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CHAPTER 1 

 

 

Introduction: The Need for Expeditionary Energy 

 

 

This chapter aims to focus on the central question of the research by providing a clear 

use case for biohybrid photovoltaics. This chapter will provide background on the shifting 

requirements, current material solutions, and planned path forward to address a growing 

energy gap on the battlefield, between the energy required, and the energy available.  

 

1.1 Army Modernization/Multi-Domain Operations (MDO) 

 

In his 2016 speech at the Association of the U.S. Army annual meeting and exposition, 

GEN Mark Milley, the 39th Chief of Staff of the US Army, and current Chairman of the 

Joint Chiefs of Staff, spoke at length about the future1. He highlighted the need for 

modernization, both technologically, and with regards to our acquisition process, 

recognizing the variety of threats posed by rival military powers, fragile nation-states, and 

climate change, to our national security. He stated that while the Army is ready to fight 

and will remain that way, we must prepare for the future1. This speech, which was 

considered hard-edged by many, was the prelude to several sweeping changes in the 

Army, and the military overall, including the formation of a new 4-Star headquarters, 

Army Futures Command (AFC). This also began a paradigm shift away from the 

counterinsurgency focus that had dominated the military over the 20 years of the Global 

War on Terrorism, and towards large-scale combat operations (LSCO) and a concept 

called Multi-Domain Operations (MDO). Multi-Domain Operations, as a concept, aims to 

coordinate, maneuver, and amass fires across the five domains of Air, Land, Sea, Space, 

and Cyberspace to maximize effects and lethality with the minimal size force2,3. 

Application of the concept is cyclical, phasing through competition with a near-peer 
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adversary, penetration of their anti-access defenses, disintegration of their defensive 

capabilities, exploitation of newfound freedom of maneuver, and re-competing to 

consolidate gains. This concept demands a more holistic view of the combined force, as 

well as increased cooperation and coordination across services, drastically changing the 

size and shape of the battlespace2,3. These shifts created new opportunities for research and 

technology, demanding that the new solutions being developed would address multiple 

threats, maximizing the return on investment for the army. 

 

Figure 1.1 GEN Mark Milley addressing the 2016 AUSA Eisenhower Luncheon discussing modernization. 

Photo taken by Chuck Burden and owned by imago/Zuma Press. Front cover of US Army Training and 
Doctrine Command Pamphlet 525-3-1 describing MDO2.   

 

Army Futures Command, which was stood up in Austin, TX in July of 2018, was 

designed to address the recommendations of the Decker-Wagner 2010 acquisition review, 

creating a unified command responsible for the development of technology and systems 

over its life cycle4,5. It was formed with six modernization priorities provided by Army 

leadership, which resulted in eight cross-functional teams (CFTs), made up of leaders from 

the user community, Science & Technology community (S&T), and acquisition 

community with the responsibility of developing “quick wins” by directing immediate and 

short term investments. The eight CFTs are Future Vertical Lift, Next Generation Combat 
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Vehicle, Air and Missile Defense, Soldier Lethality, Long Range Precision Fire, Synthetic 

Training Environment, Assured Position Navigation & Timing, and the Army Network. 

The army then redirected billions of its S&T funding to support these 8 efforts6. While 

each of the CFTs is separate and unique, many of the immediate and near future solutions 

being developed across the board include teamed robotics, delocalized sensors, and 

networked warfighters7.  

The designed applications are aligned with the current focus on LSCO and MDO, 

which changes the perspective of the battlefield in recognition of how different domains 

interact. Traditional doctrinal terms, like “Forward Line of Troops” (FLOT), or the “Deep 

Sustainment Area”, are no longer applicable2,3. Nor are the stovepipes that separated 

different services on the battlefield, restricting the Air Force to the air, and the Navy to the 

water. The new doctrine being produced by AFC with regards to MDO, (AFC 71-20 

series), highlights these ideas in future concepts8. The inclusion of the Cyberspace and 

Space domains, and recognition of the need to converge all domains to maximize effects, 

has forced better integration across the services, with distributed impact throughout the 

battlespace. This further emphasizes the importance of teamed robotics supporting 

everything from port operations to air refueling and active combat. Delocalized sensors, 

distributed from the deep rear echelon and forward, provide real-time information on the 

state of the battlefield, while serving as communication and positioning nodes. 

Warfighters are connected with advanced communications equipment, as well as systems 

to augment reality, improving situational awareness, and lethality at the individual and 

squad level. What all of these new capabilities have in common is an increased demand for 

expeditionary energy. 

1.2 Current Expedition Energy Paradigm 
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 Expeditionary energy is the energy that is required by forces to conduct operations 

within the battlespace. The energy gap is the difference between the required amount of 

energy, and what can be transported to or produced within the battlespace. In speaking 

with leaders from the two acquisition organizations required to produce material solutions 

for expeditionary energy, Project Manager Expeditionary Energy & Force Sustainment 

(PM EEFS), and Product Manager Ground Soldier Systems (PdM GSS), the energy gap 

has been steadily increasing over time, but modernization has made the problem much 

more urgent. The current methodology for providing expeditionary energy has relied 

heavily upon fossil fuels and rechargeable batteries. Much of the portfolio for PM EEFS 

includes large-scale, mobile, or small-scale fossil fuel-based generators for use in combat 

operations9. PdM GSS, as part of PM Integrated Visual Augmentation System (PM 

IVAS), is responsible for soldier tactical power, with a portfolio that includes conformal 

wearable batteries, squad power management systems, and the integrated soldier power 

and data system as part of the Soldier Worn Integrated Power Equipment System 

(SWIPES)10. This portfolio reflects the impact the growing energy gap has had on 

dismounted warfighters over the last two decades in combat, where increased technologies 

like scopes and radios kept adding new unique batteries, and their weight, to the basic load 

of the Soldier, reaching an unsustainable level11. The SWIPES gear, with its rechargeable 

battery and power distribution system, reduces the weight from unique batteries and 

simplifies powering the dismounted soldier. PM EEFS is currently developing a similar 

system at a large scale called the Secure Tactical Advanced Mobile Power program, to 

utilize a hybrid of vehicles, batteries, and generators to more efficiently distribute energy 

to units with smaller footprints12. Unfortunately, as new technology adds new power 
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demands, the requirements for battery capacity must increase, as well as new requirements 

for recharging the batteries while on a mission. 

 While research on improving battery materials and performance is ongoing, additional 

work is being done to add more energy-generating capabilities within the expeditionary 

energy portfolio. The current dependence on fossil fuels is not sustainable for several well-

documented reasons. Long slow fuel convoys have been especially vulnerable targets 

during combat operations in both Iraq and Afghanistan, often victims of improvised 

explosive devices and ambushes, resulting in a leading cause of death for Soldiers and 

contractors13. Additionally, the source of the fossil fuels used by the military can create 

economic and defense ties that strain strategic political alliances14. More recent concern 

with the use of fossil fuels is the environmental impact of burning the fuel, recognizing 

that even the most efficient tactical generators are still producing waste without using the 

majority of the electricity produced. The US army has recognized the importance of its 

environmental impact and as part of its recently released climate strategy, has invested in 

efforts to develop renewable energy solutions for new technologies, making sustainability 

a critical attribute of new system acquisitions15.   

 AFC is working closely with program offices to research and develop renewable 

energy generation technologies, reaching out to both industry and academia for solutions. 

Groups, such as the Army’s Energy Informed Operations Program are working with PM 

EEFS on the STAMPs Joint Capability, and the Solar Sustainable Integrated Collaborative 

Environment (SolStICE) working with PdM GSS, are helping develop long term plans 

with both civilian and operational impact12. PdM GSS is currently fielding a 120 W solar 

blanket, weighing 5.6 lb, with an area of 10 ft2. The system uses an array of thin-film 

crystalline silicon solar cells, that are durable in extreme weather but demonstrate less than 
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5% efficiency17. These systems provide the size, weight, performance, and cost (SWaP-C) 

baseline for future fielded technology. PdM GSS, working with SolStICE, has already 

established a long-range plan to upgrade these systems over the next two decades, 

transitioning from monocrystalline silicon thin films to amorphous silicon, and eventually, 

perovskite solar cells. This plan is based on the demonstrated performance observed in 

early research, but the goal is to eventually field a solar blanket that is capable of 

producing 300-500 W, weighing 2-4 lb, with an area of 14 ft2. Perovskites are a focus of 

the group due to their tunable band structure, direct band gaps, high solubility in water, 

and the elimination of rare earth elements, which represent a strategic supply line risk17. 

As with all military acquisition efforts, the team is looking to balance risk between the 

total life cycle cost of a system, the schedule of development and production, and its 

ability to perform the requirements. The group will be looking for key maturation points 

for the technology to minimize risk to the schedule, namely, stability of the active layers, 

scalable deposition methods, and encapsulation. Beyond the technical maturity, the team is 

tracking the price per unit of energy produced, as solar power remains one of the more 

expensive renewable energies by that metric, with much of the cost due to the price of 

silicon wafers. Over the next 20 years, the team looks to see that metric shift from where it 

is currently, at roughly $10/watt produced in the field, to $1.50/ watt produced. This 

research emphasizes the need to improve the efficiency and stability of photovoltaics, as a 

means of reducing the cost of energy produced. The improvements though must be made 

in balance, suggesting a new technology that increases efficiency, cannot reduce stability 

so much that more devices need to be purchased in the same period, and the cost of the 

improvement cannot add to the price of the energy produced. Fortunately, the group’s 

many collaborators are taking advantage of the global interest in this technology to move 
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the effort forward.  

 

1.3 Opportunities with Synthetic Biology 

 

 In addition to the investments by AFC towards modernization efforts, the Army has 

placed special emphasis and investments into the field of synthetic biology, making it a 

priority research area18,19. This interest is in recognition of the ability of nature to solve a 

complex problem, efficiently, especially at the micro and nanoscale. Much of the focus for 

this effort is in developing new materials for survivability, leveraging biological materials 

for their strength, self-assembly/self-healing, and camouflage capabilities18,19. While 

energy generation is not mentioned as one of the goals within the synthetic biology push, 

the two areas of research intersect at biohybrid photovoltaics, or solar cells based on the 

machinery of photosynthesis. Biohybrid photovoltaic research goes back decades and can 

include everything from full thylakoid stacks to individual membrane-bound protein 

complexes, to light-harvesting chlorophylls20-23. Photosynthesis uses solar energy to drive 

electrons and create chemical energy in the form of sugars within the plants, algae, and 

bacteria that use the process. The machinery can be applied to accomplish similar goals, 

with some notable advantages. First, the materials are ubiquitous and cheap, growing on 

land and within water all over the globe, meaning there is no strategic risk with regards to 

the material supply chain, and no means to drive up the cost. Next, the material is 

renewable and benign, without limit to how much can be produced, or risk from how it is 

disposed at the end of its life cycle20-23. Finally, the proteins are already optimized to 

absorb light and efficiently translate the energy. Unfortunately, the materials are not 

known for their stability and can degrade quickly. The efficiencies observed within 
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biohybrid systems are well below performances seen in other devices. While the army is 

invested in some biohybrid photovoltaic research, in general, these systems have not been 

a priority, as the research does not fit the paradigm of increased efficiency and stability to 

reduce cost per unit energy24-28. A shift in that paradigm though may offer a new 

perspective in biohybrid photovoltaic research. Instead of a focus on efficiency and 

stability, a device could be designed for limited use, at a cost so low the systems could be 

considered disposable. This model would take advantage of the cheap materials to offer a 

supplemental energy generation capability, using local resources like vegetation, to 

temporarily provide energy at the point of need.  

 The central aim of this research is to design a solid-state biohybrid photovoltaic based 

on that shifted view of expeditionary energy generation requirements. In short, 

modernization is increasing the demand for energy on the battlefield, and to meet that 

demand we will need to generate energy that is both low cost and environmentally benign. 

Biohybrids can meet this need by taking advantage of the abundant and renewable plant 

materials. The goal will be to introduce materials and fabrication techniques that reduce 

the cost dramatically, while maintaining the limited impact on the environment, and 

demonstrating enough efficiency to garner further investment. While the technology is not 

yet mature, success in this endeavor will provide a starting point for more in-depth 

consideration.  
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CHAPTER 2 

 

 

Foundations in Emerging Photovoltaics 

 

This chapter aims to provide background information about current and emerging solid-

state photovoltaic devices. The goal is to describe how they work, key features, and future 

development. Additionally, this chapter will attempt to compare different types of solid-

state photovoltaics in terms of the key performance attributes of size, weight, performance, 

cost (SWaP-C), and sustainability to better understand how they fit within the army’s need 

for expeditionary energy 

 

2.1 The National Renewable Energy Laboratory 

 

 Over the last 50 years, energy has held a key role in the economic and political health of 

the nation, as well as a critical consideration for our national defense. The political shifts 

in the middle east of the 1970s resulted in fuel shortages, with enormous impact on the US 

economy, and everyday life. In response, President Ford established the Energy Research, 

Development and Demonstration Administration, that would later become the Department 

of Energy, and the Solar Energy Research Institute, which would become the National 

Renewable Energy laboratory (NREL)29. This lab holds the responsibility of conducting, 

publishing, and advancing the science and engineering technology of clean renewable 

energy. In addition to advance research on the various clean energy generating sources, 

like solar, geothermal and wind, this charter also directs efforts in energy analysis, 

infrastructure, transportation, and integrated solutions30. NREL provides a clearing house 

of information on the latest break throughs in solar capabilities, annually publishing 

reports on novel photovoltaic performance, economic benchmarks on solar production and 

storage, as well as a graphic showing the improvement of PV system efficiency by type 
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over time. That last document, the “Best Research-Cell Efficiencies” divides photovoltaics 

into five categories (Multijunction Cells, Single Junction Gallium Arsenide cells, 

Crystalline Silicon Cells, Thin Film Technologies, and emerging photovoltaics) and 

describes the highest efficiencies reported by year, beginning in 1975. In the most recent 

version (dated July 2021) the highest performing system was a six junction system 

achieving 47.1% efficiency with the use of a concentrator, produced and tested at NREL. 

This chart helps to highlight the state of the art within the field of photovoltaics, as well as 

depicting the rate of change within a particular field, allowing for better predictions about 

future development and performance. Emerging PVs, while demonstrating the lowest 

overall efficiencies of the five categories, has shown some of the greatest improvement in 

the shortest time, and thus, are promising for long-term investments for future systems. 

Many review publications focus on the improvement in efficiency of different types of 

photovoltaics, and NREL annually publishes updates with new PV characterizations being 

reported in literature. Few efforts though, focus on the key performance attributes that are 

used to evaluate the maturity of the technology, and its readiness to transition into a 

program of record. This effort will review three types of emerging photovoltaics, solid-

state dye sensitized solar cells (ssDSSC), organic photovoltaics (OPV), and perovskite 

solar cells (PSC), providing not only background and function, but an evaluation based on 

SWaP-C, and environmental impact.  

 

2.2 Solid-State Dye Sensitized Solar Cells 

 The dye-sensitized solar cell provided a paradigm shift in the design and fabrication of 

photovoltaics since 1991 when O’Regan and Gratzel demonstrated efficient systems32. 

The dye within the cell is responsible for absorbing the photons of light, generating the 
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charge carriers, and transferring the electrons directly to the semiconductor nanoparticles. 

The semiconductor then transfers the electrons to the transparent conductive metal oxide 

electrode, and on to the external load. The dye is then regenerated by a redox electrolyte, 

which transfers the charge carriers between the counter and working electrodes33-35. These 

systems produced efficiencies over 14% percent, and the low cost of materials suggested 

the technology was promising for future energy requirements. However, the liquid 

electrolytes presented a number of challenges, as they were often corrosive, flammable, 

volatile, toxic, with a tendency to leak or evaporate. Solid-state Dye Sensitized Solar cells 

address this issue by replacing the liquid redox electrolyte with a solid heterojunction 

made up of wide bandgap semiconductor, an organic semiconductor, or a polymer 

electrolyte to serve as the hole transport material33-35. Benesperi et al. published a thorough 

review in 2018 explaining the function, kinetics, and impact of different materials within 

ssDSSC34.  

 These devices are generally composed of the same features seen in traditional DSSC. 

The working electrode, or anode, is generally composed of a transparent conductive metal 

oxide, such as Indium doped Tin Oxide (ITO) or Fluorine doped Tin Oxide (FTO), coated 

on glass slides. A thin compact blocking layer, usually, TiO2, is added directly onto the 

conductive surface to minimize shorts and recombination at the anode surface37-42. Next, a 

nano- or meso-porous layer of a wide bandgap semiconductor is sintered onto the 

electrode surface, to act as a substrate for the dye43-48. The increased surface area allows 

for more dye to be loaded within the system, and ultimately, for more charge carriers to be 

generated from absorbed photons. The dye itself can be metal-organic complexes, 

designed to absorb specific wavelengths of light, or naturally occurring organic dyes, like 

the anthocyanin used within the original Gratzel cell32-36.  The dye is usually bound to the 
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nanoporous layer by its functional groups. The hole transport material must be 

energetically aligned with the organic dye to ensure a favorable flow of charge carriers. 

The thickness of the layer is also a critical consideration, as the layer can add serial 

resistance with increased thickness, impacting performance34. While layers that are too 

thin may include structural defects like pinholes or fissures that allow for shorts or 

recombination within the layer34. The working electrode is usually a metal or carbon 

material, energetically aligned so that it can accept holes from the transport material.  

 Of the different material layers, the hole transport material and dye are the layers most 

unique to ssDSSC. Devices using polymer electrolytes, where salts are fixed within a polar 

polymer matrix, allowing both electrical and ionic charge transfer within the device, 

demonstrate high conductivity and stability, but still suffer from ineffective pore filling, 

and a low dye regeneration rate. Gel Polymer electrolyte address that issue by entrapping 

liquid electrolyte within the gel polymer matrix, producing a quasi-solid-state DSSC with 

efficiencies similar to those observed in traditional DSSC34. In contrast to the polymer 

electrolytes that leverage ion transfer to regenerate the dye, most other hole transport 

materials used in ssDSSC use molecular charge hopping through the material itself. A 

common material used in early ssDSSC is spiro-OMeTAD, developed by Bach et al in 

1998, and composed of aromatic rings connected with nitrogen49. The shifting pi bonds 

within the molecule allow for effective electron charge hopping through the material. 

While early ssDSSC were optimized and efficient with this material, and it became the 

HTM of reference, spiro-OMeTAD presented a number of challenges that held back 

further advancement of ssDSSC, including poor conductivity and poor long-term stability. 

Additionally, the process to produce and apply the material was expensive, complex and 

time consuming, limiting the commercial application of the material34,49-52. Other HTMs 



13  

used within ssDSSC are small molecules, like those based on triphenylamine, and 

demonstrate a tunable energy level with additional molecular moieties, ideal for designing 

the appropriate band alignment34. These materials also have the advantage of small size, 

that allows them to better fill the pores of the nano porous layer for more efficient charge 

transfer34. The small molecules are generally poor conductors and can add to the serial 

resistance of the device. Polymer based HTMs allow for faster charge transfer, as the long 

polymer chains with overlapping pi bonds permit efficient movement of charge carriers.  

The size of the polymer, and the process of its application can limit its ability to interact 

with fully with the pores of the nano porous layer. Dopants and additives can be used to 

change both the energy level of the HTM and its conductivity, improving the performance 

of the device overall34,35,53,54. 

 The requirements for the dye sensitizer include the ability to absorb standard 

wavelengths of light to generate charge carriers, and also possessing a functional group, 

like carboxylate or silyl, that allows it to strongly bond or complex directly with the nano 

porous layer for charge injection. The dye must evenly coat the transport layer to reduce 

recombination on the nanoparticle surface, which hinders device performance. While new 

dyes are regularly developed for standard DSSCs, the additional requirement of band 

alignment with the HTM adds complexity to the dye choices for ssDSSC34,35.  The 

ruthenium-based metal organic dyes that produce efficiencies around 10% in traditional 

DSSCs are also used in ssDSSC with significantly lower performance, though some 

studies have shown improved efficiencies through additives and co-absorbers that increase 

the wavelengths of light absorbed, or the length of the dye to nanoparticle bond, or adding 

hydrophobic tails, all of which reduce interfacial recombination34,35. Organic metal-free 

dyes based on triphenylamines have demonstrated the highest efficiency within ssDSSC, 
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with a number of notable improvements over the ruthenium dyes, namely, the metal 

component is toxic, rare, and relatively expensive34,35. Porphyrin-based dyes are large 

aromatic molecules complexed with a zinc center. Overall, they represent an improvement 

over the ruthenium-based dyes as they are more sustainable, adjustable, and cost-efficient, 

with a higher extinction coefficient, which allows for more absorption of light with a 

thinner layer of dye34,35.  Inorganic nanoparticles called Quantum Dots are currently being 

studied as dyes, leveraging the unique electric and optical properties associated with their 

size to absorb light at different wavelengths and inject charge carriers into the anode55.  

