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Abstract: In nature, solar energy is captured by different types of light harvesting protein–pigment
complexes. Two of these photoactivatable proteins are bacteriorhodopsin (bR), which utilizes a retinal
moiety to function as a proton pump, and photosystem I (PSI), which uses a chlorophyll antenna
to catalyze unidirectional electron transfer. Both PSI and bR are well characterized biochemically
and have been integrated into solar photovoltaic (PV) devices built from sustainable materials. Both
PSI and bR are some of the best performing photosensitizers in the bio-sensitized PV field, yet
relatively little attention has been devoted to the development of more sustainable, biocompatible
alternative counter electrodes and electrolytes for bio-sensitized solar cells. Careful selection of the
electrolyte and counter electrode components is critical to designing bio-sensitized solar cells with
more sustainable materials and improved device performance. This work explores the use of poly
(3,4-ethylenedioxythiophene) (PEDOT) modified with multi-walled carbon nanotubes (PEDOT/CNT)
as counter electrodes and aqueous-soluble bipyridine cobaltII/III complexes as direct redox mediators
for both PSI and bR devices. We report a unique counter electrode and redox mediator system that
can perform remarkably well for both bio-photosensitizers that have independently evolved over
millions of years. The compatibility of disparate proteins with common mediators and counter
electrodes may further the improvement of bio-sensitized PV design in a way that is more universally
biocompatible for device outputs and longevity.
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1. Introduction

Current annual energy demands worldwide are increasing greatly, and current tech-
nologies based on carbon fuel combustion has led to significant increases in atmospheric
CO2 levels worldwide [1]. Renewable energy harvesting from the environment, such as
solar energy conversion through photovoltaic devices (PVs), is an attractive alternative that
aims to harness a portion of the nearly 175,000 terajoules of solar photonic energy striking
the Earth annually [2,3]. Current PV technologies on the market are made of inorganic
materials including toxic heavy metals and rare-earth elements, and have prohibitive man-
ufacturing processes, costs, and limited mobility post-installation. Furthermore, current
first-generation PVs are estimated to generate nearly 80 million metric tons of waste by 2050
due to the specific recycling requirements [4]. As such, it is clear that further improvement
on current PV technologies is needed to address future energy demands. Bio-sensitized
solar cells (BSSCs) offer a promising way of addressing these issues using simple man-
ufacturing processes with non-toxic and earth-abundant elements. BSSCs are based on
dye-sensitized solar cells first developed by Grätzel and O’Regan, which pioneered the
design of a photosensitizing dye incorporated into a thin-layer style device utilizing much
more relaxed manufacturing requirements and the ability to incorporate many different
types of materials in device fabrication [5]. The construction and development of devices
incorporating the main components of natural biological photosynthesis, mainly the solar-
to-electrical energy converting protein-pigment complexes, has emerged as an interesting
area of research over the past few years. These bio-sensitized devices could be used for
potential future applications such as photo-switchable biosensors, solar-to-chemical, and
solar-to-electrical energy converting systems and establish a basis towards a renewable
energy economy [6,7].

Two protein–pigment complexes that have shown great promise in this area of
biologically-based electronic devices are bacteriorhodopsin (bR) and photosystem I (PSI).
PSI is one of the primary reaction centers that are central to oxygenic photosynthesis and
is comprised of approximately 12–14 protein subunits, 100 chlorophyll molecules, two
phylloquinones, three [4Fe-4S] clusters and 20 carotenoids. Furthermore, PSI is able to
form higher oligomeric states in many different photosynthetic organisms, reaching sizes
of 1.4 MDa, making it among the most complex protein complexes found in nature [8–11].
In vivo, PSI acts as a photoactivated cytochrome c:ferredoxin oxidoreductase, catalyzing a
light dependent unidirectional electron transfer across the thylakoid membrane [12]. bR is a
membrane-bound protein–pigment complex found in archaebacteria such as Halobacterium
salinarum and is comprised of a single 27 kDa subunit and a single Schiff base linked retinal
pigment. Intriguingly, bR forms a trimeric structure in vivo similar to PSI [13]. The three-
dimensional structure of both proteins and locations of their pigment moieties are shown in
Figure 1, and Table 1 summarizes the structural and optical properties of both, as well as the
organismal source of both proteins used in this study. However, bR uses photoexcitation
to catalyze the transfer of protons across the membrane it is embedded into [14]. Both
protein–pigment complexes have shown remarkable thermal stability and their structural,
biochemical, and photophysical properties have been extensively studied [15,16]. Similarly,
both PSI and bR have also been widely used in a variety of biotechnological applications,
most notably in BSSCs [17–39].
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Figure 1. Structure of bacteriorhodopsin and photosystem I. Three-dimensional structure of pigment-
protein complexes: (A) bacteriorhodopsin side view and (B) top view. (C) Photosystem I side view
and (D) top view. The three subunits of bR are shown in orange, purple, and green respectively, with
retinal shown in blue. In PSI, all of the protein is shown in teal with the chlorophyll light-harvesting
antenna shown in green. For both proteins, the dashed line represents the position of the membrane
each complex is embedded in vivo.

Table 1. Properties of the pigment–protein complexes bacteriorhodopsin and photosystem I.

Protein Pigment # Pigments
per Monomer

MW per
Monomer

Abs. Max.
(nm)

Ext. Coeff. at
Abs. Max.

(mM−1 cm−1)

Organism
Source

In Vivo
Function

Bacteriorhodopsin
(bR) Retinal 1 27 kDa 560 (green) 63 Halobacterium

salinarum S9
unidirectional

H+ pump
Photosystem I

(PSI) Chlorophyll a ~100 ~400 kDa 680 (red) 57 Themosynechococcus
elongatus BP-1

unidirectional
e− transfer

BSSCs consist of a biological pigment immobilized on a semiconductor photoanode,
connected to a cathode through a redox system solution and a supporting electrolyte,
as illustrated in Figure 2A [5]. The conventional architecture of a BSSC consists of five
primary components (Figure 2): (i) a photosensitive biological dye, (ii) a transparent
photoanode, (iii) a semiconductor coating on the photoanode, (iv) a redox electrolyte for
dye regeneration, and finally, (v) a counter electrode [16,26,40–42]. After photonic excitation,
the dye molecules are excited from their ground state to a higher energy state, and the
electrons are promoted from the HOMO orbital to the LUMO orbital, generating electron–
hole pairs [41,42]. Then, effective charge separation is achieved by the oxidation of the
excited sensitizer molecule, and the generated electron is injected to the conduction band
of the semiconductor on the photoanode, and the hole remains behind in the oxidized dye
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molecule [7]. Then, the electrons diffuse through the semiconductor to the photoanode
substrate, where they travel through an external circuit and perform work before arriving at
the cathode, generating the current. During that time, the redox mediators in the electrolyte
regenerate the sensitizer molecule [43,44]. In return, the oxidized redox mediator diffuses to
the counter electrode (CE) and gets regenerated [41]. Within this basic operational outline,
there is great flexibility in the selection and design of materials, along with many different
interfaces to optimize for device improvement.

Figure 2. Schematics of PSI or bR sensitized BSSCs. (A) Energy levels diagram of all device com-
ponents used in this study. Ranges for the values of the Co (II/III) mediator come from the data
reported later in this study. Other values and conversions used come from references [45–51]. WF,
work function; CB, conduction band; VB, valence band; LUMO, lowest unoccupied molecular orbital;
HOMO, highest occupied molecular orbital. (B) Fundamental processes and constituent components
of a bio-sensitized solar cell (BSSC). (C) UV-vis absorbance spectra of PSI and bR.

In BSSCs, the CE catalyzes the reduction of the electrolyte after electron injection.
The CE is expected to be both highly conductive and highly catalytic. Large surface
areas and small particle sizes are preferred to generate more active sites and enhance the
electrocatalytic activity of the CE [52,53]. In most cases, platinum-coated conductive glass
has been used for CEs due to its high conductivity and catalytic activity. However, Pt is
expensive and is susceptible to corrosion and irreversible redox reactions [54], making it
a poor material choice for incorporation into some sustainable devices, especially BSSCs,
which strive to utilize more abundant resources for CE materials. Different forms of carbon
allotropes, inorganic materials, and conductive polymers are emerging as promising CEs,
and among the most promising are poly (3,4-ethylene dioxythiophene) (PEDOT) and
alternative carbon nanomaterials [55–62]. PEDOT is a conductive polymer with desirable
physical properties including optical transparency, smooth surface morphology, solution
processability, light weight, low cost, electrochemical stability, mechanical flexibility, and a
high work function [63]. However, due to the acidity and extremely hygroscopic nature
of PEDOT films, it is often modified during the electrodeposition process to incorporate
additives that tune its properties for specific systems and enhance its performance as a
CE in BSSCs. These include carbon nanostructures such as carbon nanotubes (CNTs),
which have many advantages such as high surface area, exceptional charge carrier mobility,
and remarkable mechanical strength and stability, beyond the abundance of carbon on
Earth [64]. Considering the many beneficial physical properties of PEDOT and CNTs,
it can be predicted that the composites of PEDOT and carbon nanostructures may be
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more efficient in enhancing the performance of BSSCs compared to other materials that
have already been reported for transparent charge transport layer applications [65]. Other
commonly used carbon allotropes for CEs include graphene-based systems. Pi-system
modified graphene-based CEs have already been reported on for use in PSI-sensitized solar
cells with photocurrent densities of 135 µA/cm2 [66]. Graphene has excellent conductivity
compared to certain other carbon allotropes and is highly abundant, both of which are
desirable characteristics for sustainable BSSC designs [67].

In BSSCs, the electrolyte is responsible for reduction of the photosensitizer back to its
ground state and selection of a proper electrolyte and redox mediator are crucial to device
performance and longevity. As such, careful selection of the redox mediator is crucial for
the alignment of its midpoint potential Em for donation to the HOMO of the dye after
photoexcitation, as depicted in step 4 in Figure 2B. This allows for the minimization of
overpotential losses in BSSCs. BSSCs have historically used the canonical I−/I3

− redox
mediator pair, yet this system has multiple drawbacks including high corrosivity and
toxicity, generation of radical species, significant absorption in the same region of the UV-
visible spectrum as biological photosensitizers, and an unfavorable midpoint potential (Em)
as compared to the HOMO of many biological materials giving low driving potentials for
improved electron transfer rates [68]. Further, the iodide/tri-iodide pair is also commonly
dissolved in organic solvents which are undesirable in BSSCs due to their high volatility,
toxicity, and/or explosive nature of many of these solvents, along with water leakage into
the device either during fabrication or while being used [69]. As such, the development
of aqueous, biocompatible electrolytes and redox mediators is key. Most work in the field
of DSSCs has focused on the use of cobalt-based redox mediators to try and replace the
I−/I3

− pair [58,70–75] due to the high abundance of cobalt and its stable, reversible redox
properties. Previous work from our group has described the synthesis and characterization
of novel aqueous-soluble cobalt-based redox mediators and their ability to directly reduce
PSI in vitro and the fabrication of fully aqueous BSSCs using the same mediator [44].

