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1. Introduction

Rising environmental concerns have sparked interest in diversify-
ing sources of renewable green energy over the past few decades.
Biohybrid sources of energy, or those motivated by materials and
processes found in nature, have pushed the idea of “green energy”
even further by relying on components with low environmental
and economic costs.[1–3] One such material, the photosynthetic

protein complex Photosystem I (PSI), has
been of particular interest due to its high
efficiency and natural role as a photodiode.
These properties have made PSI a promis-
ing candidate for use in conventional
energy-harvesting systems and continue to
inspire biohybrid research to this day.[4–6]

This roughly 500 kDa protein is primar-
ily composed of a large array of chlorophyll
surrounding an electron-transport chain
that begins at a chlorophyll dimer at the
center of the protein (P700) and travels
through a series of phylloquinone media-
tors before arriving at a terminal iron–sulfur
complex (FB) where it is then accessible for
transfer to external charge carriers.[7,8] The
protein absorbs a wide range of solar energy
due to the chlorophyll array and is capable of
exciton generation of nearly �1.2 eV with
low-energy (>600 nm) light. At FB, electrons
are transferred with energy of�3.9 eV com-
pared to vacuum, making excitons energeti-
cally compatible with numerous materials,
ranging from metals to semimetals to semi-
conductors.[9,10] Despite the efficiency of

inorganic electrode materials, an overreliance on precious metal-
based substrates ultimately limits the sustainability and affordability
of PSI-based devices.

Recent studies have investigated carbonmaterials as alternatives
to inorganic electrodes in PSI biohybrid solar cells.[11–14] Carbon
materials exhibit high conductivities, diverse morphologies, and
increased affordability over metal-based substrates promoting their
rapid incorporation into biohybrid energy applications. Many
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One challenge in capitalizing on the affordability, sustainability, and accessibility
of biohybrid solar energy conversion, including devices based on Photosystem I
(PSI), is the identification of metal-free electrode materials to replace the
inorganic substrates commonly found in solar cell development. Herein,
commercially available Toray carbon paper (CP) is investigated as a high surface
area, carbon electrode for the development of photoactive bioelectrodes
consisting of PSI and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS). Mediated anodic photocurrent is achieved at both PSI multilayer
and PSI–polymer composite films on CP electrodes subjected to flame pre-
treatment. Film preparation is optimized by utilizing potential sweep voltam-
metry in place of potentiostatic conditions for polymerization. The optimized
PSI–PEDOT:PSS films achieve a threefold increase in polymer growth under
potential sweep conditions, quantified through net charge consumed during
electropolymerization, resulting in a fourfold increase in photocurrent density
(�53 vs �196 nA cm�2). The ability to prepare photoactive PSI-polymer films on
metal-free CP electrodes opens the door to a rapidly scalable system for biohybrid
energy production ultimately leading to more affordable, sustainable, and
accessible energy.
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carbon allotropes are also amenable to upscaling alongside PSI
as a means of device enhancement. Gunther et al. demonstrated
how graphene could interface withmonolayers of PSI for sustained
anodic photocurrent production in the presence of diffusible
chemical mediators.[15] Darby et al. expanded upon this work by
substituting in reduced graphene oxide to facilitate higher amounts
of PSI loading and lead to upward of 5 μA cm�2 of observed
photocurrent.[16] Beyond planar allotropes of carbon, Ciornii
et al. utilized multiwalled carbon nanotubes as a scaffold for PSI
immobilization through the use of the redox protein cytochrome
C (cyt C) to produce up to 18 μA cm�2 at biased electrodes.[17] More
recently, Morlock et al. created 3D structures of reduced graphene
oxide capable of similar cyt C-assisted immobilization of PSI, lead-
ing to high photocurrents (14 μA cm�2) and high rates of protein
turnover (30 e� PSI�1 s�1).[18] Despite these successes, past uses of
carbon allotropes in PSI biohybrid devices are often layered on con-
ventional electrodes, such as gold, silicon, or glassy carbon, restrict-
ing the benefits of affordable, sustainable, and scalable carbon
materials. Some devices replace electrode materials with insulating
supports; however, additional processing steps serve as barriers to
upscaling and affordable device architectures requiring further
optimization before truly green energy is achieved.

