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ABSTRACT 

 
Monge Martínez, Stephanie. May 2022. “Development of Artificial Retinal 

Photoreceptor Based on the Photoactive Protein Bacteriorhodopsin”, Instituto 

Tecnológico de Costa Rica. Thesis Supervisor: PhD. Claudia Chaves Villarreal. 

 

 

Retinal prostheses are a promising technology in the field of visual restorative medicine 

for the treatment of patients with severe stages of retinal degenerative diseases. The 

highly stable light-activated proton pump protein bacteriorhodopsin (bR) has a great 

potential to be used in the fabrication of electrodes for artificial retinal implants due to its 

optical and photoelectric properties. Its usage in the generation of a photoelectrical signal 

can show remarkable performance in responsivity and quantum efficiency. In the present 

work, it is shown the development of a bR-sensitized eye photoreceptor for its future 

application in a retinal prosthesis. The study is aiming at analyzing the photovoltaic 

performance of a photoreceptor cell fabricated with a bR photoanode integrated with 

different low-cost and carbon-based cathodes of graphene, carbon nanotubes, and 

polymers as 3,4-ethylenedioxythiophene (PEDOT), and their hybrids. The cell is tested 

using a hydroquinone/benzoquinone and cobalt -based redox electrolytes. Different 

electrochemical techniques are used to characterize the performance of the bR-sensitized 

photoreceptor. The biological photoreceptor could significantly contribute to reduce and 

replace traditional costly and harmful materials used in conventional photovoltaic 

technology with renewable carbon-based alternatives; which could decrease the cost, 

enhance its performance, and improve the device biocompatibility and sustainability. 

 

Keywords: bacteriorhodopsin, retinal prosthesis, biosensitized-photoreceptor. 
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CHAPTER I 

INTRODUCTION 
 

 

1. Retinal Prostheses 

 

The visual pathway involves different perceptive processes that start in the eye to form 

the vision in the brain. Eye’s optical system projects an image onto the retina where the 

light signal is received and encoding into varying spike frequencies of the cells [1]. The 

retina is a neural tissue formed by ten layers at the back of the eye with light-sensitive 

cells called photoreceptors (see Figure 1) [2]. Photoreceptors cells are located at the back 

of the retina that are responsible for transduce photons of light into neural signals that are 

relayed to the brain [3]. Cones and rods are the two types of specialized photoreceptor 

cells responsible for absorbing the light in the retina. The rods mediate night vision, and 

the cones are responsible for color and light sensing in bright conditions [4].  
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Figure 1. Human eye.  A. Human retina. B. Three of the retinal layers: ganglion cells, bipolar 

cells and photoreceptor. C. Retinal photoreceptors: rods and cones. 

(Created with BioRender.com). 
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Retinal degenerations as retinitis pigmentosa and age-related macular degeneration, 

encompass a complex group of disorders that lead to the loss of photoreceptors causes of 

visual impairments, affecting over 30 million people worldwide. In this affections, most 

of the cases while the retinal photoreceptors are damaged, the inner retinal layers 

remaining intact or largely unaffected, opening the possibility of reactivate the residual 

circuitry on the remaining nervous tissue [5], [6]. Current technologies can slow the 

progression of vision loss but no offer a permanent cure for now. Researchers worldwide 

are trying to find an alternative to restore impaired visual function using different 

approaches (Figure 2), Some of these approaches are based on the application of 

biotechnological techniques such as gene therapy, stem cell transplantation, on the other 

hand, different retinal prostheses alternatives are being investigated [7], [8]. 
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Figure 2. A summary of approaches to vision restoration. 
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Retinal prostheses are microelectronic devices designed to replace the function of lost 

photoreceptors in patients with retinal degenerative diseases [9]. This implants require a 

relatively intact posterior visual pathway, as optic nerve, lateral geniculate nucleus and 

visual cortex [10]. The basic concept of any retinal implant is to capture the visual scene 

through an imaging device, and process it in a way to best communicate with the human 

visual system and stimulate the remaining well preserved neural cells [11]. There are 

different approaches to these retinal prostheses, many in experimental stages of research, 

some in clinical trials, and others commercially available. 

