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Chapter 1

Photosystem |

Introduction

Solar energy conversion is a promising approach to resolving global dependence on fossil
fuels for electricity production and materials manufacturing. Annually, over 800 million TWh of
energy from the sun strike the Earth, providing an extraordinary capacity to harvest that energy for
utilization in our day-to-day lives.! Photosynthesis has developed and adapted over billions of
years to harvest and use 800 thousand TWh annually, which is nearly five times the 167 thousand
TWh humans used in total energy demand in 2018.2° With the current state of solar energy
conversion, under 500 TWh of energy is produced through human-made solar devices, which tend
to have unfavorable cost-to-efficiency ratios because of the use of nonrenewable materials and
unsustainable processing.® To resolve these issues, biological photosynthetic materials are being
explored to improve solar energy conversion.

Photosystem | (PSI) is an integral protein involved in photosynthesis and approaches 100%
quantum efficiency from the light harvested; this efficiency, coupled with the abundance and low
cost of photosynthetic materials, has pushed investigators to explore biological materials for solar
energy conversion. The PSI protein complex has grown in reputation over the last two decades as
a powerful redox-active biological material and is a prime candidate for biohybrid solar energy
conversion. This 500 kDa trans-membrane protein complex found in the thylakoid is essential in
the light reactions of photosynthesis. In vivo, the primary function of PSI is to accept low energy
electrons from plastocyanin, excite the electrons to a higher energy state with photons collected

by surrounding chlorophylls, and donate the excited electrons to ferredoxin to produce NADH.*



The oxidation and reduction capabilities of PSI, as well as its rapid charge separation, have
drawn attention from researchers who see PSI as a potential component in photochemical
applications. On the stromal side of the protein, the iron-sulfur cluster known as the Fg site attains
one of the most negative reduction potentials (-590 mV vs. SHE) found in nature.® In the lumenal
pocket, the P00 chlorophyll pair has been shown to have a potential near 450 mV vs SHE, enabling
P700 to oxidize a wide range of electron donors and creates a potential difference of over 1 V across
the protein with >99% energy conversion efficiency of the light absorbed by the protein.® The

chlorophyll and reaction sites of PSI are shown in Figure 1.1.
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Figure 1.1: Structure of reaction sites found in PSI. The PsaA (red) and PsaB (blue) subunits are
shown. Atomic coordinates used in this figure are from PDB entry 6JOG6, contributed by Suga et
al.b

The charge separation time from Pzqo to the Fg site is on the order of 700 ns while
recombination from the Fg site occurs in the tens of ms, allowing rapid transfer of electrons with
relatively slow charge recombination.” The electron transport chain of PSI is has two separate

pathways (A-Branch or B-Branch) and is shown in Figure 1.2. The redox sites have two states
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(P700 Or P700%) and (Fg or Fg’). For simplicity, in the rest of this dissertation, they will be referred

to as P00 Or Fg regardless of oxidation state.
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Figure 1.2: a) Depiction of PSI electron transport chain sites. b) Electron transport chain
potentials and speed of electron transfer and recombination. Adapted from Bruce et al.’

The versatility of PSI along with its abundance and ease of extraction has led scientists to
use it in many applications such as hydrogen production, photobioelectrodes, dye-sensitized solar
cells, and solid-state solar cells. In these investigations, aside from solid-state work, the redox
capabilities of PSI are leveraged to form desired products or improve photochemical
performance.®1% In the solid-state applications, the rapid turnover and voltage differential are used
to increase performance of the devices while in liquid applications, the asymmetry of PSI redox
capabilities are leveraged for enhanced photocurrent generation. Different approaches to using the
robust redox properties are explored in Chapters 3-5 of this dissertation, and a summary of this
work and an outlook for integration of PSI in biohybrid applications is presented in Chapter 6.
Transition from Liquid Cells

Photoelectrochemical investigations of PSI have commonly employed the use of a three-
electrode liquid cell, which is traditionally used to examine reactions occurring at a single electrode

by applying a potential at the electrode. These types of cells are best utilized for studying



fundamental electrochemistry, but they cannot be used for applied devices. Two-electrode cells,
on the other hand, can be liquid- or solid-state and are used to investigate performance across the
two electrodes instead of focusing on reactions occurring at one electrode, making them much
more suitable for applied systems. The major difference between the two types of cells is the
presence of a reference electrode that operates at a well-known and specific potential that serves
as a reference for potential, similar to sea level serving a reference for elevation measurements.
For two-electrode experiments, the counter electrode also serves as the reference electrode, so
potentials are measured across the cell. The experimental setups for both types of cells are shown
in Figure 1.3.

In liquid cells, unless a PSI reaction site is wired directly to an electrode, the
electrochemical reactions for PSI are dependent on mediated electron transfer (MET) mechanisms,
which require redox species to diffuse to the protein reaction sites for electron transfer to occur.
Alternatively, solid-state devices with PSI depend on direct electron transfer (DET) between
electrodes where electrons require a conductive path from the cathode to the anode to function.
For PSI systems involved in DET, there needs to be direct connection between the P7o0 and Fg
sites, which places elevated requirements on cell fabrication.

Three-electrode cells have been used to enable a focused study of the effect of PSI films
on electrode performance.”**'” Additionally, PSI has been incorporated in solid-state devices
using electron-conducting materials such as polyviologen,*® polyaniline,'® tyrosine,®
fullerenes,*®° LiF,1*? and PEDOT:PSS.?° A common challenge with PSI integration in solid-
state devices is directly connecting conducting material to the Fg and Pzgo reaction sites.

Performing DET at the Poo site is particularly difficult to because it is buried in a lumenal pocket



that is hard to access, and any unconnected protein in a solid-state system would only act as an
insulator and decrease the overall efficiency of the system.

Three-Electrode Two-Electrode

Potentiostat

Potentiostat

Potentiostat

Figure 1.3: Experimental setup for three-electrode and two-electrode cells. The two cells on the
right show a liquid-state (top) and solid-state (bottom) setup.

In Chapter 3 of this work, a two-electrode gel-based dye-sensitized solar cell device that
utilizes the asymmetry of PSI redox reactions to enhance performance is presented. The use of a
gel-based cell allows for PSI to perform within a MET system that utilizes a two-electrode setup,
resulting in a well-performing system that can serve as a stand-alone biophotovoltaic device. The
ability to perform MET in a two-electrode cell enables asymmetry of PSI redox capabilities to
boost performance with careful selection of PSI placement and mediator selection. A reaction-
diffusion model of the electrochemical kinetics of PSI interacting with an ascorbic acid (AscH)
and 1,2-dichlorophenolindophenol (DCPIP) mediator system is also explored. The model can be
used to simulate PSI performance in various electrochemical cell setups and determine limitations

for protein multilayer films.



Photosystem | Protein-Polymer Conjugates

Protein-polymer conjugates are a unique class of biohybrid materials that offer the
combination of properties of both synthetic polymers and biomolecules. These conjugates have
been used to advance research in a wide range of fields such as medicine,?* enzymatic
performance,?? muscle-inspired actuators,?® and catalysis.?*

Traditional approaches to forming protein-polymer conjugates involve either grafting
intact polymers to the target protein or attaching a polymerization initiator that can spur the growth
of polymer from the protein upon exposure to a suitable monomer. Grafting to proteins involves
the reaction of a functionalized polymer with an active group on the protein, which often results
in low yield due to the large size of the molecules and the constraints on concentrations.?2°
Grafting from the protein is compatible with common polymerization techniques such as ATRP,
RAFT, and ring-opening polymerization.?>’ In these conjugation methods, either a protein that
has been modified or a functionalized polymer is needed for successful connection, resulting in
more complex processes for successful conjugation.

PSI research has mostly focused on improving the photoelectrochemical performance of
materials”?8-3 as well as producing hydrogen.*?332 The protein complex has been interfaced with
conducting polymers in multiple applications. A common constraint for PSI-polymer systems is
the dependence on MET to small redox species because of a lack of direct connection to the active
sites for DET.1820:33 Tg ensure connection, protein-polymer conjugates have been formed by other
groups using a modified protein complex with an attached polymer at the Fg site for the purpose
of hydrogen production.?®3* In most of this research, there has been a focus on the overall

photochemical redox capabilities of PSI or the robust reductive capability of the Fg site. The



oxidative capabilities of the P7oo site are also robust, and the P7qo site has appropriate potentials
favorable to perform oxidative polymerizations,®® such as with pyrrole.

In Chapter 4 of this dissertation, a novel route for protein-polymer conjugates using PSI to
polymerize an electroactive monomer is presented. Specifically, unmodified Photosystem | (PSI)
protein complexes are demonstrated to directly polymerize pyrrole monomer to form PSI-polymer
conjugates via oxidative polymerization at the Pzoo reaction site. This polymerization technique is
the first reported photoactive protein-polymer conjugate where the polymer was formed by an
unmodified protein. This technique could be expanded by using other monomers to tailor
conjugate functionality. The ability to create protein-polymer conjugates to combine the photo-
redox properties of PSI with special properties of the polymer should facilitate the generation of
inexpensive, biohybrid solar conversion technology.

Photosystem | in Conducting Polymer Matrix

Embedding PSI within a polymer matrix to provide more direct connections to donate or
accept electrons from PSI has been explored in multiple systems. Badura et al. entrapped PSI
within an Os-containing redox polymer hydrogel and serve as an electron donor to immobilized
PSI in an electrochemical cell.*® Similarly, Gizzie et al. entrapped PSI in a polyaniline (Pani)
matrix by electropolymerizing a solution of aniline and PSI on a gold electrode, showing a
significant improvement over PSI multilayers in a wet cell. The Pani-PSI matrix was also shown
to maintain similar performance over 16 days.®” Vapor-phase polymerization of poly(3,4-
ethylenedioxythiophene) (PEDOT) within multilayer PSI films showed enhanced film pseudo-
capacitance up to a limiting thickness of PSI before the protein blocked polymer connection to the

electrode, lowering performance.®



PSI has also been interfaced with conducting polymer matrices into solid-state devices to
help move away from liquid devices. One of the first PSl-integrated solid-state devices was
published in 2014 by Gordiichuck et al. The device was made in layers by depositing a monolayer
of PSI on top of a TiO2 semiconductor anode with polytriarylamine as a conducting layer and
capped with a MoOs/Al cathode. This initial device achieved a maximum external quantum
efficiency of just under 0.007% at a measured wavelength of ~660 nm.'® A similar layered
approach was taken by Kazemzadeh et al.?® and Dervishogullari et al.> where multilayers of PSI
were used as a solid layer and PEDOT: PSS and polyviologen, respectively, were used as
conducting polymer layers to better align energetically with PSI redox potentials. More recently,
Wolfe et al. expanded on the layered approach by alternating monolayers of PSI and PEDOT:PSS
to show that the liquid electrochemical performance reaches a maximum performance after
depositing 6-layer pairs and noted that this principle should hold for a solid-state equivalent.

To improve connection in solid-state applications, Gizzie et al. explored using films of
Pani-PSI that were electropolymerized directly from an aniline and PSI solution as a solid-
electrolyte layer.!® This approach improves connections between the polymer and protein
compared to the layering systems, but the concentration of PSI entrapped within the film was
estimated to be very low at approximately 15 nmol/cm?®. The device was also shown to retain over
85% of the original photocurrent output over 20 days. Solid-state devices are expected to retain
performance longer than liquid analogues because PSI readily creates reactive oxygen species that
degrade the protein in aqueous solutions in the absence of antioxidants.*°

In Chapter 5, an approach is explored to embed high concentrations of PSI into a
conducting polymer matrix that can be used for both liquid and solid-state applications. In this

work, a multilayer film of PSI is deposited onto a gold surface, and polypyrrole is



electrochemically polymerized from the electrode, growing through free volume within the protein

film. This method allows for high concentrations of protein within the film, polymer that is

connected to the electrode by definition, and direct connections between the proteins and the

polymer to increase performance. The polymerization kinetics and effect of polymer thickness are

examined to find optimal performance conditions.
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Chapter 2

Experimental and Analytical Techniques

Materials Preparation
PSI Protein Extraction and Isolation

Extraction of PSI protein complexes from spinach was done using a procedure adapted
from Reeves and Hall! and Shiozawa et al.? The major steps of the extraction process are shown
in Figure 2.1, and the steps are described in more detail below:

1. Fresh baby spinach purchased from a local supermarket was de-veined and then
homogenized in a blender with a grinding medium to break open plant cell walls.

2. The blended mixture was filtered through cheesecloth to remove large solids such as
remaining stem material and cellulose that does not contain PSI proteins.

3. The liquid filtrate was then centrifuged at 8,000 RCF. PSlI is located in the thylakoids,
which are heavier than other components of the plant cell. The thylakoids were separated
into the solid pellet upon centrifugation while the supernatant that contains other cell
materials was decanted for removal.

4. A lysing solution containing surfactant was added to the pellet, and the two were mixed
to facilitate the lysing of the thylakoids. The surfactant breaks apart the thylakoid
membrane and solubilizes PSI along with other thylakoid materials.

5. The solution was centrifuged at 20,000 RCF to pellet out undesired parts of the lysed
thylakoids. The solubilized PSI proteins and other organelles remain in the supernatant
after centrifugation.

6. The supernatant was loaded onto a hydroxyapatite ion-exchange column that selectively

adsorbs PSI and allows other organelles to flow through.
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7. The column was washed with column buffer to remove any excess material that was not
adsorbed to the hydroxyapatite.

8. Elution buffer was flowed through the column to remove PSI from the column and was
collected as the final extraction product.

9. A) The concentration of the PSI extract was estimated by Baba’s assay or chlorophyll
quantification if desired.® B) The PSI extract was stored at -80 °C until use.

10. If removal of surfactant and excess salt from the PSI extract was desired, the solution was
dialyzed in deionized water at a 1000:1 volume ratio for 12 h in a 10,000 MWCO
membrane before use.

Composition of the grinding medium, lysing solution, column buffer, and elution buffer

can be found in Reeves and Hall and Shiozawa et al.

1.) Mechanical 2.) Mechanical 3.) Centrifugation #1 Decant
maceration separation (8,000 X) supernatant

_‘ (blender) (cheesecloth)
WEETET

7.) Wash ion exchange
9.A) Determine PSI concentration via . column with column buffer @
Baba’s assay or chlorophyll
quantification and adjust 8.) Remove PSI from
concentration to desired value column with elution buffer 4.) Resuspend in
(optional) lysing solution and
mix/vortex
10.) Dialyze 1000:1 9.B) Store PSI 6.) Load supernatant  5.) Centrifugation #2
for 12 hr and use , Effluent at -80 °C onto hydroxyapatite (20,000 X)
immediately ® ion-exchange

EEh g = §o |

Figure 2.1: PSI extraction process steps. Image by Kody Wolfe.
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Deposition of PSI Multilayer Films

PSI multilayer films in this work were all deposited using a vacuum-assisted drop casting
method. To prepare the films, an electrochemical mask was placed on the desired substrate and
flattened. A hole of 0.24 cm? was cut out from the mask to yield consistent active areas for the
resulting films. Dialyzed PSI solution was deposited on the substrate and placed under vacuum to
increase the drying rate of the film. A multilayer film of PSI remained after evaporation of all the
water. Once dry, the films were rinsed in water to remove excess any excess salt and then dried
under vacuum again. Dialyzed PSI solution must be used to form multilayer films because if
surfactant is drop-cast with the protein, then protein is solubilized by the surfactant upon exposure
to water, and only a monolayer of protein remains.* The thickness of the resulting films was tuned
by changing the area of the exposed substrate under the electrochemical mask or varying the
concentration or volume of PSI drop-cast onto the surface.
Gel Cell Preparation

The quasi-solid-state gel cells comprised of layers of FTO, dye-sensitized TiO2, PSI,
agarose, and copper were fabricated by the following method. First, FTO substrates (MTI
Corporation) were rinsed with ethanol and dried under a stream of nitrogen. The substrates were
then treated with ozone plasma under vacuum for 15 min to create a hydrophilic surface. TiO>
paste (Dyesol 18NR-T) was mixed in a 1:3 (v:v) ethanol solution and spin-coated onto FTO at
1,500 rpm for 30 s. The films were then sintered at 500 °C in a muffle furnace for 30 min and
cooled overnight.

To dye-sensitize the TiO» substrate, 20 g of commercially available blackberries were

crushed in a mortar by pestle and mixed with 20 mL of ethanol. Solids were filtered from the
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mixture, and the TiO, films were left in the dye solution for 12 h.% The dyed films were rinsed in
ethanol and dried under nitrogen before use.

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

For the copper cathode, an insulating mask with a 0.28 cm? hole was placed on the copper,
a duplicate mask was placed on TiO>, and 50 pL of dialyzed PSI was drop-cast onto the copper
into the exposed area made by the mask. The PSI was then dried under vacuum for 30 min, leaving
a multilayer film of randomly oriented PSI protein complexes.

Agarose gel (100 pL) was placed within the opening of the mask on the metal substrate,
with or without a PSI multilayer previously deposited. The FTO slide with the TiO2 was then
pressed on top of the cathode and bound with binder clips to form the device.