In this study, we describe a facile technique of fabrication of a CE based o a highly
conductive composite of PEDOT and multi-walled carbon nanotubes (MWCNTs), and the
use of these PEDOT/CNT counter electrodes with an aqueous bipyridine-based cobalt
redox mediator to fabricate BSSCs using both PSI and bR. A schematic of the energy levels
and device design is shown in Figure 2A,B, along with an overlaid visible absorbance
spectrum of these complexes (Figure 2C) showcasing the potential for devices with mul-
tiple biological photosensitizers to utilize a greater optical cross-section for photocurrent
generation. The compatibility of this novel counter electrode and redox mediator scheme
with more than one biological photosensitizer is remarkable and may serve as a platform
for developing more broadly biocompatible BSSC components to improve the biological-
inorganic interface.

2. Results
2.1. Counter Electrode Characterization

We analyzed the performance and characteristics of three different electrode materials,
PEDOT/CNT, platinum nanoparticles (Pt NPs), and graphene, prepared on FTO glass
substrates. Then we measured the performance of the BSSC using these substrates as
counter electrodes. The morphology and surface characteristics of the photoanodes and all
counter electrodes used in this study were analyzed using scanning electron microscopy
(SEM). The resulting micrographs can be seen in Figure 3. In Figure 3A, the surface
topography of the PEDOT/CNT counter electrode can be observed in this top-down image
of the electrode face. The spherical structures, ca. 400–500 nm in size, are likely the
PEDOT polymer, while the small protrusions are where the doped carbon nanotubes have
integrated into the polymeric structure during electropolymerization. The rough surface
area of the spherical polymer particles may allow for an improved contact to reduce the
mediator in the electrolyte.
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Figure 3. Surface characteristics of photoanodes and counter electrodes. SEM micrographs of
(A) PEDOT/CNT (B) cross-section view and (C) top view of sintered TiO2 all on FTO.

In Figure 3B, a cross-section view of the sintered TiO2 layer on the photoanode is
depicted showing the even thickness of the deposited porous semiconducting layer. The
thickness of the TiO2 layer on the FTO coated glass is 40 µm. The highly porous three-
dimensional nature of the sintered semiconductor TiO2 layer is especially notable in the
top-down view of the electrode surface in Figure 3C. This allows for improved adsorption
of photosensitizers such as PSI and bR. The general morphology aspects of all counter
electrodes and PSI deposited on the TiO2-coated photoanode can be seen in Figure 4A.

Figure 4. Counter electrode characterization. (A) Photograph of the three PSI-SSC with different
counter electrodes (left) and PSI-sensitized TiO2 photoanodes (right) on FTO glass. (B) Cyclic
voltammograms of the of aqueous-soluble bipyridine cobalt (II/III) redox mediator using different
working electrodes. All voltammograms were measured at 100 mV/s, baseline corrected, and current
was normalized to account for variation in working electrode surface area. Pt wire and a saturated
calomel electrode were used in all measurements as the counter and reference electrodes, respectively.

The ability of PEDOT/CNT, graphene, and Pt NPs to interact constructively with our
aqueous-soluble CoII/III redox mediator was then tested by cyclic voltammetry, using the
variable counter electrodes as the working electrode in an analytical electrochemical setup.
The resultant voltammograms are shown in Figure 4B, with glassy carbon and Pt wire
used as standard working electrodes for comparison. Each voltammogram was normalized
for peak height to take into account variable working electrode area. The specific redox
reaction measured in Figure 4B is described in Equation (1) and Figure 5 below [44,76],
where R = tris(4,4′-di-methoxy-2,2′-bipyridine).

[Co(bpy− R2)3Cl2 ] 3+ + e− 
 [Co(bpy− R2)3Cl2 ] 2+ (1)
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Figure 5. Chemical structure of aqueous-soluble CoII/III redox mediator.

The oxidation potential Eox, reduction potential Ered, and midpoint potential Em, of
the CoII/III redox mediator were measured using each electrode and the obtained values
are reported in Table 2. The aqueous-soluble CoII/III redox mediator was able to interact
electrochemically with each eletrode material, displaying quasi-reversibility. The Em mea-
sured (−0.045–0.236 V vs. NHE) was higher than the HOMO of both PSI and bR with
all electrodes tested. The Em of the mediator being more negative than the HOMO of
bR [48] and of PSI [47] indicates that electron transfer from the CoII/III redox mediator to
either PSI or bR is thermodynamically favorable, and a closer Em value to those of the
protein–pigment complexes represents lower overpotential losses [75].

Table 2. Electrochemical parameters of aqueous CoII/III redox mediator with varying electrodes.

Electrode Material Eox
(V vs. NHE)

Ered
(V vs. NHE)

Em
(V vs. NHE)

Graphene 0.448 −0.493 −0.045
PEDOT/CNT 0.468 0.003 0.236

Pt NPs 0.221 0.023 0.122
Pt wire 0.173 0.081 0.127

Glassy Carbon 0.205 0.069 0.137

The varying counter electrodes were next used for functional comparison by incorpo-
ration into PSI-sensitized solar cells (PSI-SSCs) and testing for photovoltaic performance
and output. The resulting current density–voltage (J–V) and photochronoamperometry
curves can be seen in Figure 6 below.

The photovoltaic parameters of the three devices, short-circuit current (JSC), open-
circuit voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) are summa-
rized in Table 3. The greatest open-circuit VOC, JSC, and PCE were obtained with the
PEDOT/CNT-based PSI-SSC, which outperformed both the graphene and Pt NPs counter
electrodes. The VOC, JSC, and PCE of the PEDOT/CNT cell were −132 mV, 10.0 µA/cm2,
and 0.33%, respectively. The photocurrent density response of the PEDOT/CNT PSI-SSC
was nearly five times larger than that of Pt NPs’ (2.22 µA/cm2) and eight times greater than
graphene’s (1.3 µA/cm2). The photocurrent response of the PSI-SSCs at the VOC is plotted
in Figure 6A. All of the PSI-SSCs exhibited a current increase in response to illumination,
with PEDOT/CNT and Pt NPs giving similar photocurrent and higher than that of the
graphene counter electrode.
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Figure 6. Design and performance of PSI-sensitized solar cells (PSI–SSC) with variable counter
electrodes. (A) White light illuminated current density-voltage (JV) curves of the three PSI-SSCs.
(B) Representative chronoamperometry curves of the three PSI-SSCs illuminated with white light.

Table 3. PSI-sensitized solar cells (PSI-SSC) performance using different counter electrodes and a
liquid-based aqueous CoII/III electrolyte.

VOC (mV) JSC (µA/cm2) FF % PCE %

PEDOT/CNTs −132 10.00 25 0.33
Pt NPs −104 2.22 28 0.06

Graphene −93 1.30 24 0.03

2.2. Comparison of Liquid and Gel Electrolyte Composition on PSI-SSC Output and Efficiency

Once the PEDOT/CNT counter electrode was determined to be the best performing
with the aqueous CoII/III mediator and PSI as a photosensitizer, the electrolyte was next
varied to compare gel vs. liquid consistencies for BSSC device performance. Previous stud-
ies on gel-based electrolytes have reported on their abilities to overcome some of the largest
issues relevant to liquid electrolyte-containing devices, such as sealant failure, volatile
solvent evaporation, greater electron recombination, and device leakage over time [77,78].
In Figure 7, a gel-based electrolyte system was compared to the liquid electrolyte to com-
pare their performances with the PEDOT/CNT counter electrode in PSI-SSCs. J–V curves
comparing gel and liquid electrolytes can be seen in Figure 7A, with the extracted photo-
voltaic parameters reported in Table 4. The VOC of the gel electrolyte-based device was
improved by −60 mV relative to the liquid electrolyte device. The gel and liquid electrolyte
devices had comparable fill factors of 26 and 25%, and a JSC of 9.67 and 9.94 µA/cm2,
respectively. However, the gel electrolyte device had an improved PCE of 0.48%, compared
to 0.33% for the liquid electrolyte device. Based on the improved VOC and PCE of the gel
electrolyte device, the gel-based system was able to reduce resistance losses and improve
device performance. The JSC is unchanged as light absorption and transduction into current
should not affected by the electrolyte composition.

Photochoronamperometry experiments were next performed to measure the photocur-
rent as a response to illumination and the results are shown in Figure 6B. Both liquid- and
gel electrolyte-based devices showed improved current as illumination was increased, as
expected. The gel electrolyte-based device generated a larger photocurrent than the liquid-
based device, and even upon stabilization of the photocurrent the gel-based device had
comparable current density output to the liquid-based device under 50% less irradiance.
Taken together, the gel electrolyte with PEDOT/CNT counter electrode-based device has
the best performance of all systems tested in this study for PSI-sensitized BSSCs.
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Figure 7. Electrochemical analysis and performance of PSI-sensitized solar cells (PSI-SSC) using liquid
and gel CoII/III-based electrolytes. (A) Dark and white light illuminated J-V curves of the fabricated
devices using liquid and gel electrolytes. (B) Representative chronoamperometry experiments
measured at different white light illumination intensities.

Table 4. PSI-sensitized solar cells (PSI-SSC) performance using liquid and gel-based electrolytes
using aqueous-soluble CoII/III redox mediators.

