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ABSTRACT: Photoactive reaction centers (RCs) are protein com-
plexes in bacteria able to convert sunlight into other forms of energy
with a high quantum yield. The photostimulation of immobilized RCs
on inorganic electrodes result in the generation of photocurrent that is
of interest for biosolar cell applications. This paper reports on the use of
novel electrodes based on functional conductive nanocrystalline
diamond onto which bacterial RCs are immobilized. A three-
dimensional conductive polymer scaffold grafted to the diamond
electrodes enables efficient entrapment of photoreactive proteins. The
electron transfer in these functional diamond electrodes is optimized through the use of a ferrocene-based electron mediator,
which provides significant advantages such as a rapid electron transfer as well as high generated photocurrent. A detailed
discussion of the generated photocurrent as a function of time, bias voltage, and mediators in solution unveils the mechanisms
limiting the electron transfer in these functional electrodes. This work featuring diamond-based electrodes in biophotovoltaics
offers general guidelines that can serve to improve the performance of similar devices based on different materials and
geometries.
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■ INTRODUCTION

Reaction centers (RCs) and photosystems (PSI and PSII) are
the biological units enabling solar energy harvesting in plants
and bacteria. The high efficiency of these species in achieving
charge separation under photoexcitation, a result of billions of
years of evolution, has attracted interest in using purified RCs,
PSI, and PSII as a functional components in biosolar cells.1−16

However, the complexity of the charge transfer between the
biological species and the inorganic electrode typically leads to
low values of the measured photocurrent in such systems with
respect to traditional photovoltaics.17 Despite its complexity,
the RCs from purple bacteria have been isolated and extensively
characterized in the last 20 years.18−20 Many studies have
shown that the protein is stable, robust, and capable of
triggering a photostimulated electron transfer chain.21,22

Great effort has been devoted to optimize the immobilization
of RCs on several surfaces making use of suitable linker
molecules to prevent denaturation of the proteins in direct
contact with the electrode surface.23−26 Here we propose an
innovative design to realize biophotovoltaic hybrid systems
based on diamond, alternatively to metal electrodes, as it
exhibits excellent electrochemical properties and, at the same
time, it has the prerogative of providing a suitable surface for
covalent immobilization of molecules and biomolecules of
different nature.27,28 Taking advantage of diamond versatility,
we exploit two different surface functionalization methods

established in recent works on oxidized diamond involving both
self-assembled monolayers (ML)29 as well as polymer
brushes.30,31 With the combination of functionalized diamond
electrodes and the use of redox species in solution not yet
exploited for these systems, we achieve a level of photocurrent
density competitive with the results presented in literature so
far for similar systems,4,9,23,24,32 providing a new perspective for
the research in this field.
To complete the picture, the understanding of some features

of the photoresponse in RCs-based hybrid systems like the time
dependence of the photocurrent in the presence of different
mediators has been clarified, providing the equations, based on
the classical theory of electrochemistry, which describe the
relevant charge transfer mechanisms.
With the help of Figure 1, we discuss the details of the design

and the electronic structure of the different building blocks
constituting the biohybrid system. Here, we propose two
designs, depicted in Figure 1a, based on RCs from Rhodobacter
spheroides immobilized on diamond electrodes. In one design,
the electrode is modified with a monolayer of 6-phosphono-
hexanoic acid (see top of Figure 1b). In the other design, the
diamond electrode is modified with poly(tert-butyl methyl
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acrylate) (PtBuMA) polymer brushes (see bottom of Figure
1b). The two differently modified electrodes have been
investigated and their effects on the efficiency and the stability
of the hybrid system are reported in this work. In particular, we
will demonstrate that the diamond electrodes modified with the
polymer PtBuMA enable a very high loading of redox
molecules whereas the 6-phosphonohexanoic acid monolayer
offers stability and fast charge transfer. In Figure 1c the energy
levels of the different species involved in the photocurrent
generation are shown. The oxidation and reduction potentials
of the RCs have been established through a wide variety of
spectroscopies; the values taken from the literature33 are
reported in Figure 1c and refer to the potential of the Ag/AgCl
electrode used in the experiments presented in this work.
Under exposure to light with a wavelength of 870 nm, one
electron is excited from the state P to the P* of the RCs. The
electron relaxes stepwise through the internal states BA/BA