1.1. Electronic Retinal Prosthesis  

 

Retinal cells can be stimulated through direct injection of electric charge with electrodes 

arrays that transmit visual information to the surviving neurons in a diseased retina. The 

electrical charge injections raise the cell potential, and change the conductivity of the 

voltage-gated ion channels in the cell membrane. If the charge injected into a ganglion 

cell is sufficiently large, of at least a few millivolts, the cells responds inducing an action 

potential, opening Na
+
 channels. Injecting current into nonspiking, graded-response 

neurons generate gradual adjustments in the cell potential [3].  
 

The general architecture for electronic visual prostheses include glasses mounted digital 

camera to capture images, information and power are transmitted to the implant by paired 

coil and electronics units to stimulate a large number of electrodes and to power the 

internal circuits of the device [12].  
 

The sensing element that captures the visual information of the scene in retinal prosthetic 

systems can be implanted in four different sites, epiretinal, subretinal, suprachoroidal and 

instracleral in order to activate the retinal ganglion cells both directly and indirectly via 

the remaining network of retinal cells [13], [14]. In the epiretinal approach, a 

microelectrode array is placed between the humor vitreous and the inner limiting 

membrane, to interact with the retinal ganglion cells. Subretinal prosthesis use a sensing 

element inserted between the retinal pigment epitelium and the outer retina to stimulate 

the inner retinal neurons. Suprachoroidal prosthesis are inserted between the choroid and 

the scleral tissues, and in the instracleral retinal implants electrodes embebed in the sclera 

[15]. 

 

Some examples of these electronic retinal devices are Argus II epiretinal prosthesis 

(Second Sight Medical Products, Sylmar, CA), Retinal Implant AG (Reutlingen, 

Germany), Alpha IMS and AMS implants, and IRIS II produced by Pixium Vision (Paris, 

France) [9]. 

 

1.2. Optical Stimulation-Based Retinal Prostheses  

Optical stimulation-based devices are intended to use an implant that mimics the natural 

function of damaged photoreceptors by stimulating the remaining retinal cells layer in 

response to incident light without the use of any additional processing electronics or 
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external power supply. This retinal prostheses are classified based on the types and the 

functionality of exogenous materials or structures applied to the retinal neurons [7]. 

 

1.2.1. Optogenetic Restoration of Sight 

 

Optogenetic retinal prostheses involves genetic engineering technologies to modify of 

nerve cells to become sensitive to certain wavelengths of light [16]. There are four main 

methods to achieve this, including the use of light sensitive ion channels, light sensitive 

charge pumps, light sensitive signal transduction pathways, and genetically modified 

receptors to which an optically activated ligand is chemically attached  [17]. 

  
Retinal implants using optogenetic combination therapies can use light sensitive proteins 

to restore the sense of sight. Recently, Wagner et al., 2017 create a retinal implant that 

uses the photoactive protein bacteriorhodopsin (bR) to generate an ion gradient in the 

subretinal space able to activate the remaining survivor retinal neurons [18]. Frydrych et 

al., 2000 produced a simple color-sensitive retinal prosthesis in which bR formed a 

matrix as the photosensitive element. The main advantage of this approach was its easy 

construction and high performance in color recognition. bR in the generation of the 

photoelectrical signal show remarkable performance in responsivity and quantum 

efficiency, excellent ability of differential responsivity, edge enhancement, and motion 

detection [19], [20].  

 

1.2.2. Chemical photoswitches for sight restoration 

 

In this configuration, synthetic photoisomerizable and photoswitchable molecules are 

used to confer light sensitivity to cells that have no natural photoresponsive proteins, 

without requiring genetic modification and exogenous gene expression [21]. 

Photoswitchable molecules are attached to the light-activated endogenous potassium 

channels of neurons to control action potential firing and regulating neural activities, 

based on light-triggered conformational changes of the molecules [7].  

 

1.2.3. Photothermal restoration of sight 

 

Photothermal retinal prostheses use infrared laser irradiation to stimulate thermosensitive 

transient receptor potential channels in sensory neurons of the retina to under conditions 

where sensory receptor cells are damaged; suggesting a new approach to develop 

prosthetic devices for blind patients in future [22]. 

 

 

1.3. Photovoltaic retinal prostheses  

 

Conventional photovoltaic retinal prostheses employ inorganic or organic microstructures 

implanted in the retina to convert the light entering the pupil into electrical stimuli and 

trigger voltage-gated ion channels for neural activation [7]. There are different 
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approaches to this new generation of retinal prostheses. They have the advantage of 

requiring fewer components and can feature different materials and designs. 