The introduction of the solid-state heterojunction saw an immediate reduction in 

performance, as the new layer increased impedance with ineffective pore filling between 

the mesoporous nanoparticle layer and the new hole transport material. The new interface 

also became the site of electron recombination within the device, reducing both current 

and potential. Lastly, the reduced conductivity of the new material added resistance to the 

device, which also decreased performance.   

2.3 Organic Photovoltaics 

 Organic photovoltaic cells (OPVs) use the photovoltaic effect on conductive polymers 

and small organic molecules to generate electron flow from absorbed light35,53,56-65. Unlike 

other photovoltaics, which generate free charge carriers, these systems rely on the junction 

of electron donor and acceptor materials, where confined excitons are exchanged directly. 

The donor material, with a smaller electron affinity and ionization potential, absorbs the 

photon to generate the electron-hole pair. The excited electron is transferred from the 

highest occupied molecular orbital (HOMO) to the acceptor material’s lowest unoccupied 

molecular orbital (LUMO), while the hole generated at the HOMO is transferred away 

towards the cathode. The acceptor material, with a greater electron affinity, and lower 
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energy LUMO, receives the excited electron from the donor material, before transferring it 

towards the anode. 35,53,56-65 The open circuit potential within these systems is ideally the 

difference in energy between the HOMO of the donor material, and the LUMO of the 

acceptor material; however, OPVs traditionally suffer from relatively low Voc. The 

potential of the device can be reduced by recombination within the cell, and is impacted by 

temperature, light intensity, work function of the electrodes, and material microstructure69.   

 

Figure 2.1.  Schematics of typical OPV structures based on a single junction, Heterojunction, and Bulk 

heterojunction designs. Image is taken from Rao et al.65 

 Like other emerging photovoltaics, OPVs still rely on energetically aligned charge 

transfer layers to allow carriers to efficiently travel to their respective electrodes. 

Transparent conductive metal oxide-coated glass slides are still utilized as electrode 

materials, as well as metals, energetically aligned based on their work function. Polymer-

based OPVs can be arranged with singular junctions, as the organic material is sandwiched 

in layers between the conducting electrodes, or in bulk hetero-junctions where the 

materials are blended to maximize the surface area of interaction between the donor and 

acceptor56-65. Conjugated polymers, like polyaniline (PANI), polypyrrole (PPY), and 

poly(3,4-ethylene dioxythiophene) (PEDOT), are used within these devices based on the 

delocalized electrons along the polymer backbone. When doped with counter ions, or more 

polar organic molecules, mixed oxidation states along the polymer chain make the 

material conductive and allow charge carriers to move freely across the material53,56,66,67. 
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The conductive polymers used within these devices are dependent on the electrochemical 

properties, like conductivity, and energy bandgap, but also on their processability, as many 

conductive polymers are insoluble in common solvents, or fabrication methods produce 

heterogeneous properties66,67. Other polymers suffer mechanical photodegradation and 

cannot withstand the stresses associated with a functional photovoltaic, including 

atmospheric, electronic, or temperature changes. These shortcomings reduce the feasibility 

of certain polymers whose efficiencies within a laboratory environment may seem ideal. 

To address these issues, some devices have incorporated encapsulation with a protective 

polymer to limit the impact of environmental stressors on the performance of the cell68.  

 The efficiencies observed in OPVs are comparable to other emerging photovoltaics, but 

still below the average observed in inorganic systems. The devices are thin, and flexible, 

owing to the mechanical properties of the polymer makeup, and often the lack of 

crystalline semiconductors. These properties are ideal for future applications like 

conformal power generation for robotic systems, or wearable electronics. Additionally, 

because the different layers are predominately composed of polymers, simple and cost-

effective manufacturing practices can be applied to the production of the devices.  

2.4 Perovskite Solar Cells 

 Perovskites are a family of materials of critical research interest right now due to their 

optoelectrical properties. The chemical structure is usually described as ABX3, where A is 

the monovalent cation, B is a divalent metal, and X is a Halide, producing a crystal 

structure with unique properties17,35. In general, the A material is set within a 

cuboctahedral space formed by the nearest neighbor X atoms for an AX12 configuration, 

while the B material is coordinated within an octahedral shape of X nearest neighbors, 

with a BX6 configuration. The tunability of the optical, mechanical, chemical and 
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electrical properties of perovskites is based on the multiple permutations of A, B, and X 

within the same crystal structure. Though there are constraints as to the size of the 

substances used within each lattice point, and the various combinations can impact the 

stability of the material, the ability to slightly shift the spacing within the crystal structure 

allows the material to be designed with specific properties17,35,70. The density of states 

analysis of MHP shows many are direct bandgap semiconductors, with conduction band 

electrons having similar effective mass. This is ideal for photovoltaic applications as it 

suggests the absorbed energy from the photon will be more efficiently transferred to the 

electron, without losing energy to momentum17.    

 

Figure 2.2. General crystal structure of an ABX3 perovskite. Image is taken from Luceno-Sanchez et al.35 

 

The first perovskites were reported in 1839, though early research focused on optical 

applications in pigments and paints, with electrical applications not studied until the mid-

1940s17. Optoelectronic work with perovskites, both metal halide, and metal-organic 

halides, demonstrated the tunability of the material, and how the molecular structure could 

be adjusted with precision. The current interest is based on their recent application as a 

tunable light absorber in photovoltaic cells, with advances in efficiency being generated in 
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a relatively short period17,35,70-72. The first application of perovskites within a photovoltaic 

was reported in a 2009 paper which applied methylammonium lead iodide (MeAPbI3, 

CH3NH3PbI3) as a dye within a DSSC, bonding the perovskite to TiO2 nanoparticles, using 

a liquid electrolyte, demonstrating efficiency of 3.9%72. The perovskite served as the 

active layer, absorbing photons of light, and generating charge carriers within the device. 

In later efforts, the perovskite material was applied in a thin layer, directly between the 

HTM and ETL, like OPVs, taking advantage of the relatively high extinction coefficients 

that allow more light to be absorbed by a thinner layer17,35,72. Carrier generation within the 

single material is one of the key advantages of the PSC, as excitons do not need a long life 

span, and energy is not lost in charge carrier movement. Today, in addition to PSCs 

achieving over 20% efficiency, perovskite layers are being applied in multijunction cells 

with other types of active layers, increasing the spectrum of light absorbed and raising the 

overall device efficiency.  

PSC research has benefitted from the work done to improve both ssDSSC and OPVs, 

leveraging many of the same technologies for HTM, ETL, blocking layers, and layer 

applications. The advantage of PSCs over other emerging photovoltaics is found within 

the material properties of the active layer. One key disadvantage is the stability of the 

perovskite material, which demonstrated degradation in response to heat, moisture, 

oxygen, thermal influence, applied voltage, intense light, and mechanical strain17,35. 

Additionally, imperfections within the lattice structure can result in heterogenous 

properties and reduce performance. To overcome these issues, many researchers are 

looking for methods of encapsulation to shield the perovskite active layer73-75. Also, 

improvements in the composition, deposition method, and cell architecture are being 

applied to optimize the performance of the material for photovoltaic applications.  
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2.5 Evaluation 

The field of emerging photovoltaics has demonstrated drastic improvement in 

performance over a very short period, and continued investment will be necessary to meet 

future energy needs. While the three design classes have some distinct differences, they 

each have roots in the DSSC and share many of the same advances. Most still use 

transparent conductive metal oxide-coated glass as an electrode. All three still leverage 

solid-state charge transfer layers, using many of the same materials and fabrication 

techniques to produce HTMs and ETLs. An objective evaluation of the different classes 

would then be based upon the active layers, as the generation of charge carriers is the 

primary difference between the three. The ssDSSC rely on organic and inorganic dyes, 

OPVs use a difference in energy between conjugated polymers and small molecules, and 

PSC leverage the tunable properties of the perovskite crystal structure. Comparing the 

maturing technologies will require an even application of certain evaluation criteria. In 

discussing this topic with leaders from the PdM Ground Soldier System team, specifically 

working on the long-term photovoltaics plan, the evaluation criteria they use primarily is 

size, weight, performance, and cost (SWaP-C), with the ultimate goal of reducing the price 

per unit of energy produced. Other criteria like environmental impact, scalability, and 

durability also matter, but not to the same extent. According to the NREL 2021 chart, the 

emerging photovoltaics with the best performance in each of these three classes was a PSC 

which demonstrated an efficiency of 25.5%, an OPV that demonstrated 18.2%, and a 

DSSC that demonstrated 13% efficiency. Looking closely at each study and comparing the 

outcomes may provide insight on the path forward for each type of device.  

The PSC study was produced by Jeong et al. as a collaborative effort between South 

Korea’s Ulsan national Institute of Science and Technology (UNIST) and the Swiss 
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Federal Institute of Technology Lausanne (EPFL)76. The goal of the effort was to optimize 

the performance of a PSC using a promising formulation of the material formamidinium 

lead triiodide (FAPbI3) by reducing vacancy defects and augmenting the crystallinity of 

the film. This perovskite was chosen over methylammonium lead triiodide (MeAPbI3) 

because it is thermally more stable, with a greater bandgap for photovoltaic efficiency. 

However, only the a-phase version of FAPbI3 is desirable, and at lower temperatures the 

phase shifts to a photoinactive and unstable phase. This group has worked to overcome 

this issue with additives during the formulation of the perovskite layer, with demonstrated 

success, however crystallinity defects, specifically iodide vacancies, still remain. This 

study added the formate ions during the synthesis of the perovskite, filling the vacancies, 

improving crystallinity, and ultimately improving performance.  

The device design used FTO coated glass with a compact TiO2 blocking layer, and a 

mesoporous TiO2 nanoparticle layer. The perovskite layer was added via spin coating on 

top of the TiO2 np layer, followed by octyl ammonium iodide, and a Spiro-OMeTAD 

HTM. Gold leads were evaporated directly onto the device under a vacuum. At a certified 

testing center, this system demonstrated a maximum power conversion efficiency of 

25.21%, with Voc of 1.174 V, a Jsc of 26.25 mA/cm2, and a fill factor of 81.8%. Shelf life 

and operational stability studies demonstrated the unencapsulated systems maintained over 

80% of their efficiency, both in 20% relative humidity and at 60oC, for over 1000 hours.  
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Figure 2.3. Schematic and i-V for PSC with the highest record efficiency. Image is taken from Jeong et al76. 

 

 The OPV study was produced by Zhang et al from the Shanghai Jiao Tong University77. 

This study aimed to overcome limitations on the PCE of OPVs set by the energy levels of 

the donor and acceptor material while balancing the impact of morphological and 

electronic structure on the system performance. The team began with a donor-acceptor pair 

that has previously demonstrated high PCE, PM6:Y6, and blended in an additional donor 

and acceptor to create a cascading charge effect. The additional donor, PM 7, is miscible 

within the PM6 base, and possesses a slightly deeper HOMO than the PM6, allowing 

donations of electrons from lower energy without changing the morphology of the 

materials. The additional acceptor, PC71BM is compatible with the base blend of PM6:Y6 

but with a slightly higher LUMO than Y6. The cascading charge creates a greater 

separation between the donor HOMO and acceptor LUMO, increasing the Voc of the 

system. Additionally, favorable direct interactions between the materials improved charge 

carrier transfer, which resulted in increased Jsc. This study showed how a bulk 

heterojunction OPV can leverage a quaternary blend of donors and acceptors to improve 

performance while managing physical and electrochemical properties.  
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Figure 2.4. Depiction of organic molecules used within the quaternary blend, schematic of band alignment 

and electron flow within the device, and i-V curve of top-performing OPV. Images were taken from Zhang 
et al77. 

 

 The device was composed of an ITO anode, with PEDOT: PSS serving as an ETL. The 

bulk heterojunction quaternary blend active layer was applied to the ETL via spin coating. 

The HTM applied was PFNDI-Br, with silver leads evaporated onto the device under 

vacuum. The device demonstrated a PCE of 18.02%, Voc of .859v, Jsc of 26.55mA/cm2, a 

fill factor of 79.23%, and maintained 81% of its performance after 1000 hours. 

 The DSSC study was prepared by Zhang et al. from EPFL78. This paper used multiple 

organic dyes to improve the PCE of the DSSC, recognizing the limitations single dyes 

impose on the overall device performance. Some dyes offer a broad spectrum of 

absorbance, and high photocurrent density, but low Voc, while others only absorb narrowly 

within the blue or yellow spectrum, with low photocurrent, but high Voc. When 

appropriately mixed, the two dyes can be synergetic, providing increases in both 

photocurrent and Voc. This study developed an organic donor-acceptor co-sensitizers, 

named MS4 and MS5, using a bulky donor N-(2’,4’-bis(dodecyloxy)-[1,1’-biphenyl]-4-

yl)-2’,4’-bis(dode- cyloxy)-N-phenyl-[1,1’-biphenyl]-4-amine(coined a  Hagfeldst donor), 

and BTBA as an acceptor. In addition to setting a record for DSSC PCE under standard 

illumination, the system also demonstrated PCE over 30% under ambient light. 

The device used an FTO anode, a TiO2 blocking layer, and TiO2 mesoporous layer. The 
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counter electrode was ITO with electrodeposited PEDOT: PSS. The two electrodes were 

stacked, and sealed, with the copper-based electrolyte added via a drilled hole. This system 

demonstrated a PCE of 13.5%, Voc of 1.05 V, Jsc of 15.84 mA/cm2, and fill factor of 

81.3%, while maintaining 93% of its performance after 1000 hours 

 In comparing these three studies using SWaP-C, the difference in size and weight 

between the different designs is negligible, as many of the materials and fabrication 

processes are common across devices. The mass of the active layer or overall thickness of 

the device is not distinct enough to differentiate between systems. Concerning 

performance, the PSC demonstrates efficiency 38% greater than the OPV and 86% greater 

than the DSSC and except for stability over time, out-performed the other devices in each 

category. The difference in current performance and the rate of increased performance 

observed over recent years suggest that PSC will maintain a discrete performance 

advantage over other emerging photovoltaics in the coming years. About cost, the 

comparison is more complicated as many of the materials and fabrication techniques are 

the same, and various applications of manufacturing advancements will reduce the price of 

production. In this case, though the OPV cell may have an advantage as the device does 

not include any TiO2, which can be a costly component both in time and money. With 

regards to the impact on the environment, the OPV would be favored, as the PSC still 

contains lead, which would be toxic at the end of the device life cycle, and the DSSC 

includes a toxic copper electrolyte solution. Ultimately, based on the evaluation criteria, 

and the ultimate goal of reducing the cost per unit of energy produced, PSCs provide the 

best path forward for development. 

2.6 Conclusion 

  While the performance of emerging photovoltaics still lags behind traditional 
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crystalline semiconductor systems, the rapid increase over a very short amount of time is 

promising. The continued investments and research for generally applied improvements, 

like novel HTMs, and overcoming class-specific shortfalls, like crystallinity defects in 

perovskites, will make the commercial application much more likely, as the price per unit 

energy produced will decrease. Understanding how these systems, and other emerging 

classes of photovoltaics, like biohybrids and multijunction hybrids, will be critical in 

solving the current urgent need for clean cheap renewable energy.       
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CHAPTER 3 

 

 

Materials & Method 

 

This chapter will introduce the primary materials used throughout the research, as well as 

key techniques, equipment, and procedures used. Individual chapters will also include a 

section on materials and methods for specific protocols and unique materials. 

 

 

 

3.1 Photosystem 1 

 

3.1.1 Protein Background 

 

Photosystem I (PSI) is a membrane-bound protein found within the thylakoid stacks of 

plants and algae in its monomeric form, and certain cyanobacteria in its trimeric form24. 

The protein plays a key role within oxygenic photosynthesis serving as an efficient 

photodiode, absorbing solar energy to excite electrons from plastocyanin within the 

thylakoids, and transfer them to ferredoxin on the stromal side79. The monomeric protein 

is roughly 500kDA in size, is generally broken down into 14 subunits, and is 

predominately composed of chlorophyll arrays surrounding an electron transport chain80-

87. The chain begins at a chlorophyll dimer called the p700 site, where the protein accepts 

electrons82. The light energy absorbed by the chlorophyll arrays is used to excite the 

accepted electrons by approximately 1.7 eV to p700*before the charge carrier is 

transported through a series of phylloquinone (An, A1), and culminating in a series of 

Iron-sulfur complex (FX, FA, FB) with a potential difference of roughly 1.1v compared to 

the accepted electron87,88. This process occurs in roughly 1s and depending on conditions 

can reach turnover rates over 20 electrons within a second82,88. 
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Figure 3.1. Crystal Structure of Monomeric PSI from Spinacia oleracea. Structure of photosystem I from 

Spinacia oleracea. The thylakoid membrane is simulated by dashed lines across the transmembrane region of 

PSI. (Structure taken from PDB: 2WSC) 

   

3.1.2 Previous work 

 

Photosystem I has been a central protein in research for years, with applications in fuel 

cells and photovoltaics taking advantage of the protein’s efficient translation of light 

energy into a flow of electrons89. Capturing that efficiency within an engineered system is 

significantly more difficult, as demonstrated by the fact that biohybrid PSI-based 

photovoltaics have yet to demonstrate efficiency near those of crystalline silicon or other 

emerging photovoltaics. Research in the field of PSI-based photovoltaics has benefitted 

though from advances in adjacent photovoltaic work, as demonstrated by improvements in 

PSI-based device performance over the years.  

 Early research aimed to better understand the protein, its internal functions of light-

harvesting and charge transfer, and the overall system structure, with some labs looking to 

modify the protein itself for improved use in engineered devices28,79-93. While some efforts 

looked to use the protein and chlorophyll arrays as dyes within modified biohybrid dye-

sensitized solar cells, much of the early work focused on developing self-assembled 
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monolayers and multilayers on various electrode surfaces and evaluated the photoactivity 

of those monolayers within electrochemical wet cells, with the use of diffusional 

mediators to donate and accept electrons to and from the protein94-118. These surfaces 

included planar gold, gold leaf, heavily doped silicon, reduced graphene oxide, and others. 

The charge transfer between monolayers and the electrode surface was improved with 

various types of direct connections by first treating the electrodes with a layer that would 

then complex with the protein. These improvements were necessary to translate the 

success observed within wet cells to future solid-state devices that would not benefit from 

the diffused mediator. These improvements in attaching the proteins in layers to the 

electrode surfaces saw the efficiency of PSI based devices increase by orders of magnitude 

over a short time.110  

 Continued efforts for direct charge transfer of electrons to and from the electrode began 

entrapping the electrode within conductive polymers and hydrogels. This had the 

advantage over monolayers, and multilayers as the polymers and gels could mediate the 

charge, and more efficiently use the proteins, while providing greater physical support for 

the protein and allowing it to maintain its natural conformation27,119-127. Our lab has 

previously entrapped PSI within a film of electropolymerized Polyaniline on planar gold 

electrodes, demonstrating improved photocurrent density while using far less protein 

compared to self-assembled monolayers122. Other studies have shown PSI encapsulated 

within PLGA and Metal-Organic frameworks can demonstrate improved photocatalytic 

activity compared to solubilized proteins, while preserving the stability over time119,124.  

 More studies on solid-state PSI systems are being reported, building on the success seen 

in other types of devices, particularly in the application of band alignment to the PSI based 

devices128-131. More care is being taken to introduce HTM and ETL that efficiently donate 
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or accept electrons to and from the protein131. The Lisdat group has demonstrated the 

application of complexing PSI directly with cytochrome C and attaching the protein 

complex directly to a high surface area  ITO electrode82,132,133. Baker et al have entrapped 

PSI within a Nafion film, using an Osmium complex to scavenge holes from the protein 

P700 site and methyl viologen to accept electrons from the FB site27. A 2017 paper by 

Kazemzadeh et al created a solid-state PSI based device with an FTO anode, PEDOT:PSS 

HTM, a vacuum deposited PSI active layer, a LiF ETL, and an evaporated Aluminum 

cathode, which produced an average Voc of .25v, Jsc of .960mA/cm2, fill factor of .31, 

and efficiency of .069%, which at the time of publication was a record for PSI based 

devices 134. Our group has previously reported producing PSI based solid state devices 

using PANI/PSI film active layers, PSI monolayers with the redox polymer Polyviologen, 

and a layer-by-layer design with PEDOT: PSS and PSI on gold electrodes.125  

 

Figure 3.2 Schematic of PSI based solid-state photovoltaic with highest recorded PCE. Image taken from 

Kazemzadeh et al.134 

 

 

 While the performance of PSI based devices remain orders of magnitude below that of 

other current photovoltaics, the abundance of the protein, and urgent demand for clean 

renewable, and cheap energy will continue to drive research. Future efforts will continue 

to apply improvements from other types of devices to improve active layer stability, 
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increase Voc, and improve charge transfer from the protein to the electrodes, driving the 

efficiency of the devices up, and the cost of energy produced down.      