−

and HA/HA
− and through the internal quinone QA of the

protein and is available to be extracted and released into the
electrolyte. This task is enabled by ubiquinone Q0 (2,3-
dimethoxy-5-methyl-1,4-benzoquinone) in the solution, which
is converted through the reaction with two photoelectrons into
its reduced form, the dihydroquinone QH2. In order to ensure
the regeneration of the RCs, a low energy electron has to be
injected from the electrode to the state P, to make it available
for a new photoexcitation. The direct injection of the electrons
from the electrode to the state P is not expected to be very
efficient32 so that an electron mediator in solution might be
required.
Mimicking the natural operational environment33 of the RCs,

the protein cytochrome c (cyt-c) has been chosen as the first
candidate to shuttle the low energy electron to the P state. This
small heme protein is supposed to play in this system a role
similar to the one it has in the photosynthetic membrane within
the electron transport chain. As will be shown, cyt-c has certain
disadvantages as electron mediator. In order to overcome the
limitations of cyt-c, we propose the use of aminomethylferro-
cene (AMF) as a new mediator. This small and robust redox
molecule of the family of ferrocenes will be shown to improve
the charge transfer between the electrode and the RCs.

■ EXPERIMENTAL PROCEDURES
RCs from purple bacteria have been purchased isolated and purified
from FRIZ Biochem Gesellschaft für Bioanalytik GmbH, Neuried,
Germany and stored in TRIS buffer 10 mM pH 8 with 0.1% N,N-
dimethyldodecylamine N-oxide (LDAO) at −25 °C. All other
chemicals were purchased from Sigma-Aldrich.

Diamond Growth. Highly boron-doped nanocrystalline diamond
(B-doped NCD) films were grown on Si as reported before.34,35

Diamond growth was performed in an ASTeX 6500 series microwave
plasma-enhanced chemical vapor deposition reactor. Growth con-
ditions were optimized to produce a 150-nm-thick B-doped NCD
layer with resistivity values of 10−50 mΩ·cm.36

Diamond Functionalization with a Monolayer of Organo-
phosphonates. B-doped NCD substrates have been functionalized
through the tethering per aggregation and growth (T-BAG method)
following the protocol described in another work.29 This procedure
results in a monolayer of 6-phosphonohexanoic acid on the surface.
The standard activation through EDC and Sulfo-NHS37 enables the
formation of peptide bonds with AMF and cytochrome c; details are
also reported in the Supporting Information.

Grafting of Polymer Brushes on P-Type Doped NCD. The
OH-terminated substrates are placed in a dry reaction quartz tube and
heated in vacuum to 150 °C for 2 min, cooled down to room
temperature, and put under argon protective atmosphere. tBMA is
syringed into the reaction tube and degassed in liquid nitrogen. The
setup is irradiated with UV light (λ = 350 nm) for 8 h. After
irradiation, the samples are taken out of the reaction tubes and cleaned
by ultrasonication in dichloromethane, ethyl acetate, and ethanol for 5
min, respectively. The chemical binding step (described in the next
section) is based on amide bond formation between the amine group
of cyt-c or AMF and an accessible carboxyl group on the
macromolecular linker. Carboxyl groups can easily be obtained
through saponification of tert-butyl methacrylate parts of the chain
to PMAA.

Covalent Grafting of AMF and Cyt-c. Both procedures
described above provide carboxyl-groups to serve as anchors for the
covalent grafting of aminomethyl ferrocene (AMF) and cyt-c via amide
bond. The standard activation of the carboxyl-group through EDC and
Sulfo-NHS37 enables the formation of amide bonds with AMF and cyt-
c. The details of the functionalization procedure, passivation, and
cleaning steps are reported in the Supporting Information.

