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Uncovering interfacial electron transfer kinetics of
WO;3 biophotoelectrodes for food waste
treatmenty

Chun Hong Mak,®*® Yong Peng,?® Man Hin Chong,? Jinhua Mou,? Guohua Jia, ©° _
Shella Permatasari Santoso, @9 Wenxin Niu, ®" Duu-Jong Lee,** Chang-Ping Yu,'
Carol Sze Ki Lin @2 and Hsien-Yi Hsu @ *ab%

An effective approach to enhance bioelectrochemical systems performance involves leveraging
semiconductors’ light-harvesting capabilities alongside the catalytic properties of bacteria. Here, we
demonstrate a food waste removal method using the integration of Shewanella oneidensis MR-1 with a
tungsten(v) oxide (WOs) nanoplate photoanode in a solar-assisted microbial photoelectrochemical cell (S-
MPEC) combined with silicon-based photovoltaics (SiPV). The S-MPEC integrates the technologies of
bioelectrochemical cells with photoelectrochemical cells (PEC) to enhance the degradation of food waste. The
bare WOs5 photoelectrode exhibits a photocurrent of 0.749 A m™2 at 0.8 V under visible light, whereas the
WOs3-MR-1 biophotoelectrode reveals a significantly higher photocurrent of 2.94 A m™. Under visible light
exposure at an intensity of less than 100 mW cm™, the power densities of the WO3 photoelectrode with and
without MR-1 bacterial coating are 2.36 W m™2 and 0.599 W m™2, respectively. To further improve performance,
the S-MPEC was connected with a SiPV. This combined system, PV-S-MPEC, achieved a power density of
21.99 W m™ and a chemical oxygen demand (COD) removal rate of 8167 mg L™ per day, demonstrating its
effectiveness in degrading food waste hydrolysate. Additionally, the study of heterogeneous electron transfer
kinetics indicated that the WO3-MR-1 system exhibits more efficient diffusion coefficients and enhanced rate
constants for reduction and oxidation reactions. These findings highlight the significant impact of photoexcited
charge carriers on degradation performance in this complex hybrid electricigen system, underscoring its
potential for developing S-MPECs for waste degradation. This study also demonstrates significant potential for
reducing environmental impact through enhanced COD removal rates and energy-efficient waste processing,
making it a viable solution for large-scale applications in urban waste management.
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The relatively low power density of microbial fuel cells
(MFC) for industrial applications remains challenging.
Noticeably, the combination of bioelectrochemistry with
photoelectrochemistry presents a promising approach. One
such innovative method is the solar-assisted microbial
photoelectrochemical cell (S-MPEC). Specifically, S-MPECs
utilize a photo-active semiconductor as the photoelectrode,
which can significantly boost the anodic potential under
solar irradiation, enhancing anodic reactions. Using
photoanodes combined with Shewanella oneidensis MR-1
(MR-1), a model electrogenic microorganism, has garnered
significant interest. A pioneering example of a synergistic
semiconductor/ electricigen system was first demonstrated by
Qian et al, where the development of a Fe,O; nanowire
photoelectrode facilitated active electron transfer at the
Fe,0;/cell interface. This transfer occurred via a significant
c-type cytochrome outer membrane protein, resulting in
increased photocurrent upon irradiation.”?

Tungsten(vi) oxide (WO;) has been identified as a robust
candidate for photoelectrodes."* Recently, WO; has been
utilized as a bioanode in MFCs due to its biocompatibility
and enhanced conductivity, promoting improved adhesion
and charge transfer between bacteria and the electrode
material.'> However, an in-depth investigation of the
heterogeneous electron transfer dynamics and the interaction
between photoelectrode and bacteria remains largely
unexplored. Our work extends these findings by employing
WO; as a superior photoanode material. Our research
confirms the synergistic effects observed in earlier studies
and quantifies the increase in photocurrent and degradation
rates, providing a clearer understanding of the kinetics
involved. This study employs electrochemical methods to
explore heterogeneous electron transfer and electrochemical
redox activity. Furthermore, we explore the integration of this
system using silicon-based photovoltaics (SiPV) with S-MPEC.
This novel addition significantly enhances both the anodic
electron transfer and the COD removal efficiency beyond the
capabilities previously reported in the literature.’®>* This
advancement offers a promising direction for scaling up
bio-photoelectrochemical systems for practical waste
management and renewable energy production applications.
The findings from this research lay a solid foundation for
developing highly efficient S-MPECs that generate electricity
and simultaneously address wastewater treatment and solar
fuel production.

