prickly catalyst nanoparticles with numerous bumps on the surface of the CF
cathode. Notably, the morphologies of the synthesized nanoparticle coating
layers were different from one metal to another. These results are attributed
to the significant difference in metal morphology, chemical structure,
crystallinity, wettability, and roughness of the surface from one metal layer to
another (Figs. 2.1b, c, and d).

Furthermore, the HR-TEM images of Ni nanoparticles show a uniform
distribution and lack of agglomeration (Fig. 2.1e) on the surface of CF, in
comparison with Cd- and Co-distributed nanoparticles (Figs. 2.1f and g). The
uniform distribution of Ni nanoparticles increases the surface area as well as
enhances the active sites on the cathode surface. This, in turn, led to an
improvement in mass transfer diffusion and accelerated the rate of ORR [28],
while also enhancing the electron pathway toward water generation on the
cathode surface (instead of producing hydrogen peroxide as an unfavorable

intermediate by-product) [32].
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Fig. 2.1. FE-SEM and HR-TEM images (inset) of (a) CF, (b and e) Ni/CF, (c
and f) Cd/CF, and (d and g) Co/CF cathodes.

2.3.2. Chemical structure of the fabricated cathodes

EDX mapping was conducted to confirm the chemical composition of the
synthesized PGM-free catalytic cathode materials. As shown in Fig. 2.2, Ni,
Cd, and Co were clearly detected on the surface of PGM-free catalyst
cathode materials that were investigated. Remarkably, carbon exhibited the
lowest percentage for the PGM-free catalyst fabricated cathodes, implying
that most of the surface area of the investigated cathodes was covered by a
metal or metal-oxide layers. These results are in accordance with the
obtained FE-SEM results (Fig. 2.1). Moreover, as shown by the EDX mapping
in Fig. 2.2a, the Ni/CF cathode has the highest oxygen content, indicating that
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the created nickel nanoparticles on the surface of the CF electrode material
were in the form of nickel-sheathed nickel-oxide nanoparticles, which was

also confirmed by XRD analysis (Fig. 2.3a).

Fig. 2.2. EDX spectra of the fabricated (a) Ni/CF, (b) Cd/CF, and (c) Co/CF

cathodes.
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The crystal structures of the fabricated PGM-free cathodes were
investigated using XRD analysis, as shown in Fig. 2.3a. As shown by Fig. 2.3a,
a broad peak appeared at 23° for all investigated cathode materials, which is
attributed to carbon material corresponding to the (003) structure plane based
on the JCPDS database (No. 15-0806). Moreover, for the Ni/CF cathode, the
observed peaks at 26 values of 47.66° and 58° confirm the formation of
nickel nanoparticles on the CF surface, which were assigned to the (111) and
(200) Ni crystal planes, respectively [32]. The remaining diffraction peaks at
34°, 38.33° , 42.82° , and 61° are attributed to (003), (111), (200), and (220)
NiOy planes [33]. For Cd/CF, the observed peaks at 26 of 34.4°, 39.4° and
56.2°  correspond to (002), (101), and (102) cadmium crystal planes,
respectively [34]. The pattern of Co/CF contains three reflections from the Co
(111), (200), and (220) planes at 43.28° , 54.2° , and 78.6° , respectively [35,
36]. These results indicate the successful deposition of Co and Cd nanoparticle
metallic layers on the surface of the CF cathode materials. In contrast, Ni/CF
cathode material exhibited Ni sheathed by a NiOy nanoparticle layer under the
same conditions of the fabrication process. The formation of a Ni/NiO
catalyst layer is mainly attributed to the high metallic activity of Ni compared
to Cd and Co metals, which led to oxidized Ni in the presence of oxygen.
These results were also confirmed by the Raman spectra in the range of 3500
-500 cm™ (as shown in Fig. 2.3b).

Fig. 2.3b shows the Raman spectra for all investigated cathode materials. As
shown by Fig. 2.3b, the Raman spectra show two prominent peaks for all
investigated cathodes. This can be attributed to the D band peak (structure
defects and disorders) that are commonly located at 1358 cm ! and the G
band peak (graphitization), which is observed at approximately 1589 cm ! The
deposition of transition metals (Ni, Co, and Cd) affected the D and G bands,

while the Raman bands intensities (ID/IG) were decreased from 1.60 for CF
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pristine cathode to be, 1.25, 1.14, and 1.03, for Ni/CF, Cd/CF and Co/CF,
respectively. This changing of (ID/IG) value, is attributed to the change in
purity, geometry, structure, crystallinity, and surface composition of the CF
base electrode following the EPD process. However, it can be observed from
Fig. 2.3b that Ni/CF exhibited a new peak at around 508 cm™, which was
attributed to the NiOy, while no new peaks were observed for Cd/CF and
Co/CF, where the metals are Raman silent [37]. These results confirmed the
deposition of Cd, Co, and Ni/NiOy on the surface of CF cathodes. In other
words, the ID/IG ratio is important in evaluating structural changes on the

surface of the CF pristine electrode due to the EPD coating process.

