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t has long been recognized that the

natural photovoltaic properties of photo-

synthetic reaction center (RC) pigment-
proteins can be investigated and utilized
invitro.! > As well as providing a novel means
of generating photocurrents* 8 and oxidiz-
ing or reducing potentials that can be used
for photocatalysis,” such proteins have
properties that could be exploited for the
construction of photosensors, biosensors,
and elements in logic circuits.'® ' An ad-
vantage of working with natural macro-
molecules is that the protein assembly
machinery of a living cell can be used to
construct a very complex, nanoscale photo-
voltaic material, with the tools of genetic
engineering and structural biology enabling
modification of that material with a sub-
nanometer precision. In addition the funda-
mental charge separation process in natural
photoreaction centers is extremely efficient
in terms of quantum yield,'” as are the light-
harvesting processes that feed the RC with
excitation energy.'®

Studies of how RCs interface with electro-
des have focused mainly on the resulting
short-circuit photocurrent density (Usc), ¥ 8
with very little attention paid to the asso-
ciated open-circuit voltage (Voc). As the
efficiency of any solar cell is strongly depen-
dent on both parameters, an understanding
the origin of the Vo is of great importance
in improving overall performance. Theory
and experiment have shown that the V¢ of
dye-sensitized solar cells is defined by the
energy difference between the conduction
band of the nanostructured metal oxide film
and the redox potential of the electro-
lyte."®?° In recent years considerable efforts
have been put into enhancing the Voc
of prototype dye-sensitized solar cells,'®*°
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ABSTRACT The innately highly efficient
light-powered separation of charge that

electrolyte 5, =

underpins natural photosynthesis can be

exploited for applications in photoelectro- o
chemistry by coupling nanoscale protein

photoreaction centers to man-made electrodes. Planar photoelectrochemical cells employing
purple bacterial reaction centers have been constructed that produce a direct current under
continuous illumination and an alternating current in response to discontinuous illumination.
The present work explored the basis of the open-circuit voltage (Voc) produced by such cells
with reaction center/antenna (RC-LH1) proteins as the photovoltaic component. It was
established that an up to ~30-fold increase in Vy could be achieved by simple manipulation
of the electrolyte connecting the protein to the counter electrode, with an approximately
linear relationship being observed between the vacuum potential of the electrolyte and the
resulting Voc. We conclude that the Voc of such a cell is dependent on the potential difference
between the electrolyte and the photo-oxidized bacteriochlorophylls in the reaction center.
The steady-state short-circuit current (Js¢) obtained under continuous illumination also varied
with different electrolytes by a factor of ~6-fold. The findings demonstrate a simple way to
boost the voltage output of such protein-based cells into the hundreds of millivolts range
typical of dye-sensitized and polymer-blend solar cells, while maintaining or improving the Js.
Possible strategies for further increasing the Vy of such protein-based photoelectrochemical
cells through protein engineering are discussed.

KEYWORDS: photovoltaic - photoelectrochemical cell -
enhanced photovoltage - reaction center - electrolyte

a major challenge being to increase the V¢
in a way that does not adversely affect the

Jsc and overall efficiency.'®%°
* Address correspondence to

Recently we described the construction
of photoelectrochemical cells incorporating
purple bacterial photosynthetic complexes
that produce a conventional direct current
(dc) during continuous illumination, and a
novel alternating current (ac) in response
to discontinuous illumination.?' Cells were
constructed using either RCs or RC-LH1
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Figure 1. Composition and mechanism of protein photoelectrochemical cell. (A) Output of the RC-LH1 cell is accounted for by
photo-oxidized protein complexes being reduced by the transparent FTO-glass anode, with the electrolyte carrying electrons
to the Pt cathode. The RC is shown as a solid object in black and white, encircled by an LH1 light-harvesting complex made up
of protein (magenta and cyan ribbons) and bacteriochlorophylls (spheres alternating red and orange). (B) Atomic structure of
the RC cofactors and mechanism of charge separation. On photoexcitation of a pair of bacteriochlorophylls (P, yellow
carbons), an electron is transferred through the protein interior via a bacteriochlorophyll (B, green carbons), bacteriopheo-
phytin (H, pink carbons), and quinone (Q,, cyan carbons) to the Qg quinone, creating a charge-separated state P"Qg .
(C) Vacuum potentials of key components. The V¢ is predicted to be determined by the difference in potential between the
P/P* couple of the RC (black dashed lines) and the electrolyte (blue dashed lines for fresh TMPD, red dashed lines for aged
TMPD). Potentials of the FTO-glass and Pt electrodes are also shown.