Physisorption of RCs on the Functionalized Diamond
Electrodes. After the covalent immobilization of the redox species
AMF or cyt-c (also present in solution during the measurements) one
can proceed with the physisorption of the RCs. RCs from purple
bacteria have been stored in TRIS buffer 10 mM pH 8 with 0.1% N,N-

Figure 1. (a) Hybrid system consisting of RCs immobilized on a modified diamond electrode showing the different electron transfer processes
involved in the photocurrent generation. An electron−hole pair is generated in the RCs under photostimulation. The high energy electron is
extracted by a free quinone molecule (Q0/QH2 redox pair) and a low energy electron is provided by an electron mediator (M/M− redox pair). (b)
Schematic view of diamond electrodes modified with self-assembled monolayers (top) and polymers (bottom). The big blue spheres represent the
RCs on the organic layers, and the red squares and the purple dots are Q0 and AMF in solution, respectively. (c) Energy levels of the biohybrid
system with respect to a Ag/AgCl electrode. The color code is the same as described above; in addition, green represents the electron mediator
cytochrome c. The blue states belong to the RCs, where the high energy electron excited by the light relaxes stepwise through the internal states BA/
BA

− and HA/HA
− and through the internal quinone QA/QA

− before being available for the reduction of Q0 in solution.
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dimethyldodecylamine N-oxide (LDAO) at −25 °C. The samples are
covered with a drop of this solution diluted to 0.1 mg/mL of RC in
buffer for 12−18 h in the dark at 4 °C. After this exposure, the sample
is gently rinsed with DI water and measured immediately without
exposure to direct light.
Electrochemical and Photoelectrochemical Characteriza-

tion. The electrochemical characterization was performed in a three
electrode electrochemical cell with a Gamry ref 600 potentiostat. A
commercial Ag/AgCl was used as reference electrode (DriRef-5SH
from World Precision Instruments, 3 M KCl, 210 mV against standard
hydrogen electrode) and a Pt wire as counter electrode. The buffer
used for the electrochemical measurements, when not differently
specified, is a phosphate buffer solution (PBS) with an ionic strength
of 10 mM (corresponding to a concentration of 3.5 mM) at pH 8.

■ RESULTS AND DISCUSSION

Sample Preparation and Electrochemical Character-
ization. Electrodes based on nanocrystalline diamond (NCD)
were fabricated and functionalized according to the procedures
described in the Experimental Section. In short, the NCD
electrodes are covalently modified with either a monolayer
(ML) of 6-phosphonoheaxoic acid or with a polymer brush
(PtBuMA). Both linkers offer carboxyl groups to bind AMF or
cyt-c via amide bonds. In the next step we have studied the
efficiency of the charge transfer between these two type of
electrodes and the species in solution which assist the
photocurrent generation in our biophotovoltaic devices, i.e.,
AMF and cyt-c. The formal potential of cyt-c and AMF in
solution were measured at +30 mV and +320 mV vs Ag/AgCl,
respectively, as depicted in Figure 1c. A detailed discussion of
the electrochemical characterization is provided in the
Supporting Information. In short, our study evidences that
AMF in solution enables a much faster electron transfer with
diamond electrodes. In particular, the electron transfer rate
constant for AMF in solution is kAMF = (0.06 ± 0.02) cm s−1

consistent with literature values38 and 1 order of magnitude
higher than the one for cyt-c, kcyt‑c = (0.006 ± 0.002) cm s−1. As
discussed in the next section, this difference has a major impact
on the performance of the biohybrid devices.
The preparation of the photoreactive hybrid systems is

completed by the physisorption of the RCs on the diamond
electrodes. For the electrodes modified with the monolayer,
two kind of samples have been investigated: one prepared by
covalently binding the cyt-c to the monolayer and the other by
attaching AMF (details on the functionalization are provided in
the Experimental Section). The RCs have been physisorbed on
the differently prepared electrodes, which were then measured
in a buffer solution containing 100 μM of Q0 and the
corresponding mediator (cyt-c or AMF). Since the RCs are
most likely randomly oriented after physisorption, the attach-
ment of the mediators to the electrode surfaces might help to
achieve an efficient charge transfer to the RCs oriented with
their P-side facing the surface.
Photocurrent Enhancement. In order to increase the

generated photocurrent and improve the performance of the
biophotovoltaic device, we propose the use of AMF as
alternative to cyt-c as charge shuttle in solution. The role of
the mediators in the generation of the photocurrent is
presented in this section based on the experiments carried
out in different solutions.
In addition, the effect of the electrode surface modification

with monolayer or with a polymer brush on the photocurrent
intensity is presented. Considering that an increased RCs
loading should result in a higher photocurrent, we propose a

