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Photosystem | (PSI) is a key component of the oxygenic photosynthetic electron transport chain because
of its light-induced charge separation and electron transfer (ET) capabilities. We report the fabrication of
an efficient graphene-biohybrid light-harvesting electrode consisting of cyanobacterial trimeric PSI
complexes immobilized onto n-system-modified graphene electrodes. Based on the strong interaction
between conjugated aromatic compounds and the graphene material via n-n-stacking, we have designed
a simple but smart platform to fabricate light-driven photoelectrochemical devices. Due to the possibility
of surface property adaptation and the excellent conductivity of graphene, the modified biohybrid
electrodes exhibit a well-defined photoelectrochemical response. In particular, the PSI-graphene
electrode applying pyrene butyric acid NHS ester display a very high photocurrent output of 23 pA/cm?
already at the open circuit potential which can be further increased by an overpotential and the use of an
electron acceptor (methyl viologen) under air saturation up to 135 pA/cm?. Comparing the graphene-PSI
biohybrid systems based on different n-system-modifiers reveals that the pyrene derivatives result in
higher current outputs compared to the anthracene derivatives and that the covalent fixation during
immobilization appears more efficient compared to simple adsorption.

Interestingly, the pyrene-based PSI electrodes also display a nearly unidirectional photocurent
generation, establishing the feasibility of conjoining these nanomaterials as potential constructs in next-

generation photovoltaic devices.

Introduction

Graphene, first reported in 2004, is still a concerned star on the
horizon of nanosized material science.? The strictly two-
dimensional material exhibits exceptionally high crystal and
electronic quality, and despite its short history, has already
revealed a superfetation of potential applications. The unique
physiochemical and structural properties of graphene such as
high electrical and thermal conductivities,>** good
transparency,® mechanical strength,®” and inherent flexibility®
of single-graphene sheets have led to developments in several
technological fields, such as microelectronic and optoelectronic
devices,>*1® nanoelectronics,'! electrocatalysis,**** polymer
composites,* transparent conductors,’® and energy storage
materials.'®'" Different but similarly fascinating properties are
exhibited by double-, and multilayer graphene.'2°

Covalent or noncovalent chemical functionalization?* can
render normally-inert graphene chemically sensitive, which is
critical for applications as sensing interface.?? An introduction
of functional groups on graphene is often necessary for the
assembly of biomolecules. The graphene surface can be
modified by several methods. If a non-invasive approach is
desired without affecting the properties of graphene molecular
self-assembly by n-n-stacking is an elegant option.?*” Thereby
grafted functionalities can be either used for electrostatic and/or
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covalent fixation of the desired biomolecules onto the graphene
surface.

Not only graphene has attracted strong attention of the
scientific community but also the efficiency of natural energy
converting processes,?®3!  whereby the oxygenic photo-
synthesis is by far the most important one, notably, since this
process requires only water and sunlight as sources to be
converted into chemical energy.?®*> Photosynthesis can be
considered a source of inspiration for the development of
technologies which may help to harness solar power for energy
demands beyond fossil fuels. In particular the two
photosystems (PS) of the oxygenic photosynthesis have been
used to construct new hybrid solar energy-converting
systems. 3%

In the cyanobacterium Thermosynechococcus elongatus (T.
elongatus), PSI is a trimeric pigment-protein super-complex
with 12 different protein subunits, harbouring 96 chlorophylls a
(Chla) — per monomeric subunit. Most Chls serve as light-
harvesting antenna pigments and 6 Chls form the electron
transport chain.®® Electron transfer (ET) in PSI starts at a
luminal pigment dimer, Chl a/Chl a” (P700) ultimately leading
to a reduction of the stromal located terminal iron-sulfur-cluster
(FB).37,38

PSI can be readily isolated from plants and cyanobacteria
with a high yield.**#4° Moreover, in PSI absorption of light
results in charge separation with a quantum efficiency of nearly
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unity.® Thus PSI is frequently used as a natural resource for
development of light converting devices.®” %4 Besides the
light-to-current conversion, the charge separation of PSI is
likely to be used for light-driven redox and/or enzymatic
reactions, in which the electrons may be used to power
enzymatic conversions. In such systems efficient coupling of
PSI with electrodes and/or conducting interfaces is essential.
That an efficient coupling of proteins and enzymes is essential
for a productive ET has been shown before with redox protein
or enzyme-based electrodes.**2

