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ABSTRACT: Developing a solid state Photosystem I (PSI) modified electrode is attractive for
photoelectrochemical applications because of the quantum yield of PSI, which approaches unity in
the visible spectrum. Electrodes are constructed using a Nafion film to encapsulate PSI as well as
the hole-scavenging redox mediator Os(bpy),Cl,. The photoactive electrodes generate photo-
currents of 4 yA/cm® when illuminated with 1.4 mW/cm?® of 676 nm band-pass filtered light.
Methyl viologen (MV?*) is present in the electrolyte to scavenge photoelectrons from PSI in the
Nafion film and transport charges to the counter electrode. Because MV?* is positively charged in
both reduced and oxidized states, it is able to diffuse through the cation permeable channels of
Nafion. Photocurrent is produced when the working electrode is set to voltages negative of the
Os**/0s** redox potential. Charge transfer through the Nafion film and photohole scavenging at

the PSI luminal surface by Os(bpy),Cl, depends on the reduction of Os redox centers to Os* via hole scavenging from PSL The
optimal film densities of Nafion (10 pug/cm® Nafion) and PSI (100 ug/cm?® PSI) are determined to provide the highest
photocurrents. These optimal film densities force films to be thin to allow the majority of PSI to have productive electrical

contact with the backing electrode.

B INTRODUCTION

Designing systems to incorporate electroactive biomolecules ex
situ has been an active area of research for several decades.”” A
wide variety of proteins and enzymes incorporated within
polymer matrices have been successfully cast onto electrode
surfaces in high surface concentrations for electrochemical
purposes, such as in sensors and fuel cell applications.*  Initial
research into the activity of isolated cytochromes deposited on
electrodes in polymer films demonstrated that proteins could
be directly accessed electrochemically while simultaneously
protected from dissolution and denaturation.'’ Biosensors
functionalized with polymer-encapsulated enzymes, especially
glucose oxidase, have been used to monitor biochemistry on
electrode surfaces and have contributed to the understanding of
various biochemical mechanisms."' "> The stability and high
activity of polymer-bound electrochemical macromolecules
allows them to be employed commercially as cost-effective
biosensors, such as in blood-sugar monitors for diabetic
patients.'* Recently, advancements in bioelectronics have
incorporated redox molecules and other electron transfer
additives, such as carbon nanotubes, to further enhance the
signal output pushing detection limits below 5 X 1078 M.

Similarly, the goal for biomimetic solar devices is to increase
electron transfer rates between isolated, light-harvesting
complexes, and electrode surfaces. Recently, photosynthetic
reaction centers, such as photosystem I (PSI), photosystem II
(PSII), and others, have been incorporated onto electrode
surfaces to harvest solar energy for either photovoltaic or solar
fuel (H, evolution) purposes.'*~>” These photoactive proteins
have been primarily activated electrochemically either by
attachment to functionalized surfaces or encapsulation into
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redox-polymer matrices. Just as in previously developed
biosensing electrodes, the surface protein concentration can
be increased beyond the monolayer coverage of functionalized
surfaces by using conductive polymers to retain photoactive
proteins in a 3D matrix, thereby increasing the amount of light
that can be absorbed.

This study characterizes the embedding of cyanobacterial
PS], isolated from Thermosynechococcus elongatus (T. elongatus),
in the ionomer Nafion by measuring the photoelectrochemical
properties of electrodes. PSI is attractive for use in biomimetic
solar devices because upon photon absorption, it produces a
long-lived photoelectron that is spatially separated from its
corresponding photohole by 7 nm, resulting in low back-
transfer rates and an internal quantum yield near unity.***’ PSI
has also shown an ability to remain stable over long time scales
when employed in solar harvesting devices, with reports of
retaining its activity months after device construction.’”>!
Nafion has long been incorporated in biosensors to house
enzymes and proteins because it has a high retention for
uncharged and negatively charged sgecies, which prevents
significant leaking of signal molecules.**~>® Conversely, Nafion
permits transport of positively charged species allowing for
electrochemical connectivity if the mediator in the electrolyte is
positively charged, such as a viologen species. In addition to
these characteristics, Nafion does not absorb visible wave-
lengths of light. These properties make Nafion a widely used
polymer matrix that can be employed to house photosynthetic
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Figure 1. Scheme depicting operation of PSI-based Nafion-Os(bpy),Cl, photoelectrochemical electrode. Photoelectrons (e”) are extracted by MV**
ions, which are turned over at the counter electrode (CE). Photoholes (h*) are scavenged by and transferred to the back electrode (Au) by

Os(bpy),Cl, molecules (red clovers).

protein comgplexes, such as PSI, for energy conversion
1
applications.

