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ABSTRACT: Microbial fuel cells (MFCs) can spontaneously convert chemical P
. .. . . . . . . \“‘\“\“}%%“\}%\ 2
energy into electricity using biocatalytic microorganisms and organic matter as E\}& g*z}s\‘}ﬁ\‘: S B
fuel feedstocks. Three-dimensional cross-linked poly(vinyl alcohol)-based ﬁ*‘: %E;E\:Q -
membranes were produced by a sol—gel method under homogeneous catalysis = i i
o . . P g
and used as the electrolyte to facilitate effective proton conduction. Under dry ==Y ¢

conditions, these polymeric membranes showed high water uptake (120%) and
ionic conductivity (2.815 mS cm™'). In the anode compartment, the scaffold
Saccharomyces cerevisiae film biocatalysts were used to improve electron transfer to
the cathode, using three major configurations to generate a higher power output.
It was found that the graphene anchoring, red light (RL) stimulation, and
methylene blue (MB) mediation-enhanced device performance. The electro-
chemically derived graphene improved the power and current density by 40% RN e
because of its high conductivity. The RL stimulation increased the power density

by 80% because of a shortened electron flow path to complex III. The MB

mediation also yielded a higher current density by 340% because MB can bypass the electron flow from complex II to cytochrome ¢
and transfer electrons directly to complex III. The individual and collective increase in power output was due to more eflicient
electron flow from the electronic network permeating the biofilm. The generated electrons were transferred either to graphene as an
energy-efficient direct transfer mode or to methylene blue as a long-range redox mediator for indirect transfer. Red light stimulation
enhanced oxygen utilization efficiency and stimulated electrons in redox proteins enhancing electron flux. These processes generated
higher power through the more efficient generation of electrons and faster transport to the external circuit. As society migrates from
gasoline consumption to low carbon-based fuels, the MFCs become important in producing electrical energy with low net emissions.
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B INTRODUCTION

The microbial fuel cells (MFCs) are electrochemical devices to
convert chemical energy into electricity, using viable
biocatalytic microbes without relying on abiotic catalysts and
fossil fuels." MFCs can mitigate environmental and ecological
pollution” and eventually achieve carbon neutrality.” The
electrochemically active microorganism can generate protons
and electrons in the anodic compartment under aerobic or
anaerobic conditions.” The electrons will be transferred
through an external wire from anode to cathode,” whereas
the protons diffuse via the electrolyte to complete the electrical
circuits.” One example is to use sugar and acetate as a fuel
source, where the electrochemical reactions occur (eqs la and
1b).” Those protons and other cations will migrate through a

CH,COO + 4H,0 — 2HCO;” + 9H" + 8¢~ (1b)

The membranes have dual functions: a separator of cathode
and anode compartments and an ionic conductor to allow
cation diffusion.'” The requirements for these membranes
include high ionic conductivity, selective permeability, low
internal resistance, and long-term stability.'' The commonly
used membranes based on sulfonated tetrafluoroethylene
fluoropolymer-copolymer (Nafion) exhibit high proton con-
ductivities (0.1 S cm™") while fully hydrated.'” The membrane
exhibits excellent thermal and mechanical stability and is
extensively used as the electrolyte in proton exchange
membranes.'> However, these commercially available Nafion

cation exchange membrane into the cathodic chamber.® If the
diffused protons are to combine with the oxidant, normally
oxygen (0,), water (H,O) will be formed by an oxygen
reduction reaction (ORR).’

C,,H,,0,, + 13H,0 = 12CO, + 48H" + 48¢”  (1a)
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Figure 1. Design and characterization of a novel membrane (PTS) to enhance proton conduction. (a) Proposed reactions of dehydrolysis of TOES
(R1) and esterification between PVA with SSA (R2). (b) Cross-linking effects between PVA & TOES (R1) and PVA & SSA (R2). (c) Proposed
formation of a “proton wire” to facilitate H* diffusion through the PTS membrane with a tunable pore (R1) and charge (R2) densities. (d) FT-IR
spectroscopic analysis of three representative specimens. (e) Water uptake of select PTS membranes. (f) Ionic conductivity of select PTS
membranes under wet and dry conditions. (g) Ionic conductivity at the MFC device level.

membranes showed several drawbacks, such as high
manufacturing expense, lacking selectivity, permitting leakage
between anode and cathode compartments.'* Therefore, a
poly(vinyl alcohol) (PVA), the linear synthetic polymer, has
been produced as an alternative electrolyte.”” This family of
membranes can be produced via partial or full hydrolysis of
polyvinyl acetate.'® The postmodification into a cross-linked
macromolecule allows for tunable physical characteristics and
chemical and mechanical properties.’” Because of its high
water solubility, PVA showed diverse applications in cartilage
replacement,18 desalination,"’ oxygen resistant films,”® manu-
facturing adhesives,”" and food preservation wrappings.”” The
possible hydrogen bonding between the alcohol functionality
and bulk water can offer superior hydrophilicity to the Nafion
membrane depending on PVA mass and the degree of
hydrogen bonding.”> The membrane has low proton
conductance because of the absence of negative groups other
than hydroxyl. Therefore, other carboxylic or sulfonic acid
groups would increase proton conductance.”* The introduc-
tion of sulfonic acid groups in the form of sulfosuccinic acid
(SSA) increased proton conductance, where the negatively
changed functionality can be cross-linked within the PVA
membrane.” The interactions with generated silanol groups
and the polycondensation of tetraethyl orthosilicate (TOES)
can collectively enhance the mechanical stability.”° However,
the stiffness of these modified membranes (PTS) will result in
cracking because of the incorporation of silica centers at a high
mass percentage.”’ This research focused on optimization of
synthesis variables to achieve the best performance of the
functionalized membranes.”®