Carbon paper (CP) is a promising electrode candidate for bio-
hybrid photoelectrochemical cells due to inherently high surface
area and conductivity.[11,13] Past work by Rasmussen et al. dem-
onstrated how CP has been employed as an electrode in whole
thylakoid devices capable of highly sensitive herbicide detec-
tion using spinach-extracted thylakoids.[19,20] The high surface
area of CP substrates makes them promising candidates for
PSI–polymer composites prepared using electropolymerization.[21–25]

Protein–polymer composites have demonstrated improved structural
and photoelectrochemical performance despite lower-than-average
quantities of protein due to favorable interactions between the
conducting polymer and terminal reaction centers of PSI. Robinson
et al. successfully encapsulated PSImultilayers within a vapor-phase-
polymerized poly(3,4-ethylenedioxythiophene) (PEDOT) scaffold
which produced high-activity composite films resistant to delami-
nation. Gizzie et al. employed a solution of PSI and aniline mono-
mer to rapidly grow photoactive films on planar gold electrodes,
showing that the entrapped PSI outperformed more dense multi-
layers prepared in the absence of polyaniline (PANi).[21] Yet planar
electrodes have shown limitations in electropolymerization pro-
cesses as diminishing returns are observed beyond critical film
thicknesses.[21] These limiting factors can be overcome by using
3D electrodes that offer significantly higher electrode surface areas
per geometric area, which enables significantly more electropoly-
merization before desorption limits any additional growth.[26,27]

In this work, PSI is interfaced with CP electrodes either
through physical adsorption or entrapment in conducting poly-
mers formed in situ. Following preconditioning, the treated
CP electrodes exhibit much improved hydrophilicity, which
in turn increases the electrode surface areas and leads to the for-
mation of dense electro-active layers. The prepared PSI or
PSI–polymer films are assembled by using different procedures
and tested in the presence of multiple chemical mediators to
identify the optimal conditions for devices of this nature.
Optimal devices generated up to 220 nA cm�2 of anodic gov-
erned by diffusion-limited pathways rather than kinetic limita-
tions at the electrode. The composition and preparation of

CP-based bioelectrodes prepared in this study opens the door
to rapidly scalable device assembly unhindered by the limitations
tied to systems based on inorganic materials and can lead to truly
sustainable sources of renewable energy.

2. Results and Discussion

2.1. Toray Paper Electrode Preparation

Many CP substrates are prepared for applications as gas perme-
ation membranes and, as such, often come pretreated with a
hydrophobic polytetrafluoroethylene (PTFE) coating making
them inherently incompatible with aqueous electrochemical
systems. To prepare the electrodes for use in PSI biohybrid devi-
ces, CP substrates were pretreated by either chemical oxidation
using sulfuric acid or flame treated using a Bunsen burner prior
to use in electrochemical applications. By first wetting the sub-
strate with ethanol followed by a brief (5 min) exposure to sulfu-
ric acid, the wettability of the CP substrate (AT-CP) was
significantly enhanced as shown by the change in contact angle
from 122þ/� 4° to 24þ/� 2° (Figure 1A). More extreme surface
modification was achieved through flame treatment and
the resulting substrate (flame-treated carbon paper [FT-CP])
was fully wettable (Θ< 5°) posing no barrier to interaction with
PSI-containing solutions.

This improved hydrophilicity is attributed to simultaneously
increasing the physical roughness of CP fibers, as evident in
SEM images pre- and posttreatment (Figure S1, Supporting
Information), removing the PTFE coating, and increasing func-
tionalized sp3 carbon as evidenced in the resulting Raman spectra
(Figure 1B). Over the two treatment methods applied to CP sub-
strates, the ratio of the D-band (�1356 cm�1) to the G-band
(�1585 cm�1), comprising signal from sp3 and sp2 carbon,
respectively, increased from 0.13 (CP) to 0.26 (AT-CP) to 0.60
(FT-CP). Increased sp3 hybridized carbon at the electrode
improves surface polarity, and in turn, leads to an increasingly
hydrophilic substrate. This finding is consistent with the results
Choi et al., who sonicated commercial CP in a mixture of con-
centrated sulfuric and nitric acid to improve the adhesion of
PANi grown in situ.[28]

Electrochemical characterization was used to measure changes
in the electroactive surface area, likely a result of improved CP
hydrophilicity following surface pretreatment. Cyclic voltammo-
grams (CVs) of CP substrates treated using different methods
show increased faradaic and non-faradaic current responses over
those without any form of modification. Increased faradaic
responses, demonstrated with the dissolved mediator hexaammi-
neruthenium (III) chloride (RuHex) at CP electrodes that
underwent more intense pretreatment, demonstrate superior elec-
troactive surface areas when compared to untreated CP or planar
glassy carbon (Figure 1C).