VOC (mV) JSC (µA/cm2) FF % PCE %

Gel −190 9.67 26 0.48
Liquid −132 9.94 25 0.33

2.3. Aqueous CoII/III Redox Mediator Gel Electrolytes and PEDOT/CNT Counter Electrodes Are
Compatible with Multiple Proteins

Once an improved counter electrode and electrolyte system for PSI-SSCs was identified,
the suitability of this novel device fabrication scheme for other biological sensitizers was
tested by the utilization of the protein bacteriorhodopsin (bR) instead of PSI. While PSI
essentially behaves as a biological diode, in vivo Br performs activity as a light-activated
proton pump. Similarly, while both protein–pigment complexes are membrane-bound and
are typically purified using detergents, they have significantly different buffer requirements
for photoactivity retainment and stability of their protein–pigment complex [79–84]. This is
generally true for any biological components that may be incorporated in BSSCs, and to
date, the improvement of biocompatibility remains a research area of great interest.

To test how generally biocompatible our electrolyte and counter electrode scheme
was, a series of BSSCs were fabricated that utilized the same gel-based electrolyte using the
aqueous CoII/III redox mediator and PEDOT/CNT counter electrodes, but were sensitized
with either PSI, bR, or a mixture of both proteins. For these devices, the J–V curves
and photocurrent density under different illumination regimes were measured, due to
the different absorption spectra of the two protein–pigment complexes (Figure 2C). The
irradiance spectra from the illumination source with different filters is shown in Figure 8A.
The photochronoamperometry experiments showing light response are shown below in
Figure 8B,C. The calculated VOC, JSC, FF, and PCE for each cell based on the J–V curves are
summarized in Table 5 below. The bR-SSC had the best overall performance, with a VOC
nearly 40 mV more negative than the PSI-SSC, and nearly 2.4 more µA/cm2 photocurrent
density. The PCE was also markedly improved in bR-SSC by approximately 0.3% compared
to the PSI-SSC.

The photocurrent response to varying light regimes for differing photoactivation of
the devices was next tested, as the two protein–pigment complexes are optimally excited
by differing wavelengths of light. For the PSI-SSC, the photocurrent density reached
~1 µA/cm2 under green illumination (~525 nm) and ~0.15 µA/cm2 under red light illumi-
nation (~620 nm). The bR-SSC had similar photocurrent densities under the green light
illumination, despite its improved photoactivation. PSI likely still had significant photocur-
rent compared to the blank cell due to its greater number of pigment per PSI monomer
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(~100) [8] than bR (1) allowing for more efficient light harvesting. As PSI absorbs lower
energy wavelengths more readily than bR, the PSI-SSC yielded an improved photocurrent
density as compared to the bR-SSC under red light illumination (~620 nm) (Figure 8C).
Both sensitized cells yielded improved photocurrent densities upon illumination as com-
pared to the blanks, suggesting that the PEDOT/CNT counter electrode and aqueous gel
CoII/III electrolyte fabrication scheme is compatible with both membrane protein–pigment
complexes and allows for direct reduction of bR by the bipyridine-based mediator we have
previously reported on for PSI-SSCs [44].

Figure 8. PEDOT/CNT counter electrodes and a gel-based CoII/III electrolyte are also compatible
with bR-SSCs. (A) J-V curves of different BSSCs illuminated under white irradiance at 100% lamp
intensity output. Chronoamperometry measured at 0 V under (B) 50% green light and (C) 50% red
light illumination. Black lines in B and C are blank cells, with green lines showing PSI-SSC data and
blue lines showing bR-SSC data. (D) Plot showing the spectral irradiance of the LED illumination
source at 10% intensity.

Table 5. Bio-sensitized solar cells (BSSC) performance using different proteins.

VOC (mV) JSC (µA/cm2) FF % PCE %

bR −298 13.67 26 1.04
PSI −259 11.25 24 0.70

Blank −192 7.44 25 0.35

The differing photocurrent response to illumination on either the anodic or cathodic
side of the PSI- and bR-sensitized devices was also tested, shown in Figure 9A. The
measured photocurrent densities generated were over 10-fold greater upon illumination
through the back of the anodic surface for both the PSI- and bR-SSCs, and consistent over
multiple illuminations in the same photochronoamperometry trace. This may be due to the
highly scattering nature of our regular TiO2 semiconductor layer and the relatively high
UV-visible light absorption of the PEDOT/CNT CE and the electrolyte.
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Figure 9. Directional illumination effects on photocurrent density generation and stability of pho-
tocurrent response of PSI- and bR-SSCs. (A) Comparison of photocurrent densities generated by
cathodic or anodic illumination of PSI- or bR-sensitized devices. Traces were baseline corrected using
QSOAS software. (B) Photocurrent response was measured over two weeks under the same white
light illumination regime at 10% light intensity. Each datapoint is the mean photocurrent from three
individual traces, and the error bars represent the standard deviation of the mean. (C) The average of
three individual photocurrent density traces for the PSI-SSC and bR-SSC on days 1 and 14 are shown.

The stability of the PSI- and bR- sensitized devices were tested over a period of two
weeks to assess the longevity of the devices. The devices were illuminated for a total of
5 min for 3 total repetitions each day over 15 days. The average photocurrent density
obtained each day along with standard deviation is plotted in Figure 9B. The average
photocurrent density trace is reported for days 1 and 14 in Figure 9C for both the PSI-SSC
and bR-SSC tested. Interestingly, both the bR- and PSI-SSCs showed robust photocurrent
densities over the entire two weeks of testing with no significant losses. The bR-SSC had an
average photocurrent density of ~1.7 µA/cm2 and the PSI-SSC had an average photocurrent
density of ~3.6 µA/cm2 for the entire tested period. The compatibility of the PEDOT/CNT
cathode and aqueous gel-based electrolyte with the aqueous CoII/III redox mediator with
the two protein–pigment complexes is further proven here by the performance stability
tests of both devices.

3. Discussion

Biologically-derived light harvesting components for photovoltaic applications have
commercial potential due to the wide availability and ease of directed growth of different
organisms, more environmentally friendly production, and lower cost of device fabrication.
One such technology is the fabrication of sensitized solar cells based on biological proteins
as sensitizers, also known as bio-sensitized solar cells (BSSCs). However, BSSC technology
faces many challenges to become commercially competitive, including the enhancement
of photocurrent generation, improvement of conversion efficiencies, flexibility, scaling,
and long-term stability [58,85–87]. Many BSSC studies only report the photocurrent of
the cells studied, and do not include more detailed studies on conversion efficiencies, and
rarely demonstrate stability over time. One other significant factor in BSSC development
that is often not carefully considered in device fabrication schemes is the stability of the
biological component. In this report, we describe a systematic testing of multiple counter
electrodes and compare a liquid-based vs a gel-based electrolyte system that is compatible
with two unique biological protein–pigment complex photosensitizers, PSI and bR. The
best photocurrent and efficiency results obtained in our studies were from PSI- and bR-
sensitized solar cells using a device design incorporating an aqueous gel-based electrolyte
with a CoII/III redox mediator and a PEDOT/CNT counter electrode.

We have previously reported the fabrication of PEDOT/CNT CEs for biosensors [88,89],
yet this is the first report of their use in BSSCs and with cobalt-based redox mediators. Our
PEDOT/CNT CEs were similar in morphology to those manufactured in previous studies
from our group, with all samples exhibiting continuous, well-coated electrode surfaces.
Granular morphologies of ca. 500 nm diameter particles could be seen, comparable to
results reported by other groups for PEDOT films [90]. The obtained rough surface pattern
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is likely a result from the micellar system used for electrochemical deposition allowing for
increased surface area for the redox mediator to interact. The results of the improved output
and efficiencies of SSCs using PEDOT/CNT CEs with our aqueous bipyridine-based CoII/III

redox mediator is consistent with other published studies, where it has been reported that
a PEDOT-based CE was able to generate greater FF and PCE than Pt based electrodes [91].
This was attributed to the ability of PEDOT/CNT films to more effectively suppress carrier
recombination and promote carrier extraction, improving photocurrent generation in the
device [92], and the ability to mitigate the diffusional limitation of Co species which has
been reported to affect similar chemical species [76]. Previous groups have reported on
the incorporation of PEDOT-based CEs with cobalt-based redox mediators in inorganic
DSSCs with similar results [93]. This improvement of the electrochemical response of
PEDOT/CNT CEs has been attributed to their excellent electrical conductivity [64,89],
intrinsic electrocatalytic activity [94], and the high heterogeneous electron transfer rates
of the embedded MWCNT, where unique hollow structure and edge-plane-like defects of
MWCNTs, such as open ends, enhance these characteristics [95]. This improved conductiv-
ity can also contribute to the restriction of recombination events, prolonging the lifetime of
active species in the electrolyte [96].

Further, the work function of MWCNTs (~4.5–5.1 eV) is closer to that of PEDOT
(~5.0 eV), which may aid in the reduction of overpotential losses and improved device
output and efficiency [96,97]. Our bipyridine-based CoII/III redox mediator had an Em
closest to the HOMO of both biological protein–pigment complex used when measured
using the PEDOT/CNT electrode as the working electrode, likely aiding in further reducing
overpotential losses in the devices. On the other hand, the platinum work function is
located at a more positive potential vs NHE (0.66–1.46 V vs. NHE) [98] than the Em
of the CoII/III redox mediator (0.05–0.34 V vs. NHE), therefore the energy alignment
is not thermodynamically favorable for catalyzing this electron transfer event [99]. In
the case of graphene fabricated by CVD, it mostly interacts with the electrolyte through
the basal plane, which has the lowest heterogeneous electron transfer constant of the
different carbon allotropes and displays a very poor electrocatalytic activity for the mediator
redox reaction [100]. Overall, the reduction of the CoII/III redox mediator devices with
PEDOT/CNT counter electrodes is taking place with reduced energy losses than with the
Pt NPs and graphene, contributing to its overall improved photovoltaic performance in the
BSSCs studied.

Dye-sensitized solar cells have traditionally utilized liquid electrolytes and have
achieved some of the greatest efficiencies reported with them [101]. While liquid elec-
trolytes have certain desirable characteristics such as improved wettability of the cell,
redox mediator solubility, and greater electrode surface contact, there are many practical
issues such as leakage, desorption of the sensitized dye (or protein), and toxicity of many
of the most common liquid electrolytes used, along with increased rates of recombina-
tion events leading to decreased amounts of electrons available to reduce the photosensi-
tizer [18,43,77,78,82,102]. Gel- and solid-based conductive electrolytes have been an area
of much interest to attempt to address these deficiencies and have also been shown to aid
in the reduction of charge recombination at TiO2/dye/electrolyte interfaces [16,87,103]
and to improve the mechanical strength of the fabricated cells. In the results of this study,
we found that utilization of a PEG-based gel electrolyte yielded a greater VOC and PCE
than a liquid-based system. We also report that this electrolyte system is stable for at
least 15 days with no losses of photocurrent density response upon device illumination.
A similar gel-based electrolyte system has been reported to provide better interaction of
the photosensitizer with the redox-active components of the electrolyte system, which may
explain the improved longevity we have reported for our bR- and PSI-SSCs.

