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ABSTRACT: The photosystem I (PSI) protein complex is known
to enhance bioelectrode performance for many liquid-based
photoelectrochemical cells. A hydrogel as electrolyte media allows
for simpler fabrication of more robust and practical solar cells in
comparison to liquid-based devices. This paper reports a natural,
gel-based dye-sensitized solar cell that integrates PSI to improve
device efficiency. TiO2-coated FTO slides, dyed by blackberry
anthocyanin, act as a photoanode, while a film of PSI deposited
onto copper comprises the photocathode. Ascorbic acid (AscH)
and 2,6-dichlorophenolindophenol (DCPIP) are the redox
mediator couple inside an agarose hydrogel, enabling PSI to
produce excess oxidized species near the cathode to improve
device performance. A comparison of performance at low pH and neutral pH was performed to test the pH-dependent properties of
the AscH/DCPIP couple. Devices at neutral pH performed better than those at lower pH. The PSI film enhanced photovoltage by
75 mV to a total photovoltage of 0.45 V per device and provided a mediator concentration-dependent photocurrent enhancement
over non-PSI devices, reaching an instantaneous power conversion efficiency of 0.30% compared to 0.18% without PSI, a 1.67-fold
increase. At steady state, power conversion efficiencies for devices with and without PSI were 0.042 and 0.028%, respectively.
KEYWORDS: Photosystem I, solar cell, biophotovoltaics, dye-sensitized solar cells, electrochemistry, renewable, gel electrolyte, two-electrode

■ INTRODUCTION

The current state of solar energy conversion relies on devices
with nonrenewable components, unsustainable processing, and
unfavorable cost-to-efficiency ratios.1,2 To resolve these issues,
biological materials that efficiently harness the power of the
sun are being explored.3 Photoactive biological materials mass
produced by nature are prospective components to drive down
monetary and energy costs in photovoltaic devices. The
photosynthetic protein photosystem I (PSI) found in green
plants, algae, and cyanobacteria is a promising candidate for
solar energy conversion. The complex attains one of the most
negative reduction potentials (−0.59 V vs SHE) in nature,
produces a 1.1 V difference across the thylakoid membrane,
and achieves near-perfect internal quantum efficiency.4

PSI is known to improve the photoelectrochemical perform-
ance of many electrode materials under various conditions.5−11

Photoelectrochemical investigations of PSI have commonly
used a three-electrode liquid cell to enable a focused study of
the photoelectrochemical interface between PSI and a single
electrode.10,12,13 In contrast, fewer researchers have reported
the use of PSI in a two-electrode solar cell,13−20 and most of
these include solid-state devices.14−16,19,20 Solid-state devices
with PSI depend on direct electron transfer from electrodes or
conducting materials to and from the P700 and FB sites, which
complicates device fabrication in comparison to devices

dependent on mediated electron transfer (MET). Alterna-
tively, liquid cells rely on MET, in which redox reactions occur
throughout a protein film as reactants freely diffuse to the
electrodes.21

The dye-sensitized solar cell (DSSC) is a promising, liquid-
based technology that is able to mimic photosynthesis and
produce robust solar conversion efficiencies.22 Traditionally,
high-performing DSSC’s rely on an iodide/triiodide (I-/I3

-)
mediator in acetonitrile with a ruthenium-based dye to
sensitize the electrode.13 Issues with the traditional high-
performance devices are the toxicity and high volatility of
organic solvents as well as the high cost for the ruthenium-
based dyes.22,23 PSI has been explored as a way to boost DSSC
performance and, in some cases, as a way to improve
renewability and cost-effectiveness. PSI has provided improve-
ment when used as a dye-sensitizer5,24 and as a redox film on a
blackberry dye-sensitized TiO2 electrode.25 In these inves-
tigations, PSI was deposited onto TiO2 to boost anode
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performance, but using PSI to boost cathode performance
while being paired with a dye-sensitized anode has not been
previously explored.
Along with three-electrode investigations, PSI performance

has been measured in two-electrode photoelectrochemical
devices or “wet” cells. PSI films have been used to form a
photobioelectrode in a device with electrolyte mediators such
as Cyt c553

17 and the ascorbic acid (AscH)/2,6-dichlorophe-
nolindophenol (DCPIP) couple.26 Additionally, PSI on gold
improved performance with a copper/ITO counter electrode
in an AscH/DCPIP mediator. The cell showed consistent
performance over 280 days but did not reach above 0.001%
external efficiency and required refilling of the liquid
electrolyte.27 PSI also enhanced a traditional I−/I3

− DSSC
with a Pt/FTO counter electrode, boosting efficiencies from
0.24 to 0.47% when PSI was used as a macromolecular dye in
TiO2.

