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Abstract

Photobioelectrodes represent one of the examples where artificial materials are combined with
biological entities to undertake semi-artificial photosynthesis. Here, an approach is described that
uses reduced graphene oxide (rGO) as electrode material. This classical 2D material is used to
construct a three-dimensional structure by a template-based approach combined with a simple

spin-coating process during preparation. Inspired by this novel material and photosystem I (PSI),



a biophotovoltaic electrode is being designed and investigated. Both, direct electron transfer to PSI
and mediated electron transfer via cytochrome ¢ from horse heart as redox protein can be
confirmed. Electrode preparation and protein immobilization have been optimized. The
performance can be upscaled by adjusting the thickness of the 3D electrode using different
numbers of spin-coating steps during preparation. Thus, photocurrents up to 14 nA/cm? are
measured for 12 spin-coated layers rGO corresponding to a turnover frequency of 30 ¢ PSI! s™!
and external quantum efficiency (EQE) of 0.07 % at a thickness of about 15 um. Operational
stability has been analyzed for several days. Particularly the performance at low illumination

intensities is very promising (1.39 pA/cm? at 0.1 mW/cm? and -0.15V vs. Ag/AgCl; EQE 6.8 %).

1. Introduction

In order to exploit solar energy, nature uses photosynthesis — a process that is at least about three
billion years old. ! For the conversion of sunlight to excited electronic states, higher plants, algae,
and cyanobacteria use a multistep process based on two photoactive pigment protein complexes
called photosystem I and II (PSI and PSII). At +1.2 V vs standard hydrogen electrode (SHE), the
cationic radical P680*" in PSII has the highest natural oxidation potential known to date, at which
the splitting of water takes place. >* On the other hand, the P700" in PSI is the strongest reductant
identified in nature at a potential of -1.3V (vs SHE). - Due to internal electron transfer steps, the
electrons lose some energy and exit PSI at -0.58 V (vs SHE). This energy is sufficient to reduce
ferredoxin and subsequently NADP*, 4

The increased biotechnological application of PSI is based on the high stability of the trimer
multi-pigment protein complex from Thermosynechococcus elongatus even under high light

conditions. Furthermore, in PSI light is converted into charge carriers with an internal quantum



efficiency of almost 100%. In contrast, even under moderate light conditions, PSII is less suitable
for electrochemical applications due to its instability caused by the inability to repair and re-
assemble PSII rapidly in an ex vivo situation. This process primarily involves the replacement of
the D1 core subunit that especially prone to oxidative damage, which is caused by the light-driven
oxidation of water. &7

Humanity can utilize the competence of nature for sunlight conversion in biohybrid photovoltaic
devices. In these systems, artificial electrode materials are combined with photoactive protein

complexes, like PSI, 8! PSII >4 or bacterial reaction centers. '>!7 Alternatively, thylakoid

18-20 21-23

membranes or whole cells are used for biohybrid electric current production. In a more

advanced step, additionally, the production of valuable chemicals is implemented. 2*?°
Furthermore, biophotovoltaics, as photobioelectrodes are called alternatively, can optionally be
used as photobiosensors. 1926

One of the challenges in the field of bioelectrochemistry is the electrical interaction of man-
made material and biological compounds. To this end, three different routes can be distinguished:
direct, wired, and mediated electron transfer. >’ In biophotovoltaics successful examples for all
these electron transfer mechanisms can be found in the literature. PSI has been connected directly
to graphene. 2% It has been entrapped in poly-benzylviologen or polyaniline for wired electron

12,16

transfer. %3 Mediated electron transfer was achieved via redox polymers, small redox

32,33 9,34,35

molecules, as well as different cytochromes.
In recent years, significant efforts have been devoted to increasing the efficiency of
photobioelectrodes based on PSI. 33¢ These electrodes can be constructed on different flat 2D

electrodes. !'*3337 In order to increase the photocurrent per geometrical area, multiple three-

dimensional architectures have been developed: multilayers, 3**%*° hydrogels, '****! and 3D



electrode setups. '***%? Different materials proved to be adaptable to biophotovoltaics including
gold, ''* indium tin oxide (ITO), '**%* antimony tin oxide, * and TiO2. 4**¢ Electrodes based on

28,29.3548 and reduced

carbon materials, such as carbon nanotubes, ** fullerenes, *’ graphene,
graphene oxide (rGO),>® have the inherent advantage that they are free of heavy metal elements.