The MFECs can operate as sealed power systems to maintain
an anodic chamber under anaerobic conditions, allowing for
the growth of obligatory exoelectrogenic microbes, such as
brewer’s yeast Saccharomyces cerevisiae (S. cerevisiae).29 The
microbes enable proton production and electron transfer by

oxidizing carbon species, which can be from wastewater,
biomass, and other feedstocks.’* The electron flow will
produce a direct electrical current, causing the potential
differences between the anode and cathode compartments.”'
The aromatic sulfonation (in Nafion) of a membrane may
result in acidity changes in the anode, causing microbe
inhibitions.*” The S. cerevisiae was used as a biocatalyst because
of its resilience to environmental changes and its facile electron
transfer mechanism.” Previously, it was shown that the S.
cerevisiae, a eukaryote, was retrofitted into ethanol plants for in
situ power generation;34 in the short term, their configurations
resulted in low device durability because of the poisoning of
the biocatalyst.

Our approach aims to increase the robustness of the
biocatalysts through enhanced proton transport. This enhance-
ment can be accomplished using chemical or genetic
modification of S. cerevisiae or fine-tuning of the redox
respiratory proteins.”> The red light (RL) was used to
stimulate the electron transport within the respiratory
complexes, for example, complex II. The binuclear copper
iron monooxygenase can transmit RL as a form of “reducing
power”, thereby enhancing reactions summarized in eqs l1a and
1b. At the device level, advancement of exoelectrongenesis is
expected to yield higher current and power densities, which
was observed. In this study, the stimulation of yeast using 2.88
J cm™ RL enabled the most efficient and effective electron
transport, generating the optimal power output. In addition,
the “reducing power” of RL mitigated the oxidative stress on S.
cerevisiae, pronging the device’s robustness.

The contribution of this study is three fold: (1) the synthesis
of a novel cross-linked polymer membranes (PTS), showing
high water uptake and ionic conductivity; (2) the improve-
ment in energy density using biota-anchored films as an anodic
catalyst; and (3) the application of RL to further enhance the
robustness of the MFC devices. The specific morphologies of
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the polymeric membrane were well-tuned using a one-step
sol—gel method to form cross-linking structure. These
membranes were found to conduct cations and protons from
the anode to the cathode effectively through interpenetrative
channels. The power characteristics of MFC devices were
noticeably improved upon the using biota-anchored anodic
catalysts through an indirect electron transfer mechanism. The
RL exposure facilitated the S. cerevisiae metabolism to convert
glucose into charge carriers and valuable carbon feedstocks.

B RESULTS AND DISCUSSION

This paper will discuss the data in four sections: (1) the design
and characterization of the novel membrane to enhance proton
conduction, (2) the formation of biota-anchored anodic
catalysts to increase the exoelectrogen rate, (3) RL stimulation
to improve the device performance, and (4) the evaluation of
the MFC performance to improve energy production.

Design and Characterization of a Novel Membrane.
One-step sol—gel chemistry was used to produce 24
formulations of the cross-linked membrane with varying
concentrations of poly(vinyl alcohol) (PVA), tetraethyl
orthosilicate (TOES), and sulfosuccinic acid (SSA). The
formula of the membrane was generalized as PTS. The
optimized reaction conditions were found to control the
reaction temperature at 95 °C for 2 h under magnetic
agitation. The acidity (1.2—2.0) of the homogeneous catalytic
cross-linking is critical to producing elastic and robust PTS.
The amounts of PVA at 5—15 wt %, TOES at 2—5 wt %, and
SSA at 5—35 wt % were controlled, respectively. The simplified
reactions of the cross-linking procedure (Figure 1a, b) showed
that the addition of TEOS initiated the cross-linking with PVA
through the formation of intermolecular forces (Figures la, b-
R1). At the same time, esterification between PVA and SSA
occurs (Figure 1a, b-R2). The introduction of silica (SiO,) can
assist in the polar network with carboxylic and alcohol groups
of poly(vinyl alcohol) and enhance thermal stability. The
addition of sulfonic acid groups also caused an increase in ionic
conductance when the negative functional groups were cross-
linked within the PVA membranes. In this manner, the proton
can be channeled (Figure lc, upper panel) across the
membrane network with tunable pore diameter, ionic charge,
and heat tolerance by fine-tuning the mass weight percent of
the three building blocks (Figure lc, lower panel). The FT-IR
spectrum (Figure 1d) at a wavenumber of 1240—1250 cm™ is
assigned to C—O ester groups, demonstrating the cross-linking
reaction between the SSA and PVA chains. The spectral
features of PTS at 3500—3200, 1040 and 750, and 920 cm™!
correspond to O—H within PVA, Si—OH, and Si—O-Si
vibrations in TOES and —OH of the carboxylic acid functional
group in SSA, respectively. Compared with the pure standard,
the blue- or redshift illustrated the cross-linking among PVA/
TOES/SSA components to produce crystalline PTS mem-
brane. Both physical and chemical properties of the PTS
membrane can be tuned via this cross-linking methodology
because of the extension of a 3D network of the polyhydroxy
structure of PVA when it was cross-linked with —OH groups.**
The secondary attractions between polar groups (—OH) and
residual silanol groups (H,SiO—) can also enhance the
mechanical stability.””