proteins, the latter being larger complexes in which the
RC is surrounded by a cylinder of LH1 antenna pig-
ment-protein.?2~2* In both cases the redox mediator
N,N,N' N -tetramethyl-p-phenylenediamine (TMPD) was
used to shuttle electrons from proteins adhered to a
conducting fluorine-doped tin oxide (FTO) glass front
electrode to a Pt-coated rear electrode, as shown in the
schematic of an RC-LH1/TMPD cell in Figure 1A. The
process of charge separation within the RC between a
pair of bacteriochlorophylls (P) at one end of the
protein (P-side) and an acceptor ubiquinone (Qg) at
the other end (Q-side) is also shown (Figure 1B), to-
gether with the vacuum potentials of key components
in the cell (Figure 1C). The mechanism depicted in
Figure 1, in which the photo-oxidized bacteriochlo-
rophyll pair (P") is reduced by the FTO electrode
(Figure 1A, green arrow) with electrons delivered to
the Pt counter electrode by the TMPD electrolyte
(Figure 1A, orange arrows), is in accord with the
vacuum potentials of these components (Figure 1C).
Under continuous illumination, RC-LH1/TMPD cells
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exposed to continuous illumination produced a Jsc
that stabilized at approximately 150 nA cm ™2 after
205, RC/TMPD cells producing a similar ~100 nAcm 2
output.’ Remarkably, when either type of cell was
exposed to discontinuous illumination, the external
current was found to reverse direction on switch-
ing the light from on to off, and this behavior was
attributed to a bottleneck in the pathway of electron
flow within the cell that resulted in over-reduction of
the cofactors of the RC “compartment” and an over-
oxidation of the electrolyte (TMPD) “compartment”,
the reverse current being driven by dissipation of this
potential difference.?'

The present work focuses not on the current output
of such cells, but rather on the associated V. In
principle, the Voc of a cell of the type shown in Figure 1
should depend on the difference in potential between
the photo-oxidized primary electron donor, at around
—4.94 eV,*®> and the TMPD electrolyte at —4.73 eV?°
(Figure 1C). These are the components that either
receive electrons from the FTO anode or donate
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Figure 2. (A) Time dependence of the V¢ produced by RC-
LH1 cells with fresh or photoaged TMPD under continuous
illumination. (B) Time dependence of the V¢ produced by
RC-LH1 cells with fresh or photoaged PMS under continu-
ous illumination. Arrows indicate the onset of illumination
for each trace.

TABLE 1. Characteristics of Protein Photoelectrochemical
Cells during Continuous Illumination

mediator electrons
Voc  potential Jsc produced

elitype  (mV) (V)  (nAcm ) (hmol min )" 7 (%)’

RC-LH1/TMPD 7 —473 150 0.093 1.05 x 107°
RC-LH1/TMPD(aged) 60 —4.67 230 0.131 138 x 107
RC-LH1/PMS 80 —4.51 900 0.560 7.20 x 107
RCG-LH1/PMS(aged) 205 —4.34/—447 750 0.473 154 x 1073

? Calculated according to Bora et al.?®, ® Calculated from the product of Voc and Js,
divided by the incident light intensity.

electrons to the Pt cathode, and the difference in their
midpoint redox potentials gives a theoretical Vo of
~0.21 V (gap between black and blue dotted lines in
Figure 1C). However in our previous report the mea-
sured Vo was only 0.007 V for RC-LH1/TMPD cells,?’
raising the question of what actually defines the Vc. In
the following we examine whether this Voc can be
increased through manipulation of a known parameter
such as the vacuum potential of the electrolyte.