3.1.3 Extraction 

The protocol used by our lab to extract PSI is adapted from the process established by 

Reeves, Hall and others, and has been described in detail in multiple publications121,135-134. 

Our lab chose organic baby spinach as the primary source of monomeric PSI, to minimize 

any chemical contamination, and maximize the concentration of protein within the leaves 

at harvesting. The process first works to isolate the whole thylakoid, then use protein 

chromatography to separate PSI from other proteins present. This process utilizes an ion 

affinity column (Hydroxyapatite), and two sodium buffer solutions with different ion 

concentrations and pH. The column buffer, with a lower concentration of ions and neutral 

pH, helps to activate the column, and allows the slightly charged PSI protein to cling to the 

column, while other materials without charges pass through the column. The second 

buffer, with significantly higher ionic concentration, a more acidic pH, and the surfactant 

Triton X-100, allows the column to release the protein for collection. The flow chart 

below, prepared by Dr. Kody Wolf, summarizes the process. 
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Figure 3.3. Schematic of Cliffel lab PSI extraction procedure from baby spinach as prepared by Dr. Kody 

Wolf. 

 

Because of the length of the protocol, it is recommended that all solutions are prepared 

the day before the extraction, and stored at 4o C. Additionally, the organic baby spinach 

should be fresh, and can be purchased and stored at 4o C as well. The quantities for 

solutions prepared are sufficient for an extraction from 100-150g of spinach. Grinding 

medium (300ml) was prepared with DI water, Sorbitol (18.040g), Sodium Pyrophosphate 

(1.340g), Magnesium Chloride (MgCl2
.6H2O .240g), and (L) Ascorbic Acid (.110g). The 

pH of the solution is adjusted to 6.5 with HCl. Lysing solution (100ml) was prepared with 

DI water, HEPES (1.192g), Sorbitol (6.012g), EDTA (.058g), Magnesium Chloride 

(MgCl2
.6H2O .020g), Manganese Chloride (MnCl2

.4H2O .020g), and Triton X-100 (1.00% 

w/v, 1.000g).  Column Buffer (1L) is prepared with DI water, Monobasic Sodium 

Phosphate (NaH2PO4
.H2O, .549g), Dibasic Sodium phosphate anhydrous (Na2HPO4, 

.855g), and the solution pH was adjusted to 7.0. Elution buffer  (1L) was prepared with DI 

water, Monobasic Sodium Phosphate (NaH2PO4
.H2O, 18.656g), Dibasic Sodium 
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phosphate anhydrous (Na2HPO4, 9.199g), Triton X-100 (.055w/v, .500g), and the solution 

pH was adjusted to 6.5. 

The first step was to prepare the fresh baby spinach leaves by removing large stalks, 

veins, and other hard plant materials. These materials were discarded, while the remaining 

leaf material was weighed to ensure 100-150g. The leaf material was then placed in a 

blender, along with 200ml of grinding medium in order to fully macerate the spinach 

leaves. The leaves were blended until homogenous, and no large pieces of leaf remained. 

This step lysed the leaf cell walls, releasing the thylakoids and other leaf organelles into 

solution with the grinding medium. The resulting blend was then filtered through two 

layers of cheesecloth to separate large leaf materials that were not macerated. This process 

was repeated with eight layers of cheesecloth to ensure the large leaf materials were 

mechanically separated from the macerated leaf blend. This step required a gentle squeeze 

of the cheesecloth to ensure the blended solution passed through and was collected. This 

step produced between 150ml and 200ml of solution, and the materials collected within 

the cheesecloth were discarded.  

The filtered solution was then divided evenly within centrifuge tubes to separate the 

heavier thylakoid stacks from the other leaf organelles in solution. The Allegra X-30R 

centrifuge was set at 4o C, with a relative centrifugal force (RCF) of 8,000 G. Centrifuge 

tubes were filled approximately halfway and balanced to ensure equal weight distribution. 

The solution was centrifuged for one minute, creating a pellet of thylakoid stacks, and 

leaving the remaining organelle material within the supernatant. The solution was then 

aspirated, discarding the supernatant without disturbing the pellet.  

The next step was to lyse the thylakoid membrane in order to release the membrane-

bound proteins, including PSI. The surfactant within the lysing medium inserts itself into 
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the hydrophobic regions of the lipid bilayer of the thylakoids, solubilizing the lipids, while 

also solubilizing the membrane bound proteins by binding to their hydrophobic regions. 

This allows the protein to stay in solution throughout the rest of the procedure until the 

surfactant is removed through dialysis. In this step 2-3 ml of lysing solution was added to 

each centrifuge tube to resuspend the pellets. Vortexing for 30s or vigorous shaking was 

needed to ensure the entire pellet was resuspended.  

Next, the solution was centrifuged again to separate the solubilized PSI proteins from 

the denser thylakoid materials. The solution of lysing medium and pellets was evenly 

distributed into centrifuge tubes once again. The centrifuge was set at 4o C and an RCF of 

20000 G. This time the solution was centrifuged for 15 minutes. At the end of this step, the 

solubilized PSI protein is within the supernatant, and the denser remaining cell material 

will form the pellet. Afterwards, we aspirated and collected the supernatant from each 

centrifuge tube, without disturbing the pellets, which were discarded after this step. This 

produced 25-30ml of dark green solution. 

To prepare the Ion affinity column used to separate PSI from the other proteins within 

the solution, we secured an upright straight-jacketed extraction column with valve to a ring 

stand. Tubing was attached to the inlet and outlet nozzles to pump and recycle ice water 

around the column. In a separate beaker,  15g of hydroxyapatite was added, covered with 

column buffer, and stirred. Once the solution settled,  the cloudy column buffer was 

removed, and the processes repeated. This step is used to both activate the hydroxyapatite, 

with exposure to the low ion concentration buffer, as well as remove the extra-fine 

particulates which may get caught within the column filter, slowing the process. After a 

second wash and activation, the column valve was closed, and the hydroxyapatite and 

column buffer mixture was poured into the column. The hydroxyapatite will settle and 
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separate from the column buffer within the column. We then removed the excess column 

buffer, leaving only the enough to cover the top of the column, ensuring the ice water was 

being properly cycled around the column. This column takes advantage of the net negative 

ionic charge of the solubilized PSI and hydrostatic interactions with the hydroxyapatite 

particles within the column143. The net negative surface charge of the PSI is based on the 

surface amino acid residues and is dependent on both the pH and pKa of the solution. 

Akerlund et al reported the isoelectric point of solubilized PSI at 4.4, meaning the protein 

should be negatively charged in the neutral column buffer, and attracted to the positive 

hydroxyapatite particles within the column143. While the column valve was closed, we 

slowly pipetted the dark green supernatant solution onto the inner wall of the column 1-

3cm above the hydroxyapatite, taking care not to disrupt the packed powder within the 

column. Once all of the solution was loaded, a waste collection beaker was placed beneath 

the column valve to allow the buffer to run off and the PSI solution to cover the 

hydroxyapatite column. Next, the valve was closed once again when the meniscus of the 

fluid was just above the hydroxyapatite within the column, which was stained with the 

dark green solution. 

The next step was to wash the column with buffer as a means of removing the other 

materials that may have been in solution with PSI. This includes weakly bound species, 

positively charged proteins, lipids, and other complexes. With the column valve closed, 

the column buffer was added in the same manner as the PSI solution, taking care not to 

disturb the hydroxyapatite. The green effluent was collected within a waste beaker. While 

the effluent of the washing step is green, the column also maintained its green appearance. 

More column buffer was added in  the same manner described above to ensure the 

meniscus of the fluid did not reach the top of the hydroxyapatite. This step continued until 
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the effluent collected was clear. This was a slow step and took hours to complete but was 

critical to ensuring isolation of the correct protein.   

   Once the effluent of the washing step was clear, and the level of column buffer was 

reduced where the meniscus of the fluid was at the top of the powder within the column,  

the elution buffer was added in the same manner as described above. The elution buffer 

introduces a higher concentration of ions, a lower pH, and additional surfactant, all of 

which work together to separate the PSI from the hydroxyapatite. The initial effluent was 

collected in a waste beaker until a it began to appear dark green. At that point, a collection 

beaker beneath the column collected the dark green solution. We observed a dark band 

move downward on the powder column, leaving white hydroxyapatite above it. This is an 

indicator of the progress of elution, as it continued moving, with additional elution buffer, 

until the dark band has reached the bottom of the column. The total collected PSI solution 

was typically 150ml. The PSI solution was then quantified, and stored in 1ml aliquots at -

80o C.  

 

3.1.4 Quantification  

The concentration of PSI in the solution collected is unique to each extraction, though is 

typically between 1-3mg PSI/ml of solution. Determining the actual concentration of PSI 

within the stored aliquots allows for standardization and repeatability for experiments. Our 

group usually uses an assay first described by Baba et al to quantify the p700 reaction 

centers within a solution using Ultraviolet-Visible spectrum spectroscopy (UV-Vis)138. 

The process compares the absorption spectrum of two samples, with equal amounts of PSI 

solution, where one sample includes an oxidizing agent, and the other a reducing agent. 

Assuming that all p700 sights react fully, the two absorbance spectrum can be compared to 
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determine the concentration of p700 in the original solution. 

The Baba assay requires a number of solutions to be prepared prior to attempting 

quantification. The Baba assay buffer (100ml) is composed of DI water, Tricine (.896g), 

Sorbitol (1.822g), Sodium Chloride (NaCl .059g), and Triton (.050g). The oxidation 

solution (10ml) is prepared with DI water, and Ferricyanide (3.293g). The reduction 

solution (1ml) is prepared with DI water, Sodium Ascorbate (.099g), and Dithiothreitol 

(.001g).  

To conduct the assay, the UV-VIS system was first set to a baseline, using a cuvette 

filled with only assay buffer(3ml).  Next an absorbance spectrum was taken with two 

cuvettes, filled with assay buffer(2.775ml), elution buffer(.1ml), and either oxidation 

solution (.125ml) or reduction solution (.005 ml and .120ml DI water). These spectra were 

nearly identical, and their difference served as a reference for the assay. Next, two 

additional cuvettes were prepared with assay buffer (1.875ml), PSI solution (.5ml), and 

either oxidation solution (.625ml) or reduction solution (.025ml and .6ml DI water). After 

mixing, these cuvettes were allowed to settle for at least 15 minutes to allow the oxidation 

or reduction reaction at the p700 sight happen fully. During this process, a divergent color 

change was observed in the two cuvettes. Next, absorbance spectra from both cuvettes in 

the range of 750nm-650nm were collected. Using the recorded absorbance spectra, the 

values of the baseline scan were subtracted from the values of the PSI scans. The 

difference of the spectra will show a peak absorbance value near 700nm. Using the peak 

absorbance value, the absorbance value at the isosbestic point for PSI (725nm), and the 

extinction coefficient of P700 (64mM-1cm-1), the concentration of PSI within the cuvettes 

was calculated as described below, and used to quantify the concentration of PSI within 

the collected solution: 
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𝐶𝑃𝑆𝐼,   𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑢𝑣𝑒𝑡𝑡𝑒 (𝑚𝑀) =
[𝐴𝑝𝑒𝑎𝑘−𝐴𝑖𝑠𝑜𝑏𝑒𝑠𝑡𝑖𝑐]

64 (𝑚𝑀−1 𝑐𝑚−1)×𝐿 (𝑐𝑚)
  Eq. 1 

 

𝐶𝑃𝑆𝐼,   𝑠𝑎𝑚𝑝𝑙𝑒 𝑐𝑢𝑣𝑒𝑡𝑡𝑒 = PSI Concentration in the Sample Cuvette (mM) 

𝐴𝑝𝑒𝑎𝑘 = Peak absorbance from the differential spectrum (unitless) 

𝐴𝑖𝑠𝑜𝑏𝑒𝑠𝑡𝑖𝑐 = Isosbestic point absorbance (unitless) 

𝐿 (𝑐𝑚) = Pathlength in the cuvette (cm), typically 1 cm 

 

3.2 Polyaniline 

3.2.1 Background 

 

Among the family of organic conductive polymers, Polyaniline (PANI) stands out both 

as one of the most studied, and most promising materials. While it was initially discovered 

in the late 19th century, and known as aniline black, it was roughly 80 years later that its 

potential applications were first theorized, and over the last thirty years, PANI has been a 

staple of electrochemical research. 144 While it has not demonstrated the highest 

conductive properties, PANI is preferred amongst organic conductive polymers due to its 

high stability, ease of synthesis, and the ease of control over electroactivity. Additionally, 

the aniline monomer is relatively cheap, and readily available.145 These attributes allow 

researchers to incorporate PANI into novel electrical devices, like sensors, photovoltaic 

cells, and batteries, generally as a charge transport layer, improving the electroactivity, or 

connecting other aspects of the devices.  

Aniline is composed of a benzene ring functionalized with an amino group. When 

oxidized, the resulting polymer can take on different structures, and morphologies, 

depending on the level of oxidation and most notably marked by the color 

(leucoemeraldine is usually white or colorless, emeraldine is a green/blue, and nigraniline 

can be brown).67,146 Emeraldine is produced when polymerized within an acidic 
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environment and is the only form that is conductive based on a mix of oxidation states. 

The electroactive properties of PANI are based on the delocalized electrons within the 

aromatic repeating unit backbone, providing an electrical pathway for charge carriers. 

When emeraldine is fully reduced, it becomes leucoemeraldine, and when fully oxidized, 

pernigraniline All carbons within the polymer are SP2 hybridized with electrons in 

orthogonal pi-bonds contributing to conduction.145 In theory, this should make the 

substance a semimetal like graphene, however, because the polymer chain is in one 

direction it allows for an energetically favorable relaxation to occur, leading a separation 

within the SP2 band between the filled and unfilled states.162 The nitrogen atoms between 

the phenyl rings allow for different oxidation states, which introduce different 

electrochemical properties. Undoped PANI has demonstrated conductivity of 6.28x 10-9 

S/m, though doping and changes in morphology have been shown to increase that value by 

multiple orders of magnitude.149 

Figure 3.4.  Emeraldine conformation of Polyaniline. Image taken from Feast et al 67 

Beyond PANI, the other two most prominent conductive polymers in research are 

poly(3,4-ethylenedioxythiophene)(PEDOT) and polypyrrole (PPy). All three polymers 

leverage delocalized electrons within the conjugated rings of the monomer to produce 

inherent conductivity in an oxidized state. PPy is the most similar to PANI by composition 

with a nitrogen hetero-atom incorporated within the aromatic ring and demonstrating 

similar conductive properties. The nitrogen hetero-atom within PANI is external to the 

aromatic rings. PEDOT incorporates sulfur and oxygen within a double-ringed structure. 

All three polymers have rigid backbones due to the highly conjugated chains, which result 
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in crystalline fibers with high tensile strength and low ductility. All three have similar 

electrochemical and physical properties, and in many cases are interchangeable. 

Polypyrrole has historically been used in commercial settings due to its long-term stability, 

though its applications were limited because of its poor solubility. PEDOT was developed 

in the late 1980s as an antistatic coating and is currently used in photovoltaic devices due 

to its transparency, high conductivity, and good stability in humid air. It is usually doped, 

with polystyrene sulfonate (PSS) for improved processability. 159 Some studies have 

compared these different polymers for specific applications, and while the information is 

helpful, the unique circumstances may limit how well the results translate to other 

projects. A study in 2010 used a  rigid sulfonated poly(amic acid) as a template to directly 

compare these three polymers, across multiple parameters, including reaction time, 

conductivity, and thermal stability. In this study PANI had the fastest reaction time of the 

three and the highest conductivity by several order of magnitude. PEDOT had the slowest 

reaction time, and lowest conductivity, however, annealing the polymer increased the 

conductivity five-fold, demonstrating greater thermal stability than the PANI construct, 

which lost conductivity at higher temperatures. PPy was consistently recorded between the 

other two in each metric.160 This aligns with the chemical formulas of the polymer, where 

PANI has a greater number of delocalized electrons within its aromatic rings, which may 

impact its conductivity, and PEDOT has the most rigid backbone, which would provide 

the greatest mechanical strength. A 2013 study made a similar comparison but coated the 

polymers on hollow sulfur nanoparticles for use in lithium sulfur batteries. In this study 

PEDOT was the most conductive, had the highest specific capacitance, and highest 

retention, whereas the PANI performed the worst in all three fields.161 Whether this result 

stems from the physical properties of the polymers, the shape of the substrates, or the 
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chemical make-up of the hollow spheres is unclear, however the study demonstrates how 

the best conducting polymer for a study may have more to do with the specific application 

than inherent properties of the polymer. This may explain why PANI is more widely used 

as it has the longest history in literature, and more groups are familiar with protocols for 

the polymer.   

 

Figure 3.5 Examples of the conductive polymers PEDOT, PANI, and PPy. Image Taken from Somboonsub 

et al.160 

 

In addition to conductivity, PANI has also demonstrated inherent pseudocapacitive 

behavior. During cyclic voltammetry, three redox peaks highlight transitions between 

different forms of the polymer, and the appearance of these peaks in a high background 

current indicate capacitive performance.144 Pseudocapacitance differs from electric double 

layer capacitance in that storage and discharge are not based on a separation of charge, and 

the interface between the electrode and electrolyte. Instead, pseudocapacitance, as 

observed in conductive polymers, is the result of fast reversible faradic REDOX reactions 

that involve the entire material. This property allows for greater energy density and 

capacitance.150 Literature has shown PANI electrodes can charge and discharge in the 

potential window of .8-1.0 V, which is promising for novel supercapacitors, but may 

negatively impact other applications.144 Improving the capacitance of PANI has 

predominantly been through doping and changing the morphology. When PANI is 

developed in long thin nanofibers, or with high porosity, it demonstrates a higher specific 

capacitance. 144 Unfortunately, devices made with PANI-based electrodes have 
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demonstrated structural deterioration, like swelling and shrinking, during cycling, resulting 

in poor cycling stability.151 

Polyaniline is generally polymerized in two methods: chemical oxidation and 

electropolymerization. Aniline salts are generally oxidized chemically in acidic aqueous 

solutions, with strong oxidizers, like ammonium peroxydisulfate, or I2. These reactions 

can also create side products of branched oligomers, which reduce the electroactivity of 

the polymer.67,146 These side reactions can be controlled thermodynamically and with the 

pH of the solution. Electropolymerization of PANI uses a current to drive oxidation of the 

aniline monomers in an acidic solution, growing the polymer out from the surface of the 

electrode.144,147 The mechanism for polymerization is generally accepted as an E(CE)n 

process with forming radical cations from aniline monomers being the rate-determining 

step163.  The growth of the polymer chain has been demonstrated to be self-catalyzing, 

showing that the rate of formation increases with the amount of polymer formed163. 

Changing the electropolymerization conditions, like the substrate, voltage, current, and  

scan rate, can result in different morphologies of the PANI, as well as variance in 

measured electrochemical properties.148 Chemical oxidation provides better flexibility for 

nucleation and growth during polymerization, while electropolymerization methods allow 

PANI to be grown in films directly on novel substrates, adding a conductive layer to the 

surface. Both are advantageous in the development of novel electrochemical systems, 

including photovoltaics.  

The processability of PANI is a key aspect of the promise for future advancements with 

the material. Protonated polyaniline is insoluble in organic solvents, which makes it 

difficult to use traditional polymer processes to produce pure PANI fibers,  and those that 

are produced are generally fragile163. There has been success processing PANI with 
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copolymers that add physical strength, however, as the fraction of insulating polymers 

increases, the electrochemical properties of the combined polymer decrease164-166.  

 Electrospinning has been a method of creating high surface area devices from 

conductive nanofibers, though many studies have relied on a copolymer due to the 

difficulty in electrospinning pure PANI. Others used carbon based grounding surface, 

building a carbon composite surface with the PANI nanofibers. In one study the 

electrospun PANI nanowebs produced in aqueous electrolytic solution had a measured 

capacitance of 267 F/g, current density of .35A/g, and retained 86% capacitance over 100 

cycles, all of which were improvements on PANI powder alone (208 F/g, 48%).145 This 

demonstrates the value of the electrospinning process in maximizing the electrochemical 

properties of PANI. A 2019 study combined Solgel and electrospinning to produce novel 

flexible carbon nanofibers(CNFs). PANI was then grown on the CNF via chemical 

oxidation over various lengths of time. The PANI coating improved the electrochemical 

performance of the CNF, with the greatest improvements observed with the longest 

polymerization time. SEM was used to confirm a uniform morphology of  PANI on the 

CNF. Mechanical testing showed the PANI-CNF demonstrated greater tensile strength 

than traditional CNF, though less strength than the solgel-electrospun CNF without PANI. 