The comparative performance of the bR- and PSI-SSCs was also evaluated as a function
of irradiance spectra, as both proteins have preferential wavelengths for photoexcitation
and differing quantities of pigments for light harvesting. Both sensitized devices performed
better than the blank cell, which is due to the incorporation of the biological photosensitizer
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and proving their constructive photoactivity in the device. Both devices yielded similar
photocurrent density response under green light illumination, yet unsurprisingly, the
PSI-SSC outperformed the bR-SSC under red light illumination as it is more efficient at
utilization of lower-energy photons for photocurrent generation. Interestingly, combining
both proteins in the same device through simple drop casting yielded a device with reduced
performance, likely due to the need for more directed orientation for forward electron
injection through the device. The difference in photocurrent density output between the
two photosynthetic proteins may be explained by a variety of factors such as the improved
pigment density per unit of photosystem I as compared to bR or perhaps the function of bR
as a proton pump is adding another layer of complexity to the system behavior by affecting
the local environment near the TiO2 semiconductor layer.

Once the performance of the BSSCs sensitized with either protein was analyzed, the
long-term photocurrent stability of fabricated devices was investigated. The operational
stability was assessed by monitoring photocurrent response over the course of 15 days
under the same repeated illumination scheme for multiple traces each day. No loss in
photocurrent density was noted over the tested period, suggesting that device longevity
is likely longer than this period tested as well. This indicates the viability of both PSI-
and bR-based quasi-solid state devices for real world settings where lighting will not
always consistent and go through light–dark cycles, and that the photoactivity of the cell is
able to be stabilized and retained for improved longevity. PSI-SSCs had generally larger
photocurrent density generation in our studies than bR-SSCs, likely due to the improved
pigment–protein ratio of PSI, the greater UV-Visible absorption of chlorophyll pigments
compared to retinal, and the terminal electron transfer cofactor in PSI being closer to the
protein’s surface as compared to the buried retinal of bR being more insulated by its protein
environment. However, upon analysis of the J–V curves of the two gel-based BSSCs, bR
had a calculated JSC photocurrent density of 13.67 µA/cm2, slightly outperforming the PSI-
sensitized device. The bR device also exhibited a PCE 48% greater than the PSI-sensitized
device, 1.04%, as compared to 0.7%.

Taken together, these results effectively demonstrate the robustness of the designed
BSSC TiO2(bR/PSI)/PEDOT/CNT device fabrication scheme and demonstrates its compat-
ibility with multiple biological protein–pigment sensitizers in a manner that preserves their
photoactivity. The development of more compatible device designs, and ideally more uni-
versally biocompatible device designs is critical for further improvements of bio-sensitized
solar cells and is hopefully an area of increased research focus in future studies. This
work, and others in the field, help to showcase the importance of further development of
bio-sensitized photovoltaics from low-cost and sustainable materials to help meet growing
energy demands worldwide.

4. Materials and Methods
4.1. Counter Electrode Fabrication

Platinized counter electrodes were fabricated by doctor blading Platisol T/SP from
Solaronix (ref. no. 41211) onto conductive FTO glass electrodes (~25× 25× 2 mm) that were
masked off using Scotch tape to define active electrode area. The FTO coated unpolished
float glass was from Delta Technologies (Loveland, CO, USA) and had Rs = 5–10 ohm.
Tape was then removed and platinized counter electrodes were then sintered starting in
a cold furnace up to 450 ◦C where they were held for 1 h. Graphene counter electrodes
(~25 × 25 × 2 mm) were a gift from General Graphene (Knoxville, TN, USA) with a four
layer-thick deposition of graphene on FTO glass. The PMMA coating on the graphene
electrodes was removed by washing with acetone, followed by intensive rinsing with MilliQ
H2O. The multiwall carbon nanotubes (MWCNTs) were purchased from CheapTubes.com
(SKU #030106). PEDOT/CNT electrodes were electropolymerized from water dispersion
using SDS as surfactant at the CMC (CMC = 8.2 mM) and 0.35% mass concentration
of MWCNTs. SDS/CNT emulsions were sonicated before and after the addition of the
monomer, EDOT (10 mM). The dispersion was deposited on the electrode surface using



Int. J. Mol. Sci. 2022, 23, 3865 14 of 19

galvanostatic conditions on an Autolab Potentiostat. Conductive glass electrode was used
as working electrode, platinum foil as counter electrode, and Ag|AgCl (KCl 3.0 M) was
used as a reference electrode. The electrical polymerization was carried out with a current
density of 1 mA/cm2 using a potential limit of 1.9 V for 240 s (ca. 120 mC/cm2 of charge
density). Following the PEDOT:SDS:MWCNT deposition, the electrodes were intensively
rinsed with deionized water.

4.2. Protein Isolation

Bacteriorhodopsin protein was obtained from Dr. Renugopalakrishnan. It was purified
from H. salinarum as described in [31]. In brief, H. salinarum frozen cells were resuspended in
250 mL of basal salt without peptone. The cells were then dialyzed overnight in 2 L of 0.1 M
NaCl to lyse the cells. The lysate was centrifuged and the membrane pellet was resuspended
and Dounce homogenized, and then centrifuged again. The membrane pellet was then
separated using sucrose density gradient ultracentrifugation and the lower purple band
was harvested. This purple membrane was then solubilized using Triton X-100 detergent
followed by gel filtration in deoxycholate solution to yield pure delipidated bR protein.
The protein was then lyophilized and then resuspended in 20 mM HEPES, 200 mM KCl,
0.06% Triton X-100 pH 8.0 prior to use.

PSI trimer was isolated and purified from T. elongatus as previously reported [104].
Briefly, T. elongatus frozen cells were resuspended in wash buffer (25 mM MES, 20 mM
MgCl2 pH 6.4) and Dounce homogenized. Lysozyme was added and the suspension was
incubated to allow for cell wall degradation. The suspension was pelleted and washed
with fresh wash buffer before being passed twice through a French press. The lysate
was centrifuged and the pelleted membrane fragments were washed again. N-dodecyl
β-D-maltoside (β-DDM) was added to the resuspended pellet to 0.4%, which was then
incubated for 1 h at 37 ◦C. The insoluble material was removed via centrifugation and then
the solubilized material from the membrane pellet was separated using sucrose density
gradient ultracentrifugation for 14 h, after which the lowest band containing trimeric
PSI was harvested. The harvested PSI was then purified using HPLC before aliquoting
and storage.

4.3. Cobalt Redox Mediator Synthesis

Aqueous bipyridine-based cobalt redox mediators were synthesized as described
previously in [44]. Briefly, bipyridine cobalt complexes bearing methoxy functional groups
were synthesized using chloride as counterion. A total of 3 molar equivalents of 4,4′-
dimethoxy-2,2′-bipyridine was reacted with 1 molar equivalent of cobalt (II) chloride
hexahydrate in methanol for 3–4 h at 55 ◦C. Afterwards, the methanol was evaporated
under reduced pressure and the resulting solid was washed with cold diethyl ether to
yield the chloride salts in quantitative yield. Bi-pyridyl (tert-butyl and methoxy) ligands
were purchased from Sigma-Aldrich and used without purification. The preparation was
performed following protocols in the literature [76,105,106].

4.4. Cyclic Voltammetry of Co Redox Mediator with Variable Electrodes

All working electrodes were rinsed intensively with di H2O prior to testing, and Pt
and glassy carbon (GC) were also polished prior to rinsing. All cyclic voltammograms were
ran at a slew rate of 100 mV/s. The Co redox mediator was present at a concentration of
2 mM in an aqueous buffer of 20 mM HEPES and 200 mM KCl as a supporting electrolyte
with pH 8.0. The area of the various working electrodes tested was highly variable and
all resultant voltammograms had peak heights normalized to −1 or +1 to allow for easier
comparison of peak shifts and separation.

4.5. Scanning Electron Microscopy

Electrode samples were prepared as described previously. A Zeiss Auriga Crossbeam
FIB/SEM was used for all scanning microscopy images. All counter electrodes were
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imaged at EHT = 5 kV and TiO2 coated electrodes were imaged at EHT = 2 kV to improve
image quality.

4.6. Device Fabrication

A TiO2 suspension comprised of 0.8 g anatase TiO2 (9–12 nm particle size), 1.2 mL 0.1 M
HNO3, 0.024 g polyethylene glycol 8000, and 0.06 mL Triton X-100 (Anatrace, Maumee, OH,
USA) was sonicated for 1 h and then stirred overnight. Conductive FTO glass electrodes
(~25 × 25 × 2 mm) were masked off using Scotch tape to denote the active electrode area
and then the TiO2 suspension was doctor bladed on. The electrodes were air-dried, the
tape was removed, and then the electrodes were sintered at 450 ◦C for 1 h to the bare
photoanodes. Photoanodes were stored in Dri-Rite until use. Cured polydimethylsiloxane
(PDMS) was used to create a ~1 cm2 active area for drop coating photoanodes. The precise
surface area was calculated using ImageJ (Ver. 1.53). Protein-containing devices were drop
coated with 20 µL of each respective protein (PSI at ~12 µM, bR at ~50 µM due to different
light harvesting abilities). The 2 electrodes were then offset and mechanically compressed
together with the PDMS spacer in between, with dual clamps on opposing sides holding
the device together, and the electrolyte was introduced using the 0.5 mm drilled holes in
the CE active area. Then, the holes were sealed with a PDMS patch on top. The liquid
electrolyte for PSI devices consisted of 0.03 M CoII/III mediator, 50 mM MES, 0.03% β-DDM
at pH 6.4. The liquid electrolyte for bR devices consisted of 0.03 M CoII/III mediator, 20 mM
Tris, 200 mM KCl at pH 8.0. All gel electrolytes were the same composition as the liquid
electrolyte with the addition of 25% w/v PEG 10,000 (Sigma CAS# 25322-68-3).