5

Despite these successes, liquids are disadvantageous as
electrolyte media in photovoltaic systems because of portability
issues and continual maintenance resulting from leakage,
evaporation, or sealant failure.28 A quasi-solid-state gel medium
negates the limitations prevalent in liquid cells while also
providing similar transport capabilities for redox species. A gel
analogue of a DSSC with an I-/I3

- mediator exhibited improved
photocurrent stability after 125 days of operation versus an
equivalent liquid cell.29 These advantages allow for the
minimization of evaporation and enhanced portability while
still harnessing MET.
Device Design. The goal for this investigation is to design

a low-cost, renewable photovoltaic device that integrates a
DSSC electrode with a gel-based medium and a PSI-coated
cathode to elevate the performance of the cell, as measured via
the short circuit current, open circuit photovoltage, and power
output. Figure 1 shows a schematic of the gel-based biohybrid
solar cell. The device utilizes an FTO-coated glass slide as a
transparent current collector upon which the TiO2 film is spin-
coated, annealed, and loaded with anthocyanin dye. The gel
media are 0.5% wt agarose hydrogel with a supporting
electrolyte and an AscH/DCPIP mediator.
Agarose is a naturally derived polysaccharide that is a

principal component of agar, a gel commonly used for gel
electrophoresis. Agarose has been used in DSSCs and has
shown performance enhancement over equivalent liquid
cells.30,31 Agarose can form a polymer matrix in an aqueous
solution while maintaining similar ionic conductivity and
negating environmental hazards introduced in other types of
media.31 The use of agarose here allows for simple addition of
redox mediators to customize the internal environment of the
cell. Badura et al. confined PSI in a thin cross-linked Os-based

redox hydrogel film of allylamine and vinylimidazole on a gold
electrode in an aqueous three-electrode system purged with O2
and a methyl viologen (MV) mediator to improve the
performance of immobilized PSI.32 The success with the
redox hydrogel system proves that PSI can function well in a
gel, but the use of an organic chemical for the media, a
precious metal electrode, and a toxic mediator suggest
challenges in renewable scale-up.
PSI has been shown to increase photovoltage from 220 mV

to over 500 mV when deposited atop a TiO2 anode in a three-
electrode cell using a [Fe(CN)6]

4−/3− mediator couple. The
improvement was attributed to PSI reducing Fe(CN)6

3− faster
than it can oxidize Fe(CN)6

4− to create a higher concentration
of the reduced species near the mesoporous anode, which
effectively reduces charge recombination.25 PSI is also known
to produce the opposite kinetic asymmetry when exposed to
the natural mediator couple AscH/DCPIP by more rapidly
producing the oxidized form of DCPIP.33 This asymmetry
implies that the oxidized form of DCPIP would accumulate
within the vicinity of the PSI/electrode interface, benefitting
cathode performance. The opposite kinetic asymmetry for the
[Fe(CN)6]

4−/3− and AscH/DCPIP mediator couples stems
from the half-wave potentials (E1/2) being closer to either the
reduction potential for the FB or P700 reaction sites.
For this investigation, three mediator systemsAscH/

DCPIP, MV, and [Fe(CN)6]
4−/3−were assessed via photo-

chronoamperometry (PCA) as they are commonly used in
PSI-integrated electrochemical investigations because they are
good donors or acceptors with the P700 and FB sites of
PSI.9,21,33−36 MV is an oxygen scavenger and can rapidly
accept electrons from the FB site of PSI, creating an excess of
reduced species near the cathode, which reduced the
performance of this device. In the case of [Fe(CN)6]

4−/3−,
Fe(CN)6

4− is a slow donor to P700, while Fe(CN)6
3− can

quickly accept electrons from FB, leading to an excess of
reduced species.37 In contrast to the reactions of MV and
[Fe(CN)6]

4−/3− with PSI, the AscH/DCPIP mediator system
is known to rapidly reduce P700, causing an excess of oxidized
species in solution.33 The AscH/DCPIP couple enhances
current compared to the other mediators when PSI is
deposited onto the cathode (Figure S1). Some photocurrent
is present in the supporting electrolyte (KCl) control. This
photocurrent is attributed to water and oxygen reacting within
the system, but this contribution to current is small (<5 μA/
cm2), in comparison to the overall current with AscH/
DCPIP.38

AscH, commonly known as vitamin C, is an abundant,
nontoxic molecule that protects PSI from harmful reactive
oxygen species in vivo39,40 while DCPIP is a natural, nontoxic