 

1.3.1. Inorganic PV retinal prostheses 

 

In the inorganic approach, silicon-made photosensitive chips, composed of 

photodiode/electrode connected to stimulating electrodes are implanted subretinally and 

respond to visible or infrared light with an electrical stimulation of the inner retina. The 

Alpha and Prima devices are examples of inorganic photovoltaic retinal prostheses. 

Alpha is sensitive to ambient light but needs wiring for power supply. Prima is fed 

wirelessly with an infrared beam that powers and sends the visual information to the 

photovoltaic chip, but needs an external camera to convert the visual image into the IR 

information and supply [23].  

 

The challenges with these approaches include miniaturizing the devices, biocompatibility 

of the rigid chips, low resolution, high impedance levels, heat production, and low 

electric currents which often demand an external power source. In addition, subretinal 

devices that require an external camera mounted on goggles that can cause problems in 

coupling the image with the appropriate retinal area due to movements of the head and 

eye saccadic [23], [24].  

 

1.3.2. Organic PV retinal prostheses 
 

Organic technologies are a promising tool in bioelectronic interfaces for neuronal activity 

modulation. Organic-based implants can detect light and excite the inner retina though 

multiple photostimulation mechanisms. Among the benefits of this approach are 

photovoltaic functioning, high biocompatibility, flexibility, light-weight, mechanical 

compliance, and sensitivity close to daylight range [25], [26]. Besides that, stimulus is 

delivered to the inner retina without the need of a power supply or an external camera, 

and operates without implanted metal or silicon-based electronics. The use of conductive 

polymers and other organic compounds with photovoltaic properties has been proposed 

for this new generation of retinal prostheses [23].  

 

An example of one of these devices is exemplified in a study conducted by Ghezzi et al, 

where the same operation principle of a solar cell was used to electrically stimulate 

remaining retinal neurons. A photon causes the formation of an exciton in the polymer 

donor dissociating in an electron and hole; then, an acceptor that facilitates the migration 

of charges toward the two opposing electrodes and the cell medium that is an electrolytic 

mediator. The semiconductive material was the polymer poly(3-hexylthiophene) (P3HT) 

blended with phenyl-C61-butyric-acid-methyl ester (PCBM) located between an indium 

tin oxide (ITO) electrode [27]. 

 

Another example of organic systems are the photoelectric dye-based retinal prostheses 

also called Okayama University-type retinal prosthesis (OUReP™), which consist in a  
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subretinal implant that use photoactive dye molecules to generate electric potentials to 

stimulate retinal neurons, in contrast with the other PV retinal prostheses that employs 

photodiodes to generate electric currents to stimulate the remaining retinal cells [24]. 

OUReP™ uses a photoelectric dye-coupled polyethylene film which generates 

intracellular calcium elevation in photoreceptor-lacking embryonic retinal tissues and 

stimulates nearby neurons. The dye-coupled film acts as a light receiver and a potential 

generator that sends the signal to the brain through the living retinal ganglion cells and 

their axons as optic nerve fibers. Among the main advantages of these approach, the 

device is thin and soft, and therefore, a sheet of the film of large size, could be inserted in 

the subretinal space in a less invasive way [28], [29].  

 

Considering the advantages of using organic systems to restore the visual system, we 

propose the creation of a hybrid system that combines the working principle of polymer-

based organic PV retinal prostheses conjugated with photoactive proteins to generate a 

proposed bio-hybrid retinal prosthesis that uses electrical stimuli to activate the 

remaining healthy retinal cells, improving the current generation and charge transfer 

capabilities of organic systems. Protein-based bio-sensitized retina have great potential to 

replace damaged photoreceptors and help to restore sight in blind patients affected by 

retinal diseases with the advantage of being biocompatible, biodegradable, non-toxic, and 

environmentally friendly [18]. The protein-based retinal implant offers unique solutions 

to the inherent shortcomings demonstrated in current retinal prosthesis, including less 

components and better efficiency.  