2. Methodology
2.1. Preparation of tungsten(vi) oxide (WO;) photoelectrode

Tungsten(vi) oxide (WOj3) was synthesized on fluorine-doped
tin oxide (FTO) glass using a nanoplate substrate via a
peroxotungstate reduction reaction, following a method
previously described in the literature.*>* 0.15 g of
ammonium oxalate ((NH,),C,0,) and 0.4 g of sodium
tungstate dihydrate (Na,WO,) were in 33 mL of ultrapure
water followed by the addition of 9 mL of 37% hydrochloric

398 | RSC Appl. Interfaces, 2025, 2, 397-409

View Article Online

RSC Applied Interfaces

acid (HCI). Subsequently, 8 mL of 37% hydrogen peroxide
(H,0,) was introduced into the mixture and allowed to react
for 10 minutes. Then, 30 mL of ethanol was added and
stirred for 10 minutes to achieve a clear and stable solution.
The FTO glass substrates were immersed in the resultant
solution, with the conductive side facing upward, and the
synthesis was conducted at a constant temperature of 85 °C in a
water bath, with a heating rate of 5 °C per minute, followed by
natural cooling. After synthesis, the coated FTO glass was rinsed
with ultrapure water for 1 minute and dried at 50 °C for 10
hours. The samples were then annealed in a muffle furnace at
500 °C for 2 hours and allowed to cool at a rate of 1 °C per
minute, forming a pale olive-colored WO; nanoplate on the FTO.
To complete the assembly of the photoelectrodes,
titanium (Ti) wires were affixed to the FTO surfaces using
silver glue to ensure electrical connectivity. The wires were
then encapsulated with epoxy resin to protect the
connections and dried on a hot plate at 65 °C for 30 minutes.

2.2. Characterization of WO,

The morphological characteristics of the WO; samples were
examined using a ZEISS EVO MA10 scanning electron
microscope (SEM) operating at 15 kV. The crystallographic
properties were investigated through X-ray diffraction (XRD)
analysis, employing a PANalytical X'Pert® X-ray diffractometer.
XRD patterns were collected over a 26 range of 20 to 60
degrees, utilizing a voltage of 40 kV and a current of 40 mA
with Cu-Ko radiation (wavelength of 1.54 A).

The specimens underwent a sequential fixation and
dehydration protocol for imaging studies of samples coated
with MR-1 biofilm. Initially, the samples were fixed with
2.5% (v/v) glutaraldehyde for 20 minutes. Subsequent
dehydration was achieved using an ethanol gradient, with
concentrations of 50%, 70%, 80%, and 90%, and three
successive exposures to 100% ethanol, each lasting 5
minutes. This step was crucial to adequately dehydrate the
fixed MR-1 cells to ensure clarity in imaging. Following
dehydration, the sample photoelectrodes were sputtered with
gold to enhance the resolution of SEM imaging, facilitating
high-resolution imaging of the biofilm morphology.

Photoluminescence (PL) spectra of the samples were
recorded using a Shimadzu RF-5301 PC spectrometer
equipped with a 390 nm long-pass filter. The samples were
excited wusing an excitation wavelength of 375 nm.
Additionally, time-resolved PL  measurements were
conducted using a time-correlated single photon counting
setup from PicoQuant GmbH. For these measurements, the
sample excitation was performed with a laser head
delivering pulses shorter than 200 ps, with a fluence of
approximately 30 nJ cm™, to study the photophysical
dynamics of the samples.

2.3. Cultivation of MR-1

Luria-Bertani (LB) (i.e., 10 g NaCl, 5 g yeast extract, and 10 g
tryptone in 1000 mL ultrapure water) was chosen as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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medium for growing MR-1. LB was then autoclaved for 20
minutes at 120 °C for sterilization. The stock of the solutions
of MR-1 from the ultralow freezer (-80 °C) was streaked to an
agar plate inside the biological safety cabinet (BSC) after
cooling down to room temperature and placed in the
incubator at 30 °C for 12 hours. MR-1 was grown in the agar
plate to 10”7 to 10° CFU mL™', ensuring an adequate cell
density for robust biofilm formation on the electrode surface.
Then MR-1 was pipetted from Petri dish to 40 mL LB
medium inside BSC after cooling down. After adding MR-1,
the medium was incubated in a shaker with 250 revolutions
per minute (rpm) at 25 °C for 12 hours. The specimen
containers with MR-1 were then stored inside 3 °C freezer
and ready for use.

2.4. Solar-assisted microbial photoelectrochemical cell (S-
MPEC)

A dual-chamber solar-assisted microbial photoelectrochemical
cell (S-MPEC) was constructed using a 200 mL cylindrical acrylic
chamber. The volumes of the anodic and cathodic chambers
were 100 mL. The chambers were equipped with quartz windows
to facilitate light entry. A WO; photoanode with an exposed area
of 2.5 em” was integrated into the setup.