RESULTS

Figure 2A (blue) shows data for a RC-LH1/TMPD cell
of the type described above, producing a steady Vo of
~7 mV under continuous illumination. Typical values
for Voc and Jsc produced by cells of this type are
collated in Table 1. Strong illumination of TMPD for
a prolonged period is known to induce a chemical

TAN ET AL.

154 Freshly-prepared
—— Light 150 mins ~20 mV
10+
2 ~5mV
= 54
€
o
s o
(&)
-5
R, R,
A0 +——120V . . :
-0.2 00 02 04 06 0.8
Voltage (V vs SCE)

Figure 3. Cyclic voltammogram for TMPD before and after
exposure to light at 90 mW cm 2 for 150 min. The midpoint
potentials of the first and second pair of redox couples
before exposing TMPD to light were 0.045 and 0.405 V (vs
SCE). After 150 min of illumination these potentials shifted
to —0.015 and 0.371 V, respectively.

change that alters its reduction potentials, giving an
opportunity to test the origins of the V¢ produced by
this type of cell. Figure 3 shows a cyclic voltammogram
for a freshly prepared solution of TMPD (blue) and
the same solution after exposure to white light at an
intensity of 90 mW cm 2 for 150 min (red); this
illumination was 9-fold more intense than that used
for measurements of photocurrents and photovol-
tages. After 150 min of illumination the four peaks
corresponding to the oxidation and reduction poten-
tials of the first and second redox pair had all shifted
toward more negative potentials, irradiation chang-
ing the midpoint potential for the first redox pair by
~60 mV to —0.015 V (vs SCE). This is the pair relevant to
operation of the cell, its redox potential corresponding
to a vacuum potential of —4.67 eV.

According to the reasoning presented above, a shift
of vacuum potential from —4.73 eV for freshly prepared
TMPD/TMPD™ to —4.67 eV for “photo-aged” electrolyte
should result in an increase in the theoretical Voc from
0.21 to 0.27 V (Figure 1C, red). Accordingly, a RC-LH1
cell was constructed containing TMPD that had been
pre-exposed to 150 min of strong illumination. This cell
produced a steady-state Voc of ~60 mV (Figure 2A,
red), some 53 mV higher than typically observed for an
equivalent cell constructed from freshly prepared
TMPD (Figure 2A, blue) and largely matching the
predicted change in Voc of ~60 mV. This provided
good indications that the V¢ of these protein-based
photoelectrochemical cells is indeed dependent on
the redox potential of the electrolyte. In addition to
this marked increase in steady-state Voc, RC-LH1 cells
prepared with photoaged TMPD showed a much
slower buildup of Voc than cells prepared with fresh
TMPD (Figure 2A, red compared with blue).

Examination of the current density under short-
circuit conditions showed that RC-LH1 cells containing
photoaged TMPD typically produced a steady Jsc of
approximately 230 nA cm~2, some 80 nA cm 2 greater
than was typically observed in cells containing freshly
prepared TMPD (Figure 4A, red and blue, respectively),
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Figure 4. (A) Time dependence of the Jsc produced by RC-
LH1 cells with fresh or photoaged TMPD under continuous
illumination. (B) Time dependence of the Jsc from RC-LH1
cells with fresh or photoaged PMS under continuous
illumination.

with a strong attenuation of the initial (~0.9 4A cm™)
spike of current flow after turning on the light. Taken
together, these changes in time-dependence and am-
plitude of Voc and Jsc indicated differences in the
kinetics of interaction of fresh and photoaged TMPD
with the RC-LH1 protein and the Pt counter electrode.