3D structured electrode where the polymer brush serves as a
scaffold to entrap the photosynthetic proteins on the surface.
Figure 2a shows chronoamperometry measurements per-

formed in a sample modified with the monolayer at a constant

potential of Ubias = −100 mV applied to the working electrode
with respect to the Ag/AgCl reference electrode under
photostimulation, in which the sample is exposed to IR light
(LED at 870 nm) for 100 s, followed by 100 s in the dark. The
sequence was repeated two times. No significant response to
light was observed when measuring in pure buffer (orange
curve) or in the presence of only Q0 in the solution (red curve).
As discussed above, both mediators are necessary in solution

to close the charge transfer cycle and observe a photocurrent.
An optimized value for the concentration of the mediators was
determined by a systematic study of their influence on the
photocurrent (more details in the Supporting Information). To
prove that the RCs are responsible for the observed
photocurrent, the sample was intentionally treated with a

Figure 2. (a) Chronoamperometry under light exposure (0−100 s and
200−300 s) interrupted by time intervals in the dark (100−200 s,
before 0 and after 300 s). The curves correspond to the samples
modified with a monolayer and RCs in pure 10 mM PBS buffer
(orange curve), with the addition of 100 μM Q0 (red curve), with Q0
and 10 μM cyt-c (green curve), with Q0 and 200 μM AMF (purple
curve); all curves recorded with Ubias = −100 mV. (b) Photocurrent
density measured in chronoamperometry under periodical light
exposure for a diamond electrode modified with the ML (black
curve) and an electrode modified with a polymer brush (red curve).
The experiments were performed in a buffer solution containing 100
μM Q0 and 200 μM AMF.
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concentrated solution of sodium dodecyl sulfate (SDS), a
surfactant known to cause protein denaturation. As expected,
the photocurrent signal disappeared after the treatment
(measurements are shown in the Supporting Information).
Figure 2a also compares the chronoamperometry experi-

ments performed with electrodes using either AMF (purple
curve) or cyt-c (green curve) as electron mediators. As the
figure reveals, the response to light is much faster for the system
with AMF: after an initial rapid increase, the photocurrent
decays to a value above 250 nA cm−2, which is about five times
higher than the value obtained for the electrode using cyt-c as
the electron mediator (below 50 nA cm−2). Further, for the cyt-
c electron mediator, a very slow response is observed both
when the light is switched on and when is switched off. The
observed remarkable differences of the photocurrent response
when using these two electron mediators are consistent with
our observation that AMF exhibits a much higher charge

transfer efficiency with diamond electrodes than cyt-c,
evidenced by the differences in the heterogeneous rate
constants calculated above. The more efficient charge transfer
between AMF and the diamond electrode results in an
improved injection of the low energy electron to the P state
of the RCs.
In addition to the charge transfer efficiency, another relevant

aspect which influences the photocurrent value is the density of
RCs that can be “electrically contacted” on the surface of the
electrodes. Whereas monolayers of RCs very close to the
surface can exhibit an enhanced charge transfer to the electrode,
multilayers of RCs trapped on conductive scaffolds can yield
high photocurrents provided that the electron exchange with
the electrode is fast enough. To investigate this issue, we have
physisorbed RCs on diamond electrodes modified with a
polymer brush functionalized with redox molecules (see
Experimental Section for details on the surface-initiated

Figure 3. (a) Photocurrent curves recorded at different electrode bias (given in mV) for the case of AMF electron mediators. The insets provide a
zoom into (i) the first seconds of the current decay after the light is switched on (bottom left), referred to as on decay, and (ii) the time response
after switching off the light (up right), referred to as off decay. (b) Saturation current as a function of the bias voltage for samples with AMF (red)
and cytochrome c (black) in solution. The solid symbols represent iph

tot(tOFF
− ), i.e., the saturation current calculated from the curves reported in part a

right before switching off the light (tOFF
− ) with respect to the initial value of dark current. The open symbols represent icat(tOFF

