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ARTICLE INFO ABSTRACT
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Biological photovoltaic (BPV) cells use biological organisms in order to produce clean electrical power by
capturing solar energy. In this study, a cyanobacteria based BPV cell was constructed and it generated Hy gas and
photocurrent via photosynthesis and respiratory system. This kind of BPV cell was constructed in which the

E’;}Z:Zz:;t:zemﬁon cathode and photoanode are gold electrodes coated with different conjugated polymers and these polymers are
Photosynthesis combined to Pt or Au nanoparticles with oligoaniline bonds. Unlike the cathode electrode, a kind of cyano-
Respiratory system bacteria (Leptolyngbia sp.) was used in the design of photoanode and bounded to Au NPs with oligoaniline
Photocurrent bonds. For the configuration of cathode in BPV cell, a gold electrode was first coated with a dithienylpyrrole-

based conductive polymer with an amine open-ended aniline functional group. This conductive polymer was
then attached to mercapto-aniline functionalized Pt nanoparticles with oligoaniline bonds. In the case of pho-
toanode in BPV cell, this time, a dithienopyrrole-based conductive polymer with an aniline subunit was coated on
another Au electrode surface via electrochemical polymerization. This polymer provides to connect oligoaniline
modified Au nanoparticles with coating cyanobacteria. Some control and optimization experiments for photo-
anode of the system were done in order to understand photosynthesis formation and get efficient photocurrent
from BPV cell. The system was illuminated under visible light and a constant potential and then the decom-
position of water in BPV solar cell system was observed via photosynthesis by cyanobacteria with the formation
of Hy and O, gases besides photocurrent generation. Another photocurrent generation via respiratory system of
cyanaobacteria was also investigated in the medium of glucose after diuron (PS II inhibitor an inhibitor) was
added into medium. By using two different properties (photosynthesis and respiratory system) of cyanobacteria,
BPV solar system generates high amount of photocurrent and hydrogen.

1. Introduction

Today, many countries are increasing their efforts to use new, clean
and sustainable energy sources as an alternative to fossil fuels. Renew-
able energy sources are very crucial for global future plans of people
[1-4]. Unlike fossil fuels, which are dwindling and becoming less sus-
tainable, scientist tries to find clean and economic energy sources [5].
Related studies suggest that solar power is the most important renew-
able energy source and solar typed all energy conversion systems are
more efficient and sustainable than other options [6]. Photovoltaic solar

cells, plants, cyanobacteria and green algae harness the energy from the
sun to produce electricity. Solar cells and other photosynthesis-based
organisms produce energy in different ways. Photoelectrochemical
cells are solar cells that use the energy from the sun to produce elec-
tricity or hydrogen [7-9]. In biological photovoltaic solar cell (BPV),
water hydrolyzes with the help of photosynthesis and it is water that
provides electrons to the system. Photosynthetic microorganisms active
in the BPV cell continue their vital development, so they have a sus-
tainable habitat. They store metabolites in their cells and thus they can
also be grown by inexpensive methods and tend to generate energy even
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under dark conditions. These characteristics make it superior for a
typical photovoltaic cell [10]. Significant efforts have been made in the
development of BPVs in recent years to meet the energy needs from solar
energy in the future. With the biological energy production cycle, an
average of 30 pA photocurrent was obtained by arresting Os complex-
modified conductive polymers, hydrogels, combined multi-surface
structures, p-added silicon structures, Pt nanoparticles cross-linked
with bis aniline [11-16]. There are also studies of BPV obtained by
binding to Os-redox polymer, 3D graphene and cytochrome-c typed
conductive polymer electrode [17-21]. Moreover, the effect of these
conductive structures on electron transfer was also investigated. The
studies showed that an average of 40 pA photocurrent was produced. In
addition, Hasan et al. investigated the mediator effect of water-soluble
quinone derivatives and obtained photocurrent by arresting the TM on
a bare Au electrode [22]. Green algae, another photosynthetic material,
have also been used to make BPVs. In a BPV study conducted by Hasan
et al., photocurrent generation studies were carried out using Paul-
schulzia pseudovolvox [19]. Fong Lee et al. created a typical anode
electrode for the BPV system by means of shielding using an indium tin
oxide coated glass surface with graphene, and then added the photo-
synthetic Chlorella sp. to the BPV to generate a biofilm on the anode
platform. With this study, it was observed that nanomaterials increased
electron transfer when light was sent to the system. As a result of studies,
it has been shown that algae come into contact with nano sized struc-
tures and these structures interact with the membrane located outside
the algae cell [23]. MacCormick et al., on the other hand, formed bio-
films by coating Dunaliella tertiolecta and Chlorella vulgaris algae on
ITP surface under controlled conditions. Thanks to these biofilms
formed in BPV, a neighbor communication among the algae and anode
was established and it resulted in high photocurrents. This high photo-
current value continued to be stable up to 30 days [24]. Amidst the
photosynthetic organisms, cyanobacteria are the most favored for power
generation from sunlight in BPVs by the reason of their high efficiency
besides the possibility of direct energy production and the convenience
of environmental compatibility [25]. Recently, a large number of
cyanobacteria-based BPV studies have been conducted. Geobacter sul-
furreducens [26], synechococcus sp. PPC 7942, anabaena variabilis
[25], synechocystis sp. PCC 6803 [27,28], shewanella oneidensis [29]
coated graphite, carbon brush, Pt, Au and indium tin oxide glassy
electrodes [1] can be given as examples of BPV studies that generate
photocurrent by providing fast electron transfer. In the studies
researched by our group, photocurrents were produced with the help of
fast electron transfer, which is carried out by connecting lyptolyngbia sp
type cyanobacteria on Os complex modified polymers and conductive
polymer/Au nanoparticles type structures [30,31]. In addition, Howe
and his work group were able to generate electricity in both light and
dark environments without using a mediator in the BPVs and they made
this by creating cyanobacteria-based biofilms [8]. Reports have shown
that the stable presence of cyanobacteria in BPV cells for long periods
makes the power generation facility even more effective.