 

The photoactive protein bR has been widely explored as an efficient photoactive element 

in bio-hybrid neural stimulation devices used for patients with retinal degenerative 

diseases using a optogenetic approach [30].  Due to its high withstanding fluctuations in 

temperature, light flux, and chemical stress from a self-induced pH gradient, and 

photochemical efficiency, bR is an excellent candidate to use in biophotonic devices. bR 

has a quantum efficiency identical to that of the human visual pigment, rhodopsin 

Besides, bR has a melting temperature above 80 °C and has an observed photochemical 

cyclicity that exceeds 106 photocycles before a 37 % loss of the irradiated ensemble [18]. 

 

Bio-hybrid retinal electrostimulation using protein-based solar devices offers a unique 

approach to create retinal PV prosthesis that incorporate the excellent properties of 

conductive polymers conjugated with photoactive proteins systems, employing fewer 

electronic components than conventional retinal prostheses, using low-cost organic 

components for the stimulation of remnant retinal cells, without the risks associated to 

gene therapy or the biocompatibility problems present in commercially available retinal 

prostheses. Therefore, this project proposes the design of photoelectric bio-based retinal 

prostheses for retinal stimulation of retinal cells with a focus on improved current and 

voltage generation with respect to polymer-based organic prostheses, using the 

photoactive protein bacteriorhodopsin and the electrochemical characterization of the 

device. 
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2. Bacteriorhodopsin  

 

bR is a 26-kDa retinal-containing transmembrane protein found in the membrane of the 

archaea Halobacterium salinarum, which has a retinal chromophore molecule covalently 

linked onto the protein via a protonated Schiff base and a lysine residue [31]–[33]. Under 

anaerobic conditions, bR is expressed within a two-dimensional crystalline lattice of 

trimers, known as the purple membrane [18]. Upon light excitation, the molecule suffers 

conformational change moving the proton channel side opening from the extracellular to 

the cytoplasmic side, inducing an electrochemical proton gradient across the cell 

membrane [34], [35].  The protons flow back into the cell through ATP synthase to 

produce adenosine 5’-triphosphate (ATP) [36] [33]. 

2.1. Halobacterium Salinarum 

 

Halobacteria, is a class of phylum Euryarchaeota which is an extremely halophilic 

archaea, able to adapt to a wide range of salt concentration generally from 10% NaCl to 

saturated salt concentration of 32% NaCl [37]. Halobacterium salinarum (Class 

Halobacteria), is a rod‐shaped, motile, extremely halophilic archaeon  which grows best 

at NaCl concentrations in the range of 3.5–4.5 M [38]. It is commonly used as a model 

organism for halophilic archaea, and it’s a source of the membrane 

protein bacteriorhodopsin [39].  

 

 
 

3. Fundamentals of Bio-Photovoltaic Photoreceptor 

 

3.1. Architecture 

 

The designed artificial photoreceptor has the basic structure of a dye sensitized solar cell. 

The biophotoelectrochemical device consist of a natural chromophore immobilized on a 

semiconductor photoanode, connected to a cathode through a solution of a redox system 

solution and supporting electrolyte, as shown in Figure 3 [40]. Upon photoexcitation, the 

photo-excited electrons are injected from the sensitizer to the TiO2 layer, while the 

oxidized photosensitizers are regenerated by the redox couples in electrolyte, and the 

charge transfer cycle is completed by the reduction of the redox mediator in the counter 

electrode. bR works as a light-driven proton pump during charge separation, with 

simultaneous electron emission in the TiO2 layer [40], [41].  
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Figure 3. Schematic of a bio-photovoltaic photoreceptor. 
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Bio-hybrid cell configurations are diverse and include some setups which rely on 

mediated electron transport by molecules that act as electron connectors between the 

biomass and an electrode, or they can also implement direct electron transfer mechanisms 

facilitated by direct physical contact between biomass and the surface of the electrodes. 

In other types of biohybrid electrodes, photoautotrophs are used as oxygen source or as 

feedstock for heterotrophic exoelectrogenic microorganisms that, in turn, donate 

electrons to the extracellular electron acceptor [42]. 

 

The architecture of the designed artificial photoreceptor consists of a solar cell wiith four 

important components which play an important role in the current generation and the 

electron transport [43]. The components are: (i) biosensitizer, which has the role of 

absorb and convert the photons into electrical energy [44], (ii) working electrode (WE) 

(photoanode) for charge separation/conduction, (iii) redox electrolyte for dye 

regeneration and (iv) counter electrode (CE) (cathode) for electron collection and electron 

transfer to the electrolyte [45].  