This method produced electrodes with a capacitance of 234 F/g, retention of roughly 90% 

of its capacitance after  1000 cycles, energy density of 32 Whr/kg and power density of 

500W/kg.151 This study utilize the PANI as a coating and maximized its impact by 

growing the polymer directly on the CNF, maximizing coverage and surface area of the 

PANI.  
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 Doping, another method of improving the electrochemical properties of PANI, 

introduces another substance, usually ionic, during chemical oxidation that can modify the 

polymer with a specific function for a particular application. Doping in conductive 

polymers is somewhat different than in semiconductors as the process creates a charge 

island within the gap produced in the SP2 band and excludes doping limits from simple 

statistics or calculations. In general doping levels are less than one dopant per polymer 

unit.162  Metal ions are able to bond with secondary amine groups, and the anionic portion 

of the dopant will generally associate with protonated polymer to produce salts. A 2017 

study evaluated PANI nanorods doped with sulfuric acid at various molar ratios.153 The 

highest ratio of dopant to PANI produced the best electrochemical results, conductivity of 

6.65 S/CM, specific capacitance of 449.1 F/g at 1A/g, and retention of 75.15% after 1000 

cycles.153 A 2018 study used a LiCl dopant to create PANI-LiCl nanotubes, and observe 

their individual capacitance, after initial studies showed the material had a conductivity of 

25 S/cm, which represents a drastic improvement.152  

 

3.2.2 Electropolymerization 

   

Electropolymerization of polyaniline was conducted using protocols described in 

previous published works and will be further described within later chapters.120,122 In 

summary, the process is conducted using a CH Instruments 660A electrochemical 

workstation three-electrode setup, with Ag/AgCl (saturated KCl) reference electrodes, and 

a platinum mesh counter electrode. The polymerization solution is DI water, 1M aniline 

solution, hydrochloric acid (HCl, .941M) and phosphate buffer. The hydrochloric acid 

serves both to lower the pH of the electropolymerization solution, as the reaction requires 
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an acidic solution, and provide the chloride ions necessary to dope the emeraldine formed 

in the process. Polyaniline is formed on the working electrode of choice using either cyclic 

voltammetry or potentiostatic deposition.  Using cyclic voltammetry, the potential was 

cycled between -.155v and 1.2v compared to the Ag/AgCl (Sat’d KCl) reference. The scan 

rate and number of cycles are determined by the individual experiment. For potentiostatic 

deposition, the working electrode was held at 1.2v, with the length of deposition 

dependent on the experiment. 

 

Figure 3.6 SEM of PANI fibers electropolymerized on CP electrode 

 

This research leveraged electropolymerization as the primary means of producing PANI 

films. HCl was chosen as both the dopant, and agent to reduce the pH of the aqueous 

solution. The choice in dopant impacts the polymerization rate, morphology, and 

electrochemical properties of the polymer formed163. The Cl- ion was showed to produce 

smaller diameter fibrils, higher polymerization rates, and less branching of fibrils than 

other small counter ions, though the reduced branching may account for the decreased 

conductivity compared to some oxyacid163. Studies by Desilvestro and Scheifele have also 
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showed the morphology of the polymer shifts in different stages electropolymerization167. 

They suggest an induction period produces an initial dense layer of polymer with a 

globular morphology. These amorphous, and low surface area deposits demonstrate low 

conductivity, which is reflected in the reduce current observed during the polymerization. 

From there, polymerization proceeds from the globules into fibrils of roughly uniform 

diameter. The fiber continue to grow at the ends with minimal thickening of diameter, 

increasing the available surface area, and conductivity of the material. This is also 

demonstrated in the graph of polymerization, as the magnitude of current continues to 

increase as polymerization times continue. In contrast, graphing electropolymerization 

with cyclic voltammetry shows the initial sweep in the positive direction with minimal 

change in current magnitude until a steep change near .500v. With each cycle, the 

magnitudes of the peaks increase, suggesting an increase in conductivity of the 

polymer(Figure 3.7). Additionally, the oxidative peak shifts into more positive values with 

each cycle, suggesting a change in the conformation of the polymer between conductive 

and non-conductive states. This shift becomes less obvious in later cycles, suggesting that 

the confirmation change does not impact all of the deposited polymer uniformly, and an 

increased proportion of the polymer is remaining stable.  
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Figure 3.7 Electropolymerization of PANI films on carbon paper via (A) Potentiostatic and (B) 

Potentiodynamic methods 

 

3.3 Carbon Paper 

3.3.1 Background 

Commercially available carbon paper is a common material used within a variety of 

electronics, including fuel cells, redox flow batteries, sensors,  and capacitors168. The 

physical and electrochemical properties are consistent and well documented, which allows 

for many applications in research. The material is traditionally composed of 

polyacrylonitrile fibers, spun into a yarn, arrayed (organized or randomly) into sheets with 

a resin, and carbonized with heat and pressure168-170. The resulting material demonstrates 

high surface area, long and connected conductive fibers, low resistance, and a carbon 

surface that can be readily modified as required. Carbon paper demonstrates high 

mechanical strength, and scalability with a low cost compared to other electrode materials 

like precious metals or silicon wafers. Due to its application within fuel cells, and its role 

as a gas diffusion layer, the material is often coated with a 5-10% PTFE coating to make 

the material more hydrophobic. Later chapters will discuss the various methods of 

removing this layer, increasing the electroactivity of the material by increasing the 

electroactive surface area, improving electroactivity by intercalating polyatomic ions, 

introducing radicals to the carbon paper surface, and even shifting the work function of the 

material169,171,172.    

Multiple versions of Toray carbon paper were available for use within this research, 

including TGP-H-30, TGP-H-60, and TGP-H-120, in multiple size sheets. The primary 

differences between the three are the thickness, porosity, and density, with TGP-H-30 

being the thinnest with the greatest porosity, and TGP-H-120 being the thickest. 

Additionally, molded graphite laminate is a similar material derived from petroleum and 
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pressed into high surface area sheets with features comparable to carbon paper, both 

presenting predominately sp3 hybridized carbons at the surface. During this research, all 

four materials were evaluated, though to standardize reported results, TGP-H-60 was the 

primary material applied. The manufacturer reports a thickness of .19mm, density of 

.44g/cm3, and resistance of 5.8mcm in plane. 

The high surface area of the electrodes are ideal for applications needing increased 

loading within a small geometric area, and especially in conjunction with polymer films. A 

2008 paper by  Kuwahara et al modified carbon paper electrodes by electropolymerizing a 

film of the conductive polymer 3-methylthiopene and thiopene-3-acetic acid for use in a 

glucose fuel cell. Glucose oxidase was covalently immobilized on the electrode surface, 

which resulted in greater catalytic activity, and a higher rate of electron transfer173. A 2011 

paper by Yuan et al reported an improvement in biosensors, with greater sensitivity and a 

wider range of detection by loading the detector compound, tyrosinase, on the high surface 

area carbon paper electrode, rather than the standard screen printed carbon paste 

electrodes169. The applications within this research focused on the high surface area of the 

carbon paper electrode as a replacement for planar and evaporated metal electrodes within 

biohybrid photovoltaics.    
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Figure 3.8 SEM image of PEDOT:PSS electropolymerized on CP electrode. 

  

3.3.2 Electrode Preparation 

 

Preparation of the various carbon paper electrodes is described in later chapters in more 

detail and are specific to the individual experiments. In summary, the carbon paper is pre-

treated to remove the hydrophobic PTFE layer, using flame or a 15 min bath within 1M 

H2SO4. The electrodes are then cut to an appropriate size ( 3cm x 2cm or 2cm x 1cm). 

Some electrodes were masked with non-conductive adhesive to limit exposed surface area 

to a circular area or .71cm2 or 1cm2, depending on the experiment application. Due to the 

damage caused by the workstation electrode clips to the CP electrodes, conductive tags of 

either copper tape or carbon tape were added to the electrodes. 
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3.4 Other Materials 

   

Indium doped tin oxide coated glass slide, rectangular, 30-60  (Sigma Aldrich); 

Carbon Conductive tape, double coated, 12mm (Ted Pella, Inc.); 3M Copper conductive 

tape, 6.3mm (Ted Pella, inc); N,N-Dimethyl formamide (DMF, Fischer Scientific); 

Chloroform (Sigma Aldrich); Aniline (Sigma Aldrich); Titanium(IV) oxide, anatase, nano 

powder, <25nm particle size (Sigma Aldrich);Titanium (III) chloride, 20%w/v solution in 

2N Hydrochloric acid (Acros Organics);Camphor-10-sulfonic acid(Aldrich); 4,4-Dipyridyl 

(Aldrich); Ethylene glycol (Sigma Aldrich);Poly(ethylene oxide), Mv 100,000(Aldrich); 

1,10-Dibromodecane (Aldrich);Polyaniline (emeraldine salt), MW>15,000(Aldrich);Triton 

X-100(Sigma); Titanium(IV) chloride (Aldrich); Tracecert Iron standard for ICP (Sigma 

Aldrich); Hydroxyl Apatite, fast flow (EMD Milipore Corp); Water was deionized 

(18MW-cm) by an in-house purification system (Barnstead Nanopure, Thermo scientific, 

Waltham, MA) 

 

3.5 Electrochemical Techniques 

  

 Application of electrochemistry was central to this research as a  number of 

electrochemical techniques were used to both fabricate and characterize materials used 

throughout different experiments. Most techniques leveraged the CH Instruments 660A 

workstation with associate software, and a three-electrode setup. The reference electrode 

was usually silver/silver chloride (Ag/AgCl, Saturated KCl), with a platinum mesh counter 

electrode. This section serves to introduce a number of the techniques used regularly 

throughout the research, though more thorough descriptions can be found in later chapters. 
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3.5.1 Cyclic Voltammetry 

 

Cyclic voltammetry is a powerful tool used both for characterization and fabrication. 

The technique is executed within an electrochemical workstation typically within a three-

electrode set-up, with a reference, and counter electrode. The processes continuously shifts 

the potential of the working electrode between two limits, at a fixed scan rate, and records 

the resulting current174. This technique can provide critical information about the 

electrochemical processes occurring on the electrode surface and within the 

electrochemical wet cell. Non-faradaic current is generally observed within the 

background of the system and does not indicate a redox reaction. This current can be 

impacted by the concentration of electrolytes within the solution, the CV scan rate, and the 

capacitance of the  working electrode. Non-faradaic current measurements at different 

scan rates is used in this research as a tool to determine the scaling factor difference 

between electrodes of the same material, but different sizes174. Faradaic current reflects a 

redox reaction within the system and is recorded within the CV graph as a peak. The shape 

of the CV graph is defined by the faradaic peaks, with different qualities of the peaks 

providing insight on the chemical reactions within the system. The number of peaks can 

reflect the number of electrons transferred within the system, while symmetry of peaks can 

be used to determine if a reaction is reversible, quasi reversible, or irreversible. The 

magnitude of peaks can reflect the surface area of the electrode, as well as the scan rate, 

and the onset of peaks can be used to determine the redox potential of the system174. In this 

research the faradaic current peaks observed in CV were used to characterize the blocking 

layer on ITO electrodes, as well as the redox potential of a synthesized redox polymer. 
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Lastly, CV was used to provide potentiodynamic electropolymerization of conductive 

polymers directly onto electrodes. The layered growth of the polymer can be observed as 

the graph expands with each cycle, shifting the onset of the anodic peak. While there a 

many more applications associated with cyclic voltammetry, these were the tools utilized 

within this research effort.  

 

3.5.2 Amperometric i-t curves/Photochronoamperometry 

 

Photochronoamperometry (PCA) was used to measure photocurrent of the designed 

systems. This is an important metric to demonstrate performance and calculate system 

efficiency. The technique measures the current of the working electrode over time, at a 

constant potential, while the system is held in darkness, exposed to light, and held in 

darkness again. The difference between the current observed while illuminated and the 

current observed in the dark represents the photocurrent of the system (i, Amps). 

Photocurrent density (J, Acm-2) is calculated when the observed photocurrent is divided by 

the known area of the system. The direction of the change in observed current when 

illuminated is described as either cathodic (positive), or anodic (negative), and is 

associated with the work function of the electrode materials within the system. The light 

source is generally a 100mW white light, meant to represent the energy from the sun 

experienced at ground level, and is held at a fixed distance from the system. Prior to 

measuring the photocurrent, it is critical to measure the open circuit potential of the 

system, a point of equilibrium where no flow of electrons is observed. This is the potential 

set during the PCA, to ensure the performance is not biased electrochemically. The high 

surface area of the carbon paper electrodes often take longer to reach equilibrium and 
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establish the open circuit potential. This can produce a charging period during PCA prior 

to the current leveling out.  

When exposed to light, PSI drives electrons from the p700 site to the FB site, creating a 

flow of electrons, or current within the system. For electrochemical wet cells, within a 

three-electrode set-up, the current is based on diffusion of charge carriers within the 

system, donating electrons to the p700 site, and accepting electrons from the FB site. The 

process often uses a high concentration electrolyte, like 1M KCl, as increased 

concentration of electrolytes reduces non-faradaic noise within the system. Additionally, 

diffusional mediators, like the Sodium Ascorbate and 2,6-Dichlorophenolindophenol 

(DCPIP), are added to the system and are electrochemically aligned to act as donors and 

acceptors to PSI. This can increase the photocurrent by improving the efficiency of the 

flow of electrons within the system. The shape of the PCA within the electrochemical wet 

cell often includes an immediate spike in current that immediately begins to drop off and 

level out to a steady state. The behavior is indicative of a Cottrellian response where the 

photocurrent is based on diffusion174. The initial spike in current at illumination reflects 

the immediate conversion of electrons at the working electrode surface, while the decay 

demonstrates a reliance on diffusion to replenish the mediator species for continued 

conversion. Prior studies have demonstrated that conducting PCA with stirring allows the 

mediator species to be readily replaced at the protein, and the peak current sustained 

throughout illumination175. In systems where the proteins are entrapped within conductive 

polymers, the shape of current response is different, slightly building to a steady state as 

the polymer shuttles electrons to and from the proteins based on its conductivity, and not 

diffusion.      
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3.5.3 Electrochemically Active Surface Area Scaling Factor 

 

Much of the early research in this effort focuses on high surface area electrodes, 

including how to increase the surface area of CP electrodes through pretreatment, the 

impact of scaling high surface area electrodes, and comparing the performance of high 

surface area electrodes with planar electrodes of the same material and geometric size. 

This is made possible by calculating the electrochemically active surface area (ECSA) of 

the different electrodes. This process uses cyclic voltammetry at multiple scan rates and 

recording steady current values at potentials not impacted by reduction or oxidation. These 

flat current values represent charging or capacitance current, ic, and have a linear 

relationship with the scan rate of the CV,, where the product of the material double layer 

capacitance, Cdl, and the ECSA, A, are the slope174. Leveraging this relationship and 

plotting the scan rate versus the charging current for different electrodes of the same 

material, the slopes of the two lines can be used to calculate the scaling factor of ECSA 

between the two electrodes. 

 

3.5.4 Electrical Impedance Spectroscopy 

 

Electrical impedance spectroscopy is a technique that introduces alternating signals at 

multiple frequencies over time to observe the electrochemical response of the cell. The 

dielectric response of the cell is recorded as impedance and can be used to model 

impedance dependent qualities of the system like resistance and capacitance176. The results 

are general reported in a Nyquist plot, where the real and imaginary parts of impedance are 

graphed at different frequencies, and Bode Plots, where the log of the absolute value of 
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impedance is graphed with the log of frequency176. Both plots can be used to interpret 

faradaic impedance characteristics by modeling an equivalent circuit and fitting the data. 

While the values obtained through this method are effective in describing key features of 

the system, it is still an approximation and is best suited to highlight trends in multiple 

systems.  

Individual protocols used will be described in later chapters,  but in general, EIS was 

conducted using the CHI 660A Potentiostat workstation and accompanying software in a 

three electrode set-up, with a platinum mesh counter electrode, and Ag/AgCl (sat’d KCl) 

reference electrode. The initial potential was set to either the open circuit potential of the 

working electrode within the system or the E1/2 of the diffusional redox pair within the 

solution. EC Lab V10.40 was used to optimally fit the Randles circuit model to the 

impedance data (Figure 3.9). The resulting computational values for solution resistance, 

charge transfer resistance, and double layer capacitance were used to compare properties 

of different electrodes.  

 

Figure 3.9  Schematic of Randles circuit, to model the impedance behavior of the working electrode within a 

three electrode set-up, and representative Nyquist plot. Image taken from Sekar et al. 177 
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3.5.5 Linear Sweep Voltammetry 

 

A key technique in determining the performance of a solid state photovoltaic cell is 

linear sweep voltammetry. This method measures the current at the working electrode as 

the potential is continuously shifted in a more positive or negative direction. This provides 

key statistics like the open circuit potential, Voc, the potential where current is zero, and 

the short circuit current density, Jsc, which is the largest current that can be drawn from the 

cell and is measured where potential is zero. Additionally, the curve of the linear sweep 

voltammetry graph shows the maximum power point, the value where the product of 

current and potential are greatest. Efficiency of the cell, h, is derived from the product of 

current and potential at the maximum power point, divided by the power from the light 

source. Using the Voc, Jsc, and the values of potential and photocurrent at the maximum 

power point, you are able determine the fill factor of the cell(Figure 3.10). 

The technique uses a standard CHI 660 potentiostat workstation with associated 

software. The anode of the solid-state device is attached to the working electrode lead, and 

the cathode attached to the counter electrode lead. The reference electrode lead is attached 

to the counter electrode lead, ensuring the potential measured is the potential difference 

between the cathode and anode of the solid state device. In this research, the technique is 

run in either a negative or positive direction between -.5v and .5v, at a typically slow scan 

rate (100mv/s), both in the dark and under illumination.  
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Figure 3.10 Representative i-V curve produce from LSV showing Jsc, Voc, MPP, and the equations to find 

both fill factor and PCE 

  



56  

CHAPTER 4 

 

 

Applications of Carbon Paper Electrodes in Biohybrid Photovoltaics 

 

 

This chapter explores the application of Carbon Paper Electrodes (CPE) as the substrate 

for a PSI based photochemical electric cell. This work builds upon previous efforts within 

our group which used allotropes of carbon as the substrate for PSI based systems, as well 

as research that used electropolymerization of polyaniline to entrap PSI within an active 

layer directly onto the substrate. These efforts aimed to demonstrate the feasibility of 

adding a low cost, scalable, and high surface area substrates like carbon paper to PSI based 

systems and evaluate the impact of this substrate on system performance. This research 

was conducted with help of Dr. Chris Stachurski, Elisabeth Woods, Kyle Lira, Pamela Joy 

Tabaquin, and Dr. Nsoki Phambu of Tennessee State University. Portions of the research 

were prepared for publication within the peer reviewed journal ChemSusChem, and also 

appear in portions of the dissertation of Dr Christopher Stachurski. Dr Stachurski and I 

appear as co-authors for equal contribution to the research and manuscript. 

4.1 Introduction 

 

The demand for novel alternative energy solutions has driven increased focus on 

improving photovoltaic devices.  Photosynthesis remains the most efficient process of 

converting solar radiation into usable energy, and since the 1980’s has inspired research 

into plant-based biohybrid photovoltaic devices122,178. Photosystem I (PSI) is a 

transmembrane protein found within the chloroplast, specifically the thylakoid stacks, of 

plants, algae, and cyanobacteria, and plays a critical role within photosynthesis as an 

efficient photodiode. The roughly 500 kDa protein is primarily composed of a large array 
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of chlorophylls, pigments related to reduced poryphins with a magnesium complex, that  

surround an electron-transport chain which begins at a chlorophyll dimer at the center of 

the protein denoted as P700, travels through a series of Phylloquinone mediators, and 

terminates at an Iron-sulfur complex known as FB. The protein absorbs solar energy within 

the array of chlorophylls, which excites electrons at the P700 site, through the transport 

chain. At FB, electrons are transferred with energy of -3.9 eV compared to vacuum81,88.   