Today, hydrogen can be obtained from fossil fuels, natural gas con-
version, conversion of biologically sourced liquids, coal and biomass
gasification, thermochemical and nuclear production, electrolysis of
water or photoelectrochemical separation of water [32-38]. However,
these technologies are either too expensive or not environmentally
friendly. While 5% of the hydrogen production is provided primarily by
the electrolysis of water, 95% is provided from fossil fuels. Hydrogen
production studies have gained momentum as a result of photo-
electrochemical separation of water using various catalysts or conduc-
tive structures in solar cells. The photocurrent and hydrogen production
have been successfully carried out by photoelectrochemical decompo-
sition of water in solar cells created by using various conductive struc-
tures and photosensitive dyes by our study group [39,40]. Although
there are various chemical methods and techniques by which hydrogen
can be produced, as described above, hydrogen production by microbial
biotechnologies attracts a lot of attention, especially because they are
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renewable and relatively inexpensive in terms of sustainability. Under
anaerobic conditions, microbial cells can produce hydrogen by fer-
menting carbohydrate-rich suspension liquids, including industrial and
domestic wastewater. Alternatively, photosynthetic microbial cells
allow photobiological hydrogen production. By using microbial cells
capable of photosynthesis with oxygen, hydrogen can be produced with
the help of abundant and sustainable resources such as water and sun
and without the need for organic matter supplementation. However,
today, there are very few BPV studies that produce H; gas on the cathode
side by using photosynthetic biomaterials such as cyanobacteria on the
anode side. The reason for this is that, as Rozendal et al. mentioned in
their study, the desire of oxygen and protons, which are formed as a
consequence of oxidation of water by photosynthesis, to reconvert to
water in terms of energy is higher than the desire of protons to be
reduced to Hy gas and therefore, the cathode side must be completely
free of oxygen in order for Hy gas to form at the cathode [41]. Sus-
tainable Hy gas production was achieved by using photosynthetic mi-
crobial cells by separating the anode and cathode by placing proton-
conducting or permeable membranes such as cationic ion exchange
membrane or Nafion, and purifying the cathode from oxygen
[27,42-44]. In recent studies, it has been shown that BPVs made using
photosynthetic microorganisms can produce both photocurrent and
hydrogen. Howe and the working group made synechocystis sp. and
obtained photocurrent in both dark and light environments by adding
[FeCNs]"V -3 electron mediator to the environment in cyanobacteria-
based BPVs. Protons produced as a result of photosynthesis in the light
environment also provided hydrogen production in the dark environ-
ment by giving a 1-1.4 V bias potential [45]. Schumann et al., in their
study, in synechocystis sp cyanobacteria-based PBV, both photocurrent
and hydrogen production as a result of photosynthesis, and PS II in-
hibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) were put into
the environment and the cyanobacteria were actively involved in the
respiratory system. They obtained photocurrent and hydrogen produc-
tion with protons and electrons from PS I. They also observed that
hydrogen and photocurrent increased when glucose was added to the
cell from the outside, since the respiratory system initially oxidized
carbonaceous substances. During hydrogen production, 0.65 V bias
potential was given to the system in both environments [46].

In the light of these information, BPV that can produce photocurrent
and hydrogen at the same time by using both photosynthesis and
respiration properties of cyanobacteria under constant potential and
visible region light will be made by using Leptolyngbia sp. cyanobac-
teria. A photoanode will be formed by coating cyanobacteria on the
structure that will be formed as a result of connecting aniline-modified
gold nanoparticles (Au NP) to the coated gold electrode with conductive
oligopyrrole bonds by electrochemical polymerization with aniline-
functionalized DTP conductive polymer (P(DTP-Ph-NH,)). The struc-
ture formed electrochemically with aniline-functionalized Pt NPs with
aniline-functional SNS conductive polymer (P(SNS-Ph-NH;)) on a
modified gold electrode with oligoaniline bonds will act as cathode.
When the system is operated under a fixed potential by illuminating the
visible region with light, water will decompose by oxidation through
photosynthesis by cyanobacteria, and photocurrent will occur with the
transport of electrons released by the oxidation of water to the anode,
and hydrogen gas will be produced by the reduction of protons on the
cathode side by Pt NPs. Then, when the PS Il inhibitors called diuron and
3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) are put into the me-
dium and the cell is illuminated under constant potential in the glucose
environment, the electrons to be formed in PS I by oxidation of glucose
are transferred to the anode. Photocurrent and hydrogen gas will occur
simultaneously with the transport and reduction of protons to the
cathode. Thus, a high rate of hydrogen and photocurrent will be ob-
tained by taking advantage of both photosynthesis and respiration of
cyanobacteria.

Nowadays, BPV studies have become quite popular. In recent studies,
it has been shown that BPVs made using photosynthetic microorganisms
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can produce both photocurrent and hydrogen. The majority of BPV
studies to produce electricity and/or hydrogen today are with the help of
photosynthesis. In this study, BPV generates photocurrent and hydrogen
production by using the respiration feature of cyanobacteria together
with photosynthesis. The production of electricity and hydrogen by
using the respiration feature of BPVs and photosynthetic biological
materials related studies is almost non-existent in the relevant literature.
With this study, even in conditions where photosynthesis is difficult,
electricity and hydrogen production will be possible by taking advan-
tage of the respiration feature of cyanobacteria.