RC-LH1 cells were also constructed using phenazine
methosulfate (PMS) in place of TMPD. Cyclic voltam-
metry established that, when freshly prepared, PMS
had a midpoint potential of —177 mV (vs SCE), in good
agreement with literature values.?” This is equivalent to
—4.51 eV in the vacuum level, which in principle could
lead to a larger Vo (0.43 V) than cells containing either
fresh TMPD or photoaged TMPD. The steady-state
Voc of RC-LH1/PMS cells (Figure 2B, blue) was typically
~80 mV under the same illumination conditions as
applied to the RC-LH1/TMPD cells, once again support-
ing the idea that the redox potential difference be-
tween the electrolyte and primary electron donor in
the RC was a major determinant of the V¢ of the cell.
The Jsc of a typical RC-LH1/PMS cell was approximately
900 nA cm 2 (Figure 4B, blue), almost six times larger
than that of an equivalent TMPD-containing cell; as
shown in Table 1 this current density equated to
0.56 nmol of electrons produced during a steady state
of 1 min through photoactivation of the RC-LH1 com-
plexes based on the calculation method described by
Bora et al.*®

PMS, the methyl sulfate salt of 5-methylphe-
nazinium (MPH),°>~3' has not previously been used
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Figure 5. (A) Cyclic voltammetry of PMS before and during
the first 37 min of exposure to light at 90 mW cm 2. Peaks
corresponding to PMS (O, and R,) decreased, with two new
peaks attributable to pyocyanine (O, and R;) appearing
after ~17 min (midpoint potential of ca. —0.34 V (vs SCE)).
(B) Voltammograms before and after 150 min of illumina-
tion. The oxidation and reduction peaks of pyocyanine and
MPH increased in amplitude over the remaining period.

as an electrolyte for a protein photoelectrochemical
cell because when exposed to strong illumination, it
undergoes a photodegradation process to a mixture of
5-methylphenazine-1-one (pyocyanine) and MPH, the
proportions depending on precise conditions.?? 3! In
the present work, illumination of a solution of PMS with
white light at 90 W cm ™2 for a period of 150 min was
accompanied by extensive changes to the waveform
of its cyclic voltammogram (Figure 5). Peaks corre-
sponding to PMS (O, and R; in Figure 5A, blue)
decreased rapidly, with a new pair of peaks becoming
visible by around 37 min (O, and R; in Figure 5A,
green). The midpoint potential of this newly formed
redox couple was around —0.34 V (vs SCE), consistent
with new species being pyocyanine.?”?°3* The initial
and final voltammograms after 150 min illumination
are compared in Figure 5B; the differences in line shape
were consistent with photodecomposition of PMS
(—4.51 eV) into a mixture of pyocyanine (at —4.34 eV)?’
and MPH (at —4.47 eV).

Aliquots of this photodegraded PMS solution were
also used as the electrolyte in a RC-LH1 cell. The Jsc
observed, around 750 nA cm 2 (Figure 4B, red), was a
little lower than the ~900 nA cm 2 obtained from a RC-
LH1 cell containing fresh PMS (Figure 4B, blue). How-
ever the steady Voc of the cell constructed with
photodegraded PMS was 205 mV, more than twice
that obtained with cells made with freshly prepared
PMS (Figure 2B, red compared with blue). Again, this
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Figure 6. Normalized absorbance spectra of RC-LH1 com-
plexes in solution before (blue) and after (red) 1.5 h of
exposure to the same 90 mW cm 2 light source used to
photoage PMS and TMPD.

was in line with expectations that a mixture of pyocya-
nine and MPH should give a Voc that is higher (by
between 40 and 170 mV depending on relative amounts)
than the ~80 mV obtained with PMS.