In order to utilize PSI’s unique photoelectric properties, biohybrid electrodes capable of 

both mediated and direct electron transfer have been fabricated using diffusible aqueous 

mediators or direct protein immobilization on charge transport layers, respectively127,179-

183. The efficacy of the resulting devices depends both on the overlap of material work 

functions or redox potentials, and the connections between the protein and the charge 

transfer layers. Our lab has previously created self-assembled monolayers of PSI directly 

on precious metal electrodes like gold and silver, demonstrating improved performance 

with different materials, layer thickness, and method of deposition120,122. More recent 

efforts have incorporated conductive polymers, like polyaniline (PANI) and poly 3,4-

ethylenedioxythiopene/polystyrene sulfonic acid (PEDOT/PSS), to serve as a charge 

transfer layer for the protein with and without the use of a liquid mediator. The polymers 

provide a three-dimensional framework to entangle the protein, increasing light adsorption 

and PSI loading, while also serving to preserve the protiens120,122. These systems have 

shown improvement over earlier designs but can be limited based on the surface material 

of the electrodes, the thickness of the polymer layers, and the interfaces between materials 

within the cells. The ideal thickness of the active layer in these devices must balance 

optical density, which maximizes the photons absorbed by the PSI, and the physical 

distance to the cathode, which can limit carrier diffusion efficiency and reduce current 
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density in some designs122.   

Carbon in various forms has been used as an electrode material in numerous types of 

electrochemical devices, including fuel cells, sensors, and capacitors. Pyrolytic carbon was 

used as an electrode material in early biohybrid photovoltaic devices and PSI monolayers 

have been successfully assembled on both graphene and reduced graphene oxide.103,184-185 

Recent studies have investigated carbon materials as alternatives to inorganic electrodes in 

PSI biohybrid solar cells. Carbon materials exhibit high conductivities, diverse 

morphologies, and increased affordability over metal-based substrates promoting their 

rapid incorporation into biohybrid energy applications. Many carbon allotropes are also 

amenable to upscaling alongside PSI as a means of device enhancement. Gunther et al. 

demonstrated how graphene could interface with monolayers of PSI for sustained anodic 

photocurrent production in the presence of diffusible chemical mediators103. Darby et al. 

expanded upon this work by substituting in reduced graphene oxide to facilitate higher 

amounts of PSI loading and lead to upwards of 5 µA cm-2 of observed photocurrent185. 

Beyond planar allotropes of carbon, Ciornii et al. utilized multiwalled carbon nanotubes as 

a scaffold for PSI immobilization through the use of the redox protein cytochrome C (cyt 

C) to produce up to 18 µA cm-2 at biased electrodes186. More recently, Morlock et al. 

created three-dimensional structures of reduced graphene oxide capable of similar cyt C-

assisted immobilization of PSI, leading to high photocurrents (14 µA cm-2) and high rates 

of protein turnover (30 e- PSI-1 s-1)187. Despite these successes, past uses of carbon 

allotropes in PSI biohybrid devices are often layered on conventional electrodes, such as 

gold or glassy carbon, restricting the benefits of affordable, sustainable, and scalable 

carbon materials. Some devices replace electrode materials with insulating supports, 

however additional processing steps serve as barriers to upscaling.  
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Carbon paper (CP) is a promising affordable electrode candidate for biohybrid 

photoelectrochemical cells due to inherently high surface area and conductivity. 

Commercially available carbon paper is composed of polyacrylonitrile fibers that have 

been arranged into sheets and carbonized with heat or chemicals. This material has been 

used extensively within fuels cells, capacitors, catalyst and photovoltaic devices, with 

consistent and characterized electrochemical properties.79,173,188-194 Desirable attributes like 

high conductivity, minimal corrosion, and high mechanical strength make the substance 

ideal for certain applications. Past work by Rasmussen et al. demonstrated how CP has 

been employed as an electrode in whole thylakoid devices capable of highly sensitive 

herbicide detection using spinach-extracted thylakoids195. The high surface area of CP 

substrates makes them promising candidates for PSI-polymer composites prepared using 

electropolymerization. Protein-polymer composites have demonstrated improved 

structural and photoelectrochemical performance despite lower-than-average quantities of 

protein due to favorable interactions between the conducting polymer and terminal 

reaction centers of PSI. Robinson et al. successfully encapsulated PSI multilayers within a 

vapor-phase polymerized PEDOT scaffold which produced high-activity composite films 

resistant to delamination123. Gizzie et al. employed a solution of PSI and aniline monomer 

to rapidly grow photoactive films on planar gold electrodes, showing that the entrapped 

PSI outperformed more dense multilayers prepared in the absence of polyaniline 

(PANI)122, yet planar electrodes have shown limitations in electropolymerization processes 

as diminishing returns are observed beyond critical film thicknesses. These limiting factors 

can be overcome by using three-dimensional electrodes that offer significantly higher 

electrode surface areas per geometric area, which enables significantly more 

electropolymerization before desorption limits any additional growth.  
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In this work, PSI is interfaced with CP electrodes either through physical adsorption or 

entrapment in conducting polymers formed in situ. Following preconditioning, the treated 

CP electrodes exhibit much improved hydrophilicity, which in turn increases the electrode 

surface area and leads to the formation of dense electroactive films. The prepared PSI or 

PSI-polymer films are assembled by using different procedures and tested in the presence 

of multiple chemical mediators to identify the optimal conditions for devices of this 

nature. Optimal devices generated up to 220 nA cm-2 of anodic photocurrent density 

governed by diffusion limited pathways rather than kinetic limitations at the electrode. 

Additionally, PANI and PSI were electropolymerized on planar gold, high surface area 

gold , and carbon paper electrodes to compare photocurrent density, polymer morphology, 

and protein entrapment in order to better demonstrate the impact of the high surface area 

electrodes on device performance. The composition and preparation of CP-based 

bioelectrodes prepared in this study opens the door to rapidly scalable device assembly 

unhindered by the limitations tied to systems based on inorganic materials and can lead to 

truly sustainable sources of renewable energy. 

 

4.2 Materials and Methods 

 

Toray Carbon Paper-060 was purchased from the Fuel Cell Store (fuelcellstore.com) in 

20 cm x 20 cm sheets. The carbon paper sheets were covered with a standard 5% weight wet 

proofing layer of Teflon. Sheets were 0.19 mm thick, with a porosity of 78% and a resistivity 

of 80 mΩ cm through the plane as reported by the manufacturer. Hydrochloric acid, sulfuric 

acid, sodium phosphate monobasic, potassium chloride (Fisher Scientific), 3,4-

ethylenedioxythiophene (EDOT), poly(sodium 4-styrenesulfonate) (PSS), aniline, 
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ruthenium hexamine trichloride (RuHex), ferricyanide, ferrocyanide, methyl viologen 

dichloride (MV), sodium ascorbate, 2,6-dichlorophenolindophenol (DCPIP), 2,3-

dimethoxy-5-methyl-p-benzoquinone (ubiquinone-0), triton X-100 (Sigma Aldrich) were 

procured and used as received. All deionized water (DI-water) was purified in-house 

(Millipore, 18 MΩ cm). Locally procured organic baby spinach from  was used as the source 

of PSI for all experiments.  

4.2.1 PSI extraction  

The method used to extract PSI has been previously described and is based on the 

protocols developed by Reeves and Hall139. Fresh spinach was macerated in buffer to 

separate thylakoids from the rest of the leaves. After isolating the thylakoids from the 

remaining cell debris, Triton X-100 surfactant was added to release PSI from the membrane. 

The samples were once again centrifuged, and loaded through a hydroxyapatite column, 

trapping the PSI protein complex. The column was washed with a buffer solution to release 

the PSI protein under high salt buffers. Samples were then stored in 2 mL aliquots at -80° C 

and dialyzed to remove surfactants and salts prior to use within experiments. PSI aliquots 

were measured to be 1 µM in concentration following quantification with Baba’s assay.  

4.2.2 Electrode Preparation  

Toray carbon paper-060 was cut into rectangular electrodes, approximately 3cm x 2cm. 

A tag of adhesive copper tape, 3 cm in length was attached to one side of the electrode and 

used for electrical contact. The electrode was then covered with a PortHole inert 

electrochemical mask (Gamry Instruments) leaving a circular exposed area of 0.71 cm2. 

Electrodes pretreated with acid were briefly wetted with ethanol, then submerged in 0.1 M 

sulfuric acid for 5 min. Samples were rinsed with DI-water and allowed to dry. Additional 
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CP electrodes were subjected to flame treatment instead, consisting of 5s exposures to an 

open flame, followed by a DI-water rinse and masking analogous to the previously discussed 

samples. Gold electrodes were produced in an Angstrom Amod combined e-beam resistive 

and sputter deposition chamber via electron-beam physical vapor deposition of titanium 

(10nm adhesion layer) and gold (120nm) onto a standard silicon wafer (<100> orientation, 

University Wafer). The wafer was cut into 2cm x 2cm electrodes and covered with masking 

tape on the gold, leaving a circular exposed area 0.71cm2. High surface area gold electrodes 

were prepared by evaporating a chromium adhesion layer (10nm) and gold (125nm) directly 

onto flame-treated, pre-cut CP electrodes, at a rate of .2nm/s in a diffusion pumped chamber 

at a base pressure of 4x10-6 Torr. 

4.2.3 Electrochemical Measurements 

All electronic measurements were conducted using a CH Instruments 660A 

electrochemical workstation using a three-electrode setup with either modified carbon paper 

or gold working electrode, a platinum mesh counter electrode and an Ag/AgCl (sat’d KCl) 

reference electrode. Cyclical voltammograms (CVs) of 2mM RuHex and ferri/ferrocyanide 

in electrolyte solution consisting of 1M KCl were obtained using CP electrodes subjected to 

different treatment methods as the working electrode.  

Electropolymerization of polymer or polymer-PSI composites were prepared using a 

protocol modified from previous works. For poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) and PEDOT-PSI films, a monomer stock solution containing 0.01 

M EDOT, and 0.1 M PSS were combined with a 0.02 M phosphate buffer containing 0.001% 

wt. Triton X-100 with or without PSI. The two solutions, denoted as solution A (EDOT & 

PSS) and solution B (eluted PSI or phosphate buffer) were combined 4:1 volumetrically 
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unless otherwise specified. Films were polymerized either potentiostatically at +1.2 V (vs. 

Ag/AgCl) for varied times or by cycling the working electrode potential between 0 and +1.3 

V at a scan rate of 0.1 V s-1 for varied numbers of cycles. 

  Photochronoamperometry (PCA) was performed under applied potentials matching the 

open circuit potential in either pure electrolyte or mediator solutions containing 2 mM 

RuHex, 2 mM MV, 5 mM sodium ascorbate/250 μM DCPIP, or 2mM ubiquinone in 1 M 

KCl unless otherwise specified. During photocurrent measurements, electrodes were held in 

the dark for 40 s before illumination using a 100 mW cm-2 light source (KL 2500 LCD, 

Micro Optical Solutions, Newburyport, MA) with 20 s followed by another 40 s of darkness. 

Electrochemical impedance spectroscopy (EIS) was performed in a solution containing 2 

mM RuHex and 1 M KCl using a three-electrode configuration as described above. The 

potential was oscillated 10 mV above and below the measured OCP (usually around -0.112 

V vs Ag/AgCl) from 10,000 Hz to 0.01 Hz. The relevant values were obtained from the 

resulting data by fitting with a Randles equivalent circuit using EC-Lab software v10.40.  

4.2.4 Additional Instrumentation 

Scanning electron microscopy of the samples was conducted using a Zeiss Merlin system 

with a GEMINI II column using a 2 keV accelerating voltage at a working distance of 5 

mm, with an InLens secondary electron detector. 

All contact angle measurements were made using a Rame-Hart goniometer. A static 1 µL 

drop of deionized water was added to each sample and the contact angle was measured at 

one side of the drop. Triplicate samples were measured for each reported condition and the 

average contact angle with standard deviation is reported.   
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Raman measurements were conducted on a Thermo Scientific DXR confocal Raman 

microscope. All measurement were made using a 532 nm laser under normal operation 

parameters. 

Quantification of protein entrapped within electropolymerized PANI on both planar gold 

and CP electrodes was conducted using a PerkinElmer Optima 7000 inductively coupled 

plasma optical emission spectrometer(ICP-OES), calibrated for iron emission at 238.204 

nm. For quantification, a five-point calibration was constructed from Fe standards (SPEX 

CertiPrep) at 0, 10, 20, 35, and 50 ppb in 5% nitric Acid. Both planar gold and CP electrodes, 

with 1cm2 of exposed surface area, were prepared and electropolymerized as described 

above with 1M eluted PSI solution for either 45, 90, or 180s. Additional films were 

prepared without PSI as controls. Films were then digested with minimal concentrated nitric 

acid (Fisher, TraceMetal Grade) and diluted to 5% nitric acid with DI water.  

4.3 Results and Discussion 

 

4.3.1 Pre-treatment of CP Electrodes 

 
Figure S1. SEM images of carbon paper before (A) and after (B) flame treatment by exposure to a  Bunsen 

burner for ~5 s. 

 

Many carbon paper substrates are prepared for applications as gas permeation membranes 

and, as such, often come pretreated with a polytetrafluoroethylene (PTFE) coating. This 
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PTFE coating fortifies the CP materials against tear and does not detract from the material’s 

superior conductivity. As a result of this treatment, however, CP surfaces often express 

hydrophobic or superhydrophobic properties, making them incompatible with aqueous 

electrochemical systems, including PSI-containing solutions. To prepare the electrodes for 

use in PSI biohybrid devices, CP substrates were pretreated by either chemical oxidation 

using sulfuric acid or flame treated using a Bunsen burner prior to use in electrochemical 

applications. By first wetting the substrate with ethanol followed by a brief (5 min) exposure 

to sulfuric acid, the wettability of the CP substrate was significantly enhanced as shown by 

the change in contact angle from 122 +/- 4° to 24 +/- 2° (Figure 4.2). More extreme surface 

modification was achieved through flame treatment and the resulting substrate (FT-CP) was 

fully wettable ( < 5°) posing no barrier to interaction with PSI-containing solutions. 

 

Figure 4.2. (A) Schematic of the oxidative treatment process used on CP substrates. Substrates were first cut 
to the desired dimensions. Samples to be acid treated were masked first followed by submerging the exposed 
surface area to a 1.0 M solution of H2SO4. (B) Following treatment CP surfaces exhibited superior 
hydrophilicity as compared to their untreated counterparts. 
 
 

This improved hydrophilicity is attributed to simultaneously increasing the physical 

roughness of CP fibers, as evident in SEM images pre and post-treatment (Figure 4.1), 
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removing the PTFE coating, and increasing functionalized sp3 carbon as evidenced in the 

resulting Raman spectra (Figure 4.3). Over the two treatment methods applied to CP 

substrates, the ratio of the D-band (~1356 cm-1) to the G-band (~1585 cm-1), comprising of 

signal from sp3 and sp2 carbon, respectively, increased from 0.13 (CP) to 0.60 (FT-CP). An 

increase in sp3 hybridized carbon at the electrode surface suggests a more polarity, and in 

turn, an increasingly hydrophilic substrate. This finding is consistent with the results Choi 

et al., who sonicated commercial carbon paper in a mixture of concentrated sulfuric and 

nitric acid to improve the adhesion of polyaniline (PANI) polymerized from aqueous 

solutions196.  

 
 
Figure 4.3. Raman Spectra of Untreated CP and FT-CP electrodes. The resulting Raman spectra for untreated 

CP and flame treated CP electrodes. Following flame treatment, the ID/IG increases from 0.13 to 0.60 

representing an increase in sp3 functionalized carbon at the substrate surface. 

 

Electrochemical characterization was used to measure changes in the electroactive 

surface area, likely a result of improved CP hydrophilicity following surface pretreatment. 

Cyclic voltammograms of CP substrates treated using different methods show increased 

faradaic and non-faradaic current responses over those without any form of modification. 
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Increased faradaic responses at CP electrodes that underwent more intense pretreatment 

demonstrate superior electroactive surface areas when compared to untreated CP or planar 

glassy carbon (Figure 4.4). 

 

 

Figure 4.4. Cyclic voltammograms at 100 mVs-1 of untreated CP, acid treated CP (treated with 1M H2SO4 for 

60 min), flame-treated CP, and a bare glassy carbon electrode in the presence of 2 mM RuHex and 1 M KCl 

mediator solution. 

 

Peak currents (Ip) for the FT-CP increased by factors of six and nine for the observed 

oxidation and three and eleven for the observed reduction reaction, with respect to untreated 

CP and glassy carbon controls. These results, in conjunction with the observed increase in 

hydrophilicity, suggest that the applied treatment methods allow more of the available 

surface area of the CP substrates to be accessed by aqueous solutions, promoting their use 

in energy or sensing applications, including use with PSI-based systems.  

 As with the development of porous metal or semiconducting electrodes, the impact of 

porosity on electrochemical behavior can often obscure surface area-driven electrochemical 

measurements. Measuring changes in the capacitive behavior of the electrode can assist in 

characterizing changes to the electrochemically active surface area (ECSA) of a porous 
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material. By plotting the increase in non-faradaic current at varying scan rates, the specific 

capacitance (F cm-2) for the electrode can be obtained and compared to determine changes 

in surface area between electrodes of similar composition, assuming the treatment does not 

significantly alter the double-layer capacitance of the material.  Flame treatment of the CP 

substrate resulted in a change to specific capacitance two orders of magnitude greater than 

Acid-treated CP, and nearly 170 times that of untreated CP. These results align with the 

surface area enhancement trends observed through faradaic current-based processes.  

As it stands untreated CP remains largely inaccessible to aqueous solutions detracting 

from its application in PSI-based biohybrid devices. Through simple and rapid pretreatment 

methods, CP electrodes can easily be converted into a usable, high surface area substrate in 

biohybrid solar energy conversion, serving as a metal-free alternative in energy harvesting 

applications. The superior wettability, hybridization, electroactive surface area,  and 

minimal pretreatment requirements of FT-CP made it the modification method of choice 

over AT-CP and untreated CP for this work. 

 

4.3.2 PSI Multilayers on Carbon Paper Substrates 

 

In order to demonstrate the viability of CP substrates in PSI-based photoelectrochemical 

devices, electrodes were coated with varying amounts of PSI using vacuum-assisted 

deposition, a common method for loading PSI or other biological species onto electrode 

surfaces. The resulting photocurrents produced within electrochemical wet cells of 

multilayered devices were anodic regardless of the diffusional mediator species used within 

the system (Figure 4.5A). 
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Figure 4.5. (A) Steady state photocurrent densities of control and PSI multilayers on FT-CP in the presence 

of various mediators (n = 4). Average photocurrent densities are represented by a solid dash. (B) The resulting 

photocurrent behavior of PSI multilayers under different deposition amounts in the presence of a 2 mM 

ubiquinone mediator.  

 

The chosen mediators preferentially accept photoexcited electrons from the stromal FB
- 

reaction center which leads to excess buildup of reduced species at the working electrode. 

Anodic photocurrent is realized when the reduced mediator species is sequentially oxidized 

at the underlying electrode. Of the mediators tested ubiquinone and RuHex showed the best 

improvement in photocurrent density, which is attributed to greater overpotentials versus 

the FB reaction center of PSI when compared to methyl viologen. While RuHex exhibits the 

greatest overpotential with respect to FB
-, ubiquinone undergoes a two-electron transfer and 

has been well characterized as an electron acceptor from photosynthetic protein complexes 

pointing to its overall higher performance.  

Inherent photoactivity was observed at FT-CP control devices; however, the magnitude of 

this current was negligible (< 5 nA cm-2) compared to the photocurrent densities produced 
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with PSI-modified electrodes. The shapes of the current profile exhibit time-dependent 

Cottrellian decay, indicating similar behavior of PSI on carbon fiber electrodes to 

multilayers assembled on conventional inorganic electrodes (Figure 4.5B). Furthermore, the 

time-dependent decay indicates diffusion-limited pathways are responsible for the sustained 

photocurrent, which directly benefit from increased electrode surface areas. Overall, PSI-

modified carbon paper electrodes produced significantly higher photocurrent densities than 

unmodified CP substrates. When mediated with ubiquinone, the mean photocurrent density 

was 0.11 µA cm-2, a 15-fold enhancement over bare FT-CP (0.007 µA cm-2). These results 

validate adequately treated CP substrates as suitable electrodes for PSI, expanding what had 

previously been achieved using whole thylakoid systems.  

 

4.3.3 Rapid Immobilization of PSI on CP Substrates Through Electropolymerization  

  

In order to take advantage of the high surface area of treated CP substrates in PSI-

immobilization, electropolymerization was used to entrap PSI within a conducting polymer 

scaffold formed in situ. As a result of their electrochemical growth, polymers used in 

electropolymerization are often inherently conductive, making them favorable for use in 

solar cells or other energy-related applications. Beyond PSI entrapment for solar energy 

conversion, this technique is also useful for the immobilization of enzymes and other 

sustainable components useful for sensing, energy production, and fuel generation.  

