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Batteries to the rescue: the formation of Pt
bioelectrocatalysts with Shewanella oneidensis
MR-1 and commercial batteries
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Platinum nanoparticles are active towards many reactions relevant to energy and environmental
applications. The biosynthesis of platinum nanoparticles from ionic platinum solutions needs an electron
donor to yield nanoparticles. Molecular hydrogen and formate are the electron donors of choice for
generating platinum nanoparticles and can be used as reducing agents without microorganisms. We
hypothesized that the metal ions adsorbed on a microorganism surface can be transformed to
nanoparticles in the presence of an electron source, even in the absence of an organic electron donor. To
test the hypothesis, a bioelectrochemical setup was designed that allowed the connection of a commercial
1.5 V battery to a bioelectrode in a platinum solution. The platinum reduction efficiency of the battery-
bioelectrode system was compared to experiments that involved (1) a battery and an abiotic electrode, and
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(2) a bioelectrode that was not connected to the battery. The reduction efficiency was determined by a
combined study of optical emission spectroscopy and atomic emission spectroscopy. Platinum
nanoparticles were revealed by transmission electron microscopy. The electrochemical performance was

DOI: 10.1039/d51f00223k
evaluated by cyclic voltammetry. Platinum nanoparticles were formed only when the bioelectrode was
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Introduction

Platinum (Pt) is a member of the platinum group of
metals—a set of highly catalytically active metals that are
crucial for many energy and environmental applications, such
as fuel cells." The growing interest in platinum nanoparticles
(NPs) for applications across various fields has highlighted
concerns about the pollution associated with their chemical
and physical syntheses, which often involve harmful,
hazardous, energy-intensive, or costly chemicals.>™ Therefore,
there is currently a growing interest in nanoparticle
biosynthesis with the help of microorganisms, a synthesis
that requires easier and more ecological conditions.

Reports on the biological synthesis of Pt NPs are scarce.
The first emphasis on the reduction of Pt(iv) was aided by the
use of sulfate-reducing bacteria from aqueous solution as
well as from industrial wastewater.”” There are several
reports on the biosynthesis of Pt NPs by diverse groups of
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connected to the battery, evidenced by the well-known platinum cyclic voltammetry.

microorganisms, such as Plectonema boryanum UTEX 485}°
Calothrix sp.,” Desulfovibrio sp.,'"° Shewanella algae,"
Shewanella putrefaciens,"> Escherichia coli MC4100 (ref. 13)
and halophilic bacteria.'**®

It is known that the genus Shewanella includes the largest
number of species capable of interacting and synthesizing a
large range of metallic nanoparticles. Shewanella oneidensis
MR-1 is one of the most widely used and represents a model
bacterium for the biosynthesis of nanoparticles. This group
of dissimilatory metal-reducing bacteria has an extracellular
electron transfer mechanism through which they can transfer
electrons into the surrounding environment. This capability
enables the extracellular reduction of metals, which provides
a great advantage in the bio-fabrication of abiotic
nanomaterials, including metal nanoparticles. To date, only
three accounts report the biosynthesis of Pt NPs by
Shewanella oneidensis MR-1."°"® The genus Shewanella
includes a large number of bacterial species with great
respiratory versatility. The best known and most commonly
used strain is Shewanella oneidensis MR-1, the representative
strain of the genus due to its ability to use the widest variety
of electron acceptors, such as oxygen, nitrates, sulfur
compounds, organic matter, and most importantly for the
present study, metals. In addition, S. oneidensis MR-1 is one
of the most electroactive bacteria known, and can discharge
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and receive electrons from electrodes in bioelectrochemical
systems, recommending it as the first choice for our attempt
to biosynthesize Pt nanoparticles.