The pure PVA membrane is water-soluble (although it does
not disintegrate) and shows flexibility within the water layer.
Water uptake (Figure le) of the PTS membrane increases as
the mass percent of SSA increases because of the formation of

cross-linked pores able to trap water.”® However, the increase
in mass percent of TEOS resulted in a reduction of the water
absorption because of the increased hydrophobicity of the
membrane incorporating SiO, groups. The addition of TEOS
appears to “stiffen” the membrane and loses its tendency to be
dispersed within the water environment as a PTS film is no
longer water-soluble.”” The addition of SSA tends to reverse
membrane inflexibility and brittleness, suggesting the mem-
brane is slightly more water responsive. While the membrane is
cross-linked, the linkages are not connected isotropically. The
uneven cross-linkage creates pores, swelling, and fragility. The
pores and hydrogen bonds can trap water into two distinct
environments within the membrane. The presence of hydrogen
bonds between the —OH of the PVA backbone and the cross-
linked sulfonic acid group promotes bound water, whereas the
pores near the outer surface promote occupancy of free
water.*” The latter can easily be discharged by heating the film
at 120 °C, from which moisture and charcoaling effects were
observed.”' The difference in mass between the free and bound
water suggests that the nature of the occupancy of the water
can be altered through the addition of SSA."* Lesser SSA
content promotes larger pores and occupancy of free water,
whereas greater SSA would promote bound water and internal
hydration within the membrane.

The ionic conductivity (Figure 1f) of the PTS membranes
was evaluated under wet (fully hydrated gel precursor) and dry
(epitaxially cast thin film) conditions. The results varied
significantly from 0.38 and 0.0058 mS cm™' for pure PVA
polymer to 90003 and 2.815 mS cm™ for PTS under wet and
dry conditions. The microstructure in the PTS is consistent
within the MFC device, where films with greater SSA
incorporation yielded the greater dry conductance, although
it was not proportional. At the device level, the membrane
conductance increased after S0 min and was stable for 4 h and
then decreased and was stable for 24 h (Figure lg). The
pseudovolcano relationship between the conductivity and
TOES and SSA were obtained, indicating that the optimal
mass percentages are 5 and 25 wt %, respectively. With the
TOES increase, the ionic conductivity increased slightly but
steadily when the plateau reached 10 mass%. This phenom-
enon resulted from the presence of SiO, with higher
hydrophobicity, lower water content, and lower charge
distribution. The SSA showed a stronger impact on the PTS
conductivity than TOES. This nonlinear trend of ionic
conductivity was also obtained because of the proton donor
and carrier sulfonic acid group (—SO;. . .—H"), which occupy
pores within the golymer network through the entrapment of
water molecules.” The pore formation and gelation continue
after sol-suspension synthesis and during the film casting
process, which is sensitive to temperature and humidity
variations. ™

In general, the presence of negatively charged groups will
increase the ion exchange and the conductance. The charge
carriers are structured within the polymer pores, retaining
bound water molecules. Therefore, a polymer with fewer
negative groups may exhibit greater intrinsic proton con-
ductivity than those with greater negatively charged groups
inaccessible to bound water.”> The water occupancy enhances
the Coulombic charge distribution because of the hydrogen
bonds between the carboxylic acid side group, the sulfonic
groups, and the bound water.*® A postfunctionalization of the
PTS membrane using sodium ion exchange enhanced the
MFC performance (Figure 4d). The advantage of this
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Figure 2. Design and evaluation of biota-anchored anode film catalysts to facilitate glucose oxidation. (a) Synthesis flowchart of the anode catalyst.
(b) Transmission electron microscopic image of GQDs (1.85 + 0.22 nm). (c) Oxidation of glucose to gluconic acid as one possible reaction using
the biota anchored catalyst. (d) Thermodynamically favored reaction of cytochrome activity with glucose as feedstock. (e) Electrochemical
impedance spectroscopic Nyquist plot for MFC devices with different configurations.

approach was that a lower mass weight percent of sulfosuccinic
acid was used to fabricate membranes with the same required
conductance. These PTS membranes were more flexible, easier
to manipulate, less acidic relative to Nafion, and less hazardous
to the biofilms.

Formation of Biota-Anchored Anodic Catalysts. The
power output and long-term stability of the MFC power
system were affected by the strain of yeast, its growth rate, the
substrate affinity, the kinetic and biomass transfer, and the
thermodynamics of the anodic reaction. The choice of the
organism in a fuel cell is an important component to generate
power output, related to the availability of organic feedstock
and oxygen."” Yeast is a unicellular eukaryote that can grow
aerobically and convert sugars to carbon dioxide and water or
anaerobically to alcohol, gluconic acids, or glucose-lactones.
Yeast also has significant gene homology with human
respiratory proteins, especially with cytochrome c¢ oxidase,
which accepts electrons and converts molecular oxygen to
water using excess protons and chemical energy.*®

The biota-anchored catalytic films were prepared by
enabling an attachment between select exoelectrogenic
Saccharomyces cerevisiae.*” This strain of microbes was chosen
because of the ease of culture and capacity to transfer electrons
extracellular RL or perform respiration at the anode. Two
commercially available substrates (C-Tech and Avcarb) were
used to form biofilm catalysts. The graphene quantum dots
(GQDs) were prepared using a combined electrochemical
exfoliation and ultrasonication approach to ensure high purity
and electronic conductivity. The anodic catalyst was composed
of triple components (Figure 2a) with enhanced substrate
affinity to the GDQs and S. cerevisiae via an active hydrophobic
attraction. Upon nanomodification, these biofilm anodes
rapidly respond to the external environmental changes and

self-regulate their structures.” Our observations suggested that
direct biofilm growth occurred because of the self-assembly
effect via controlling the attraction between microbes and
hydrophobic GQD surfaces. These hydrophobic GQDs
(Figure 2b) with high purity and conductivity showed dual
functions, acting as reactive sites for S. cerevisiae for proton
formation and “conducting wires” for electron transfer. This
intrinsic hydrophobic GQD serves as a soft template to attract
microbes by controlling the emulsion surface charging. The
resultant anodic biofilm catalysts displayed high conductivity
due to the extension of electron transfer by a conductive
microorganism. The current at the device level characterized
indicated that the yeast was aligned with the GQD distribution.