 To successfully entrap PSI in a conductive, electrochemically polymerized layer on CP 

or treated CP substrates, all components must first be combined and exposed to sufficient 

electrical potential needed to drive polymerization. The conductive polymer poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was chosen for its optical 
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transparency, low inherent photoactivity, and previously demonstrated success when used 

in PSI-based devices. In order to verify the occurrence of electropolymerization at the CP 

surface, substrates subjected to different treatment methods were exposed to both control 

and monomer-containing solutions and held at a constant potential of +1.2 V (vs Ag/AgCl). 

The resulting charge transferred to the solution was compared to evaluate the extent of 

polymerization (Table 4.1). 

Table 1. Mean charge delivered (mC) during a 40 s hold of fixed potential +1.2 V (vs Ag/AgCl) in the absence 

and presence of EDOT:PSS and PSI (n = 3). [a] Control electrodes prepared by following 

electropolymerization protocol in phosphate buffer only. 

 

 

 

Carbon paper electrodes produced higher net charges in runs containing EDOT and PSS 

when compared to exposure to a control solution of pure electrolyte (Table 4.1), indicating 

the occurrence of new faradaic processes tied to polymer formation. FT-CP consumed a 19-

fold higher net charge over untreated CP indicating more extensive polymerization at 

hydrophilic surfaces. SEM images also confirm the more liberal growth of polymer off 

treated CP surfaces as compared to unmodified carbon paper. When polymerized in the 

presence of PSI, the total charge passed during polymerization remained largely unchanged, 

suggesting the presence of PSI protein did not significantly impede the growth of 

PEDOT:PSS. 

 Control[a] PEDOT: PSS PEDOT: PSS + PSI 

CP -0.18 ± 0.06 -0.68 ± 0.08 -0.49 ± 0.50 

FT-CP -3.4 ± 0.1 -13 ± 2 -9.8 ± 0.8 
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 Protein films were formed using an electropolymerization solution composed of a 1:4 

ratio of precursor solution (0.01 M EDOT and 0.1 M PSS) to extracted PSI solution, with 

control films substituting unmodified elution buffer for PSI extract. Higher ratios of PSI to 

monomer than what have been used previously on planar electrodes were necessary to 

improve protein loading in the rapidly forming films due to higher surface area at treated 

carbon surfaces. Devices were tested in mediator solutions of 1 M KCl electrolyte. High 

electrolyte concentrations were used to improve the overall performance of the devices, as 

lower concentrations of KCl can lead to drifting dark photocurrents (Idark). The drifting Idark 

most likely stems from the high charging current associated with these high surface area, 

highly capacitive materials and should be accounted for when applying these materials to 

electrochemical systems.  

Across the mediators tested, PSI-polymer films produced anodic photocurrent, similar to 

the results observed with vacuum deposited protein. Photocurrent densities were calculated 

by taking the difference between average light photocurrent densities (Jlight) and dark 

photocurrent densities (Jdark) before and after light exposure. Across most mediators, 

composites containing PSI outperformed PEDOT:PSS films devices fabricated on flame 

treated CP (Figure 4.6). 
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Figure 4.6. Photocurrent densities of composites formed on flame-treated CP substrates under potentiostatic 

conditions of +1.2 V for 40s in 1 M KCl with no mediator, 2mM MV, 2 mM RuHex, 2 mM ubiquinone (n = 

3). Average photocurrent density values are represented by a solid dash.  

 

The best performance was achieved in pure electrolyte solution, suggesting dissolved 

oxygen is effective at shuttling charge from the composite films to the underlying carbon 

electrode, with PSI-containing devices exhibiting a 7-fold increase in current density (-12 

nA cm-2 vs -87 nA cm-2). Relying on dissolved oxygen is not ideal for sustained photocurrent 

generation, however, as the formation of reactive oxygen species (ROS) can lead to protein 

and polymer degradation. The next best performance was observed in the presence of 

ubiquinone. Ubiquinone and other quinone derivatives are known to be natural electron 

acceptors in aerobic photosynthesis making them suitable candidates for PSI-based 

biohybrid devices.  

 In order to optimize the PEDOT:PSS-PSI composites prepared, alternative 

electropolymerization conditions were tested in order to maximize polymer growth and  PSI 

intercalation. Using the same 1:4 ratio of monomer solution to PSI solution, increased 

polymerization times were tested at a constant +1.2 V (vs Ag/AgCl). As expected, the charge 

consumed and as such PEDOT:PSS grown increased proportionally with the polymerization 

time (Table 4.2); however, the photocurrent density barely increased (Figure 4.7).  

Table 2. Mean charge delivered (mC) under different polymer growth conditions. PEDOT:PSS growth was 

achieved with either a set number of cycles between 0 and +1.3 V (vs Ag/AgCl) or for a set length of time at 

+1.2 V (vs Ag/AgCl) in the presence of PSI (n = 3).  

 

 

 15 Cycles 30 Cycles 50 Cycles 40 s  80 s  

Polymer -39 ± 2 -69 ± 18 -98 ± 27 -16 ± 2 -35 ± 4 

Polymer: 

PSI 

-75 ± 30 -99 ± 25 -133 ± 21 -22 ± 1 -44 ± 1 
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Additionally, a potential sweep-based polymerization method (0 to +1.3 V vs Ag/AgCl 

potential window) was used in which the electrode was cycled between periods of 

electropolymerization (+0.9 to +1.3 V vs Ag/AgCl) and rest (+0.9 to 0.0 V vs Ag/AgCl). 

Under potential sweep electropolymerization, the quantity of polymer grown can be 

correlated to the number of growth-rest cycles performed, albeit with higher degrees of 

variance (Table 4.2). 

The photoactivity of PEDOT:PSS controls prepared using a cycled potential method was 

higher than the photocurrent densities of films grown under potentiostatic conditions despite 

similar quantities of consumed charge during polymerization (Figure 4.7). Upon addition of 

PSI into the films, photocurrent densities of composites prepared using the cycled potential 

technique further increased well above the currents seen under potentiostatic growth. 

Increasing the number of cycles further improved the photoactivity and the deviation 

between devices. Ultimately, devices subjected to 50 potential sweep cycles produced the 

highest photocurrent densities (-196 nA cm2), nearly a 4-fold increase over PSI-

PEDOT:PSS films prepared under an 80 s potential hold (-53 nA cm2) (Figure 4.7). The 

photocurrent density from these films also surpassed what was achieved with PSI 

multilayers prepared using vacuum-assisted deposition warranting the use of 

electropolymerization as a rapid, accessible method to prepare bioelectrodes. 
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Figure 4.7. Photocurrent densities of PEDOT and PEDOT-PSI composites on FT-CP. Composites were 

formed either using a potential sweep method (100 mV s-1 scan rate from 0 V to +1.3 V for 15, 30, or 50 

cycles) or potentiostatic conditions at varying times. All films were tested with a 2 mM ubiquinone/1 M KCl. 

Average photocurrent density values for the plotted device performances are represented by a solid dash. 

 

PEDOT:PSS preparation using cyclic voltammetry seemed to have a more pronounced 

impact on the quality of protein-polymer composite. For one, the net charge consumed under 

potential sweep polymerization was greater than what was seen under potentiostatic growth, 

indicating higher densities of polymer at the electrode surface (Table 4.2). The photocurrent 

densities also surpassed what is expected solely based on the higher degree of 

polymerization, as evidenced between the electrodes prepared with 50 potential sweep 

cycles and those prepared under an 80 s potential hold. Whereas the charge consumed during 

electropolymerization increased by a factor of 3 for the two conditions, photocurrent 

densities increased nearly 4-fold, suggesting further enhancement of the produced 

composites. Cycling the applied potential during electropolymerization likely aids in 

replenishing protein and monomer at the growing electrode, improving device performance 

as seem with other bioelectrodes prepared in a similar manner.  
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The photocurrent densities obtained at FT-CP substrates are comparable to PSI 

multilayers assembled on graphene and graphene oxide coated substrates; however, the 

methods proposed in this study can be more readily applied in large scale device assembly 

applications and are better suited for distributable energy production. Furthermore, the 

photocurrent enhancement factor is greater than the observed increase in charge consumed 

during polymer growth. Additional factors such as increased protein loading likely 

contribute to photocurrent enhancement beyond increased polymer growth under dynamic 

polymerization conditions promoting their use in bioelectrode preparation. In conclusion, 

carbon paper substrates open the door to disposable, affordable, metal-free bioelectrodes 

capable of scalable solar energy conversion.  These results support the surface area 

enhancement trends observed through faradaic current-based processes. As it stands 

untreated CP remains largely inaccessible to aqueous solutions detracting from its 

application in PSI-based biohybrid devices. Through simple and rapid pretreatment 

methods, CP electrodes can easily be converted into a usable, high surface area substrate 

in biohybrid solar energy conversion, serving as a metal-free alternative in energy 

harvesting applications.  

 

4.3.4 Planar gold vs CP electrodes 

 To better determine the performance of CP electrodes in PSI based systems, additional 

experiments were conducted using planar gold electrodes as controls. Planar gold 

electrodes were used in previous studies as the substrate for electropolymerized PANI/PSI 

films. While this previous study demonstrated an advantage over devices composed of PSI 

multilayers, it did highlight limitations to the design. PANI electropolymerized onto gold 

electrodes with PSI had a greater photocurrent density than control gold electrodes with 
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the same polymerization times without PSI. In that study, the major difference was not 

observed until 40s of polymerization122. Further, that study showed the thickness of the 

PANI films increased linearly for the first 10-40s, prior to reaching a terminal thickness of 

200nm, due in part to the concentration of surfactant and monomer within solution122.  

In this study, planar gold and CP electrodes were prepared with and without PSI using 

potentiostatic deposition for 45  or 180s The CP electrodes produced greater photocurrent 

compared to gold electrodes under each condition.  Photocurrent increased as 

polymerization time increased, in samples with and without PSI, further demonstrating the 

photoactive properties of PANI alone. This also suggest that increased polymerization 

time resulted in increased deposition of PANI on the carbon paper. Additionally, while the 

photocurrent produced by Au/PANI electrodes increased while extending polymerization 

time from 45s to 180s, Au/PANI/PSI electrodes demonstrated lower photocurrents than 

the electrodes without PSI, given the same polymerization time. This can be attributed to a 

reduced amount of PANI polymerized and a low concentration of PSI. This trend is in 

contrast with CP samples, which showed increased improvement in photocurrents from 

CP/PANI/PSI electrodes over CP/PANI electrodes as polymerization time 

increased(Figure 4.8). 
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Figure 4.8 Photocurrent Density of planar gold and CP electrodes with PANI/PSI or PANI only films.  

 

CP electrodes, with and without PSI, produced greater photocurrent density than planar 

gold controls, in part due to the photo response of PANI. The current experiment did not 

observe a terminal thickness of the active layer on the carbon paper electrode, nor did it 

observe a tradeoff between increased thickness and photocurrent. The porosity and 

inherent roughness of the CP electrodes did not allow for standard profilometry to observe 

the thickness of the PANI layers on the CP electrodes. Instead, this study integrated the 

polymerization current-time curve in order to compare the total charge delivered, which 

corresponds to the amount of aniline monomer polymerized. While this method did not 

account for PANI polymerized in solution and not adhered to the electrode, the greater 

amplitude of current at constant potential resulted in increased charge delivered during 

polymerization and increased photocurrent density in both gold and CP electrodes (Figure 

4.9). Comparing the charge delivered during polymerization of PANI produced trends 

similar to those observed with PCA of the same electrodes, suggesting if the high surface 
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area electrodes did have a terminal thickness, it is beyond the limits of this experiment.  

 

Figure 4.9  Charge delivered during potentiostatic electropolymerization of PANI onto CP electrodes at 22s, 
45s, 90s, and 120s. 

 

Further, this experiment quantified the PSI protein entrapped within the PANI films on 

both CP and planar gold electrodes, at different polymerization times using ICP-OES. 

Ideally, each PSI protein includes 12 iron atoms corresponding to the three Iron-sulfur 

complexes at the terminal end of the electron transport chain. Comparing the concentration 

of trace iron within the dissolved films allows comparison of the quantity of entrapped 

protein(Figure 4.10). Under each time conditions, the concentration of PSI within PANI 

films on CP electrodes was significantly greater than what was observed on planar gold. 

The concentration of protein in the films formed on planar gold did not significantly vary 

across the different polymerization times, which aligns with the previous observations of a 

terminal thickness of the PANI/PSI film. The increase in protein concentration in the CP 

films did not increase linearly with time, but exponentially. These results suggest that 

more PSI proteins were entrapped as the polymer fibers grew longer. The alignment of 

protein quantification results, with the observed charge delivered, and the measured 

photocurrent density suggest the increased surface area of the CP electrodes led to 
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increased loading of PANI/PSI films.  

 

Figure 4.10  Plot of PSI content within the PANI/PSI films electropolymerized on planar gold and CP 

electrodes for 45s, 90s, and 180s. Values are based on ICP-OES detection of iron within digested films, 
using the stoichiometric relationship of 12 iron atoms to each PSI protein. 

 

SEM of the electrodes showed the morphology of the PANI on the gold to be more 

globular compared to the more tendril style morphology observed on the carbon paper. 

This difference is observed at both time points, with and without the presence of PSI. The 

morphology of the PANI has been shown previously to correspond with conductivity of 

the polymer, suggesting a difference in the effectiveness as a charge transfer layer. As the 

surface area of the PANI increases, the distance for charge transfer decrease which in turn 

improves electrochemical performance.148,151,157 Babaiee et al. worked to optimize 

electropolymerization of PANI on graphite by cycling potential between -0.2V and 1.0V, 

finding that slower sweeping rates, like 25mV/s, produced the most conductive PANI 
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construct. In the SEM provided of that experiment, the more conductive PANI appeared to 

have a greater surface area, and a morphology similar to what was observed in the CP 

electrodes.148 Our polymerization techniques used a steady-state potential to produce the 

observed morphology. Zhang et al was able to observe the morphology of intermediates in 

the process of making chemically oxidized PANI, noting the presence of nanotubes, 

nanofibers, and microspheres at different points of the reaction. The more electroactive 

morphologies of tubes and fibers developed later in the reaction.157 The difference in the 

morphology of PANI on the gold and CP electrodes contributes to the difference in 

photocurrent density of the systems. 

 

 
(A)                  (B)                                (C)                               (D)      

 
(E)                                (F)                                 (G)                                (H) 

 
Figure 4.11. SEM Images of (A) 45s PANI on Gold(B)45s PANI/PSI on Gold (C)45s PANI on CP  
 (D) 45s PANI/PSI on CP(E) 180s PANI on Gold(F) 180s PANI/PSI on Gold(G) 180s PANI on CP (H) 180s 

PANI/PSI on CP 

 

EIS of both gold and CP electrodes with electropolymerized PANI further demonstrated 

the difference in the electrochemical properties of the PANI between the two electrodes. 

On gold electrodes, the charge transfer resistance increased significantly from bare 

electrodes to electrode with PANI polymerized for either 45 or 180s. In contrast, the 

charge transfer resistance in carbon paper electrodes was reduced dramatically between 

bare electrodes and samples with PANI polymerized over 45s, and much more for samples 
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polymerized for over 180s. The reduced charge transfer resistance corresponds with the 

increased surface area of the PANI on the carbon paper electrode. Further, the EIS results 

also demonstrate increased loading of PANI on the CP electrodes compared to the gold 

electrodes over the same time, through the increase in double layer capacitance. As a 

conductive polymer, PANI demonstrates inherent pseudo capacitance. In the gold samples 

the capacitance of the electrode is barely changed with the addition of PANI, or the 

increased polymerization time. On the CP electrodes the double layer capacitance is 

increased by orders of magnitude between the bare electrode and the electrodes with PANI 

polymerized over 180s. (Table 4.3) 

Table 4.3 EIS data for CP and Planar gold electrodes without PANI films, and with PANI films 

electropolymerized for 45s or 180s. Impedance data was fit to Randles circuit and minimized to determine 

values. N=3  

 

 

To better understand if the improvement observe was a result of physical properties of 

the high surface area CP electrodes, or an electrochemical property of the CP electrodes, 

further study was conducted using high surface area gold electrodes. The process of 

evaporating gold directly onto the carbon paper substrate reduced the overall electroactive 

surface area, likely due to filling pits, and pores between fibers, however, the calculated 

ECSA of the electrodes was still roughly 4.5 times that of planar gold with the same 

geometric surface area (Figure 4.12).  When comparing the electropolymerization curves, 

the high surface area gold electrodes take a shape more similar to the CP electrodes than 

Sample Polymerization 

time(s) 
RCT (ohms) CDL (F) 

Au 0 46.7 1.77 x 10-6 

CP 0 422 1.41 x 10-6 

Au 45 678 3.64 x 10-6 

CP 45 40.2 1.08 x 10-4 

Au 180 531 2.80 x 10-6 

CP 180 1.34 x 10-7 3.34 x 10-3 
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the planar gold electrodes, slowly decreasing in current magnitude during the initial 15s of 

polymerization, and gradually increasing with the remaining time. While the values of 

total charge delivered during electropolymerization were slightly lower than CP 

electrodes, the values were still significantly greater than planar gold electrodes and did 

not suggest a terminal thickness. 

  

Figure 4.12  Linear depiction of ECSA scaling between planar gold electrodes and high surface area gold 

electrodes. Plotted points represent an average measured non-faradaic current at a specific potential away 

from redox reactions in CVs of the electrodes, against the scan rate of the CV. Comparing the slope of the 

lines allows comparison of the ECSA of electrodes of the same material 

  

When comparing the photocurrent produced within photochemical wet cells, the high 

surface area gold electrodes produced significantly higher photocurrent than planar gold 

electrodes, and similar values as CP electrodes (figure 4.13). One distinction in the results 

for the high surface area gold electrodes was the increased difference between the 

photocurrent produced in PANI/PSI films compared to PANI only controls. This 

improvement may be attributed to the reflective properties of the gold, which allow 

incident light to be redirected back into the active layer, rather than absorbed in the carbon 
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paper.   

 

 

Figure 4.13 Photocurrent produced from planar gold, high surface area gold, and CP electrodes with 

PANI/PSI or PANI only films, electropolymerized 45s or 180s. Charge delivered during 

electropolymerization. 

 

Lastly, using SEM to characterize the morphology of the PANI electropolymerized on 

the different films also showed the high surface area gold electrodes to perform more 

similarly to the CP electrodes than planar gold. While the films did not exhibit is much 

distinct high surface area fibril morphology observed on the CP electrodes, the 
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morphology was more granular with higher surface area than the globular morphology 

observed on planar gold, suggesting improved conductivity.  

4.4  Conclusion 

 

Carbon paper was successfully utilized as an all-carbon, low-cost alternative to inorganic 

electrodes in conventional PSI-based biohybrid photoelectrochemical cells for mediator-

driven solar energy conversion. Prior to use, it is critical to pretreat CP substrates in order 

to maximize the accessible surface area through both the removal of any protective coating 

and the creation of hydrophilic moieties on the fiber’s surface. Simple treatments such as 

soaking in acid solutions or exposure to an open flame proved effective, with flame 

treatment improving the electrochemically active surface area by a factor of roughly 10 for 

Faradaic processes. PSI vacuum deposited on flame treated CP produced a consistent anodic 

photocurrent (0.11 µA cm-2) using a ubiquinone mediator. More stable photoactive 

composites can be formed by entrapping PSI within an electropolymerized composite, 

which capitalizes on the improved CP electrode surface area following pretreatment. Using 

cyclic voltammetry as a polymerization method, the produced photocurrent densities could 

be pushed to 0.22 µA cm-2 under the conditions tested in this study. Further, Carbon paper 

electrodes improved the performance of electropolymerized PANI/PSI films by increasing 

the amount of active layer produced, increasing the concentration of PSI within the films, 

and improving the conductivity of the polymers produced. Further study suggest these gains 

can be accomplished with other high surface area electrodes materials, and that a reflective 

material may produce even greater results. These methods can be readily employed to 

upscale the size of the produced photoactive electrode beyond benchtop dimensions.  

CHAPTER 5 
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Design of Solid-State Biohybrid Photovoltaics 

 

This chapter will describe the effort to design functional PSI based solid-state 

photovoltaics, using carbon paper electrodes, and conductive polymers. To date, no other 

PSI solid-state devices with carbon paper electrodes have been reported within the 

literature. In addition to this novelty, these design efforts aim to improve certain key 

performance attributes, like scalability, low cost, and low environmental impact, while not 

necessarily optimizing performance. This was a truly iterative process, and while not all 

versions of the design are reported, the goal is to demonstrate an initial functional design 

that can be improved upon with additional research. This work was completed with the 

support of Dr. Chris Stachurski, Matthew Galazzo, Elisabeth Wood, and Dr. Kody Wolfe. 

 

5.1 Introduction 

 

The need for clean, cheap, and reliable energy has been a driving force in research for 

some time, though recent economic, political, and environmental concerns have increased 

the urgency. Photovoltaics offer a means of using the sun to produce reliable energy, 

leveraging the photocatalytic effect in materials to use light to drive the flow of electrons. 