2. Experimental section
2.1. Materials

4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)benzamine =~ (SNS-Ph-NH>)
monomer and 4-(4H-dithieno[3,2-b:2/,3'-d]pyrrol-4-yl)aniline (DTP-Ph-
NH;) were reported as in the literature [47,48] and details were given in
supplementary. Among the photosynthetic microorganisms, cyanobac-
teria (Leptolyngbia sp.) were purchased from Carolina™ (USA). The
cyanobacteria (Leptolyngbia sp.) to be used in this study were

Au electrode

\
Electropolymerization

Au electrode
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reproduced according to the literature [11]. In summary, propagation
was carried out at room temperature, in a low ion intensity environment
and under a white fluorescence lamp with a photon power of 40 umol,
adjusted to 12:12 light/dark. Cells were then incubated at 20 °C for 10
min. It was centrifuged at 4000 rpm, washed with electrolyte and
centrifuged again under the same conditions. The obtained Leptolyngbia
sp. cells were resuspended with the same electrolyte as 1 g/ml solution
and immediately used for photoelectrochemical measurements. The
remaining materials were used in the experiments as they were obtained
from the Sigma Aldrich Company.

2.2. Methods

The details related with reproduction of cyanobacteria, synthesis of
monomers (dithienyl pyrrole (SNS) and dithienopyrrole (DTP) de-
rivatives) and their polymerization processes are given in supplemen-
tary information. BPV cell was constructed with a photoanode and
cathode electrodes containing conductive polymer-coated gold or Pt
nanoparticles (Pt NPs). Firstly, cathode electrode construction was done.
An Au electrode was electropolymerized with SNS-Ph-NH,. After that, Pt
NPs were bound to P(SNS-Ph-NH>) polymer film with oligoaniline bonds

/\/
EB
N

H, SNS-Ph-NH,

Electropolymerization

-

NH,

Au electrode

e ' __» oligoaniline
. - bridges

Scheme 1. Schematically representation of cathode electrode construction.
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from its -NH; end. DTP-Ph-NH; monomer was also electropolymerized
on another Au electrode in order to construct the photoanode part of
BPV cell. Au NPs were synthesized with aniline ends in order to get a
connection between P(DTP-Ph-NH;) and Au NPs with oligoaniline
bonds. After that cyanobacteria was matured on this electrode system,
some optimization and control experiments (the amount of cyanobac-
teria, thickness of the electrode and cycle number polymerization on the
electrode) were studied to get maximum photocurrent value.

2.2.1. Construction of cathode electrode of BPV

Scheme 1 represents the formation of cathode electrode in BPV. First
of all, SNS-Ph-NH, was synthesized electrochemically as given in
Scheme-SI-1. Monomer was electropolymerized on Au electrode, as seen
in repetitive cyclic voltammogram (Figure SI-1). Pt NPs will be func-
tionalized with mercaptoaniline. These two structures will be bounded
with oligoaniline groups.

2.2.1.1. Preparation of Pt NPs functioned with mercaptoaniline. Three
different mixture solutions were prepared in order to synthesize of these
nano-sized materials. The first solution was formed by dissolving of
PtCl4 (300 mg) in hexylamine (75 mL). The second one had a mixture of
dissolving thioaniline (35 mg) and the sodium salt (180 mg), 2-mercap-
toethanesulfonic acid (1.1x10°2 mol) in a methanol/hexylamine (30 mL)
solution (1:1 by volume). Solution number three was prepared by mix-
ing sodium borohydride (300 mg) into to a water/methanol mixture (1:1
by volume) (40 mL). After adding solution number three to solution
number one at room temperature with vigorous stirring, the color of the
solution changed to brown color in seconds and solution number two
was added to this brown solution after 1 min. Three minutes later,
distilled water (200 mL) was put into the solution and mixed for 15 min.
The solution was put into the separatory funnel and the water phase of
the mixture was removed. The organic part was rewashed repeatedly
with water. For next step, sodium salt of 35 mg, 2.8x10™ ™! of thio-
aniline and 180 mg of 1.1x10°> mol of mercaptoethane sulfonic acid
dissolved in ethanol solvent (15 mL) was put into the organic part. The
obtaining solution was mixed during the night. The black part of the
mixture was collected after being centrifuged several times and washed
repeatedly with the solvent of diethyl ether. It was understood that the
prepared Pt NPs were 4-5 nm in diameter. These NPs were characterized
by SEM analysis (Figure SI-2).

2.2.1.2. Design of a cathode (P(SNS-Ph-NH3)/Pt NP) electrode (P(SNS-
Ph-NH_)/Pt NP) in BPV. SNS-Ph-NH; monomer was electropolymerized
on the Au electrode surface in the medium of 0.1 M NaClO4/0.1 M
LiClO4/acetonitrile solution via cyclic voltammetry. Afterwards, Pt NPs
functionalized with mercaptoaniline were polymerized by electro-
polymerization method in phosphate pH = 7.4 phosphate buffer me-
dium via cyclic voltammetry. Thus, it was bonded to P(SNS-Ph-NH,)
polymer which was polymerized by electropolymerization method on
the Au electrode. The redox pair seen around 0.1 V on the cyclic vol-
tammogram indicates the formation of bis aniline cross-links (Figure SI-
3).

2.2.2. Construction of photoanode electrode of BPV

For design of photoanode electrode in BPV, DTP-Ph-NHj; was firstly
synthesized with a synthesis procedure in Scheme SI-2. Moreover, DTP-
Ph-NH, was also electropolymerized and its electropolymerization de-
tails were given in Figure SI-4.