The biocompatible and robust anode catalysts demonstrated
large open cavities and active sites for glucose to be oxidized to
gluconic acid and protons (Figure 2c). The biocompatibility
was examined using the direct device voltage and the optical
density (OD) of S. cerevisiae after 24—48 h of exposure. The
results confirmed that the bulk resistance of the GQD-biota
was lower than that of Avcarb and our uncoated membrane or
with the Nafion membrane. The direct voltage for the control
was 1.21 V, for GQDs was 1.11 V, and for Nafion was 1.12 V,
respectively. These measurements indicated GQD anchoring
facilitated external electron transport, enabling improved
current densities at the device level. The optical density
measurements after 48 h of exposure of yeast on the
membrane indicated that growth was sensitive to the catalytic
support surfaces. The estimated OD values suggested that
GQDs yielded the highest growth rate (0.42 au), whereas
Nafion had the lowest (0.12 au) growth compared to a control
value of 0.40 au. This observation confirms our hypothesis that
the inclusion of GQDs will enable templating of the anchored
biota without compromising cellular growth. The energy for
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Figure 3. Red light enhancement of the MFC power system. (a) Proposed redox reactions are stimulated by RL, resulting in increased current and
power densities. (b) Change of current density as a function of glucose in the absence and presence of red light. (c) Rate constant for representative
MFC systems composed of yeast (YMC), graphene (GYMC), and yeast with methylene blue as electron meditator (YMC+MB). (d) Percent
change in the rate constant of different systems, including the synergistic factor increase as the inset. (e) EIS and CV (insert) of the MFC device
under RL stimulation compared with unexposed systems in the presence of glucose (1 M). (f) Proposed mechanism for both MB and RL influence
on cytochromes related to the observed increase in current and power densities.

cellular growth is derived from environmental carbon, such as
glucose or other organic matter. When glucose is used as the
carbon source, it can be oxidized to gluconic acid and a proton
by a two-electron oxidation process (Figure 2c). Other
possible oxidations will generate ethanol under low oxygen
availability, whereas CO, will be produced under high oxygen
conditions. The oxidation of glucose to various intermediates is
favored thermodynamically because of the high reduction
potential of the cytochromes in the respiratory system of S.
cerevisiae. The actual magnitude of the driving force is related
to the availability of oxygen and the type of carbon source.

The MFC power systems were evaluated spectroscopically
to derive the cytochrome activities of S. cerevisiae (SC) wild
type (WET) under two conditions, glucose addition and RL
stimulation. The SC WET grown in low glucose media
exhibited relatively low cytochrome activity because of the
limited availability of charge carriers (H* and e”). Upon
addition of a higher concentration of glucose, or exposure to
the RL with a radiant energy of 2.88 J cm™, a concomitant
increase in cytochrome activity was observed, indicating a high
charge flux. The normalized plots (Figure 2d) showed that
cytochrome b is subject to minor changes upon adding glucose
and under RL stimulation or no stimulation compared with SC
WET. On the other hand, cytochrome ¢ undergoes significant
changes, especially under RL from 100 to 1700% (equivalent
to a synergistic increase of 94%), indicating that cytochrome ¢
is the major factor to determine the redox reaction from
cytochrome c to the terminal electron acceptor.

The spontaneity of the oxidation reaction in the anode
compartment was driven using the change in Gibbs free
energy, AG,’ = nFAE,. This AG,’ is determined between the
net, reducing the potential between several coexisting

cytochromes in oxidized and reduced forms. For example,
cytochrome c can be reduced by the cytochrome bcl complex.
Alternatively, the reduction can be achieved using redox
mediators, such as soluble flavin or binuclear copper iron—
sulfur proteins. The difference between the potentials of
cytochrome ¢ and b is +0.254 — (+0.030) = +0.224 V.
Therefore, the Gibbs energy change can be calculated by AGy’
= —2(96.485 J/V X 0.224 V) = —43.22 kJ (per mole of each
cytochrome), confirming the spontaneous reaction.”’ This is
an upper value as the redox potential for the various
cytochromes of yeast is slightly lower than their mammalian
counterparts but supports a spontaneous reaction, especially
after RL stimulation.

The electrochemical performance of MFC devices with
different configurations was systematically evaluated using
electrochemical impedance spectroscopy (EIS) under ambient
conditions. The key components investigated were yeast-
methyl cellulose (YMC), GQD-supported catalyst (GYMC),
and the addition of either methylene blue (MB) or potassium
ferrocyanide (KFC). The fitted EIS data (Figure 2e) indicated
the charge transfer resistance (R) ranged from 0.7 to 1.0 Q,
indicating the biota-anchored catalysts showed high reactivity
because of the large porosity and small particle size of GQD-
based support. The synergistic factor of the multicomponent
device was estimated using the R, of a representative device 1
(GYMC+MB+KFC), device 2 (GYMC+KFC), and device 3
(GYMC+MB). The calculated data of device 1 showed an
overall increase of 56.85%, suggesting that the combination of
devices 2 and 3 provide greater enhancement than either
pristine system. In the absence of charge carriers such as MB or
KFC, the R, of the base YMC device was the highest,
confirming that the electron transfer mechanism for yeast was
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mediated. The EIS plot also confirmed that the utilization of
GQDs gave the fastest electron transfer kinetics.