 

TiO2 film is typically employed as a scaffold layer to adsorb photosensitizers for charge 

carrier generation [41]. Transparent conductive oxide glass with a resistant lower than 

80% (< 15 to 40 Ω/cm
2
) allow the electron injection and conduction [46]. The redox 

electrolyte concentration is determinant in the electron transfer efficiency, a low 

concentration of redox couple affects the electrolyte conductivity whereas a high 

concentration of redox couple absorbs the visible light and increase the recombination 

reactions [44]. The bio-sensitizer should be able to absorb a broad range of the incident 

light. The lowest unoccupied molecular orbital (LUMO) energy levels should be over the 

conduction band (CB) of TiO2 to allow an effective electron injection into the TiO2 

surface in their excited states. The highest occupied molecular orbital (HOMO) levels of 

the bio-sensitizer should be lower than the redox potential of electrolyte, so the redox 

process between the oxidized dyes and electrolyte can be done effectively [44], [47], 

[48]. 

 

3.2. Charge transfer cycle  

 

The mechanisms of charge transfer in the proposed device  are based on four main 

photo-electrochemical processes: 

a) Dye excitation (photonic energy absorption): The dye molecule is initially in its 

ground state. After light exposure, the sensitizer molecules get excited from their 

ground state to a higher energy state, and the electrons jump from the HOMO orbital 

to the LUMO orbital, generating the electron–hole pairs (excitons) [44], [49]. 

b) Electron injection from the dye (transportation): In this process, effective charge 

separation is achieved in which excited sensitizer molecule is oxidized and the 

electron is injected to the CB of the semiconductor, and the hole remained behind in 

the oxidized dye molecule [50]. Then, electrons diffuse through the semiconductor to 

the conductive glass substrate where they are transported to the current collector 
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(cathode or counter electrode) through an external circuit, generating the current 

[44].  

c) Oxidized-Dye regeneration (regeneration): The redox mediator regenerate the 

oxidized sensitizer molecule [51].   

d) Electrochemical reduction (cathodic reduction): In return, the oxidized redox 

mediator diffuses to the cathode and gets regenerated. There are two competitive loss 

pathways or recombination mechanisms (e1 and e2) which arise from the oxidation 

of the dye molecules and the redox species of the electrolyte simultaneously [44]. 

e1) Recombination with the oxidized dye: charge recombination of the injected 

electrons with holes in the oxidized dye, in presence of visible-light. 

e2) Recombination with the oxidized redox electrolyte: charge recombination of 

excited electrons with holes in the redox electrolyte [52]. 

 

In the next section one of the most actively researched conducting polymers 

proposed as a replacement for platinum counter electrodes in photovoltaic systems, 

poly(3,4- ethylenedioxythiophene) PEDOT, is going to be discussed. 

 

 

4. Intrinsically Conductive Polymers (ICP) 

 

ICP refers to materials that possess similar electric properties as metals, as good electrical 

conductivity, with the outstanding characteristics of the conventional polymers like 

flexibility and lightness. These materials are easy to fabricate and cost effective. ICPs are 

electrochemically active and highly conducting, allowing the electrochemical and/or 

electrical stimuli, thus its used in photovoltaic applications has been proposed [53]. The 

conductivity of ICPs essentially relies on their characteristic electronic structure; which 

consists of alternating single (σ) and double bonds (π) that allow electron flow in the 

system. ICP have backbones of contiguous sp
2
 hybridized carbon centers that forms three 

covalent σ-bonds with adjacent atoms, and one valence electron on each center resides in 

a 2pz orbital, which is orthogonal to the other three σ-bonds, which has an unpaired 

electron that overlaps with the unpaired electron of the neighbouring 2pz atomic orbital of 

sp
2
 hybridized carbon atom. Continuous 2pz orbitals overlaps with the adjacent form a π-

bonds delocalized on the polymer backbone [54]. High mobility induced by the free π-

electrons moving along the polymer backbone is responsible for the electrical 

conductivity of ICP [55].  