Fig. 2.3c shows the surface chemical structure of the CF, Ni/CF, Cd/CF, and
Co/CF materials obtained by FT-IR analysis. As shown in Fig. 2.3c for CF,
graphite (carbon) stretching vibrations were observed at 3900 cm™, and the
weak peaks at 2928, 2844, and 2354 cm™ are attributed to OH bending and
OH (free) asymmetric stretching of water. These can be attributed to the
water (humidity) absorbed from the surrounding atmosphere. Furthermore, the
weak peaks observed between 1600 and 1400 cm™ are related to carbon. For
Ni/CF, a band related to Ni(OH), was found at 3640 cm™, and the intense
peak at 678 cm™ was attributed to a Ni-O stretching band. Moreover, strong
peaks at 3354 cm™ (OH-free asymmetric stretching), 2928 cm™ (OH bending),
2844 cm™ (OH bending), 1738 cm™ (C=O stretching), 1610 cm™ (H-O-H
bending), and 1058 cm™ (C-O stretching) appeared in the spectra of all the
fabricated cathodes [38]. These peaks may be due to hydrolysis, because the
voltage used in EPD is greater than the ideal theoretical voltage for
hydrolysis (1.23 V). In summary, the FT-IR results are consistent with the
XRD analysis.
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Fig. 2.3. (a) X-ray photoelectron spectra, (b) Raman spectra, and (c) FT-IR

spectra of pristine and the PGM-free catalyst cathodes.
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2.3.3. Oxygen reduction reaction characteristics

In order to investigate the catalytic activity of the fabricated cathode
catalyst materials, CV measurements were conducted in 20 mL of the
wastewater solution at room temperature before and after the metal
electrodeposition process. As shown in the CV curves, Fig. 2.4a, there are no
obvious peaks for the pristine CF electrode, indicating that no electrochemical
reactions occurred at the selected potential and scan rate [28]. However,
three different reduction peaks were observed for Ni/CF, Cd/CF, and Co/CF,
suggesting that the catalytic activity of CF as a cathode material is mainly
attributed to the deposition of Ni, Cd, and Co nanoparticles on the surface of
the CF base electrode.

Moreover, the Ni-sheathed NiOy nano-catalyst material exhibited the highest
peak in current density compared to the other fabricated catalyst materials.
This means that Ni/CF has the highest catalytic activity with respect to the
ORR compared to the other cathode catalyst materials. Although, Ni/CF and
Pt/C exhibited maximum reduction peaks at the same potential, the Ni/CF
cathode achieved a higher current density compared to the Pt/C cathode. This
is probably due to the high electrical conductivity of the nickel nanoparticles
coupled with the high affinity of NiOx for oxygen chemisorption during ORR,
which prevents hydrogen peroxide (H;O,) generation on the surface of the
cathode catalyst material [39]. In addition, under oxygen-saturated conditions,
the current density of the reduction peaks for the Ni/CF catalyst was
increased (Fig. 2.4b) compared to that achieved under oxygen-free conditions
(Fig. 2.4a). The achieved current density at the cathodic onset potential for
Ni/CF were 10 mA cm™ and 15 mA cm™ for oxygen-free and under saturated
oxygen solution respectively. This increase in the cathodic current density is
due to the high affinity and capability of the Ni-sheathed NiO, nanoparticles
for the ORR under oxygen conditions [40]. It is worth to mention that, the
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obtained value of cathodic current density based on Ni/CF is 15-times higher
than that (1.08 mA cm™) achieved in other studies [41] in which Ni-coated
carbon-based electrodes were synthesized using a chemical reduction
modification technique. The significant increase in current produced in this
study would be attributed to the uniform distribution of Ni/NiOy nanoparticles
on the CF electrode, which resulted in a higher surface area, a larger
number of active sites and excellent wettability, which in turn led to a
decrease in electron transfer resistance and enhancement of the mass
transfer rate. This facilitated the ORR kinetics reaction on the cathode

surface, resulting in an increase in the produced current and power densities.

In general, the ORR on the cathode surface occurs via two pathways: a
two-electron pathway involving the formation of H,O, ions as an intermediate
product, or a four-electron pathway that produces water as the end product
of the combination of hydrogen and oxygen. H,O, ions are corrosive and can
be the cause of many problems, such as, membrane damage or electrode
corrosion. Therefore, the four-electron pathway is more favorable than the

two-electron pathway [42].

The schematic pathways for the ORR on the surface of the Ni-sheathed
NiOx nanoparticle catalyst materials. The ORR on the surface of Ni-sheathed
NiO, nanoparticles can be summarized as a sequence consisting of four
reactions: 1) after organic substrate degradation in the anodic chamber, the
generated protons are reduced by NiOy nanoparticles (Reaction 1); 2) this is
followed by the oxygen adsorption reaction, in which each oxygen molecule
adsorbs onto two adjacent NiOOH of the cathode surface, forming the bridged
adsorption sites; 3) next, an electron-transfer step occurs (Reaction 3), which
represents the rate-determining step of the ORR reactions; and 4) finally, the
Oads species are reduced (Reaction 4) and water is produced as the final

product. This sequence is the four-electron pathway.
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Reaction 1: NiOy + H" + e© — NiO;0H
Reaction 2: 2NiO,,,OH + O, — [(NiOy-;0H)O,q:)
Reaction 3: [(NiOy;OH)Ou4sle + H* + € — (NiOy;OH)Ongs + HsO + NiOy

Reaction 4: (NiO,.;OH)O,4 + H* + e — H,0 + NiOy
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Fig. 2.4. (@) CV curves of the investigated PGM-free catalyst cathodes in 1 M
of NaOH at 50 mV s™ scan rate at room temperature and (b) ORR catalytic

activity of the Ni/CF cathode under oxygen injection.
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2.3.4. Open circuit voltage and power density

The performance of the various fabricated PGM-free catalysts were
investigated in a single-chamber air-cathode MFC under batch mode
conditions, as shown in Fig. 2.5. As shown in the figure, Ni/CF exhibited the
highest OCV value (0.762 V) compared to other investigated cathode catalyst
materials, for which the obtained OCV values were 0.762, 0.538, 0.524, and
0.405 V for the MFCs based on Ni/CF, Pt/C, Cd/CF, and Co/CF, respectively,
(Fig. 2.5a).