2.2.2.1. Synthesis of aniline-functionalized Au NPs. Au NPs functional-
ized with 2-mercaptoethane sulfonic acid and p-aminothiophenol were
added with 10 mL of ethanol solution containing 197 mg of HAuCly and
5 mL of methanol solution containing 42 mg of mercaptoethane sulfo-
nate and 8 mg of p-aminothiophenol into 2.5 mL of glacial acetic acid,
and this new solution was dissolved in 2.5 mL of glacial acetic acid. It
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was prepared by mixing in an ice bath for 1 h [49]. Then, 1 M 7.5 mL of
NaBH4 solution was added dropwise to this solution until a black solu-
tion was obtained. The new black solution was stirred in the ice bath for
another 1 h, then removed from the ice bath and stirred at room tem-
perature for another 14 h. The resulting nanoparticles were washed
twice with methanol, ethanol and diethyl ether solutions and then
centrifuged. These Au NPs were characterized by transmission electron
microscopy. When examined by transmission electron microscopy
(TEM), the dimensions of the particles were estimated to be 8.5 nm. The
photograph of the particles taken with the help of TEM is as in Figure SI-
5 [49].

Electropolymerization with DTP-Ph-NH; homopolymer and aniline-
modified AuNP in 0.1 M phosphate buffer solution (pH = 7.4) with the
aid of CV between the potentials of —0.1 V and + 1.1 V at a scan rate of
100 mV/s are linked to each other by oligoaniline bonds. In this elec-
tropolymerization experiment, graphite electrode (d = 5 mm) and Ag/
AgCl electrode were utilized as auxiliary and as reference electrode,
respectively.

2.2.2.2. The design of the photoanode electrode. The gold electrodes were
washed with ultrapure water and dried at room temperature. The (DTP-
Ph-NHj3) monomer (5 mg/mL) synthesized under the above-mentioned
conditions was then on the gold electrode surface in 0.1 M TBAPFg/
dichloromethane/acetonitrile medium via cyclic voltammetry with a
scan rate of 100 mV/s between —0.1 V and + 1.2 V. It was electro-
chemically polymerized. Aniline-modified 100 mM AuNP solution was
added into 0.1 M phosphate buffer solution (pH = 7.4) and electro-
polymerization technique was used on the gold electrode via cyclic
voltammetry with a scan rate of 100 mV / s between the potentials of
0.1 Vand + 1.1 V. P(DTP-Ph-NH,) is attached to the film by oligoaniline
bonds. In this electropolymerization experiment, the platinum wire was
used as the counter electrode and the Ag/AgCl electrode as the reference
electrode. Then, cyanobacteria matured in a special culture medium
were coated on the modified Au electrode with the optimum amount of P
(DTP-Ph-NH)/Au NPs structure. Then, the dialysis membrane immersed
in phosphate buffer (pH 7.4) was placed on the cyanobacteria to prevent
the cyanobacteria from falling off the surface of the electrode and firmly
attached to the surface of the electrode with the help of a rubber and
money film. Thus the photoanode of BPV was completed (Scheme 2).

2.2.3. Photocurrent and hydrogen generation studies in BPV

H-type cells were used in photocurrent experiments Au electrode
modified with conductive polymer (P(DTP-Ph-NHj3)/Au NPs/cyano-
bacteria) to be used as anode in BPV cell and Au electrode covered with
P(SNS-Ph-NH,)/Pt NPs 50 mm away from it to serve as bio-cathode in
photovoltaic cell. They will be in tube sections facing each other, with a
distance of 50 mm and they will be separated from each other by a
proton-permeable membrane (Nafion membrane). A multimeter will be
placed across the resistor. A solar simulator with a custom-made
photochemical system was used for photocurrent measurements. This
photochemical system consists of an Oriel brand 300 W Xe lamp (Oriel
Model 6258), an Oriel brand 2 nm resolution monochromator (Oriel
Model 74000) and an Oriel brand chopper (model 76994). The process
of converting the data to digital data was done by a phase sensitive
detector (Stanford Research Model SR 830 DSP). The current cut-off
frequency was performed via a Stanford Research brand pulse-
retardant generator. For the constant potential experiments carried
out in the study, a potentiostat/galvanostat (EG&G Model 263) was used
besides the electrodes mentioned above.
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Scheme 2. Schematically representation of photoanode electrode construction.
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3. Results and discussion

3.1. The optimization studies for cathode (P(SNS-Ph-NH,)/Pt NPs)
electrode of BPV cell

One of the most important properties of Pt NPs is hydrogen peroxide
reduction to water via electrocatalyzing. In the real purpose of the
project, Pt NPs will reduce the protons come out of the oxidation of
water to Hy gas. It is thought that the surface optimizations required for
the fastest electron transfer from the electrode to the Pt NP will be found
by using the reduction of hydrogen peroxide and the optimum condi-
tions that will emerge from this will be the same for the transfer of
protons to Hy gas during the separation of water [50] (Figure SI-7). The
P(SNS-Ph-NH;)/Pt NPs cathode electrode is firstly optimized with the
cycle number via cyclic voltammetry in order to find best coupling
bounding to Pt NPs on a Au electrode (1 cm? area) with oligoaniline
bonds. In this optimization study Pt NPs were bonded by electro-
polymerization on the conductive film polymerized with 100 cycles,
while the concentration of Pt NPs was kept constant at 1 mg/mL. Ex-
periments were achieved in phosphate buffer (pH = 7.4) medium. For
optimization study, Pt NPs were bonded to the electrode covered with
oligoaniline composite bonds of polymer by electropolymerization at
different number of cycles (40, 60, 80 and 100 cycle numbers in the
medium of hydrogen peroxide (9 mM) in between 0.2 V and 0.6 V). As a
result of the current differences obtained in the voltammogram as a
result of hydrogen peroxide reduction to water by Pt NPs, the best
number of cycles in order to bind Pt NPs to the conjugated polymer was
obtained. As the number of electropolymerization cycles increased to
form the composite, it was observed that the current difference
increased in the voltammograms taken. In this case, it continued until
the number of 80 cycles, and the current difference decrease was
observed in the 100th cycle. The reason for the increase in the current
difference up to 80 cycles can be considered as the increase in the
amount of Pt NPs bound by the oligoaniline composite bonds in the
composite.