PSI has been assembled onto a variety of different
substrates, including gold, ITO, ZnO, TiO,.** On this basis
several developments have enabled improvements in the photo-
generated currents that can be produced by PSI-electrode based
devices.***¢*  These improvements include novel PSI
immobilization methods on gold electrodes,3°->® embedding PSI
within polymer matrices,> the use of thick protein films,* the
use of semiconductor electrode materials***® and directed
assembly of PSI on a biomolecular platform (e.g. cytochrome c;
cyt ). The use of carbon nanostructures such as graphene
with biomolecules to develop nanocomposite materials has
become an area of great research interest.***” The integration of
PSI with carbon nanomaterials, however, is rather limited. One
approach demonstrated how PSI is covalently attached to
carbon nanotubes.®®%° PSI can also be interfaced on a graphene
electrode via drop coating, resulting in rather small and
undefined currents — especially at the open-circuit potential
almost no photocurrent has been displayed by this approach.®
Here we describe how the directed assembly of PSI on =-
system modified graphene leads to a remarkable enhanced
unidirectional photocurrent generation.

Results and Discussion

We hypothesized that interfacing PSI with a graphene electrode
modified with =-stacking compounds carrying functional
groups would lead to an improved organization and orientation
of PSI on the surface, and thus improve the electron transfer
and photocurrent generation. Therefore, the influence of
various graphene electrode surface modifications on PSI
assembly and photoelectrochemistry has been investigated. In
Fig. 1 the basic principle of such architecture is schematically
shown.

Fig. 1 Schematic depiction of a graphene/n-system/PSI-based
electrode. For example two different m-systems are shown:
pyrene- and anthracene-based one; featuring a covalent or
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electrostatic fixation of PSI, respectively. Arrows indicate the
electron flow through this nanobionic architecture.

The graphene electrodes used in this study have been
constructed and characterized as follows: Graphene has been
deposited on a polished silicon wafer with 300 nm thermally
grown SiO; by filtered High Current Arc (®-HCA) in noble gas
atmosphere. The coating consists of mostly flat graphene-flakes
with a thickness of about 2 nm. This has been verified by
optical measurements such as Raman spectroscopy and
spectrophotometry indicating a thin graphene coating with 81%
transmission and a thickness of about 5-8 layers (Fig. S1).
Detailed information on the graphene deposition process is
given in the Electronic Supporting Information (ESI).

Photoelectrochemical investigations of PSl/a-system modified
graphene electrodes

In our study we have used graphene as a base material. In order
to adopt the surface properties in a non-invasive fashion for a
proper assembly of PSI we modified the surface with different
aromatic compounds: pyrene and anthracene derivatives. The
chosen n-system structures differ in their aromatic skeleton but
also in their substitution pattern, i.e., the functional groups they
carry. The m-systems by themselves are in turn supposed to
assemble on the graphene surface via n-n-stacking interactions.
PSI is assembled on the modified electrodes by incubation for
48 h (see ESI). The various structures and their nomenclature
are given in Fig. 2.
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Fig. 2 Structures and nomenclature of the used and investigated
n-systems for the directed assembly of PSI onto graphene
electrodes.

In order to study the functional properties of the different =n-
system-modified graphene-PSI composite electrodes, we
perform photochronoamperometric experiments and chopped-
light voltammetry (CLV) with and without an additional
acceptor molecule, methyl viologen (MV?") under air
saturation.

In previous reports it was shown that graphene by itself can
cause a photo-induced current upon illumination.*® On account
of this, we first tested in a series of control experiments the n-
system-modified graphene electrodes for possible photocurrent
generation. Apparently, no photocurrent can be observed when
the m-system-modified graphene electrodes are investigated at
their open circuit potential (OCP) and illuminated by low light
intensities. When large overpotentials (-600 mV vs. OCP) and
high light intensities (100 mW cm™) are applied a poor
photocurrent can be observed for some of the m-system

This journal is © The Royal Society of Chemistry 2012
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modified graphene electrodes (Fig. S2). These values have been
taken into account and subtracted from the photocurrent values
which are given in Table 1. In general these values are at least a
factor of seven smaller compared to the merest photocurrents
observed for the n-1 & n-2-based PSl-electrodes and 3-4 orders
of magnitude smaller than the current densities observed for the
n-5-based biohybrid system.