Fig. 2.5b shows the generated power density of the MFCs based on the
fabricated PGM-free cathode catalysts. A significant increase in the produced
power was observed in the case of Ni/CF cathode, where, the maximum
produced power density of MFCs were 1630.7 (Ni/CF), 489.6 (Pt/C), 125.3
(Cd/CF), and 76.3 mW m™ (Co/CF), respectively. This increase in the produced
power density based on a Ni/CF electrode is attributed to the formation of
homogeneous Ni-sheathed NiOy nanoparticles layers on the surface of the
pristine CF cathode material. These layers act as efficient catalysts by
decreasing the charge transfer resistance, increasing the surface area,
enhancing the active sites, and improving the surface wettability of the

pristine CF cathode material.

As shown by the current density for MFCs based on the fabricated
PGM-free catalysts, the Ni/CF cathode exhibited a 250% greater current
density compared to that achieved by the Pt/C commercial cathode catalyst
material. The produced current densities were 9296.6, 3809.4, 964.2, and 819.2
mA m™ for Ni/CF, Pt/C, Cd/CF, and Co/CF, respectively. This result further
confirms the effectiveness of the Ni-sheathed NiO, nanoparticles as a catalyst
layer for enhancement of cathode performance and to increase the produced
current and power densities of MFCs. On the other hand, it can be clearly

observed from Fig. 2.5c that the produced current density for all investigated
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MFCs based on the various fabricated cathode materials started at maximum
values and then decreased with time until a stable state was reached. This
sharp decrease in the initial current density is due to the rapid depletion of

accumulated electrons on the anode surface during MFC operation.

Anode and cathode potentials were recorded over time during MFC tests. As
shown in the figure, the anodes potential changed slightly with time because
of the accumulation of produced electrons generated by the exoelectrogenic
reactions in the anodic chamber. This is in contrast to the cathodes potential
which changed significantly with time. This change in cathodes potentials is
mostly due to the high catalytic activity and chemical stability of the catalyst
materials with respect to ORR reactions. However, the Ni/CF cathode
exhibited the greatest stability in electrode potential compared to the other
electrodes, thereby confirming the high catalytic stability of Ni-sheathed NiO,

nanoparticles with respect to the ORR reaction.

Therefore, it can be concluded that the performance of an MFC can be
greatly enhanced by using Ni-sheathed NiOy as cathode catalyst layer. This is
due to the combination of high metallic activity and electrical conductivity of
Ni, together with the high electrocatalytic activity of NiO, with respect to the
ORR (four-electron pathway reactions), which results in the enhancement of
electron transfer, a decrease in charge transfer resistance, and an increase in

the generated current and power densities of MFCs.

Notably, and in contrast to previous studies, the introduced Ni/CF cathode
material exhibited higher current and power densities compared to that
obtained in previous studies (as shown in Table 2.1). This indicated that the
Ni/NiOyx nanoparticle is a superior electroactive catalyst material for ORR in

single air-cathode MFCs operated in the batch mode.
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Fig. 2.5. (a) Open circuit voltage versus time during MFC experiments, (b)
polarization curve, (c) current stability, and (d) internal resistance of MFCs

based on pristine and fabricated PGM-free catalyst cathodes.
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Table 2.1. Maximum power density of air-cathode MFC based on catalysts

doped carbonaceous cathode materials using different fabrication techniques.

. Power
Preparation :
Cathode Morphology density Reference
method -
mW m™)
Ni/CF Electrophoresis Nanoparticles 1630.7 This study
Pt/C 489.6
Cd/CF 125.3
Co/CF 76.32
, Settling and ,
Ni/C , Nanoparticles 26.0 [43]
applying
Chemical
NiCNF/ACF vapor Fibers 600 [26]
deposition
Ni/C Brushing Nanoparticles 94.4 [28]
Thermal Filamentous
MnCo, 113 [44]
treatment shape
Mn-PPY-CNT Solvothermal Wires 213 [45]
CPs Polymerization Nanoparticles 122 [46]
C030y4 Hydrothermal  Nano flakes 347 [27]
Pt;SnsP/C Impregnation ~ Nanoparticles 361 [19]
Pt;Sns/C 336
Sn/C 108
PtaSIh/C 207
Pt5SH5/C 245
a -MnO, Hydrothermal Nanowires 111 [47]
a -MnO,/C 180
AC-E20 Heating Layers 1070 (48]
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Power

Preparation :
Cathode Morphology density Reference
method -
(mW m™)
3wt% ) Yolk-shelled
, Rolling-press 1433 [49]
C0304/NiCo,04DSNC layers
Twt%
. 1230
C0304/N1C0204DSNC
Fe-AAPyr Pyrolysis Layers 1300 [50]

Cr: carbon telt; CNE: carbon nanoftiber; Mn-PPY-CNT:
manganese-polypyrrole-carbon nanotube; CPs: carbon powders; CoTMPP:
Co-tetra-methyl  phenyl  porphyrin;  AC-EZ20: enrofloxacin; DSNC:
double-shelled Nano cage; Fe-AAPyr: iron amino-anti pyrine.

2.3.5 Internal resistance of MFCs

The overall internal resistance of the MFC means the resistance of ions to
flow through the proton exchange membrane as well as the electrolytes, in
addition to the resistance of electrons to transfer through the electrodes and
interconnections [35, 36]. This internal resistance can be calculated from the

slope of the linear polarization curve (Fig. 2.5a).