Peak currents (Ip) for the FT-CP increased by factors of 6 and 9
for the observed oxidation and 3 and 11 for the observed reduc-
tion reaction, with respect to untreated CP and glassy carbon con-
trols. These results, in conjunction with the observed increase in
hydrophilicity, suggest that the applied treatment methods allow
more of the available surface area of the CP substrates to be
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accessed by aqueous solutions, promoting their use in energy or
sensing applications, including use with PSI-based systems.

As with the development of porous metal or semiconducting
electrodes, the impact of porosity on electrochemical behavior
can often obscure surface area-driven electrochemical measure-
ments. Measuring changes in the capacitive behavior of the elec-
trode can assist in characterizing changes to the electrochemically
active surface area (ECSA) of a porous material.[29] By plotting the
increase in non-faradaic current at varying scan rates, the specific
capacitance (F cm�2) for the electrode can be obtained and used to
measure changes in surface area between electrodes of similar
composition (Figure 2). Flame treatment of the CP substrate
resulted in a change to specific capacitance of nearly 170 times

that of untreated CP highlighting the immense increase in surface
area following pretreatment of commercial CP materials.

These results support the surface area enhancement trends
observed through faradaic current–based processes. As it stands
untreated CP remains largely inaccessible to aqueous solutions
detracting from its application in PSI-based biohybrid devices.
Through simple and rapid pretreatment methods, CP electrodes
can easily be converted into a usable, high surface area substrate
in biohybrid solar energy conversion, serving as a metal-free
alternative in energy-harvesting applications. The superior wet-
tability, increased electroactive surface area, and minimal pre-
treatment requirements compared to AT-CP made FT-CP the
modification method of choice for this work.

2.2. PSI Multilayers on CP Substrates

To demonstrate the viability of CP substrates in PSI-based photo-
electrochemical devices, electrodes were coated with varying
amounts of PSI using vacuum-assisted deposition, a common
method for loading PSI or other biological species onto electrode
surfaces.[23,25,30] The resulting photocurrents of multilayered devi-
ces were anodic regardless of the mediator species (Figure 3A).

The mediators methyl viologen (MV), ruthenium hexamine
(RuHex), and 2,3-dimethoxy-5-methyl-p-benzoquinone (ubiquinone-
0; ubi) as well as oxygenated potassium chloride electrolyte pref-
erentially accept photoexcited electrons from the stromal FB

�

reaction center which leads to excess buildup of reduced species
at the working electrode. Anodic photocurrent is realized when
the reduced mediator species is sequentially oxidized at the
underlying electrode. Of the mediators tested ubi and RuHex
showed the best improvement in photocurrent density at the sur-
face of biohybrid films, which is attributed to greater overpoten-
tials versus the FB reaction center of PSI when compared to MV
(Figure S3, Supporting Information). While RuHex exhibits the

Figure 1. A) Contact-angle measurement showing decreased hydrophobicity of flame-treated and acid-treated carbon paper (CP) electrodes compared to
untreated controls. B) Raman spectra of untreated, acid-treated, and flame-treated CP electrodes with the calculated ratios of the peak intensity of the D
and G bands. Following flame treatment, the ID/IG increases from 0.13 to 0.60 representing an increase in sp3-functionalized carbon at the substrate
surface. C) Cyclic voltammograms at 100mV s�1 of untreated CP, CP treated with 1 M H2SO4 for 60 min (AT-CP), flame-treated CP (FT-CP), and a bare
glassy carbon electrode (GCE) in the presence of 2 mM ruthenium hexamine/1 M potassium chloride mediator solution.