Due to its properties, in particular, high conductivity and mechanical strength at low weight,
graphene has gained an accretive interest in materials chemistry. *>*° Graphene was first
synthesized in 2004. 3! Within years, many different synthesis routes for graphene have been
developed, e. g. mechanical °? as well as liquid-phase exfoliation, > chemical vapor deposition,>>
and synthesis on SiC. ** Nevertheless, merely the reduction of graphene oxide results in high yields
at low cost in an extendable process. >* Graphene oxide can be reduced by many different methods
including electrochemical, *° thermal, >® and chemical treatment. 3" Three-dimensional graphene-
based materials are just a recent development that combines the advantages of both, graphene and
3D architectures. >3

The goal of the present publication is the preparation of a scalable three-dimensional
photobioelectrode based on rGO and PSI. Graphene has already been shown to be useful in
coupling PSI as stated above. 25234 [n a 2D setup rGO has also successfully been coupled to

PSI. ** Furthermore, a biophotovoltaic system combining 3D rGO and PSII has been achieved. '*

However, a 3D rGO electrode is a novelty for PSI.

2. Experimental
2.1. Materials and Chemicals
The following chemicals have been purchased from Sigma Aldrich, Germany: graphene oxide

suspension in water (4 mg/mL) (GO), latex beads suspension in water (3 um mean size; 10%)



(LB), aqueous ammonia solution (28%), hydrazine solution in water (35%), sulfuric acid (95-
98%), 5-hexenoic acid (98%), and cytochrome c (horse heart; >95%) (cyt c¢). Acetone (>99.8%),
2-propanol (=99.7%), and potassium hydroxide (>85%) have been supplied by VWR, Germany.
Roth, Germany, provided potassium chloride (>99%), orthophosphoric acid (85%), and potassium
dihydrogen phosphate. Potassium hydrogen phosphate (>99%) has been purchased from Fluka,
Germany, and 4,4’-bipyridine (99.9%) from Riedel-de Haén, Germany.

For all experiments, ultrapure water has been used, which was received by an SG Ultra Clear
UV plus, Netherlands. Potassium phosphate buffer (PPB) pH 7 was prepared by mixing the
required amounts of potassium dihydrogen phosphate and potassium hydrogen phosphate in water.

The pH was controlled by a pH electrode from Sartorius, Germany.

2.2. Isolation and Purification of Photosystem I

Cultivation of Thermosynechococcus elongatus and extraction of proteins from thylakoid
membranes were performed according to Kern et al.. > PSI was purified from detergent-
solubilized membrane proteins by using two ion-exchange columns as previously described. ° The
trimeric PSI from the second column was concentrated using an Amicon stirred filtration cell on a
Biomax 100 membrane (Millipore, Germany). The PSI trimer was crystallized by slowly diluting
against buffer A (5 mM MES-NaOH, pH 6.0, and 0.02% n-dodecyl-B-D-maltoside (3-DM) at
4 °C) as previously described. ® The crystals were washed in buffer A, solubilized in buffer A
containing 150 mM MgSOs and crystallized again as mentioned before. The re-solubilization and
crystallization steps were repeated at least three times. The concentration of PSI-bound chlorophyll

a was determined in buffer A containing 150 mM MgSO4 by €650 = 57.1 mM™' cm™ and the

concentration of reaction center (P700) was determined by ges0= 5.5 mM™! cm™. ®! The purity was



assessed by Blue native-polyacrylamide gel electrophoresis and dynamic light scattering. %> The
photochemical activity of purified PSI trimer was assessed with cyt ¢ as an electron donor using a
Clark electrode (Hansatech) as previously reported. ¢

For the preparation of the photobioelectrodes, the PSI crystals have been washed several times
with 5 mM PPB (pH 7). Here the suspensions were centrifuged at 1,000 rpm (93 rcf) at 4 °C for
5 min. The supernatant was discarded, and this washing process was repeated until a clear
supernatant was observed. After approximately 5 washing steps, the crystal pellet was solubilized
in 100 mM PPB (pH 7). UV/VIS spectroscopy was used to set the concentration of the PSI trimer

to 30 uM.

2.3. Preparation of 3D rGO Electrodes

Glassy carbon electrode chips (GCE) of about 12 x 8 mm were cleaned in an ultrasonication
bath for 15 min each in water, acetone, and 2-propanol. The 3D structure was fabricated by a spin-
coating process inspired by a procedure for 3D ITO. ** The solution for spin-coating was prepared
as follows: 50 pL LB (10 wt% in water), and 83.3 pL GO suspension (0.4 wt% in water) were
dispersed in 1 mL isopropyl alcohol via ultrasonication. This suspension was centrifuged at
16,400 rpm (25,000 rcf) for 8 min at 4 °C. The supernatant was discarded, and the pellet was
resuspended in another 1 mL 2-propanol by ultrasonication. The centrifugation step was repeated
as above, and the supernatant was discarded again. The pellet was resuspended by ultrasonication
in 95 puL 2-propanol to result in a total final volume of 100 pL.