Figure 2.5d shows the internal resistances of the MFC based on PGM-free
catalyst cathode materials. As shown by Fig. 2.5d, the Ni/CF cathode material
exhibited the lowest internal resistance (96.3 ) compared to Pt/C, Cd/CF,
and Co/CF cathode materials, which achieved values of 181.9, 754.8, and 771.9
Q, respectively. These results demonstrate the positive effect of the
metal-sheathed metal oxide nanoparticle layers, which act as efficient
catalysts, decreasing the charge transfer resistance and enhancing the

generated current and power densities.
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2.3.6 COD removal and coulombic efficiency

Figure 2.6 shows the COD removal and CE percentage of the MFCs based
on the different fabricated cathode catalyst materials. As shown, the COD
removal was higher than 50% for all utilized cathodes, which confirms the
high potential of MFC technology for wastewater treatment. COD removal was
78.4, 69.8, 60.5, and 54.2% for an MFC based on Ni/CF, Pt/C, Cd/CF, and
Co/CF cathodes, respectively. Furthermore, the ratio of the produced current
densities to the oxidized organic substrates has been calculated using the CE
equation, as shown in Fig. 2.6 (dash columns). The Ni/CF cathode material
exhibited the highest CE (84.1%), compared to the Pt/C, Cd/CF, and Co/CF
cathodes. The achieved CE values were 49.6, 38.8, and 25.0% for the Pt/C,
Cd/CF, and Co/CF cathodes, respectively.

2 1 4 ‘54-1 W COD removal (%) B CE (%)
80 -
- i 69.8
£ ' 60.5
w 60 4 | 54.2
v 49.6
& 50 4 |
= 38.8
E 40 4 A
@ 30 - 25.0
S 20 1
W
10 -
0 T T - T
MNifCF Pt/C Cd/CF Co/CF

Fig. 2.6. COD and coulombic efficiency of MFCs based on fabricated
PGM-free catalyst cathodes.
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2.4. Conclusions

Nickel (Ni), Cadmium (Cd), and Cobalt (Co) nanoparticles were successfully
synthesized on the surface of CF as a carbonaceous cathode material using a
simple EPD technique. Due to the high activity of Ni metals, the synthesized
Ni nanoparticles were covered by a thin layer of NiOy. The nanostructure of
the Ni/NiOyx strongly enhanced the electrochemical activity with respect to
ORR in the four-electron pathway at a neutral pH. The maximum power
density of an MFC based on the Ni/CF catalyst was four times greater than
that obtained for MFCs based on a Pt/C catalyst under the same conditions.
The high electrical conductivity of Ni coupled with the high catalytic activity
of NiO,, leads to an increase in the produced power and current densities of
the MFCs. This is in addition to significant enhancements with respect to
pollutant removal and coulombic efficiency. The super electrocatalytic activity
and high durability for oxygen reduction means that the Ni/NiOy nanoparticles

are both attractive and efficient alternative cathode catalysts for use in MFCs.
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Chapter 3.

Electrophoretically fabricated nickel/nickel oxides as cost
effective nanocatalysts for the oxygen reduction reaction in

air-cathode microbial fuel cell

3.1 Introduction

Microbial electrolysis cells (MECs) are technologies that produce high
value-added materials such as hydrogen, methane, ethanol, and butanol from
organic matter in wastewater by electroactive microorganisms (exoelectrogens)
[1-3]. In other words, MEC has two advantages: wastewater treatment and
efficient energy production. Among the main materials that MEC can produce,
hydrogen has been selected as the main target material because it does not
emit pollutants (greenhouse gas) when used as fuel [4]. The two-chambered
MEC for hydrogen production is separated into two spaces using the cation
exchange membrane and is composed of the anode and the cathode,
respectively [5]. In the anode chamber, various microorganisms called
anode-respiring bacteria (ARB) grow and oxidize soluble organics in
wastewater to generate H+, e, and CO, [6]. The generated electrons and
hydrogen ion transport to the cathode through the external circuit and PEM,
and they are reduced to H2 gas at the cathode.

Among the elements that make up the MEC, especially the anode is an
important part of the MEC because the ARB effectively transfers the charge
from the microorganism-anode interface to the anode by increasing the
microbial density [7, 8]. It is essential to concentrate the ARB on the anode

and accelerate the electron transfer rate to achieve high performance. Thus,
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carbon-based materials (e.g., carbon felt [9], carbon paper [10], graphite [11],
and granular activated carbon (GAC) [12]) having low cost, high durability,
electrical conductivity, and high surface area have been mainly selected.
Among them, 3D porous carbon structures such as carbon felt, carbon sponge,
and carbon foam has been widely used in microbial bioelectrochemical systems
due to its large bio-accessible area [13, 14]. However, the unique
hydrophobicity of the carbon-based structure is incompatible with the strong
microbial adhesive surface due to bacterial activity and electron transfer
defects by preventing moisture penetration and gas release inside the carbon
felt [15-17]. In other words, it is limited to the 2D role even though it is a
material having a high surface area using only the electrode surface without

using the entire area of carbon felt.

To solve these problems, recently, research results using the anode by
coating carbon nanotubes or conductive polymers such as polyaniline, and
polypyrrole to increase the density of current generating microorganisms of
inefficient porous carbon-based materials have been reported in microbial
electrochemical system [18-20]. Cui et al. electropolymerized polyaniline (PANI)
on the surface of large porous graphite felt (GF), followed by electrophoretic
deposition of carbon nanotubes (CNT). MFC maximum power densities from
CNT-125/PANI/GF (308 mW m™ anodes increased by 628% and 385%
compared to those from the original GF (49 mW m™) and PANI/GF (80 mW
m™), respectively [21]. Feng at el. fixed the Shewanella decolorationis S12
using polypyrrole/anthraquinone-2,6-disulphonic disodium salt (PPy/AQDS)/CF
modified anode and showed that the maximum power density of the
two-chambered MFC was 1303 mW m™ [22].