 
 

4.1. Poly(3,4-ethylenedioxythiophene) (PEDOT) 

PEDOT is a conductive polymer formed by the polymerization of the 3,4-

ethylenedioxythiophene (EDOT) monomers. The oxidation of EDOT forms cationic 

radicals, which consecutively form dimers and release a proton in the polymerization 

media. Similarly, the EDOT dimers are oxidized and polymerize in PEDOT. This basic 

principle applies in all polymerization methods of PEDOT [56].  
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4.2. Synthesis of PEDOT Films by Electropolymerization 

The fabrication strategies of PEDOT films are diverse, which includes chemical 

oxidation, and methods as photochemical, inclusion, metathesis, emulsion, solid-state 

method, plasma polymerization, electro-polymerization and copolymerization method 

Electropolymerization is one of the most common used synthesis techniques because it 

offers several advantages over the other techniques; it is considerably reproducible, easy 

to control, and the obtained films are frequently more stable than those achieved by other 

methods [57].  

 
Electrochemical polymerization is based on the deposition of the polymer onto the 

surface of a solid material. In this technique potential is applied to a working electrode 

that is immersed in an electrochemical cell containing a monomer and the electrolyte 

solution. The general mechanism involves the formation of cationic radical [EDOT
+
] by 

the oxidation of the monomer (Figure 4). EDOT radical cations produced in the anodic 

cycling generate EDOT dimers, whose oxidation and the free radicals polymerization and 

the deposition of the material on the working electrode surface [58].   
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Figure 4. Oxidation of ethylen-3,4-dioxythiophene (EDOT) to form poly(ethylen-3,4-

dioxythiophene) (PEDOT). 
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The electropolymerization of EDOT can be achieved by different techniques like 

galvanostatic (applying a constant current), potentiostatic (applying a constant potential), 

galvanodynamic (using a pulsed current), or potentiodynamic (through a cyclic 

voltammetry or pulsed potential). The technique selected influence the structure and the 

thickness of the film. To performe the polymerization a three-electrode cell configuration 

is employed with a counter electrode, a reference electrode, a working electrode, and the 

EDOT monomer dissolved in an electrolyte solution. The conductive substrate on which 

the film is being deposited could be Au, ITO, FTO, or glassy carbon, or others 

conductive surfaces [57].  

 

4.3. PEDOT-Carbon Nanotubes Composites 

PEDOT electrodes outperform state-of-the-art metal electrodes with respect to electric 

properties, because they exhibit excellent electronic properties and ionic conductivity 

providing for low impedance and high capacitance, the ease of fabrication techniques, 

they are biostability and biocompatibility thus, its application in different photonic 

devices, sensors and devices for neuronal stimulation and recording has been proposed 

[59]. Electrochemical and mechanical properties of PEDOT films can be enhanced by the 

adition of dopping agents to create PEDOT composites.  

 
Several reports have studied PEDOT in composites with different materials to enhance it 

electrochemical and mechanical properties [60]. One of the most promising for 

improving the electrical properties of PEDOT are carbon nanotubes (CNTs), which serve 

as electron mediators in order to enhance the electron transfer [61]. PEDOT/CNT 

composites promote the suppression of carrier recombination and carrier extraction, 

extending the lifetime of active species in the electrolyte when used in photovolltaic 

devices [62].  

 

5. Motivation of Thesis 

  

Due to their remarkable properties, bio-based retinal implants offer unique solutions to 

the inherent shortcomings demonstrated in current retinal prosthetics, such as higher 

infection risk, scalability issues, and eye movement limitation [18]. Considering the 

importance of effective technologies for restoring vision in patients blinded by retinal 

diseases, the present work aims to develop a bio-electrical photoreceptor to replace the 

function of degenerated photoreceptor cells in the human retina. Our approach makes use 

of the photoactive proteins as a sensitizer, and our focus is to improve the electronic 

transfer between the protein interface and the other complementary cell components for 

its future usage in a retinal prosthesis. 
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6. FDA classification of the device 

 

The FDA categorizes medical devices into one of three classes – Class I, II, or III – based 

on their risks and the regulatory controls necessary to provide a reasonable assurance of 

safety and effectiveness [63]. According to the FDA, 

retinal photoreceptor prosthesis corresponds to an implantable electronic device 

classified as Class III, considering that it supports and maintains the good quality of life 

of the human being and could cause severe damage to the individual's health.  