Subsequently, 8 pL of this suspension was dropped on a GCE that rotated at a spin-coater at
4800 rpm. This was repeated 3 to 15 times to produce 3D structures of different thicknesses. After

spin-coating, the obtained structure was placed in acetone at room temperature overnight to



remove the LB. To eliminate polystyrene residues, a second incubation in acetone was used the
following day for 30 min. Acetone was removed from the structure by three times incubation in
water for a total of at least 30 min. For the reduction of GO, a known process from literature was
adapted to be suitable for the GCE based electrodes at hand. ®* Each electrode was placed in a tube
filled with 1 mL of an aqueous solution containing 7 pL. ammonia (28%) and 1 pL hydrazine
(35%) solutions. The reduction of GO was performed at 99 °C and 1,400 rpm for one hour in a
Thermomixer comfort (Eppendorf, Germany). The electrode was cleaned by incubation in the
water at least three times for a total of 30 min. Finally, the finished electrode was incubated in
ethanol and dried in air. The electrodes were either stored in air or modified overnight as described

in chapter 2.4.

2.4. Modification of the 3D rGO Electrodes

Different methods for surface modification have been used:

A) Electrochemical surface modification was conducted in 0.5 M sulfuric acid. Thereby cyclic
voltammetry was carried out in the range of -0.6 to 1.4 V vs. Ag/AgCl for 20 min at a scan rate of
100 mV/s. Later, the 3D rGO electrodes were thoroughly cleaned by placing them in water for
three minutes.

B) Acidic groups have been introduced by the following procedure: The 3D rGO electrodes were
placed in a 0.5 mM ethanolic solution of 5-hexenoic acid. Meanwhile, they were illuminated by
UV light at a wavelength of 254 nm for 16 h. Subsequently, they were dipped first in ethanol and

then in water.



C) The 3D rGO electrodes were non-covalently modified by bipyridine (bipy). Thereto, the
electrodes were placed into a 5 mM aqueous bipy solution. After incubation at room temperature
overnight, unbound bipy residues were removed carefully by several dipping steps into the water.

All surface modifications were done immediately before protein immobilization.

2.5. Preparation of the Photobioelectrodes

Incubation with biomolecules was always performed the day after the reduction of GO and
immediately before measurement. To adapt to the different available surface areas for different
thicknesses of the prepared electrodes, always 1 pL of the protein solution was used per spin-
coated layer. The incubation time was usually 3 min except for the investigations described in
chapter 3.2. For the variations in immobilization strategies (chapt. 3.2) and surface modifications
(chapt. 3.3), solutions of 30 uM trimeric PSI, as well as 1 mM cyt ¢, were used. The remaining
measurements (chapt. 3.4 to 3.6) were conducted with a 1:1 mixture of both protein solutions
(15 uM PSI and 500 uM cyt c¢). After incubation, excessive biomolecules were carefully removed
by dipping the electrode into 5 mM PPB (pH 7). During measurement, the electrode area in
interaction with the electrolyte was confined by using an O-ring in a self-made cell to a surface of

0.125 cm?.

2.6. Determination of the Coverage of Biomolecules
The cyt ¢ loading was calculated using cyclic voltammetry. A cyclic voltammogram (CV) was
recorded after the photoelectrochemical characterization of the electrodes at a scan rate of

100 mV/s in the range from -500 to 500 mV vs. Ag/AgCl in 5 mM PPB pH 7. Five cycles were



performed to allow for stabilization. The cyt ¢ loading was determined by analyzing the faradaic
current in the CV during oxidation in the range of about 0 to 200 mV.

The number of PSI molecules was determined via UV/VIS spectroscopy. In order to reliably
determine the PSI loading on the electrode, the following procedure was conducted inspired by a
protocol described in the literature. !4 3D rGO structure was prepared on fluorine-doped tin oxide
(FTO) instead of GCE because it is easier to remove it later. Every other step in the preparation
remained unchanged. Instead of a photocurrent measurement in the measurement cell these
electrodes were placed in 5 mM PPB (pH 7) for 25 min. Afterwards they were dried under air.
Next all the 3D rGO (that was prepared and incubated with the PSI cyt ¢ mixture) was scratched
from the surface into a microcentrifuge tube. 160 nL 80% acetone was added for 1 h to extract the
chlorophyll. Then the tube was centrifuged at 1,000 rpm (93 rcf) at 4 °C for 2 min. UV/VIS
spectroscopy was performed in the range of 350 to 750 nm at a rate of 600 nm per min. PSI

coverage was calculated using a modified formula of Porra. %

2.7. Electrochemical and Photoelectrochemical measurements

All electrochemical measurements were repeated with at least 3 electrodes to avoid coincidence.
The standard deviation of 3 or 4 (where applicable) measurements was used to depict the error
bars in the graphics. A three-electrode setup was used consisting of the novel 3D rGO electrode as
a working electrode, a platinum wire as a counter electrode and an Ag/AgCl, 3M KCI reference
electrode (DRIREF-2SH by World Precision Instruments, USA).