The type of electron donor can significantly affect the
formation of NPs by bacterial cells. The most common source
of electron donors for the bioformation of Pt NPs with S.
oneidensis MR-1 is molecular hydrogen (H,), formate and
lactate.'®?%?! Formate and H, are the most efficient and
most commonly utilized electron donors, but they are known
to abiotically reduce palladium ions in the absence of
bacteria.”>?* A similar formate or H, pathway can reduce Pt
as well. Lactate is relatively inert and can be used to reduce
Pt(iv) to Pt NPs, although the yield is significantly lower.'®
The challenging conclusion is that Pt NPs can be
biosynthesized while H, and formate are known as Pt(w)
reducing agents. To emphasize the ability of S. oneidensis
MR-1 to biosynthesize Pt NPs, one needs an experimental
setup in which Pt reducing agents are absent. Using an
abiotic source of electrons, such as batteries, could be a
promising alternative.

Herein, we propose a bioelectrochemical solution to form
bioelectrodes that are composed of microorganisms
decorated with Pt NPs (Fig. S1). To demonstrate the benefit
of our method, we chose the simple, yet insufficiently studied
system: Shewanella oneidensis MR-1 and Pt NPs. Fig. S1 shows
the experimental setup and illustrates the (bio)electrode
formed in the current study. To the best of our knowledge,
this is the first work that couples Shewanella oneidensis MR-1
to a battery in order to form a bioelectrode.

Materials and methods
Materials

Chemicals used in this work without further purification
were: sodium chloride (98%, VWR Chemicals), potassium
chloride (97%, VWR Chemicals), disodium hydrogen
phosphate (98%, VWR Chemicals), potassium dihydrogen
phosphate (98%, VWR Chemicals), sodium bicarbonate
(98%,  Chimreactiv ~ S.R.L, Romania), dihydrogen
hexachloroplatinate(iv) hydrate (99.9%, Alfa Aesar, Germany),
sodium pyrophosphate (98%, Alfa Aesar, Germany), Tween 20
(Millipore Sigma; formerly Sigma-Aldrich, Switzerland),
ethanol (96%, VWR Chemicals), glutaraldehyde (25%, VWR
Chemicals), and 2,3,5-triphenyltetrazolium chloride (VWR
Chemicals, Belgium). Deionized (DI) water with a resistivity
of 18.2 MQ cm was obtained from a LaboStar PRO DI 4 water
purification system (Evoqua Water Technologies, USA) and
used in all the experiments.

Formation of bioelectrodes

Shewanella oneidensis MR-1 (LMG 19005) was purchased from
the BCCM/LMG Bacterium Collection (Gent, Belgium).
Biofilms of S. oneidensis MR-1 on Ti were obtained according
to a previously described procedure.”® A culture vessel
with 100 mL of Luria-Bertani (LB) broth*® was
inoculated with S. oneidensis MR-1 seed culture (1% v/v) and
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incubated under aerobic conditions (at 30 °C). After 24 h, a
sterile titanium electrode (area = 1 x 4 cm?) was placed inside
the culture vessel and incubated for another 72 h (at 30 °C,
without stirring). The electrode with the attached biofilm was
removed from the broth, washed thoroughly with sterile
sodium bicarbonate buffer (30 mM), and then fixed into the
cap of a 15 mL tube together with a sterile abiotic titanium
electrode that worked as a counter electrode.

Three experimental setups were tested in this work (Fig.
S1). B-Pt was an abiotic setup consisting of a titanium
electrode connected to the battery (1.5 V AA-type battery,
Varta, Germany) at constant voltage (the current was
measured between 10 and 40 pA). S-Pt was a biotic setup
composed of a titanium electrode with an S. oneidensis MR-1
biofilm that was not connected to a battery. SB-Pt was a
titanium electrode with an S. oneidensis MR-1 biofilm that
was connected to a battery. Each sample was analysed in
triplicate. A blank for the SB-Pt sample contained a titanium
electrode with a heat-degraded S. oneidensis MR-1 biofilm
(121 °C, 20 min) and connected to the battery. All setups were
immersed in sodium bicarbonate buffer with 1 mM H,PtClg
and incubated at 30 °C for at least 3 days. The biofilm and
abiotic electrodes were connected to the negative and positive
terminals of the battery, respectively. No other electron
donors were used in this study.

The entire setup was placed inside an airtight anaerobic
GENbag (bioMérieux, France) to ensure anaerobic conditions
for NP synthesis. The GENbag had been previously flushed
with N2. To ensure the removal of any residual oxygen left
inside the plastic bag, an anaerobic generator sachet was
added to the GENbag.