Figure 2. Linear graph of non-faradaic current observed in cyclic voltam-
metry plotted against the scan rate for untreated (inset), acid-treated
(inset), and flame-treated CP electrodes.
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greatest overpotential with respect to FB
�, ubiquinone undergoes

a two-electron transfer and has been well characterized as an elec-
tron acceptor from photosynthetic protein complexes pointing to
its overall higher performance.[31,32]

Inherent photoactivity was observed at FT-CP control
devices; however, the magnitude of this current was negligible
(<5 nA cm�2) compared to the photocurrent densities produced
with PSI-modified electrodes. The shapes of the current profile
exhibit time-dependent Cottrellian decay, indicating similar behav-
ior of PSI on carbon fiber electrodes to multilayers assembled on
conventional inorganic electrodes (Figure 3). Furthermore, the
time-dependent decay indicates that diffusionally limited pathways
are responsible for the sustained photocurrent, which directly ben-
efit from increased electrode surface areas. Overall, PSI-modified
CP electrodes produced significantly higher photocurrent

densities than unmodified CP substrates. When mediated with
ubiquinone, the mean photocurrent density was 0.11 μA cm�2,
a 15-fold enhancement over bare FT-CP (0.007 μA cm�2). These
results validate adequately treated CP substrates as suitable electro-
des for isolated PSI, expanding what had previously been achieved
using whole thylakoid systems.[19,20]

2.3. Rapid Immobilization of PSI on CP Substrates through
Electropolymerization

To fully utilize the high surface area of treated CP substrates in
PSI immobilization, electropolymerization was used to entrap
PSI within a conducting polymer scaffold formed in situ.[21,33]

As a result of their electrochemical growth, polymers used in
electropolymerization are often inherently conductive, making
them favorable for use in solar cells or other energy-related appli-
cations. Beyond PSI entrapment for solar energy conversion, this
technique is also useful for the immobilization of enzymes and
other sustainable components are useful for sensing, energy pro-
duction, and fuel generation.

To successfully entrap PSI in a conductive, electrochemically
polymerized layer on CP or treated CP substrates, all compo-
nents must first be combined and exposed to sufficient electrical
potential needed to drive polymerization. The conductive poly-
mer PEDOT polystyrene sulfonate (PEDOT:PSS) was chosen
for its optical transparency, low inherent photoactivity, and pre-
viously demonstrated success when used in PSI-based devi-
ces.[25,34] To verify the occurrence of electropolymerization at
the CP surface, substrates subjected to different treatment meth-
ods were exposed to both control and monomer-containing sol-
utions and held at a constant potential of þ1.2 V (vs Ag/AgCl)
(Figure S4A, Supporting Information). The resulting charge
transferred to the solution was compared to evaluate the extent
of polymerization (Table 1).

CP electrodes produced higher net charges in runs containing
EDOT and PSS when compared to exposure to a control solution
of pure electrolyte (Table 1), indicating the occurrence of new
faradaic processes tied to polymer formation. FT-CP consumed
a 19-fold higher net charge over untreated CP indicating more
extensive polymerization at hydrophilic surfaces. SEM images
also confirm the more liberal growth of polymer off treated
CP surfaces as compared to unmodified CP (Figure S5,
Supporting Information). When polymerized in the presence
of PSI, the total charge passed during polymerization remained
largely unchanged, suggesting the presence of PSI protein
did not significantly impede the growth of PEDOT:PSS
(Figure S4B, Supporting Information).

Figure 3. A) The resulting photocurrent behavior of Photosystem I (PSI) mul-
tilayers under different deposition amounts in the presence of a 2mM ubi-
quinone mediator. B) Steady-state photocurrent densities of control and PSI
multilayers on FT-CP in the presence of various mediators (n= 4). Average
photocurrent densities are represented by a solid dash. The abbreviations for
selected mediators are as follows: KCl—unmodified potassium chloride elec-
trolyte; MV—methyl viologen dichloride; RuHex—ruthenium hexamine tri-
chloride; Ubi—2,3-dimethoxy-5-methyl-p-benzoquinone.

Table 1. Mean charge delivered (mC) during a 40 s hold of fixed potential
þ1.2 V (vs Ag/AgCl) in the absence and presence of EDOT:PSS and PSI
(n= 3).

Controla) PEDOT:PSS PEDOT:PSSþ PSI

CP �0.18� 0.06 �0.68� 0.08 �0.49� 0.50

FT-CP �3.4� 0.1 �13� 2 �9.8� 0.8

a)Control electrodes prepared by following electropolymerization protocol in
phosphate buffer only.
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Protein films were formed using an electropolymerization
solution composed of a 1:4 ratio of precursor solution (0.01 M