Figure 1. Schematic of biohybrid DSSC and suggested redox pathway.
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redox dye commonly used as a Hill reagent. Together, they are
an efficient redox couple when paired with PSI.41 The reaction
between AscH and DCPIP is a catalytic electron transfer/
homogenous chemical (EC′) coupled reaction that catalytically
generates reduced species.42 Having an excess of AscH serves
to increase the concentration of DCPIPH2 species in the cell
by continually reducing DCPIP that is not reacted at the
cathode. A schematic of the AscH/DCPIP mediator system
with PSI is shown in Figure S2.43,44 As reported herein, PSI
can increase photocurrent at low mediator concentrations by
converting the DCPIPH2 back to DCPIP near the cathode,
yielding a higher rate of reduction and increasing the
performance of the cell. The reaction kinetics for the AscH/
DCPIP reaction mechanism are pH dependent, prompting a
comparison of cell performance at different pH values.45

The placement of PSI on either the cathode or the anode
was examined, with the observation that depositing a 4 μm
thick, randomly oriented PSI film (thickness confirmed by
profilometry, Figure S3) on the cathode provided enhance-
ment while placing the film on the anode showed no
improvement. PM-IRRAS spectra (Figure S4) were collected
to verify the deposition of PSI onto the copper cathode. The
IR spectra of a 4 μm thick PSI film show the presence of the
characteristic Amide I and Amide II peaks at 1662 and 1545
cm−1, respectively.46 These results are consistent with the
deposition of structurally intact PSI films on the copper
cathode.
Copper was chosen as a suitable, inexpensive cathode

because it has inherent energetic synergy with PSI and a
substantial potential difference with the conduction band of
TiO2 (0.34 and −0.30 V vs SHE).42 In nature, the oxidizing
end of PSI, the P700 site, accepts electrons from the copper-
containing protein plastocyanin. TiO2 was selected as the
semiconductor anode because it has a favorable energy band
alignment with PSI and copper,5 it absorbs UV light well, and
it can be deposited as mesoporous films that can be sensitized
with dyes to enhance light absorbance in the visible
spectrum.25 Anthocyanin (AC), a naturally occurring dye
derived from blackberries, is used to sensitize TiO2 here
because it absorbs light in the 500−650 nm wavelength range,
complementing the absorbance of both TiO2 and PSI. PSI
absorbs strongly in 400−500 nm and 650−700 nm wave-
lengths of visible light while TiO2 absorbs strongly at <400
nm.25 The TiO2 and AC anodes on FTO allow light at
wavelengths complementary to PSI to pass through. The
extracted dye consists of approximately 90 wt % cyanidin-3-
glucoside and 10 wt % cyanidin-3-glucosyl-malonate.25

As dye-sensitized TiO2 is known to be a good photo-
anode,5,25,29,47,48 we focus here on improving copper cathode
performance. We hypothesize that by using the naturally
occurring mediator couple AscH/DCPIP, we can harness the
kinetic asymmetry of PSI’s redox capabilities and increase
photocurrent with a PSI multilayer film deposited on the
cathode of a photovoltaic device. Combining these materials,
we report a PSI-derived natural DSSC, and we investigate the
effect of PSI film thickness, pH, and mediator concentration on
the performance of the cell.

■ RESULTS AND DISCUSSION
Device Performance. The effect of PSI on cell photo-

voltage and photocurrent over a range of mediator
concentrations was examined. Additionally, devices were tested
at two different pH ranges: low (2.5−3.5) and neutral (6.5−

7.5). The pH-dependent mole fraction of the oxidized forms of
DCPIP, as described by the Henderson−Hasselbach equation,
with pKa’s of 0.5 and 5.6 is shown in Figure 2, denoted as

DH2
+, DH, and D−.45 At the lower pH range, DH is the

dominant oxidized form while at neutral pH, D− is the
dominant form, and these forms behave differently in
electrochemical cells, with D− providing greater current during
cyclic voltammetry (Figure S5). A similar trend in activity
versus pH was also observed by Petrova et al.44 Additionally,
D− reacts with AscH at a kinetic rate that is 2 orders of
magnitude slower than that for DH with AscH.45 The overall
reduction of the oxidized forms of DCPIP to DCPIPH2 occurs
at all pH values, but the rate of reduction is pH dependent.45