Among the conductive polymers, Poly (3, 4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is commonly used material as a display,

biosensor, and medical device because of its high electrical conductivity |,
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biocompatible, excellent stability, and good processability [23-25]. When
present in an oxidized state after oxidation polymerization, PEDOT:PSS has a
high conductivity by polaron or bipolaron [26]. PEDOT is still hydrophobic, but
PEDOT:PSS is hydrophilic because hydrophilic PSS is polymerized while
surrounding the outside of PEDOT [27]. PEDOT has positive charge and PSS
has SO® negative charge, so it is combined through strong electrical
interaction (attractive force) and has excellent stability [28]. These characters
of PEDOT:PSS are well-matched with anodes of BES and has recently
emerged as a novel electrode material to improve the performance of BES.
For example, conductive PEDOT:PSS films were coated on CF anodes and
inoculated in palm oil mill waste to show good biocatalytic performance when
catalyzing acetate metabolism [29]. Zajdel et al. developed a multi-layered
conductive bacterial composite film (MCBF) produced by inserting S. oneidensis
into PEDOT:PSS and co-immobilized on a porous CF substrate, showing a
20-fold increase in current compared to CF [30]. These studies present the
key possibility that surviving exoelectrogens across 3D porous PEDOT:PSS/CF
increases bacterial density, current production and maximizes hydrogen
production from the MEC to the anode. Especially, the conductivity
polymer-doped 3D porous anode has been applied to MFC, and there is no
performance verification for MEC. In addition, it is necessary to analyze
detaily the microbiological deposition and electrical characteristics according to
the depth of the electrode.

In this study, PEDOT:PSS, a unique super-hydrophilic material with both
conductivity and biocompatibility, was used to improve electron transfer
capacity of anodes. The electrode  modification  method  using
electropolymerization is very simple, and the physicochemical and electrical
properties of the modified electrodes were evaluated. The scope of this study

provides new insights into the BES by increasing the potential of the anode

_46_

Collection @ kmou



using materials that were not used in MEC.

3.2 Materials & methods

3.2.1 Preparation of PEDOT:PSS doped carbon felt

Carbon felt (CF, 5 X 5 cm, 50 mm thickness, purchased from Morgan, UK)
was soaked in 50% nitric acid for 12 s followed by drying all night to remove
impurity and improve hydrophilicity. It was attached to an electron collector
made of stainless steel with silver paste and pressed for 1 day with a weight
of 1 kg.

3, 4-Ethylenedioxythiophene (EDOT) 97% and Poly(sodium 4-styrenesulfonate)
(NaPSS) purchased from Sigma-Aldrich were prepared for
electropolymerization. Lithium chloride (LiClIO4) 95% purchased from Sam-Chun
was used as electrolyte. The pretreated CF was impregnated into the mixed
solution (DI water; 19.5 mL, LiClO4 0.0112 g; EDOT 0.5 mL; and NaPSS 0.801
g). Subsequently, galvanostat (ZIVE SP1, WonATech, Korea) was used to coat
by electropolymerization at 100 mA in galvanic mode for 12 hours; Graphite,
CF, and Pt wire were selected as the counter electrode, working electrode,
and reference electrode, respectively. The PEDOT:PSS doped CF electrode
(PEDOT:PSS/CF) dried overnight after electropolymerization was put into

deionized water for 1 day and heat treated at 110C for increased durability.

3.2.2 Morphology and biocompatibility property

The surface morphology of the fabricated anodes before and after

application to the MEC was investigated by field emission scanning electron
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microscopy (FE-SEM, Czech Republic). After obtaining sufficient hydrogen
production data from MEC, the morphology of bacteria attached to the anode
was investigated. The electrode detached from the MEC was cut into 1 X 1
cm pieces and the height of the electrode was divided into two parts in order
to confirm the presence of bacteria inside the electrode. After that, these
were washed with pH7 phosphate buffer. To remove moisture and fix the
form of microorganisms, the specimens were immersed in glutaraldehyde (2.5%
final, Sigma-Aldride, USA) for 1 h, washed three times with DI Water, and
then performed in the equal method for Osmium (1% final, Sigma-Aldride,
USA). Subsequently the specimens were dehydrated twice each in a series of
graded aqueous ethanol solutions (50, 70, 80, 90, 95, and 100%) for 10 minutes
each. The pretreated electrodes were dried overnight at room temperature.
Prior to SEM observation, the ssmples were coated with platinum for 60 sec
at 15 mA using ion sputtering (E-1030, Hitachi Ltd., Japan). The element
compositions was figured out with an energy dispersive X-ray (EDX) attached
to FE-SEM.

3.2.3 Chemical structure and wettability

The functional group of the prepared anode was analyzed using Raman
spectroscopy (JASCO, NRS-5100, Japan) with laser excitation at 532 nm in the
range of 700-4200 cm ™! The elements structure were analyzed using
Fourier-transform infrared spectroscopy (FT-IR, Spectrum GX, Perkin Elmer,
USA) in the wave number range of 650-4000 cm™ under the ATR mode.