EDOT and 0.1 M PSS) to extracted PSI solution, with control
films substituting unmodified elution buffer for PSI extract.
Higher ratios of PSI monomer than what have been used previ-
ously on planar electrodes were necessary to improve protein
loading in the rapidly forming films due to higher surface area
at treated carbon surfaces. Devices were tested in mediator sol-
utions of 1 M KCl electrolyte. High-electrolyte concentrations
were used to improve the overall performance of the devices,
as lower concentrations of KCl lead to drifting dark photocur-
rents (Idark) (Figure S6, Supporting Information). The drifting
Idark most likely stems from the high charging current associated
with these high surface area, highly capacitive materials and
should be accounted for when applying these materials to elec-
trochemical systems.[35]

Across the mediators tested, PSI–polymer films produced
anodic photocurrent, consistent with results from vacuum-
deposited protein. Photocurrent densities were calculated by tak-
ing the difference between average light photocurrent densities
(Jlight) and dark photocurrent densities (Jdark) before and after
light exposure. Across most mediators, composites containing
PSI outperformed PEDOT:PSS film devices fabricated on
flame-treated CP (Figure 4).

The best performance was achieved in pure electrolyte solu-
tion, suggesting dissolved oxygen is effective at shuttling charge
from the composite films to the underlying carbon electrode,
with PSI-containing devices exhibiting a sevenfold increase in
current density (�12 vs �87 nA cm�2). Relying on dissolved oxy-
gen is not ideal for sustained photocurrent generation, however,
as the formation of reactive oxygen species (ROS) can lead to
protein and polymer degradation over extended performance.[36]

The next best electrolyte system was shown to be ubiquinone.
Ubiquinone and other quinone derivatives are known to be nat-
ural electron acceptors in aerobic photosynthesis making them
suitable candidates for PSI-based biohybrid devices.[31]

To optimize the PEDOT:PSS–PSI composites prepared, alter-
native electropolymerization conditions were tested to maximize
polymer growth and PSI intercalation. Using the same 1:4 ratio
of monomer solution to PSI solution, increased polymerization
times were tested at a constantþ1.2 V (vs Ag/AgCl). As expected,
the charge consumed and as such PEDOT:PSS grown increased
proportionally with the polymerization time (Table 2); however,
the photocurrent density barely increased (Figure 5).

Additionally, a potential sweep-based polymerization method
(0 toþ1.3 V vs Ag/AgCl potential window) was used in which the
electrode was cycled between periods of electropolymerization
(þ0.9 to þ1.3 V vs Ag/AgCl) and rest (þ0.9 to 0.0 V vs Ag/AgCl).
Under potential sweep electropolymerization, the quantity of poly-
mer grown can be correlated to the number of growth–rest cycles
performed, albeit with higher degrees of variance (Table 2).

The photoactivity of PEDOT:PSS controls prepared using a
cycled potential method was higher than the photocurrent den-
sities of films grown under potentiostatic conditions despite sim-
ilar quantities of consumed charge during polymerization
(Figure 5). Upon addition of PSI into the films, photocurrent
densities of composites prepared using the cycled potential tech-
nique further increased well above the currents seen under
potentiostatic growth. Increasing the number of cycles further
improved the photoactivity and the deviation between devices.

Figure 4. Photocurrent densities of composites formed on FT-CP sub-
strates under potentiostatic conditions of þ1.2 V for 40 s in 1 M KCl with
no mediator, 2 mMMV, 2mM RuHex, 2 mM ubiquinone (n= 3). Average
photocurrent density values are represented by a solid dash.

Table 2. Mean charge delivered (mC) under different polymer growth
conditions. PEDOT:PSS growth was achieved with either a set number
of cycles between 0 and þ1.3 V (vs Ag/AgCl) or for a set length of
time at þ1.2 V (vs Ag/AgCl) in the presence of PSI (n= 3).

15 Cycles 30 Cycles 50 Cycles 40 s 80 s

Polymer �39� 2 �69� 18 �98� 27 �16� 2 �35� 4

Polymer:PSI �75� 30 �99� 25 �133� 21 �22� 1 �44� 1

Figure 5. Photocurrent densities of poly(3,4-ethylenedioxythiophene)
(PEDOT) and PEDOT–PSI composites on FT-CP. Composites were
formed either using a potential sweep method (100mV s�1 scan rate from
0 V to þ1.3 V for 15, 30, or 50 cycles) or potentiostatic conditions at vary-
ing times. All films were tested with a 2mM ubiquinone/1 M KCl. Average
photocurrent density values for the plotted device performances are rep-
resented by a solid dash.
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Ultimately, devices subjected to 50 potential sweep cycles pro-
duced the highest photocurrent densities (�196 nA cm2), nearly
a fourfold increase over PSI–PEDOT:PSS films prepared under
an 80 s potential hold (�53 nA cm2) (Figure 5). The photocurrent
density from these films also surpassed what was achieved with
PSI multilayers prepared using vacuum-assisted deposition war-
ranting the use of electropolymerization as a rapid, accessible
method to prepare bioelectrodes.