In this experiment, which was repeated three times and data were
obtained close to each other as a result of all three experiments, it was
decided that 80 cycles would be the optimum cycle number to bind Pt
NPs to P(SNS-Ph-NHj) polymer with composite oligoaniline bonds. In all
of these optimization studies, after SNS-Ph-NH, monomer was poly-
merized on the Au electrode with an area of 1 cm? using 80 cycles, Pt
NPs were bonded to P(SNS-Ph-NH5) polymer by electropolymerization
(Figure SI-8).

Another optimization study is to obtain the number of cycles in the
electropolymerization of the monomer. In experiments of the first
optimization studies, the SNS-Ph-NH, monomer was polymerized by
using 80 cycles. In this optimization study, 10, 40, 60, 80, 100 and 120
cycles of SNS-Ph-NH; monomer were polymerized on the Au electrode
by electropolymerization. P(SNS-Ph-NH,)/Pt NPs modified Au electrode
to be used as cathode in the project was obtained by applying Pt NPs (1
mg/mL) on the polymer films obtained through these various cycle
numbers, by applying 80 cycles in CV, to the polymer via electro-
polymerization. Cycles were taken in a potential difference range be-
tween 0.2 to —0.6 V using 9 mM hydrogen peroxide in a phosphate
buffer medium (pH = 7.4). The highest current difference in the cyclic
voltammograms was obtained for 100th cycle of P(SNS-Ph-NH>) poly-
mer. When the 120-cycle polymer electrode was used, the current dif-
ference in the voltammogram decreased. At 120 cycles, however, the
thick polymer film was obtained and not enough electrons to reach the
electrode (Figure SI-9). SEM images of P(SNS-Ph-NH7) and P(SNS-Ph-
NH,)/Pt NPs modified gold electrodes were given in Figure SI-10.
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3.2. The control and optimization studies for photoanode (P(DTP-Ph-
NH_)/Au NPs /cyanobacteria) electrode of BPV cell

3.2.1. The control experiments for P(DTP-Ph-NH_2)/Au NPs/cyanobacteria
electrode

The control experiments were done repeatedly in order to under-
stand how the current is generated by the gold electrode modified with
the P(DTP-Ph-NHy)/Au NPs/cyanobacteria electrode. First, when the
gold electrode modified with this structure was dipped in pure ethanol
solvent and 1 solar unit was sent onto it, no photocurrent formation was
achieved. This showed us that the cell is only responsive to water and
that the current was obtained by electron transfer during the formation
by the water oxidation as a result of photosynthesis. In addition, instead
of the structure formed on the gold electrode, only the cyanobacteria
was immobilized and the phosphate buffer (pH = 7.4) of the
cyanobacteria-coated gold electrode was immersed in solution (water)
and the visible region light of 1400 W/m? was sent, and the system did
not form. In the third photocurrent control experiment, a photocurrent
of 366nA was observed when the 500 mg/mL cyanobacteria-coated gold
electrode was immersed in a phosphate buffer (pH = 7.4) involving
phenyl-p-benzoquinone solution (0.410 pmol) and a visible light of 1
solar unit was sent to the system (Fig. 1(a)). This suggests that a struc-
ture that accelerates electron transfer is needed for the transfer of
electrons, which is obtained by the water oxidation as a result of
photosynthesis to the electrode. In another control experiment, using the
gold electrode electropolymerization technique, after being covered
with polymer film (40 cycled), 500 mg/mL cyanobacteria was coated on
electrode covered with polymeric film. P(DTP-Ph-NHjy)/cyanobacteria
structure on gold electrode was dipped into the buffer solution and the
system was constructed. When visible light of 1400 W/m? power was
sent, the amount of photocurrent obtained under 0 V constant potential
increased to 2.18uA (Fig. 1(b)). This event showed how effective the
conductivity of the polymer was in the transfer of electrons to the
electrode resulting from photosynthesis. In the last control experiment,
after the P(DTP-Ph-NH>) polymer was electropolymerized on the gold
electrode using 40 cycles, 100 mM Au NP solution functionalized with
aniline was attached to the conjugated polymer film with oligoaniline
chains using 40 electropolymerization cycles. When the gold electrode
modified with P(DTP-Ph-NH3)/Au NP/cyanobacteria was dipped into
the buffer solution. The amount of photocurrent obtained under 0 V
constant potential increased up to 6.93pA (Fig. 1 (c)). 500 mg/mL
cyanobacteriawas used to coat for the fabrication of P(DTP-Ph-NH5)/Au
NPs/cyanobacteria structure was coated as in Au electrode/cyanobac-
teria and P(DTP-Ph-NH,)/cyanobacteria electrodes.