All photoelectrochemical experiments have been performed by a Zennium PP211, a
photoelectrochemical workstation by Zahner (Germany). A white light source was used at a power

of 100 mW/cm?, spectrum (see Figure S1). Photocurrents were measured at a potential of -0.15 V



vs Ag/AgCl. For chopped-light voltammetry, the applied potential was varied at a rate of 2 mV/s
from 0.2 to -0.5 V vs Ag/AgCl. Photo action spectroscopy was performed with a Polychrome V
by FEI, USA.

The turnover frequency (TOF) was calculated the following: The measured photocurrents were
converted into excited electrons per second. This number was divided by the number of PSI trimers
that was measured as described in chapter 2.6.

For electrochemical characterization of the basic electrode, cyclic voltammetry was performed
on a CH Instruments Electrochemical Analyzer, USA. UV/VIS spectroscopy was undertaken on
an Evolution 300 UV-VIS spectrometer by Thermo Scientific, Germany. For spin-coating a KLM
Spin-Coater SCC by Schaefer Technologie GmbH, Germany was used. Scanning electron

microscopy was performed by the scanning electron microscope JSM-6510 by JEOL, Japan.

3. Results and Discussion
3.1. Characterization of the Electrode Material

Due to its electrochemical properties, reduced graphene oxide (rGO) has been selected as the
electrode material for novel biophotovoltaics in this study. To ensure a high photocurrent
magnitude a 3D structure has been fabricated. Thus, a template-based approach using polymeric
beads and graphene oxide has been applied. After spin-coating a different number of layers, the
beads are dissolved by acetone and subsequently, a reduction process exploiting hydrazine is
followed. As a new electrode material has been prepared, it is important to characterize this
material before its use in photobioelectrodes. The 3D structure has been examined by scanning
electron microscopy (SEM) and the electrochemical behavior of the 3D rGO has been evaluated

with cyclic voltammetry (CV). SEM images of an rGO electrode prepared with 12 spin coating

10



steps in the preparation are shown in Figure 1. A 3D architecture can be seen with pores and holes
that enable the biomolecules to penetrate the electrode structure (Figure 1A). The side view in
Figure 1B clearly illustrates that the assembly of multiple layers of spheres has been successful.

At a higher magnification of 10,000, the rGO flake structure can also be seen (Figure 1C).

11



Figure 1. SEM images of an electrode consisting of 12 layers of rGO at different magnifications.

(A), (C) top view. (B) side view at an angle of 80°.

12



CV has been first performed in potassium phosphate buffer (pH 7) (Figure 2). Compared to the
CV of the underlying GCE significantly higher charging currents have been obtained. A direct
area comparison cannot be made since the capacitance of the different carbon surfaces is not equal,
particularly since high specific capacitances are reported for rGO. % However, the 3D structure
leads to a larger accessible surface per geometrical area. No faradaic currents are prominent in the
CV meaning that there are no electrochemically active species on the surface. Second, the surface
has been tested for electrochemical activity. Here, ferrocene carboxylic acid has been applied in

solution and a quasi-reversible behavior can be observed at this interface.

13
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Figure 2. Cyclic voltammograms of the basic 3D rGO electrode measured at 100 mV/s in
100 mM PPB (pH 7) (black dots) as well as in buffer + 5 mM ferrocene carboxylic acid (red
dashes) and CV of a bare GCE in 100 mM PPB (pH 7) (blue line). Potential -0.5 to 0.5 V vs.

Ag/AgCl.

3.2. Protein Immobilization
As illustrated in Figure 3, two different strategies of establishing communication between PSI
and the electrode have been studied. First, direct communication of PSI with the rGO electrode

2829 and second, a mediated

(DET) which is based on studies from graphene-based electrodes,
electron transfer via the redox protein cyt ¢ (MET) which is based on studies demonstrating the
usefulness of the non-natural reaction partner of PSI in interacting with both the electrode and PSI.
3247 Consequently, different approaches have been investigated for the immobilization of these
proteins. Here, one relies on the spontaneous adsorption of the proteins from an aqueous solution.