The hydrophilicity was determined by dropping 6 ul of deionized water at 1
sec intervals onto the pristine CF and fabricated PEDOT:PSS/CF each other,
and the value of water contact angle (WCA, DSA25, Kruss, germany) was

recorded at room temperature.
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3.2.4 Electrochemical analysis

The electrocatalytic activity of the prepared cathode materials was
investigated using cyclic voltammetry (CV) and impedance spectroscopy (EIS)
(ZIVE SP1, WonATech, Korea) in a three-electrode cell. In which, the
fabricated PEDOT:PSS/CF electrode was connected as the working electrode,
whereas Ag/AgCl and a Pt wire were used as the reference and counter
electrodes. CV was tested at -1-1 V with 50 mV sec” in phosphate buffer
solution pH7 with nitrogen gas purging to remove oxygen for anaerobic
condition. The CV was performed for 5 cycles and was obtained in the last
cycle. EIS measurement was set to the same condition as CV, recorded in the
range of 0.01 Hz to 100 kHz, and the amplitude was 10 mV.

3.2.5 Two-chambered MEC set-up and operation

The pristine CF (control) and fabricated PEDOT:PSS/CF were applied to a
two-chamber MEC producing hydrogen to compare the actual MEC
performance. It consists of anode chamber (working volume 140 mL +
headspace 50mL) and cathode chamber (working volume 165 mL + headspace
50 mL) separated with Nafion 117 membrane (7 X 7 cm, DuPont, USA). The
anodes were applied differently with pristine CF and PEDOT:PSS/CF,
respectively, while cathodes were used equally with the Pt-rod perforated
titanium plate (0.5 mg Pt cm™). Nutrient mineral buffer (NMB) solution was
added as anolyte to support microorganism growth and anaerobic digestion
sludge (mixed culture) from Soo-young wastewater treatment plant was used
as microbial inoculum. The phosphate buffer pH7 was filled as catholyte in
the cathode chamber. Acetic acid (1.5 mM) was injected as the substrate after

purging headspace with nitrogen every batch. The injected acetate was
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assumed to be completely consumed during the first cycle of batch testing.
Hydrogen production efficiency was compared using a MEC equipped with test
electrodes (CF vs. PEDOT:PSS/CF) after 3 months of preliminary stabilization.
Gas production and composition analysis were performed by taking a gas
sample (0.5 mL) from a MEC headspace using an airtight syringe (2.5 mL,
Hamilton SampleLock Syringe# 1002, USA) and performing gas chromatography
(GC, Series 580, GawMac Instrument Co., USA). Hydrogen production rate was
detected by respirometer (BRS-110, EETech, Korea). To initiate hydrogen
production, an external voltage of 0.7 V was applied to the MEC using a DC
power source. All prepared reactors were operated in an incubator at 30C

under 350 rpm.

3.2.6 Coulombic efficiency

The actual energy production efficiency of MEC due to the decomposition
of organic substrates by microorganisms was calculated using the following

coulomb efficiency (eqn. (3)).

M [} Idt
~ FbV,,ACOD 3

CE

where M is the oxygen molecular weight (32 g mol™), F is Faraday’s
constant (96485 C mol™), b indicates the number of electrons exchanged per
one oxygen molecule (4), V is the volume of the reactor. Current (I) which is
connected with fixed resistance (10 Q) on the cathode side was continuously
monitored by a multimeter (Keithley 2700, USA). COD was measured before
and after MFC experiments using an HS COD-LR kit (Humas, HS 2300 plus,

Korea).
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3.3 Results & Discussion

3.3.1 Morphology and elements of the fabricated anodes

FE-SEM images showed that the PEDOT:PSS thin layer was successfully
deposited each carbon fiber (Fig. 3.1b) compared pristine CF (Fig. 3.1a).
Surface roughness of PEDOT:PSS thin layer in PEDOT:PSS/CF increased after

heat treatment (Fig. 3.1c), which enhanced surface area.

EDX also confirmed the presence of PEDOT:PSS on the PEDOT:PSS/CF
surface. Unlike CF, where only carbon was detected, PEDOT:PSS/CF samples
showed S peak (6.79%) from thiophene of PEDOT and SO™ of PSS, and O
peak (23.10%) by PEDOT. Little amount of Na (0.95%) corresponding to dopant
(NaPSS) were observed. PEDOT:PSS/CF after heat treatment also showed S
(17.09%), O (5.86%) element signal.
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Fig. 3.1. FE-SEM images and EDX results of (a) CF, (b) PEDOT:PSS/CF in
room temperature, and (c) PEDOT:PSS/CF after heat treatment.

3.3.2 Chemical structure of the fabricated anodes

Figure 3.2 shows Raman (Fig. 3.2a) and FT-IR (Fig. 3.2b) spectra for all
prepared anode materials. Raman peaks of CF doped with CF, PEDOT:PSS/CF,
and commercialized PEDOT:PSS solution physically coated CF (PEDOT:PSS-CF)
were investigated to indicate polymerized form PEDOT:PSS rather than each
PEDOT and PSS. The Raman spectrum of CF shows only wide two peaks
witch can find typically in carbon materials; the D band peak (structure

defects and disorders) generally located at 1358 c¢cm™ and the G band peak
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(graphite) which is observed at about 1589 cm™. The peaks at 1003, 1269,
1361, and 1436 cm™ in PEDOT: PSS/CF represent CpA-Cp’ asymmetric
vibration, Ce-Ce’ inter-ring stretching vibration, Cg-Cp’ stretching
vibration, and the divisions of Ce=Cp symmetric stretching vibration,
respectively [31, 32]. The peak at 1507 cm ! corresponds to Cea=Cgp
asymmetric elongation vibration associated with the thiophene ring in the
PEDOT chain [33]. The peak of PEDOT:PSS-CF was also observed in almost
the same area, although it was not clear due to the two large peaks from
CF. The Raman shift from 1440 cm™ to 1436 cm™, after doping, indicates that
the thiophene ring changes from Ce =Cp of benzoid structure to Ce-Cp of
quinoid structure due to oxidation reaction [34]. In addition, a peak at 1565
cm™ was found showing an apparent quinoid structure (Ceo-Cg) [35]. These
results indicate the movement by the heat treatment process for 12 hours

after the electropolymerization.