3.2.2. The cycle number optimization experiments for P(DTP-Ph-NH,)/Au
NP/cyanobacteria electrode

One of the characterization studies of P(DTP-Ph-NH;)/Au NPs/cya-
nobacteria on gold electrode structure is the cycle number optimization
study in cyclic voltammetry to bind Au NPs to the conjugated polymer
film. In this study, polymer prepared using 40 polymerization cycles was
coated on the gold electrode on the film, and then aniline-functionalized
(100 mM) Au NPs solution was used using 20, 30, 40, 50, 60, 70 and 80
electropolymerization cycles, and conductive polymer with oligoaniline
bonds attached to the film. After attaching 500 mg/mL cyanobacteria on
these structures, when P(DTP-Ph-NH5)/Au NPs/cyanobacteria structure
was dipped into the buffer solution and 1400 W/m? visible region light
was sent to the system, various amounts of photocurrents were obtained
(under 0 V constant potential). High amount of photocurrent was ob-
tained as the number of cycles increased to cover Au NPs on the polymer
film. This situation continued until the number of 60 cycles. The reason
for this can be considered as the increase in the amount of Au NPs and
the fastest electron transfer as a result. On the other hand, although the
amount of Au NPs increased as a result of the applied 70 and 80 cycles,
the reason for the photocurrent increase to reach saturation can be
shown as the rapidly increasing confusion in the conduction paths with
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Fig. 1. Demonstration of the photocurrent produced by the oxidation of water
as a result of photosynthesis, by chronoamperometric on-off study (a) 0.410
pmol phenyl-p-benzoquinone coated with cyanobacteria on Au electrode (b) Au
electrode modified with the P(DTP-Ph-NH,)/cyanobacteria structure and (c)
gold electrode modified with P(DTP-Ph-NH,)/Au NPs/Cyanobacteria structure
under visible light.

the increase in the number of Au NPs, resulting in a decrease for con-
ductivity and the speed of electron transfer. In this experiment, 60 cycles
was chosen as the optimum cycle number to bind Au NPs on the polymer
film (Fig. 2).
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Fig. 2. Chronoamperometric on-off of the photocurrents generated by the
electrode modified with the P(DTP-Ph-NH,)/Au NPs/cyanobacteria (bounded
at different cycle numbers (a) 20, (b) 30, (c) 40, (d) 50, (e) 60, (f) 70, (g) 80)
structure in order to to bind AuNP on polymer film polymerized electrochem-
ically after 40 cyles of DTP-Ph-NH, monomer. 500 mg/mL cyanobacteria were
used for coating on each P(DTP-Ph-NH,)/Au NPs structures.

3.2.3. The amount optimization experiments of cyanobacteria for P(DTP-
Ph-NH3)/Au NPs/cyanobacteria electrode

Another of the characterization studies of P(DTP-Ph-NH5)/Au NPs/
cyanobacteria structure is the best amount of the cyanobacteria that
cause photosynthesis. In all photochemistry characterization studies
carried out so far, 500 mg/mL cyanobacteria P(DTP-Ph-NH;)/Au NPs
was used by immobilizing it on a modified gold electrode and current
measurements were studied. In the optimization study, the polymer
prepared with 40 electropolymerization cycles was attached to the
aniline-functionalized (100 mM) Au NPs solution on the film with oli-
goaniline bonds using 60 electropolymerization cycled. Then, 250, 500,
750 and 1000 mg/mL cyanobacteria using P(DTP-Ph-NH2)/Au NPs was
immobilized on the electrode. Phosphate buffer photocurrent mea-
surements were studied in the system (under O V constant potential and
the visible region light of 1400 W/ m? power). It has been observed that
the photocurrent increases up to a concentration of 750 mg/mL. The
studies observed that the photocurrent values obtained from the elec-
trodes prepared using a concentration of more than 750 mg/mL
decreased. The reason for this could be explained as increasing cyano-
bacteria concentration, thickening of the biocomponent surface and
preventing the electrons transfer to the electrode, which is formed by
water oxidation as a result of photosynthesis. Therefore, 750 mg/mL,
the optimum concentration amount for cyanobacteria was chosen.

3.2.4. The thickness optimization experiments for P(DTP-Ph-NH3)/Au
NPs/cyanobacteria electrode

Another optimization study for the characterization of P(DTP-Ph-
NHz)/Au NPs/cyanobacteria structure is to find the optimum thickness
of the polymer film coated on the gold electrode. In all experiments of
the previous optimization run, the DTP-Ph-NH, monomer was poly-
merized with 40 cycles. In this optimization study, 20, 40, 60, 80 and
100 cycles of DTP-Ph-NH,; monomer were polymerized on the gold
electrode by electropolymerization. Aniline-functionalized (100 mM)
Au NPs solution on the polymer films obtained by these various cycle
numbers was bonded to the conjugated polymer film with oligoaniline
chains using 60 electropolymerization cycles. Then, 750 mg/mL cya-
nobacteria was coated on the P(DTP-Ph-NH5)/Au NP electrode and a
modified gold electrode with P(DTP-Ph-NHz)/Au NPs/cyanobacteria
structure as the photoanode was obtained. It was produced by
immersing this electrode in phosphate buffer (pH = 7.4) and oxidizing
water as a result of photosynthesis under visible light at 1400 W/m?
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power. It was observed that the highest value in the produced photo-
currents was with 60-cycled P(DTP-Ph-NH3) polymer. The photocurrent
value decreased when 80 and 100 cycled polymer electrodes were used.
60 cycled polymer film is the best values of thickness and conductivity in
order to transfer electrons. In cycles of more than 60 cycles, the film was
very thick in order to transfer of electrons formed by the water oxidation
as a result of photosynthesis and it was explained as not reaching the
electrode enough (Fig. 3).

3.3. Photocurrent and hydrogen generation studies in BPV cell

3.3.1. O gas generation in BPV cell

The chronoamperometric on-off study performed after determining
the optimum conditions for the produced BPV is another characteriza-
tion study of the modified gold electrode with P(DTP-Ph-NH3)/AuNPs
/cyanobacteria structure. The BPV was illuminated for a while at a
constant potential of 0 V with a fixed light source (1400 W/m?) and then
the lighting was terminated. This process was repeatedly tested. The
current decreased after the process was repeated each time. The reason
for this photocurrent decrease is explained as the penetration of the O,
gas formation was obtained by the water oxidation into the forward
electron transfer rate that creates the current. Different experiment has
been done as a proof of this statement. Here, the removement of the Oy
gas formation was focused on by adding the bilirubin oxidase enzyme
(1.5 mg/mL) to the electrolyte, that is, to the buffer solution and then to
operate the BPV at a constant potential of 0 V by illuminating it [39,40].
When the bilirubin oxidase enzyme was added to the medium and the
electrode was illuminated with a 1400 W/m? light source for some time
and the light source was turned off (on-off), no decrease was observed in
the amount of photocurrent obtained. In this case, the photocurrent drop
supported the reason we explained (Fig. 4).