The S-MPEC was then prepared for biological
experimentation by adding LB medium to both chambers in
a BSC to maintain sterility. Subsequently, 200 pL of
Shewanella oneidensis MR-1 culture was directly pipetted into
the anodic chamber. The cultivation of MR-1 within the
S-MPEC was carried out under controlled conditions: the
system was connected to a 1000 Q resistor at room
temperature, with a constant stirring speed of 100 rpm. This
environment was maintained for 12 hours to promote the
formation and incubation of the biofilm.*® After 12 hours,
gray sedimentations were found inside the andic chamber,
which were MR-1. S-MPEC was then connected to an
electrochemical workstation for further analysis.

2.5. PV-S-MPEC system

The operation of PV-S-MPEC is the same as that of the
S-MPEC system, except that a commercially available silicon
photovoltaic (PV) module delivering 3.5 V was connected with
the S-MPEC. The bioanode of S-MPEC was connected to the
solar cell's counter electrode (positive electrode). The counter
electrode (negative electrode) of the SiPV was connected to
the cathode of the S-MPEC. The output voltage was measured
in the dark and under irradiation across a 10 Q resistor
connected between the counter electrode of SiPV and the
cathode of the S-MPEC.

2.6. Electrochemical characterization

The electrochemical measurements within the S-MPEC were
conducted using a three-electrode configuration setup. This
setup included a WO; nanoplate electrode serving as the
working electrode, an Ag/AgCl electrode saturated with 3 M

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potassium chloride (KCl) as the reference electrode, and a 3 cm
platinum (Pt) wire as the counter electrode.

In the assembly of the S-MPEC, the as-prepared
photoelectrode was positioned such that the WO; nanoplate

faced inward toward the interior of the chamber. This
orientation ensured optimal interaction between the
electrode surface and the chamber's environment. The

chamber was modified to maintain anaerobic conditions
within the cell, which are crucial for accurately simulating
specific environmental and biological processes. Two holes at
the top of the S-MPEC, designed for inserting the counter
and reference electrodes, were sealed with drilled stoppers.
Additionally, an argon gas stream was continuously supplied
to displace any oxygen present, preserving the anaerobic
atmosphere. Cyclic voltammetry of S-MPEC was measured by
a CHI660E electrochemical workstation.

2.7. Photoelectrochemical (PEC) measurements

All photoelectrochemical (PEC) measurements within the
S-MPEC were conducted at room temperature using a
CHI660E  electrochemical workstation. Linear sweep
voltammetry (LSV) was employed, covering a potential range
from —0.2 to 1.0 V versus Ag/AgCl, with a sweep rate of
10 mV s ', to examine the electrochemical characteristics of
the system.”’ ' Cyclic voltammetry (CV) experiments were
executed at a scan rate of 1 mV s ', with a potential window
from —1.0 V to 0.2 V versus Ag/AgCl for detailed analysis of
the electrochemical processes in the bacteria/electrode
interfaces. The 300 W xenon light source (6258, Newport
Corporation) with 420 nm cutoff filter was used as a light
source. The light intensity was precisely controlled at
100 mW cm™2, with measurements verified by an optical
power meter (Model 19180R, Newport Corporation).’**
Amperometric measurements were performed at a constant
applied voltage of 0.8 V versus Ag/AgCl to evaluate the
system's long-term stability. This measurement was sustained
over 24 hours under continuous illumination at 100 mW c¢m 2,
providing critical insights into the endurance and
operational reliability of the S-MPEC under simulated
operational conditions.**™*!

2.8. Preparation of food waste hydrolysate

Food waste was collected from a university canteen and
stored at —20 °C before enzymatic hydrolysis. Briefly, 1 kg of
food waste was blended with 500 mL of deionised water
using a kitchen blender, and then subjected to enzymatic
hydrolysis using 1% (v/m, enzyme/food waste) dosage of
glucoamylase, protease, and cellulase (Sunson, China). The
hydrolysis broth was centrifuged at 8000 x g for 30 min, and
the supernatant was collected, filtered using 1 um pore size
of filter paper, and stored at —20 °C until further processing.
The final glucose concentrations are 98 + 20 g L™". The food
waste hydrolysate was sterilise-filtered by a 0.22 pm pore size
membrane filter (Sartorius, Germany) for microbial
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cultivation. The food waste hydrolysate was transferred to the
anodic chamber of PV-S-MPEC.

2.9. Chemical oxygen demand analysis and performance
analysis

Chemical oxygen demand was determined by Hach Method
8000. The COD digestion vials (testing range 20 to 1500 mg L™
COD, HACH USA) with solution were used. The 2 mL diluted
anolyte was transferred to the digestion vials and underwent
digestion according to the method. The resulting solutions
were analysed by UV-vis spectroscopy (Shimazu, UV3600).