In addition, it needs to be mentioned that the
bare/unmodified graphene electrodes have been investigated
regarding their ability to work as an assembly platform of PSI.
It has been found that only a very small amount of PSI binds to
the graphene surfaces (which will be discussed in more detail in
one of the following sections), and that no significant
photocurrent generation can be seen. This may underline that
the m-systems carrying functional groups are of vital importance
for the assembly process of functional PSI.

Photoelectrochemistry — PSl/anthracene-based graphene
electrodes.

For this investigation two different m-systems based on an
anthracene aromatic scaffold are studied for the assembly of
PSI. One of them (%-2), possesses two carboxyl-groups and its
aromatic scaffold is a linear condensed aromatic skeleton with
three rings, whereby the other (n-1) owns only one carboxyl-
group and its aromatic scaffold is composed of four rings. Both
anthracene-based electrodes behave almost similar; they display
rather small and bidirectional photocurrents. For example the n-
1-based PSI electrode displays a comparatively weak cathodic
photocurrent at OCP (-150 mV vs. Ag/AgCl), with a current
density of 130 nA/cm? at a light intensity of 200 mW cm™ (Fig.
3). Electron flow can be explained in this architecture as
follows: the excited PSI can take electrons from the electrode
and thus the oxidized reaction centre of PSI is reduced.
Furthermore the electrons are transfer from the excited luminal
side of PSI to the stromal side where the electrons are used to
reduce oxygen or the additional electron acceptor MV?*.

A) Light intensities / mW cm*
2 10 20 40 60 100
0- | X
\ \ W
. J h
s o] A
| !
< \ [
Z -60 \ \ [} |
] J VL
5 -80- w -
o° \ |l|
£ -100] \J \
p \
‘g -1204 ‘\.\J
£ 140 .
& + MV -
-160 i
-180 :

150 260 ZéO 360 SéO 460 450 560 550

Time/s
Fig. 3 Photochronoamperometric measurements of a
graphene/carboxyl-anthracene(rn-1)/PSI electrode at different
light intensities (2, 10, 20, 40, 60, 100 mW cm'z). Measured at
OCP (-150 mV vs. Ag/AgCl); overlay (red line): addition of
MV?" (250 pM). Measurements are performed under air
saturation.

The addition of MV?" results in an improved photocurrent
output (170 nA/cm?). As the reaction of PSI with molecular
oxygen as electron acceptor is rather slow; the addition of
MV?* leads to an enhanced electron withdrawal at the stromal
side from the excited protein. This results in an increased
photocurrent output if no other processes are limiting.

This journal is © The Royal Society of Chemistry 2012
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However, the currents generated by both systems seem to be
rather unstable and no sharp induction of the current can be
seen when the light is turned on (Fig. 3, S3). A necessary
comment to these systems is that at low light intensities (<10
mW cm?) almost no photocurrent is displayed — not at the OCP
and also not at small overpotentials. At higher light intensities
(100 mW cm™) and an overpotential of -100 mV vs. OCP the
cathodic photocurrent density can be enhanced to 240 nA/cm?.
Chopped light voltammetric measurements depict that already
at rather small overpotentials the current cannot be enhanced
any further (Fig. S3). It should be noted that for all investigated
modifications at least 3 electrodes have been prepared and
assessed. Table 1 collects the photocurrent values for all of the
tested PSI electrodes.

The photoelectrochemical behaviour shows, that the surface
modification via the anthracene-derivatives is suited to promote
the assembly of PSI and also to connect the protein with the
electrode. However, the efficiency is not very high for both
anthracene-based PSI electrodes. It seems that the PSI electrode
interaction becomes rate limiting and that the system is not
limited by the electron withdrawal. The chopped light
experiments also reveal that cathodic and anodic photocurrents
are displayed (Fig. S3). This means that the PSI supercomplex
is assembled in two ways on the electrode. If cathodic currents
are displayed the luminal side of PSI is faced to the electrode
surface and from anodic currents it can be concluded that the
stromal side of PSI is faced to the transducer surface. The
recorded anodic current is considerably smaller as the cathodic
one, indicating a productive orientation of PSI on these n-1/7-2-
based systems. However, it seems that also a large fraction of
the protein complex is disorderly assembled. Hereby different
possibilities for the connection with the electrode exist which
hinders a defined photoelectrochemical response.

Photoelectrochemistry — PSI/pyrene-based graphene electrodes.