Clark type electrode system was utilized to understand the amount of
oxygen is obtained in the water when the BPV is illuminated for a time.
Fig. 5 shows obtained currents by illuminating the visible region under
BPV 1400 w/m> power for 2.5, 5, 10, 15, 20 and 25 min. After the
system was illuminated for 25 min, the amount of oxygen generation by
the water oxidation as a result of photosynthesis by the gold electrode
modified with P(DTP-Ph-NH;)/Au NPs/Cyanobacteria structure was
calculated as 6.3 x10™° mol/cm? (Fig. 5).

3.3.2. Power generation of BPV cell
The electricity production of the BPV was determined by the polar-
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Fig. 5. Time-dependent oxygen gas generation of BPV system as a result of
illumination for 2.5, 5, 10, 15, 20 and 25 min under the visible region light with
a power of 1400 W/m?.

kQ) with the BPV during measurements made under visible light illu-
mination. The increase in power outputs is calculated from 17 to 41.5
mW/m? in the light environment. The maximum power generation of
the BPV at pseudo steady state is reached at 46.50 mW/m? at a current
density of 127 mA/m? (Fig. 6).

3.3.3. Hj gas generation in BPV cell

Figurative representation of hydrogen generation in a BPV solar cell
was shown in Fig. 7 (a) Light with an intensity of 1400 W/m? was sent to
the BPV system from the solar simulator and illuminated for periods of
2.5,5,7.5, 10, 12.5, 15 and 20 min. The Hy gas generation by the BPV
solar cell was obtained by analyzing a 1 mL (cm®) gas sample taken from
the system with the help of an injector by gas chromatography. In the
calculations, after the system was illuminated with a light of 1400 W/m?
for 20 min, 2.65 £ 0.75 x 10" mol/cm® H, gas was produced in the
system (Fig. 7 (b)). In addition, the quantum efficiency for hydrogen gas
generation was calculated as 5.5 percent. This study was repeated 3
times and reproducibility was observed in the results.

The H; gas generation in the BPV solar cell was found by analyzing a
1 mL (cm®) gas retrieved from the system with the help of an injector by
gas chromatography. The performance of the photoelectrochemical
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solar cell, which produces photocurrent and hydrogen by decomposing
water under visible light, is given in Table 1 together with similar studies
in the literature [39,51-54]. In the comparison made according to Hy
gas generation, the cyanobacteria-based BPV system showed a very good
performance with a generation of 265 pmol/L. This result reveals a
comparable result with other reported studies. It is clearly seen that the
obtained photocatalytic fuel cell produces both photocurrent and H; gas
with high efficiency.

Oxygenated photosynthetic organisms convert the solar energy of
water and CO5 into Oy and glucose. These cells also use a respiratory
system functionally overlapping with the photosynthetic apparatus in
order to metabolize sugars [46]. PS I in chlorophyll is responsible for this
situation, since it is related to the oxidation of carbon materials in the
respiratory systems of cyanobacteria and occurs in cases where there is
no photosynthesis. It is aimed to produce photocurrent and hydrogen
from respiration by transferring the electrons and protons here to the
anode. For example, cyanobacteria oxidize glucose to acetyl coenzyme A
(acetyl CoA) in their internal glycolytic process. In order to do this, it is
necessary to prevent the photosynthesis of cyanobacteria in BPVs, that
is, to block PS II. This was achieved by adding diuron to the environment
of the anode to inhibit PS II of the cyanobacteria. When chemicals
belonging to the diuron pesticide class were added to BPV cell, a
decrease in the amount of photocurrent that would occur in the
photovoltaic cell was observed due to the ability of this substance to
block PSII in cyanobacteria and therefore inhibit photosynthesis. When
the concentration of this substance was increased, the photocurrent
produced in this BPV cell continued to decrease and no photocurrent
formation was observed after a certain time. The representation of the
photocurrents produced by the cyanobacteria-based biological photo-
voltaic cell by oxidation of water as a result of photosynthesis in the
presence of 0, 0.2, 0.4, 0.8 and 1.5 mM diuron pesticide in water was
shown in Fig. 8 (a).

Then, in the presence of 1.6 mM diuron, which will completely block
photosynthesis, when the BPV is illuminated with a light of visible light,
a photocurrent of 30nA was obtained due to the rapid transfer of protons
and electrons from PS I, which is actively working in the respiratory
system of the cyanobacteria to the anode electrode. Then, when the
concentration of glucose increase to be 2, 4, 6 and 8 mM in the medium
in the presence of 1.6 mM diuron, the photocurrent obtained by
increasing the amount of electrons transferred by PSI due to the cya-
nobacteria oxidizing and degrading the glucose by the respiratory sys-
tem is obtained in the presence of 6 mM glucose. It went up to 0.7 pA.
When the amount of glucose in the medium was increased to 8 mM, the
photocurrent value decreased and 6 mM was found as the optimum
glucose concentration (Fig. 8 (b)). In order to understand that the
photocurrent produced in the presence of diuron and glucose is really
produced by the respiratory (respiratory) system of the cyanobacteria,
iodoacetate, which blocks the respiratory (respiratory) system of the
cyanobacteria, was used. When iodoacetate with 0.2, 0.4, 0.8, 1.5 and
2.5 mM concentration values was added to the BPV solar cell illumi-
nated with 1400 W/m? light in the presence of 1.6 mM diuron and 6 mM
glucose, it was observed that the photocurrent produced by the respi-
ratory (respirator) system of the cyanobacteria was seriously reduced.
The result observed as a result of this experiment proved that the general
electron donor for the formation of photocurrent is the respiratory

Table 1
Comparison of photocatalytic water separation performance based on Hy gas
generation.