Characterization

A UV-vis spectrometer (Jasco V550, Tokyo, Japan) was used to
identify the platinum complex in the final solution.
Elemental analysis was used to determine the concentration
of platinum according to a modified protocol.>® ICP-OES was
performed on a Perkin Elmer, Avio 200 (Waltham, MA, USA).
A 2 mL aliquot was removed from each sample and digested
in 12 mL of aqua regia in a microwave reactor (Milestone
Microwave Labstation, Bergamo, Italy). The program
consisted of a heating step to 180 °C (16 °C min™") and
maintenance at 180 °C for 30 minutes. After mineralization,
the volume was brought up to 27 mL. The final solution was
diluted (1:10) and analysed by ICP-OES. Every sample was
measured 3 times, and values were reported as averages with
error bars (= 95% confidence interval).

Titanium electrodes with bacterial biofilms (S-Pt and
SB-Pt) were washed with sterile phosphate-buffered saline
(PBS)*>” and fixed overnight with 2.5% glutaraldehyde in
0.1 M phosphate buffer (4 ©°C). The electrodes were
immersed in a detachment solution to separate bacteria
from the electrode. A modified protocol was used for
biofilm detachment.”® The electrodes were treated for 10
minutes in an ultrasound bath (SONOREX™ Digital 10 P

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ultrasonic bath, Bandelin Electronics, Germany) in a
solution of sodium pyrophosphate (3 mM) and Tween 20
(10 pg mL™). The detached bacteria were recovered by
centrifugation (7000 rpm, 10 min, Thermo Fisher,
Germany) and dehydrated through an ascending alcohol
series (10%, 50%, 70%, 80%, 90%, 2 X 100%), with each
change lasting 20 minutes. After each change, the cells
were recovered by centrifugation (7000 rpm, 10 min).
Shortly before TEM observations, one drop of cell
suspension was placed onto a Formvar-coated Cu TEM
grid (MilliporeSigma; formerly Sigma-Aldrich, USA) and left
to air dry at room temperature. No additional staining
(i.e., contrast enhancement) was used. The samples were
imaged using a JEOL JEM-1400 (Jeol, Japan) transmission
electron microscope operated at 80 kV accelerating voltage
and visualized with a Quemesa CCD camera (Olympus
Soft Imaging Solutions).

Cell viability

Biofilm viability was determined wusing the 2,3,5-
triphenyltetrazolium chloride (TTC) staining method and
acetone as extractant.’®*° A sterile 1% (w/v) TTC stock
solution was prepared by dissolving the powder in sterile
distilled water and filtered using a 0.22 um PES sterile
syringe filter (Labbox Labware S.L., Spain). To rinse the
attached biofilm and remove unbound cells, S-Pt and SB-Pt
were washed with sterile PBS (pH 7.4). Samples were
incubated at 30 °C under aerobic conditions in a solution of
LB broth and TTC (0.02% w/v). The bioelectrodes were
removed after 24 h and washed in 15 mL of sterile PBS of pH
7.4. Samples were placed for 10 min in 8.5 mL of acetone to
dissolve the formazan crystals bound to the bioelectrode. The
absorption at 485 nm (A485) was measured with a Specord
210 Plus spectrophotometer (Analytik Jena, Germany).

Electrochemical characterization

characterization was carried out in a
electrochemical cell in a 3-electrode

Electrochemical
2-compartment
configuration. A saturated calomel electrode (SCE) was used
as a reference electrode with a measured standard potential
of 0.24 V vs. a dynamic hydrogen electrode (Hydroflex,
Gaskatel, Germany). All potentials are referenced against SCE
unless otherwise stated. A piece of carbon felt (approx. 10
cm?) was used as a counter electrode. The working electrodes
were the as-obtained samples without further treatment. 0.5
M NaHCO; bicarbonate solution was used as the supporting
electrolyte throughout the experiment. Cyclic voltammograms
were recorded from —0.8 to 1 V vs. SCE at 0.02 V s* on a
Voltalab PGZ-301.