Three different pyrene-based m-systems are selected (Fig. 2).
These systems differ in their substitution pattern and the kind of
interactions they can cause to PSI. =n-3 carries a hydroxyl-, a
methyl, and two keto-groups, which in turn are supposed to
form hydrogen bonds to PSI and/or non-polar interactions. n-4
carries only one carboxyl-group for hydrogen bonding/
electrostatic interactions and the reactive NHS-ester group of =-
5 is supposed to form a covalent bond with one of the lysine
side chains of PSI.

Graphene/hydroxyl-keto-pyrene (z-3)/PSI electrode:

First, PSI has been assembled onto hydroxyl-keto-
pyrene/graphene electrodes and the photocurrent generation at
the OCP (-150 mV vs. Ag/AgCl) is assessed at different light
intensities (2 — 100 mW cm). For low intensities a rather weak
cathodic photocurrent has been observed. When light intensities
are increased up to 100 mW cm?, the photocurrent is more
defined and the current density is raised up to 750 nA/cm? (Fig.
4). Upon the addition of MV?' the photocurrent can be
stabilized and enhanced. In case of an applied overpotential of -
100 mV vs. OCP the photocurrent generation can be further
improved to a certain extend (1.6 pA/cm?), but still seems not
well defined. Also the addition of MV*" (250 uM) at this
overpotential does not result in a significant improvement of
both: photocurrent output and stability (Fig. S4).
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Fig. 4 (A) Photochronoamperometric measurements of a
graphene/hydroxyl-keto-pyrene (m-3)/PSI electrode at different
light intensities (2, 10, 20, 40, 60, 100 mW cm‘z), measured at
OCP (-150 mV vs Ag/AgCl); overlay (red line): addition of
MV 2+ (250 uM). B) Chopped light voltammetry measurements
at a constant light intensity of 60 mW cm with a scan rate of
2 mV/s. Measurements are performed under air saturation.

These observations are corroborated by the chopped light
voltammetric experiments (Fig. 4B), whereas the photocurrent
output reaches a plateau at a potential of -550 mV vs. Ag/AgCI
(-400 mV vs. OCP). At this point the addition of MV?* does not
lead to a significant improvement of the current densities, but
causes a stabilization of the current. Since here the enhanced
withdrawal of electrons from PSI (by the faster reaction of
MV?Z* with the terminal Fg-cluster) does not significantly
enhance the current, it becomes clear that the PSI
communication with the electrode tends to limit the current
flow through the whole system. An overview of the photo-
current values is given in Table 1.

Graphene/carboxyl-pyrene (z-4)/PSI electrode:

For the carboxyl-pyrene-PSI (n-4) electrodes rather small
cathodic photocurrents are displayed at OCP (-180 mV vs.
Ag/AgCl) applying low light intensities <10 mW cm™ (Fig. 5).
At higher light intensities the current is enhanced quite
significantly (570 nA/cm?), and even further by the addition of
MV?* (875 nA/cm?). The strongest impact on photocurrent
magnitude and photocurrent stability however, is seen if an
overpotential is applied (Figure 5). Thus at -100 mV vs. OCP a
valuable improvement is found (1.7 pA/cm?). This can be even
raised up to 7.3 pA/cm? at larger overpotentials improving the
photocurrent remarkably by a factor of twelve compared to the
current at OCP (Fig. S5).
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Fig. 5 Photochronoamperometric measurements of a
graphene/carboxyl-pyrene (wn-4)/PSI electrode at different light
intensities (2, 10, 20, 40, 60, 100 mW cm'z). A) Measured at
OCP (-180 mV vs Ag/AgCl); overlay (red line): addition of
MV?* (250 pM). B) Measured at an overpotential (-280 mV vs
Ag/AgCl); overlay (red line): addition of MV?* (250 pM). C)
At an overpotential (-280 mV vs Ag/AgCl) with a constant light
intensity of 60 mW cm?. D) Chopped light voltammetry
measurement at a constant light intensity of 60 mW cm™ with a
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scan rate of 2 mV/s. Measurements are performed under air
saturation.

CLV measurements additionally punctuate these observations,
as we see an increase of photocurrent up to a potential of -800
mV vs. Ag/AgCI, which is further improved due to the addition
of MV?* (Fig. 5).