3. Results and discussions

3.1. Characterization of Shewanella oneidensis MR-1 coated
tungsten(vi) oxide (WO3)

The WO; nanoplate photoelectrodes were fabricated on 1 cm
x 2.5 cm glass substrates coated with fluorine-doped tin oxide
(FTO), serving as the photoanode in a Shewanella-mediated
photoelectrochemical cell (S-MPEC). These photoelectrodes
were connected using titanium (Ti) wire (Fig. Siaf). High-
magnification scanning electron microscopy (SEM) images
were obtained for MR-1 coated carbon cloth (CC), MR-1
coated WOj3;, and bare WO; (Fig. 1a-c). The morphology of
bare WO; was consistent with previously reported

View Article Online
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structures.*? The appearance of the WO; photoelectrode and
the attachment of MR-1  biofilm after (bio)
photoelectrochemical reaction were documented (Fig. Sibt).
The dimensions of the WO; nanowires were significantly
smaller than the bacteria, with an average length of 1 um
and 100 nm thick, as evident in the SEM images after the
dehydration process (Fig. 1b and c). The X-ray diffraction
(XRD) patterns of WO; and FTO were compared with the
Joint Committee on Powder Diffraction Standards (JCPDS)
Card File No. 33-0664 and 00-005-0467, confirming the
presence of a nanowire arrayed WO; on the FTO substrate.
The optical properties of the WO; photoelectrodes were
also investigated. The UV-vis absorption spectrum (Fig. S2at)
showed minimal changes in WO; before and after
photoelectrochemical testing. However, the presence of MR-1
bacteria on WO; led to increased absorption between 500 nm
and 700 nm, indicating biofilm formation on the
photoelectrode surface. Meanwhile, the Tauc plot, a graphical
representation derived from UV-vis absorption spectra, allows
us to estimate the bandgap energy of semiconductors by
extrapolating the linear portion of the (ahv)® vs. hv curve,
where « is the absorption coefficient, and Av is the photon
energy. Also showed a reduction in bandgap from 2.84 eV to
2.5 eV after biofilm formation on the photoelectrode
(Fig. S2bft). Photoluminescence (PL) characterization was

Intensity (a.u.)
g 5

o
m |
@

——wo,

FTO JCPDS 00-005-0467

T T T

20 30 40 50 60
Degree (26)

Fig. 1 SEM image of (a) carbon cloth (CC) with MR-1, (b) WO3 and (c) WOz with MR-1. The white rectangular bar on the bottom left-hand corner
of each graph indicates the dimensions with 1 um. (d) XRD patterns of WOz, WO3 photoelectrode, and WO3-MR-1 biophotoelectrode.
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performed to further confirm the changes in the optical
properties of WO; after (bio)photoelectrochemical reactions
(Fig. S3at). The results indicated no shift in the emission
peaks at 468 nm post-reaction. The decrease in PL intensity
can be attributed to electron transfers from WO; to
impurities (in photoelectrochemical reaction) and MR-1 (in
biophotoelectrochemical reaction). Fig. S3bt shows the
time-resolved PL analysis. Bare WO; exhibits the highest

average lifetime of 1.875 ns, indicating moderate
recombination  dynamics  with  significant  surface
recombination. In contrast, WO5-PEC shows reduced

recombination lifetimes compared to bare WO;, suggesting
improved recombination dynamics through reduced surface
and bulk recombination. WO;-MR-1 reveals the shortest
lifetimes and the lowest average lifetime of 0.601 ns,
indicating significantly enhanced recombination dynamics.
MR-1 bacteria substantially reduces surface and bulk
recombination, likely due to enhanced charge separation
and transfer facilitated by the bacteria.

3.2. Photoelectrochemical characterization

The LSV for the WO; photoanode was performed to establish
a baseline photoelectrochemical response without biological
influence, focusing on the inherent material properties and
light-induced electron dynamics. In contrast, LSV on the
S-MPEC incorporated the biological components, specifically
targeting the interactions between the WO; photoanode and
the Shewanella oneidensis MR-1 biofilm. This comparative
approach allowed us to directly assess the enhancement in
photocurrent and electrochemical activity due to the
synergistic effects of the semiconductor-bacteria interface.
The WO; photoanode achieved a photocurrent density of 0.68
mA cm™ at +0.2 V vs. Ag/AgCl 3.5 M KCl, corresponding to
+1.23 V vs. RHE at pH 13.6. This performance is in agreement
with established literature values. To mitigate photocurrent
and overpotential losses, hydrogen peroxide (H,0,) was
utilized as a sacrificial reducing agent. Subsequently, we
enhanced the system by adding 100 mM H,0, to a 1 M NaOH
electrolyte. This modification increased the photocurrent to
approximately 1.3 mA c¢m™>, as shown in Fig. S4f This
improvement suggests the activation of surface species
capable of hole trapping and enhancing water photo-
oxidation on the WO; nanoplate.