For these investigations, electrodes with a thickness of the 3D rGO of about 8 um have been

applied (6 spin-coating steps in preparation).
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Figure 3. Illustration of the two evaluated working principles of photobioelectrodes. The transfer
of an electron from the artificial electrode material to the luminal side of PSI can either be mediated
via cyt ¢ (MET) or directly (DET). In both cases, an electron is excited in PSI by light and

transferred finally to oxygen at the stromal side of the biomolecule.

First, chopped-light voltammetry is used to evaluate the photoelectrochemical behavior of the
photobioelectrode. In Figure 4A two measurements for an electrode incubated solely with PSI for
3 min as well as another electrode treated with PSI and cyt ¢ for 3 min each are given. The
measurements show that the prepared 3D electrodes are suited for the construction of
biophotovoltaic systems. The photocurrent magnitude benefits from the use of the redox protein
as an immobilized shuttle. Besides, the onset potential of the cathodic photocurrent is about

-0.03 V vs. Ag/AgCl for the reaction of PSI alone and 0.07 V vs. Ag/AgCl for the reaction of
PSI via cyt c. That means that the overpotential for electron flow from 3D rGO to PSI can be

reduced by 100 mV when using MET via cyt c.
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For a better analysis of the photocurrent behavior, measurements at a constant potential have
been performed in a next step. A potential of -0.15V vs. Ag/AgCl is selected here and the
photobioelectrodes are illuminated with an intensity of 100 mW/cm? for 30 s. Foremost the PSI-
rGO system has been evaluated. Therefore, the electrodes are incubated with PSI solution for 3
and 60 min, respectively. Photocurrents of 0.48 £ 0.19 or 0.14 £+ 0.02 pA/cm?, in the latter case,
verify that DET between the rGO surface and PSI takes place. Figure 4B also illustrates the kinetic
behavior which indicates a slow component in establishing the photocurrent response after the start
of the illumination when only PSI is used.

A more than ten-fold increase of the photocurrent magnitude can be achieved via MET by the
addition of cyt ¢ as a mediator. Note that in this case both proteins are studied immobilized on the
rGO. Here, photocurrents up to 6.35 = 2.11 pA/cm? are measured for electrodes that have been
prepared by 3 min incubations with PSI and cyt c. The kinetic analysis shows that the photocurrent

of electrodes with cyt c reaches a steady-state level much faster than that without the redox protein

(inset Figure 4B).
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Figure 4. (A) Chopped-light voltammetry of two photobioelectrodes at a scan rate of 2 mV/s. The

black curve shows the 3D rGO electrode with PSI alone whereas the red curve the electrode with
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PSI and cyt ¢ (B) Results of a test series, where different immobilization methods for the involved
proteins have been tested; cpst = 30 uM, 100 uM PPB pH 7; ceyte= 1 mM, S mM PPB pH 7. (I) 3
min PSI; (IT) 60 min PSI; (IIT) 3 min PSI and cyt ¢ each; (IV) 60 min PSI, 3 min cyt ¢; (V) 60 min
PSI and cyt ¢ each. Insets: Examples of the photocurrent measurements for procedures I (below)

and III (above). Error bars represent the standard deviation of 3-4 measured electrodes.

These measurements have also been used to investigate the influence of the time for protein
immobilization on the photocurrent output. Here, a period from 3 to 60 min has been studied. As
exemplified in Figure 4B there is no strong tendency with different time frames for the protein-
electrode contact. Therefore, in the following short protein incubation times have been applied.

In consequence, it can be stated that a DET of immobilized PSI with the newly prepared
electrode material is feasible. Yet, it results only in small current densities and rather low onset
potentials. Electrodes with cyt ¢ and thus, based on a MET principle provide larger photocurrents
and an onset potential which is just above 0 V vs. Ag/AgCl and thus, corresponds to the

electrochemical reaction of cyt c.

3.3. Surface Modification
The first test series in chapter 3.2 indicates that functional electrodes can be constructed with
both proteins immobilized on rGO. In the following, it has been tested whether a surface
modification can be used to improve the photocurrent behavior. For this purpose, again rGO
electrodes prepared with 6 spin coating steps are used. To enhance the hydrophilicity in a first
approach, 3D rGO has been cycled in 0.5 M sulfuric acid before protein immobilization. As can

be seen in Figure 5, the modification leads to an improvement of the mean photocurrent value for

17



the direct interaction of PSI with the electrode (B1) compared to the unmodified rGO (Al). For
the system with both proteins, only a slight increase relative to the non-treated surface (A2) can be
found which is counterbalanced by a large variation in performance among the prepared electrodes
(B2).