It should be stressed that the photoaging of TMPD or
PMS described above was carried out before the
construction of a photoelectrochemical cell, and so
the effects of this illumination on the output of the cell
were a consequence of changes in the properties of
the electrolyte and not a change in the properties of
the RC-LH1 complex. Figure 6 shows that the absor-
bance spectrum of the RC-LH1 complex in Tris-HCI
buffer was essentially unchanged after exposure to
continuous illumination over a period of 90 min from
the 90 mW cm ™ light source used to photoage TMPD
or PMS. In this spectrum the major band at 875 nm is
attributed to the LH1 antenna, and the small bands at
800 and 760 nm are attributed to the RC. Degradation
of the complex would be expected to resultin a drop in
the intensity of these bands and the appearance of the
absorbance band of free bacteriochlorophyll at around
760 nm, but this was not seen.

As has been commented on previously,> the acqui-
sition of standard /—V curves for these protein-based
cells was problematic due to the transient nature of the
voltage and current outputs. Accordingly, an estimation
of the relative steady-state external power conversion
efficiency () of these cells was made by multiplying the
steady-state Jsc by the steady-state Voc and dividing by
the intensity of the light reaching the external surface
of the cell (ie, carrying out a version of the standard
calculation but without the fill factor that would be
estimated from a full I—V curve).®® The resulting overall
efficiencies of the four cells are listed in Table 1. Even
though the highest photocurrent was produced from the
cell with fresh PMS, the highest efficiency was achieved
by the cell with aged PMS due to the ~2.5-fold larger Voc.

DISCUSSION

The data outlined above demonstrate that it is
possible to bring about a ~30-fold increase in the

TAN ET AL.
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Figure 7. Relationship between vacuum potential of elec-
trolyte and the observed V. Two data points are included
for cells incorporating photoaged PMS, corresponding
to the reduction potentials of pyocyanine and MPH (see
Table 1).

Voc of a photoelectrochemical cell based on purple
bacterial RC-LH1 complexes by simple manipulation of
the electrolyte (Table 1). The Vo scaled approximately
linearly with the measured potential of the electrolyte
(Figure 7), supporting the idea that it is dependent on
the potential difference between the electrolyte and
the P/P* redox couple in the protein. The largest value
obtained, 205 mV for a cell in which the electrolyte was
photodegraded PMS, was very high for a protein-based
cell, being around a third of the open-circuit voltage
typical of dye-sensitized solar cells.'

The fact that the V¢ produced by RC-LH1 cells could
be increased so dramatically through such simple
manipulation of the electrolyte is very encouraging
and suggests that additional increases could be brought
about. One possibility would be to further lower the
redox potential of the electrolyte, but a limitation
is that use of electrolytes with significantly lower
potentials than that of the Qg ubiquinone could
impair electron transfer between the RC and the
counter electrode. However this restriction could be
overcome if the multistep electron transfer through
the RC could be tapped into at an earlier stage than the
terminal quinone acceptor at Qg (Figure 1b), such that
electrons leave the complex at a much more reducing
potential.

A second possibility is to alter the potential of the
P/P* redox couple through protein engineering, and
indeed it is known that site-directed mutagenesis of
just four amino acids can modulate this redox potential
over a range of almost 400 mV, with an RC having been
reported in which the P/P" potential is around 300 mV
above that in the native RC.3%*” According to the
scheme in Figure 1B, such a mutant would be expected
to have a vacuum potential of around —5.24 eV and so
produce a much larger Voc. It seems entirely possible
that through a combination of changes to the elec-
trolyte and redox centers inside the RC it will be
possible to boost the V¢ of these protein-based
photoelectrochemical cells into the several hundreds
of millivolts range commonly obtained in dye-sensitized
solar cells.
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Turning to the Jsc output, replacing the TMPD in RC-
LH1 cells with PMS increased the Js¢ by a factor of 6,
and photodegraded PMS also produced a larger cur-
rent than TMPD (Table 1). These findings suggest that it
should be possible to further increase Jsc through the
selection of the most appropriate electrolyte. However,
perhaps the most obvious route to increasing the
current output into the mA cm™2 range typical for
dye-sensitized solar cells will be to optimize coverage
of the photoactive protein on the electrode surface
through more controlled deposition, possibly exploit-
ing the natural ability of many photosynthetic proteins
to self-assemble in 2D arrays, and to move from using
2D planar electrodes to 3D nanostructured electrodes.
A complex, 3D structure for the interface between the
photovoltaic component and the adjacent electron-
accepting or electron-donating conducting surface is a