PSI-Polypyrrole (PPy) Conjugate Photopolymerization

Photopolymerization was carried out by adding pyrrole monomer into a solution of ~4 uM
PSland 1.0 M NaClOs to a concentration of 0.5 M pyrrole and mixing with an ultrasonicator until
all pyrrole was solubilized. The mixture was then illuminated using a Newport Xenon Arc Lamp
Solar Simulator set to 100 W power. Illumination times varied from 3 to 24 h, depending on the
sample. Every sample was dialyzed to remove unreacted monomer and excess salt before

characterization. The resulting conjugates were then either dialyzed to remove unreacted monomer
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before being drop-cast to form multilayer films or filtered and rinsed to form a powder for solid-
state characterization.
PPy Electropolymerization around PSI Multilayers

PSI was first dialyzed, and then it was deposited and dried on a gold substrate via drop-
casting and was then placed in an electrochemical cell with a 0.5 M pyrrole solution with 1.0 M
NaClOs as a doping electrolyte. To perform the polymerization, the gold electrode was biased to
a set potential to initiate electropolymerization of pyrrole on the gold surface, and a set amount of
charge was applied to ensure consistent amounts of polymer were formed.
Electrochemical Characterization
Photochronopotentiometry (PCP) & Photochronoamperometry (PCA)

In this work, photoactivity of PSI protein films is measured through analytical
electrochemical techniques. PCP and PCA serve as one of the main identifiers of photoactivity in
this work. PCP is a specialized form of chronopotentiometry, wherein a working electrode is held
at a constant current of 0 A and the potential is measured. This potential is the open-circuit potential
(OCP) of an electrode. Alternatively, PCA is a specialized form of chronoamperometry, wherein
a working electrode is held at a measured open-circuit potential and the current passed through the
electrode is measured over time. For PCP and PCA experiments, working electrodes are held either
at a net current of 0 A or at the OCP measured in dark conditions, and the potential or current
response, respectively, of the electrode is measured upon illumination of the electrode.

In electrochemical systems, current and potential can be measured using a three-electrode
chemical cell that has a working electrode, reference electrode, and counter electrode. In this
system, the working electrode is the electrode under examination, and potential is applied to it to

measure oxidation and reduction reactions. The reference electrode contains a redox mediator of
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known potential, such as the Ag/AgCI couple, that serves as a reference to measure the potential
at the working electrode. The counter electrode is an inert electrode, typically a platinum mesh,
that is able to perform oxidations or reductions counter to the working electrode to ensure a charge
balance is maintained in the cell.

In an electrochemical reaction, there are oxidized species (O) that are reduced at the
cathode and reduced species (R) that are oxidized at the anode. The potential of an electrode in an
electrochemical cell is related to the concentration of O and R species near the electrode surface
and is governed by the Nernst equation:

. RT  C,(0,0)
E(t) =E% + —1
(t) T 0,0

[2-1]

where E(t) is the electrode potential, E? is the formal potential of the electrode at standard
conditions, R is the universal gas constant, T is temperature, F is Faraday’s constant, Co(0,t) is the
concentration of O species at the electrode surface, and Cr(0,t) is the concentration of R species at
the electrode surface. In this work, the DCPIP/AscH is the most often used redox mediator to
transfer charge and is further discussed in Chapter 3.

The current in an electrochemical cell is dependent on electron transfer between the O and
R species and the electrode. In a cell with no convection, current is diffusion controlled because O
and R must diffuse to an electrode before they can be reduced or oxidized. In this scenario, the
current-time relationship behaves under “Cottrell conditions” and can be measured by the Cottrell

equation:®

N[ =

i(t) = nFAC* (%) [2-2]

where i(t) is the current at a given time, n is the number of electrons transferred, F is

Faraday’s constant, A is the surface area of the electrode, C* is the bulk concentration of oxidized
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or reduced species, D is the diffusion coefficient for the redox mediators. Cottrellian current has
an initial spike in current known as the peak current, ip, that then has a diffusional tail until it
reaches a steady state current.

In electrochemical cells with PSI, protein multilayers are deposited on a working electrode.

Upon illumination, the proteins perform rapid oxidations and reductions. In PSI integrated
systems, the dominant redox reactions are:

Ploo+ R > Pypo + O [2-3]

Fg+0->Fz+R [2-4]

These rapid redox reactions change the concentration of O and R species near the surface,

which changes both the potential and current at the electrode. The response in current or potential

to light is what is being measured in PCP and PCA, and representative curves for each experiment

are shown in Figure 2.2. In this work, photoactivity of PSl-integrated systems are measured by

PCP and PCA in Chapters 3, 4, and 5. In Chapter 3, a two-electrode cell is used and performs

under different conditions than a three-electrode cell and is explained in more detail in the

discussion of the reaction-diffusion model created for that system.
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Figure 2.2: a) PCP and b) PCA curves of copper substrates with and without PSI multilayer films
in 20 mM AscH: 1 mM DCPIP mediator.
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j-V & Power Curves

Forward and reverse scan j-V (current-potential) curves were measured to determine the
power output of the completed devices in Chapter 3. In a j-V curve, the current is measured as the
potential across a two-electrode device is scanned between the OCP and 0 V. The current when
the potential is O is known as the short-circuit current (Jsc). A forward scan starts at Jsc and scans
to OCP, and a reverse scan does the opposite. The power output of the cell can be measured at any
given potential by calculating the product of the current and potential. For the forward and reverse
scans, the important photovoltaic parameters (fill factor (FF), Jsc, OCP, and external quantum
efficiency (1)) were measured for each scan. To determine a measure of steady-state device
performance in Chapter 3, the forward and the reverse scans with and without PSI were averaged.
A maximum power-point voltage was found from the averaged power curves, and steady-state
power generation was measured at the maximum power-point voltage to obtain an accurate power
output.

Cyclic Voltammetry (CV)

Cyclic voltammetry is a potential sweeping electrochemical experiment that repeatedly
scans the potential at the working electrode from one set potential to another and back. The goal
of cyclic voltammetry is to probe the redox behavior of a target molecular species by looking at
its change in reduction potential and the magnitude of current produced during the scans. In
Chapter 3, the behavior of the redox molecule, DCPIP, is investigated by CV to determine the pH
in which the species is most electrochemically active.

Electrochemical Impedance Spectroscopy (EIS)
EIS is an electrochemical technique that measures current as the potential of the working

electrode is varied in a sinusoidal manner at changing frequencies. The alternating current behavior
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at various potentials can be used to determine the impedance behavior of the working electrode,
which allows for the measurement of various parameters such as resistance and capacitance.

Impedance is of an electrochemical system Z is calculated by:

__E(t) E,sin(2rmft)

4= 1(t) I, sin(2rft+®) [2-5]

where E(t) is the applied potential at time t, I(t) is the measured current at time t, Eo is
potential amplitude, 1o is current amplitude, f is the frequency, t is time, and @ is the phase shift.

Z is also related to the resistance and capacitance of a film on a surface by:

1Z| = [R*+ (].27%)2 [2-6]

where R is the film resistance, j is the square root of -1, f is frequency, and C is capacitance.
Impedance is affected by the transport of redox mediators and ions to reach the working electrode
to donate or accept electrons. The presence of films can significantly alter these diffusional
processes. The changing the frequency allows more (lower frequencies) or less time (higher
frequencies) for diffusion of these mediators and ions to occur. A high impedance indicates that
electron carrying species have impeded transport to the working electrode, signaling a higher film
resistance and/or low capacitance.

The results of an EIS experiment can be shown as either a Bode or Nyquist plot. A Bode
plot shows the impedance values at different frequencies and can give information about the
charge-transfer resistance of the electrode or ion transfer resistance of a film, the interfacial
capacitance of the film or surface, and solution resistance by examining low, medium, and high
frequencies, respectively. The areas of interest in a Bode plot are shown in Figure 2.3. These

parameters can then be used to create an equivalent circuit of the electrochemical cell.
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Figure 2.3: Bode plot of a gold substrate with and without a PSI multilayer film in a KCI
electrolyte. |Z| is the measured impedance at a given frequency.

EIS is used to measure film properties for surfaces with and without PSI multilayers
deposited to determine the resistance and capacitance of the films. Figure 2.3 shows an increase in
impedance and charge transfer resistance of a gold electrode after the deposition of a PSI film
because the film is blocking ions from diffusing to the electrode surface to accept or donate
electrons.

Equipment

All PCP, PCA, and CV experiments were carried out on a CH Instruments 660a
electrochemical workstation, and EIS and conductivity measurements were measured on a Gamry
Reference 600 potentiostat. Ag/AgCI was used as the reference electrode and a platinum mesh was
used as the counter electrode for all three-electrode experiments. Photoactivity measurements were

made using a Leica KL 2500 LCD cold light source.
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Other Characterization Methods
Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR analysis is a spectroscopic technique that can be used to identify the
composition of a film based on its absorbance of infrared light. An IR beam is directed into the
side of an ATR crystal at a set angle. The crystal then reflects the light to contact the sample, which
needs to be in contact with the crystal to eliminate any reflectance effects by air. The sample
absorbs energy and alters or attenuates the beam and reflects it back into the crystal, and this pattern
repeats until the beam exits the other side of the crystal and is analyzed in a detector. An IR
spectrum of the collected beam is generated by applying a Fourier transform on the raw
interferogram data. Bonds of different types between different elements each absorb light at
specific wavelengths, so measuring the light that is absorbed by the sample yields a fingerprint of
what bonds and elements are present. A simplified visualization of the technique is shown in Figure

2.4.

IR Source Detector

ATR Crystal

Figure 2.4: IR beam pathway through ATR crystal during an ATR-FTIR measurement.
ATR-FTIR is used in this work to identify components of the films being studied and to
check if there is significant degradation of the protein structure by seeing if peaks of the protein

shift and widen or narrow, signaling a change in structure. The technique is used in Chapters 4 and
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5 to confirm the presence of both PSI and PPy in films. The FTIR used in this work is a Nicolet
6700 FTIR at 4 cm™ resolution.
Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS)

SEM is an imaging technique that involves rastering a focused beam of electrons on a
sample under vacuum to generate a high-resolution image at the nanoscale. When electrons hit the
sample, secondary electrons, backscattered electrons, and X-rays are ejected from the surface and
are picked up by a detector to convert them into a signal that can generate an image. This technique
is used in Chapter 4 to identify the morphology of polymers and protein-polymer conjugates at the
nanoscale.

EDS analysis is used to identify elements within a sample that is being imaged in an SEM.
EDS uses the X-rays that are generated and ejected from the sample after being struck by an
electron from the electron beam. Every element has an X-ray of unique energy that can be used to
identify elemental composition in an SEM image. This technique is to confirm successful doping
of PPy in Chapter 4 by confirming the presence of the doped element in the reaction product. The
SEM used in this work is a Zeiss Merlin SEM with an accelerating voltage of 2.00 kV.

Contact angle

When a liquid comes into contact with a solid surface, molecular properties of the surface,
air, and the liquid dictate the shape of the liquid on the surface. The static contact angle between
the solid-liquid interface and the line tangent to the liquid profile at the three-phase contact line
can be measured to assess the relative surface energy of the solid material. A force balance of the
interfacial forces between the three phases affect the contact angle as described by the Young

equation:

25



Ysv — Vs = YLv COs 6 [2-7]

where ysv is the interfacial tension at the solid-vapor interface, ysi is the interfacial tension
at the solid-liquid interface, yLv is the interfacial tension at the liquid-vapor interface, and @ is the
static contact angle.

Contact angle  measurements are typically used to  measure the
hydrophilicity/hydrophobicity or oleophilicity/oleophobicity of a surface. Hydrophilic and
oleophilic surfaces will have low contact angles for water and oils, respectively, while hydrophobic
and oleophobic surfaces will yield high contact angles.

Contact angle measurements are used in Chapters 4 and 5 to measure the relative coverage
of protein or polymer at the surface of films that are grown or deposited onto a gold substrate. A
pure PSI multilayer film has a higher contact angle than a pure PPy film, so measuring the contact
angle of a film with both PSI and PPy can give details on the ratio of protein to polymer at the

surface of the film according to the Cassie Equation:

cosf = f;cos 8, + f,cos 0, [2-8]

fi=1-f; [2-9]

where 6 is the measured contact angle of the material being investigated, 6, is the contact
angle of pure component n, and fn is the fractional surface area of component n. If the contact
angle is closer to PSI, then the protein has higher fractional surface area and vice versa. Contact
angles were measured with a manual Rame-Hart Goniometer.
Profilometry

Contact profilometry is a technique to probe the 2D topography of a material by rastering

a cantilever with a diamond tip across a surface. A light source is aimed at the top of the cantilever,
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and the change in light deflections as the tip scans the surface is collected to measure the height of
a film down to below 100 nm resolution. This technique was used to examine thicknesses of PSI
and PSI-PPy films in Chapters 3 and 5. Profilometry was performed using a Veeco DEKTAK 150
contact profilometer.

Ultraviolet-visible spectrophotometry (UV-Vis)

UV-Vis a spectroscopic technique that is used to measure light absorbance of a liquid
solution or material on a substrate. The technique works by either transmitting light through a
liquid sample or reflecting light off a film on a reflective surface. The source can emit light from
UV wavelengths to visible wavelengths. The transmitted or reflected light is then collected at a
detector and analyzed to show the wavelengths at which a sample absorbs light. The amount of
light absorbed is dependent on the chemical structure of the target sample because different
molecules and bonds absorb light at different wavelengths. UV-vis was used in Chapter 4 to
monitor the rate of polymerization of PPy in an aqueous solution. UV-vis was performed using a
Cary 50 Bio and was operated in Dual Beam mode.

Thermogravimetric Analysis (TGA)

TGA is a characterization method that can investigate thermal properties of a material by
exposing the material to high temperatures and measuring the change in mass as components begin
to burn off. To measure the change in mass, a sample is loaded into a ceramic crucible that is
placed on a hanging scale inside of a tube furnace. After loading the sample, the oven is closed
and a purge gas of air or N2 is flowed through the furnace during the experiment to purge the
material as it is being burned off. The choice of gas determines whether the sample combusts (in
air) or pyrolyzes (in N2). The sample is then heated at a specified rate up to a specified temperature.

The mass of PSI, PPy, and PSI-PPy conjugates and their thermal stability were measured in
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Chapter 4 to compare the thermal properties of the conjugates to the pure materials. In this work,
a STA-i 1000 TGA was used, and air was flowed through the furnace. Samples were heated to 100
°C at a rate of 10 °C/min and held for 30 min before a 10 °C/min ramp to 600 °C to remove excess
water.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE is a technique that can measure the molecular weight of the subunits in various
biological materials. To perform an SDS-PAGE, a biological material is exposed to a high
concentration of the SDS surfactant, which breaks down proteins into their subunits and applies
uniform negative charge around all the subunits. The material is then loaded onto the top of a
polyacrylamide gel that has multiple lanes to investigate multiple samples. A reference ladder
sample can be loaded into one of the wells that will separate into bands of specific molecular
weights during the electrophoresis. The gel can be modified by changing the concentration of
acrylamide to investigate different weight ranges for the materials under investigation. Once the
samples and reference ladder are loaded, a charge is applied across the gel so that a positive charge
is generated at the cathode that is opposite of where the samples are loaded. The negative charge
of the SDS causes the subunits to migrate through the gel. The speed of migration is dependent on
the weight of the material. Lighter subunits will travel faster through the gel, yielding a separation
of bands specific to each subunit in the gel. Materials that are insoluble or are too large will not
migrate through the gel. The applied charge should be turned off when the lightest subunits are
near the bottom of the gel to maximize separation and avoid accumulating material at the bottom
of the gel. The gel can then be dyed to see what bands have formed in the gel that can be attributed

to different subunits of the target material.
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SDS-PAGE was used in Chapter 4 to investigate if conducting polymer was successfully
conjugated to PSI by seeing if any of the normal PSI protein bands shift after the polymerization
step. SDS-PAGE was performed on samples that were exposed to illumination for 6 h. The samples
were then concentrated in a 10K MWCO Pierce Concentrator. After concentration, the samples
were prepared as recommended by Invitrogen guidelines using a NUPAGE 10% Bis-Tris Gel.
Powder Conductivity

The conductivity of powders can be measured by compressing the powders between two

metal electrodes. The conductivity can be calculated using the following equation:

ok
“TR«a

[2-10]

where k = electrical conductivity (S/cm), h = powder height (cm), R = electrical resistance
(Q), and A = cross sectional area of powder (cm?).4?

Conductivity was measured in Chapter 4 using a 2-electrode experimental setup (Figure
2.5) connected to a Gamry Reference 600 potentiostat. The setup consists of a transparent glass
tube with 2 stainless steel rods that fit snugly within the tube. Powder was placed between the rods
and an external force of 300 N was applied to the top electrode to compress the powder. Samples
were illuminated on one side of the tube using the same lamp as was used in the electrochemical
measurements. The resistance across the powder and the compressed powder height were
measured to use in Eq. 2-10 to calculate conductivity. For simplicity of measurement and because
of the non-uniformity of particle sizes, the pellets were assumed to have no porosity due to the

compressive force, which artificially lowers the measured conductivities.
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Figure 2.5: Two-piston experimental setup to measure conductivity and photoresponse for
powders.