An advantage of a two-electrode device is that it enables the
measurement of the photovoltage produced across the cell
instead of examining the potential of only the working
electrode that constrains three-electrode experiments. Figure
3a shows the photovoltage generated by the devices at all

concentrations and each pH range. For a Nernstian
equilibrium process, the potential of an electrode is dependent
on the ratio of the concentration of oxidized to reduced species
near the electrode and is therefore independent of bulk
concentration as shown in the Nernst Equation:

= +E t E
RT
nF

C t
C t

( ) ln
(0, )
(0, )0

O

R (1)

Devices without PSI produce photovoltages of 0.35 and 0.37
V at low pH and neutral pH values, respectively, while the
addition of a PSI film increases the photovoltage at each pH
range. We expect that the faster reaction between PSI’s P700+

and DCPIPH2 versus that between FB
− and DCPIP generates

higher concentrations of oxidized species near the cathode,
increasing the ratio of oxidized to reduced species and,
therefore, making the Nernstian potential at the cathode more
positive. Consistent with this reason, the photopotential

Figure 2. Mole fraction for pH-dependent forms of DCPIP. Shaded
sections represent values in which devices were tested.

Figure 3. (a) Single-device photovoltage enhancement with PSI at
low pH (2.5−3.5) and neutral pH (6.5−7.5). (b) Enhancement of
photovoltage after connecting multiple devices at low pH in series.
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increases in the presence of PSI, raising the total photovoltage
of the cell by 0.05 to 0.41 V, a 7-fold increase in the ratio of
oxidized to reduced species for the devices measured at lower
pH, and by 0.07 to 0.45 V, an 18.5-fold increase in the ratio for
the devices measured at neutral pH. These large increases in
the ratio of species are possible because of the ultralow
concentration of oxidized species in the AscH/DCPIP system
prior to light exposure and the localization of PSI on the
cathode. The greater increase in photovoltage for the devices at
neutral pH is attributed to D- reacting slower with AscH than
DH does at low pH, so the oxidized species generated by PSI
are not consumed as rapidly, increasing the ratio of oxidized to
reduced species at the cathode.43,45

Devices at low pH were linked in series to increase the total
photovoltage (Figure 3b). The PSI-integrated devices exhibit a
linear increase in photovoltage of up to 2.1 V for five devices in
series as compared to 1.5 V for the devices without PSI. The
photovoltage enhancement with PSI becomes important in
scaling-up device fabrication because fewer materials would be
needed.
PCA was used to determine how the PSI film affects the

photocurrent generation at various AscH/DCPIP mediator
concentrations. Figure 4 shows representative PCA curves for

devices at low and neutral pH values at a concentration of 20
mM AscH:1 mM DCPIP. The current densities for all devices
follow a Cottrell-like decay under illumination, consistent with
diffusional limitations for the gel devices that are similar to
those observed in two- and three-electrode liquid-based PSI
systems.32,37 At both low and neutral pH values, the peak
photocurrent density and the pseudo-steady state photocurrent
density (after 30 s of illumination) are higher in the presence
of PSI at this mediator concentration. The diffusional decay is
stronger at lower pH, which is likely because of the faster
consumption of oxidized DCPIP species by AscH.49 The
devices at neutral pH outperformed those at low pH,
suggesting that the D− form performs better in this system
than DH, likely because DH reacts faster with AscH and slower
with the P700 site and copper. Cyclic voltammetry of DCPIP in
various pH environments showed higher electrochemical
activity near neutral pH compared to acidic pH (Figure S5).
Figure 5 shows the trend between pseudo-steady photo-

current and mediator concentration for all devices. Without
PSI, the pseudo-steady photocurrent density increases as
concentration increases. For all concentrations, the devices
near neutral pH outperform those at low pH. The pH-induced
change in performance is also observed in the devices with a

PSI film on the cathode. At neutral pH, the presence of a PSI
film contributes a 18−49% enhancement to photocurrent at
intermediate concentrations but yields statistically similar
photocurrents at high concentrations. Devices containing PSI
at low pH and ranging from 2 to 20 mM AscH all showed
improvements over the non-PSI devices. At 60 mM, the
performance was similar, but at higher concentrations, the
photocurrent density was well below that of the non-PSI
devices. In all cases, photovoltage was still enhanced by 50−75
mV with PSI.
As the mediator concentration increases, the finite number

of PSI reaction sites effectively becomes the limiting reagent in
the production of O, and thus, the photocurrent in the
presence of PSI begins to plateau. Saturation of PSI sites via
Michaelis−Menten processes at high mediator concentration
has also been attributed to such plateaus.37,49 At low pH
values, the devices with the PSI plateau near 90 μA/cm2 at a
concentration of 20 mM AscH and above while the neutral pH
devices appear to begin plateauing above 20 mM AscH at a
value ∼200 μA/cm2. The difference in the plateaus with pH is
attributed to the slower reaction of D− with AscH that yields
higher concentration of oxidized species near the cathode, in
addition to the increased electrochemical activity of D−.
The devices at neutral pH outperformed those at low pH, so