PEDOT:PSS preparation using cyclic voltammetry seemed to
have a more pronounced impact on the quality of protein–polymer
composite. For one, the net charge consumed under potential
sweep polymerization was greater than what was seen under
potentiostatic growth, indicating higher densities of polymer
at the electrode surface (Table 2). The photocurrent densities also
surpassed what is expected solely based on the higher degree of
polymerization, as evidenced between the electrodes prepared
with 50 potential sweep cycles and those prepared under an
80 s potential hold. Whereas the charge consumed during
electropolymerization increased by a factor of 3 for the two
conditions, photocurrent densities increased nearly fourfold,
suggesting further enhancement of the produced composites.
Cycling the applied potential during electropolymerization likely
aids in the mass transport of protein and monomer to the elec-
trode surface, leading to higher photoactive polymer films and
overall higher device performance as seen with other bioelectr-
odes prepared in a similar manner.[37,38]

The photocurrent densities obtained at FT-CP substrates
(�0.2 μA cm�2) are comparable to PSI multilayers assembled
on graphene (0.5 μA cm�2) and gold (1.2 μA cm�2) electrodes.[15,39]

While graphene oxide–coated substrates boast higher photocurrent
densities overall (4 μA cm�2), protein films of a higher density than
this study were used.[16] Furthermore, themethods proposed in this
study can be more readily applied in large-scale device assembly
applications and are better suited for distributable energy produc-
tion.[15,16] Furthermore, the enhancement in photocurrent is greater
than the increase in charge consumed during polymer growth
pointing to a synergistic effect between the protein and polymer
film. Additional factors such as increased protein loading likely con-
tribute to photocurrent enhancement beyond increased polymer
growth under dynamic polymerization conditions promoting their
use in bioelectrode preparation. In conclusion, CP substrates open
the door to disposable, affordable, metal-free bioelectrodes capable
of scalable solar energy conversion.

3. Conclusion

CP was successfully utilized as an all-carbon, low-cost alternative
to inorganic electrodes capable of sustaining photo-driven-mediated
electron transfer at PSI multilayers. Prior to use, it is critical to
pretreat CP substrates to maximize the accessible surface area
through both the removal of any protective coating and the crea-
tion of hydrophilic moieties on the fibers surface. Simple treat-
ments such as soaking in acid solutions or exposure to an open
flame proved effective, with flame treatment improving the
ECSA by a factor of roughly 10 for faradaic processes. PSI vac-
uum deposited on flame-treated CP produced a consistent anodic
photocurrent (0.11 μA cm�2) using a ubiquinone mediator. More
stable photoactive composites can be formed by entrapping PSI

within an electropolymerized composite, which capitalizes on
the improved CP electrode surface area following pretreatment.
Using cyclic voltammetry as a polymerization method, the pro-
duced photocurrent densities could be pushed to 0.22 μA cm�2

under the conditions tested in this study. These methods can be
readily employed to upscale the size of the produced photoactive
electrode beyond benchtop dimensions with low-cost, all-carbon
electrode materials.

4. Experimental Section

Chemicals and Materials: Toray CP-060 was purchased from the Fuel
Cell Store (fuelcellstore.com) in 20� 20 cm sheets. The CP sheets were
covered with a standard 5% weight wet proofing layer of Teflon. Sheets
were 0.19mm thick, with a porosity of 78% and a resistivity of 80mΩ cm
through the plane as reported by themanufacturer. Hydrochloric acid, sulfuric
acid, sodium phosphate monobasic, potassium chloride (Fisher Scientific),
3,4-ethylenedioxythiophene (EDOT), poly(sodium 4-styrenesulfonate)
(PSS), ruthenium hexamine (III) chloride (RuHex), ferricyanide, ferrocyanide,
MV dichloride, 2,3-dimethoxy-5-methyl-p-benzoquinone (ubiquinone-0), tri-
ton X-100 (Sigma Aldrich) were procured and used as received. All deionized
water (DI-water) was purified in-house (Millipore, 18MΩ cm). Organic baby
spinach from a local Kroger was used as the source of PSI for all experiments.