B EXPERIMENTAL SECTION

Electrode substrates were fabricated with indium-doped tin oxide glass
slides (159, Delta Technologies) coated with 300 nm Au by e-beam
evaporation. An aqueous mixture of Nafion, Os(bpy),Cl,, and PSI was
drop-cast onto the Au surface and dried in air, resulting in a film ~3
um thick. Once dry, both Os(bpy),Cl, and PSI were trapped in the
polymer as a result of charge and size limitations. The surface
concentration of Os(bpy),Cl, in the dried film was held constant at 2
nmol/cm?, and the PSI surface density was 100 ug/cm? PSI unless
otherwise stated. The aqueous electrolyte of 0.1 M MgCl,, which
contained 250 uM methyl viologen dichloride (MV?**) as a redox
mediator, was used to rehydrate the Nafion/PSI/Os(bpy),Cl, film.
MV?* acts to harvest photoelectrons from PSI at its stromal surface.
MV?* is then theoretically oxidized at the counter electrode to act as a
photovoltaic cell, though more likely is oxidized by dissolved oxygen in
the electrolyte solution, as has been previously reported.*>*” After the
film was hydrated, the Nafion became a porous structure as a result of
the charged sulfonate groups alignin§ with each other away from the
hydrophobic fluorinated backbone.®® These surface-charged pores
allow cations, such as the MV?** mediator, to move through the film
while limiting the diffusion of anionic and uncharged species [PS],
Os(bpy),CL]. Dissolution of PSI is also limited due to steric
hindrances imposed by the Nafion matrix.

Samples were illuminated with 1.4 mW/cm® 676 nm bandpass
filtered light. This wavelength targeted the red absorbance peak of
chlorophyll within PSI. The system used a three-electrode
configuration with an applied potential of —150 mV vs Ag/AgCl
This potential was applied for 5 min as a stabilization step to minimize
unwanted transient dark currents. Measurements were made with a
Gamry Reference 600 potentiostat. All photoelectrochemical experi-
ments were performed under air.

B RESULTS/DISCUSSION

Os(bpy),Cl, was dispersed in the film to act as a hole transport
species through the polymer.****° After chlorophyll in PSI
absorbed a photon, the energy was efficiently transferred to the

reaction center (P,,) where an electron-hole pair was created.
In nature, the photogenerated hole is scavenged by the charge
transfer protein cytochrome cg (for T. elongatus).*® In this
study, Os(bpy),Cl, acted as a surrogate for cytochrome ¢4 by
donating an electron to the P, site and also conducted charges
between PSI and the electrode surface via a hopping
mechanism with other Os(bpy),Cl, molecules in the film. A
hopping mechanism for charge transfer is needed because of
diffusion being slowed by the Nafion on the uncharged
Os(bpy),CL.*>® MV*" acted to mediate the transfer of electrons,
most probably from the [4Fe—4S] center Fy of PSI to the
counter electrode or dissolved O,, creating an electron transfer
pathway by which light provided the driving force, and the
redox mediators shuttled charges from PSI to electrodes as
depicted in Figure 1.

Photocurrent arose after the electrodes were illuminated and
reached a steady current level within 15 s, seen in Figure 2 with
the dark currents subtracted for clarity. When the light was
turned off, the current in the system returned to background
levels within 2 min. These slow rise and decay times were likely
caused by the limited diffusional transport of mediators through
the Nafion matrix.

The ability of the system to generate photocurrent was tested
with various controls to confirm that current was arising solely
from PSI. Without Os(bpy),Cl, in the polymer film, there was
no photocurrent observed, proving that some charge mediator
is needed to extract photoholes from PS], as has been suggested
in previous studies.”>*' The need for a surrogate hole-
scavenging redox mediator has been shown to be unnecessary
if PSI is isolated from plant or algal sources because P,
reduction is performed by a different charge transfer protein
(cytochrome ¢4 or plastocyanin) and because of differences in
the lumenal surface of the PsaF subunit near the binding site of
the soluble charge transfer protein.””*"** Without PSI, the
Nafion/Os(bpy),Cl, film also showed no activity in the MV**
electrolyte, demonstrating that Os(bpy),Cl, is not photoactive
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Figure 2. Photocurrent of Nafion/PSI/Os(bpy),Cl, electrode (a), the
controls of no Os(bpy),Cl, (b), no PSI (c), and no MV?** in solution
(d). Incident light was 1.4 mW/cm? bandpass filtered light (676 nm),
and the applied potential was —0.15 V vs Ag/AgClL