power curves of devices at neutral pH were produced to
measure the power output with and without PSI (Figure 6a).
The power curves were obtained by taking the average of j−V
curves done at forward and reverse scan directions to find the
voltage where maximum power occurs. The forward and
reverse scans (Figure S6) differ because of an imbalance of
charge extraction at the electrodes, whereas the average is more
representative of actual device performance.50 Then, a steady-
state power value was determined by measuring power output
under illumination while devices were biased at the maximum
power voltages until the steady state was reached to yield
accurate power performance (Figure 6b).51,52 Devices at 20
mM AscH:1 mM DCPIP with and without PSI showed a
maximum power output of 0.033 and 0.023 mW/cm2 and
power conversion efficiencies of 0.042 and 0.028%, respec-
tively. Table 1 shows the characteristic parameters for the j−V
curves obtained from forward and reverse scans as well as the
average values. Instantaneous power outputs were also
measured by measuring a reverse-scan j−V curve at 10 V/s.
The instantaneous maximum power output and efficiencies

Figure 4. Photocurrent response for devices at low (a) and neutral
(b) pH values with (solid green line) and without (dashed gray line) a
PSI film on the copper cathode in the agarose gel with 100 mM KCl
and 20 mM AscH:1 mM DCPIP. Devices were illuminated from 20 to
50 s.

Figure 5. Steady-state photocurrent density of devices at low and
neutral pH values with and without a PSI multilayer. Values were
measured after 30 s of illumination for each device. For each data
point, the initial ratio of AscH to DCPIP concentrations is 20:1.
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with and without PSI were 0.24 and 0.14 mW/cm2 and 0.30
and 0.18%, respectively (Figure S7).
To confirm that the decreased performance of the devices at

low pH was because of pH and not the supporting electrolyte,
replicate devices at low pH were fabricated using sodium
nitrate as the supporting electrolyte, and the performance was
the same as those in KCl. Additionally, devices at neutral pH
with a KCl supporting electrolyte were tested and performed
similarly to those with phosphate electrolyte. Phosphate is the
preferred supporting electrolyte because it is stable, acts as a
buffer around neutral pH values, and is not corrosive toward
the copper cathode.
The presence of the relatively thick, 4 μm PSI film raised

concern that a barrier effect might cause changes in
performance. To confirm that the redox capabilities of PSI
were causing the enhancements, devices with varying film
thicknesses were fabricated by diluting the initial PSI
suspension (Figure 7). Additionally, devices at low pH with
a 4 μm film of deactivated PSI (thermally deactivated by
boiling for 2 min) were also made to test the barrier properties
of the PSI film. PSI multilayer films increased device
performance with an increase in the thickness of the protein

film by multiple deposition steps up to 2.5 μm because of the
availability of more active sites in the protein film for the
conversion of mediator.7 Here, the performance continues to
increase with thickness, but beyond a thickness of 2 μm, the
rate of increase slows, likely caused by the film becoming thick
enough that light is unable to penetrate completely through it.
Additionally, the device with the deactivated 4 μm thick
protein film yields the same photocurrent density and
photovoltage as the devices without PSI, indicating that the
performance enhancements provided by PSI are not dictated
by barrier or partitioning effects. This conclusion is also
confirmed by electrochemical impedance spectroscopy (EIS)
because the presence of a PSI film does not significantly affect
transfer of ions to the electrode (Figure S8). Collectively, these
results support the conclusion that the observed enhancements
in photocurrent and photovoltage are driven by PSI-mediator
reactions.

Model Analysis. The reaction-diffusion system was
modeled via Matlab using the pdepe and lsqcurvef it functions
to solve the system of PDE’s and apply the method of least
squares, respectively (see Supporting Information). The model
was used to estimate photocurrent density after 30 s of
illumination in devices at neutral pH with and without PSI.
The resulting photocurrent densities were then normalized to
the photocurrent density computed for a device without PSI at
the same mediator concentration of 200 mM AscH to 10 mM
DCPIP to compare the model to the experimental system
(Figure 8).
Two of the parameters were unknown while formulating the

model: the initial ratio of O to R concentrations (CO*/CR*) and
the reaction rate constant for PSI (kPSI). To find these
parameters, the lsqcurvefit function was used to first match the
model to experimental data without PSI to obtain the initial
CO*/CR* ratio. A value of 1.07 × 10−4 represents an initial
conversion of ∼99.99%, which is expected as the reaction of
AscH with DCPIP is generally considered to approach
completion.45,53 A 99.99% conversion results in an ultralow
initial concentration of O, allowing for PSI to provide a large
(e.g., 18.5-fold) increase in the surface concentration ratios as
seen by the photovoltage enhancements.
The value for the net rate of conversion of R to O by PSI

(kPSI) was determined by using lsqcurvef it to match the model
to the experimental data with PSI, using the initial ratio of CO*/
CR* obtained by modeling the experimental data without PSI.