4.7. Device Testing

Devices were allowed to equilibrate for wetting and electrolyte integration for 30 min
prior to device testing and measurements. Device illumination was performed using a
Schott KL-2500 LED light source with inset filter holder and Schott red light filter (MOS-
258-303) for all red actinic light experiments, and a Knight Optical dichroic bandpass
filter 525 nm (#525FDC25, Maidstone, UK) for all green actinic light experiments. All
photochronoamperometric measurements were taken using a Bio-Logic SP-50 potentiostat
and EC-Lab software for data collection. Data plotting and analysis was done in Origin Pro
2019, QSOAS [107], and GraphPad Prism (Ver. 9.3.1).

Author Contributions: A.H.T. and S.M. contributed equally to this work. Conceptualization, S.M.,
A.H.T., B.D.B., C.V., R.S.; resources, B.D.B., C.V., J.J.M.R., J.J.B., R.S., V.R., R.N., E.G.; data curation,
S.M., A.H.T., C.V., D.A., A.T.; writing—original draft preparation, S.M., A.H.T.; writing—review and
editing, S.M., A.H.T., B.D.B., C.V., J.J.M.R., J.J.B., R.S., V.R.; supervision, B.D.B. and C.V.; funding
acquisition, B.D.B., C.V., J.J.B., V.R. All authors have read and agreed to the published version of
the manuscript.

Funding: S.M. acknowledges the Medical Devices Master Program and the Direction of the Postgrad-
uate Office of the Instituto Tecnológico de Costa Rica for scholarship support. C.V. acknowledges the
funding of Instituto Tecnológico de Costa Rica through the Vice-rectory of Research and Outreach for
the project “1490026 Desarrollo de Celdas Biofotovoltaicas Utilizando la Proteína Bacteriorodopsina”.
J.J.B. acknowledges the CSUB California Energy Research Center’s Interdisciplinary Energy Research
Program for the funding of supplies and undergraduate student research stipends. J.J.B. acknowl-
edges the CSUB NSME Dean’s office for startup funding. A.H.T. has been supported as an NIH PEER
fellow from an NIH R25 award (R25GM086761). Support to B.D.B. and A.H.T. has been provided from
the Gibson Family Foundation, Donald L. Akers Faculty Enrichment Fellowship, and the Charles P.
Postelle Distinguished Professorship.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy reasons.

Acknowledgments: S.M. and A.H.T. would like to thank Neal Evans for his assistance with the
scanning electron microscope. A.H.T. would like to thank Michael Vaughn for his insightful and



Int. J. Mol. Sci. 2022, 23, 3865 16 of 19

educational help with electrochemistry and solar cell analysis discussions. B.D.B. and A.H.T. would
like to thank General Graphene for their generous gift of graphene electrodes.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cronshaw, I. World Energy Outlook 2014 projections to 2040: Natural gas and coal trade, and the role of China. Aust. J. Agric.

Resour. Econ. 2015, 59, 571–585. [CrossRef]
2. Lewis, N.S.; Nocera, D.G. Powering the planet: Chemical challenges in solar energy utilization. Proc. Natl. Acad. Sci. USA 2007,

104, 20142. [CrossRef] [PubMed]
3. Sherman, B.D.; Vaughn, M.D.; Bergkamp, J.J.; Gust, D.; Moore, A.L.; Moore, T.A. Evolution of reaction center mimics to systems

capable of generating solar fuel. Photosynth. Res. 2014, 120, 59–70. [CrossRef] [PubMed]
4. Chowdhury, M.S.; Rahman, K.S.; Chowdhury, T.; Nuthammachot, N.; Techato, K.; Akhtaruzzaman, M.; Tiong, S.K.; Sopian, K.;

Amin, N. An overview of solar photovoltaic panels’ end-of-life material recycling. Energy Strategy Rev. 2020, 27, 100431. [CrossRef]
5. Oregan, B.; Gratzel, M. A Low-Cost, High-Efficiency Solar-Cell Based on Dye-Sensitized Colloidal Tio2 Films. Nature 1991, 353,

737–740. [CrossRef]
6. Stieger, K.R.; Feifel, S.C.; Lokstein, H.; Hejazi, M.; Zouni, A.; Lisdat, F. Biohybrid architectures for efficient light-to-current

conversion based on photosystem I within scalable 3D mesoporous electrodes. J. Mater. Chem. A 2016, 4, 17009–17017. [CrossRef]
7. Vanselow, C.; Weber, A.P.M.; Krause, K.; Fromme, P. Genetic analysis of the Photosystem I subunits from the red alga, Galdieria

sulphuraria. Bba-Bioenergetics 2009, 1787, 46–59. [CrossRef]
8. Jordan, P.; Fromme, P.; Witt, H.T.; Klukas, O.; Saenger, W.; Krauss, N. Three-dimensional structure of cyanobacterial photosystem

I at 2.5 A resolution. Nature 2001, 411, 909–917. [CrossRef]
9. Li, M.; Calteau, A.; Semchonok, D.A.; Witt, T.A.; Nguyen, J.T.; Sassoon, N.; Boekema, E.J.; Whitelegge, J.; Gugger, M.; Bruce, B.D.

Physiological and evolutionary implications of tetrameric photosystem I in cyanobacteria. Nat. Plants 2019, 5, 1309–1319.
[CrossRef]

10. Caspy, I.; Nelson, N. Structure of the plant photosystem I. Biochem. Soc. Trans. 2018, 46, 285–294. [CrossRef]
11. Netzer-El, S.Y.; Caspy, I.; Nelson, N. Crystal Structure of Photosystem I Monomer From Synechocystis PCC 6803. Front. Plant. Sci.

2018, 9, 1865. [CrossRef] [PubMed]
12. Blankenship, R.E. Molecular Mechanisms of Photosynthesis, 2nd ed.; Wiley/Blackwell: Chichester, UK, 2014.
13. Hasegawa, N.; Jonotsuka, H.; Miki, K.; Takeda, K. X-ray structure analysis of bacteriorhodopsin at 1.3 A resolution. Sci. Rep. 2018,

8, 13123. [CrossRef] [PubMed]
14. Subramaniam, S. The structure of bacteriorhodopsin: An emerging consensus. Curr. Opin. Struct. Biol. 1999, 9, 462–468. [CrossRef]
15. Lanyi, J.K. Bacteriorhodopsin. Annu. Rev. Physiol. 2004, 66, 665–688. [CrossRef] [PubMed]
16. Teodor, A.H.; Bruce, B.D. Putting Photosystem I to Work: Truly Green Energy. Trends Biotechnol. 2020, 38, 1329–1342. [CrossRef]
17. Amao, Y.; Tadokoro, A.; Nakamura, M.; Shuto, N.; Kuroki, A. Artificial photosynthesis by using chloroplasts from spinach

adsorbed on a nanocrystalline TiO2 electrode for photovoltaic conversion. Res. Chem. Intermediat. 2014, 40, 3257–3265. [CrossRef]
18. Badura, A.; Guschin, D.; Kothe, T.; Kopczak, M.J.; Schuhmann, W.; Rogner, M. Photocurrent generation by photosystem 1

integrated in crosslinked redox hydrogels. Energ. Environ. Sci. 2011, 4, 2435–2440. [CrossRef]
19. Baker, D.R.; Simmerman, R.F.; Sumner, J.J.; Bruce, B.D.; Lundgren, C.A. Photoelectrochemistry of photosystem I bound in nafion.

Langmuir 2014, 30, 13650–13655. [CrossRef]
20. Bhardwaj, R.; Pan, R.L.; Gross, E.L. A Photosystem-I-Phenosafranine Solar-Cell. Photochem. Photobiol. 1981, 34, 215–222. [CrossRef]
21. Carmeli, I.; Frolov, L.; Carmeli, C.; Richter, S. Photovoltaic activity of photosystem I-based self-assembled monolayer. J. Am.

Chem. Soc. 2007, 129, 12352–12353. [CrossRef]
22. Carter, J.R.; Baker, D.R.; Witt, T.A.; Bruce, B.D. Enhanced photocurrent from Photosystem I upon in vitro truncation of the

antennae chlorophyll. Photosynth. Res. 2016, 127, 161–170. [CrossRef] [PubMed]
23. Chen, W.L.; Gross, E.L.; Pan, R.L. A Photoelectrochemical Cell Using Electrodes Modified by Photosystem-I Particles of Spinach.

Bot. Bull. Acad. Sin. 1992, 33, 9–15.
24. Ciesielski, P.N.; Hijazi, F.M.; Scott, A.M.; Faulkner, C.J.; Beard, L.; Emmett, K.; Rosenthal, S.J.; Cliffel, D.; Jennings, G.K.

Photosystem I—Based biohybrid photoelectrochemical cells. Bioresour. Technol. 2010, 101, 3047–3053. [CrossRef]
25. Ciornii, D.; Riedel, M.; Stieger, K.R.; Feifel, S.C.; Hejazi, M.; Lokstein, H.; Zouni, A.; Lisdat, F. Bioelectronic Circuit on a 3D

Electrode Architecture: Enzymatic Catalysis Interconnected with Photosystem I. J. Am. Chem. Soc. 2017, 139, 16478–16481.
[CrossRef] [PubMed]

26. Teodor, A.H.; Sherman, B.D.; Ison, Z.Y.; Ooi, E.-J.; Bergkamp, J.J.; Bruce, B.D. Green Catalysts: Applied and Synthetic Photosyn-
thesis. Catalysts 2020, 10, 1016. [CrossRef]

27. Terasaki, N.; Yamamoto, N.; Tamada, K.; Hattori, M.; Hiraga, T.; Tohri, A.; Sato, I.; Iwai, M.; Iwai, M.; Taguchi, S.; et al. Bio-
photosensor: Cyanobacterial photosystem I coupled with transistor via molecular wire. Biochim. Biophys. Acta 2007, 1767, 653–659.
[CrossRef] [PubMed]