Material Light Source H, gas concentration Reference
Calyx/Cyanine/IrO, visible region light 125 pmol/L [39]
FTO/Sn04/TiO, visible region light 45 pmol/L [51]
p-LaFeO3/Fe;03 visible region light 80 pmol/L [52]
C0304 Quantum Dot visible region light 0.79 pmol/L [53]
C0304-TiOy visible region light 8.16 pmol/L [54]
BPV visible region light 265 pmol/L This study
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Fig. 8. (a) Chronoamperometric on—off study of photocurrents produced by
BPV solar cell by oxidation of water as a result of photosynthesis in the presence
of (a) 0, (b) 0.2, (c) 0.4, (d) 0.8 and (e) 1.5 mM diuron pesticide in water (in
phosphate buffer (pH = 7.4) and under visible light at 1400 W/m? power) (b)
Photocurrent values produced by the BPV solar cell in the presence of (a) 2 mM,
(b) 4 mM, (c) 6 mM and (d) 8 mM glucose (all experiments were performed
under a 0 V potential difference and a visible light of 1400 W/m? in the pres-
ence of 1.6 mM diuron) (c) BPV solar cell chronoamperometric on—off study in
the presence of 1.6 M diuron, 6 mM glucose and (a) 0, (b) 0.2, (c) 0.4, (d) 0.8,
(e) 1.5, (f) 2.5 mM iodoacetate ((in phosphate buffer solution (pH = 7.4) and
under visible light with 1400 W/m? power).
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(respirator) system (Fig. 8(c)) [46].

3.3.4. Power generation of the BPV by the respiratory (respirator) system

Power generation of the BPV by the respiratory (respirator) system,
with the polarization curve using 100 Q to 10 kQ resistors connected in
series with the BPV during measurements under 1400 W/m? visible light
illumination in the presence of 1.6 mM diuron and 6 mM glucose. The
power output was calculated from 1.25 to 4.3 mW/m? in the light
environment. The maximum power generation of the BPV at pseudo
steady state was reached as 4.50 mW,/m? at a current density of 17 mA/
m?> (Fig. 9 (@)). In the presence of 1.6 mM diuron and 6 mM glucose, the
BPV system was illuminated for 2.5, 5, 7.5, 10, 12.5, 15 and 20 min by
sending light with an intensity of 1400 W/m? from the solar simulator.
The Hy gas formation produced by the BPV solar cell was obtained by
analyzing a 1 mL (cm®) gas sample taken with the help of an injector by
gas chromatography. In the calculations, after the system was illumi-
nated with a light of 1400 W/m? for 20 min, hydrogen gas of 4 = 0.35 x
10° mol/cm® (4 umol/L) was produced in the system (Fig. 9 (b)). In
addition, the quantum efficiency for hydrogen gas generation was
calculated as 1.75 %. This study was repeated 3 times and reproduc-
ibility was observed in the results.

4. Conclusions

In this project, BPV cells that can produce photocurrent and Hy gas at
the same time in an efficient, inexpensive, easy way by using both
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Fig. 9. (a) Polarization and power curves of BPV in 0.1 M pH 7.4 phosphate
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visible light illumination of 1400 W/m? and external resistance ranging from
100 Q to 10 kQ (b) Time-dependent hydrogen gas generation through the
respiratory (respirator) system of cyanobacteria in the BPV solar cell.
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photosynthesis and respiration properties of cyanobacteria under con-
stant potential and visible region light were made using cyanobacteria
(Leptolyngbia sp.). The photoanode, by coating the cyanobacteria on the
structure that will be formed as a result of electrochemical polymeri-
zation of aniline-modified Au NPs to Au electrode coated with amine-
functional DTP conductive polymer (P(DTP-Ph-NH;)) with conductive
oligoaniline bonds and the photoanode with aniline-functional SNS
conductive polymer modified Au electrode acted as the cathode. When
the system was operated under a constant potential by illuminating the
visible region with light, the water was decomposed by oxidation
through photosynthesis by cyanobacteria and the BPV solar cell system.
At the same time, photocurrent produced oxygen (on the anode side of
the system), hydrogen gas (electrochemical reduction of protons on the
cathode side by Pt NPs. However, photosynthesis was inhibited by
adding a PS II inhibitor called diuron to the medium. Then, when the
system is illuminated under constant potential in the glucose medium by
adding glucose to the medium, it was observed that the glucose was
oxidized by taking advantage of the respiratory system possessed by
cyanobacteria, and the electrons to be formed in PS I were transported to
the anode and protons to the cathode and reduced. With this event, it has
been revealed that photocurrent and hydrogen gas occur at the same
time. Thus, hydrogen and photocurrent were obtained by taking
advantage of both photosynthesis and respiratory (respiratory) system
properties of cyanobacteria. As a result of electropolymerization of
pyrrole-functional Au NPs on a Au electrode coated with amine-
modified DTP polymer, the transfer of electrons to the electrode has
been observed to occur rapidly. In addition, it was understood that the
conductivity of the P(DTP-Ph-NH,) polymer and Au NPs further
increased the rate of this electron transfer. Thus, in both methods
(photosynthesis and respiratory system), high amount of photocurrent
and hydrogen were obtained as a result of very fast electron transfer.
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