Figure 6. (a) Power curves of devices at neutral pH and a
concentration of 20 mM AscH to 1 mM DCPIP. The resulting
power curve represents an average of forward and reverse j−V scans at
1 V/s. Light intensity (80 mW/cm2) was used, and scans were run
after 30 s of illumination. (b) Steady-state power generation of
devices biased at the voltage where maximum power occurs.

Table 1. Power Parameters: Fill Factor (FF), Current
Density (Jsc), Open Circuit Voltage (Voc), and Power
Conversion Efficiency (η)

FF JSC (μA/cm2) VOC (V) η (%)

PSIRev 0.60 190.4 0.450 0.064
PSIFor 0.26 159.4 0.436 0.023
PSIAvg 0.43 174.9 0.443 0.042
No PSIRev 0.47 170.9 0.375 0.037
No PSIFor 0.37 118.6 0.350 0.019
No PSIAvg 0.42 144.8 0.363 0.028

Figure 7. Effect of PSI film thickness on device performance for 20
mM AscH:1 mM DCPIP at low pH. The deactivated data were
collected by thermally denaturing PSI by boiling for 10 min before
deposition. The photovoltage of the cell with the deactivated film of
PSI is 0.35 V, which is the same as that of the cell without PSI (0.35
V).
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The first-order rate constant was fit to be 1.98 × 10−5 s−1,
showing that a positive net reaction rate for the production of
O does result in improved photocurrent performance
compared to non-PSI devices. Additionally, the model shows
that if the net kinetic rate of conversion by PSI remains
constant, a plateauing effect on photocurrent occurs as
concentration increases, confirming that the reaction sites
provided by PSI do indeed become a limiting reagent.

■ CONCLUSIONS
A low-cost, renewable, and gel-based biophotovoltaic device
was designed and easily fabricated in this study. The device
uses abundant, environmentally friendly, and inexpensive
materials, including PSI, copper, TiO2, blackberry dye, AscH,
DCPIP, and agarose. The use of an agarose hydrogel enables
redox reactions to occur as in a liquid device while allowing
simpler construction of a two-electrode device. Within the
tested concentration range, photovoltage was independent of
total mediator concentration, but devices at neutral pH
outperformed those at lower pH because of the pH-dependent
nature of the AscH/DCPIP couple. A 4 μm thick PSI film
increased photovoltage at low and neutral pH values by 50 and
75 mV, respectively, compared to devices without PSI to
achieve values of up to 450 mV. Devices connected in series
showed a linear increase in photovoltage with each device.
Photocurrent was dependent on mediator concentration,

pH, and the presence of PSI. At both low and neutral pH
values, PSI enhanced photocurrent at low to moderate
mediator concentrations as compared to devices without PSI,
but enhancement diminished as mediator concentration
increased because of the limiting reaction capabilities of the
PSI films. j−V power curves obtained at neutral pH with 20
mM AscH to 1 mM DCPIP concentration showed that PSI
devices had a power conversion efficiency of 0.042% compared
to 0.028% without PSI. Additionally, a numerical model was
developed to examine the effect of PSI-mediator oxidation
kinetics on photocurrent. The model is consistent with
experiments, showing that the net reaction rate of the
production of O species by PSI leads to photocurrent
enhancements that are more dramatic at low and intermediate
concentrations of mediator.
This investigation is the first to incorporate PSI in a two-

electrode gel-based cell, showing that the asymmetric redox
kinetics of the protein provides enhancement to both

photocurrent and photovoltage when deposited on the cathode
of a DSSC. The reported devices are environmentally friendly
and made from easily sourced materials with low energy input
compared to many other photovoltaic technologies.