In the solar-assisted microbial photoelectrochemical cell
(S-MPEC) context, LSV experiments were carried out using
the WO; photoelectrode as the working electrode, with a
platinum wire as the counter electrode. The experiments
were conducted at a scan rate of 10 mV s™', focusing on
a potential window from -0.2 V to 1.0 V to elucidate the
effects of illumination on the electrochemical interactions
between WO; and MR-1. As depicted in Fig. 2a, the
electrochemical activity was minimal wunder dark
conditions, with the WO; photoelectrodes showing
negligible current. However, under illuminated conditions,
there was a significant enhancement in photocurrent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density, aligning with findings reported in the literature.
Interestingly, in the absence of light, the presence of S.
oneidensis cells contributed to a notable increase in
current density. The dark current density observed with
the WO;-MR-1 biophotoelectrode reached 0.826 A m?,
which was considerably higher than the 0.289 A m™
recorded for the bare WO; photoelectrode at 0.8 V. This
increase indicates that under an external bias, the high
interfacial energy barrier typically associated with the WO,
electrode is effectively surpassed, facilitating the transfer
of bioelectrons from MR-1 cells to the WO; anode and
into the external circuit.

Additionally, Fig. 2a illustrates that the photocurrent of
the bare WO; photoelectrode reached 2.97 A m™> at 0.8 V,
which was significantly higher than the 0.749 A m™> observed
at the same potential for the WO3;-MR-1 biophotoelectrode.
The power density of the microbial electrochemical cell
(MEC) with the CC-MR-1 bioelectrode was recorded at
0.680 W m™. Under visible light illumination, the power
densities for the bare WO; and WO;-MR-1 photoelectrodes
were 0.599 W m™> and 2.375 W m?, respectively. These
findings indicate that the efficiency of substrate utilization
by the exoelectrogenic bacteria MR-1 substantially enhances
the performance of the S-MPEC system, regardless of the
lighting conditions. This suggests that the intrinsic resistance
of the WO; photoelectrode can be effectively mitigated by
applying an external bias. Under solar illumination,
photoexcited holes in the valence band of the photoanodes
potentially recombine with bioelectrons from MR-1, which
transforms the substrate into bioelectrons, thereby increasing
the photocurrent density and promoting greater electron flow
to the cathode via the external circuit.

Additionally, cyclic voltammetry provided further insights
into the reversible and irreversible processes occurring at the
electrode surfaces, showing a distinguish between the
electrochemical behaviors of the WO; photoanode in the
absence and presence of the biofilm. The CV experiments
involved a series of working electrodes—CC-MR-1, bare WO3,
and WO;-MR-1—with Ag/AgCl (3.5 M KCI) as the reference
electrode and platinum (Pt) as the counter electrode. CV
scans were performed in LB medium supplemented with
10 uM riboflavin, spanning a potential range from -1.0 V
to +0.2 V versus SCE for the CC-MR-1, WO;, and WO;-MR-
1 electrodes. For the CC-MR-1 electrode, cathodic and
anodic peak potentials (E,. and Ep,) were observed at
-0.441 V and -0.098 V versus Ag/AgCl, respectively.
Similarly, for the WO3;-MR-1 electrode, E,. and E,, were
-0.301 V versus Ag/AgCl and -0.158 V versus Ag/AgCl,
respectively. The midpoint potentials (E,), calculated as E,
= (Epe + Epa)/2, were —0.230 V for WO;-MR-1 and -0.270 V
for CC-MR-1. These results correlate with the well-defined
redox potentials of c-type cytochromes, which have a
midpoint potential of around -0.410 V versus Ag/AgCl. The
shuttle-mediated catalytic potential matches previous
findings.**™*> Our experimental analysis confirms that the
interaction between MR-1 electrocigens and WO; involves

RSC Appl. Interfaces, 2025, 2, 397-409 | 401
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(@) LSV, (b) CV, and (c) i-t curve under external bias of 0.8 V of S-MPEC using CC-MR-1, WO3, and WOz-MR-1 as anode under dark and light

conditions. (d) Record of COD in the percentage of S-MPEC using CC-MR-1, WO3, and WO3-MR-1 as an anode.

c-type cytochromes, facilitating extracellular electron
transfer.

The long-term stability of the solar-assisted microbial
photoelectrochemical cell (S-MPEC) system was evaluated
using current-time (i-f) measurements over 24 hours. The
test was conducted and a bias voltage of 0.8 V vs. Ag/
AgCl. The current-time response for various experimental
setups is illustrated in Fig. 2c. For the WO;-MR-1
biophotoelectrode under illumination, an initial increase
in current density was observed from 0 to 3 hours,
followed by a decline from 6 to 8 hours. This pattern
suggests the ongoing formation and possibly the self-
regulation of the biofilm on the WO; photoelectrode
under the combined influence of irradiation and electrical
bias. In contrast, under irradiated conditions, the
photocurrent density of the WO3;-MR1 electrode not only
increased but sustained higher levels for up to 8 hours,
indicating more robust biofilm activity and electron
transfer processes. Comparatively, the current density in
the WO3;-MR-1 setup was fourfold higher than that of the

bare WO; under similar irradiated conditions and four

402 | RSC Appl. Interfaces, 2025, 2, 397-409

times greater than that observed in the CC-MR-1 under
dark conditions. These results underscore the enhanced
durability and electrochemical efficiency of the MR-1 when
interfaced with WO; in the photoelectrochemical system.