− ), i.e., the cathodic
current obtained after the correction described in the text. The solid lines represent fits using a diffusion-limited current−voltage dependence. (c)
Photocurrent curves for the case of cyt-c as electron mediator.
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polymer grafting). Figure 2b compares the photoresponse of a
diamond electrode with RCs confined on a monolayer of 6-
phosphonohexanoic acid molecules (black curve) and that of an
electrode with RCs trapped on a PtBuMA polymer brush (red
curve). After the initial decay, the current density for the
polymer-modified electrode reaches a value close to 1.5 μA
cm−2. This is three times higher than the photocurrent
measured with the electrode modified with a monolayer and
superior to typical values of photocurrent density (20−400 nA
cm−2) reported in the literature for biohybrid photovoltaics
systems based on one monolayer of RCs confined on gold
electrodes4,9,23,32,39 or carbon nanotubes.6,24 The measured
photocurrent transitions when light is switched on and off are
both very fast for these two electrodes. The main effect of the
polymer brush is an enhanced photocurrent, enabled by the
capability of the polymer brushes to load more photoreactive
proteins. It is worth recalling here that the electrochemical
characterization of the polymer-modified electrodes (see
Supporting Information) revealed a very high loading of
ferrocene molecules into the polymer matrix. In the case of the
RCs, of much larger dimensions than ferrocene, a lower loading
is to be expected. Still, the high loading of RCs into the
polymer-modified diamond electrodes is demonstrated by the
considerably larger photocurrent signal measured for these
electrodes compared to the case of RCs on SAM-modified
electrodes.
Electron Transfer Mechanisms Voltage and Time

Dependence of Photocurrent. In order to understand the
mechanisms limiting the electron transfer in these biofunctional
diamond electrodes, we will first discuss the dependence of the
photocurrent on the bias voltage applied to the diamond
electrodes. Figure 3a shows photocurrent curves measured
(with Q0 and AMF in solution) in the chronoamperometric
mode as a function of the applied voltage for RCs immobilized
on a sample functionalized with a monolayer of organo-
phosphonates.
The arrows indicate the time when the light is switched on

and off. The two insets in Figure 3a show the transitions of the

current right after the light is switched on (left inset) and off
(right inset). To facilitate the discussion, we make the following
definitions for the photocurrent time responses. The increase
(decrease) of the current after the light is switched on (off) is
referred to as off−on (on−off) transition. The drop of the
photocurrent during illumination is referred to as “on decay”
(represented in the lower left inset in Figure 3a). The current
response observed in the positive voltage regime after the light
is switched off (presented in the upper right inset in Figure 3a)
is referred to as “off decay”. The curve highlighted in red
corresponds to the experiment at −50 mV (vs Ag/AgCl) and is
taken as an example of the behavior in the negative voltage
regime, to which the other orange curves also belong. In the
negative bias regime, the experiment with AMF mediators in
solution exhibits a very fast response to photostimulation. In
addition, the photocurrent decays considerably during illumi-
nation. After switching the light off, the signal goes rapidly back
to the initial value. In this voltage range, the photocurrent
transitions to the on state (off−on transition) and to the off
state (on−off transition) are too fast to be resolved with our
setup. This behavior changes in the positive voltage regime, as
evidenced by the gray curves in Figure 3a. The curve
highlighted in black was recorded at a bias voltage of +170
mV, and will be used as a representative example of the
electrode response in this bias regime. The photocurrent decay
during illumination (on decay) becomes more important for
more positive potentials. Solid red symbols in Figure 3b show
the voltage dependence of the photocurrent recorded at the
end of the illumination (hereby referred to as saturation
current), right before the light is switched off. For potentials
below 0 V (vs Ag/AgCl) the saturation photocurrent is almost
voltage independent. For positive potentials, however, the
saturation photocurrent decreases and becomes even more
positive for potentials larger than +180 mV (vs Ag/AgCl).
Interestingly, the stronger photocurrent decay during illumina-
tion is accompanied by the appearance of a transient current
(with positive sign) after the light is switched off (off decay).