FT-IR was wused to evaluate components with infrared absorption
characteristics that are inactive in Raman. Commercial PEDOT:PSS solution
was prepared by drying for one day without heat treatment and showed clear
peaks comparison of pristine CF, PEDOT:PSS/CF. PEDOT:PSS/CF showed
similar shape to commercial PEDOT:PSS peaks, unlike CF in the fingerprint
range (1500 to 500 cm™). In the PEDOT:PSS/CF, 1716, 1654, and 1427 cm™
peaks indicate the asymmetric stretching mode of C e« =C g, symmetric Ca =C
£, and asymmetric C ¢ -C A indicating quinoid structure of the thiophene ring,
respectively [36, 37]. The 1334 cm ' bands correspond to ring strains in the
stretching mode of the ethylenedioxy (C-O-C) [38]. The weaker band of about
1137 ¢cm™! occurs due to stretching vibrations from the SO or SO groups
of PSS [39]. The observed peak at 998 cm™ (C-S) is derived from the
stretching vibrations of thiophene ring [40]. The presence of the peak at 2875

cm™ indicates C-H stretching bend [41]. Therefore, these results showed that
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the coating of PEDOT:PSS was successfully achieved on the CF surface.
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Fig. 3.2. (a) Raman spectrum and (b) FT-IR of pristine CF, fabricated
PEDOT:PSS/CF, and commercial PEDOT:PSS doped CF.

3.3.3 Wettability of fabricated electrodes

The hydrophilicity of the electrode material is a major factor in accelerating
microbial adhesion growth and facilitating the release of the resulting biogas.
The hydrophobicity of CF resists surface wetting by the organic solution,
increasing the resistance of the electrode-microbial interface and preventing
electron transfer to the electrode. In addition, hydrophobicity of CF can be
further enhanced by capture of the produced biogas. The CF surface was
converted from hydrophobic to super hydrophilic after PEDOT: PSS
modification as shown in Fig. 3.3. The prepared electrodes were cut into two
parts (outer region and inner region) to observe the wettability of the

electrode surface and the inside. The water contact angle of CF is markedly
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reduced from 113.6° to 0° for the PEDOT:PSS/CF electrode, indicating
super-hydrophilic character. In addition, while the wettability inside the CF
electrode showed hydrophobicity (123.3) compared to the outside, the
wettability of PEDOT:PSS/CF still showed super-hydrophilicity (0). Therefore,
the wettability results by electrode depth show that PEDOT:PSS is uniformly
coated inside the electrode without film formation, resulting in improved
electrode wettability over the entire area. It is expected that exoelectrogens
will be attached to the entire area of the 3D porous PEDOT:PSS/CF electrode,
resulting in higher hydrogen production rate and amount than CF due to

improved electron transfer efficiency.

(a) CF (b) PEDOT:PSS/CF

Quter region

Fi

super-hydrophilicity
DD

Inner region Inner region

Fig. 3.3. Water contact angle of outer and inner region of (a) CF and (b)
PEDOT:PSS/CF.
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3.3.4 Electrical behavior of fabricated electrodes

Prepared CF and PEDOT:PSS/CF electrodes were divided into three parts
according to the electrode depth and measured by the inside and outside of
electrodes to see electrochemical behavior for whole area. Pristine CF and
fabricated PEDOT:PSS/CF was measured in the range of -1 - 1 V using cyclic
voltammetry (CV) to estimate the electrochemical activity (Fig. 3.4a). The
PEDOT: PSS/CF (9.98 mA) electrode showed much higher capacitance currents
than CF (4.17 mA) at the same specific voltage (0.37 V). Besides, the current
densities of inside and outside part of the PEDOT: PSS/CF were similar. Thus,
PEDOT:PSS was well deposited on the CF electrode even inside, which can
provide greater active surface area for bacterial attachment and promote

electrical conductivity.

The ideal anode has a very low charge transfer resistance (RCT) to ensure
good electron transfer. Electrochemical impedance spectroscopy (EIS) was
performed to determine the RCT value on the same conditions analyzed by
CV. The trend of EIS data before and after electropolymerization shows a big
difference between CF and PEDOT:PSS/CF. The inside and outside of the CF
show a longer cafeteria resistance tail compared to PEDOT:PSS/CF, and the
approximately 60° slope appears to be a greater factor for resistance to the
electrical double layer. Nyquist plots outside and inside of PEDOT:PSS/CF
(inset) showed much lower resistance compared to CF and had weak
semicircles and tails showing capacitive and resistive contributions. Outside
PEDOT:PSS/CF indicated a semicircle with a 2.5 times increase in RCT from
6.3 Q to 16.2 Q compared to the inside. However, the internal resistance,
which represents the solution resistance and the resistance at the
electrode-electrolyte interface, shows a similar trend. Besides, the small

difference in resistance of the capacitor indicates that the PEDOT:PSS has
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been sufficiently deposited to the interior.
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Fig. 3.4. (a) Cyclic voltammetry and (b) EIS of inside and outside of CF and
PEDOT:PSS/CF.