Results
Bioreduction efficiency

UV-vis spectra were collected from the solution at the end of
the experiment and compared to the initial stock solution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-vis spectra collected from the solution at the end of each
experiment and compared to the initial stock solution (1 mM H,PtClg).
The relative absorbance was determined by dividing the intensity by
the maximum intensity for each sample. Arbitrary units are abbreviated
to a.u.

containing 1 mM [PtClg]*” (prepared from H,PtClg) (Fig. 1).
The Pt"" in [PtCl]>” needs 4 electrons to generate a Pt
nanoparticle with a subsequent 2-electron reduction to a P>
intermediate. [PtCls]*” shows the well-known peaks at approx.
210 and 270 nm.*° A reduction in the absorbance at 270 nm
or a shift towards smaller wavelengths is the usual method to
confirm the formation of a Pt nanoparticle via 4-electron or
partial 2-electron reduction, respectively. The abiotic sample
(i.e., B-Pt) showed at least 3 features: at 210, 230 and 270 nm
(Fig. $2). The peak at 230 nm was previously assigned to Pt>*
species in nanoparticle formation from [PtCls|>". Pt** can be
ascribed to the partial (2-electron reduction) of [PtClg]*". S-Pt
showed the presence of the peak at 210 nm, while the other
features were hard to identify due to a complex background.
The peak at 270 nm was absent for SB-Pt. There is a clear
difference in the background between S-Pt and SB-Ptm,
which makes the UV-vis analysis challenging.

To understand the reduction mechanism of [PtCls]*” by
S-Pt and SB-Pt, the remaining liquid sample after each

1004 === === mmm—— - = =~ Rttt
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Fig. 2 Reduction efficiency of [PtCl6]>” data was calculated by
dividing the concentration of the final solution (determined from ICP-
OES) by the initial concentration (1 mM = 195 mg [%). *SB-Pt is for the
sample with the heat-degraded biofilm (blank sample).
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experiment was further characterized by ICP-OES (Fig. 2). The
dotted and solid lines show 0% and 100% reduction
efficiency, respectively (Fig. 2). Reduction efficiency was
calculated using eqn (1):

n= <1—g)x1oo (1)

where 7 is the reduction efficiency (measured as %), c¢ is the
final concentration of Pt ions in the solution determined by
ICP-OES and ¢; is the initial concentration of Pt (= 195 mg for
1 mM H,PtCls). The liquids found at the end of the
experiment in B-Pt (Fig. S3) and SB-Pt (Fig. 2) showed a
decrease in the initial concentration of [PtCls]>”; hence, an
increase in the [PtCls]>” reduction efficiency can be observed
in Fig. 3. The determined efficiencies for B-Pt, SB-Pt and S-Pt
were (87 + 9)%, (72 + 5)% and (-8 + 6)%, respectively. Given
an initial concentration of 195 mg 1™, 67.2% efficiency, a 15
mL volume and an 8 cm” surface, a Pt loading of 0.246 mg
cm™ was obtained. The reader should bear in mind that S-Pt
does not reduce [PtClg]*” without an electron source. To
emphasize the synergy between the battery and the biofilm, a
supplementary experiment carried out: a blank
experiment for SB-Pt in which the microbial film was
inactivated via heat treatment (see materials and methods).
The neutralized SB-Pt showed negative efficiency in reducing
[PtCls]*” (Fig. 2).

was

Transmission electron microscopy (TEM) investigations

Fig. 3 shows
S. oneidensis
round-shaped

the TEM investigation of S-Pt and SB-Pt.
MR-1 had the well-known appearance of
rods (blue arrows) with a length of 2-3
pum (Fig. 3A and B). Pt NPs should appear as black
dots on the microorganism surface (red circles).
Fig. 3A and B show that S-Pt does not generate NPs, which is
in line with the UV-vis analysis (Fig. 1). Black dots appear on
the surface of the microorganisms in SB-Pt (red circles in
Fig. 3C and D). The black dots tend to agglomerate in larger
structures (yellow circle, Fig. 3C). In the absence of any other

Fig. 3 Bright-field TEM images of S-Pt (A and B) and SB-Pt (C and D)
samples with 2000 nm (A and C) and 500 nm (B and D) scale bar.
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metallic species, it can be concluded that the black dots were
Pt NPs. It is challenging to estimate the dimensions of the
metal NPs, although analysis of the TEM images indicates
diameters below 10 nm (Fig. 3D). Further nanoparticle
characterization falls beyond the general scope of the work at
hand. Pt NPs were present mainly on the microorganism
surface. One may suggest that the nanoparticles were
produced by S. oneidensis MR-1 only when connected to the
battery (SB-Pt).