To further investigate this concept, we applied carbon-black-
supported platinum nanoparticles (Pt NPs) as the catalyst at
the cathode and both compartments. The R, of the MFC
systems with Pt as the cathodic catalyst ranged from 119 to
175 € because of the improved kinetics of the oxygen
reduction reaction (ORR). As anticipated, the addition of Pt
into the anodic compartment resulted in sluggish reactivities of
the microorganism, as evidenced by a one-fold increase in the
R. This observation confirmed that the MFC could operate
noble metal independently, further lowering manufacturing
costs. In summary, the triple components enable an
amphiphilic postmodification, where both protic and aprotic
channels are accessible for glucose adsorption under ambient
conditions. The yeast via engineered biota-on-surface nano-
materials provides a viable platform to improve electron
transfer through a spontaneous biochemical reaction. As
anticipated, biota-anchored biofilms improve the MFC devices’
electrochemical performance compared to MFCs composed of
Nafion-based electrolytes.

Red Light Stimulation to Improve Device Perform-
ance. The RL was selected on the hypothesis that it would
excite electrons from the 2p to 3d orbital of transition metal
ions found in cytochrome heme and flavins. The wavelength
corresponding to this transition was calculated to be 653 nm
using the Rydberg equation. The wavelength used in our
device was 635 nm, sufficient to elicit these transitions.
Furthermore, it was speculated that RL stimulation would
promote electron transfer to a mobile flavin from complex II
(succinate dehydrogenase)/III (cytochrome bc; complex) to
complex IV (cytochrome c oxidase), which is central to
switching from fermentation to respiration.”” The yeast used in
the MFC showed a high power output due to its gene
homology with human respiratory proteins, especially with
cytochrome c oxidase. This cytochrome accepts electrons and
converts molecular oxygen to water using excess protons and
chemical energy. The electron flow mechanism would involve
cytochrome ¢ gaining an electron from a flavin as electron
donors, such as a flavin adenine dinucleotide (FAD, Figure 3a).
The redox reactions of the flavin were listed in the inset of
Figure 3a.>?

By promoting electron transfer to the cytochrome heme, the
current density at the device level is expected to increase,
which was observed (Figure 3b). Glucose feedstock is
converted to chemical energy in an MFC, increasing current
density with increased concentration. Comparing the current
densities across varying glucose concentrations suggested the
reaction order is pseudo-first-order. An in-depth examination
indicated that the kinetics of the reaction increased by 14—42%
after RL exposure under lower concentrations than 10 mM,
whereas the rate increased by 16—70% at concentrations
higher than 20 mM. The data suggest that mass diffusion as a
limiting step is unlikely at lower feedstock concentration but
might become more prominent at higher concentrations.”*

Although the generated protons migrate through the PTS
membrane to the cathode compartment, the flow of electrons
can take two possible paths. One possible path is through an
electron mediator such as methylene blue (MB), which would
receive the electron from a soluble flavin and transfer it to
cytochrome c oxidase. Alternatively, the yeast methylcellulose
(YMC) biofilm could facilitate direct electron transport near
the electrode surface (Figure 3c). Conjugated z-systems

facilitated electron transfer when proximate to flavins and
GQDs, especially under a red light. The plot of the rate
constant using three MFC device configurations confirms the
hypothesis that the current density is higher under RL
exposure for the YMC configuration. When GQDs were
used, the rate constant was even greater, confirming that direct
electron transport from GQDs to the current collector
occurred. When an electron mediator in MB was used, the
current density was the highest. The relative increase in current
density to RL exposure was 79% for the YMC device, 49% for
GYMC, and 3.4% for MB compared to the unexposed devices.

The increase in current density between YMC and YMC
+RL devices is due to the ability of RL to stimulate electron
flow from complex II — flavins — cytochrome ¢ — complex
III and ultimately to complex IV. Therefore, RL-assisted
electron flow to the flavins can explain the observed increase in
current. For the GYMC device, two factors contribute to the
observed current increase. The first factor is the inherent
conductance of GQDs as an electron path with lower
resistance to the external circuit. The second is a lower energy
pathway from complex II — flavin — GQDs, instead of flavin
— cytochrome ¢ — complex III if the flavins and GQDs are
close to the yeast membrane. In the YMC+MB device, the
greatest current density indicates that electron mediators from
within the cell facilitate electron transfer.”> The feedstock
would act as an electron donor, GQDs as the conduit, and the
electrode as an acceptor.’® The kinetic plot indicates that
direct and indirect factors occur, resulting in a synergistic
increase. In-depth analysis between the three representative
devices indicates that 9% of the total increase was by direct
electron transport (GYMC). The remaining 91% increase in
current density is due to the MB mediation, supporting the
contention that electron transport in yeast is largely due to the
mediated mechanism. In this indirect transfer, flavins pass
electrons to the mediators, which transmit them to the
terminal electron acceptor, complex IV.

The power and current curves of 33 different MFC devices
were evaluated, and data for three select systems are
summarized in Figure 3d. The percent change of the rate
constant for these systems was calculated using YMC as the
reference configuration with three variables. The RL
stimulation, GQD (G) scaffold, and MB mediation were
found to play critical roles in influencing device performance
(Figure 3d, 1 and 2). The synergistic factors as shown in the
inset were estimated using the equation a = (k,,/k, + k,)100%.
The comparison of the plots showed that RL irradiation of
2.88 J cm™? increased the rate constant by approximately 80%
(Figure 3d, S and 7). The GQD utilization in YMC showed
about a 35% increase due to the 7-electron transfer (Figure 3d,
4). The MB showed the highest impact on the current density
increase of the YMC systems (300%, Figure 3d, 2) due to
more facile kinetics than an increase in ion flux. The increase in
current due to the combined effect from RL and G was about
100% (Figure 3d, 3). When the YMC system was evaluated
under collective MB and RL conditions, a modest increase of
5% was obtained (Figure 3d, 6), suggesting that the MB and
RL operate under the same molecular circuitry. The electron
transfer to the flavins is stimulated by RL between complex II
— complex II (cytochrome bc; complex) — complex IV
(cytochrome ¢ oxidase supracomplex), increasing electron
flow.”” A similar increase is observed when MB is used,
suggesting that MB intercepts the electrons and passes them
directly to complex III. When both are used, the increase in