To understand the relationship between bioelectron
production and the operation of S-MPEC, the chemical
oxygen demand (COD) was monitored at 12-hour intervals,
as shown in Fig. 2d. The COD reduction exhibited a rapid
decline during the initial 12 hours, aligning with the
active growth phase of the microbial cells.*” The initial
COD was approximately 13000 mg L™, as detailed in
Table S1.f After 24 hours, the COD for the CC-MR-1 setup
decreased from 12490 mg L™ to 10623 mg L', which
corresponds to a removal rate of 1811 mg L™ per day.
For the WO;-MR-1 configuration, the COD reduced from
13207 mg L™ to 11140 mg L', achieving a notable
removal rate of 3867 mg L' per day.

These findings demonstrate that the WO;-MR-1 setup
enhances the photocurrent density and significantly
improves the COD consumption rate under irradiated
conditions. This suggests that photoexcited holes in the WO;

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contribute effectively to the oxidation processes, thereby
driving the efficient electron transfer from MR-1.

3.3. Extracellular electron transfer kinetics

Cyclic voltammetry was conducted at different scan rates to
investigate the heterogeneous electron transfer kinetics of
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different electrodes. To facilitate the analysis, 10 uM
Riboflavin was added to each electrode system, serving as a
redox shuttle. This addition enables the observation of
shuttle-mediated catalytic currents and provides insights into
the electron transfer kinetics at the electrode|electrolyte
interfaces for the CC-MR-1, WO; and WO3;-MR-1. In
Fig. 3a, ¢, and e, significant peak broadening and peak

(b) 1.0x10°
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e Anodic Current
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<
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Fig. 3 CV at different scan rates from 1 mV s™ to 40 mV s™* of (a) CC-MR-1, (c) WOs, and (e) WOs-MR-1; peak current vs. scan rate plot of (b) CC-

MR-1, (d) WO3 and (f) WO3-MR-1.
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separation were observed in the CV profiles, indicating the
redox processes associated with the immobilized flavin.*®*’
Additionally, a peak shift of approximately 0.1 V vs. SCE was
noted, which is attributed to the internal resistance of the
semiconductor electrode, specifically WO; in this case. The
relationship between peak current densities and different
scanning rates was analyzed to further elucidate the redox
species’ nature within the MR-1 biofilm. As shown in Fig. 3b,
the peak currents were linearly related to the scanning rates,
with a correlation coefficient (R*) 0.99. This linearity suggests
the presence of a diffusion regime oriented perpendicular to
the electrode surface. The Randles-Sevcik equation (eqn (1))
can be employed to describe this behavior.

Liey = (2.69 x 10%)n°2ACDY?p"? )

The Tafel plot in Fig. S7f was obtained from the
descending parts of the cathodic and ascending parts of
anodic peaks of the cyclic voltammogram. We then
determined o using the slope of the plot of log(i) versus
potential, as shown in eqn (2).**

Slope = S3RT (2)

To quantify the heterogeneous electron-transfer rate
constant (k,), the Gileadi method was employed. This method
is instrumental in determining the critical scan rate (V)
where the electrochemical reaction transitions from
reversible to irreversible or from quasi-reversible to
irreversible. This transition point is crucial for understanding
the electron transfer processes’ kinetics and the electrode-
electrolyte interface's dynamic behavior.” The V. was
graphically evaluated by plotting E;, against the log of scan
rate at low and high scan rates (Fig. S6t). The graphical
representation typically results in two distinct linear
segments corresponding to the lower and higher scan rate
domains. Two different slopes are obtained by fitting lines to
these segments, reflecting the different kinetic regimes at
varied scan rates. The intersection of the two lines provided
the V,, and k° was determined by eqn (3).”°

(3)

nFaV.D\?
2.303RT

logk® = —0.48a + 0.52 + log(

As detailed in Table 1, the electrochemical characterization of
the WO3;-MR-1 electrode shows diffusion coefficients for the
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reduction and oxidation reactions at 1.66 x 10 cm® s and 2.29
x 10"® em® s, respectively. These values are accompanied by
high electron-transfer rate constants of 8.02 x 10~ cm s * for
reduction and 9.02 x 10> c¢cm s™* for oxidation. The diffusion
coefficients and rate constants for the CC-MR-1 electrode and
the bare WO; photoelectrode are also provided for comparative
purposes. The WO;-MR-1 electrode demonstrates a higher
diffusion coefficient and faster rate constant than the bare WO,
photoelectrode. This indicates more efficient electron transfer
processes at the solid-liquid interface in the WO;-MR-1 system.
Such superior electrochemical properties underscore the
potential of WO;-MR-1 as a highly promising candidate for bio-
photoelectrochemical applications. The enhanced performance
of WO;-MR-1 can be attributed to the synergistic interaction
between the microbial biofilm and the semiconductor material,
which facilitates a more efficient heterogeneous electron
transfer.