Figure 4. (a) Energy diagram (vs Ag/AgCl electrode). The dashed arrows indicate electron transfer processes at the electrode and the solid curved
arrows the corresponding currents. Red color indicates the voltage regime of bias potential which favors anodic current. The gray area indicates the
potential range at which only cathodic current (black arrows) is observed. (b) Absolute value of current density versus time and corresponding fit for
the data shown in Figure 3a. The black curve represents the on decay at −50 mV, and the green curve the on decay at +170 mV. The curve in blue
represents the experimental data for the off decay observed at positive bias voltages, i.e., the decay of ian after the light is switched off. The equations
used to fit the experimental data (dashed lines) are described in the text. (c) On−off current transition (dark red and dark gray curves) and off−on
current transition (light red and light gray) for the case of cyt-c in solution. As representative examples, the experimental curves recorded at +50 mV
(gray curves) and −50 mV (red curves) and the corresponding fits are shown.
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The voltage dependence and the time response of the
photocurrent can be explained with the help of the energy
diagram shown in Figure 4a by considering the two main
electron transfer processes at the electrode/electrolyte inter-
face. The dashed lines represent the possible electron pathways,
while the curved arrows correspond to the direction of the
cathodic and the anodic currents. At very negative bias
potentials (shown by the gray region in the energy diagram
of Figure 4a), the negative photocurrent results from the
reduction of AMF molecules in solution, which are then
oxidized by providing the low energy electron to the P-state of
the RCs. The sign of this current is negative (cathodic or
reduction current, icat), i.e., electrons are injected from the
electrode to the solution. In addition to this electron transfer
process, we also have to consider the possibility of an anodic
current (positive, ian) resulting from the oxidation of QH2
molecules generated during illumination. This current depends
on the concentration of the QH2 present in solution (which is
related to the activity of the RCs upon photostimulation) and
on the overpotential with respect to the formal potential of the
Q0/QH2 redox couple, which is about −100 mV vs Ag/AgCl.40

When the electrode is biased with enough overpotential with
respect to this value, QH2 molecules generated during
illumination can be oxidized at the electrode. The anodic
current transient observed in the positive bias regime (shown
with a red region in the energy diagram of Figure 4a) after the
light is switched off (off decay shown in the upper right inset in
Figure 3a) is attributed to the oxidation of the excess of
photogenerated QH2 molecules. In fact, this anodic current is
also present during illumination and is responsible for the
voltage-dependent decay of the photocurrent shown in Figure
3b. At any time t, the measured total photocurrent iph

tot(t) equals
the sum of the cathodic and the anodic currents icat(t) and
ian(t). The curves in Figure 3a reveal that an equilibrium
situation is reached after about 100 s of illumination; at this
equilibrium, which depends on the bias voltage, we can assume
a concentration of QH2 in the electrode’s vicinity [QH2](Ubias,
tOFF
− ), which is responsible for the anodic current ian(tOFF

− ),
where tOFF

− is the left-hand limit of the time tOFF when the light
is switched off. Similarly, (tOFF

+ ) is defined as the right-hand
limit of tOFF. At t = tOFF

+ , we can assume the same concentration
of QH2 at the surface, and thus ian(tOFF

− ) = ian(tOFF
+ ). In this way,

we can use ian(tOFF
+ ) to calculate the corrected voltage

dependence of icat(tOFF
− ); the result of this correction is

shown in Figure 3b by the open symbols.
The same analysis has been conducted for the electrodes in

which cyt-c was used as electron mediator in solution. Figure 3c
shows curves of photocurrent versus time recorded at different
bias potentials for the case of cyt-c. Compared to the response
of the system with AMF electron mediators, we observe very
slow off−on and on−off transitions, as well as a much smaller
decay during illumination (on decay). The time response will
be discussed in more detail below. Another difference with
respect to the experiments with AMF electron mediators is the
absence of any transient anodic current after switching off the
light (off decay). In order to discuss the voltage dependence of
the photocurrent, Figure 3b also shows ica(tOFF