https://doi.org/10.1021/acsami.1c20445
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—=XXX


www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c20445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Forum Article

a 22— . . . . . —80 b 16— . . . . . . ¢ [Glu, 1.00 M)
20 Glu | CeTech-YMC || PTS || Avcarb-KFC | Air Glu | CeTech-YMC || PTS || Avcarb-KFC | Air MFC Power System [Glu, 0.75 M]
1 = i +70 I r
" With red light 14 Withoutred light o, ewewkec ] |
18- - -~ I . " L7
L = — reo e 124 = " £
16 o . s - 68 GYMC+MB+KFC - ‘
2 . to2 2 n 2
© 144 w " - £ o 104 £
> w-m, i)} 6 I
£ 12 " e Lo 2 & = GYMc ‘
) - 2 S 0.8 L, 2
Z 10] = § = b ! 8
B . s 3 o L Q GYMCHKFC - ‘
o W - o] 06| . L3 &
0.8 w 2 " H
= F2o ® L
061 : o4l % -, 2 GYMC+MB+KFC l
.
044 . [ " . L1
J 02 . GYMC+RL -
02 T T T T T T T 0 T T T T T ™ ™ T 0
0 20 40 60 80 100 120 0 5 10 15 20 25 30 35 00 02 04 06 08 10
Current density (mA cm?) Current density (mA cm?) Ry (Q)
d 1Py, (mWom?) € [ Percent current change (%g_,121) f
ax ) . 2 i 2
i (mA ) i, (mAcm?) 1P (W) E i (A cm?)
YMC+Na+(24h) -:I;l MFC12+MB+KFC+RL u [ Proton conductance of membrane (mS cm'")
YMC#Na#(20h) MFC 12h+MB+KFC | |
| PYMC 4
) wrs s |
e ) e wro zn oo
‘ GYMC |
e weo en- \
YMC#Na+(20 min)—j:I WG 16 h U
J Nafion 115
YMC#+Na+(10 min) -]—\ wrc 12n I |
0 5 10 45 20 25 80 3 : y y y y y y y y y y ‘ y ‘
0 5 10 15 20 25 30 35 40 4 10 20 30 40 50 60

Electrochemcial performance

Electrochemical performance

Electrochemical performance

Figure 4. Evaluation of MFC energy production. (a) I-V curve of a select MFC configuration under RL stimulation (scaled by 100/z (“tri
contatri-") which converts to m” by X10 (120 scaled cm™ — 1200 mA m” or 650 mW m™2). (b) Low power configuration without RL stimulation
(scaled cm™) converts to m* by X10). (c) Charge transfer resistance of select MFC power systems. (d) Maximum power and current densities
associated with Na* ion exchange duration. (e) Stability of MFC power systems with different configurations. (f) Electrochemical evaluation of

MEFC systems with different catalysts.

electron flow is modest because RL or MB alone has already
achieved the maximum rate.

Our study showed the MB influence on the device
performance the most, followed by RL and GQDs. The MB
was used as a two-electron mediator with a standard reduction
potential of +0.01 V at pH 7.°° Previously, MB was also an
effective mediator with the highest power density compared to
a series of electron mediators in a yeast fuel cell.’” The RL
intensity was optimized to be 2.88 J cm™?, corresponding to a
60 min exposure based on different exposure times of 15—120
min. Although the current density increased at higher
irradiation durations, the greatest single percent gain relative
to 15 min of exposure was 60 min. The Nyquist curve of
GYMC in the presence of RL at 2.88 J cm™> flux (Figure 3e)
confirmed that charge transfer resistance was less (R, = 0.51
Q) than in the unexposed device (R = 0.64 Q). This was also
seen in the cyclic voltammogram, which showed negligible
hysteresis (insert of the figure). In summary, the two dominant
factors that led to the greatest increases in current densities
were 1 ppm MB or 2.88 ] cm ™ red light. To further delineate
this biocircuitry, we reviewed the application of MB in yeast or
mammalian systems.

Lee et al. used yeast-derived complexes reconstituted into
nanoscale model membranes,®® demonstrating that in the
presence of succinate as the carbon source and complex II
inhibitor NAPQI, the MB (<3 uM) reduction (to MBH,)
occurred, at the usual rate. However, succinate oxidation in the
absence of MB was retarded.”’ These two observations link
MB and succinate oxidation and point to the source of
electrons as complex II as an acceptor and succinate as a
donor. The same study also found that upon adding oxidized
cytochrome ¢, MBH, was readily oxidized back to MB. These
two separate observations indicate that MB in mammals can

bypass complex I (NADH: ubiquinone oxidoreductase) and
complex II and pass electrons from succinate or glucose to
cytochrome c. Complex III can restore the energy balance
when inhibition occurs upon receiving electrons.”> Our
observations are consistent with the above study that electron
flux increases in yeast with no inhibition (Figure 3b—e and
insets).

Collectively, these observations demonstrate that endoge-
nous flavins pass electrons to the MBH, from inside the cell
and MB to the electrode directly.”> The oxidized mediators
that pass through the cell membrane are reduced, reach the
electrode, transfer the electron, and undergo oxidation to
complete the redox cycle. In the yeast, the electron transfer
would be between the flavin and the cytochrome c oxidase
heme group, where Fe(IIl) can act as an electron acceptor.64
Lin et al. demonstrated that MB increased oxygen
consumption and glucose uptake in HT22 cells,”’ also
confirmed in a second study even when the respiratory
proteins were inhibited.® It was suggested that MB could cycle
between the oxidized form (MB) and reduced form (MBH,),
which in turn is oxidized by cytochrome c. The cytochrome ¢
passed electrons to cytochrome c oxidase and then terminal
electron acceptor by passing the electrons to oxygen. In the
absence of oxygen, iron(IIl) from the heme or redox-active
coppers can act as electron acceptors (Figure 3f). These redox-
active proteins also have other metal cofactors such as Ca**
and Zn**, which are known to be sensitive to visible light.67
Our observations suggest the RL or MB can also act upon the
same flavin-cytochrome ¢ heme system.