These results indicate an efficient and unidirectional electron
transfer between the excited PSI and the electrode. Thereby it
has been demonstrated that even such large and sophisticated
protein complexes can be assembled in a productive way for
effective  heterogeneous electron transfer. Hence this
architecture is quite a well functioning example for a potential-
dependent photodiode on the basis of PSI-graphene hybrids. A
compilation of the values is given in Table 1.

Graphene/pyrene butyric acid NHS ester (z-5)/PSI electrode:

An enormous improvement in photocurrent generation and
photocurrent stability is found for the covalent approach tested
within this study by the use of the n-5 compound. This is valid
in comparison to the systems investigated within our study but
also to previously published reports on PSl/carbon elec-
trodes.*>%%%3 Here a photocurrent density of 23 pA/lcm? is
already reached at OCP (-260 mV vs. Ag/AgCl) at a light
intensity of 100 mW cm™. But also at low light intensities a
significant and stable current is obtained (Fig. 6).

Photocurrent values at OCP are in the majority not given in
previous studies on PSl-based electrodes.*>®®® This is because
most of the to date reported systems do not furnish a viable
photocurrent generation without applying a driving force.

The photocurrent output for this system can be significantly
enhanced by the addition of MV?2* (250 uM) at OCP by ~90 %
(39 pA/cm?) as well as by applying a slight overpotential of -90
mV vs. OCP (49 pA/cm?) Fig. S6. This means that in this case
the PSl-electrode communication is so efficient that the
withdrawal of electrons from the excited PSI is limiting the
efficiency of the system. The chopped light voltammetric
experiments support these findings (Fig. 6, S6). As a result of
an applied overpotential and the addition of MV?' the
photocurrent output can be even raised up to 135 pA/cm?.
Additionally, the photocurrents generated by this system are
very stable in comparison to the other investigated m-system
based electrodes and published data. This is valid for longer
time periods of measurements, multiple use of the electrode,
but also for storage of the photohybrid electrode, since after
two weeks still at least 50 %, and after half a year 40 % of the
activity is retained (Fig. S6). A detailed record of the
photocurrent data is compiled in Table 1.

In addition it should be pointed out here, that for the current
density evaluation only the steady-state current values under
illumination are used and not the photocurrents after switching-
on the light, to give reasonable values (such misleading
photocurrents have been repeatedly reported*5:%°-53),

Not less important, especially with respect to the
remarkable photocurrent at OCP, is the direction of the ET of
this system, as exclusively a cathodic photocurrent has been
observed. Thereby, suggesting a unidirectional ET pathway
with a preferred orientation of PSI on the modified graphene
interface. This is a clear achievement since the rather complex
membrane protein trimer has many interaction sites. An
orientation during the surface binding process is however
essential for an efficient current output, as ET in PSI is
unidirectional form the luminal to the stromal side.

This journal is © The Royal Society of Chemistry 2012
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As a continuative characterization the light power dependence
has been evaluated for the =-5-based electrode. If light is
considered as a substrate for PSI one can use the Michaelis-
Menten kinetics to calculate an apparent K,, value®® (Fig. 6),
even if the fits are not accurate for very low light intensities
(which has also been observed with other PSI-electrode
strategies®).
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OCP (-260 mV vs Ag/AgCl); overlay (red line): addition of
MV?2* (250 pM). B) Measured at an overpotential (-350 mV vs
Ag/AgCl); overlay (red line): addition of MV?* (250 uM). C)
Chopped light voltammetry measurements at a constant light
intensity of 60 mWcm? with a scan rate of 2 mV/s.
Measurements are performed under air saturation. D) Michaelis-
Menten plot of the =-5-based electrode at OCP (-260 mV vs
Ag/AgCI). Red curve indicates the fit for determination of the
apparent Ky-value.

A quite strong impact on the Ky,-value can be seen due to the
applied electrode potential. From the fit parameters a maximum
photocurrent density of 23 pA cm™ and a Ky of 20+1 mW cm™
(n=3) can be derived at OCP. But if an overpotential of -90
mV vs. OCP is applied the K, decreases significantly to
6.3+0.2 mW cm™. This trend continues up to an overpotential
of -190 mV vs. OCP (Ky =1.6+0.1 mW cm?). Since the
change in Ky, goes along with an increase in |, it indicates a
distinctly efficient light-to-current conversion of the absorbed
light. This in turn highlights once again the outstanding
properties of the n-5-based photobioelectrode.