− ) for the
experiments with cyt-c electron mediators.
For the experiments with AMF electron mediators, a

constant current icat(tOFF
− ) is observed over the explored bias

regime (red open symbols in Figure 3b). Provided that there is
enough overpotential with respect to the formal potential of the
AMF mediator, the electrode can efficiently reduce AMF

molecules, which can then provide the electrons to the RCs.
Since the formal potential of AMF is at +320 mV vs Ag/AgCl,
the biasing of the electrode at potentials below +200 mV vs Ag/
AgCl results in a charge transfer already limited by diffusion,41

which explains why the photocurrent is voltage independent in
this bias regime.
In the case of cyt-c mediators, the saturation photocurrent

only appears at electrode potentials more negative than the
reduction potential of cyt-c, which is about +30 mV vs Ag/
AgCl (see Supporting Information). The solid lines in Figure
3b are fits to icat(tOFF

− ) using a current−voltage dependence
corresponding to the case of mass transfer limitation by
diffusion (details are provided in the Supporting Information),
showing a good agreement between experiments and theory.
In order to gain a deeper insight into the mechanism of

photocurrent generation, we have investigated the dynamics of
the photocurrent. Figure 4b shows the decay of photocurrent
during illumination (on decay) in the different bias regimes
(−50 mV black curve, +170 mV green curve) as well as the
current transition at +170 mV bias (blue curve) after switching
off the light (off decay) for the case of AMF mediators in the
solution. In the negative bias regime, the on decay can be
modeled based on the following considerations: at this negative
bias, we can assume that all AMF molecules in the vicinity of
the electrode are in the reduced form right before the
illumination, i.e., at tON

− . At tON
+ , the fast electron transfer

between RCs and AMF molecules results in a high
concentration of oxidized AMF molecules close to the
electrode CAMFox* (tON

+ ). The oxidized AMF can be reduced at
the electrode, resulting in the observed photocurrent icat(t). In a
first approximation, icat(t) is proportional to the time-depend-
ent concentration of oxidized AMF CAMF

ox
*(t). Considering

first-order kinetics, the time dependence of CAMF
ox
*(t) can be

calculated from

*
= − * + *C t

t
pC t kC t

d ( )
d

( ) ( )AMF
AMF AMF

ox
ox red (1)

where the first term describes the reduction process at the
electrode (governed by the mass transfer rate constant p) and
the second term represents the regeneration of oxidized AMF
by the RCs (governed by the rate constant k). The analytical
solution of this rate equation (a detailed derivation is provided
in the Supporting Information) yields the following time
dependence of the photocurrent

= + · − +
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥i t a b p

k
p

t( ) exp 1cat
(2)

The curve labeled “Fit 1” in Figure 4b represents the fit
(using eq 2) of the on decay recorded at a bias of −50 mV vs
Ag/AgCl, showing a very good agreement for t > 1 s.
At +170 mV vs Ag/AgCl, the on decay exhibits a time

dependence characteristic of a diffusion-limited process.41 As
explained above, the photocurrent decay in this bias regime
(green curve) is dominated by the oxidation of the QH2
molecules at the electrode. After the light is switched off, the
decay of the anodic current (off decay, blue curve) has the same
origin and exhibits the same time dependence, if we consider
the absolute value. This oxidation process can be adequately
described by the diffusion-limited current represented by the
Cottrell equation, in which i(t) ∝ 1/√t (see curve “Fit 2” in
Figure 4a).
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In Figure 4c we show the off−on and on−off transitions of
the current for the case of cyt-c electron mediators. As
representative examples, the experimental curves recorded at
−50 mV (red curves) and +50 mV (gray curves) and their
corresponding fits are shown. The observed time dependence
of these current transitions can be explained assuming that the
charge exchange between cyt-c and the RCs is characterized by
a kinetics much slower than the one offered by AMF (see
Supporting Information). In this case, the second term on the
right-hand side of eq 1 can be neglected. Additionally, this
condition also implies that right after the illumination starts (at
t = tON

+ ), the concentration of oxidized cyt-c molecules is
negligible, Ccyt−c* (tON

+ ). = 0. With these boundary conditions, the
solution of eq 1 for the off−on transition is given by i(t) = i(t =
∞)[1 − exp(−p·t)]. The on−off transition can be modeled in
the same way with the concentration of cyt-c Ccyt−c* (tOFF

+ )
having a certain value different from zero and depending on the
bias voltage. As a result, the on−off transition can be described
by i(t) = i(t = tOFF