Gel Cell Reaction-Diffusion Model

The electrochemical reaction-diffusion model for the gel cells was generated in Matlab.
The model examined the change in concentration of O and R species as well as photocurrent
density during 30 s of illumination. The reaction-diffusion system was modelled via MATLAB
using the pdepe and Isqcurvefit functions to solve the system of PDE’s and apply the method of
least squares, respectively. The MATLAB code is provided in Appendix C. Values after 30 s of
illumination were taken as the pseudo-steady state for the device. Devices with and without a PSI
film were modeled to investigate the function of PSI at various mediator concentrations.

The assumptions made for this simplified model are that the cathode is limiting the current

and therefore is where heterogeneous electrode kinetics are modelled, the initial ratio of O to R is
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the same with or without PSI for each initial total concentration, the diffusion coefficients for O
and R are the same, the diffusion coefficients for 2,6-dichlorophenolindophenol (DCPIP) and
ascorbic acid (AscH) in 0.5% agarose gel are 35% of their diffusion coefficients in liquid water,
0.77x10° and 0.87x10° m? s, respectively,’® the charge transfer coefficient for the DCPIP
mediator is 0.5, the rate-determining step potential for DCPIP is 0.217 V vs. SHE, the exchange
current is based on a single-electron transfer taken as the rate-determining step of the two-electron
DCPIP reaction, the PSI multilayer acts as redox film and does not partition concentrations, and
AscH does not react at the cathode. Values for variables and constants are shown in Table 2.1.
Variables were fit using the Isqcurvefit command to match the model with experimental data.

Table 2.1: Variables and constants used in reaction-diffusion model.

Parameter | Value Units Source
Crot’ 2-200 mM Model
Co’/Cr" | 1.08x10* Fit

Co" Co"/ Cr™* Croc /20 mM Model
Cr" (1- Co"/ Cr") * Cro( /20 | mM Model
Casc’ Cro- Co'™- Cr” mM Model
D, & Dr | 270 pum?/s 78

Dasc 310 um?/s 78

n 2 9

o 0.5

f 0.0257 v

Emetal 0.34 V vs. SHE | °

Ebceip 0.217 V vs. SHE | CV data
kpst 2.03x10° st Fit

Kasc 2.99x10! mM's! 10

Jo 8:;2 X;IEOI;?IPSI hAfem? | FIS data
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The Bulk Gel
Oxygen and AscH reactions occur homogeneously throughout the device with and without

PSI. The equations are:

ac, 9%c,
ot =lo Fra kascCoCasc [2-11]

daCp OZCR
W = Dg W + kascCoCasc [2-12]

0C, 9%C,
atsc = Vasc axzsc — kascCoCasc [2-13]

where Ci(x,t) is the concentration of mediator O=oxidized [DCPIP], R=reduced
[DCPIPH], and Asc=[AscH] at distance x and time t, D; is the diffusion coefficient of mediator i,
and Kkasc is the reaction rate of AscH with O. The equations are solved for x = 0 to x = 400 pm in
the absence of a PSI film and for x = 4 to x = 400 um with a PSI film, as Eq. [2-14]-[2-16] below
account for the reaction when PSI is present.
The PSI Film

While a 4 um thick film is present, PSI reacts with O and R, but the net reaction produces

more O species throughout the film. The equations are:

% _p azco+k Cr — kascCoC,

ot — Yo dx2 PSI™~R Asc™~o™Asc [2_14]

ac 92C,

a_: = DR WZR - kPSICR + kAscCoCAsc [2_15]
[2-16]
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aC‘ASC aZC‘ASC

ot — PAsc W - kAsc CoCasc

where kpsi is the net reaction rate of PSI converting O to R. When a PSI film is present, the
PSI film is treated as a homogeneous redox active film. The unknown parameter kpsi was fit to
match the model with a PSI film present. The value for kps was found by using the method of least
squares fitting to experimental data with PSI.
Initial and Boundary Conditions

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

C;(x,0) =C; [2-17]

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

The fluxes of O and R at the electrodes are related to the current (jcen) flowing through the

cell by the following boundary conditions:

. dCo . . dco
Jeetl = nFDoE x=0' Jcel = nFDoE|x=4oo
[2-18]
. ac . dac
“Jcell = nFDRd_xR|x=0; Jcell = nFDRd_;|x=400 [2-19]

where n is the number of electrons transferred and F is Faraday’s constant. For both O and
R, the fluxes are opposite to each other at both boundaries to maintain charge balance within the

cell.
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AscH is assumed to not be redox active at the electrodes leading to the boundary

conditions:

0 = Lase [2-20]

_ dCASC|
dx 'x=0’ dx 'x=400

Heterogeneous Electrode Kinetics
At the cathode and anode, the surface concentrations of the species are related to current

through Butler-Volmer electrode kinetics for a rate-determining electron process:®*

Jeet = Jo * [e—afn — e(l_“)fn] [2-21]
RT C,(0,t)
N = Ecopper — Epcpip + ﬁln C: ©.0 [2-22]

where jo is the exchange current density, a is the charge transfer coefficient, n is the
overpotential, Ecopper is the potential of the copper electrode, Epcrir is the E1» for DCPIP, and Ci.
(0,t) is the surface concentration of i.
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Chapter 3
Photosystem | Enhances the Efficiency of a Natural, Gel-Based Dye-

Sensitized Solar Cell

Introduction

Photoelectrochemical investigations of PSI have commonly employed the use of a three-
electrode liquid cell to enable a focused study of the photoelectrochemical interface between PSI
and a single electrode.X In contrast, fewer researchers have reported the use of PSI in a two-
electrode solar cell,*% and most of those include solid-state devices.*%°10 Solid-state devices with
PSI depend on direct electron transfer from electrodes or conducting materials to and from the P7qo
and Fg sites, which complicates device fabrication in comparison to devices dependent on
mediated electron transfer (MET). Alternatively, liquid cells rely on MET, which benefits
randomly oriented PSI because redox reactions can occur through a protein film and reactants
freely diffuse to the electrodes.!

The dye-sensitized solar cell (DSSC) is a promising, liquid-based technology that is able
to mimic photosynthesis and produce robust solar conversion efficiencies.*? Traditionally, high
performing DSSC’s rely on an iodide/triiodide mediator in acetonitrile with a ruthenium-based
dye to sensitize the electrode.® Issues with the traditional high-performance devices are the toxicity
and high volatility of organic solvents as well as the high cost for the ruthenium-based dyes.!?*3
PSI has been explored as a way to boost DSSC performance, and in some cases, as a way to
improve renewability and cost-effectiveness. PSI has provided improvement when used as a dye-

sensitizer**!> and as a redox film on a blackberry dye-sensitized TiO2 electrode.'® In these
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investigations, PSI was deposited onto TiO> to boost anode performance, but using PSI to boost
cathode performance while paired with a dye-sensitized anode has not been previously explored.
Liquids are disadvantageous as electrolyte media in photovoltaic systems due to portability
issues and continual maintenance resulting from leakage, evaporation, or sealant failure.!” A quasi-
solid-state gel medium negates the limitations prevalent in liquid cells while also providing similar
transport capabilities for redox species. A gel analog of a DSSC with an iodide/triiodide mediator
exhibited improved photocurrent stability after 125 days of operation versus an equivalent liquid
cell.'® These advantages allow for the minimization of evaporation and enhanced portability while

still harnessing mediated electron transfer.
0 = DCPIP

R = DCPIPH,
R’ = AscH

QY

PSI Film

’"UminatiOn

Figure 3.1. Schematic of biohybrid DSSC and suggested redox pathway.
Device Design

The goal for this investigation is to design a low-cost, renewable photovoltaic device that
integrates a DSSC electrode with a gel-based medium and a PSI-coated cathode to elevate the
performance of the cell, as measured via the short circuit current, open-circuit photovoltage, and
power output. Figure 3.1 shows a schematic of the gel-based biohybrid solar cell. The device

utilizes an FTO-coated glass slide as a transparent current collector upon which the TiO; film is
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spin-coated, annealed, and loaded with anthocyanin dye. The gel media is 0.5% wt. agarose
hydrogel with supporting electrolyte and an AscH/DCPIP mediator.

Agarose is a naturally derived polysaccharide that is a principal component of agar, a gel
commonly used for gel electrophoresis. Agarose has been used in DSSCs and has shown
performance enhancement over equivalent liquid cells.'®?° Agarose can form a polymer matrix in
an aqueous solution while maintaining similar ionic conductivity and negating environmental
hazards introduced in other types of media.?° The use of agarose here allows for simple addition
of redox mediators to customize the internal environment of the cell. Badura et al. have confined
PSI in a thin crosslinked Os-based redox hydrogel film of allylamine and vinylimidazole on a gold
electrode in an aqueous three-electrode system purged with Oz and a methyl viologen (MV)
mediator to improve performance of immobilized PSI.?* The success with the redox hydrogel
system proves that PSI can function well in a gel, but the use of an organic chemical for the media,
a precious metal electrode, and a toxic mediator suggest challenges in a renewable scale-up.

PSI has been shown to increase photovoltage from 0.22 V to over 0.50 V when deposited
atop a TiO, anode in a three-electrode cell using a [Fe(CN)s]*’* mediator couple. The
improvement was attributed to PSI reducing Fe(CN)e* faster than it can oxidize Fe(CN)g* to create
a higher concentration of the reduced species near the mesoporous anode, which effectively
reduces charge recombination.'® PSI is also known to produce the opposite kinetic asymmetry
when exposed to the natural mediator couple AscH/DCPIP by more rapidly producing the oxidized
form of DCPIP.?? This asymmetry implies that the oxidized form of DCPIP would accumulate
within the vicinity of the PSl/electrode interface, benefitting cathode performance. The opposite

kinetic asymmetry for the [Fe(CN)s]*’> and AscH/DCPIP mediator couples stems from the half-
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wave potentials (E1/2) being closer to either the reduction potential for the Fg or Pzoo reaction sites,
respectively.

For this investigation, three mediator systems—AscH/DCPIP, MV, and [Fe(CN)s]*"*—
were assessed via photochronoamperometry (PCA) as they are commonly used in PSl-integrated
electrochemical investigations because they are good donors or acceptors with the P70 and Fg
sites, respectively, of PSI.1122-26 MV is an oxygen scavenger and can rapidly accept electrons from
the Fg site of PSI, creating an excess of reduced species near the cathode, which reduced
performance of this device. In the case of [Fe(CN)s]*"*", Fe(CN)s* is a slow donator to P7go, while
Fe(CN)e* can quickly accept electrons from Fg, leading to an excess of reduced species.?’ In
contrast to the reactions of MV and [Fe(CN)s]*”** with PSI, the AscH/DCPIP mediator system is
known to rapidly reduce Pzoo, causing an excess of oxidized species in solution.?? The
AscH/DCPIP couple enhances current compared to the other mediators when PSI is deposited onto
the cathode (Figure 3.2). Some photocurrent is present in the supporting electrolyte (KCI) control.
This photocurrent is attributed to water and oxygen reacting within the system, but this
contribution to current is small (<5 pA/cm?) in comparison to the overall current with

AscH/DCPIP.%8
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Figure 3.2. Comparison of mediators on a copper electrode containing 4 um-thick PSI film.
Ag/AgCl was used as a reference electrode and Pt as a counter electrode with a 100 mM KCI
supporting electrolyte.

Ferri/o AscH/DCPIP =———KC(]

AscH, commonly known as vitamin C, is an abundant, non-toxic molecule that protects
PSI from harmful reactive oxygen species in vivo?>® while DCPIP is a natural, non-toxic redox
dye commonly used as a Hill reagent. Together, they are an efficient redox couple when paired
with PS1.31 The reaction between AscH and DCPIP is a catalytic electron transfer/homogenous

chemical reaction couple (EC”) that catalytically generates DCPIPH: by the following mechanism

at neutral pH:*2

DCPIP + AscH™ 2 DCPIPH® + Asc™
DCPIPH® + AscH™ @ DCPIPH, + Asc™™

Two ascorbate radicals (Asc ™) then react with surrounding protons to regenerate AscH"

and dehydroascorbic acid (DHA) as shown:

2Asc” + HY 2 AscH™ + DHA
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At low pH, the prolonged existence of the ascorbate radical becomes unfavorable and the
reaction becomes:

DCPIP + AscH™ 2 DCPIPH® + Asc™
DCPIPH® + Asc’™ + HY 2 DCPIPH, + DHA

As shown in the energy diagram (Figure 3.3), PSI is able to generate a redox cycle with
the AscH/DCPIP mediator because DCPIP, DHA ,and Asc™ are capable of accepting electrons
from Fg and reacting with surrounding protons to regenerate their oxidized forms.?°* DCPIP has
been shown to be an electron acceptor that can compete with methyl viologen, a rapid and well
known Fg electron acceptor, suggesting that its reaction with PSI is faster than the reactions of
DHA or Asc™.*® DCPIPH; is a rapid electron donor to P70 and reacts faster than DCPIP with Fg,
which leads to an excess of oxidized species around PSI. Having an excess of AscH serves to
increase the concentration of DCPIPH: species in the cell by continually reducing DCPIP that is
not reacted at the cathode. A schematic of the AscH/DCPIP mediator system with PSI is shown in
Figure 3.3.323% PS| can increase photocurrent at low mediator concentrations by converting the
DCPIPH> back to DCPIP near the cathode, yielding a higher rate of reduction and increasing the
performance of the cell. The reaction kinetics for the AscH/DCPIP reaction mechanism are pH-

dependent, prompting a comparison of cell performance at different pH values.3*
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Figure 3.3. Energy diagram showing the redox cycle of the AscH/DCPIP mediator in the presence

of PSI on a copper cathode at pH 7. Black lines show the electron flow direction. The potential of
the copper electrode was found to be 140 mV vs. SHE by open-circuit potential measurements.

The placement of PSI on either the cathode or the anode was examined, with the
observation that depositing a 4 um thick, randomly oriented PSI film (thickness confirmed by
profilometry, Figure 3.4a) on the cathode provided enhancement while placing the film on the
anode showed no improvement. PM-IRRAS spectra (Figure 3.4b) were collected to verify the
deposition of PSI onto the copper cathode. The IR spectra of a 4 pm thick PSI film show the
presence of the characteristic Amide | and Amide 1l peaks at 1662 and 1545 cm™, respectively.*®
These results are consistent with the deposition of structurally intact PSI films on the copper

cathode.
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Figure 3.4. a) Profilometric thickness of a characteristic vacuum-assisted, drop-cast PSI
multilayer film. b) PM-IRRAS FTIR spectra of a PSI multilayer film deposited on copper.

Copper was chosen as a suitable, inexpensive cathode because it has inherent energetic
synergy with PSI and a substantial potential difference with the conduction band of TiO (0.34 and
-0.30 V vs SHE, respectively).®® In nature, the oxidizing end of PSI, the Poo site, accepts electrons
from the copper-containing protein plastocyanin. TiO2, was selected as the semiconductor anode
because it has a favorable energy band alignment with PSI and copper,** it absorbs UV light well,
and it can be deposited as mesoporous films that can be sensitized with dyes to enhance light
absorbance in the visible spectrum.'® Anthocyanin (AC), a naturally occurring dye derived from

blackberries, is used to sensitize the TiO> here because it absorbs light in the 500-650 nm
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wavelength range, complementing the absorbance of both TiO2and PSI. PSI absorbs strongly in
400-500 nm and 650-700 nm wavelengths of visible light while TiO, absorbs strongly at <400
nm.® The TiO2 and AC anode on FTO allows light at wavelengths complementary to PSI to pass
through. The extracted dye consists of approximately 90 wt% cyanidin-3-glucoside and 10 wt%
cyanidin-3-glucosyl-malonate.*®

As dye-sensitized TiO2 is known to be a good photoanode,416.18:37:38 \we focus here on
improving copper cathode performance. We hypothesize that by using the naturally occurring
mediator couple AscH/DCPIP, we can harness the asymmetry of PSI’s redox capabilities and
increase photocurrent with a PSI multilayer film deposited on the cathode of a photovoltaic device.
Combining these materials yields a PSI-derived natural DSSC, and we investigate the effect of PSI
film thickness, pH, and mediator concentration on the performance of the cell.
Results and Discussion
Device Performance

The effect of PSI on cell photovoltage and photocurrent over a range of mediator
concentrations was examined. Additionally, devices were tested at two different pH ranges: low
(2.5-3.5) and neutral (6.5-7.5). The pH-dependent mole fraction of the oxidized forms of DCPIP
as described by the Henderson-Hasselbach equation with pKa’s of 0.5 and 5.6 are shown in Figure
3.5, denoted as DHy* DH, and D-.3* At the lower pH range, DH is the dominant oxidized form
while at neutral pH, D" is the dominant form, and these forms behave differently in electrochemical
cells, with D- providing greater current during cyclic voltammetry (Figure 3.6). A similar trend in
activity vs. pH was also observed by Petrova et al.3® Additionally, D" reacts with ascorbic acid at

a kinetic rate that is two orders of magnitude slower than that for DH with ascorbic acid.** The
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overall reduction of the oxidized forms of DCPIP to DCPIPH; occurs at all pH values, but the rate

of reduction is pH dependent.®*

——DH2+ ——DH ——D-
1.0 P

Mole Fraction

Figure 3.5. Mole fraction for pH-dependent forms of DCPIP. Shaded sections represent values in
which devices were tested.
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Figure 3.6. CV pH dependence on peak currents for 1 mM DCPIP in 100 mM phosphate buffer.
Au working electrode, Pt counter electrode, and Ag/AgCl reference.