■ EXPERIMENTAL SECTION
Materials. PSI used in this experiment was extracted from spinach

purchased at a local market. Blackberries were also purchased from a
local market. Redox mediators, (AscH and DCPIP), Triton X-100
surfactant, hydroxyapatite, TiO2 paste (Dyesol 18NR-T), and
supporting electrolytes (KCl and NaH2PO4) were all purchased
from Millipore-Sigma. 10,000 MWCO dialysis tubing (Spectrapore)
was purchased from VWR. Fluorine-doped tin-oxide (FTO)
substrates (TEC15) were purchased from MTI Corporation.
Minibinder clips (Staples) were used for device fabrication.

PSI Extraction. PSI was extracted from commercially available
spinach following steps described in previous work.54 In short, the
spinach was deveined, macerated, filtered, and then centrifuged at
8000g to isolate the thylakoid membranes. The supernatant was then
mixed with a surfactant (Triton-X100) to lyse the membranes before
the second centrifugation at 20,000g. A hydroxyapatite column was
used to isolate the PSI. The protein was dialyzed for 24 h using
10,000 MWCO dialysis tubing to remove salts and surfactants.

FTO/TiO2 Electrode Preparation and Dye Sensitization. FTO
substrates were rinsed with ethanol and dried under a stream of
nitrogen. The substrates were then treated with ozone plasma under
vacuum for 15 min to create a hydrophilic surface. TiO2 paste (Dyesol
18NR-T) was mixed in a 1:3 (v/v) ethanol solution and spin-coated
onto FTO at 1500 rpm for 30 s. The films were then sintered at 500
°C in a muffle furnace for 30 min and cooled overnight.

To dye sensitize the TiO2 substrate, 20 g of commercially available
blackberries was crushed in a mortar by pestle and mixed with 20 mL
of ethanol. Solids were filtered from the mixture, and the TiO2 films
were left in the dye solution for 12 h.25 The dyed films were rinsed in
ethanol and dried under nitrogen before use.

Gel Electrolyte Preparation. Aqueous-based electrolyte sol-
utions of AscH and DCPIP (in a ratio of 20 mM AscH to 1 mM
DCPIP) were used with AscH concentrations ranging from 2 to 200
mM. For devices at lower pH, 100 mM KCl served as the supporting
electrolyte while at neutral pH, 100 mM monobasic phosphate was
the electrolyte. Agarose was added to each liquid electrolyte at 0.5 wt
% and then stirred and heated to 120 °C. The media were cooled and
formed an electrolyte gel.

PSI Deposition and Device Fabrication. Copper tape was
pressed onto FTO and used as the metal cathode. An insulating mask
with a 0.28 cm2 hole was placed over the copper, and a duplicate mask
was placed on TiO2, and 50 μL of 4 μM dialyzed PSI was drop-cast
onto the copper into the hole made by the mask. The PSI was then
dried under vacuum for 30 min, leaving a multilayer film of randomly
oriented PSI protein complexes. The thickness of the protein film was
measured by profilometry (Dektak). The average thickness of the
multilayer films was 4 μm, which is roughly 400 layers of protein
assuming a height of 10 nm/layer based on the dimensions of PSI.

Agarose gel (100 μL) was placed within the opening of the mask
on the metal substrate, with or without a PSI multilayer previously
deposited. The FTO slide with the TiO2 was then pressed on top of
the cathode and bound with binder clips to form the device. The
average distance between the cathode and electrode was measured to
be 400 μm. PM-IRRAS performed with Bruker Tensor 27 FTIR at 1
cm−1 resolution was used to confirm that PSI was deposited on the
substrate.

Photoelectrochemical Measurements. Electrochemical char-
acterization was performed using a CH Instruments CH660a
workstation equipped with a Faraday cage. Experiments were
performed using the cathode as the working electrode and TiO2-
coated FTO as the anode and reference electrodes.

All photochronoamperometric measurements were performed at a
0 V bias. Each sample was illuminated for 30 s using a 250 W cold
light source (Leica KL 2500 LCD), which emitted a light intensity of

Figure 8. Comparison of model predictions (lines) for photocurrent
density to experimental data (points) with PSI (filled points) and
without PSI (open points) in devices at neutral pH. Values were
normalized to the photocurrent density value of a device without PSI
at a mediator concentration of 200 mM AscH to 10 mM DCPIP.
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80 mW/cm2 at a spectral range of 380−790 nm. All measurements
were normalized to the 0.28 cm2 area made with the mask. The back
side of the FTO-coated slide was illuminated so that light would
penetrate the FTO/TiO2 layers and the gel before striking the
reflective cathode.
Cyclic voltammograms were obtained with an Ag/AgCl reference

and a Pt counter electrode in either 100 mM phosphate buffer or KCl.
A scan rate of 0.1 V/s was used for all experiments.
j−V curves were produced via linear sweep voltammetry at a scan