PSI Extraction: The method used to extract PSI has been previously
described and is based on the protocols developed by Reeves and
Hall.[40] Fresh spinach was macerated in buffer to separate thylakoids from
the rest of the leaves. After isolating the thylakoids from the remaining cell
debris, Triton X-100 surfactant was added to release PSI from the mem-
brane. The samples were once again centrifuged, and loaded through a
hydroxyapatite column, trapping the PSI protein complex. The column
was washed with a buffer solution to release the PSI protein under
high-salt buffers. Samples were then stored in 2mL aliquots at �80 °C
and dialyzed to remove surfactants and salts prior to use within experi-
ments. PSI aliquots were measured to be 1 μM in concentration following
quantification with Baba’s assay.[41]

Electrode Preparation: Toray CP-060 was cut into rectangular electrodes,
approximately 3� 2 cm. A tag of adhesive copper tape, 3 cm in length, was
attached to one side of the electrode and used for electrical contact. The
electrode was then covered with a PortHole inert electrochemical mask
(Gamry Instruments) leaving a circular exposed area of 0.71 cm2.
Electrodes pretreated with acid were briefly wetted with ethanol, then sub-
merged in 0.1 M sulfuric acid for 5 min. Samples were rinsed with DI-water
and allowed to dry. Additional CP electrodes were subjected to flame treat-
ment instead, consisting of 5 s exposures to an open flame, followed by a
DI-water rinse, and masking analogous to the previously discussed
samples.

Electrochemical Measurements: All electronic measurements were con-
ducted using a CH Instruments 660 A electrochemical workstation using a
three-electrode setup with either modified CP or gold working electrode, a
platinum mesh counter electrode, and an Ag/AgCl (1 M KCl) reference
electrode. CVs of 2 mM RuHex in electrolyte solution consisting of 1 M

KCl were obtained using CP electrodes subjected to different treatment
methods as the working electrode.

Electropolymerization of polymer or polymer–PSI composites were pre-
pared using a protocol modified from previous works.[21] For PEDOT:PSS
and PEDOT–PSI films, a monomer stock solution containing 0.01 M EDOT
and 0.1 M PSS were combined with a 0.02 M phosphate buffer containing
0.001%wt Triton X-100 with or without PSI. The two solutions, denoted as
solution A (EDOT & PSS) and solution B (eluted PSI or phosphate buffer)
were combined 1:4 volumetrically unless otherwise specified. Films were
polymerized either potentiostatically at þ1.2 V (vs Ag/AgCl) for varied
times or by cycling the working electrode potential between 0 and
þ1.3 V at a scan rate of 0.1 V s�1 for varied numbers of cycles.

Photochronoamperometry (PCA) was performed under applied poten-
tials matching the open-circuit potential in either pure electrolyte or
mediator solutions containing 2 mM RuHex, 2 mM MV, 5mM sodium
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ascorbate/250 μM 2,6-dichlorophenolindophenol, or 2 mM ubiquinone in
1 M KCl unless otherwise specified. During photocurrent measurements,
electrodes were held in the dark for 40 s before illumination using a
100mW cm�2 light source (KL 2500 LCD, Micro Optical Solutions,
Newburyport, MA) with 20 s followed by another 40 s of darkness.

Electrochemical impedance spectroscopy (EIS) was performed in a
solution containing 2mM RuHex and 1 M KCl using a three-electrode con-
figuration as described earlier. The potential was oscillated 10mV above
and below the measured open circuit potential (usually around �0.112 V
vs Ag/AgCl) from 10 000 to 0.01 Hz. The relevant values were obtained
from the resulting data by fitting with a Randles equivalent circuit.[42,43]

Additional Instrumentation: Scanning electron microscopy of the sam-
ples was conducted using a Zeiss Merlin system with a GEMINI II column
using a 2 keV accelerating voltage at working distance of 5 mm, with an
InLens secondary electron detector.

All contact-angle measurements were made using a Rame–Hart goni-
ometer. A static 1 μL drop of deionized water was added to each sample
and the contact angle was measured at one side of the drop. Triplicate
samples were measured for each reported condition and the average con-
tact angle with standard deviation is reported.

Raman measurements were conducted on a Thermo Scientific DXR
confocal Raman microscope. All measurements were made using a
532 nm laser under normal operation parameters.
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