An advantage of a two-electrode device is that it enables the measurement of the
photovoltage produced across the cell instead of examining the potential of only the working
electrode that constrains three-electrode experiments. Figure 3.7a shows the photovoltage
generated by the devices at all concentrations and each pH range. For a Nernstian equilibrium
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process, the potential of an electrode is dependent on the ratio of the concentration of oxidized to
reduced species and is therefore independent of bulk concentration as shown in the Nernst
Equation:

RT . C,(0,t)

E(t) = E, +ﬁ nCR(O,t)

[3-1]

Devices without PSI produce photovoltages of 0.35 V and 0.37 V at low pH and neutral
pH, respectively, while the addition of a PSI film onto the copper cathode increases the
photovoltage at each pH range. The photovoltages produced without PSI are attributed to the dye-
sensitized TiO2 semiconductor anode absorbing light and reacting with mediators. We expect that
the faster reaction between PSI’s P700" and DCPIPH; versus that between Fg~and DCPIP generate
higher concentrations of oxidized species near the cathode, increasing the ratio of oxidized to
reduced species and, therefore, making the Nernstian potential at the cathode more positive.
Consistent with that reasoning, the photopotential increases in the presence of PSI, raising the total
photovoltage of the cell by 0.050 to 0.41 V, a 7-fold increase in the ratio of oxidized to reduced
species for the devices measured at lower pH, and by 0.075 to 0.45 V, an 18.5-fold increase in the
ratio for the devices measured at neutral pH. These large increases in the ratio of species are
possible because of the ultralow concentration of oxidized species in the AscH/DCPIP system
prior to light exposure and the localization of PSI on the cathode. The greater increase in
photovoltage for the devices at neutral pH is attributed to DCPIP having a slower reaction with
AscH at low pH, so the oxidized species generated by PSI are not consumed as rapidly, increasing
the ratio of oxidized to reduced species at the cathode.3%*

Devices at low pH were linked in series to increase the total photovoltage (Figure 3.7b).

The PSI-integrated devices exhibit a linear increase in photovoltage up to 2.1 V for five devices in
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series as compared to 1.5 V for the devices without PSI. The photovoltage enhancement with PSI

becomes important in scaling-up device fabrication because fewer materials would be needed.
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Figure 3.7. a) Single-device photovoltage enhancement with PSI at low pH (2.5-3.5) and neutral
pH_(6.5-7.5). b) Enhancement of photovoltage after connecting multiple devices at low pH in
series.

PCA was used to determine how the PSI film affects the photocurrent generation at various
AscH/DCPIP mediator concentrations. Figure 3.8 shows representative PCA curves for devices at
low and neutral pH at a concentration of 20 MM AscH:1 mM DCPIP. The current densities for all
devices follow a Cottrell-like decay under illumination, consistent with diffusional limitations for
the gel devices that are similar to those observed in two- and three-electrode liquid-based PSI
systems.?>?" At both low and neutral pH, the peak photocurrent density and the pseudo-steady state
photocurrent density (after 30 s of illumination) are higher in the presence of PSI at this mediator
concentration. The diffusional decay is stronger at lower pH, which is likely due to the faster
consumption of oxidized DCPIP species by AscH.3® The devices at neutral pH outperformed those
at low pH, suggesting that the D™ form performs better in this system than DH, likely because DH

reacts faster with AscH and slower with the P7qo site and the copper. The CV results from Figure

3.6 support this hypothesis because of the change in electrochemical activity.
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Figure 3.8. Photocurrent response for devices at low (a) and neutral (b) pH with (solid green line)
and without (dashed gray line) a PSI film on the copper cathode in agarose gel with 200 mM KCI
and 20 mM AscH:1 mM DCPIP. Devices were illuminated from 20-50 s.

Figure 3.9 shows the trend between pseudo-steady photocurrent and mediator
concentration for all devices. Without PSI, the pseudo-steady photocurrent density increases as
concentration increases. For all concentrations, the devices near neutral pH outperform those at
low pH. The pH-induced change in performance is also observed in the devices with a PSI film on
the cathode. At neutral pH, the presence of a PSI film contributes a 18-49% enhancement to
photocurrent at intermediate concentrations but yields statistically similar photocurrents at high
concentrations. Devices at low pH ranging from 2-20 mM AscH all showed improvements with
PSI over the non-PSI devices, while at 60 mM, the performance was similar, but at higher

concentrations, the photocurrent density was well below that of the non-PSI devices. In all cases,

photovoltage was still enhanced by 50-75 mV.
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Figure 3.9. Steady-state photocurrent density of devices at low and neutral pH with and without a
PSI multilayer. Values were measured after 30 s of illumination for each device. For each data
point, the initial ratio of AscH to DCPIP concentrations is 20:1.

As the mediator concentration increases, the finite number of PSI reaction sites effectively
becomes the limiting reagent in the production of O, and thus, the photocurrent in the presence of
PSI begins to plateau. Saturation of PSI sites via Michaelis-Menten processes at high mediator
concentration have also been attributed to such plateaus.?’*® At low pH values, the devices with
PSI plateau near 90 pA/cm? at a concentration of 20 mM AscH and above while the neutral pH
devices appear to begin plateauing above 20 mM AscH at a value ~200 pA/cm?. The difference in
the plateaus with pH is attributed to the slower reaction of D™ with AscH that yields higher

concentration of oxidized species near the cathode, in addition to the increased electrochemical

activity of D'
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The devices at neutral pH outperformed those at low pH, so power curves of devices at
neutral pH were produced to measure the power output with and without PSI (Figure 3.10a). The
power curves were obtained by taking the average of j-V curves done at forward and reverse scan
directions to find the voltage where maximum power occurs. The reverse scan in which potential
is decreased to approach maximum current provides much improved performance as compared to
the forward scan and represents an instantaneous power output. The lesser performance of the
forward scan is likely due to a depletion of charge carriers by starting the scan at the highest
current. Hysteresis in dye-sensitized solar cells is common because of charge carrier trapping in
the bulk TiO.. Additionally, the diffusional nature of the cell likely also adds to the hysteresis.

Then, a steady-state power value was determined by measuring power output under
illumination while devices were biased at the maximum power voltages until steady-state was
reached to yield accurate power performance (Figure 3.10b).*>%! Devices at 20 mM AscH:1 mM
DCPIP with and without PSI showed a maximum power output of 0.033 and 0.023 m\W/cm? and
power conversion efficiencies of 0.042% and 0.028%, respectively. Table 3.1 shows the
characteristic parameters for the j-V curves obtained from forward and reverse scans as well as the
average values. Instantaneous power outputs were also measured by measuring a reverse scan j-V
curve at 10 V/s. The instantaneous maximum power output and efficiencies with and without PSI

were 0.24 and 0.14 mW/cm?and 0.30% and 0.18%, respectively (Figure 3.11).
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Figure 3.10. a) Power curves of devices at neutral pH and a concentration of 20 mM AscH to 1
mM DCPIP. The resulting power curve represents an average of forward and reverse j-V scans at
1 V/s. 80 mW/cm? of light intensity was used, and scans were run after 30 s of illumination. b)
Steady-state power generation of devices biased at the voltage where maximum power occurs.
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Figure 3.11. Reverse scan j-V curves for devices at neutral pH, with and without PSI, and a
mediator concentration of 20 mM AscH to 1 mM DCPIP. Scan rate was 10 V/s. Samples were
illuminated for 30 s at 80 mW/cm? before scans were taken while still under illumination.

Table 3.1: Power parameters fill factor (FF) short-circuit current density (Jsc), open circuit

potential (OCP), and power conversion efficiency (1)) at steady-state.

FF  Jsc(uA/cm?) OCP (V) 7 (%)

PSlrev 0.60 190.4 0.450 0.064
PSlror 0.26 159.4 0.436  0.023
PSlavg 0.43 174.9 0.443 0.042
No PSlrev | 0.47 170.9 0.375 0.037
No PSlror | 0.37 118.6 0.350 0.019
No PSlag | 0.42 144.8 0.363  0.028

To confirm that the decreased performance of the devices at low pH was due to pH and not
the supporting electrolyte, replicate devices at low pH were fabricated using sodium nitrate as the
supporting electrolyte, and the performance was the same as those in KCI. Additionally, devices

at neutral pH with a KCI supporting electrolyte were tested and performed similarly to those with
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phosphate electrolyte. Phosphate is the preferred supporting electrolyte because it is stable, acts as
a buffer around neutral pH values, and is not corrosive toward the copper cathode.

The presence of the relatively thick, 4 um PSI film raised concern that a barrier effect might
cause changes in performance. To confirm that the redox capabilities of PSI were causing the
enhancements, devices with varying film thicknesses were fabricated by diluting the initial PSI
suspension (Figure 3.12). Additionally, devices at low pH with a 4 um film of deactivated PSI
(thermally deactivated by boiling for 2 min) were also made to test the barrier properties of the
PSI film. PSI multilayer films increased device performance with an increase in the thickness of
the protein film by multiple deposition steps up to 2.5 pum because of the availability of more active
sites in the protein film for conversion of mediator.*? Here, the performance continues to increase
with thickness, but beyond a thickness of 2 um, the rate of increase slows, likely caused by the
film becoming thick enough that light is unable to penetrate completely through it as seen in
previous models of light absorbance through a PSI multilayer film.2” Additionally, the device with
the deactivated 4 um thick protein film yields the same photocurrent density and photovoltage as
the devices without PSI, indicating that the performance enhancements provided by PSI are not
dictated by barrier or partitioning effects. This conclusion is also confirmed by EIS because the
presence of a PSI film does not significantly affect ion transfer to the electrode (Figure 3.13).
Collectively, these results support the conclusion that the observed enhancements in photocurrent

and photovoltage are driven by PSI-mediator reactions.
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Figure 3.12. Effect of PSI film thickness on device performance for 20 mM AscH : 1 mM DCPIP
at low pH. The deactivated data was collected by thermally denaturing PSI by boiling for 10 min
before deposition. The photovoltage of the cell with the deactivated film of PSI is 0.35 V, which is
the same as that of the cell without PSI (0.35 V).
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Figure 3.13. Electrochemical impedance spectra of copper electrodes with and without PSI films

in 0.5 wt% agarose gel. The electrolyte solution for each sample consists of 20 mM AscH, 1 mM
DCPIP, and 100 mM KCI.

55



PSI Model

We developed a simplified electrochemical reaction-diffusion model in Matlab that is
discussed in further detail in Chapter 2. The model examined the change in concentration of
oxidized and reduced species as well as photocurrent density during 30 s of illumination. Values
after 30 s of illumination were taken as the pseudo-steady state for the device. Devices with and
without a 4 um-thick PSI film were modeled to investigate the function of PSI in the system at
various mediator concentrations. Values for the variables and constants used or measured are
shown in Table 3.2.

Table 3.2: Variables and constants used in reaction-diffusion model.

PARAMETER VALUE UNITS SOURCE

Crot” 2-200 mM Model

Co’/ Cr" 1.08x10* Fit

Co" Co'/ CR™*Crot /20 mM Model

Cr" (1- Co/ CR)*Crot /20 mM Model

Casc” Crot- Co - CR” mM Model

Do & Dr 270 pm?/s 44,45

Dasc 310 pm?/s 44,45

n 2 e

o 0.5

F 0.0257 \

EmeTAL 0.34 Vvs.SHE 3¢

Ebcrip 0.217 Vvs.SHE CV

Kpsi 2.03x10° st Fit

Kasc 2.99x10* mMts?t %
0.19 with PSI

%o 0.28 without PSI pajem® - EIS

The model was used to estimate photocurrent density after 30 s of illumination in devices

at neutral pH with and without PSI. The resulting photocurrent densities were then normalized to
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the photocurrent density computed for a device without PSI at the same mediator concentration of

200 mM AscH to 10 mM DCPIP to compare the model to the experimental system (Figure 3.14).
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Figure 3.14. Comparison of model predictions (lines) for photocurrent density to experimental
data (points) with PSI (filled points) and without PSI (open points) in devices at neutral pH. Values
were normalized to the photocurrent density value of a device without PSI at a mediator
concentration of 200 mM AscH to 10 mM DCPIP.

Two of the parameters were unknown while formulating the model: the initial ratio of O to
R concentrations (Co’/ Cr") and the reaction rate constant for PSI (kesi). To find these parameters,
the Isqcurvefit function was used to first match the model to experimental data without PSI to
obtain the initial Co’/ Cr"ratio. A value of 1.07x10 represents an initial conversion of ~99.99%,
which is expected as the reaction of AscH with DCPIP is generally considered to approach
completion.®** A 99.99% conversion results in an ultralow initial concentration of O, allowing

for PSI to provide a large (e.g. 18.5-fold) increase in the surface concentration ratios as seen by

the photovoltage enhancements.
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The value for the net rate of conversion of R to O by PSI (kesi) was determined by using
Isqcurvefit to match the model to the experimental data with PSI, using the initial ratio of Co”/ Cr”
obtained by modeling the experimental data without PSI. The first-order rate constant was fit to
be 1.98x10° s, showing that a positive net reaction rate for the production of O does result in
improved photocurrent performance compared to non-PSI devices. Additionally, the model shows
that if the net kinetic rate of conversion by PSI remains constant, a plateauing effect on
photocurrent occurs as concentration increases, confirming that the reaction sites provided by PSI
do indeed become a limiting reagent.

Conclusions

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

Photocurrent was dependent on mediator concentration, pH, and the presence of PSI. At
both low and neutral pH, PSI enhanced photocurrent at low to moderate mediator concentrations
as compared to devices without PSI, but enhancement diminished as mediator concentration

increased because of the limiting reaction capabilities of the PSI films. j-V power curves obtained

58



at neutral pH with a 20 mM AscH to 1 mM DCPIP concentration showed that PSI devices had a
power conversion efficiency of 0.042% compared to 0.028% without PSI. Additionally, a
numerical model was developed to examine the effect of PSI-mediator oxidation Kinetics on
photocurrent. The model is consistent with experiments, showing that the asymmetric kinetic
production of O species by PSI leads to photocurrent enhancements that are more dramatic at low
and intermediate concentrations of mediator.

This investigation is the first to incorporate PSI in a two-electrode gel-based cell, showing
that the asymmetric redox kinetics of the protein provides enhancement to both photocurrent and
photovoltage when deposited on the cathode of a DSSC. The reported devices are environmentally
friendly and made from easily sourced materials with low energy input compared to many other
photovoltaic technologies.
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Chapter 4

Oxidative Polymerization from Photosystem | Proteins

Introduction

Protein-polymer conjugates are a unique class of biohybrid materials that offer the
combination of properties of both synthetic polymers and biomolecules. These conjugates have
been used to advance research in a wide range of fields such as medicine,! enzymatic
performance,? muscle-inspired actuators,® and catalysis.*

Herein, we present a novel route for protein-polymer conjugates in which we use a
photoactive redox protein to polymerize an electroactive monomer. Specifically, we demonstrate
a photopolymerization technique where unmodified Photosystem | (PSI) protein complexes can
directly polymerize pyrrole monomer (Py) to form PSI-polymer conjugates.

PSI has been interfaced with conducting polymers in multiple applications. A common
constraint for PSI-polymer systems is the dependence on mediated electron transfer to small redox
species because of a lack of direct connection to the active sites for direct electron transfer.>’ To
ensure connection, protein-polymer conjugates have been formed by other groups using a modified
protein complex with a molecular wire connected to a catalyst or enzyme at the Fg site for
hydrogen production.8®

The oxidative capability of the P70 is energetically favorable to perform oxidative
polymerizations,® such as with Py, as described in this chapter. This process is able to achieve
direct connections between the conducting polymer, polypyrrole (PPy), and the P7qg site to yield a
PSI-PPy conjugate capable of photoelectrochemistry. This polymerization technique is one of the
first known cases of a photoactive protein-polymer conjugate where the polymer was formed by

an unmodified protein. This technique could be expanded by using other monomers to tailor
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conjugate functionality or other photoactive proteins. The ability to create protein-polymer
conjugates to combine the photo-redox properties of PSI with special properties of the polymer
should facilitate the generation of inexpensive, biohybrid solar conversion technology.

Results and Discussion

Visual Properties

The initial evidence of successful polymerization of Py by PSI proteins was visual. The
addition of Py monomer with NaClO4 as an anionic dopant to a dispersion of PSI followed by
subsequent illumination of solar light leads to the formation of dark green (characteristic color of
PPy)! aggregates that eventually precipitate to the bottom of the solution (Figure 4.1a). The
aggregates become increasingly darker with additional light exposure, and a darker green solid
approaches black in color after 30 h of solar illumination. As controls, when exposed to simulated
sunlight, Py (alone) does not visibly change, and a PSI protein solution becomes bleached by the
UV radiation in the solar simulated light. The polymerization also occurs in white light.