One can expect that this CV treatment induces a variety of polar groups on rGO. A more
controlled procedure solely introducing carboxylic functions has been conducted in the next
approach. This is based on the immobilization of alkenes on carbon surfaces. For example, Baker
et al. have increased the electrochemical interaction of cyt ¢ and carbon nanofibers significantly
by this method . Therefore, hexenoic acid has been applied to rGO and activated by UV light.
Again, the DET of PSI on such a surface can be improved — although it remains small (Figure
5C1). But the mediated systems show a similar performance as without the pretreatment (C2).

As the third modification strategy, an incubation in an aqueous bipyridine (bipy) solution has
been chosen since these molecules cannot only bind to carbon but are also able to facilitate electron
transfer to cyt ¢ 2?°. While there is no measurable effect for the direct PSI-rGO interaction (Figure
5: D1 compared to A1), there is a slight increase in photocurrent for the cyt c-based system (D2).
However, also here the large variations among different electrodes counterbalance to a certain
extent. An additional argument for the usage of this modification agent, however, may come from
the potential dependent photocurrent analysis. Chopped-light voltammetry proves that the onset-
potential for the cathodic photocurrent generation shifts slightly to higher potentials (from 0.07 V
to 0.11 V vs. Ag/AgCl (see Figure S2)) and thus, the overpotential is reduced. Hence, for all further

electrode constructions, a bipy-treatment is performed.
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Figure 5. Photocurrent of PSI-based photobioelectrodes treated with different surface
modification techniques before protein immobilization. (1) DET of PSI without cyt ¢; (2) MET of
PSI with cyt ¢. Modifications: (A) No surface modification; (B) cyclic voltammetry in sulfuric
acid; (C) UV treatment with hexenoic acid; (D) incubation in bipyridine solution. Error bars refer

to the standard deviation of 3-4 measurements.

3.4. Optimization of the Incubation Process
The surface modification with bipyridine leads to the highest photocurrents as can be seen in
Figure 5. However, the standard deviation is relatively high. To validate the observed increased
photocurrent, the incubation process has been optimized. For all the further evaluations, only MET
has been considered. As an alternative immobilization approach, a mixture of PSI and cyt ¢ has
been applied. Thereby, indeed a more precise protein coating has been achieved. As measurements
prove (see Figure S3) the relative standard deviation can be reduced due to that approach by a

factor of 2.8. Furthermore, the photocurrent is slightly increased.

3.5. Scalability

19



To enhance the photocurrent per geometrical area, one can easily increase the thickness of the
3D material — provided the preparation method is scalable. To effectively achieve better
performances, the following conditions need to be fulfilled:

(1) When multiple deposition steps are added, the thickness of the electrode has to increase
accordingly. This also means that the structure must be mechanically stable.

(i1) Even when thicker structures are prepared the conductivity should not go down.

(ii1)) For effective light interaction, the transparency of the electrode structure has to be
maintained to a certain degree.

These different criteria have been evaluated for different thicknesses of the 3D rGO by SEM,
CV, and UV/VIS spectroscopy. To this end, 3D rGO electrodes are prepared by applying 3, 6, 9,
12, and 15 spin-coating steps during preparation and characterized.

For the determination of the thickness of the structure, SEM images at an angle of 80° are taken
and an electrode with the respective numbers of spin-coated steps has been analyzed at 7 different
points. The mean thickness value and the standard deviation are determined which can be seen in
Figure 6A. It is obvious that the build-up of thicker structures is indeed possible and results in
mechanically stable 3D electrodes. The thickness increases linearly up to 15 spin-coating steps.

Subsequently, CV has been used to determine the electrochemically accessible surface area. The
capacitive currents are determined for at least 3 electrodes and compared at a potential of 200 mV
vs Ag/AgCl. Again, a clear linear correlation to the number of deposition steps can be seen in
Figure 6A.

For the UV/VIS measurements, 3D rGO electrodes have been prepared on FTO instead of GCE
for transparency reasons. Apart from this variation, other parameters remain unchanged in the

process. A minimum of 3 electrodes has been fabricated for each number of spin-coating steps.
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The absorbance has been analyzed at 680 nm (wavelength of high absorbance of PSI). A linear
increase in absorbance with the number of spin-coating steps has been observed. This also means,
however, that transmission is diminished to less than 1.4 % when 15 deposition steps have been
reached.

These results demonstrate that the chosen preparation process is highly scalable for the basic
electrode properties. This provides a solid basis for the construction of a whole biophotovoltaic
system to analyze the scalability with respect to functionality.

Figure 6B illustrates the photocurrent behavior for photobioelectrodes prepared with varying
deposition steps in preparation and thus, different thicknesses. The results clearly show that all
systems can generate photocurrents. The magnitude of this photoresponse can be increased
significantly by the upscaling of the 3D rGO. For electrodes prepared with up to 12 spin-coating
steps, the photocurrent gain is almost linear, thus values up to 13.7 = 1.4 pA/cm? have been
achieved at -0.15V vs Ag/AgCL.