Phenomenologically, stimulation of RL may increase
electron flux through electron acceptor cytochromes. Red
light may also assist in increased utilization of available oxygen,
known as oxygen capacity. The increased oxygen capacity
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would lead to increased energy production without increasing
the rate of electron flux. Our observation of increased current
density after RL stimulation or MB mediation supports the
hypothesis of increased electron transport within the
cytochromes. Lin’s study®® also yields a second plausible
hypothesis to explain the higher current densities. They were
able to show that in their system, the higher current from MB
was due to increased oxygen utilization rather than electron
flux. If yeast cells utilize residual oxygen, glucose can be
metabolized more efficiently, resulting in increased proton
generation and bioenergy. At the device level, an increased
current is expected when a fuel cell is operating with oxygen
instead of air, like the increase in current density due to more
efficient oxygen utilization, which we observed.

Evaluation of MFC Performance. A two-chamber MFC
power system with different configurations has been
constructed using the above anode and PTS polymeric
membrane to investigate device behavior. The graphite-
supported Pt was used in the cathode compartment to
improve the oxygen reduction reaction compared with no-
catalyst devices. The MFC configurations and feedstock
concentrations were varied under the same measurement
conditions. The impact of GQDs, RL, and MB on power
output was also investigated. The MFC system with a
configuration of CTechlYMCIIPTS100220IKFClAvcarb
showed high maximum power and current densities (65 scaled
mW cm™* and 120 scaled mA cm™? Figure 4a) upon RL
stimulation, whereas without RL exposure, lower performance
was obtained (8 scaled mW cm™ and 35 scaled mA cm™2
Figure 4b). The change in glucose concentration in the
absence and presence of RL can provide information on
current density as an indicator of the redox kinetics in the
MFC anode and cathode chambers. From the plots of power
curves (Figure 4a, b), the devices under RL showed a faster
rise and decline than the unexposed ones. This suggests that
mass transfer of glucose is not a limiting step because of its
more efficient metabolism under RL. A glucose concentration
less than 100 mM, RL exposure, MB mediation, and GQD
anchoring collectively resulted in a lower charge transfer
resistance (Figure 4c). The approximation of a third-order
polynomial plot based on various glucose concentrations
suggested that different factors collectively contribute to the
overall kinetics. The factors are mainly glucose and oxygen
diffusion to the electrode and the resistance of the biofilm to
the generated electrons.

To enhance the device’s robustness, we carried out
postfunctionalization of the PTS membrane using Na*
exchange. The maximum current and power for various ion
exchange durations of MFC devices were evaluated. It was
found that 20 h of Na* exchange yielded the greatest percent
increase in power with a bimodal distribution for current
density (Figure 4d). The data suggested that all exposed sites
were fully exchanged by 20 h and that charge repulsion may
retard ion mobility for prolonged durations. The device
stability study indicated that the current change after 12—18 h
was less than 1%, compared to after a 10 min operation. The
maximum power followed the previous trends that MFC
devices without mediators yielded the lowest values.
Furthermore, the use of red light, graphene, and MB at the
anode or KFC at the cathode resulted in the greatest power
output (Figure 4e*), accordingly.

The GQDs resulted in higher power densities by 40%
(GYMC vs. YMC), confirming that these electrodes are good

electron acceptors and conductors through their unhybridized
p. orbitals. The reduction potential is positive relative to the
mediators or glucose from the extracellular matrix, allowing
acceptance and transport of electrons to generate power. The
yeast allows for formations of interactive nanomaterials by a
simplified feasible wet chemistry, securing a homogeneous
tunability of structure and properties from the molecular or
atomic level (Figure 2a, b). The effect of anode and cathode
modification on improving device efficiency was investigated
using GQDs at the anode and platinum at the cathode (Figure
4f). The high-power densities of GQDs are due to their high
surface area, ability to transmit electrons along its surface, and
conductivity and that of platinum is due to the inherently fast
kinetics of its oxygen reduction reaction.

The relationship between the current density of the devices
and oxygen accessibility to the microbes was indirectly
obtained from voltage—current curves. The data indicated
that the multilayer biofilm formation of yeast clusters is
expected to increase as a function of the anode current. At near
maximum current outputs, the biofilm thickness is anticipated
to be the limiting factor in oxygen diffusion to the entire
biomass at high glucose concentrations [Glu]. This observa-
tion suggested that the long-term operation would decrease the
current, as oxygen availability limits the lower layered yeast
cells. The lower feedstock ([Glu] = 10—75 mM) in the anode
compartment was pseudoproportional to the current density,
suggesting the biofilm thickness was not limiting at these
concentrations. The electron transport in the biofilm was
mainly in the form of a mediated mechanism instead of direct
transfer.

Using synergistic factor (a) analysis, the individual
contributions of GYMC, YMC+MB, and GYMC+MB MFC
configured devices were estimated. The factors indicate that
more than 90% of electron transport was mediated and less
than 10% was direct through contact with the electrode surface
or from glucose directly to the electrode surface. After the MB
mediation from complex II/III, the increase in current
confirms that the biofilm is far from the electrode surface.
The observation also confirms that the yeast cells are
metabolically active and involved in electron transfer from
microbes to the anodic electrode.