MATERIALS AND METHODS

Cell Fabrication. PufX-deficient RC-LH1 proteins from Rho-
dobacter sphaeroides were isolated as described in detail
recently®’ and stored at —80 °C until used. Cells comprised
a front electrode formed from a 20 mm x 20 mm x 2.2 mm
piece of FTO conducting glass (TEC 15 ohm/sq; Solaronix,
Switzerland) and a back electrode formed from a second
piece of FTO conducting glass of the same dimensions (TEC
7 ohm/sq) covered by an approximately 25 nm thick layer of
Pt deposited by a dc magnetron sputtering system. All FTO-
glass substrates were sonicated with acetone and then
2-propanol and then underwent a UV/ozone cleaning pro-
cess. The two electrodes were joined using a U-shaped piece
of 75 um thick hot-melt sealing foil (Dupont), forming a cavity
into which was injected 10 uL of a mixture of protein and
electrolyte at final concentrations 85 and 250 uM, respec-
tively. The opening was then sealed with a rapid setting
epoxy (Araldite).

Electrical Measurements and Cyclic Voltammetry. Photochronoam-
perometry was performed as described previously®' using light
from a 100 W incandescent lamp passed through a 570 nm
long-pass filter to give an incident intensity of 10 mW cm ™2 All
photocurrents and photovoltages were recorded using a 2636A
SourceMeter (Keithley).

To investigate the effect of strong light on TMPD or PMS,
cyclic voltammetry (CV) was used to study changes in their
redox potentials during continuous illumination from a 100 W
incandescent lamp. Electrochemical analysis was performed
using an Autolab PGSTAT302N potientiostat with a three-
electrode system. The working electrode was a 1.0 mm dia-
meter platinum disk, the counter electrode was a platinum wire
mesh, and the reference was a saturated calomel electrode
(SCE). Prior to the experiments the counter electrode was
washed with sulfuric acid and the working electrode was
polished with a small amount of alumina powder on a felt
polishing pad. Both electrodes were then rinsed thoroughly
with distilled water. The three electrodes were immersed in a
glass cell containing 10 mL of 0.5 mM TMPD or PMS in a buffer
comprising 200 mM Tris-HCl (pH 8.0), and CV measurements
were performed under a nitrogen atmosphere with an incident
light intensity of 90 mW cm™2,

Conflict of Interest: The authors declare no competing
financial interest. “Present address: Department of Materials
Science and Engineering, Massachusetts Institute of Technol-
ogy, 77 Massachusetts Avenue, Cambridge, MA 02139, United
States. "Present address: Department of Pharmacology, Univer-
sity of Cambridge, Tennis Court Road, Cambridge, CB2 1PD,
United Kingdom.
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common characteristic of the most efficient dye-sensi-
tized solar cells.

CONCLUSIONS

It has been demonstrated that the V¢ of solar
cells incorporating a photosynthetic protein as
the photovoltaic material can be increased signifi-
cantly in a way that also brings about increases
in Jsc. We conclude that the V¢ of such a cell is
dependent on the potential difference between the
electrolyte and the P/P™ redox couple in the reac-
tion center. This finding provides a basic under-
standing of the origin of the Voc of such cells, as
well as providing indications of how this parameter
can be further boosted through protein engineering
to the levels achieved routinely in dye-sensitized
solar cells.
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