To confirm this was a light-dependent reaction, the same experiment was carried out by
illuminating monomer and PSI-monomer solutions for 6 h while another set of monomer and PSI-
monomer solutions was left in the dark (Figure 4.1b). The illuminated PSI-monomer solution
yielded the darker green aggregates while the solutions in the dark remained the same color as in
the initial conditions.

NaClOs was selected as dopant for the polymer because of the large anionic size, compared
to other simple anions, and its lack of reactivity with Py, compared to other dopants that act as a
chemical oxidizer. For these oxidizing dopants that can chemically polymerize Py, the addition of

PSI accelerates the production of polymer.
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Figure 4.1: a) Changes in visual solution properties over time after illumination. From left to
right: PSI, Py monomer, PSI + Py monomer. b) Comparison of visible solution changes after 6 h
of illumination or no light.

Polymerization by mixing PSI and Py with a dopant that results in oxidative polymerization
was also examined. The chemical polymerization of PPy by polystyrene sulfonate (PSS) occurs
on a timescale of hours as compared to the much faster timescale for other chemical oxidants such
as ferricyanide and ferric chloride. The slower reaction allows for examination of the effects of the
addition of PSI and illumination to the mixture. PSS is commonly used as a dopant for the polymer
poly-3,4-ethylenedioxythiophene (PEDOT) because of its ability to result in a water-soluble,
conducting polymer, which allows for easier processibility. The inherent insolubility of conducting
polymers is an issue when trying to homogeneously process the polymers. Polymerization of Py
with PSI containing Triton X-100, which is a surfactant used during the protein extraction for
solubilization, was also compared to the polymerization of Py with dialyzed protein. Figure 4.2

shows the visible changes in 3 systems of Py and PSS suspensions exposure to ambient light for

24 h,
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Figure 4.2: Samples with Py monomer and PSI, PSS, and/or Triton X-100 surfactant before and
after 24 h of ambient light.

After 24 h, the samples without Triton X-100 surfactant both show a significant change in
color from either a light green or opaque white to deep green, suggesting successful PPy
polymerization. Comparatively, the sample with surfactant and PSI slightly changes color, but the
color change is minimal compared to the samples without surfactant. The likely reason is that in
the presence of surfactant, PSI proteins are surrounded by a surfactant shell that is blocking access
of the P00 reaction sites to monomer in solution, severely limiting the reaction rate with the protein.
The surfactant shell is needed to remove PSI from an ion-exchange chromatography column during
the protein extraction and allows the protein to remain suspended in solution.

The extent of the polymerization was further examined through UV-Vis spectroscopy.
Visible spectra taken from 0 to 190 min of illumination are shown in Figure 4.3. The darkening of
the solution is indicative of the continued polymerization, leading to higher absorbance in the
spectra. PSI has a strong absorbance peak at 680 nm due to the chlorophylls in the protein. A PPy
spectrum has a broad peak from 650-1000 nm. Growth in this region is not seen in the samples
that had either only Py or PSI or the sample with PSI and PSS with no monomer, confirming that

the peak is a result of the Py polymerization.
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The growth of a broad peak ranging from 650 to 1000 nm is indicative of the growth of
PPy. The peak exists when Py monomer is exposed to PSS alone, but the Visible spectra show
that PSI can catalyze the polymerization because the absorbance is increased over time more than
2-fold when PSI is present in the solution.

For the systems with PSS and surfactant, the reaction products were more water-soluble
than reaction products of dialyzed PSI and monomer, which settle out of solution over time.
However, the surfactant is undesirable because it slows the reaction. To further explore the effect
of PSI in this reaction, NaClO4 was selected as the desired dopant for further study because it does

not react with the monomer.
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Figure 4.3: Visible spectra comparing reaction with and without PSI that include PSS and Triton
X-100 surfactant.

ATR-FTIR analysis was used to identify the composition of the products formed upon
illumination of PSI with Py monomer (Figure 4.4). After illumination in white light, the solution
was dialyzed to remove excess Py, drop-cast onto a gold surface, rinsed with water, and then
analyzed by FTIR. Figure 4.4a shows the characteristic spectra for a film of pure

electropolymerized PPy with significant peaks at 1594 (N-H bending), 1462 (C=C aromatic
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stretching), 1250 (C-N stretching), 1159 (C-N stretching), 1074 (C-N stretching), and 942 (C-H
sp? bending) cm that are broader and distinct from those peaks of the Py monomer. Figure 4.4b
shows the spectra of pure PSI with peaks at 1627 (Amide 1), 1529 (Amide 1), 1448 (C-H bending),
1391 (C-H bending), and 1239 (C-N stretching) cm™. Figure 4.4c shows the spectra for the reaction
product obtained by mixing PSI with monomer and illuminating for 3 h. Most notably, the spectra
for the reaction product shows similar peaks for both PPy (peaks below 1300) and PSI (Amide |
and Il peaks). Additionally, the valley between the Amide | and 11 peaks is higher than the pure

spectra, suggesting growth of an aromatic N-H peak as in the PPy spectra.
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Figure 4.4: a) FTIR spectra of Py and electropolymerized PPy film along with characteristic
peaks, b) PSI spectra and characteristic peaks, ¢c) Comparison of PPy grown by PSI to pure PPy
and PSI spectra, d) Result of spectral subtraction of pure components from reaction product
compared to pure component.

To compare the reaction product spectra to the two pure components, each spectrum of the

pure components was subtracted from the spectrum of the reaction product (Figure 4.4d). After
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subtraction of the pure components, the characteristic peaks for both PSI and PPy can be seen in
the resultant spectra. The PPy characteristic peaks at 1594, 1462, 1250, 1159, 1074, and 942 cm*
are all prominent in the PSl-subtracted spectrum, and there is no evidence of the monomer peaks
at 1663 (C=C stretching) cm™ and 808 (C-H bending) after spectral subtraction, indicating the
successful synthesis of PPy that is compositionally consistent with an electropolymerized PPy
film. The characteristic peaks for PSI appear at 1627, 1529, 1448, 1391, and 1239 cm™ and are all
prominent in the PPy-subtracted spectra with no peak shifting or change in peak shape, suggesting
that PSI is still present in the product without degradation.'?

Contact angles of films of pure PSI, pure PPy, and the PSI-PPy reaction product were
measured on gold substrates to examine surface property changes. The solutions were dialyzed to
remove excess monomer before being drop-cast, and the films were rinsed in distilled water to
remove any excess buffer and monomer, leaving only protein and polymer. The contact angles
show a significant decrease from 44 + 3° for the PSI films to 26 + 7° for the PSI-PPy films while
pure PPy films exhibit a lower contact angle of 21 + 7°. The decrease in contact angle for the PSI-
PPy films is consistent with a surface that contains both PSI and PPy, supporting the successful
polymerization of Py by PSI.

SEM morphologies of powders of traditionally grown PPy and the PSI-monomer reaction
product are shown in Figure 4.5. The chemically synthesized PPy from the addition of ferrocyanide
as an oxidant shows a commonly reported morphology of PPy nanoparticles that are coalesced to
make a large, networked structure.**'°> PPy electropolymerized on a gold-coated surface shows
similar morphology with connected spherical nanoparticles. The PSI-PPy powder shows a
different morphology of solid platelet-like structures instead of a connected nanoparticle network.

The formation of PPy platelets has been reported and is most commonly the result of
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polymerization that is kinetically slower than the more rapid oxidation with ferrocyanide or that
by an applied potential on an electrode.'®® Additionally, other experiments have shown that

longer polymerization times lead to larger nanoparticles with lower definition between each

19

particle.

Polypyrrole

PSI + Polypyrrole

Figure 4.5: Scanning electron microscope images of PPy (a-c) and PSI-PPy powders (d-f).
Magnification increases from left to right.

To confirm that the NaClO4 successfully doped the polypyrrole, EDS was performed to
confirm the presence of Cl in the polymer (Figure 4.6). The imaged protein-polymer conjugate
was rinsed with DI water, so no excess ions should appear unless they are connected to the
conjugate. The EDS spectra show that there is a significant Cl signal coming from the polymer,

confirming successful doping.
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Figure 4.6: EDS map and spectra of PSI-PPy powder showing presence of Cl, indicating
successful doping with NaClOa.

Formation of Protein-Polymer Conjugates

A sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was run to
assess whether the grown polymer is chemically connected or conjugated with the protein, such as
by electropolymerizing monomer directly from the protein, or in contrast, if the polymer is grown

in solution by oxidatively formed radicals by PSI, akin to a chemical polymerization. Conjugation
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between the protein and polymer should result in an increased molecular weight of the conjugate
because the bond would remain unbroken after addition of surfactant. A change in molecular
weight of the conjugate should be measureable through SDS-PAGE. If PPy is conjugated to the
P700 active site of PSI, then the bands in the gel for subunits PsaA and PsaB, which comprise the
special chlorophyll pair, should shift upward in an SDS-PAGE gel because of the additional mass.
In contrast to conjugation, steric attachments between solution-grown polymer and PSI would
likely be broken apart upon addition of surfactant. In such a case, PPy should not diffuse into the
gel because of its insolubility, and PSI should separate into subunits that appear in the gel, the
same as pure protein.

The gel in Figure 4.7 shows a comparison of the PSI-Py reaction product to the monomer,
PSI, UV-deactivated PSI with and without the monomer, and chemically polymerized PPy with
and without PSI. All of the samples were subjected to 6 h of illumination before being run through
the gel.

The first 3 lanes are the monomer, free protein, and UV-deactivated free protein controls.
No bands appear for the monomer or deactivated protein, but multiple bands appear in the
unmodified free protein, with subunits PsaA and PsaB comprising the large band at 50 kDa. If PPy
is formed and is conjugated to the PSI, the most likely attachment point would be at or near the
Pz00 chlorophyll pair reaction site, which is part of PsaA and PsaB and is the site of the most
favorable potential for oxidation of Py. As such, the PsaA/PsaB band at 50 kDa should shift up
due to an increase in molecular weight. Polyaniline, another conducting polymer, has been grown
by using a chlorophyll derivative to seed the polymerization,?° so attachment to Pzoo is likely if the

oxidation occurs at the chlorophyll pair.
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Figure 4.7: SDS-PAGE gel. Lane 1) 0.5 M monomer, lane 2) 20 uM unmodified PSI, lane 3) 20
uM UV-deactivated PSI, lanes 4 & 5) reaction product of 0.5 M monomer with 8 uM & 16 uM
PSI, respectively, lanes 6, 7, 8) 4 uM PSI mixed with PPy chemically synthesized from 0.01 M, 0.1
M, and 0.5 M monomer concentrations, respectively, lane 9) 0.5 M monomer with 16 uM of UV-
deactivated, lane 10) PPy chemically synthesized from 0.5 M Py, lane 11) reference ladder.

Lanes 4 and 5 show the reaction product of PSI and Py monomer after 6 h of illumination.
In these lanes, there is an appearance of a large mass collected at the top of the lanes and some
streaking throughout the lower portion of the lanes. The band appears at the top of all the lanes
that are expected to have PPy in them (lanes 4, 5, 6, 7, 8, and 10). This band at the top is synthesized

PPy that is unable to migrate through the gel because of either insolubility or extensive size.?!??
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Lane 10 is the PPy control and the only present feature is the band collected at the top, confirming
that the band is polymer.

In lanes 4 and 5, the free protein bands seen in lane 2 are no longer present, which suggests
conjugation between the polymer and protein.?! To ensure that the disappearance of the bands is
not due simply to aggregation of protein with polymer, PSI was added to differing concentrations
of chemically synthesized PPy (lanes 6, 7, and 8). In these three bands, the free protein bands all
appear alone with the polymer collecting at the top of the lanes. The presence of bands related to
protein in lanes 6, 7, and 8 compared to the absence of bands in lanes 4 and 5 indicate that the
protein has been chemically conjugated to the polymer. The absence of all free protein bands and
not only the PsaA/PsaB subunits suggests that the conjugated protein is protected by the polymer
from denaturation by the SDS.

PSI that is bleached by strong UV light shows no photoactivity in electrochemical cells?®
and was used here as a control to address whether the polymerization reaction was due the photo-
assisted redox capabilties of PSI or the presence of protein as a seeding site (lane 9). The absence
of bands and polymer at the top of the well in the UV-deactivated protein samples, with and
without monomer, show that there is no polymerization; thus, the polymer is formed by a photo-
initiated reaction with PSI.

Properties of the PSI-PPy Conjugates

Thermal properties of the PSI-PPy product were compared to pure PSI films by
thermogravimetric analysis (TGA). Figure 4.8 shows the TGA curve for PSI, PPy, and PSI-PPy
after holding at 100 °C for 30 min to evaporate residual water or monomer. The mass of the
samples after the 30 min temperature hold was 0.5 mg, 8.7 mg, and 8.5 mg for PSI, PPy, and PSI-

PPy, respectively.
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Figure 4.8: Thermogravimetric analysis curves of PPy, PSI, and the PSI-PPy reaction product.
Samples were held at 100 °C for 30 min before 10 °C/min ramp to 600 °C.

The PSI-PPy sample exhibits significantly more robust thermal properties as compared to
PSI and shows a curve similar to pure PPy. The PPy and PSI-PPy samples lose mass at a slower
rate than that of PSI alone until 520 °C where PPy begins to burn off. Comparing the PPy and PSI-
PPy curves, both follow a similar trend, but the PSI-PPy sample loses mass at a slightly faster rate
than PPy up to 520 °C, which is attributed to the PSI present in the powder. The similarity between
the PPy and PSI-PPy curves further supports the successful polymerization of PPy. The PSI-PPy
degrades at a slower rate than PSI alone, suggesting that the PPy is thermally protecting the PSI.
This trend holds true if the PPy contribution is subtracted from PSI-PPy to compare only the PSI
contributions to the thermal properties (Figure 4.9). The TGA data were normalized to remove the

behavior of the polymer based on the pure PPy curve.
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Figure 4.9: Normalized TGA comparing the relative mass loss of PSI in both the pure and PSI-
PPy samples.

Electrochemical properties of the protein-polymer conjugates were investigated by
measuring the photopotential and photocurrent of the films in an ascorbic acid (AscH):2,6-
dichlorophenolindophenol (DCPIP) redox mediator system and comparing them to unmodified
PSI films. Figure 4.10a shows the average open circuit potential of seven independently prepared
PSI and PSI-PPy multilayer films deposited on gold as well as the photopotential response of PSI
deposited atop a PPy film polymerized on gold via applied potential. Figure 4.10b shows the
comparison of the magnitude of the photopotential change by normalizing the potential at 20 s to

0 V. Figure 4.10c shows the comparison of photocurrents.
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Figure 4.10: Open-circuit potential (OCP) response to photo-illumination of films on gold in a
1:20 mM AscH:DCPIP mediator. Illumination begins at 20 s and ends at 50 s and potentials are
vs. Ag/AgCl. Shaded regions are indicative of standard deviation over 7 samples. a) Potential
response for pure PSI, PSI-monomer reaction product, and PSI deposited on a PPy film, b) OCP’s
normalized to 0 V for response magnitude comparison, ¢) photocurrent response for PSI and PSI-
PPy films held at the dark OCP.
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A PSI film on bare gold shows a dark open circuit potential around -59 mV, which is
increased by 10 mV after 30 s of illumination. The redox potential of PPy is known to be -200 mV
vs. Ag/AgCl;* therefore, PPy deposited onto a gold substrate should lower the potential. Both bare
gold and an independently electropolymerized PPy film show no photoactivity, so any change in
Figure 4.10 results from the redox properties of the protein. The PSI-PPy reaction product has a
dark open circuit potential of -110 mV, and the potential decreases by 10 mV after 30 s of
illumination, the opposite potential change of PSI alone. A decrease in photopotential indicates
that there is a decrease in the ratio of oxidized to reduced species near the electrode and an increase
indicates the opposite.

The photocurrent trends mirror the photopotential trends where PSI generates 0.14 pA/cm?
of cathodic current and PSI-PPy generates -0.23 pA/cm? of anodic current. This cathodic
photocurrent for PSI alone in the AscH:DCPIP couple has been attributed to the fast oxidation of
DCPIPH; at the P7qo site of PSI to yield an excess of oxidized species that are readily reduced at
the electrode.?® An anodic photocurrent for PSI-PPy suggests that the presence of the polymer
alters the relative redox kinetics at the PSI active sites.