This field of research has been dominated by the use of wide band gap semiconductors, 

like silicon, doped to prefer certain charge carriers, and aligned to allow those carriers to 

flow35. This model is theorized to have an upper limit at 30% efficiency, however, 

research on novel semiconductors, multi-junction cells, and the use of concentrators are 

continuing to drive the efficiency forward60,65. The breakthrough study by Gratzel in 1989 

introduced a new design for photovoltaics, the dye sensitized solar cell32. This design still 

possessed the wide band gap semiconductor, in the form of TiO2 nanoparticle, sintered 
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onto a transparent conductive metal oxide glass slide, and added an organic die to attach to 

those nanoparticles. The dye would absorb photons at a particular wavelength and transfer 

excited electrons directly to the conduction band of the TiO2. The source of the electrons 

was an ionic fluid with a reversible redox pair, like I2/I3
-, that could donate electrons to the 

dye and be replenished at the carbon cathode. This design led to more advancements with 

improved dye designs, more efficient ionic fluids, and innovations in TiO2 nanoparticle 

application. While the design offered a new, cheaper photovoltaic, the systems were not as 

efficient as silicon based devices, and the risk of photovoltaics losing the toxic fluids, 

either through leaking or evaporation, made them less practical34,35. This led to other 

innovations, like solid state dye sensitized solar cells, organic photovoltaics, and 

perovskite solar cells, collectively grouped by the National Renewable Energy Laboratory 

(NREL) as emerging photovoltaics35.  

 A common theme among the emerging photovoltaics is the use of energetically aligned 

novel materials to transfer charge. This can include conductive polymers both in the active 

layer and serving as direct carrier transfer layers, like PEDOT:PSS or polyaniline. This 

can also include novel materials like organic metal halides called perovskites, with 

adjustable band gaps, that can more efficiently achieve charge separation. Materials 

selected for electrodes are often determined by the work function, to ensure alignment 

throughout the system, and to maximize the potential of the device. Much of the current 

research in emerging photovoltaics is focused on improving manufacturing processes, that 

will both reduce the cost of the device, and the cost of the energy produced34,35. 

Additionally, improvements that encapsulate the system, and reduce interface impedance 

improve the longevity and efficiency of the device, again reducing the cost of the energy 

produced68,74,75. These systems are currently a leading effort in photovoltaic research, 
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however, to date, they have not yet overcome the efficiency of the best performing solid 

state semicrystalline solar cells. 

 Another class of photovoltaics leverages the machinery of photosynthesis to create a 

flow of electrons. Biohybrid photovoltaic research has been conducted around the world 

over the last 50 years, using whole thylakoids, or one of the two major membrane bound 

proteins within the photosynthetic process: Photosystem I (PSI) and Photosystem II 

(PSII)20,21,131. Photosystem I is a roughly 500 kDa protein found within plants, algae and 

some photosynthetic cyanobacteria, predominately composed of chlorophyll arrays 

surrounding an electron transport chain. The chain begins at a chlorophyl dimer designated 

as the p700 site, where the energy of photons collected by the chlorophylls is used to 

excite electrons, through a series of phylloquinone mediators, through three iron-sulfur 

complexes, culminating at the FB site where it is transferred with roughly 1.1eV of 

additional energy80-88. The process can happen in a fraction of a second, across a distance 

of 10nm with efficiency that approaches unity. Within the process of photosynthesis, the 

proteins use absorbed light to create an exciton pair, and drive electron transport across the 

thylakoid membrane with the help of diffusional mediators,  in order to create chemical 

energy. Likewise, within biohybrid photovoltaics, the protein is used within the active 

layer to drive charge carrier generation. While biohybrids have not demonstrated the same 

efficiency as other emerging photovoltaics, the advantage of these systems is the 

ubiquitous and renewable supply of photodiode material. The use of plant proteins can 

dramatically lower the cost of the devices, while also reducing the environmental impact, 

both of which are desirable traits in next generation energy development89. 

 This field has benefitted from the advances of other emerging photovoltaics, taking 

advantage of the application of conductive polymers to not only serve as direct charge 
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transfer materials, but preserving the protein in a functional conformation within the 

polymer film. In a 2015 paper, Gizzie et al published a design for a solid-state device, 

where the active layer of polyaniline (PANI) and PSI was electropolymerized directly onto 

the anode, with an evaporated metal serving as the cathode120. This study demonstrated the 

feasibility of a solid state photovoltaic, along with the importance of band alignment while 

building a layered device. This study aims to build on this success by designing another 

solid state biohybrid photovoltaic, utilizing a PANI/PSI active layer, but introducing new 

materials and fabrication techniques to reduce cost.    

5.2 Experimental 

 

5.2.1 Anode Preparation 

 

Transparent glass slides, coated with Indium doped Tin Oxide (ITO) were cut into 2.5 

cm x 1 cm samples. The samples were cleaned through a series of 15 min sonication baths 

in acetone, ethanol, and DI water respectively, followed by 15 minutes of plasma 

treatment within a PDC-32G plasma cleaner/sterilizer.  

Two methods were used to create a compact TiO2 blocking layer directly onto the 

conductive ITO. For both methods, samples were masked to ensure an unblocked ITO lead 

and a 1cm2 active area for the anode. The first method sputtered a 30nm layer of TiOx, at a 

rate of .5 nm/min, using an AMAJ multimode deposition chamber, then annealed on a 

hotplate at 500 oC for 1 hour. The second method adopted a protocol from Su et al and 

electrodeposited TiO2 with a three electrode set-up within a CHI 660 workstation, using a 

platinum mesh counter electrode, and an Ag/AgCl (sat KCl) reference electrode197. The 

electrodeposition solution was a 50 mM TiCl3 solution, raised to a pH of 2.5 with 

NaHCO3, and purged of oxygen with nitrogen gas. The working electrode was held at 
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1.1v for 600s. Electrodes were rinsed with DI water and dried under air.  

Cyclic voltammetry was used to determine the effective blocking of ITO electrodes. 

Cleaned ITO electrodes were masked, limiting the exposed electroactive surface area to a 

circular .71cm2. CVs were conduct with RuHex before and after electrodeposition of the 

blocking layer to allow for comparison. XRD was used to confirm the blocking layer 

produced from both methods was TiO2. 

A dense suspension of TiO2 nanoparticles was then electrosprayed onto the dry anode 

surface based on a protocol adopted from Zhu et al43. The suspension was composed of 6g 

of Anatase TiO2 nanoparticles (>25nm),  8g ethylene glycol, and 1g acetic acid (normal). 

The suspension was magnetically stirred for 12 hours prior to use. The suspension was 

loaded within a 1ml syringe and pumped at a rate of 50l/hr into an 18G stainless steel 

needle. The needle was held at 10.5 kV by a BA model 205A-20R high voltage power 

supply, at a height of 4cm above the anodes. The anodes were staged on at hot plate at 

125o C and connected to the power supply ground. Samples were masked to ensure an 

unblocked lead of ITO, and a 1cm2 active area of anode surface. The system sprayed each 

anode until a thin even coat of TiO2 np was applied (3 min). Samples were then removed 

from the electrospraying system and allowed to sinter on a hot plate at 500o C for 3 hours, 

observing the color change from pale-white, to dark-brown, and finally bright-white. 

Anodes were allowed to gradually cool to room temperature prior to further use. XRD was 

used to ensure the anatase conformation of TiO2 remained. Scanning electron microscopy 

was used to evaluate the structure of the NP layer, and profilometry was used to measure 

the average thickness.     

Polyviologen(PV) was synthesized based on a protocol adapted from Do et al. 

Equimolar ratios of 4,4’-bipyridyl and 4-dibromodecane were mixed in dried N,N-



91  

dimethylformamide (DMF). The mixture was magnetically stirred, under reflux, at 110o C 

for 12 hours. The resulting powder was washed and filtered under vacuum with N-hexane 

and dichloromethane. The remaining yellow product was dried under vacuum, weighed 

and characterized with Fourier Transfer Infrared-Red spectroscopy (FTIR), cyclic 

voltammetry, and nuclear magnetic resonance. A sample of PV was dissolved within DI 

water to produce a 10mg/ml solution. 80l of solution was applied directly onto the TiO2 

np surface and allowed to dry under vacuum for 1 hour. 

For some devices a monolayer of PSI solution was added to the anode. 200l of 

solution was pipetted directly onto the active area and allowed to dry under vacuum for 1 

hour.   

Polyaniline nanofibers were electrospun from a solution of emeraldine salt and camphor 

sulfonic acid in equal molar ratio dissolved within chloroform. Polyethylene oxide (PEO) 

was added as a copolymer (2% w/v), and the solution was magnetically stirred for 12 

hours. The solution was pumped through a stainless steel 22G needle at a rate of 1ml/hr. A 

potential of  15kV was applied to the needle, and the substrate, set 12 cm below the 

needle, was connected to the power supply ground. Thin layers of PANI/CSA fibers were 

electrospun directly onto some iterations of anodes and cathodes to reduce interface 

impedance.    

 

5.2.2 Cathode Preparation 

 Carbon Paper cathodes were prepared as described in previous studies from our 

group120,122. T-60 Toray carbon paper was flame treated for 10s, ensuring complete 

coverage, and observing a slight color change from dark to dull grey. The carbon paper 

was then cut into 1cm x 2cm samples and masked with tape to leave 1cm2 of exposed 
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geometric surface area. A small strip of carbon tape adhesive was added to provide 

mechanical support to the carbon paper electrode lead. 

 Polyaniline films were electropolymerized directly onto CP electrodes using a three 

electrode set-up within a CHI 660 electrochemical workstation with associated software, 

using an Ag/AgCl (sat KCl) reference, and a platinum mesh counter electrode. The 

electropolymerization solution (1M aniline, .946 M HCl, and .004 M Na3PO4) was 

combined with eluted PSI solution (1M) in a 4:1 ratio. The working electrode was held at 

1.2v for 60 or 90s, then allowed to dry under vacuum for 1 hr.  

Solid state devices were assembled so that the 1cm2 active area of the cathode was in 

direct contact with the 1cm2 active area of the anode, with electrode leads pointing in 

opposite directions. The systems were sandwiched between glass microscope slides and 

secured with rubber bands to maintain constant and even pressure. Devices were then 

evaluated for open circuit potential, Voc, photocurrent density, j, and i-v curves, where the 

anode served as the working electrode.   

 

Figure 5.1 Assembled biohybrid photovoltaics, top and bottom view 

 

 

5.3 Results & Discussion 
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 The initial goal of this research was to replicate our previous work, using an 

electropolymerized PANI/PSI active layer within a functional solid state device, 

demonstrating both photocurrent and open circuit potential. This study hoped to replace 

the evaporated metal cathode with a high surface area carbon paper electrode, introducing 

greater scalability and reduced cost to each device. Additionally, this study aimed to 

leverage the advantages of electropolymerizing PANI/PSI directly onto the CP electrodes, 

namely increased loading of PANI/PSI, and improved conductivity of the PANI film. 

These adjustments introduced a number of new challenges to the devices. In the previous 

study, the active layer was electrodeposited directly onto the TiO2 np, and the metal 

cathodes were evaporated directly onto the active layer. This design maximized the active 

surface area of TiO2 used and minimized impedance. In contrast, electropolymerizing the 

active layer directly onto the cathode meant these devices would need to be assembled, 

introducing increased interface impedance between layers. Additionally, while the 

PANI/PSI active layer was still flexible and able to change shape with appropriate 

pressure, the assembled device would not likely contact all of the TiO2 np, creating air 

gaps and recombination traps that would decrease performance, and reduce open circuit 

potential69. To address these issues, and others, an iterative approach to designing and 

testing new devices was applied. 

 The earliest iteration electropolymerized PANI/PSI active layers on CP and planar gold 

electrodes. Devices were then assembled using anodes prepared for use in DSSCs. The 

anodes were ITO coated glass slides, with a thin layer of TiO2 np produced via sol-gel 

techniques, applied through spin coating, and sintered at 500o C. The cathodes were 

masked to control the exposed surface area and the two electrodes were sandwiched 
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between two glass slides and held in place with standard office binder clips. A small 

plastic spacer was added between the cathode and glass slide to ensure contact between the 

exposed PANI/PSI film and the anode. While the planar gold devices were functional, 

demonstrating a minimal Voc and photocurrent near 10 nA/cm2, no devices with CP 

cathodes demonstrated photocurrent, or Voc of at least 1mv. This led to a layer by layer 

approach to improving the system design.  

 

5.3.1 Open-Circuit Potential 

 

The primary issue to address was the lack of open circuit potential within assembled 

devices. The open circuit potential is the maximum voltage a solar device can provide to 

an external circuit under steady illumination. This value describes the potential difference 

during quasi-equilibrium where photo-derived charge carriers accumulate at the cathode 

and anode, while the rates of charge carrier generation and recombination are relatively 

equal69. In general, the value is related to the difference between the highest occupied 

molecular orbital (HOMO) of the electron donating material and the lowest unoccupied 

molecular orbital (LUMO) of the accepting material. In traditional photovoltaics, like 

those based on silicon P-N junctions, the open circuit potential is generally the difference 

between the fermi levels of the positive and negative regions, or the band gap of the 

semiconductor. In less ordered systems, like amorphous silicon, and most organic 

photovoltaics, gap states can decrease the average energy level of the HOMO, and 

increasing the average energy level of the LUMO, decreasing the Voc
34,35,56,69. In this 

study, the charge separation occurs within the PSI protein, and the conductive polyaniline 

which entrapped the protein, was responsible for transporting the charge carriers from the 
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protein to the respective electrodes, serving as both the electron donor acceptor within the 

system. The high surface area morphology of intertwined PANI fibrils created ample 

opportunity for recombination of charge carriers within the active layer. This is an issue 

often observed in organic photovoltaics, but can be addressed, both with adjustments to 

the crystallinity of the PANI/PSI film,  as well as additional layers within the device to 

improve charge transfer from the polymer and reduce recombination at the electrode 

surface69. 

 

5.3.2 Band Diagram  

 

The performance of these devices are dependent upon the alignment of the various 

layers, and the efficiency of charge transfer. The charge separation occurs within the active 

layer of a PANI/PSI film as well as the PSI monolayer. Charge separation at the P700 site 

drives excited electrons through the electron transport chain, culminating at the FB site. 

The PANI film acts as a solid state charge transfer material, leveraging charge hopping 

along its aromatic backbone to shuttle excited electrons away from the protein. The holes 

created at the P700 site are similarly transferred through the PANI to the carbon paper 

cathode. The work function of the carbon paper, estimated near -4.6 eV vs vacuum, was 

readily able to receive holes as it is energetically higher than the protein P700 site172. The 

layer of polyviologen, with a redox potential at roughly -4.01 eV, provides a redox 

polymer to serve as an efficient electron transfer material from active layer to the 

conduction band of the TiO2 np, at roughly -4.2eV vs vacuum198. The illuminated np 

would then transfer the electrons through the blocking layer, and to the conductive ITO 

surface. (Figure 5.2) 
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Figure 5.2  Schematic of biohybrid device, and ideal energetic pathway of electrons within the device. 
 

 

5.3.3 Device Performance 

 

The performance of functional assembled devices was characterized with linear sweep 

voltammetry in both illuminated and dark conditions, resulting in i-v curves of 

CP/PANI/PSI devices and CP/PANI only controls (Figure 5.3). For this study, functional 

devices were required to demonstrate potential greater than 1mv both in the dark and 

illuminated. A measured potential in the dark demonstrates the devices does not include a 

short circuit. CP/PANI/PSI systems demonstrated a Voc greater than 470mv, Jsc of 

80nA/cm2, a maximum power point (MPP) of 12.8nW and fill factor of .34. In contrast 
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CP/PANI only controls demonstrated Voc of 144mv, Jsc of 18nA/cm2 and an MPP of 

.934nW, owing its performance in part to the photoactivity of PANI in the active layer. 

While these results demonstrate a stark decrease in performance compared to previously 

reported PSI based devices, the design parameters have not yet been optimized. Various 

factors, like the thickness of the active layer, the polymer annealing temperature, the 

amount of polyviologen applied, the thickness of the TiO2 np layer, and the blocking layer 

thickness can all be adjusted to improve interfaces, maximize light absorbed, reduce 

resistance, and maximize performance.  To date, these are the first functional PSI based 

solid state photovoltaics to utilize a carbon paper electrode. 
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Figure 5.3 Representative i-V curves of (A) PANI/PSI biohybrid device and (B) PANI only control device. 

 

Of the approximately 250 solid state devices assembled with various combinations of 

CP/PANI/PSI, less than 20 devices demonstrated both Voc and photocurrent, with the 

design reported above providing the most functional systems. The maximum Voc observed 

was .534v with an average at .333v. These values are similar to the Voc reported in 

literature from other emerging solid state photovoltaics. The maximum photocurrent 

density recorded  from devices was .899A/cm2, with an average of .167 A/cm2 which is 

in line with some other current PSI based photovoltaics, but orders of magnitude lower 

than the best performing systems, and well below other emerging photovoltaics like PSCs. 

This result may be the most addressable problem as improvements in device assembly, and 

layer thickness optimization will likely reduce impedance and increase the flow of charge 

carriers within the system. 

 

5.3.4 Blocking layer 

  

  

Figure 5.4 ITO anode with sputtered 30nm TiOx Blocking layer 
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A thin compact semiconductor blocking layer  provides a critical gate within the 

photovoltaic device, preventing shorts and reducing recombination at the electrode 

surface. Literature suggest different methods of producing an effective layer of TiO2 

directly onto the ITO anode surface, including sputtering of TiOx, spin-coating a TiO2 

precursor, electrodeposition, and atomic layer deposition37-42. The literature also suggest 

different optimal thicknesses based on the method of production, balancing the increased 

charge transfer resistance of thicker layers, and the possibility of pinholes or fissures in 

thinner layers. This group was able to produce TiO2 blocking layers through sputtering, 

electrodeposition, spin coating and chemical bath. Sputtering was the most consistent 

method, as the deposition was monitored digitally, creating a uniform 30nm layer of TiOx 

at a rate of .5nm a minute(Figure5.4). Electrodeposition was a more complex procedure, 

and dependent on a fresh deposition solution, at the appropriate pH, and purged of oxygen 

gas during the process. The process is based on the anodic oxidative hydrolysis of TiCl3 in 

an acidic solution: 

Ti3+ + H2O            TiOH2+ + H+ 

TiOH2+ + H2O – e-                TiO2 +3H+ 

   The reduced cost of materials, and consistency of the blocking layers produced suggest 

this method may be more ideal for future manufactured devices. The resulting blocking 

layers from spin-coated precursors or chemical baths based on TiCl4 were less consistent, 

compact, or uniform compared to either sputtering or electrodeposition, though these 

processes were the simplest, cheapest, and most scalable methods.  
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Figure 5.5 CVs of RuHex using masked ITO anodes as the working electrode show the effect of 

electrodeposited TiO2 blocking layer. 

  

The effectiveness of the blocking layer is characterized via CV, using a controlled 

surface area and a known redox pair(Figure5.5). The peak current density observed in the 

CV, Ip , is directly proportional to the area of the electrode, as described by the Randles-

Servcik equation. Comparing the Ip observed on bare ITO electrodes and the ITO 

electrodes after electrodeposition, should describe how much of the electrode surface area 

was effectively blocked, as all other factors remained equal. Electrodeposition of 600s 

produced a 95% reduction in Ip, and the sigmoidal shape and broad peaks of the blocked 

CV suggest the blocking layer is compact, and the signal observed is due to electron 

hopping through the layer rather than a direct interaction with the electrode surface area. 

The shape may also indicate the presence of some structural defect like pinholes, that may 

allow for recombination within the blocking layer if the layer was formed too thick199. 
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These results are in line with those observed by Su et al whose original protocol was 

adapted for this research197. XRD of the compact crystalline layers on ITO slides 

demonstrated peaks associated with anatase TiO2, regardless of the method of preparation, 

though some peak spreading was observed, and is associated with the thin, compact, and 

highly ordered crystalline layer.(Figure 5.6)   

 

Figure 5.6  Overlayed XRD of bare ITO, ITO with sputtered TiOx, ITO with ED TiO2, and ITO with ED 
TiO2 and electrosprayed TiO2 np.  