Cell viability

Exposure of a thin bacterial biofilm to high concentrations of
Pt for long periods of time has the potential to adversely
affect the biofilm. Additional physiological stress, such as
platinum toxicity, influences the efficiency of the Pt NP
biosynthesis. It is thus important that the viability of the
bacterial biofilm be preserved. The metabolic status of S.
oneidensis MR-1 biofilms during incubation in bicarbonate
buffer with 1 mM [PtClg]*” was investigated through the
2,3,5-triphenyltetrazolium chloride (TTC) staining method.*®
Unlike other staining methods, the tetrazolium salts assay
does not stain different biological molecules within the
biofilm (i.e., polysaccharides or DNA, proteins) but measures
the metabolic activity of each bacterial cell, making it
possible to distinguish between metabolically active cells,
referred to as viable cells, and inactive cells.?®3°3* In the
presence of Dbacteria, TTC is reduced to 1,3,5-
triphenylformazan (TFP)***® an intracellularly formed
insoluble red crystal. This enables the staining and counting
of adhered, metabolically active cells. The formation of red
formazan represents a qualitative indication of bacterial
activity, whereas measurement of colour intensity for the
resuspended red formazan, using the UV-vis absorbance at
485 nm, could provide quantitative evidence of the impact of
toxic metals on a bacterial population.

The aim of this investigation was to measure the ability of
S. oneidensis MR-1 cells grown as biofilms on titanium
electrodes to maintain an endogenous metabolism in the
absence of any organic source of electrons added into the
suspension buffer, measured as the ability to reduce artificial
electron acceptors such as TTC.*® These measurements were
made before and after biofilm incubation in the bicarbonate
buffer with [PtCle]*.

Biofilm viability was determined by measuring the
absorbance at 485 nm at the beginning of the experiment
(BOE) and end of the experiment (EOE) of a formazan
solution. The reader should bear in mind that this is a
surface-sensitive reaction (i.e., only the microorganisms in
direct contact with formazan can be evaluated). The viability
of the S. oneidensis MR-1 biofilm was considered to be
100% at BOE. After exposing the cells for 72 h to 1 mM P,
with no additional carbon source, the viability of the
biofilm decreased to (33 + 6)% at EOE. Even though the
biofilm was clearly affected, S. oneidensis MR-1 cells were
able to cope with the difficult conditions, maintaining a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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viable population until the end of the experiment. The
viability assessment is directly correlated with the formation
of Pt NPs, as no Pt reduction was detected in the
experiments with heat-degraded biofilm, demonstrating the
involvement of active bacterial cells in the synthesis of
biologically mediated Pt NPs.

Electrochemical characterization

Fig. 4 shows the electrochemical characterization of the
samples towards water splitting. It is well known that the
typical Pt CV has a butterfly appearance, which can be
divided into hydrogen (at potentials smaller than -0.2 V vs.
SCE) and oxygen (at potentials larger than 0 V vs. SCE)
regions.”” Positive currents are specific for oxidation
reactions, such as hydrogen oxidation (at potentials smaller
than -0.2 V vs. SCE) and water oxidation (at potentials larger
than 0 V vs. SCE). Negative currents are specific for reduction
reactions, such as proton reduction to hydrogen (at potentials
smaller than -0.6 V vs. SCE) and the oxygen reduction
reaction (at potentials larger than -0.6 V vs. SCE).

Pt electrochemical features were absent from the S-Pt CV
(Fig. 4). The current in Fig. 4 for S-Pt is multiplied by a factor
of 20 to allow comparison among all samples. The double-
charge layer in S-Pt is considerably smaller than that in SB-
Pt. A similar biofilm was expected to grow on both samples,
S-Pt and SB-Pt, in stark contrast to the electrochemical
results. The proton reduction to hydrogen and minor oxygen
evolution at potentials larger than 0.6 V vs. SCE suggests that
the underlying Ti plate may be exposed. The CV for the
abiotic electrode, B-Pt, is presented in Fig. S4.