To investigate connection between the protein and polymer, PSI was deposited on top of
an independently grown PPy film. This film has a lower dark OCP of -156 mV because of the
presence of pure PPy on the electrode, but the potential increases upon illumination, showing the
same trend as PSI on bare gold. Drop-casting PSI on top of a PPy film does not result in direct
connections between the protein and the polymer, so the electrochemical properties of PSI remain
the same as PSI on a metal electrode. This result further supports the direct connection between
the polymer and protein in the PSI-PPy reaction product because of the change in

photoelectrochemical capabilities.
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PPy is an instrinsically conducting material, and if sufficient polymer is grown and
connected to photoactive PSI, then the resulting product should be a photoactive and conductive
composite. The conductivity of PPy and PSI-PPy reaction product powders was measured by
compressing the powders between two metal electrodes. The setup can be seen in Figure 2.5. The

conductivity was calculated using the following equation:

ok
“TR+4

[4-1]

where k = electrical conductivity (S/cm), h = powder height (cm), R = electrical resistance
(Q), and A = cross sectional area of powder (cm?).2% For simplicity of measurement and because
of the non-uniformity of particle sizes as shown in the SEM images, the pellets were assumed to
have no porosity due to the compressive force, which artificially lowers the measured
conductivities.

The conductivity for pure PPy was measured to be 2.3x10* + 1.4x10** S/cm, similar to
other PPy powder conductivities in the literature.?” If the PSI-PPy powder is photoactive, then
there should be a difference in conductivity when measured in darkess and under illumination. In
the dark, the conductivity was 1.93x10° + 7.5x10® S/cm and in the light it was 3.09x10™° +
1.8x10° S/cm, a 60% increase in conductivity upon illumination. Due to the constraints of the
testing apparatus, the powders were illuminated only from the side, leaving the majority of the
cross sections of the pellets in the dark, so the conductivity of the PSI-PPy powder should be higher
under more complete illumination. The order of magnitude decrease in conductivity compared to
the pure PPy is likely due to the insulating properties of the non-electron conducting portions of
PSI. The conductivity measurements confirm that conducting polymer was grown and is interfaced

with PSI protein to form a photoactive, conducting network.
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Conclusions

Pyrrole was successfully polymerized using the photo-oxidative properties of PSI to form
a photoactive and conductive PSI-PPy conjugate. The polymerization occurs by mixing PSI with
both Py monomer and a dopant and then illuminating the solution to initiate the polymerization.
Growth of PPy was confirmed by comparing the reaction product to both PSI and independently
polymerized samples through FTIR, TGA, and contact angle. TGA showed that the PSI-PPy
conjugate is more thermally robust than PSI alone, and the conjugation to a polymer protects the
protein from early degradation. SEM images showed a platelet morphology for the PSI-PPy
conjugates and coalesced nanoparticle morphology for electrochemically and chemically grown
polymer. Successful conjugation between PSI and the grown PPy is supported by SDS-PAGE
results showing that protein is attached to the polymer and does not migrate into the gel as
compared to protein that was mixed with pre-synthesized polymer. Additionally, the PSI-PPy
conjugate alters the photoelectrochemical properties compared to pure PSI because the connected
conjugate can transfer electrons directly from an electrode to PSI. The conjugate was also
measured to be conductive and photoactive in solid-state systems, proving that conducting PPy
was grown and is well-connected to the PSI proteins.

This is the first proof of polymerization by PSI to form a protein-polymer conjugate and
among the first that uses an unmodified protein to grow a chemically connected conducting
polymer. The conjugate is both conductive and photoactive, enabling use in both liquid and solid-
state solar conversion processes. Integrating PSI into solid-state systems is notoriously difficult
because of connectivity issues between the protein and conducting polymers, and the PSI-PPy
conjugate can greatly mitigate this issue. The capability of PSI to perform an oxidative

polymerization can be expanded to grow different polymers to obtain new classes of protein-
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polymer conjugates with unique photoelectrochemical properties through facile synthesis

methods.
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Chapter 5
Photoactive, Conductive Biohybrid Films by Polymerization of

Polypyrrole through Voids in PSI Multilayer Films

Introduction

Embedding PSI within a polymer matrix to provide more direct connections to donate or
accept electrons from PSI has been explored in multiple systems. Badura et al. entrapped PSI
within an Os containing redox polymer hydrogel to immobilize PSI and serve as an electron donor
in an electrochemical cell.} Vapor-phase polymerization of poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) over multilayer PSI films of varying thickness in liquid
electrochemical cells showed enhanced film pseudo-capacitance up to a limiting thickness of PSI
before the PSI blocked polymer connection to the electrode, lowering performance.? PSI has also
been interfaced with conducting polymer matrices into solid-state devices to help move away from
liquid devices. Gordiichuck et al.2 explored PSI monolayers on TiO2 trapped in polytriarylamine,
whereas Kazemzadeh et al.* and Dervishogullari et al.> both explored layering PSI multilayers
with conducting polymers.

To improve connection in solid-state applications, Gizzie et al. explored using the films of
Pani-PSI that were electropolymerized directly from an aniline and PSI solution.® This approach
improves connections between the polymer and protein compared to the layering systems, but the
concentration of PSI entrapped within the film was estimated to be very low at approximately 15
nmol/cm?. This approach was also used to make a solid-state device using the same polymerization
technique. The device was also shown to retain over 85% of the original photocurrent output over

20 days.” Solid-state devices are expected to retain performance longer than liquid analogues
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because PSI readily creates reactive oxygen species that degrade the protein in aqueous solutions
and the absence of antioxidants.®

In this work, an approach is explored to embed high concentrations of PSI into a conducting
polymer matrix that can be used for both liquid and solid-state applications. A thick multilayer of
PSI is deposited onto a gold surface and pyrrole is electrochemically polymerized around the
protein film. This method allows for much higher concentrations of protein within the film as
compared to Gizzie’s approach,®’ and the amount of protein deposited can be controlled. This
method leads to potential connections between the proteins and the polymer to increase
performance.
Results and Discussion
Visual Properties

Multilayer films of PSI were drop cast on gold substrates that were covered with an
electrochemical mask that had a hole punched out to create an active electrochemical surface with
a known geometric area. These substrates were then exposed to pyrrole (Py) monomer solution
and were biased at a set potential until a specified amount of polypyrrole (PPy) was grown, which
was measured by the charge passed through the electrode. Representative visual images of the

resulting films are shown in Figure 5.1.

Figure 5.1: PSI multilayer films after polymerization of PPy. From left to right, the amount of
charge passed was 0, 1, 5, 10, 15 mC total or 0, 14, 70, 140, and 210 mC/cm?.
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Visually, the pure multilayer of PSI is a non-uniform, translucent, and relatively bright
green film. The non-uniformity is typical of the drop casting deposition approach. After 14
mC/cm? of PPy is deposited, the film visually remains non-uniform, but it becomes less transparent
and a darker shade of green, characteristic of PPy. At 70 mC/cm? and beyond, the entire surface is
covered by PPy and is completely opaque.

ATR-FTIR analysis was used confirm the presence of both PSI and PPy in
electropolymerized films. Figure 5.2 shows the characteristic spectra for films of pure
electropolymerized PPy with significant peaks at 1594 (N-H bending) and 930 (C-H sp? bending)
cm?, films of pure PSI with peaks at 1656 (Amide 1) and 1531 (Amide I1), and two films of PPy
that were electropolymerized at a potential of 0.65 V vs. Ag/AgCl, through a film of PSI. Most
notably, the spectra for the PSI-PPy films show a peak growing at 930 cm™. Additionally, the
valley between the Amide | and Il peaks is higher than the pure spectra, suggesting growth of an
aromatic N-H peak as in the PPy spectra. This valley becomes shallower and the ratio of the height
of the Amide | peak to that evolving at 1540 cm™ decreases from 1.71, to 1.03, to 0.98 as
polymerization time is increased, consistent with the presence of more PPy. Importantly, the IR

spectra shows that the PSI remains in the film after electropolymerization.
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Figure 5.2: IR spectra of PSI, PPy, and PSI-PPy films. PPy was grown at an applied potential of
0.65 V vs. Ag/AgCl for bare gold for samples with PSI multilayers.

Polymerization Kinetics

After PSI was confirmed to be present in the polymer films, thicknesses were measured to
determine if the Ppy grows around the protein film or rather, pushes the PSI film up as it grows.
Figure 5.3 shows the average thickness of films that were polymerized around a multilayer of PSI
or on bare gold. If the polymer film raises the PSI film during polymerization, then a similar change
in average height should be seen. At 210 mC/cm? of PPy deposited onto bare gold, the film is 1500
nm thick. In the PSI-PPy films, there is a height difference of only 600 nm between the pure PSI
multilayer and the composite film with 210 mC/cm? of PPy applied. Additionally, there is no
major change in height until 210 mC/cm? was applied on bare gold, but the average height

increased after only 140 mC/cm?was applied with a PSI film present. Visually, the entire surface
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has a dark film of PPy at 70 mC/cm?, but the height is not increased above that for the pure PSI
multilayer. These two trends suggest that the PPy film being polymerized through a PSI multilayer
is growing through the film and filling in void space inside the PSI multilayer instead of pushing

the protein film up.
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Figure 5.3: Average height of PPy films grown on bare gold or on a gold surface with a multilayer
film of PSI.

A PSI film of 2.5 um or greater that is drop-cast on a gold surface begins to block light
from penetrating through the entire film, providing a theoretical maximum multilayer height.®
However, the PPy will absorb some light, effectively lowering the maximum thickness that allows
full light penetration in the film. The thickness measurements show the amount of polymer that
can be added without increasing the composite film thickness too much. In the case of the 1.5 um
multilayer films, a deposition of 70 mC/cm? visually covers the active surface area without
significantly raising the average film height. Profilometry scans for the PSI, PPy, and PSI-PPy

films are shown in Figure 5.4. The profilometry data show that the films containing PSI had more
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variability in the surface compared to the PPy samples, which had smooth sections as well as large

clusters of islands.
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Figure 5.4: Profilometry topographic scan of PSI, PPy, and PSI-PPy films on gold. All data is
normalized to show relative heights.

The PSI multilayers were drop-cast from a 40 uL drop of 4 uM PSI. The drop-casting
results in a film of approximately 1.5 um, as shown in Figure 5.3. This multilayer film is estimated

to have a PSI molar concentration of 440 nmol/cm? by modeling the film as a cylinder of 1.5 pm
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height. This is 30x more protein than in previous work where Pani was electropolymerized in the
presence of PSI solution; in that work, the concentration of PSI proteins was calculated to be 15
nmol/cm?in the polymer film.’

The rate of film growth can be investigated by measuring the amount of charge passed at
a set applied potential over time, which is directly related to the amount of polymer deposited.'® A
multilayer of PSI proteins should reduce the Ppy growth rate by hindering Py diffusion to the
electrode and constraining film growth to certain void regions of the PSI film.** A goal for this
research is to improve PSI loading and connectivity in a PPy film, so determining if a PSI film can
be too thick for polymer to grow is important.

Figure 5.5 shows the time required to deposit 15 mC of charge over a gold substrate for
bare gold and PSI films of varying thicknesses. The thickness was controlled by changing the
concentration (4, 2, and 1 uM) of PSI in a 40 pL drop that was drop-cast on an active surface area
of 0.24 cm?. The concentration of PSI in the 40 pL drop is proportional to the thickness of the
multilayer film on the surface since the deposition area is held constant.*? The presence of PSI has
a dramatic effect on the polymerization rate. 15 mC was deposited after 60 s on bare gold but took
over 220 s (nearly a four-fold increase) if there was a film of PSI on the substrate. The amount of
PSI in the concentration ranges examined had negligible effect on the growth rate, but PPy was
able to grow through all PSI films similarly. This similarity in growth rates despite the PSI
thickness indicates that Ppy growth is limited to networks of voids in the PSI film, as we expect
similar PSI void fractions near the electrode surface in all of these films. By growing through the
PSI voids, we expect that the composite film has PSI-rich and PPy-rich regions with good

interfacial contact between the protein and polymer regions.
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Figure 5.5: Growth rate in the presence and absence of PSI with an applied voltage of 0.65 V vs.
Ag/AgCl in a 0.242 cm2 active area. 40 pL drops of PSI solution was drop-cast for each film.

Contact angles were measured to investigate the surface properties of the protein-polymer
films. Using the principles of the Cassie Equation [Eq. 2-8] described in Chapter 2, the composition
of the surface area of the film can be estimated by contact angles. If PPy grows around the PSI
proteins in the film, there should be a critical thickness where all the PSI becomes covered so that
the surface should produce the same contact angle as a pure PPy film at that thickness and beyond.
If the contact angle does not change to have properties similar to a pure PPy surface, then that
would suggest that the PSI is being raised as the film grows and remains on the surface of the film.
Figure 5.6 shows the measured contact angles for PSI-PPy films with increasing amounts of

polymer, as well as the contact angles for the pure species and the gold substrate.
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Figure 5.6: Contact angles of PPy and PSI-PPy films with different amounts of PPy grown. Error
bars represent the standard deviation of 3 measurements.

The contact angles of all PSI-PPy films are significantly higher than a PSI multilayer even
with 14 mC/cm? of polymer, which does not completely alter the visual appearance of the protein
film as seen in Figure 5.1. The contact angle of pure PPy is dependent on the redox state of the
polymer and can range from superhydrophilic to superhydrophobic by externally applying charge
to the polymer and changing the roughness.'®* A more positive charge is related to higher contact
angles.!* The presence of PPy is influencing the contact angle of the surfaces with PSI, even at
low concentrations. The rise in contact angle does confirm that PPy is growing through the PSI
film rather than raising the PSI film because the contact angle of the film increases with polymer
growth to a value that is similar to that of a pure Ppy film.

Electrochemical Performance

EIS was used to examine the ion transfer characteristics of the PPy films. Figure 5.7 shows

the EIS spectra with increasing amounts of PPy grown at a constant applied potential on a bare

gold surface (Figure 5.7a) and on a gold surface coated with a PSI multilayer film (Figure 5.7b).
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In both cases, the impedance of the films decreases with more PPy growth, which is indicated by
the lowering of the spectra at the low- to mid-range of frequencies in both plots. This lowering of
the impedance spectra is due to the high pseudocapacitance of PPy. Pseudocapacitance is a result
of charge transfer processes between the electrode and electrolyte interface that show similar
behavior to a true capacitor.*® Figure 5.7b shows that a PSI film has a slightly higher impedance
than that of bare gold due to the resistance of the film against ion transfer. PSI films tend to have
a lower capacitance, and thus higher impedance, than those for films with conducting polymer
present due to the insulating properties of the protein.216:7

The shape of the curves in the low- to mid-range frequencies is also different between the
two cases at similar impedances. This is most noticeable for the PSI film with 7 mC/cm? polymer
deposited. In the region between 10 and 10 Hz, the impedance value is higher than that for bare
gold closer to 10° Hz and then has a lesser slope and shows less impedance as the frequency
approaches 10! Hz and lower. This behavior at this low charge is consistent with a dense composite
film near the electrode but a higher ratio of PSI to polymer moving away from the electrode. At
intermediate frequencies, we are sampling the properties near the solution-film interface, but at
low frequencies, we are examining the properties near the metal-film interface. These results show
that, even though the protein film has insulating properties, PPy can be grown through the protein

multilayer and yield composite films that perform similarly or better than a pure PPy film.
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Figure 5.7: EIS spectra of PPy films grown at constant potential on a) bare gold and b) around a
PSI multilayer film on bare gold. Measurements were taken in an aqueous solution of KCI.

The EIS data were fit to the equivalent circuit model shown in Figure 5.8. The equivalent
model has four components: Rsis the solution resistance, R is the charge-transfer resistance, Ca
is the double layer capacitance, and Zw is the Warburg impedance. The circuit was used to compare

the change in the four component parameters of the system, which is shown in Table 5.1.
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Figure 5.8: Equivalent circuit of PPy and PSI-PPy films on gold surface.

Table 5.1: Extracted electrochemical parameters of PSI, PPy, and PSI-PPy films.

PSI No PSI
0 7 51 200 450 0 14 70 150 240

Charge
(mC/cm?)

Cai (UF/cm?) 64 469 | 4186 | 19806 | 36314 | 91 375 4851 4806 | 12372

Zw (Ss'?) 5x10* | 4x10“ | 0.002 | 0.008 | 0.014 | 0.001 | 0.002 | 0.016 | 0.030 | 0.036

The Rs values for each spectrum was between 40-50 Q. The value for Ret could not be
accurately calculated from the given spectra but was fit to be under 100 Q for all spectra except
the 200 and 450 mC/cm? samples with PSI. The capacitance of each film increases as more PPy
is deposited due to the high pseudocapacitance of the conducting polymer. A pure PSI film has
similar capacitive properties to bare gold, but as PPy is polymerized, the capacitance rises more
than that for a PPy film without PSI. A higher capacitance is indicative of good connectivity
between the conducting polymer and the electrode. After 7 mC/cm? of PPy is applied to a PSI film,
the capacitance is 469 puF/cm?, which is 7-fold more than PSI by itself and is also higher than a
PPy film produced from twice the amount of charge. At an applied charge of 200 mC/cm?, the

PSI-PPy film has a capacitance of 19806 uF/cm?, which is more than double that of the PPy film
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of similar charge (240 mC/cm?). The higher pseudocapacitance for the composite films suggests
that the composite film has more conductive interface to charge with ions than the pure Ppy film.