rate of 1 V/s. Scans were made in both forward and reverse directions.
Scans were done after 30 s of illumination to reduce diffusional effects.
Steady-state power output was determined by measuring photo-
current while the devices were biased at the voltage, where maximum
power occurred on the j−V curves for each device.
PSI Model. We developed a simplified electrochemical reaction-

diffusion model in Matlab. The model examined the change in
concentration of oxidized and reduced species as well as photocurrent
density during 30 s of illumination. Values after 30 s of illumination
were taken as the pseudo-steady state for the device. Devices with and
without a 4 μm-thick PSI film were modeled to investigate the
function of PSI in the system at various mediator concentrations.
The assumptions made for this simplified model are that the

cathode is limiting the current and therefore is where heterogeneous
electrode kinetics are modeled, the initial ratio of O to R is the same
with or without PSI for each initial total concentration, the diffusion
coefficients for O and R are the same, the diffusion coefficients for
DCPIP and AscH in 0.5% agarose gel are 35% of their diffusion
coefficients in liquid water, 0.77 × 10−9 and 0.87 × 10−9 m2 s−1,
respectively,55,56 the charge transfer coefficient for the DCPIP
mediator is 0.5, the potential of the rate-determining step for
DCPIP is 0.217 V versus SHE, the exchange current is based on a
single-electron transfer taken as the rate-determining step of the two-
electron DCPIP reaction, the PSI multilayer acts as redox film and
does not partition concentrations, and AscH does not react at the
cathode. Values for variables and constants are shown in Table 2.

Bulk Gel. AscH reactions occur homogeneously throughout the
device with and without PSI. The equations are
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where Ci(x,t) is the concentration of mediator, O = oxidized
[DCPIP], R = reduced [DCPIPH2], and Asc = [AscH] at distance x
and time t, Di is the diffusion coefficient of mediator i, and kAsc is the
reaction rate of AscH with O. The equations are solved for x = 0 to x
= 400 μm in the absence of a PSI film and for x = 4 to x = 400 μm
with a PSI film, as eqs 5−7 below accounts for the reaction when PSI
is present.

PSI Film. When a 4 μm thick film is present, PSI reacts with O and
R, but the kinetic asymmetry of PSI produces more O species
throughout the film. The equations are
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where kPSI is the net reaction rate of PSI converting O to R. When a
PSI film is present, the PSI film is treated as a homogeneous redox
active film. The unknown parameter kPSI was fit to match the model
with a PSI film being present. The value for kPSI was found by using
the method of least squares fitting to experimental data with PSI.

Initial and Boundary Conditions. O, R, and AscH are all initially
present, and the concentrations are assumed to be the same across the
device resulting in the initial condition

= *C x C( , 0)i i (8)

where Ci(x,0) is the concentration at t = 0, and Ci* is the initial
concentration of i. The initial ratio of O to R was found by using the
method of least squares to fit the model to experimental data without
PSI.

The fluxes of O and R at the electrodes are related to the current
(jcell) flowing through the cell by the following boundary conditions
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where n is the number of electrons transferred, and F is Faraday’s
constant. For both O and R, the fluxes are opposite to each other at
both boundaries to maintain charge balance within the cell.

AscH is assumed to not be redox active at the electrodes leading to
the boundary conditions
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Heterogeneous Electrode Kinetics. At the cathode and anode, the
surface concentrations of the species are related to current through
Butler−Volmer electrode kinetics for a rate-determining electron
process42,57
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C t
C t

ln
(0, )
(0, )copper DCPIP

O
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where jo is the exchange current density, α is the charge transfer
coefficient, η is the overpotential, Ecopper is the potential of the copper
electrode, EDCPIP is the E1/2 for DCPIP, and Ci(0,t) is the surface
concentration of i.

Table 2. Variables and Constants Used in the Reaction-
Diffusion Model

parameter Value units source

CTot* 2−200 mM model
CO*/CR* 1.07 × 10−4 fit
CO* CO*/CR*×CTot* /20 mM model
CR* (1 − CO*/CR*) × CTot* /20 mM model
CAsc* CTot − CO* − CR* mM model
Do and DR 270 μm2/s 55,56

DAsc 310 μm2/s 55,56

N 2 e−

Α 0.5
F 0.0257 V
Emetal 0.34 V vs SHE 42

EDCPIP 0.217 V vs SHE CV
kPSI 1.98 × 10−5 s−1 fit
kAsc 2.99 × 10−1 mM−1 s−1 45

j0 0.19 with PSI μA/cm2 EIS
0.28 without PSI
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