3.4. Electrochemical impedance spectroscopy (EIS)

We conducted electrochemical impedance spectroscopy (EIS)
to assess the charge transfer resistance within the
photoelectrochemical cell. The Nyquist plots derived from
EIS for three different electrodes (CC-MR-1, WO;, and WO;-
MR-1) were analyzed to assess the electrochemical behavior
of both control and experimental reactors, as shown in
Fig. 4. The high-frequency intercept with the x-axis in these
plots indicates the ohmic resistance of the cell, which
includes contributions from the inherent resistances of the
electrolyte, electrodes, and interface contacts. The Nyquist
arc's magnitude reflects the total resistance encompassing
these components. An appropriate equivalent circuit model,
depicted in Fig. 4a, was employed to interpret the EIS data.
This model quantifies various resistance components such as
charge transfer resistance, mass transfer resistance, and
ohmic resistance within the solar-assisted microbial
photoelectrochemical cell (S-MPEC) system.”" The values for
different circuit elements, which were fitted to this model,
are provided in Table S3.f From the analysis, the electrolyte
resistance (R;) observed was highest for the carbon cloth
electrode at 38.4 Q. It was lower for the bare WO, electrode
at 13.72 Q, and the lowest for the WO;-MR-1 electrode at
8.637 Q. This decrease in resistance with the incorporation of
MR-1 bacteria into the WO; electrode suggests an
enhancement in ionic conductivity, likely facilitated by the
biological activity of the bacteria. Furthermore, the Nyquist

Table 1 The kinetic parameters of CC-MR-1, WOs, and WO3-MR-1, including E°, D, k°, and « in LB-M9 solution with 10 uM riboflavin at room

temperature

CC-MR-1 WO, WO;-MR-1

Reduction Oxidation Reduction Oxidation Reduction Oxidation
E° (V vs. SCE) -0.472 -0.375 -0.280 -0.151 -0.259 -0.180
107° D (em®s™) 2.91 0.356 0.24 1.66 2.29
a 0.075 0.13 0.111 0.087 0.138 0.112
10° k° (em s7) 78.8 36.5 29.4 80.2 90.2
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Fig. 4
experimental data; (b) enlarged electrochemical impedance plots of (a).

plots revealed that the anode resistance was significantly
higher for the bare WO; (4373 Q) and even more so for the
WO;3-MR-1 (4901 Q) compared to the carbon cloth (1007 Q).
This increase in anode resistance with the introduction of
MR-1 onto the WO; electrode points to potential
complications in electron transfer efficiency at the anode.
Regarding cathodic reactions, the cathodic charge-transfer
resistance for the WO3-MR-1 (39.9 Q) and CC (5.28 Q) was
found to be lower than that of bare WO, (82.1 Q),
highlighting a limitation in the cathodic charge transfer
capabilities of the bare WO; electrode. This suggests that
MR-1 bacteria facilitates a more efficient transfer of H+ ions
from the oxidation reaction in the anodic chamber,
improving overall charge transfer at the cathode.

3.5. Mechanistic insight into electricity generation in S-MPEC

Based on the findings from this study, we have developed a
model to explain the current generation mechanism in the
solar-assisted microbial photoelectrochemical cell (S-MPEC)
utilizing a WO; nanoplate photoelectrode and S. oneidensis,
as illustrated in Fig. 5. The observation that the system

e — - 0
A l ,
! 1
: G S e e EIectron i
=CB © 0H.0
j_/ O Cytochrome ?/
% — FL
o e Y Electron shuttle
[Tl
o2
=4 |
b= tt,
= Orgamc matters o —
F 3 VB electrode
o—&