+ ) exp(−p·t). More details are provided in the
Supporting Information.
Stability Assessment. Finally, we have also investigated

the stability of photocurrent generation. Figure 5a shows the
results of a long-time photocurrent experiment (over 15 h) for
the three different types of devices reported in this study. The
value of the saturation current is plotted over time in Figure 5b.
The system consisting of the RCs on the ML using cyt-c as the
electron mediator exhibits a quite stable but also comparatively
small photocurrent. In the case of RCs on the ML but with
AMF as electron mediator, the initial photocurrent is high, but
after 15 h of operation the photocurrent has decreased to
around 30% of its initial value. This value is comparable with
the decrease observed from den Hollander et al. after 13 h of
operation.9 The performance of RCs-based biophotovoltaic
electrodes in terms of photocurrent density over long
operational time is not presented in most of the relevant

literature where the photocurrent measurements are limited to
the scale of seconds. For the experiment with the RCs confined
in the polymer brushes and using AMF electron mediators, the
very high initial photocurrent also exhibits the fastest
degradation with time. Although the polymer brushes seem
to offer an advantage in terms of the number of RCs which can
be loaded on the electrode, our experiments suggest that they
exhibit an inferior stability compared to the system modified
with 6-phosphonohexanoic acid.
In the inset of Figure 5a, we compare an off/on/off cycle

recorded after 1 h of operation (black solid curve) with a cycle
recorded after 15 h of operation (red dashed curve). The curves
are normalized to facilitate the comparison. As is clear from the
good overlap of the two curves, both for the case of polymers
modified electrode (left side) and for the monolayer (right
side), the on decay remains unchanged. The dynamics of the
photocurrent generation mechanism seems to be the same over
the 15 h of operation, even though the absolute current
decreases. Considering that the concentration of electron
mediators in solution is not significantly modified during the
course of the experiment (see Supporting Information), we can
thus attribute the decrease of absolute photocurrent over time
to the degeneration or desorption of active RCs from the
electrode. The reason the rate of degradation is different for the
different samples (as shown in Figure 5b) is a complex issue. It
can be related to a degradation of the polymeric brush itself or
to the stability of the interaction between the RCs and the
functional groups on the polymer rather than on the
monolayer.

■ CONCLUSION

We reported on the realization of a biophotovoltaic hybrid
system consisting of RCs from purple bacteria immobilized on
different functional nanocrystalline conductive diamond elec-

Figure 5. (a) Long-term measurements showing the response of the three different diamond electrodes with physisorbed RC. All measurements are
performed in 10 mM PBS buffer with 100 μM Q0 and the presence of an additional mediator. The green curve represents the sample modified with
ML and cytochrome c in solution, the black curve corresponds to the combination of ML and AMF in solution, and red represents the polymeric
brush-modified electrode with AMF in solution. The IR-LED was switched on and off every 400 s continuously for more than 15 h. The inset shows
the comparison of an off/on/off cycle recorded after 1 h (black solid curves) of operation and after 15 h (dashed red curves) for the sample modified
with a polymer (left side) and one modified with the ML of 6-phosphonohexanoic acid (right side) normalized by a suitable factor to overlap the two
curves. (b) Saturation current density as a function of time for the three different electrodes.
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trodes. Using the functionalized diamond electrodes and the
photoreactive RCs as building blocks for a simple biosolar cell,
our work demonstrates a route to increase the loading of
photoreactive units by tailoring the electrode surface with
polymer brushes, yielding an enhancement of the photocurrent.
This has been possible through the employment of diamond:
this material, used here for the first time in RCs based
biohybrid systems, is a versatile platform for different
functionalization methods thanks to the well-known carbon
chemistry. In addition, based on an electrochemical study of the
charge transfer between different redox species and their role in
the production of photocurrent, we report on the use of a novel
electron mediator, aminomethyl ferrocene, leading to an
enhanced photocurrent stable over many hours of operation.
Finally, with the help of the equations used to fit the
experimental data, we clarify the mechanisms involved in the
different phases of the photocurrent generation for several
electrode designs. This model can be used as a proof of concept
to describe more complex or different systems based on RCs
integrated on an electrode.
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