under 676 nm light. When the Nafion/PSI/Os(bpy),Cl, film
was illuminated in an electrolyte solution devoid of MV?, a
small current was observed that was <20% that of the fully
assembled system, represented by trace d in Figure 2. Without
MV?* to extract photoelectrons the Os®* redox centers, present
in the film after scavenging photoholes, may be able to accept
excited electrons from PSI. The slow rise time to achieve
maximum current levels makes this hypothesis difficult to test,
although efforts are currently underway. Photoaction spectra
were compared with PSI’s absorbance spectrum used to
confirm that PSI was the sole source of photocurrent (data
shown in Figure S1 of the Supporting Information). In
addition, no difference in photocurrent was observed when
the system was purged with N,, indicating the current does not
occur by the formation of superoxide (results not shown).

The use of redox mediators to regulate electron transport in
the system required investigation of the proper potentials to
apply at the working electrode. Current—voltage (I-V) curves
shown in Figure 3 demonstrate that no photocurrent was
observed in the oxidative region positive of 25 mV vs Ag/AgCl.
After this onset potential, the cathodic photocurrent was seen
to grow as further reducing potentials were applied until a
saturation photocurrent was attained at approximately —100
mV vs Ag/AgCl. Application of further reducing potentials
resulted in no increase of photocurrent, indicating that access to
Os(bpy),Cl, in the 2* state was no longer limiting. The onset
of 25 mV vs Ag/AgCl corresponded to the redox potential of
0s*/0s*" in Os(bpy),Cl, as determined by cyclic voltammetry
(CV). This corroborates the suggested mechanism described
above in which hole transport occurs by Os(bpy),Cl, redox
molecules scavenging photoholes from excited P,y* reaction
centers and transferring them to the electrode surface. This
process should not be viable until the working electrode is at a
sufficiently reducing potential, that is, the reduction potential of
0s**/0s™.

The reduction potential of Os(bpy),Cl, was measured to be
0 V vs Ag/AgCl, and MV** was determined to be —0.7 V vs
Ag/AgCl, both measured by CV. These values have appropriate
band-matching with the corresponding potentials of the
photohole (—0.3 V vs Ag/AgCl) and photoelectron (—=0.7 V

Applied Potential (V vs Ag/AgClI)

Figure 3. Photocurrent response versus the applied potential of
Nafion/Os(bpy),Cl,/PSI films (a), control experiments without MV>*
present in the electrolyte (b), and Os(bpy),Cl, absent from the Nafion
film (c).

vs Ag/AgCl) to direct charges in the desired cathodic
direction.”** As mentioned previously, the benefit to using
MV?* as the electron scavenger is that the reduced species
(MV**) is still positively charged. It is therefore able to diffuse
through the Nafion film and oxidize at the counter electrode.
When oxidized by PSI, the Os center of Os(bpy),Cl, changes
from an oxidation state of Os** to Os**, and the mediator
becomes positively charged. The Os* state will last only until it
transfers charges to other Os centers or reaches the backing
electrode, which is held at a reducing potential primarily to
keep the Os population in an Os*" state unless reacting with
PSL It should be noted that some Os(bpy),Cl, could possibly
diffuse out of the film over time when in its positively charged
state.

Interestingly, Figure 3b shows photocurrent without MV** in
solution to scavenge photoelectrons, which supports results
observed in Figure 2d. Although the amount of current passed
through the system was again significantly less without MV>*
than with MV?*, the presence of any photocurrent implies that
electrons are still scavenged from PSI by another species in the
system. As described above, the spatial and electrochemical
confines within Nafion may allow the oxidized form of
Os(bpy),Cl, to accept photoelectrons from the stromal side
of PSI after scavenging a photohole from the luminal P, site.