Both photovoltages and photocurrents were measured to investigate the electrochemical
properties of the protein-polymer films. These were measured by illuminating the samples for 30
s and measuring the change in potential and flow of current. The photovoltages were measured in
a ferri/ferrocyanide mediator solution while the photocurrents were measured with an ascorbic
acid: 2,6-dichlorophenolindophenol (AscH:DCPIP) mediator couple.

For the photovoltages shown in Figure 5.9a, the films are still photoactive up to at least
140 mC/cm? of deposited PPy. The most notable difference between the films is that the dark open
circuit potential decreases as the amount of PPy increases. The potential of PPy is lower than a
bare gold surface or PSI-covered gold surface, so the decrease in dark open circuit potential is
consistent with the growth of more PPy, which is affecting the electrochemical properties.*® Even
with thicker films of PPy, the PSI-PPy film still maintains similar photopotential activity.

Figure 5.9b shows the peak photocurrents measured for an unmodified PSI film and PSI
films with increasing amounts of PPy grown through them. Pure PPy shows no photoactivity with
the AscH:DCPIP mediator on gold, but the addition of PSI results in cathodic photocurrent
generation. As more PPy grows, the photocurrent decreases due to the PPy absorbing more light,
reducing the amount that is absorbed by PSI. The photocurrent decreases from 490 to 310 nA/cm?
of after 14 mC/cm? of PPy is grown, and the photocurrents continue to decrease and plateau once
70 mC/cm? of PPy is deposited.

PSI is known to strongly absorb light at 680 nm wavelength of light while PPy does not,
so even with a thick layer of PPy, PSI is still able to absorb some light and generate a limited

photocurrent.*® This performance is different compared to previous PSI-PPy films made by Gizzie
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et al. where the presence of PSI boosted performance in a film of Pani.” However, in that work,
the film thickness reached a maximum of 250 nm and were grown directly on a TiO2 anode
compared to this investigation with films in excess of 1.5 pm and no semiconductor substrate. The
current plateauing after 70 mC/cm? is consistent with the film appearance and thickness because
the PPy appears to completely cover the active electrode surface at 70 mC/cm?, and subsequent

growth adds polymer well above the PSI layer, so it is not changing the performance of the film.
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Figure 5.9: a) photovoltage measurements of PSI and PSI-PPy films in ferri/ferrocyanide solution.
b) photocurrent measurements of PSI and PSI-PPy films in AscH/DCPIP mediator solution. All
films were illuminated for 30 s.
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Conclusions

PPy can be electropolymerized within the void spaces of a thick multilayer of PSI to
generate a photoactive composite film that has a high contribution of protein in the polymer matrix.
During electropolymerization, the PPy grows around PSI clusters and fills in the voids of the
protein film before continuing to grow beyond the PSI film and increase the average thickness of
the film. PSI is retained in the composite film during this growth process. The surface energy of
the film shifts towards pure PPy after even a small extent of Ppy growth, suggesting that the PSI
film was not raised during polymerization. The presence of a PSI multilayer does slow the
polymerization rate of PPy due to the insulating nature of disconnected protein, but PPy was still
able to grow through the voids in the protein film. The pseudocapacitance of PPy films increased
as more polymer was deposited, but the capacitance was higher in the PSI-PPy films, indicating
both a good connection between the polymer and electrode, even with the presence of a PSI
multilayer, and higher interfacial area for the conducting polymer. The PSI-PPy films showed
photo response in both potential and current, even with large amounts of the photo-inert polymer
grown around the protein. A critical thickness of the polymer was found where continued
polymerization would increase the film thickness, but the photocurrent response would remain the
same. This work shows that PSI can be easily integrated into a Ppy matrix at high concentrations
to produce a photoactive film with high interfacial area between protein and polymer. We believe
that this approach can be used as a framework to produce biohybrid solid-state materials with high
loadings of PSI.
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Chapter 6

Conclusions and Outlook

Summary

In this dissertation, multiple investigations targeting specific reaction centers of the
Photosystem | (PSI) protein complex were performed. Historically, PSI has been used and
analyzed in three-electrode electrochemical cells to study the electrochemical capabilities of the
protein, typically through mediated electron transfer (MET). One of the primary goals of the work
contained in this dissertation is to find ways to improve the performance and utilization of PSI for
more applied systems, such as gel-base two-electrode photovoltaic devices, solid-state devices,
and the production of value-added materials.

In Chapter 3, the fabrication of a natural, PSl-integrated, dye-sensitized solar cell device
was explored. PSI has robust redox capabilities between the Fg and Pzoo reaction sites. In this
chapter, the mediator-based asymmetry of the redox reactions was targeted to show that careful
selection of mediators can be used to improve performance of PSI based on its position in an
electrochemical cell. The mediator couple, ascorbic acid:2,6-dichlorophenolindophenol
(AscH:DCPIP), was used to generate an excess of oxidized species near the cathode of a two-
electrode photovoltaic device because the oxidation of reduced DCPIP by the P700 reaction center
is much faster than the reduction of oxidized mediator species at the Fg site of PSI. The cathode
served as the limiting electrode compared to the blackberry anthocyanin based dye-sensitized TiO2
anode. Other mediators that have reduction potentials more favorable for the generation of excess
reduced species by PSI were shown to provide negligible or significantly less photocurrent

production in this arrangement of the PSI film on the cathode. Previously, placement of a PSI film

104



on a dye-sensitized TiO. anode was shown to boost photovoltage production by using one of the
mediator systems that is more easily reduced by PSI.!

The device used a gel-based electrolyte to allow facile fabrication of a two-electrode
system that has advantages compared to liquid-based cells while still being able to operate via
MET. The two-electrode setup allowed solar conversion efficiencies to be measured for the
devices. Simple addition of a PSI multilayer was shown to provide a 50% performance increase
over devices without the protein, producing one of the best performing PSI-integrated two-
electrode systems to date. Additionally, an electrochemical reaction-diffusion numerical model
was developed to determine Kinetic capabilities of PSI in the two-electrode system. The empirical
data was used to calculate a reaction rate coefficient for PSI in the AscH:DCPIP mediator system.

In Chapter 4, the ability of PSI to perform oxidative polymerizations was successfully
proven by showing that unmodified PSI can form protein-polymer conjugates by mixing protein
and the monomer, pyrrole (Py), under illumination to generate polypyrrole (PPy). The
polymerization of Py to form PPy by PSI is one of the first known reports of an unmodified protein
that is able to grow a chemically connected conducting polymer. This reaction targeted the
oxidative capabilities of the P7qo reaction site, which has been far less examined as compared to
the robust reductive capabilities of the Fg reaction site. The protein-polymer conjugates were
shown to be photoactive and yield photocurrents and photovoltages of the same magnitude as pure
PSI, but with opposite direction. While PSI produces positive photovoltage and cathodic current,
the PSI-PPy conjugates produced negative photovoltage and anodic current of similar magnitude.
This change indicates that the addition of the PPy is altering the redox properties of the protein so
that more reduced species are being formed than unmodified PSI, changing the ratio of oxidized

to reduced species within the protein-polymer conjugate films. The similar magnitude also
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indicates that the protein retains its robust redox abilities. Additionally, the conjugates were shown
to be conductive and photoactive when dried into a powder form. A photoactive and conductive
powder is consistent with conjugation occurring directly at the P70 site on the PSI, because the
powder can only be photoactive in a solid-state form if there is direct connection between the
polymer and protein. This is the first report of PSI being able to successfully polymerize a
conducting polymer. The reaction also forms a protein-polymer conjugate, and the resulting
conjugate is shown to be photoactive in both solid and liquid solar conversion cells.

In Chapter 5, PPy was electrochemically polymerized around a multilayer film of PSI to
create a photoactive and conductive polymer matrix. Growing polymer through a multilayer film
allowed for the incorporation of more protein dispersed throughout the polymer film than previous
generations of PSI-polymer systems.?* Growing the polymer through a protein film also increases
the probability of direct connection to the active sites of PSI because the polymer was shown to
fill in voids of the protein film during the polymerization. These conclusions are supported by
multiple experiments investigating physical and electrochemical properties of the films. Polymer
growth was examined through profilometry and contact angle measurements to measure properties
of the films. The presence of PPy in all films led to a decrease in contact angle, suggesting that the
PPy can affect properties even in small amounts. The open-circuit potential of the film decreased
as the amount of polymer increased, while still producing photovoltage. The photocurrent
produced decreased as the amount of polymer increased, but the photocurrent remained constant
after 70 mC/cm? was formed. The PPy films that were grown through PSI also showed
significantly higher pseudocapacitance than pure PPy films, indicating that there is still good
connection between the polymer and electrode. This research can act as the groundwork for

developing biohybrid solid-state materials with high PSI loadings
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Outlook

The work detailed in this dissertation shows emerging technology and methods to
ultimately make the use of photosynthetic proteins a commercially viable alternative in the field
of solar energy conversion. PSI is a naturally occurring and abundant material that has nearly
perfect internal quantum efficiency and vast quantities of proteins can be easily extracted for use
in any number of applications. Kelvin probe force microscopy studies have shown that
micrometer-thick, crystalline PSI layers could produce a photovoltage of nearly 50 V under 1
Wi/cm? of illumination, signaling that there is room for massive improvement of PSI utilization.®

The protein has been shown to function for at least 280 days with similar performance in a
liquid electrochemical and can likely continue performing for even longer.® Stability is expected
to increase even further if the protein is used in solid-state applications because there is no reactive
oxygen species to degrade the protein.” Exploring targeted reactions to improve the performance
of PSl in solar energy harvesting systems facilitates the innovation of more biohybrid technologies
by finding ways to maximize performance.

The biohybrid dye-sensitized solar cell in Chapter 3 shows that PSI can be used to
significantly boost the performance of a functional photovoltaic device and that these devices can
be connected to produce even higher voltages. The materials used in the solar cell are natural,
inexpensive, environmentally friendly, and abundant. The design can further be optimized in many
ways to further decrease the environmental and economic cost per watt of energy and make PSI a
stronger candidate for commercial viability. Optimizations include discovering more suitable
electrode materials, reversible redox mediators, or combinations of multiple mediators that

energetically align with PSI better than what was used in this work. Additionally, with the use of
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a mixed mediator system that targets both reaction centers, PSI could be placed on both an anode
and a cathode to simultaneously increase performance of both electrodes.

The numerical model developed in this work provides the basis for an even more advanced
model that can predict performance with other mediators and electrodes to find the optimal
conditions and materials for a gel-based device. Investigating other mediator systems in this gel
cell could ultimately lead to finding a relationship between mediator reduction potential and its
reaction rate constant with PSI, which can be used to determine electrochemical properties of
synthetic redox molecules to maximize performance with PSI in an electrochemical cell.

The novel method to use PSI to polymerize conducting materials and make conductive
protein-polymer conjugates presented in Chapter 4 opens the door to design and produce a wide
range of PSl-integrated materials for high impact work. This research expands the applications for
photosynthetic proteins to include inexpensive and facile production of value-added polymers and
could lead to the creation of an entirely new class of protein-polymer conjugates. The PSI-PPy
conjugates formed in this study were shown to be active both in liquid and solid-states systems,
further increasing the potential applications. Additionally, the direct connection to the active sites
of PSI with a conducting polymer could allow for higher potentials to be produced in solid-state
systems. Many other polymers that are formed through oxidative polymerization can be
investigated to yield protein-polymer conjugates with a wide range of properties for different
applications such as supercapacitors, solid-state solar cells, bio-electrodes, and more. Connecting
polymers to proteins has been shown to provide an increase in stability for proteins. Photosystem
I1 (PSII) is a less stable protein than PSI, limiting its use in some electrochemical systems.® The
technique detailed in this chapter could be applied to PSII to form protein-polymer conjugate

systems, which would increase protein stability. PSII has a reduction potential 0.8 V higher than
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PSI at its oxidizing reaction site, so being able to use PSII would increase the range monomer
candidates to be polymerized via oxidative polymerization.®

In Chapter 5, | present a method to increase the amount of electrically connected PSI
proteins inside of a conducting polymer matrix to produce a highly functioning solid-state
electrolyte or bioelectrode. This technique is another approach to directly connect conducting
polymer to the P7oo reaction site to close in on extracting the full 1.1 V of potential that PSI can
achieve. Finding a method that maximizes the number of available proteins in a conducting matrix
can dramatically increase the viability of PSI solid-state systems. The work in this chapter shows
that conducting polymer can be easily grown around a multilayer of PSI without destroying the
protein or suppressing its photo-capabilities, but more investigation is needed to determine how
much of the protein film is in direct connection with the polymer. There is potential to produce
protein-polymer conjugates via the method presented in Chapter 4 to create a molecular wire that
is directly connected to the P00 reaction site and protrudes from the protein. If a multilayer of the
conjugates is deposited and conducting polymer is grown around it, then there would be a much
higher likelihood of connecting the protein with the conducting polymer matrix because of the
connection points being available outside of the lumenal pocket.
Conclusion

PSI is a protein that is vital for the process of photosynthesis, which powers our natural
world. Annually, green vegetation is converting five times more energy from the sun than humans
consume globally. Finding ways to utilize the abundant and renewable resource found in virtually
every corner of the globe can help solve the current energy crisis the world is facing. PSI has been
proven to be an exceptional candidate for inexpensive and powerful solar energy conversion

technologies, but more knowledge is still needed to maximize its potential.
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In this dissertation, different methods are presented that target specific electrochemical
reactions to improve PSI performance in biohybrid applications. We have shown that PSI can be
integrated with other materials easily found in nature to generate inexpensive and renewable solar
energy, and we developed a method to help improve materials selection to produce even more
energy. A novel ability of PSI has been presented and shows that PSI can produce a unique class
of protein-polymer conjugates. We also present progress towards successfully incorporating PSI
in a conducting solid-state system. As more research is done utilizing PSI, the resulting biohybrid
technologies and techniques continue to become more efficient while remaining low cost and
environmentally friendly. In the future, there is an increasing possibility that someone will be able
to grow their own sources of PSI, extract the protein, and then use it to generate their own green
energy.
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APPENDIX A

Photoreduction of Metal Nanoparticles on Photosystem | Active Sites

In previous work from our group as well as the work of others, the high reducing potential
of the Fg reaction site has been used to electrochemically deposit Pt nanoparticles on the surface
of PSI, and the resulting conjugates were then used for photocatalytic H, evolution.* PSI has also
been platinized and used to create oriented multilayers of PSI where photovoltage improved with
each additional layer.® In addition to direct photoreduction, Au and Pt nanoparticles have been
connected to the Fg site of PSI through molecular wiring of the protein to the nanoparticle.® PSI is
able to reduce both Pt Il and Pt IV salts onto the Fg site, showing that the reduction is not limited
to singly charged ions.

Platinization of PSI has been thoroughly examined, but the ability to photoreduce other
metals on PSI has been unexplored. Many metals have reduction potentials that are favorably
aligned and can be reduced by the Fg reaction center. Metallic nanoparticle-PSI conjugates should
retain photoactivity and be available to catalyze other reactions beyond H> evolution, such as the
potential reduction of CO. by Cu or Sn nanoparticles. Additionally, if successful, dual
modification of PSI proteins can be performed by reducing a metal on one end of the protein and
growing polymer on the other end using the technique described in Chapter 4.

The overall goal of this project is to successfully photoreduce metal nanoparticles other
than Pt and use the resulting metallized PSI to catalyze a new reaction. Cu and Sn are examined
because they are energetically aligned with Fg and are used to catalyze many reactions.
Additionally, the reduction of CO2 can occur in both adsorbed and non-adsorbed reactions with

Cu and Sn catalysts, respectively.
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After confirmation of the presence of a nanoparticle on the Fg site, the nanoparticle-protein
conjugates will be used to reduce aqueous CO-. Sn and Cu both are able to selectively catalyze the
reduction of CO> to formate and methane, respectively.” Sn nanoparticles have been shown to
reduce CO, to formate at overpotentials as low as 340 mV, within the range of PSI reduction
potentials.® To test catalytic ability, multilayers of the conjugates will be deposited on a gold
electrode in an aqueous solution of NaHCO3 and AscH (as an electron donor). The films will be
illuminated and photocurrent response will be measured to see if the reduction reaction is being
catalyzed by the nanoparticles. An unmodified PSI film will be tested in parallel as a control.

Sn 1l and Cu 11 chlorides were the first salts explored in this investigation. To reduce the
metals, PS1 was mixed with either SnCl, or CuCl; in an aqueous solution with an excess of sodium
ascorbate to donate electrons to PSI. The solution was then stirred for 24 h, and light was pulsed
on and off every 2 h to help the reduction reaction proceed. EDS was performed to try and identify
if metal had been deposited on a protein film. However, the energy of the beam required destroyed
the protein, and the metal nanoparticles were too small to be reliably measured.