B CONCLUSION

A novel proton exchange membrane (PTS) was fabricated
using poly(vinyl alcohol) as the matrix, cross-linked by
tetraethoxysilane and sulfosuccinic acid. These PTS mem-
branes have a greater solution and similar dry conductance to
Nafion. Different formulations with the required water uptake,
film conductance, and heat tolerance were generated to offer
superior protonic membrane performance in a fully assembled
MEFC power system. The trinary PTS toolbox allowed by fine-
tuning the polymer properties through adjustment of pore
volume (more PVA) to conductance (more SSA) to ease of
film generation (more TOES), which cross-linked the hydroxyl
to silanol to acid groups. It was also found that post
functionalization for the membrane through the sodium ion
exchange for 20 h enabled the film conductance to be retained
with a much lower mass incorporation of SSA. The power and
current were higher using PTS as a solid electrolyte at the
device level than in Nafion (110%). The microbe Saccha-
romyces cerevisiae was used as a biocatalyst to construct the
MEC devices. The variables that yielded the greatest power
densities over the unsupported biocatalyst were MB mediation,
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RL exposure of 2.88 J cm 2, and GQD anchoring at the anode.
A comparison of known literature studies and our data for MB
and RL provided a mechanism to explain the increase in power
output. Methylene blue in its reduced form (MBH,) mediates
electron transport to cytochrome c directly and is oxidized
back to MB. When RL is used, it can also stimulate
cytochrome c oxidase and promote electron flux. The increase
in current densities after RL exposure could also be explained
by the increased yeast oxygen capacity, whereby yeast can
metabolize glucose more efficiently. Both increased efficiency
in oxygen utilization and a shorter path for electron flow yield
higher device power. The in-depth studies show that a power
output of up to 300% increase can be achieved by carefully
adjusting device configuration to promote electron transfer.
Our results suggest that microbial fuel cells showed great
promise as a platform for sustainable energy generation with
lower cost and emissions than traditional energy production.

B MATERIALS AND METHODS

Membrane Synthesis and Characterization. All reagents and
chemicals were obtained from VWR International (Houston, TX) and
used without further treatment. Distilled water was from our in-house
purification systems, and all components for device fabrication were
purchased from the FuelCellStore (College Station, TX). The
membranes were fabricated by a sol—gel method under homogeneous
catalysis. The reaction temperature was controlled at 90 °C for a2 h
duration. Various amounts of SSA and TEOS were added into the
PVA solution to tune the porosity, water uptake, and ionic
conductivity. The Fourier transform infrared (FT-IR) spectra of the
PTS membranes were measured by an IR Prestige-21 Instrument in
the range of 2000—700 cm™ and ultraviolet—visible spectroscopy
(Evolution 300). A multiparameter meter was used to determine
solution pH/conductivity/ ORP (VWR Symphony) and dry con-
ductance using either a two-probe (WE/RE) or a four-probe (WE/
RE/CE/SE) method.

Microbial Fuel Cell Construction and Evaluation. Dried yeast
was dissolved in phosphate-buffered saline (PBS, pH 7.2, 0.1 M) and
formulated into a paste with different amounts of carboxymethylcel-
lulose. Asymmetrical MFC devices were assembled using biota-
anchored films as the anode catalysts and C—Pt as the cathode
catalysts. The MFCs operated in either aerobic or anaerobic mode.
To the anode compartment was added glucose (10 mM to 1 M, 15
mL) as feedstock and either PBS (15 mL) or methylene blue (1 ppm,
1S mL in PBS) as the electron mediator. To the cathode
compartment was added either PBS (15 mL) or KFC (2 ppm, 15
mL in PBS) as electron acceptor. The membrane electrode assembly
(MEA) was constructed with the stainless-steel current collector
followed by the gas diffusion layer (GDL, Avcarb, or CeTech). The
GDL was coated with yeast-methylcellulose (YMC) as the anode. The
PTS member (2.54 cm? area scaled to 100/z. This allows conversion
to m* by X10. The membrane thickness was 125 ym) with or without
Na® exchange was used as the solid electrolyte. The MEA was
completed with a second GDL and current collector as the cathode.
The MEA was connected to the glucose/MB and PBS/KFEC reservoirs
to construct the MFC device. The device was conditioned for 10 min,
and then appropriate current, voltage, and power were measured
using an electrochemical power box. The red light with a wavelength
of 635 + 5 nm was applied to the different anodic materials with yeast
for varying durations (15—240 min). The output was S W, and the
exposure area was 80 + 2 cm” with a vertical distance between the
yeast layer and the lamp surface of 15 + 1 cm. The radiant exposure
of 2.88 J cm™? corresponded to an illumination time of 60 min.

Electrochemical Performance of MFC Devices. The MFC
devices were evaluated using Gamry ref 600 potentiostat (+0.2%
accuracy on potential and current readings). Echem Analyst software
was used to analyze the collected data. The MFC devices’ open circuit
potential (OCP) was measured before reaching stability. The
electrochemical impedance spectroscopy (EIS) measurements were

carried out at OCP over the frequencies from 0.1 Hz to 1 MHz. The
10 mV amplitude sinusoidal voltage was applied as a disturbance
signal. The polarization curves were collected at a potential range
from 1 V to —1 V versus OCP with a scan rate of 100 mV s™". All
measurements were performed at ambient conditions. A preprog-
rammed sequence measured the OCP and then the EIS, followed by a
1 h reset period before repeating the measurements to allow device
restabilization.
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Video S1, cross-linking between PVA and TOES shown
to demonstrate 360° rotation (AVI)

Video S2, a second complex III-IV rotation in yeast
shown to better understand electron transport mecha-
nisms (AVI)
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