Because diffusion of MV** was the primary pathway for
electron movement within the cell, the density of Nafion was
extremely important for performance of the system and needed
to be characterized. Photocurrent, after S min of hydration in
the electrolyte solution, was measured at various Nafion
concentrations (Figure 4). Photocurrent was seen to be
negligible for Nafion surface concentrations of 100 pug/ cm?
and larger. Current peaked at 10 /,tg/cm2 Nafion and was
effectively zero without Nafion present on the electrode surface.
In the experiments without Nafion, there was no binder to hold
PSI or Os(bpy),Cl, to the electrode surface, and the drop-cast
films were observed to simply dissolve, resulting in no current
when exposed to light after the 5 min of equilibration time in
the solution prior to testing. As the polymer became denser, the
ability of redox mediators to transport through the film
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Figure 4. Photocurrent response as a function of Nafion
concentration. Films were constructed with a PSI concentration of
100 pg/cm* PSL Applied potential was —0.15 V vs Ag/AgCL Error
bars are 95% confidence intervals, n = 4.

therefore appeared to become limited, thereby generating less
photocurrent. The use of any polymer to contain PSI will likely
experience concentration-dependent effects.

The concentration of PSI in the Nafion film was also
examined to determine how the addition of more light-
absorbing species could affect the performance of the film.
Figure S illustrates how photocurrent responded to increasing
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Figure S. Photocurrent and electron turnover rate of the Nafion/
Os(bpy),CL,/PSI electrodes at various PSI concentrations. Applied
potential was —0.15 V vs Ag/AgCl and was under 1.4 mW/cm? of 676
nm bandpass filtered light. Error bars are 95% confidence intervals, n =
4.

PSI concentration. Initially, the overall photocurrent increased
with PSI concentration, but a maximum was found around at
~100 pg/cm® PSI (~400 ug/cm® chlorophyll). Higher
concentrations of PSI caused a reduction in overall cell current.
The peak in photocurrent was expected due to the geometry of
the cell. Because of frontside illumination, PSI complexes at the
surface absorb incident light before PSI closer to the electrode
surface. Photoholes generated by these initial light absorbers

have many more hopping steps to reach the backing electrode,
increasing the likelihood that they could be lost due to
cumulative hopping efficiencies, resulting in a reduction of
photocurrent. By converting photocurrents into electron
turnover rates (MW = 356 000 g/mol, 1/3 of the PSI trimer
complex™), it is evident that with additional PSI added to the
Nafion film, each individual PSI contributed fewer electrons.
The turnover rates for PSI, even at low concentrations, were
approximately an order of magnitude slower than in other
polymer systems>>** and much slower than electrodes in which
PSI is bound to functionalized surfaces.*' The theoretical rate is
dependent on the lifetime of the charge separated state in PSI,
which is typically on millisecond time scales.*> These time
scales indicate that the turnover rate in the Nafion system still
has massive room for improvement. The speed is likely limited
by the interactions with redox mediators and the connectivity
of each PSI complex. Efforts to understand and improve
mediator—PSI kinetics are currently underway.

B CONCLUSION

The use of Nafion as a scaffold to encapsulate PSI was shown to
be an effective means of electrode construction that allowed for
PSI to be both electrochemically active and stable. PSI was
accessed electrochemically using the redox mediator Os-
(bpy),Cl, as the photohole scavenger and MV*" as the
photoelectron scavenger. Characterization of the film showed
that photocurrent is obtained when the applied potential is
negative of the 0s**/0s*" reduction potential (0 mV vs Ag/
AgCl), which drives charge migration in the polymer film. The
surface density of Nafion was found to have a trade-off behavior
because lower concentrations provided high diffusivity for
redox mediators, although higher density films are needed to
prevent dissolution. A surface density of 10 ug/cm’ Nafion
provided peak photocurrents of —4 uA/cm® The PSI
optimization process also found that excess protein inhibits
light-activated charge separation and charge transfer. In the
current study, the concentration of PSI that generated peak
photocurrent was determined to be 100 pg/cm” PSI. Therefore,
when constructing photoactive films of PSI in Nafion, many
factors must be addressed, including selection of mediators and
the loading density of both polymer and photoactive protein.
The use of Nafion as a support matrix for PSI electrodes has
here been shown to be a simple and useful platform from which
future studies of solid state PSI electrodes can be investigated.

B ASSOCIATED CONTENT
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Photoaction spectra and absorbance spectra for electrodes with
and without PSI. This material is available free of charge via the
Internet at http://pubs.acs.org.
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