 

5.3.5 TiO2 NP Layer 

 TiO2 nanoparticles have been a nearly ubiquitous aspect of modern photovoltaics, 

especially within DSSC research200-208. The semiconductor has high stability, low cost, and 

minimal risk to the environment. Both the rutile and anatase conformations have solar 
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application, though for many, anatase is preferred due to the slightly larger band gap, 

increased carrier mobility, and smaller particles compared to rutile, making it very 

efficient for photoactivity201,208. The use of nanoparticles increases the electroactive 

surface area available for charge transfer, and in most DSSC, various dyes are attached 

directly to the TiO2 nanoparticles24,205. Three dimensional hierarchical structures maximize 

the amount of dye that can be loaded within the system, increasing the light that can be 

absorbed, and the charge carriers that can be generated. Both the source of TiO2 

nanoparticles, and their method of application can create complications within the device.  

 This group previously leveraged a sol-gel technique with a Titanium alkoxide precursor 

to synthesize the nanoparticles and used spin coating or dipping to apply the particles 

directly onto ITO and FTO slides205. Commercial paste of TiO2 nanoparticles are available 

for purchase specifically for the production of photovoltaics, however the quality, cost, 

and availability can vary over time, which may not be ideal for reproducible results44. The 

traditional methods of applying these pastes often call for a dilution with ethanol, followed 

by spin coating or doctor blading. The density of nanoparticles on the anode surface is 

dependent on the dilution of the paste, as well as the speed of rotation. These methods are 

effective in providing an evenly distributed layer of nanoparticles across the area of the 

electrode, maintaining enough transparency to maximize the amount of light absorbed, 

though pinholes and fissures can occur during or after sintering44. These methods are 

limited though, in their ability to produce vertical three dimensional structures. 

 Electrospraying provides an effective means to produce stacked three dimensional 

features of TiO2 nanoparticles on the electrode surface. The ethylene glycol provided the 

high viscosity necessary to maintain a well-defined Taylor cone under high voltage, while 

the normal acetic acid improved the conductivity of the paste. The ITO surface of the 
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anodes were masked with a conductive tape to both maintain a lead for the electrode, and 

ensure the conductive surface was connected to the grounding wire of the power supply.  

The slow flow rate and high voltage produced a fine mist of TiO2 nanoparticles being 

drawn, vertically, to the surface of the electrode.  The three dimensional structures were 

confirmed through SEM, and profilometry confirmed and average height of 25 

m(Figure5.7). While these structures were stable, they demonstrated some fragility under 

high pressure, even after sintering at 500o C. XRD spectra demonstrate the electrosprayed 

TiO2 np layer maintained the anatase conformational peaks. 

 

Figure 5.7 SEM of TiO2 nanoparticle layer showing vertical three dimensional structure. Image of anodes 

after electrospray TiO2 nanoparticles, prior to sintering. 

 

5.3.6 Electron Transport Material Layer 

 In order to take advantage of the high surface area of the nanoparticles, an additional 

electron transfer material layer was added to the anode. This material needed to be flexible 
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enough to fill the spaces created within the three dimensional structures of the 

nanoparticles, with a redox potential between the FB site of the active layer and the 

conductive band of TiO2. Early iterations attempted to electrospin nanofibers of PANI 

directly onto the anode surface, in order to reduce impedance at the interface between the 

anode and the active layer film(Figure 5.8). This method was effective in producing 

conductive PANI fibers, though the mechanical properties were limited and largely 

dependent on the amount of PEO within the solution, where more conductive solutions, 

with a lower weight percent of copolymer, often resulted in electrosprayed PANI rather 

than discernable fibers. While early devices demonstrated increased photocurrent with the 

application of PANI/CSA, the devices did not consistently produce systems that 

demonstrated VOC. This suggest the material, while conductive, may not have been 

energetically aligned to serve as an effective electron transport material. A number of 

studies have shown its application as an effective hole transport material in other solid 

state photovoltaics. 

 

Figure 5.8 Anodes with electrospun PANI/CSA fibers directly onto the TiO2 np layer. 

 

Methyl Viologen  (MV) is often used as a diffusional mediator with PSI based systems, 
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acting as an electron acceptor from the FB site of the protein102,209,210. Ward et al 

previously demonstrated the improved photocatalytic effect of a solution of TiO2 

nanoparticles by adding  MV to the electrochemical wet cell, suggesting the molecule is 

energetically aligned to efficiently transfer electrons to the nanoparticles in a diffusional 

state209. Our lab has recently published a study by Dervishogullari et al where the redox 

polymer polyviologen, synthesized from bipyridyl and xylene, served as an effective 

electron transfer material between PSI monolayers and an ITO anode129. Do et al 

demonstrated the impact of counter ions used with polyviologens to adjust the redox 

potential of the polymer for better energetic alignment within photovoltaics198. 

 

Figure 5.9 FTIR of (A) Bipyridyl, (B) synthesized PV-Br, and (C) Dibromodecane 

 

This study adopted the protocol used by Do to synthesize poly(1,1’-didodecyl1-

4,4’bipyridinium dibromide) (PV-Br) as the reported work function, -4.01eV vs vacuum, 

fell between the FB site of PSI and the conduction band of TiO2. The synthesis produced a 

high yield of bright yellow powder, which was readily dissolved in DI water for both 

characterization and application. FTIR reveals the polymer possesses the aromatic 

stretching peaks from the bipyridyl near wavenumbers 1500 and 3000, while also showing 

increased alkane peaks near wavenumber 3000 from the dibromodecane.(Figure 5.9)  

The CV of the PV-Br solution demonstrated reduction and oxidation peaks with an E1/2 at 
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-.341v vs Ag/AgCl (Sat KCl) as expected(Figure 5.10).  Devices assembled with the 

vacuum-deposited PV-Br applied directly to the anode consistently produced both Voc 

and photocurrent, in contrast to the previous iteration, while control devices without the 

polymer layer produced neither. The improvement in observed Voc could be attributed to 

improved band alignment, improved efficiency of charge transfer away from the active 

layer, or a reduction of trap states within the TiO2 np layer.  

 

Figure 5.10 CV of a 10mg/ml solution of synthesized PV-Br, using a glassy carbon electrode.  

 

5.3.7 PANI/PSI Active Layer 

  

The effort to produce cathodes from carbon paper, conductive polymer, and PSI that 

would consistently result in functional devices was iterative in nature. While planar 

electrodes, like gold, and heavily doped silicon would readily produce functional solid 

state devices with the anodes as prepared, the high surface area CP electrodes would often 

not demonstrate Voc, with and without the PANI film. This suggested the rate of 
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recombination within the carbon paper electrode and active layer was greater than rate of 

charge carrier generation. To overcome this issue a number of different device designs 

were applied to adjust the properties of the active layer. While some of these designs did 

produce functional devices, it was not until the addition of PV-Br to the anode that device 

performance was consistent and repeatable. For those devices PANI/PSI films were 

electropolymerized potentiostatically, for 60 seconds.  

 One of the first efforts to improve cathode design was to increase polymerization time. 

The previous study on carbon paper electrodes demonstrated that as polymerization time 

increased, the photocurrent from the PANI/PSI film increased, as the high surface area CP 

electrode could load more polymer and protein over time. Additionally, with increased 

time, the PANI demonstrates increased conductivity, and its own photoactivity would 

contribute to the performance of the device. PCA of early solid state devices, without Voc, 

saw photocurrent increase with increased polymerization time. Other efforts attempted to 

change the oxidation state of the PANI within the film by holding it a potential within a 

solution of HCl. The conformation of PANI can be changed with potential in the presence 

of a strong acid, protonating and deprotonating the polymer chain163. This change can be 

observed in the color of the film shifting between a dark black and a bright blue green hue. 

The goal was to determine if the less conductive version of the polymer would limit 

recombination within the active layer, while still supporting the charge transfer for the 

entangled protein. The graphs of these efforts show the increasing resistance with time, 

reaching an almost insulating state after roughly 15s at -.8v(Figure 5.11). Unfortunately, 

this change did not produce functional devices with Voc. Additional cathodes were 

designed with a mix of dynamic and potentiostatic electropolymerization. This effort was 

to change the morphology of the PANI film to reduce recombination at the electrode 
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surface, while maintaining a conductive and robust PANI/PSI active layer. The immediate 

results were evident during the static electropolymerization, as the shape of static 

polymerization changed. This process produced some functional devices; however, the 

results were not consistent. 

 

 

Figure 5.11 Amperometric i-t curves of potentiostatic electropolymerization of PANI on CP electrodes. (A) 

shows standard electropolymerization while (B) is potentiostatic after 30cycles of potentiodynamic 

electropolymerization. (C) shows the i-t curve of a PANI film on a CP electrode held at constant potential 

within a 1M solution of HCl 

 

5.3.8 Follow on Efforts 

  

In addition to further characterization and optimization of this design, our group has 

begun additional work to further the impact of this research. Scalability is an important 
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performance parameter that would allow this design to be used for more applications. The 

carbon paper adds some modicum of scalability given its commercial availability in a wide 

spectrum of sizes. The fabrication techniques used in this research are being evaluated on 

their effectiveness with larger substrates, namely the electropolymerization and 

electrodeposition steps, as both can be hindered by the size and shape of the electric fields 

used within the potentiostat. In some early efforts, electropolymerization on large carbon 

paper electrodes (2 cm2, 4cm2) is limited to the outer edges of the electrode, not evenly 

covering the surface. Additionally, preliminary work has shown that scaling the 

polymerization time in proportion to the change in geometric surface area is not sufficient 

to maintain similar properties in the electrodes. Scaling the charge delivered during 

polymerization by the change in electrochemically active surface area has been more 

effective, though much more research is needed in this effort. 

 

 

Figure 5.13 CP electrodes of different sizes (1cm2 and 4cm2) with electropolymerized PANI films  

  

Another modification to the design with initial results include the application of 

Cytochrome C within the solid state device. The current device design leverages the 

conductive polymer PANI to entrap the PSI protein, while both donating electrons to the 

P700 site and accepting electrons from the FB site. This arrangement and distribution of 
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proteins throughout the active layer may increase the chances for recombination. The 

addition of PV-Br as an electron transfer material provided an efficient means of 

exchanging excited electrons from the active layer to the TiO2 np layer. A second 

mediator, at the P700 site may also improve performance of the system. Baker et al used 

Os(bpy)2Cl2, entrapped with PSI within a Nafion solution, leveraging a charge hopping 

mechanism to scavenge holes from the P700 site of PSI, and demonstrated the role of a 

solid state mediator in improving the photocurrent of PSI devices27. Similarly, redox 

proteins like Cytochrome C, have served as mediators in solid state PSI devices, 

leveraging a charge hopping mechanism82,132,133. These proteins often include large 

transition metal centers surrounded by organic material that conforms to the center based 

on the oxidation state of the metal. This allows for efficient transport of charge using a 

larger organic system. Cytochrome C has been used with PSI by a number of groups, 

allowing the two proteins to complex electrostatically, demonstrating improved 

electrochemical performance when appropriately paired vs controls82,132,133. The protein is 

able to interact with the PSI at the P700 site, and more efficiently provide electrons, 

improving the performance of the system. Additionally, the protein itself may slow charge 

recombination within the active layer, increasing the observed open circuit potential in the 

process211. Our group has conducted some initial attempts to incorporate the protein with 

some promising results. We have previously incorporated Cytochrome C within the 

PANI/PSI polymerization solution and compared solid state devices made with the two 

different conditions. The device with Cytochrome C demonstrated nearly double the 

photocurrent as the PANI/PSI controls. This effort will be replicated within the current 

design of solid-state devices to determine if this result is seen consistently in functional 

solid state devices. (Figure5.13) 
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Figure 5.13 PCA of solid state device with CP cathodes, with and without cytochrome C entrapped within 
the PANI/PSI film  

  

Another effort with preliminary results is the use of a layer-by-layer approach to 

cathode fabrication. Our group recently publish a study describing a PSI-based device 

where layers of PEDOT are added between layers of PSI on a planar gold electrode125. The 

process first applies an amino ethanethiol (AET) layer to create a positively charged, and 

amine terminated electrostatic surface on the gold electrode. The electrode is then 

submerged within a dilute solution of  PEDOT:PSS (.5mg/ml) for 15 mins, followed by 

submersion into a PSI solution for 30 minutes. This process was repeated to produce the 

desired number of layers, with 6 layers producing the greatest photocurrent density at just 

over 500nA/cm2. This process was adopted, by replacing the gold electrode with flame 

treated carbon paper and replacing the AET layer with a PEDOT:PSS film, 

electropolymerized with cyclic voltammetry. The submersion times were also extended to 

30 minutes each. Early results of carbon paper electrodes with two layers of PEDOT:PSS 

and PSI demonstrate high photocurrent produced over time, within an electrochemical wet 
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cell, without the use of a diffusional mediator. The figure below shows that as the light 

turns on, the device produces an initial cathodic photocurrent density of  2A/cm2, 

followed by a standard Cottrellian decay, associated with charge transfer limited by 

diffusion. This suggest the immediate response was provided by the outer surface layers of 

PSI and PEDOT:PSS. After 12s of illumination the photocurrent density dramatically rises 

to over 10 A/cm2 with a slow decay after the light sources was removed(Figure 5.14). 

This result is roughly 40 times greater than the output previously reported for two layers 

on a planar gold substrate, with the use of a diffusional mediator, 2 mM ubiquinone. 

Further studies are required to assemble this cathode with the anodes designed within this 

study as another means of producing high performing solid-state PSI based devices that 

leverage carbon paper electrodes.   

 

 

 

 

 

 

 

 

 

 

Figure 5.14 PCA of CP cathode, with two of PSI and PEDOT:PSS, applied sequentially, in an 

electrochemical wet cell, without the use of diffusional mediators.  
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5.4 Conclusion 

 

This study offers a new baseline design for solid-state PSI-based photovoltaics, using 

materials and fabrication techniques that reduce cost and environmental impact. These are 

the first reported solid-state PSI-based devices to incorporate carbon paper electrodes as a 

high surface area and low cost alternative to precious metal electrodes. This study also 

highlights the importance of the various material layers to allow an efficient transfer of 

carriers through the devices, while minimizing recombination and interfacial impedance. 

The use of scalable fabrication processes like electrospraying/spinning,  electrodeposition, 

and electropolymerization lower barriers to production for further research. Much 

additional work is needed to optimize this basic design and improve device performance. 

This will require additional standardization of fabrication and assembly, with a more 

thorough characterization of system attributes. From there, additional work to control layer 

thickness, stability, efficiency, and system resistance would be able to move forward. 

Ultimately, this design may provide a new perspective on biohybrid photovoltaics in 

general, demonstrating the value of a low-cost assembled devices that leverages a 

replaceable cathode, and renewable active layer.  
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Chapter 6: Conclusion 

 

  The central goal of this research was to address the growing expeditionary energy gap 

by developing a novel biohybrid photovoltaic. The use case was based on the shifting 

operational needs of the Army, and offered applications for tactical robotics, delocalized 

sensors, and networked warfighters as part of the army modernization strategy. While the 

technology is not mature, these applications should support further research and 

development investments from the Department of Defense (DoD) to address a growing 

need. In contrast to the current research focus, looking to maximize efficiency and stability 

in order to reduce SWaP-C, the biohybrid solution instead looks to minimize production 

cost and the overall environmental impact of the system, as long as the power 

requirements are met. This shift in view creates an opportunity to supplement the current 

expeditionary energy mix with a solution so cheap and benign, that it can be readily 

sacrificed or left behind after an operation as required.  

Additionally, this work demonstrated the feasibility of an assembled photovoltaic, as 

opposed to a single unit being manufactured layer by layer, or an encapsulated system. 

This is another deviation from current research, accepting the degradation or decrease in 

performance associated with an assembled device. The opportunity this creates is a 

photovoltaic with a durable anode system, while the cathode and active layer are 

disposable. Field assembled and maintained photovoltaics would be a novel capability, 

with cheap and disposable cathodes further lowering the overall cost of the energy 

produced, as the active layer is produced by plants, carbon paper is cheaper at scale, and 

the most expensive components would be included with the durable anode. This would 

extend the life of devices and create additional solutions for sustained operations in austere 

environments.  
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Beyond the department of defense, assembled biohybrid photovoltaics may have a 

number of benefits in other sectors as well. A key innovation will be efficiently isolating 

the protein anywhere, from multiple sources, and preparing efficient cathodes for system 

use. Populations near heavy vegetation, but limited access to energy grids could use these 

systems in tandem with other renewable resources to maintain life-saving equipment like 

water pumps or refrigerators. Small communities may be able to transform yard clipping 

into biohybrid photovoltaics that support a microgrid. Space exploration efforts, looking to 

colonize distant planets may also take advantage of using the green waste from food plots, 

to help power their systems, as other materials may not be an option. Consider the threat 

posed by microplastics and algae blooms in the ocean. With these systems, harvested algae 

could serve as a source of PSI, while recovered plastic could be carbonized and 

repurposed as electrode materials. The opportunities for further development are limited 

by the imagination, and availability of resources.  

 

This dissertation began with a description of the DoD modernization strategy, and the 

impact of the growing energy gap, highlighting the efforts currently being taken to address 

them. The work by PM Expeditionary Energy & Sustainment Systems and PdM Soldier 

power to plan for a future of renewable clean energy on the battlefield will bear fruit over 

the next decade as the forces begins to shift away from its reliance on fossil fuels and 

rechargeable batteries.  

The first chapter provides some background information on the field of emerging 

photoelectric from NREL, describing not only how these systems work, but their 

advantages and limitations. Further, focusing on these emerging systems from an 

acquisition professional perspective helps determine which emerging technologies 
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represent the best investments for expeditionary energy applications given the SWaP-C 

and environmental performance parameters. Based on the current research, especially in 

roll-on manufacturing processes, the long term plan from PdM Soldier power to leverage 

perovskite cells for future expeditionary energy needs is sound, with encapsulation and 

stability being the next key gates for maturity.  

The next chapter discussed the materials and methods used throughout the research, 

with emphasis on Photosystem I, carbon paper electrodes, and the conductive polymer 

polyaniline. Additionally, this chapter introduced a number of key electrochemical 

fabrication and characterization techniques critical to accomplishing this work, introducing 

key concepts that help describe the results. This chapter also begins to describe the truly 

interdisciplinary aspects of this research, including biology, chemistry, electrical 

engineering, physics, and engineering to design, fabricate, and characterize this design. 

Improvement on this design will also benefit from an interdisciplinary effort, as all 

disciplines may provide small changes that support a cumulative impact.  

The next chapter focused on the application of carbon paper electrodes in biohybrid 

systems. The goal was to incorporate a new material, with well-defined electrochemical 

properties, that was both cheaper, and more scalable than the traditional metal electrodes. 

The work began with pretreatment to remove the hydrophobic PTFE coating, showing that 

flame treatment was more effective than acid treatment, as verified by electrochemical 

active surface area, CV, contact angle measurement, and Raman spectroscopy. Next, we 

demonstrated the application of high surface area CP electrodes as substrates for PSI 

monolayers and electropolymerized films of conductive polymers with PSI in 

electrochemical photovoltaic wet cells, with and without diffusional mediators. We then 

compared the high surface area CP electrodes with the planar gold electrodes used in 
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previous studies, showing the cp electrodes did not demonstrate the terminal thickness 

observed after 45s seen on planar gold, and that photocurrent density was considerably 

greater. SEM showed PANI/PSI films grown on CP electrodes demonstrated a 

morphology associated with higher conductivity, and EIS confirmed reduced charge 

transfer resistance with increased loading of PANI films on CP electrodes. Afterwards, we 

compared high surface area gold electrodes to both CP electrodes, and planar electrodes, 

observing similar trends, suggesting the high surface area influenced the loading and 

morphology of the PANI produced. This work paved the way for further improvement in 

biohybrid photovoltaic devices, as the CP electrode would introduce lower production 

cost, and increased scalability, while also increasing the electrochemical performance of 

the PANI/PSI active layer.  

The final chapter described the iterative design effort involved in developing a function 

solid state device utilizing a CP electrode, and PANI/PSI active layer. To be considered 

functional, devices needed to demonstrate at least 1 mv of potential, both illuminated and 

in the dark, as well as produce photocurrent. The most successful, and consistent design 

used a flame treated carbon paper cathode with an electropolymerized PANI/PSI film for 

an active layer. The anode was cleaned ITO, with an electrodeposited blocking layer of 

TiO2, an electrosprayed layer of TiO2 nanoparticles, a vacuum deposited layer of PV-BR 

as an electron transport material, and finally, a vacuum deposited PSI monolayer. This 

device produce nearly 500mv of Voc and photocurrent density in the range of 10-7 a/cm2 . 

Significantly more work is necessary to characterize and improve the design, though early 

results demonstrate the feasibility of the system for future research.  

 Ultimately, the technology to convert the energy of the sun into usable clean cheap 

energy is all around us. It is growing on every continent, and within every ocean. Our 
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ability to take advantage of that technology to address our own energy needs, and their 

impact on our economy, environment, politics, and national defense, will be based on our 

willingness to invest in a slightly different perspective.    
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