The smallest double-layer charge was observed for B-Pt,
which can be explained by the thin film structure usually
resulting from metal electrodeposition.”® The anodic and
cathodic sweeps are widely separated, indicating a large
double-layer charge. Usually, a large double-layer charge is
specific to electrodes with high roughness. Microorganisms
forming the biofilm can lead to a large double-layer charge.
SB-Pt showed the sum of the contributions of the Pt
nanoparticles and microorganisms.

x 50

Current density [mA/cm?]

'6 T T T T T T T T T T T
-1.0 -0.8 -06 -04 02 00 02 04 06 08 10 12
Potential vs SCE [V]

Fig. 4 Cyclic voltammograms recorded at room temperature in 0.5 M
NaHCOs (pH = 6.8) at 0.02 V s™* from -0.8 to 1V vs. SCE.
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Discussion

There has been a surge of interest in the biosynthesis of
noble metal nanoparticles, although the actual details of NP
bioformation remain elusive.>® There are two components at
play: (1) biosorption of the metal ion of choice on the surface
of the microorganism and (2) the formation of the metallic
electronic band by the reduction of ionic species. The Pt ion
in the current study is Pt** (i.e., [PtCl,]*"), which is known to
be more challenging to reduce than [PtCls]>".>° [PtCls]*” has
been shown to have a lower sorption efficiency on S.
oneidensis than [PtClg]*"."° Indeed, our results suggest that S.
oneidensis alone (i.e., without the addition of electron donors)
does not produce Pt NPs from [PtClg]*” (S-Pt in Fig. 1-3). In
our setup (Fig. S1), microorganisms were restricted only to
the available area of the Ti electrode, which is a key
difference from bioreactors under continuous stirring.
Therefore, it was challenging to measure the sorption of
[PtCls]>” and compare it to previously reported values."®

However, SB-Pt produces nanoparticles at (72 = 5)%
(Fig. 2) in the absence of in situ electron donors, such as H,,
formate, or lactate. Indeed, it is challenging to confirm the
exact mechanism for Pt electroreduction. However, it can be
concluded that Pt nanoparticles were formed only when an
external electron source was connected.

TEM investigations (Fig. 3) showed that only SB-Pt
generates NPs. It was believed that the biosynthesis of
metallic nanoparticles would exhibit increased selectivity,
which has been disproved.'? Usually, the biosynthesis of
metal nanoparticles is conducted in bioreactors where the
microorganisms are stirred in a broth in the presence of an
in situ electron donor, such as H,, formate, or lactate.'®*°
Other studies have focused on Escherichia coli, dissolving the
microorganism in NaOH to obtain electrical conductivity."
Our battery-bioelectrode system, demonstrated here with S.
oneidensis and Pt, is expected to be adaptable to other metal
precursors, such as Pd(u), based on established S. oneidensis-
mediated syntheses of Pd and Pd-Pt alloys.'” %%
Additionally, other Shewanella species are known to reduce
metals, including Au(m), Ag(i), Cr(vi), and Cu(u),*>*!
suggesting that future studies could explore these alternatives
to enhance the system's sustainability and expand its
applications in bioelectrochemical technologies.

Conclusions

A new bioelectrochemical setup was designed for the
formation of bioelectrocatalysts. A battery was connected to
a preformed bioelectrode in a Pt solution. Nanoparticles
were biosynthesized on the microorganism surface in the
absence of in situ electron donors only when it was
connected to the battery. The Pt bioelectrocatalyst was
electrochemically compared to an abiotic electrode (without
microorganisms) and a biotic electrode (without a battery).
Electrochemical results showed that the Pt bioelectrocatalyst
has the potential to be used as a biocathode where
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electrons can be exchanged between the microorganism and
the abiotic electrocatalyst. We have put forward a simple
and affordable solution to construct an active biocathode
formed from Pt-decorated microorganisms.
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