28. Allam, N.K.; Yen, C.-W.; Near, R.D.; El-Sayed, M.A. Bacteriorhodopsin/TiO2 nanotube arrays hybrid system for enhanced
photoelectrochemical water splitting. Energy Environ. Sci. 2011, 4, 2909–2914. [CrossRef]

http://doi.org/10.1111/1467-8489.12120
http://doi.org/10.1073/pnas.0603395103
http://www.ncbi.nlm.nih.gov/pubmed/17043226
http://doi.org/10.1007/s11120-013-9795-4
http://www.ncbi.nlm.nih.gov/pubmed/23397434
http://doi.org/10.1016/j.esr.2019.100431
http://doi.org/10.1038/353737a0
http://doi.org/10.1039/C6TA07141D
http://doi.org/10.1016/j.bbabio.2008.10.004
http://doi.org/10.1038/35082000
http://doi.org/10.1038/s41477-019-0566-x
http://doi.org/10.1042/BST20170299
http://doi.org/10.3389/fpls.2018.01865
http://www.ncbi.nlm.nih.gov/pubmed/30662446
http://doi.org/10.1038/s41598-018-31370-0
http://www.ncbi.nlm.nih.gov/pubmed/30177765
http://doi.org/10.1016/S0959-440X(99)80065-7
http://doi.org/10.1146/annurev.physiol.66.032102.150049
http://www.ncbi.nlm.nih.gov/pubmed/14977418
http://doi.org/10.1016/j.tibtech.2020.04.004
http://doi.org/10.1007/s11164-014-1831-2
http://doi.org/10.1039/c1ee01126j
http://doi.org/10.1021/la503132h
http://doi.org/10.1111/j.1751-1097.1981.tb08989.x
http://doi.org/10.1021/ja073040c
http://doi.org/10.1007/s11120-015-0162-5
http://www.ncbi.nlm.nih.gov/pubmed/26031418
http://doi.org/10.1016/j.biortech.2009.12.045
http://doi.org/10.1021/jacs.7b10161
http://www.ncbi.nlm.nih.gov/pubmed/29091736
http://doi.org/10.3390/catal10091016
http://doi.org/10.1016/j.bbabio.2006.11.008
http://www.ncbi.nlm.nih.gov/pubmed/17184727
http://doi.org/10.1039/c1ee01447a


Int. J. Mol. Sci. 2022, 23, 3865 17 of 19

29. Balasubramanian, S.; Wang, P.; Schaller, R.D.; Rajh, T.; Rozhkova, E.A. High-Performance Bioassisted Nanophotocatalyst for
Hydrogen Production. Nano Lett. 2013, 13, 3365–3371. [CrossRef]

30. Chu, L.K.; Yen, C.W.; El-Sayed, M.A. Bacteriorhodopsin-based photo-electrochemical cell. Biosens. Bioelectron. 2010, 26, 620–626.
[CrossRef]

31. Das, S.; Wu, C.; Song, Z.; Hou, Y.; Koch, R.; Somasundaran, P.; Priya, S.; Barbiellini, B.; Venkatesan, R. Bacteriorhodopsin Enhances
Efficiency of Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2019, 11, 30728–30734. [CrossRef]

32. Hampp, N.A. Bacteriorhodopsin: Mutating a biomaterial into an optoelectronic material. Appl. Microbiol. Biotechnol. 2000, 53,
633–639. [CrossRef] [PubMed]

33. Jin, Y.D.; Honig, T.; Ron, I.; Friedman, N.; Sheves, M.; Cahen, D. Bacteriorhodopsin as an electronic conduction medium for
biomolecular electronics. Chem. Soc. Rev. 2008, 37, 2422–2432. [CrossRef] [PubMed]

34. Johnson, K.E.; Gakhar, S.; Risbud, S.H.; Longo, M.L. Development and Characterization of Titanium Dioxide Gel with Encapsu-
lated Bacteriorhodopsin for Hydrogen Production. Langmuir 2018, 34, 7488–7496. [CrossRef] [PubMed]

35. Li, Y.T.; Tian, Y.; Tian, H.; Tu, T.; Gou, G.Y.; Wang, Q.; Qiao, Y.C.; Yang, Y.; Ren, T.L. A Review on Bacteriorhodopsin-Based
Bioelectronic Devices. Sensors 2018, 18, 1368. [CrossRef]

36. Renugopalakrishnan, V.; Barbiellini, B.; King, C.; Molinari, M.; Mochalov, K.; Sukhanova, A.; Nabiev, I.; Fojan, P.; Tuller, H.L.;
Chin, M.; et al. Engineering a Robust Photovoltaic Device with Quantum Dots and Bacteriorhodopsin. J. Phys. Chem. C Nanomater.
Interfaces 2014, 118, 16710–16717. [CrossRef]

37. Thavasi, V.; Lazarova, T.; Filipek, S.; Kolinski, M.; Querol, E.; Kumar, A.; Ramakrishna, S.; Padros, E.; Renugopalakrishnan, V.
Study on the feasibility of bacteriorhodopsin as bio-photosensitizer in excitonic solar cell: A first report. J. Nanosci. Nanotechnol.
2009, 9, 1679–1687. [CrossRef]

38. Zhang, Q.Q.; Liu, Z.Y.; Zhai, J. Photocurrent generation in a light-harvesting system with multifunctional artificial nanochannels.
Chem. Commun. 2015, 51, 12286–12289. [CrossRef]

39. Zhao, Z.; Wang, P.; Xu, X.; Sheves, M.; Jin, Y. Bacteriorhodopsin/Ag nanoparticle-based hybrid nano-bio electrocatalyst for
efficient and robust H2 evolution from water. J. Am. Chem. Soc. 2015, 137, 2840–2843. [CrossRef]

40. Ghernaout, D.; Boudjemline, A.; Elboughdiri, N. Electrochemical Engineering in the Core of the Dye-Sensitized Solar Cells
(DSSCs). Open Access Libr. J. 2020, 7, e6178. [CrossRef]

41. Kumara, N.T.R.N.; Lim, A.; Lim, C.M.; Petra, M.I.; Ekanayake, P. Recent progress and utilization of natural pigments in dye
sensitized solar cells: A review. Renew. Sustain. Energy Rev. 2017, 78, 301–317. [CrossRef]

42. Devadiga, D.; Selvakumar, M.; Shetty, P.; Santosh, M.S. Dye-Sensitized Solar Cell for Indoor Applications: A Mini-Review.
J. Electron. Mater. 2021, 50, 3187–3206. [CrossRef]

43. Abisharani, J.M.; Balamurugan, S.; Thomas, A.; Devikala, S.; Arthanareeswari, M.; Ganesan, S.; Prakash, M. Incorporation of
organic additives with electron rich donors (N, O, S) in gelatin gel polymer electrolyte for dye sensitized solar cells. Sol. Energy
2021, 218, 552–562. [CrossRef]

44. Teodor, A.H.; Ooi, E.-J.; Medina, J.; Alarcon, M.; Vaughn, M.D.; Bruce, B.D.; Bergkamp, J.J. Aqueous-soluble bipyridine
cobalt(ii/iii) complexes act as direct redox mediators in photosystem I-based biophotovoltaic devices. RSC Adv. 2021, 11,
10434–10450. [CrossRef]

45. Trasatti, S. The Absolute Electrode Potential—An Explanatory Note (Recommendations 1986). Pure Appl. Chem. 1986, 58, 955–966.
[CrossRef]

46. Kawano, H. Effective Work Functions of the Elements. Prog. Surf. Sci. 2021, 97, 100583.
47. Nakamura, A.; Suzawa, T.; Kato, Y.; Watanabe, T. Species dependence of the redox potential of the primary electron donor p700 in

photosystem I of oxygenic photosynthetic organisms revealed by spectroelectrochemistry. Plant. Cell. Physiol. 2011, 52, 815–823.
[CrossRef]

48. Ueno, S.; Shibata, A.; Yorimitsu, A.; Baba, Y.; Kamo, N. Redox potentials of the oriented film of the wild-type, the E194Q-, E204Q-
and D96N-mutated bacteriorhodopsins. Biochim. Biophys. Acta (BBA)-Biomembr. 2003, 1609, 109–114. [CrossRef]

49. Nardes, A.M.; Kemerink, M.; de Kok, M.M.; Vinken, E.; Maturova, K.; Janssen, R.A.J. Conductivity, work function, and
environmental stability of PEDOT:PSS thin films treated with sorbitol. Org. Electron. 2008, 9, 727–734. [CrossRef]

50. Garg, R.; Dutta, N.K.; Choudhury, N.R. Work Function Engineering of Graphene. Nanomaterials 2014, 4, 267–300. [CrossRef]
51. Helander, M.G.; Greiner, M.T.; Wang, Z.B.; Tang, W.M.; Lu, Z.H. Work function of fluorine doped tin oxide. J. Vacuum Sci.

Technol. A 2011, 29, 011019. [CrossRef]
52. Ngidi, N.P.D.; Ollengo, M.A.; Nyamori, V.O. Heteroatom-doped graphene and its application as a counter electrode in dye-

sensitized solar cells. Int. J. Energy Res. 2019, 43, 1702–1734. [CrossRef]
53. Yoon, C.H.; Vittal, R.; Lee, J.; Chae, W.S.; Kim, K.J. Enhanced performance of a dye-sensitized solar cell with an electrodeposited-

platinum counter electrode. Electrochim. Acta 2008, 53, 2890–2896. [CrossRef]
54. Ghanem, M.A. Electrocatalytic activity and simultaneous determination of catechol and hydroquinone at mesoporous platinum

electrode. Electrochem. Commun. 2007, 9, 2501–2506. [CrossRef]
55. Kumarasinghe, K.D.M.S.P.K.; Kumara, G.R.A.; Rajapakse, R.M.G.; Liyanage, D.N.; Tennakone, K. Activated coconut shell charcoal

based counter electrode for dye-sensitized solar cells. Org. Electron. 2019, 71, 93–97. [CrossRef]
56. Balraju, P.; Kumar, M.; Roy, M.S.; Sharma, G.D. Dye sensitized solar cells (DSSCs) based on modified iron phthalocyanine

nanostructured TiO2 electrode and PEDOT:PSS counter electrode. Synthetic Met. 2009, 159, 1325–1331. [CrossRef]

http://doi.org/10.1021/nl4016655
http://doi.org/10.1016/j.bios.2010.07.013
http://doi.org/10.1021/acsami.9b06372
http://doi.org/10.1007/s002539900311
http://www.ncbi.nlm.nih.gov/pubmed/10919318
http://doi.org/10.1039/b806298f
http://www.ncbi.nlm.nih.gov/pubmed/18949115
http://doi.org/10.1021/acs.langmuir.8b01471
http://www.ncbi.nlm.nih.gov/pubmed/29874091
http://doi.org/10.3390/s18051368
http://doi.org/10.1021/jp502885s
http://doi.org/10.1166/jnn.2009.SI07
http://doi.org/10.1039/C5CC04271B
http://doi.org/10.1021/jacs.5b00200
http://doi.org/10.4236/oalib.1106178
http://doi.org/10.1016/j.rser.2017.04.075
http://doi.org/10.1007/s11664-021-08854-3
http://doi.org/10.1016/j.solener.2021.03.007
http://doi.org/10.1039/D0RA10221K
http://doi.org/10.1351/pac198658070955
http://doi.org/10.1093/pcp/pcr034
http://doi.org/10.1016/S0005-2736(02)00660-0
http://doi.org/10.1016/j.orgel.2008.05.006
http://doi.org/10.3390/nano4020267
http://doi.org/10.1116/1.3525641
http://doi.org/10.1002/er.4326
http://doi.org/10.1016/j.electacta.2007.10.074
http://doi.org/10.1016/j.elecom.2007.07.023
http://doi.org/10.1016/j.orgel.2019.05.009
http://doi.org/10.1016/j.synthmet.2009.03.001