At higher thickness, no significant increase in photocurrent has been observed. To analyze
limiting factors, the loading of the two proteins has been studied. As Figure 6C shows a linear
raise of the PSI and cyt ¢ coverage, rather unhindered access of the proteins to the 3D rGO surface
can be assumed.

This means that thicker electrodes also have the benefit of a higher surface, which is still
accessible for both proteins — PSI as the photoactive component and cyt ¢ as the component
responsible for efficient wiring of PSI to the electrode surface. However, one has to note that the
transparency at higher thicknesses is becoming relatively low, i. e. only a few percent of the initial

intensity. Despite the larger surface and higher protein loading, the diminished light interactions

21



seem to be the main reason for the limitation in photocurrent generation above 12 spin-coated

layers.
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Figure 6. Measurements of electrodes and photobioelectrodes made with 3 to 15 spin-coating

steps. Error bars represent the standard deviation of at least 3 measurements. (A) Characterization
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of the electrodes: thickness (black squares; SEM), absorbance of the 3D rGO structure in air (red
dots; UV/VIS), and electrochemically active surface (blue triangles; cyclic voltammetry in 5 mM
PPB pH 7, 100 mV/s); (B) measurements of the photocurrent at -0.15V vs. Ag/AgCl; (C) PSI
(black squares) and cyt ¢ (red triangles) coverage (PSI amount determined by UV/VIS

spectroscopy and cyt ¢ coverage by cyclic voltammetry, both described in detail in chapter 2.6).

3.6. Characterization of the Photobioelectrodes

A final test series has been conducted to characterize the photoelectrochemical behavior of the
developed electrode prepared from 12 spin coating steps. The stability of the photocurrent is an
important aspect of biophotovoltaics. For the evaluation of this facet, photobioelectrodes have
been repeatedly illuminated at rather high light intensity (100 mW/cm?) for a total period of
40 min. Additionally, it has been tested how the storage of the PSI electrodes influences the
photocurrent output for four days. In between the measurements, the electrodes were stored at
4 °C. There is a decrease in the photo signals with time, however, this decline is only pronounced
in the first period of the experiment and slows down during the repeated illumination time.
Furthermore, it seems that there is no further degradation within the storage period of the electrode.
Figure 7A is an example of a measurement taken after 3 days. Here, only a small decline in
photocurrent is visible. From day 3 onwards more than 70 % of the signal of the light pulses can
be retained for 40 min.

Next, electrodes have been studied for the influence of the light intensity used for excitation.
Thus, illuminations from 0.1 to 100 mW/cm? have been applied. Figure 7B exemplifies that the
novel biophotovoltaic system already works well for extremely low intensities producing 1.39 +

0.15 pA/cm? which is close to 10 % of the maximum output at just 1 %o of the intensity.
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Additionally, photo action spectroscopy has been performed to analyze the wavelength-
depended photocurrent generation of the photobioelectrode. Figure 7C reveals that there is a strong
influence of the light energy on the performance of the electrode. Maxima in photocurrent at about
450 nm as well as just below 700 nm indicate that PSI causes the production of photocurrent.
Furthermore, control measurements of 3D rGO electrodes incubated with cyt ¢ but without PSI
demonstrate that there is no detectable photocurrent (see Figure S4). This proves that indeed a
photobioelectrode has been developed with PSI as the vital component for electrical power

generation.
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measurements; (C) photo action spectroscopy by measuring the wavelength dependence of the
photocurrent (black squares). For comparison, the UV/VIS absorbance spectrum of a PSI solution

in 5 mM PPB pH 7 is added (green line).

With this new photobioelectrode, turnover frequencies (TOF) of 30 " PSI'! s™! were achieved at
an illumination of 100 mW/cm?. External quantum efficiencies (EQE) were 0.07 % under these
conditions. The EQE is increasing for lower illuminations up to a value of 6.8 % at 0.1 mW/cm?.

As stated in the introduction, this is the first 3D setup combining rGO and PSI which is why no
comparative values are available. However, parameters for other biophotovoltaics based on carbon
materials can be used for comparison.