Hole

Fig. 5 Schematic diagram of the photocurrent generation by the WOz
electrode with MR-1 bacteria. FL, CB, and VB represent the fermi level,
conduction, and valence bands, respectively.
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(a) Electrochemical impedance plots of electrodes of CC-MR-1, WO; and WOs-MR-1 with an equivalent circuit model used to fit

produces only a minimal current in the absence of light
suggests that the polarization resistance at the WO,
nanoplate electrode may hinder the transfer of bioelectrons.
These electrons originate from the exoelectrogens and travel
through the conduction band of the WO; nanoplate to the
FTO substrate, a process that appears to be impeded under
dark conditions.’®*® Under illuminated conditions, however,
the separation of photogenerated electron-hole pairs is
significantly enhanced. This improvement is primarily due to
the recombination of bioelectrons—derived from lactate/
pyruvate (-0.185 V) transferred by the outer membrane c-type
cytochromes (OM c-Cyts) of S. oneidensis (approximately
-0.110 V vs. Ag/AgCl)—with the photoexcited holes (2.86 eV
vs. NHE) on the surface of the WO; nanoplate
photoelectrodes. This recombination process effectively leads
to a higher current output.®**°

3.6. PV-S-MPEC system

To enhance the performance of the solar-assisted microbial
photoelectrochemical cell (S-MPEC), a commercially available
silicon photovoltaic (PV) module delivering 3.5 V was
integrated into the system. The performance of this setup is
shown in Fig. S5a and b, where the voltage over time and
the associated current and power densities were derived
using the eqn (4) and (5):

Voltage (V) = Current (I) x Resistance (R) (4)
Power (P) = Current (I) x Voltage (V) (5)

EIS determined the overall resistances for systems
employing WO; and CC bioanodes to be 4949.5 Q and
345.65 Q, respectively. SSMPEC with the CC bioanode, the
output voltage of SiPV decreased to 3.29 V, yielding a current
density of 1.40 A m™ and a power density of 4.62 W m™>. In
contrast, the S-MPEC using a WO; bioanode showed a voltage
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drop to 3.28 V but achieved a higher current density of
6.70 Am™> and a power density of 21.99 W m . The resulting
power density of PV-S-MPEC outperforms the reported value
of 0.75 W m™ of a microbial fuel cell with polycrystalline
silicon solar cell integrated system."”

Chemical oxygen demand (COD) was also monitored to
assess the organic matter reduction efficiency. Initially set at
approximately 10000 mg L', the COD in the PV-S-MPEC
using CC-MR-1 bioanode decreased from 10090 mg L™ to
5590 mg L™* over 24 hours, corresponding to a removal rate
of 4500 mg L' per day. The PV-S-MPEC using WO;-MR-1
bioanode displayed a more substantial reduction, from
10257 mg L™ to 2090 mg L™, presenting a removal rate of
8167 mg L™ per day. Based on the calculation (ESI{), the
food waste removal rate of PV-S-MPEC using CC-MR-1
bioanode and WO;-MR-1 bioanode was estimated to be
83.67 g per day. The PV-S-MPEC system demonstrated a
remarkable improvement in output power density and COD
removal rate, showing the effectiveness of PV integration in
boosting the system's overall efficiency and stability.

4. Conclusion

This study explores the bio-photoelectrochemical interactions
between tungsten(vi) oxide and Shewanella oneidensis MR-1
within hybrid bio-photoelectrochemical devices. These hybrid

systems demonstrate significantly improved
photoelectrochemical performance when incorporating live
cells. Linear sweep voltammetry reveals that WO;
photoelectrodes in the solar-assisted microbial

photoelectrochemical cell (S-MPEC) exhibits a remarkable
400% increase in current density compared to an abiotic
medium under a 0.80 V external bias. Electrochemical
impedance spectroscopy (EIS) analysis indicates that the
overall resistance of the S-MPEC system using a WO; anode
is considerably higher than that with a carbon cloth anode.
This suggests that the presence of MR-1 bacteria reduces
solution resistance and enhances ionic conductivity.
Additionally, the cathodic charge-transfer resistance for the
WO;-MR-1 is lower than that for bare WO;, indicating a more
efficient electrochemical interaction facilitated by the
bacteria. In the PV-S-MPEC system employing WO; as the
photoanode, the output voltage is measured at 3.28 V,
corresponding current density and power density of 6.70 A m™>
and 21.99 W m™>, respectively. This study demonstrates that
integrating  photovoltaic =~ modules  with  microbial
photoelectrochemical cells provides a robust framework that
enhances bioelectrochemical performance and waste
degradation.  Furthermore, the WO;-MR-1  system
demonstrated the most efficient COD removal rate under
irradiation, achieving a rate of 8167 mg L™ per day,
compared to 4500 mg L' per day for the CC-MR-1 system.
This efficiency underscores the role of photoexcited holes in
driving the oxidation reactions of the MR-1 species, thereby
enhancing the bioelectrochemical performance. These
findings not only pave the way for new directions in the

406 | RSC Appl. Interfaces, 2025, 2, 397-409
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development of practical S-MPEC systems but also provide
crucial insights into the mechanisms of electron transfer
and energy conversion within these systems, as well as the
natural synergy between sunlight, semiconductors, and
electricigens.
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