Int. J. Mol. Sci. 2022, 23, 3865 18 of 19

57. Chen, J.G.; Wei, H.Y.; Ho, K.C. Using modified poly(3,4-ethylene dioxythiophene): Poly(styrene sulfonate) film as a counter
electrode in dye-sensitized solar cells. Sol. Energy Mater. Sol. C 2007, 91, 1472–1477. [CrossRef]

58. Ellis, H.; Jiang, R.; Ye, S.; Hagfeldt, A.; Boschloo, G. Development of high efficiency 100% aqueous cobalt electrolyte dye-sensitised
solar cells. Phys. Chem. Chem. Phys. 2016, 18, 8419–8427. [CrossRef]

59. Mukherjee, S.; Singh, R.; Gopinathan, S.; Murugan, S.; Gawali, S.; Saha, B.; Biswas, J.; Lodha, S.; Kumar, A. Solution-Processed
Poly(3,4-ethylenedioxythiophene) Thin Films as Transparent Conductors: Effect of p-Toluenesulfonic Acid in Dimethyl Sulfoxide.
ACS Appl. Mater. Int. 2014, 6, 17792–17803. [CrossRef]

60. Ravi, S.K.; Yu, Z.M.; Swainsbury, D.J.K.; Ouyang, J.Y.; Jones, M.R.; Tan, S.C. Enhanced Output from Biohybrid Photoelectrochemi-
cal Transparent Tandem Cells Integrating Photosynthetic Proteins Genetically Modified for Expanded Solar Energy Harvesting.
Adv. Energy Mater. 2017, 7, 1601821. [CrossRef]

61. Robinson, M.T.; Simons, C.E.; Cliffel, D.E.; Jennings, G.K. Photocatalytic photosystem I/PEDOT composite films prepared by
vapor-phase polymerization. Nanoscale 2017, 9, 6158–6166. [CrossRef]

62. Wei, W.; Wang, H.; Hu, Y.H. A review on PEDOT-based counter electrodes for dye-sensitized solar cells. Int. J. Energy Res. 2014,
38, 1099–1111. [CrossRef]

63. Rudd, S.; Evans, D. Recent advances in the aqueous applications of PEDOT. Nanoscale Adv. 2022, 4, 733–741. [CrossRef]
64. Gupta, N.; Gupta, S.M.; Sharma, S.K. Carbon nanotubes: Synthesis, properties and engineering applications. Carbon Lett. 2019, 29,

419–447. [CrossRef]
65. Subramanyam, B.V.R.S.; Mahakul, P.C.; Sa, K.; Raiguru, J.; Alam, I.; Das, S.; Mondal, M.; Subudhi, S.; Mahanandia, P. Improved

stability and performance of organic photovoltaic cells by application of carbon nanostructures and PEDOT:PSS composites as
additional transparent electrodes. Sol. Energy 2019, 186, 146–155. [CrossRef]

66. Feifel, S.C.; Lokstein, H.; Hejazi, M.; Zouni, A.; Lisdat, F. Unidirectional Photocurrent of Photosystem I on pi-System-Modified
Graphene Electrodes: Nanobionic Approaches for the Construction of Photobiohybrid Systems. Langmuir 2015, 31, 10590–10598.
[CrossRef] [PubMed]

67. Wang, H.; Hu, Y.H. Graphene as a counter electrode material for dye-sensitized solar cells. Energy Environ. Sci. 2012, 5, 8182–8188.
[CrossRef]

68. Boschloo, G.; Hagfeldt, A. Characteristics of the iodide/triiodide redox mediator in dye-sensitized solar cells. Acc. Chem. Res.
2009, 42, 1819–1826. [CrossRef] [PubMed]

69. Bella, F.; Gerbaldi, C.; Barolo, C.; Gratzel, M. Aqueous dye-sensitized solar cells. Chem. Soc. Rev. 2015, 44, 3431–3473. [CrossRef]
70. Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; Curchod, B.F.; Ashari-Astani, N.; Tavernelli, I.; Rothlisberger, U.; Nazeeruddin,

M.K.; Gratzel, M. Dye-sensitized solar cells with 13% efficiency achieved through the molecular engineering of porphyrin sensitizers.
Nat. Chem. 2014, 6, 242–247. [CrossRef]

71. Gregg, B.A.; Pichot, F.; Ferrere, S.; Fields, C.L. Interfacial recombination processes in dye-sensitized solar cells and methods to
passivate the interfaces. J. Phys. Chem. B 2001, 105, 1422–1429. [CrossRef]

72. Nusbaumer, H.; Zakeeruddin, S.M.; Moser, J.E.; Gratzel, M. An alternative efficient redox couple for the dye-sensitized solar cell
system. Chemistry 2003, 9, 3756–3763. [CrossRef] [PubMed]

73. Nusbaumer, H.M.; Moser, J.E.; Zakeeruddin, S.; Nazeeruddin, M.; Gratzel, M. CoII((dbbip)2)2+ Complex Rivals Tri-iodide/Iodide
Redox Mediator in Dye-Sensitized Photovoltaic Cells. J. Phys. Chem. B 2001, 105, 10461–10464. [CrossRef]

74. Mosconi, E.; Yum, J.H.; Kessler, F.; Gomez Garcia, C.J.; Zuccaccia, C.; Cinti, A.; Nazeeruddin, M.K.; Gratzel, M.; De Angelis, F.
Cobalt electrolyte/dye interactions in dye-sensitized solar cells: A combined computational and experimental study. J. Am.
Chem. Soc. 2012, 134, 19438–19453. [CrossRef] [PubMed]

75. Saygili, Y.; Stojanovic, M.; Flores-Díaz, N.; Zakeeruddin, S.M.; Vlachopoulos, N.; Grätzel, M.; Hagfeldt, A. Metal Coordination
Complexes as Redox Mediators in Regenerative Dye-Sensitized Solar Cells. Inorganics 2019, 7, 30. [CrossRef]

76. Sapp, S.A.; Elliott, C.M.; Contado, C.; Caramori, S.; Bignozzi, C.A. Substituted polypyridine complexes of cobalt(II/III) as efficient
electron-transfer mediators in dye-sensitized solar cells. J. Am. Chem. Soc. 2002, 124, 11215–11222. [CrossRef] [PubMed]

77. Sonai, G.G.; Tiihonen, A.; Miettunen, K.; Lund, P.D.; Nogueira, A.F. Long-Term Stability of Dye-Sensitized Solar Cells Assembled
with Cobalt Polymer Gel Electrolyte. J. Phys. Chem. C 2017, 121, 17577–17585. [CrossRef]

78. Passantino, J.M.; Wolfe, K.D.; Simon, K.T.; Cliffel, D.E.; Jennings, G.K. Photosystem I Enhances the Efficiency of a Natural,
Gel-Based Dye-Sensitized Solar Cell. ACS Appl. Bio Mater. 2020, 3, 4465–4473. [CrossRef] [PubMed]

79. Nguyen, K.; Vaughn, M.; Frymier, P.; Bruce, B.D. In vitro kinetics of P700 + reduction of Thermosynechococcus elongatus trimeric
Photosystem I complexes by recombinant cytochrome c 6 using a Joliot-type LED spectrophotometer. Photosynth. Res. 2017, 131,
79–91. [CrossRef]

80. Toth-Boconadi, R.; Der, A.; Keszthelyi, L. Buffer effects on electric signals of light-excited bacteriorhodopsin. Biophys. J. 2000, 78,
3170–3177. [CrossRef]

81. Liu, S.Y.; Kono, M.; Ebrey, T.G. Effect of pH buffer molecules on the light-induced currents from oriented purple membrane.
Biophys. J. 1991, 60, 204–216. [CrossRef]

82. Al-Mohsin, H.A.; Mineart, K.P.; Armstrong, D.P.; Spontak, R.J. Tuning the performance of aqueous photovoltaic elastomer gels by
solvent polarity and nanostructure development. J. Polym. Sci. Pol. Phys. 2017, 55, 85–95. [CrossRef]

http://doi.org/10.1016/j.solmat.2007.03.024
http://doi.org/10.1039/C6CP00264A
http://doi.org/10.1021/am504150n
http://doi.org/10.1002/aenm.201601821
http://doi.org/10.1039/C7NR01158J
http://doi.org/10.1002/er.3178
http://doi.org/10.1039/D1NA00748C
http://doi.org/10.1007/s42823-019-00068-2
http://doi.org/10.1016/j.solener.2019.04.097
http://doi.org/10.1021/acs.langmuir.5b01625
http://www.ncbi.nlm.nih.gov/pubmed/26348323
http://doi.org/10.1039/c2ee21905k
http://doi.org/10.1021/ar900138m
http://www.ncbi.nlm.nih.gov/pubmed/19845388
http://doi.org/10.1039/C4CS00456F
http://doi.org/10.1038/nchem.1861
http://doi.org/10.1021/jp003000u
http://doi.org/10.1002/chem.200204577
http://www.ncbi.nlm.nih.gov/pubmed/12916099
http://doi.org/10.1021/jp012075a
http://doi.org/10.1021/ja3079016
http://www.ncbi.nlm.nih.gov/pubmed/23113640
http://doi.org/10.3390/inorganics7030030
http://doi.org/10.1021/ja027355y
http://www.ncbi.nlm.nih.gov/pubmed/12224970
http://doi.org/10.1021/acs.jpcc.7b03865
http://doi.org/10.1021/acsabm.0c00446
http://www.ncbi.nlm.nih.gov/pubmed/35025445
http://doi.org/10.1007/s11120-016-0300-8
http://doi.org/10.1016/S0006-3495(00)76853-6
http://doi.org/10.1016/S0006-3495(91)82044-6
http://doi.org/10.1002/polb.24242