There are several 2D approaches known in literature combining carbon surfaces and PSI. They
often use graphene, 2823367 or GO 3* as artificial electrode material. The graphene-based
photobioelectrodes by Feifel et al. provide much higher currents, however, high overpotentials
must be applied in this case reducing the obtained power output considerably. ?®* The
biophotovoltaics by Kiliszek et al. yielded significantly lower photocurrents, a maximum of
370 nA/cm? at an overpotential of -300 mV. * Nishiori et al. also achieved much lower
photoresponses of up to 827 nA/cm? when combining graphene and PSI with the help of gold
nanoparticles. As the PSI coverage was determined to be 0.18 pmol/cm?, this photoresponse
corresponds to a TOF of 47 ¢ PSI'! s, 7 This number is comparable to the value obtained here.
The planar rGO biophotovoltaic described in literature yields three times lower photocurrents at
slightly higher potentials. 3

Bacterial reaction centers have been combined with multi-layer rGO. Here, Csiki et al. used

aminomethylferrocene and ubiquinone Qo as mediators. A maximum photocurrent of 2.7 pA/cm?
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was achieved which is about five times lower than for the photobioelectrode at hand at comparable
applied potentials 7.

By comparing this 3D electrode to a system combining PSI and multi-walled carbon nanotubes,
it can be noted that comparable photocurrents have been obtained (18 vs. 14 pA/cm?) 2. Yet,
concerning the onset potential, the novel 3D rGO biophotovoltaic surpasses the performance of
this electrode by about 150 mV.

When comparing the novel 3D rGO-PSI photobioelectrode to a fullerene-based one, similar
results for the onset potential have been found *’. The photocurrent magnitude is comparable, but
one must note here that the latter used a significantly more negative overpotential during
photocurrent measurements (-325 vs. -150 mV vs. Ag/AgCl/3M KCl).

As stated in the introduction, a biophotovoltaic system combining 3D rGO and PSII has already
been reported 4. This setup yielded 12.31 uA/cm? at thicknesses of the 3D material of about
20 um. The novel PSI photobioelectrode at hand surpasses that photoresponse slightly by 15%.
When the TOF from that system is evaluated from the photocurrent measurement (and not from
oxygen conversion as in the publication), then also here comparable values are obtained in relation
to the present report (25 vs. 30 ¢ PSI'! s71).

Finally, it should be noted, that for none of the comparable photobioelectrodes described in
literature such significant photocurrent production at extremely low illumination intensity has been
reported. Photosignals have been obtained down to illuminations with 0.1 mW/cm?. EQE of 6.8 %

has been achieved under these conditions.

4. Conclusion
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A three-dimensional electrode structure of reduced graphene oxide (rGO) has been constructed
and linked with photosystem I (PSI) to form a novel biophotovoltaic system.

For the preparation of this electrode type, a template approach using latex beads and graphene
oxide has been combined with a spin-coating process. The so prepared 3D graphene oxide is
reduced by a chemical treatment with hydrazine.

After characterizing the electrode material first different immobilization strategies of PSI are
evaluated. Short incubation times with rather high protein concentrations proved to be beneficial.
It can be shown that direct electron transfer to the supercomplex PSI is possible at this 3D electrode
structure. The photocurrent generation can be increased by more than one order of magnitude by
mediated electron transfer via co-immobilized cytochrome ¢ (cyt ¢). Further modification of the
surface by bipyridine and adjusting the immobilization protocol for PSI and cyt ¢ result in a
reproducible photobioelectrode system.

Scalability is an important feature of 3D biophotovoltaics. Electrodes prepared with different
numbers of deposition steps and thus, thicknesses (ranging ca. from 4 um to 19 pm) have been
manufactured. Structural and electrochemical analysis demonstrate the gain in the electroactive
surface area with increasing thickness while retaining transparency to a certain extent up to 12
spin-coated layers (15um).

Photobioelectrodes with immobilized PSI and cyt ¢ show that the photoresponse can be linearly
enhanced up to 12 deposition steps during preparation. For such a 12-layer electrode, the maximum
photocurrent at a potential of -0.15 V vs Ag/AgCl and illumination by 100 mW/cm? is 13.7 +
1.4 pA/cm?. This photocurrent and the protein coverage correspond to a turnover frequency of
30 ¢ PSI'! 57! and external quantum efficiency (EQE) of 0.07 %. Limitations seem to be mainly

caused by reduced transmission at higher electrode thicknesses. The developed photobioelectrode
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can be used for several days in solution. It already shows photocurrent generation at low light
intensities down to 0.1 mW/cm?. EQE of 6.8 % has been achieved under these conditions.

There are multiple starting points on how this novel biophotovoltaic electrode can be further
improved. As transparency seems to be an issue that hinders the photocurrent to increase for thicker
electrode structures — although protein penetration can be ensured — one possibility can be
recognized in the preparation of structures with thinner walls. Further points of optimization can
be seen in the size of the used template (latex beads). A different aspect is related to substances
and processes which effectively take the photogenerated electrons at the stromal side (faster than

oxygen used here in this study). 23247
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