It needs to be added, that the photocurrent density and
unidirectionality of ET of the graphene-n-5-PSI electrode out-
performs by far previously published studies on carbon-based
PSI electrodes, particularly at OCP.*®%® Another system
which is based on a redox hydrogel-PSI architecture,’®! even if
it is more like a multilayer arrangement can be compared with
our system. In this study also a high photocurrent (43 pA cm™)
has been achieved at OCP. However it has to be pointed out
that our system is most likely a PSI-monolayer arrangement
facilitating DET onto a graphene-electrode, where at the other
system is based on a bulk immobilization (multilayer-like) and
applying a mediator for ensuring electron transfer.

PSI assembly process on a-system modified graphene QCM
chips.

On the basis of the photoelectrochemical experiments alone,
one cannot elucidate whether the overall amount of PSI
deposited on the electrode surface is influenced by the change
in the m-system. To gain further insight into the quite significant
disparities in photocurrent output by the use of various =-
systems, the most promising and interesting systems (n-4 and n-
5) have been studied by Quartz crystal microbalance (QCM) to
elucidate how the w-system structure influences the assembly of
PSI. Prior to the QCM measurements, graphene-like carbon is
deposited on the quartz chips using the method as before to
provide alike surfaces on the chips as on the graphene
electrodes. These chips are then modified according the
described procedure for graphene electrodes.

After the surface has been modified by the respective n-
system a solution of PSI is flushed at a defined flow rate over
the chip (ESI). The assembly process for which the carboxyl-
substituted pyrene (n-4)/graphene chip is used, shows a clear
adsorption behaviour of PSI accompanied by a well detectable
mass accumulation of Af = 60+4 Hz at pH 7 (Fig. S8). The
following flush with buffer leads only to a small change in
signal because of a small degree of PSI desorption (~4 Hz).

In the same manner the NHS activated pyrene (n-5) has been
studied (Fig. S9). Interestingly, for this -5 modified surface a
stronger protein adsorption has been observed accompanied by
a very high mass accumulation (PSI, Af=330%5Hz).
Moreover, during the adjacent rinsing step with buffer virtually
no signal change has been observed. This, in turn, indicates that
the PSI complexes interact productively with the surface and
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are stably bound. The results are corroborated by experiments
in which additional rinsing steps with a buffer of high ionic
strength do not cause a significant change in signal. In the case
of an electrostatically adsorpt protein such high ionic strength
would lead to desorption of the protein from the surface as the
required charges are masked by the high concentration of
counter ions. In reverse this observation is highly indicative that
the n-5-based electrode has lead via the reaction of the NHS-
ester to a covalent fixation of PSI.

The difference in polarity of these two pyrene-based
surfaces has been verified by contact angle (CA) investigations.
Here it has been found that the contact angle for the n-4
modified graphene (86%3°) is lower than for the n-5 modified
interface (106+2°). This is consistent with the respective
functional groups.

Supportingly, it needs to be mentioned, that the adsorption
process of PSI on unmodified graphene has also been
investigated by QCM (Fig. S7). It has been found that only a
small degree of non-specific binding to the bare graphene
surface occurs with a signal change of about Af = 9+2 Hz. This
is accompanied by a very hydrophobic surface as has been
verified by CA measurements (119+4°). Thus, the
functionalized n-systems are indeed needed to pursue a specific
assembly and orientation of PSI. On the basis of the QCM
experiments and the photoelectrochemical investigations, one
can clearly conclude that the mass deposition during the
assembly process for the investigated m-system/PSI assemblies
can be correlated to the amount of electro-active PSI and, thus,
to the magnitude of the respective photocurrent generation.

110

m -5 NHS-Pyrene
100-| ® =4 Carboxy-Pyrene -
w0l 4 -3 Keto-Pyrene .
'E 1l » -1 Anthracene
S g0
i) 1 .
= 704
= 1 ]
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s ]
T 60 -
k] j
2 04
5 ]
g 30 |
-
6
43 . ¢
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0l—+# . - - ;
0 100 200 300 400

Overpotential (mV) vs. OCP

Fig. 7 Photocurrent dependency on the applied overpotential of
different grapheneen-system/PSI electrodes.