Int. J. Mol. Sci. 2022, 23, 3865 19 of 19

83. Zhang, Y.; Nakamura, A.; Kuroiwa, Y.; Kato, Y.; Watanabe, T. Spectroelectrochemistry of P700 in native photosystem I particles and
diethyl ether-treated thylakoid membranes from spinach and Thermosynechococcus elongatus. FEBS Lett. 2008, 582, 1123–1128.
[CrossRef] [PubMed]

84. MacKinney, G. Absorption of light by chlorophyll solutions. J. Biol. Chem. 1941, 140, 315–322. [CrossRef]
85. Huang, K.-T.; Chen, C.-P.; Jiang, B.-H.; Jeng, R.-J.; Chen, W.-C. Green poly-lysine as electron-extraction modified layer with over

15% power conversion efficiency and its application in bio-based flexible organic solar cells. Org. Electron. 2020, 87, 105924.
[CrossRef]

86. Han, J.; Bao, F.; Huang, D.; Wang, X.; Yang, C.; Yang, R.; Jian, X.; Wang, J.; Bao, X.; Chu, J. A Universal Method to Enhance
Flexibility and Stability of Organic Solar Cells by Constructing Insulating Matrices in Active Layers. Adv. Funct. Mater. 2020,
30, 2003654. [CrossRef]

87. Villarreal, C.C.; Monge, S.; Aguilar, D.; Tames, A.; Araya, N.; Aguilar, M.; Ramakrishna, S.; Thavasi, V.; Song, Z.; Mulchandani, A.;
et al. Bio-sensitized solar cells built from renewable carbon sources. Mater. Today Energy 2022, 23, 100910. [CrossRef]

88. Zamora, R.; Masís-Meléndez, F.; Phillips, H.; Alvarado-Marchena, L.A.; Starbird, R. Development of Poly(3,4- ethylenedioxythio-
phene(PEDOT)/carbon Nanotube Electrodes for Electrochemical Detection of Mancozeb in Water. Int. J. Electrochem. Sci. 2018, 13,
1931–1944. [CrossRef]

89. Zamora-Sequeira, R.; Alvarado-Hidalgo, F.; Robles-Chaves, D.; Saenz-Arce, G.; Avendano-Soto, E.D.; Sanchez-Kopper, A.;
Starbird-Perez, R. Electrochemical Characterization of Mancozeb Degradation for Wastewater Treatment Using a Sensor Based on
Poly (3,4-ethylenedioxythiophene) (PEDOT) Modified with Carbon Nanotubes and Gold Nanoparticles. Polymers 2019, 11, 1449.
[CrossRef]

90. Martin, D.C.; Wu, J.H.; Shaw, C.M.; King, Z.; Spanninga, S.A.; Richardson-Burns, S.; Hendricks, J.; Yang, J.Y. The Morphology of
Poly(3,4-Ethylenedioxythiophene). Polym. Rev. 2010, 50, 340–384. [CrossRef]

91. Marchini, E.; Caramori, S.; Bignozzi, C.A.; Carli, S. On the Use of PEDOT as a Catalytic Counter Electrode Material in Dye-
Sensitized Solar Cells. Appl. Sci. 2021, 11, 3795. [CrossRef]

92. Fan, Q.; Zhang, Q.; Zhou, W.; Xia, X.; Yang, F.; Zhang, N.; Xiao, S.; Li, K.; Gu, X.; Xiao, Z.; et al. Novel approach to enhance
efficiency of hybrid silicon-based solar cells via synergistic effects of polymer and carbon nanotube composite film. Nano Energy
2017, 33, 436–444. [CrossRef]

93. Tsao, H.N.; Burschka, J.; Yi, C.; Kessler, F.; Nazeeruddin, M.K.; Grätzel, M. Influence of the interfacial charge-transfer resistance
at the counter electrode in dye-sensitized solar cells employing cobalt redox shuttles. Energy Environ. Sci. 2011, 4, 4921–4924.
[CrossRef]

94. Kouhnavard, M.; Yifan, D.; D’Arcy, J.M.; Mishra, R.; Biswas, P. Highly conductive PEDOT films with enhanced catalytic activity
for dye-sensitized solar cells. Sol. Energy 2020, 211, 258–264. [CrossRef]

95. Beitollahi, H.; Movahedifar, F.; Tajik, S.; Jahani, S. A Review on the Effects of Introducing CNTs in the Modification Process of
Electrochemical Sensors. Electroanalysis 2018, 31, 1195–1203. [CrossRef]

96. Yang, L.; Luo, Y.; Yang, L.; Luo, S.; Luo, X.; Dai, W.; Li, T.; Luo, Y. Enhanced photocatalytic activity of hierarchical titanium dioxide
microspheres with combining carbon nanotubes as “e-bridge”. J. Hazard. Mater. 2019, 367, 550–558. [CrossRef] [PubMed]

97. Khatri, I.; Tang, Z.; Liu, Q.; Ishikawa, R.; Ueno, K.; Shirai, H. Green-tea modified multiwalled carbon nanotubes for effi-
cient poly(3,4-ethylenedioxythiophene):poly(stylenesulfonate)/n-silicon hybrid solar cell. Appl. Phys. Lett. 2013, 102, 063508.
[CrossRef]

98. Hölzl, J.; Schulte, F.K. Solid Surface Physics; Springer: Berlin/Heidelberg, Germany, 1979.
99. Wu, J.; Lan, Z.; Lin, J.; Huang, M.; Huang, Y.; Fan, L.; Luo, G.; Lin, Y.; Xie, Y.; Wei, Y. Counter electrodes in dye-sensitized solar

cells. Chem. Soc. Rev. 2017, 46, 5975–6023. [CrossRef]
100. Villarreal, C.C.; Pham, T.; Ramnani, P.; Mulchandani, A. Carbon allotropes as sensors for environmental monitoring. Curr. Opin.

Electrochem. 2017, 3, 106–113. [CrossRef]
101. Gratzel, M. Photoelectrochemical cells. Nature 2001, 414, 338–344. [CrossRef]
102. Mandal, P.; Manna, J.S.; Das, D.; Mitra, M.K. Energy transfer cascade in bio-inspired chlorophyll-a/polyacrylamide hydrogel:

Towards a new class of biomimetic solar cells. Rsc. Adv. 2016, 6, 90280–90289. [CrossRef]
103. Chellamuthu, J.; Nagaraj, P.; Chidambaram, S.G.; Sambandam, A.; Muthupandian, A. Enhanced photocurrent generation in

bacteriorhodopsin based bio-sensitized solar cells using gel electrolyte. J. Photochem. Photobiol. B 2016, 162, 208–212. [CrossRef]
[PubMed]

104. Iwuchukwu, I.J.; Vaughn, M.; Myers, N.; O’Neill, H.; Frymier, P.; Bruce, B.D. Self-organized photosynthetic nanoparticle for
cell-free hydrogen production. Nat. Nanotechnol. 2010, 5, 73–79. [CrossRef] [PubMed]

105. Feldt, S.M.; Gibson, E.A.; Gabrielsson, E.; Sun, L.; Boschloo, G.; Hagfeldt, A. Design of Organic Dyes and Cobalt Polypyridine
Redox Mediators for High-Efficiency Dye-Sensitized Solar Cells. J. Am. Chem. Soc. 2010, 132, 16714–16724. [CrossRef] [PubMed]

106. Gibson, E.A.; Smeigh, A.L.; Le Pleux, L.; Hammarstrom, L.; Odobel, F.; Boschloo, G.; Hagfeldt, A. Cobalt Polypyridyl-Based
Electrolytes for p-Type Dye-Sensitized Solar Cells. J. Phys. Chem. C 2011, 115, 9772–9779. [CrossRef]

107. Fourmond, V.; Hoke, K.; Heering, H.A.; Baffert, C.; Leroux, F.; Bertrand, P.; Leger, C. SOAS: A free program to analyze
electrochemical data and other one-dimensional signals. Bioelectrochemistry 2009, 76, 141–147. [CrossRef] [PubMed]

http://doi.org/10.1016/j.febslet.2008.02.075
http://www.ncbi.nlm.nih.gov/pubmed/18331840
http://doi.org/10.1016/S0021-9258(18)51320-X
http://doi.org/10.1016/j.orgel.2020.105924
http://doi.org/10.1002/adfm.202003654
http://doi.org/10.1016/j.mtener.2021.100910
http://doi.org/10.20964/2018.02.20
http://doi.org/10.3390/polym11091449
http://doi.org/10.1080/15583724.2010.495440
http://doi.org/10.3390/app11093795
http://doi.org/10.1016/j.nanoen.2017.02.003
http://doi.org/10.1039/c1ee02389f
http://doi.org/10.1016/j.solener.2020.09.059
http://doi.org/10.1002/elan.201800370
http://doi.org/10.1016/j.jhazmat.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/30641425
http://doi.org/10.1063/1.4792691
http://doi.org/10.1039/C6CS00752J
http://doi.org/10.1016/j.coelec.2017.07.004
http://doi.org/10.1038/35104607
http://doi.org/10.1039/C6RA16780B
http://doi.org/10.1016/j.jphotobiol.2016.06.044
http://www.ncbi.nlm.nih.gov/pubmed/27380296
http://doi.org/10.1038/nnano.2009.315
http://www.ncbi.nlm.nih.gov/pubmed/19898496
http://doi.org/10.1021/ja1088869
http://www.ncbi.nlm.nih.gov/pubmed/21047080
http://doi.org/10.1021/jp110473n
http://doi.org/10.1016/j.bioelechem.2009.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19328046

	Introduction 
	Results 
	Counter Electrode Characterization 
	Comparison of Liquid and Gel Electrolyte Composition on PSI-SSC Output and Efficiency 
	Aqueous CoII/III Redox Mediator Gel Electrolytes and PEDOT/CNT Counter Electrodes Are Compatible with Multiple Proteins 

	Discussion 
	Materials and Methods 
	Counter Electrode Fabrication 
	Protein Isolation 
	Cobalt Redox Mediator Synthesis 
	Cyclic Voltammetry of Co Redox Mediator with Variable Electrodes 
	Scanning Electron Microscopy 
	Device Fabrication 
	Device Testing 

	References