3.3.5 MEC performance

In the anode chamber of MEC, methanogens grow competitively with
exoelectrogens. The main growth of methanogens has a fatal effect on
hydrogen production, since methane requires more electrons than hydrogen
(electron equivalence: 8 mol e = 1 mol; CHy; = 4 mol H,, when acetate used
as substrate). Therefore, inhibition of methangens and growth of
exoelectrogen can improve target hydrogen production. The gas composition in
the cathode chamber of the PEDOT:PSS/CF had higher hydrogen content
(90.76%) than CF (82.43%) as shown in Fig. 3.5a. Hydrogen began to
accumulate after about two months and was deployed four batch cycles
earlier in PEDOT:PSS/CF compared to CF. Suspended sludge was removed and
replaced with NMB to evaluate electrode performance and improve hydrogen

purity (inhibition of methanogens). After removing suspended sludge, the
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hydrogen content was higher in CF and PEDOT:PSS/CF, but there was no
significant difference. It is believed that exoelectrogens adhered/grown more
intensively on the electrode than dissolved sludge and inhibited the growth of

methanogens.

The hydrogen production rate extracted from the anode side of the MEC
was measured for final 3 batch cycles using the respirator as shown in Fig.
3.5b. The generated final hydrogen amount after completion of each batch
reaction was 33.4% larger than the «control in the reactor where
PEDOT:PSS/CF was used. In addition, PEDOT:PSS/CF increased the hydrogen
production rate by 1.65 times. Therefore, PEDOT:PSS is expected to promote
the attachment of exoelectrogens, accelerate hydrogen production (rate) with

high electrical conductivity (low resistance).
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Fig. 3.5. (@) Gas production and (b) hydrogen production rate of cathode
side of CF and PEDOT:PSS/CF.

3.3.6 Biocompatibility

Biocompatibility of biocatalysts and anode electrodes is an important factor
in MEC development [14]. The manufactured PEDOT:PSS/CF anodes showed a
stronger biofilm on the electrode surface and wall compared to untreated CF

(Fig. 3.6a and b). The observed microorganisms showed the typical shape of
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S. oneidensis, one of the most well-studied exoelectrogens [42]. S. oneidensis
spreads not only on surfaces and cell walls, but also inside PEDOT:PSS/CF. In
contrast, only a few S. oneidensis were observed inside the untreated CF
anode. This suggested that the biocompatibility of the manufactured
PEDOT:PSS/CF was superior to that of CF. Cai et al. reported biocompatibility
and poor properties of CF. The excellent biocompatibility of the manufactured
PEDOT:PSS/CF is due to the rough surface morphology and the hydrophilicity
of PEDOT:PSS, which allows for greater active surface area for bacterial
formation, promoting more active biomass adhesion [17]. The groups on the
resulting CF surface can also increase the hydrophilicity of the electrode and

improve biofilm formation and development.

(a) CF

Outer region
Exoelectrogens
\ ¥ 4 K

Inner region
"

F

Fig. 3.6. Morphology of bacteria attached to the surface (inner and outer
region) of the (a) CF and (b) PEDOT:PSS/CF.
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3.3.7 COD removal and columbic efficiency

COD removal and CE percentage of the MECs based on the pristine CF and
fabricated PEDOT:PSS/CF shows in Fig. 3.7. COD removal efficiency for both
prepared electrodes were 60% higher. COD removal efficiency of
PEDOT:PSS/CF (66.3%) was higher than CF (62.9%) as a control, which
confirms the higher potential of MEC technology for wastewater treatment.
Furthermore, CE calculated based measurement of current and COD removal
efficiency, CE of PEDOT:PSS/CF (47.3%) also indicated 1.24-fold greater
compared to CF (38.0%).

1::' ' f7 COD removal efficiency Il CE (%)
80 -
70 66.3
60 -
50 -
40
30
20
10
0

COD removal & CE (%)

CF PEDOT:PSS/CF

Fig. 3.7. COD removal and columbic efficiency of CF and PEDOT:PSS/CF.
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3.4 Conclusions

PEDOT:PSS thin layer was successfully doped to the surface of CF as
carbonaceous cathode material by electropolymerization. PEDOT;PSS strongly
changed the hydrophobic CF into a super-hydrophilic material. The
electropolymerized PEDOT:PSS/CF greatly improved the electrical activity at
high charge current density in the neutral state, resulting in very low
resistance. The fabricated PEDOT:PSS/CF as an anode in MEC showed that
not only the amount of hydrogen generated (33.4% increase) but also the rate
(1.65-fold) was improved, and the time of production was also four batches
faster than that of CF. This was confirmed by the presence of more
microorganisms on the electrode surface of the bio anode after MEC
application. In particular, unlike CF, PEDOT:PSS/CF, through the presence of
microorganisms up to the inside of the electrode, was able to improve the
MEC performance by utilizing the whole area. In addition, PEDOT:PSS/CF
showed higher pollutant removal and coulombic efficiency compared to control
(CF). Therefore, PEDOT:PSS enhanced MEC performance by converting the
entire region of hydrophobic CF into hydrophilicity and improving

electroactivity.
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Chapter 4. Conclusion

As a bioelectrochemical cell technology, the electrodes of MFC and MEC

materials has been modified cost-effectively to improve the performance.

In the case of MFC, the cathode of carbon-based materials using nickel
nanoparticles as a non-platinum catalyst was modified to improve the
air-cathode MFC performance. The uniform deposition of nickel particles and
the presence of nickel oxides contributed to electrical conductivity and
improvement of ORR, resulting in a power density 4-times higher than
commercial Pt/C. In MEC, the performance of MEC for hydrogen production
was improved by doping PEDOT:PSS, a conductive polymer, on a
three-dimensional porous carbon felt and reforming the anode. PEDOT:PSS
with thin layers improves electrical conductivity and hydrophilicity, allowing
microorganisms to be well deposited in all regions of the electrode, improving

hydrogen production (33.4%) and control ratio (1.65 times).

Overall, it is important to develop catalysts and modifiers according to the
characteristics of electrodes to improve the performance of biochemical

batteries and to develop a method to improve the catalytic performance.
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