The chemical nature of the m-substance used is governing the
interaction of the pigment-protein complex with the surface.
Fig. 7 compiles the behaviour of the different PSl-based
electrodes investigated in this study and demonstrates the
different efficiency in photocurrent generation as well as the
different ability of the systems to follow the applied potential.
A direct covalent coupling during the interaction process seems
to be favourable with respect to the amount of PSI, a preferred
PSI orientation and, thus, a unidirectional and potential-
controlled photocurrent generation. From a rational point of
view one may expect that the adsorptive approaches should
lead to a favourable orientation of the PSI complexes on the
modified interface, and thus, to higher photocurrents. However,
the covalent fixation outperforms the other investigated
approaches by far. Taking also the contact angle measurements
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into account, a certain balance between hydrophobic/hydro-
philic properties seems to be favourable during PSI deposition
for a proper orientation of PSI to induce a directional electron
transfer. Covalent binding is obviously beneficial to retain this
configuration for a large number of PSI molecules. While the
exact structure of the PSI complexes on the w-system modified
surface remains open to future investigations, it should be noted
that the results are consistent with the proposed assembly of the
PSI trimers on the pyrene modified graphene, preferentially
with the luminal side down, 3856

Conclusions

We have successfully constructed new graphene-based photo-
hybrid electrodes composed of PSI and m-system-modified
graphene. The specific adsorption of PSI on these m-system-
modified graphene interfaces leads to a significant improve-
ement of the photocurrents generated at the open circuit
potential as well as for an reasonable overpotential window (-
100 to -200 mV vs. OCP) in comparison to previously
published reports on PSl-carbon electrodes. Whereas
anthracene modifiers result in an appearance of anodic and
cathodic photocurrents the pyrene-based systems exclusively
display a unidirectional cathodic photocurrent, indicating a
directed assembly of PSI with the luminal side down.
Comparing the modified graphene systems based on the
pyrene-modifiers one can state that the covalent approach (7-5)
is the most effective one. The photocurrent density particularly
at OCP, but also at different overpotentials is the highest. The
improvements are likely attributed to a higher mass deposition

Journal of Materials Chemistry A

of PSI on these electrodes, which originates from specific
interactions with the n-system-modified interface. But the pure
adsorption with (w-4) also provides a feasible way to assemble a
stable PSI layer.

By the addition of an electron acceptor (MV?') the
photocurrent output can be even further raised significantly for
the m-4 and m-5-based PSI electrodes. The photocurrents are
found to be rather stable for both architectures but on basis of
the covalent one (n-5), a tremendous improvement has been
established: the photocurrent is stable over longer measuring
periods, multiple use of the electrode, as well as after storage of
the electrode. Based on the ratio of cathodic to anodic
photocurrent it can be concluded that the pyrene-m-system
modified PSI electrodes exhibit a photo-diode like behaviour.

The advantage of coupling PSI to the modified graphene via
covalent binding (wn-5) is also reflected by the light-power
dependency study which indicates a distinctly efficient current
conversion of the consumed light.

These results demonstrate the potential of integrating
modified-n-systems with graphene-based electrodes for
functional and directional PSI assembly. More broadly, this
systematic study reveals how modified n-n-stacking molecules
can be used to tune the surface properties but also allow a stable
fixation while guaranteeing an efficient interaction of graphene
with the biomolecular complex. These benefits can not only be
used in photobioelectrocatalytic systems but also in systems
where light is applied to drive reaction schemes for synthesis.

Table 1 Photocurrent responses at OCP and different overpotentials with and without MV/?* for all graphene-n-system-PS|

electrode architectures.

Photocurrent Photocurrent Photocurrent Photocurrent Photocurrent
Graphene hi h h at over
T1-Sys./PS| Architecture Photocurrent Photocurrent at ovgr at ove_r at ove_r at ovgr potential
eloctrodes ocp? at OCP? at OCP? + My potential potential potential potential of 300 mv
of 100 mv? of 200 mv® of 300 mv® of 400 mv? YY)
1 -150 mV 130£10 nA 170£10 nA 24045 nA 320+8 nA 3604 nA n.d. 48015 nA
3 -150 mV 750+10 nA 84015 nA 1.6£0.2 pA 2.5+0.1 pA 2.7+0.1 pA n.d. 2.9+0.2 pA
4 -180 mV 570+10 nA 87515 nA 1.7£0.1 pA 2.940.2 A 4.3+0.1 pA 5.1+0.3 pA 7.3+0.5 pA
5 -260 mV 23+0.5 pA 39+0.7 pA 49+0.4 pA 75+1 pA 90+2 pA 102+3 pA 1355 pA

90pen circuit potential; ¥250 uM; 9vs. OCP.
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