Photochronoamperometry was also used to determine if the metals were successfully
deposited. If deposition was successful, a change in photocurrent could occur by either blocking
electron transfer at the Fg site to lower photocurrent, or by providing more active, conductive area
to increase photocurrent. Figure A.1 shows the PCA results of a three-electrode setup where PSI
films were vacuum deposited on a gold substrate with a ferri/ferrocyanide mediator, a Pt counter
electrode, and Ag/AgCl reference. The samples were illuminated between 20 and 50 s. The initial
results show that the metallized samples had almost no photocurrent compared to the PSI-only
control. The results suggest that the metals have changed the photoactivity of the protein,

suggesting some type of modification. The large photocurrent spike for the PSI-Sn sample when
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the light is turned on and off is unexpected considering there is no photocurrent under illumination
except for the spikes. This phenomenon needs to be explored more because it could lead to insights

on how electrons are transferred to and stored by the nanoparticle-PSI conjugate.
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Figure A.1: Photochronoamperometry experiments of PSI films from samples that were reacted
with metal salts for 24 h in 1 mM ferri/ferrocyanide solution with 0.1 M KCI as supporting
electrolyte.

UV-Vis was also used to investigate if metals were connected to the proteins. After mixing
with the metal salts and pulsing with light for 24 h, samples were dialyzed overnight in 4 L of
water, and then the solution was measured in the tool. The results are shown in Figure A.2. In all
t samples, peaks at 433 and 680 nm appear, which are indicative of the PSI chlorophylls. Sn oxide
nanoparticles have been shown to have a strong absorbance at 300 nm and below, agreeing with
the sharp rise in absorbance seen at 300 nm from the UV-Vis.® Cu oxide particles have been shown
to exhibit a broad absorption peak at 285 nm that is similar to the increase in absorption seen in
the spectra below.'® The current work shows promising evidence that metals other than Pt were
successfully conjugated with PSI, but more work needs to be done to prove that the metals are

combined and that they can be used to photocatalyze desired reactions.
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Figure A.2: UV-Vis spectra of dialyzed PSI samples that were reacted with metal salts for 24 h.
Reducing metal nanoparticles on the Fg site can allow PSI to be used to help catalyze many
electrochemical reactions. Pt particles have been reduced on PSI in previous work with the goal of
H2 production. Exploring the ability to reduce other metal nanoparticles can potentially allow PSI
to catalyze other desired reactions such as the reduction of CO> or the formation of commercially
desired materials. Similar to conducting polymer polymerization, if metal nanoparticles can be
reduced, and if catalyzed reactions can occur simply from shining light on the protein, this greatly
reduces the cost and equipment needed to perform the desired reactions.
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APPENDIX B

Electrochemical Investigation of the AscH/DCPIP Mediator Couple

The use of the AscH/DCPIP mediator couple has become widespread both in investigating
photosynthetic processes’™ and in the determination of the amount of vitamin C and other
reductants found in commercial products.>® The redox couple has the potential to be a widely used
electrochemical mediator because of its low toxicity and cost, motivating its use in the previous
gel-cell studies.

When ascorbate and DCPIP are dissolved in an aqueous solution, there are many different
molecular transformations dependent on pH that can affect both the chemical and electrochemical
reactivity.” Figure 7 shows the known forms, showing the expected reactants for the successful

two proton and two electron reaction for DCPIP to DCPIPH..
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Figure B.1: Forms and reaction of ascorbate with DCPIP and corresponding pKa's.
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The chemically reactive species are ascorbic acid (AscH>) reacting with DCPIP to form
dehydroascorbic acid (DHA) and DCPIPH>. Using the Henderson-Hasselbach equation, mol
fractions at any pH can be approximated for all of the forms of AscH and DCPIP shown in Figure
B.2. There are claims that DCPIP can be reduced with AscH at a pH of 8.5, but based on literature
values for pKa’s, neither DCPIP or ascorbic acid would be present.® According to Karayannis,
there is no reaction beyond a pH of 7 for an ascorbate/DCPIP mixture, but the rate constant of the
reaction greatly increases at pH 4 and lower.® Others have examined the reaction at or near neutral

pH’s ranging from 6.5-7.0.1°
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Figure B.2: Mol fraction of different forms of ascorbate and DCPIP based on pH.

In all of these cases, only the homogeneous kinetics of the AscH/DCPIP reaction are
considered, neglecting the electrochemical reactions that these chemicals are mainly used for.
DCPIPH: is known to be electrochemically active, but there is no clarity for what DCPIPH> can
be reduced to. Currently, there is no strong understanding as to which forms of ascorbate and
DCPIP are electrochemically active. Formal potentials are reported for both DCPIP (0.217 V)°
and ascorbic acid (0.40 V),* but the other forms also might be electrochemically active at other
potentials and need to be explored further. Ascorbic acid is considered to be a sacrificial electron

donor!?, but some work suggests that there is a reversible pathway to regenerate the reduced form.?
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Trubitsin et al. have proposed a complex interaction of the ascorbate and DCPIP with the
PSI. However, their results are based solely on EPR measurements made in pH 8.0 buffered
solutions, which raises questions as to the accuracy of the model presented because of the species
that should be present. With all of the inconsistencies in the AscH/DCPIP literature and a lack of
thorough electrochemical studies of the reaction, we aim to carry out a methodical investigation
of the electrochemical properties of the mediator couple with a secondary goal of being able to
more deeply understand the reactions relevant with PSI. Currently, DCPIPH is accepted to be a
good electron donor to P7qo, but the dominant reactant at the Fg site is currently unknown.

The main goal of this project is to obtain better understanding of the electrochemical
properties of the AscH/DCPIP mediator couple. Determining what species are electrochemically
active can provide more accurate electrochemical measurement results. Additionally, we hope to
be able to determine which species is the electron acceptor from the Fg site because there are
currently conflicting opinions.

To reach these goals, we plan to perform multiple studies on AscH and DCPIPH; using
CV. The reaction rate for the oxidized form of DCPIPH with ascorbate can be determined using
CV at high scan rates to determine reaction kinetics. AscH is typically added in excess to reduce
all of the DCPIP but testing a solutions with different molar ratios of DCPIP to AscH should reveal
if DCPIP and DCPIPH. can have separate redox reactions in the same solution. From the CV
experiments, the formal potentials for all of the different forms can be found, and we can then
determine which reactions most energetically align with PSI. NMR can also be used to determine
different forms that are present at various conditions before and after chemical and electrochemical
reactions. Testing if AscH is truly a sacrificial donor, long reversibility studies using CV can be

performed to examine reversibility over time. A more involved study of the pH effects on the
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performance of the AscH/DCPIP mediator couple and their reactivity are explored in more detail
in Chapter 3.

Working in collaboration with Kody Wolfe in the Interdisciplinary Materials Science
Program, CV scans of the AscH/DCPIP reaction were done at scan rates ranging from 100 mV/s
to 1,300 mV/s and showed the expected EC’ catalytic reaction CV shape where the oxidation peak
is larger than the reduction peak (Figure B.3). As the scan rate increases, the reduction peak grows
relative to the oxidation peak because the increased scan rate allows less time for the chemical
reduction of DCPIP by AscH to occur, leaving more reducible species. Eventually, at a high
enough scan rate the chemical reaction should not have enough time to occur and thus, the Kinetic

reaction rate for the AscH/DCPIP reaction can be measured.
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Figure B.3: CV scans of the EC’ catalyzed reaction of AscH and DCPIP. Image by Kody Wolfe.

Multiple CV experiments were carried out to determine some of the reactions that occur
between AscH and DCPIP under different conditions and potential windows and are shown in
Figure B.4. In these 4 CV experiments, 7 unique peaks appear in the voltammograms, showing

how complex the reactions between the two redox species can be.
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to-0.5V.

121



The use of the AscH/DCPIP couple is widely used in photosynthesis research. A large

portion of this research is used to determine kinetic parameters of photosynthetic processes, but in

electrochemical applications, reactive mediator concentration is needed to extract Kinetic

information. This work will help to provide more detailed information of what reactive species are

in these systems. Additionally, many investigators report that AscH is a sacrificial electron donor,

but if evidence is shown that it can be reduced in an electrochemical cell, it can promote the use

of this non-toxic mediator in electrochemical cells.
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APPENDIX C

MATLAB Code Used for Reaction-Diffusion Model in Gel Devices

The model uses three separate scripts (leastsquares.m, GelPDE_NoPSI.m and
GelPDE_PSI.m) to determine the values for the initial ratio of oxidized to reduced species in
solution (Co/Cr) and the reaction rate constant for PSI (kPSI). The leastsquares script uses the
Isqcurvefit command to provide an initial guess for Co/Cr in the GelPDE_NoPSI function to get
the ratio for a device without PSI, and then the Isqcurvefit command is used again to determine the
kPSI, using the newly found Co/Ck, in the GelPDE_PSI function. The normalized currents are also
calculated to compare the calculated values to experimental values. The code for all three scripts
is provided below.

leastsquares.m

global x0
%1sqcurvefit(FUN,X0,XDATA, YDATA, LB, UB)
%XDATA 1is concentration

%YDATA 1is normalized current

%solve for x0 which is 0/R ratio from no PSI case
x0 = 1sqcurvefit(@GelPDE_NoPSI,[0.001],[1,4,20,120,200],[.1356,.478,.8367,.9788,1],[.000001],[.1])

%solve for kPSI using new x0 data

kPSI =
Tsqcurvefit(@GelPDE_PSI,[0.001],[1,4,20,120,200],[.185,.7116,.984,1.0703,1.1554],[0.000001], [1000])
x0 =

1.0796e-04

kPSI =

2.0276e-05
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GelPDE_NoPSI.m

function [iNo] = GelPDE_NoPSI(AO,xdata)

global D Co_in Ctot n current i0 kT_q B Ecopp EDCPIP Asc Conc Dasc

x1 = linspace(0,4,1500); %PSI film thickness in um

x2 = linspace(4.1,400,250); %bulk electrolyte thickness in um

x = [x1 x2];

tmesh = 4000;

t = Tinspace(0,30,tmesh);

time = round(linspace(0,tmesh,10)); %create 4000 time points from 0-30s for plotting
m 0; %pdepe parameter

D 0.27e-9*%1el2; %um2/s %DCPIP diffusion coefficient in gel
%D = 0.77e-9%1el2 diffusion in water;

Dasc = 0.31e-9*1el2; %um2/s % Asc diffusion coefficient in gel
%Dasc = 0.87e-9*1el2 diffusion in water;

%set counter
count = 1;

EX = xdata; %AscH concentrations
Expl = [25.71,90.62,158.63,185.57]; %pH 7

for Conc = EX./20 %dcpip concentration

Ctot = Conc;
n=2;
B =0.5;

kT_g = 0.025693; %V

Co_in = AO0*Ctot; %initial concentration of oxidized DCPIP %A0 is initial guess
Asc = Conc-(Ctot-Co_in); %AscH concentration

Ecopp = 0.14; %V vs Ag/AgCl

EDCPIP = 0.017; %V vs Ag/AgCl

%exchange currents from EIS
i0 = 0.28;

sol = pdepe(m,@pdel,@pdeic,@pdebc,x,t,[]1);
%calculate currents and potentials

co = sol(:,:,1);
Cr sol(:,:,2);

Crate = co(:,1)./cr(:,1);

eta = Ecopp-EDCPIP+(kT_g/n)*1og(Crate);

El = (kT_g/n)*log(Crate(l));

E2 = (kT_g/n)*log(Crate(end));

current = 10.*((exp((1-B)*n*eta/kT_q))-exp((-B)*n*eta/kT_q));

i2(count) = current(end);
Ediffl(count) = (E1-E2)*1000;
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count = count+l;
end

%calculate currents to compare to experimental data
iNo = i2./i2(end);
ENo = Expl./Expl(end);

function [c,f,s] = pdel(x,t,Co,DuDx)
global D Dasc

%enter reaction rate constants
kox = 0.00000;
kAsc = 0.299;

c = [1;1;1];

%set reactions for all x values

s = [kox*Co(2)-kAsc*Co(1)*Co(3);-kox*Co(2)+kAsc*Co(1)*Co(3);-kAsc*Co(1)*Co(3)];
f = [D*Dubx (1) ;D*DuDx(2) ;Dasc*DuDx(3)];

function Co0 = pdeic(x)
global Co_in Ctot Conc
Co0 = [Co_in;Ctot-Co_in;Conc-(Ctot-Co_in)];

function [pl,ql,pr,qrl=pdebc(x1,ul,xr,ur,t)
global D n kT_q B i0 Ecopp EDCPIP

%eta and current calculations
etal = Ecopp-EDCPIP+(kT_qg/n)*Tog(ul(1)/ul(2));
cell 10*((exp((1-B)*n*etal/kT_q))-exp((-B)*n*etal/kT_q));

%left boundary condition
pl = [-cell;cell;0];
gl = [(n*96485.33*1e6*1e8*D/(1e15%1000)); (n*96485.33*1e6%*1e8*D/(1el15%1000));1];

%right boundary condition
pr = [cell;-cell;0];
gqr = [(n*96485*1e6*1e8*D/(1el5%1000)) ; (n*96485*1e6*1e8*D/(1el5*1000));1];

GelPDE_PSI.m

function [iPSI] = GelPDE_PSI(BO,xdata)

global D Co_in Ctot n current i0 kT_gq B kPSI Ecopp EDCPIP Asc Conc Dasc x0
x1=Tinspace(0,4,1500); %PSI film thickness in um

x2 = linspace(4.1,400,250); %bulk electrolyte thickness in um

x = [x1 x2];

tmesh = 4000;

t = linspace(0,30,tmesh);

time = round(linspace(0,tmesh,10)); %create 4000 time points from 0-30s for plotting
m = 0; %pdepe parameter
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D = 0.27e-9*%1el2; %um2/s %DCPIP diffusion coefficient in gel
%D = 0.77e-9%1el2 diffusion in water;

Dasc = 0.31e-9*1el2; %um2/s % Asc diffusion coefficient in gel
%Dasc = 0.87e-9*1el2 diffusion in water;

%set counters
count = 1;
countl = 1;

EX = xdata; %AscH concentrations
Expl = [25.71,90.62,158.63,185.57]; %pH 7
Exp2 = [35.07,134.91,186.55,202.9]; %PSI pH 7

for kPSI = [0,B0] %BO is initial guess for kPSI
for Conc = EX./20 %dcpip concentration

Ctot = Conc;
n=2;
B =0.5;

kT_g = 0.025693; %V

Co_in = x0*Ctot; %initial concentration of oxidized DCPIP
Asc = Conc-(Ctot-Co_in); %AscH concentration

Ecopp = 0.14; %V vs Ag/AgCl

EDCPIP = 0.017; %V vs Ag/AgC]

%exchange currents from EIS

if kPSI ~= 0
i0 = 0.19;
else
i0 = 0.28;
end

sol = pdepe(m,@pdel,@pdeic,@debc,x,t,[]);

%calculate currents and potentials
Cco = sol(:,:,1);
Ccr sol(:,:,2);

Crate = Co(:,1)./cr(:,1);

eta = Ecopp-EDCPIP+(kT_g/n)*Tog(Crate);

E1l = (kT_q/n)*log(Crate(1));

E2 = (kT_q/n)*1og(Crate(end));

current = i0.*((exp((1-B)*n*eta/kT_q))-exp((-B)*n*eta/kT_q));

if kPSI ==
i2(count) = current(end);
Ediffl(count) = (E1-E2)*1000;
count = count+1;

else
i3(countl) = current(end);
Ediff2(countl) = (E1-E2)*1000;
countl = countl+l;

end
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end
end

%calculate currents to compare to experimental data
iPSI = i3./i2(end);

iNo = i2./72(end);

ENo = Expl./Expl(end);

EPSI = Exp2./Expl(end);

function [c,f,s] = pdel(x,t,Co,DuDx)
global D kPSI Dasc

%enter reaction rate constants
kox = 0.00000;
kAsc = 0.299;

c = [1;1;1];
%set reactions for inside or out of the film
if x <= 4 %inside film
s = [kPSI*Co(2)+kox*Co(2)-kAsc*Co(1)*Co(3);-kPSI*Co(2)-kox*Co(2)+kAsc*Co(1)*Co(3);-
kAsc*Co(1)*Co(3)];
f = [D*Dubx (1) ;D*DuDx(2) ;Dasc*DuDx(3)];
else %outside film
s = [kox*Co(2)-kAsc*Co(1)*Co(3);-kox*Co(2)+kAsc*Co(1)*Co(3);-kAsc*Co(1l)*Co(3)];
f = [D*Dubx (1) ;D*DuDx(2) ;Dasc*DuDx(3)];
end

function CoO=pdeic(x)
global Co_in Ctot Conc
Co0 = [Co_in;Ctot-Co_in;Conc-(Ctot-Co_in)];

function [pl,ql,pr,qr]l=pdebc(x1,ul,xr,ur,t)
global D n kT_q B i0 Ecopp EDCPIP

%eta and current calculations
etal = Ecopp-EDCPIP+(kT_qg/n)*Tog(ul(1)/ul(2));
cell 10*((exp((1-B)*n*etal/kT_q))-exp((-B)*n*etal/kT_q));

%left boundary condition
pl = [-cell;cell;0];
gl = [(n*96485.33*1e6*1e8*D/(1e15%1000)) ; (n*96485.33*1e6*1e8*D/(1el5%1000));1];

%right boundary condition

pr = [cell;-cell1;0];
gqr = [(n*96485*1e6*1e8*D/(1e15%1000)) ; (n*96485*1e6*1e8*D/(1el5*1000));1];
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