 

 

7. Scope and limitation of the study 

 

The boundaries of this research involve the creation and the electrochemical 

characterization of the photovoltaic performance of retinal photoreceptor prosthesis using 

the protein bR. The scope of the study is focused on the improvement of the electronic 

transfer in bR and its interface with other complementary components for its application 

as a photoactive material in an artificial retinal photoreceptor system. This work does not 

pretend to create a complete retinal implant or its proving in vitro or in vivo.  
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8. Objectives 

 

8.1. General objective 

  

Develop an artificial retinal photoreceptor based on the photoactive protein 

bacteriorhodopsin.  

 

8.2. Specific Objetives 

  

Fabricate photoanode of native bR  

Manufacture counter electrodes for HQ/BQ electrolyte using carbon materials and 

conductive polymers. 

Build a proof-of-concept of a bR-photoreceptor for retinal prosthesis. 

Characterize the photovoltaic performance of the bR-photoreceptor 
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2.2. Abstract 

  

Recent advances in materials science leads to the emergence of novel materials to address 

current energy and environmental challenges, such as energy-intensive manufacturing 

processes, use of hazardous materials and greenhouse gas (GHG) emissions of 

photovoltaic (PV) technology. New materials that are more environmentally sustainable 

and abundant in nature are being integrated in PV technologies, especially in dye-

sensitized solar cells. Carbon nanomaterials and biomolecules, specifically the 

photosystem I (PSI) and the bacteriorhodopsin (bR) proteins, are discussed in this review 

for bio-sensitized solar cells (bio-SSCs). Nanostructured carbon materials show 

enormous potential due to their allotropic diversity, compatible wide band gap levels that 

facilitate light absorption, and excellent electrical properties, whereas the PSI and bR are 

promising as sensitizers due to their chromophores, high quantum yield and chemical 

stability. This review addresses the role of these renewable materials for the development 

of bio-SSCs. The low photoconversion efficiency (PCE) of bio-SSCs remains a challenge 

and is explained on energy mismatch, low surface density of sensitizer and high-

resistance interfacial electron transport between photoanode and 

electrolyte. By comparing the effect of various morphologies of photoanode 

semiconductors and protein modifications in the performance of bR-sensitized solar cells, 

we appraise how far bio-SSCs may progress in the future. 

 

Keywords: biophotovoltaics, renewable carbon, carbon nanomaterials, bio-sensitized 

solar cells, bacteriorhodopsin, photosystem-I 

 

 

2.3. Introduction 

 

Solar energy is the most abundant energy source accessible to humanity, comprising 

greater than 99% of the total amount of all renewable energies available on Earth [1]. 

Photovoltaic (PV) cells which absorb the sunlight to produce electrical energy, were 

shown to yield higher energy payback time (~3.6-4.9 years) than other renewable energy 

sources such as wind (0.39-1.4 years) or small hydroelectric systems (1.1-2.7 years) [2]. 

 

Solar cells are generally classified into first, second, and third-generation cells based on 

their light absorbing materials. First generation solar cells are built with crystalline 

silicon (c-Si), showing a power conversion efficiency of 22.3–26.7%. They account for 

95% of the total global production in 2019 and have dominated the PV market over the 

last 40 years [3]. However, c-Si solar cells encounter considerable operational and 

environmental challenges due to the module manufacturing processes, specifically to 

solar grade Si feedstock production, a highly ranked metallurgical industry in terms of 

global environmental impact [4]–[6]. The greenhouse gas (GHG) emissions of c-Si PV 

are in the range of 35-58 CO2-eq/kWh, which is larger than wind, geothermal and 

hydroelectric energy sources, as illustrated in Figure 2.1 (a) [7],[8]. Second-generation 

PV cells, that include cadmium telluride (CdTe), copper indium gallium selenide, and 
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amorphous silicon solar cells, account for the ~5% remaining annual PV production in 

2019 [3]. A variety of third generation emerging PV cells that include organic, 

perovskites, and dye-sensitized solar cells (DSSCs) are being investigated due to their 

potential for high solar-to-electrical power conversion efficiency (PCE). However, the 

mining, manufacturing, usage, and waste management stages of second and third 

generation PV cells pose environmental risks such as the release of heavy metals, 

petrochemicals, toxic, or non-biodegradable compounds that can pollute water and soil, 

posing a potential hazard for humans for centuries  [9],[10], [11], [12]
 
[13]. Perovskites 

solar cells drew much attention recently as they promise the highest PCE surging to over 

25% efficiency [14], but concerns remain over their toxic Pb content [15]. As illustrated 

in Figure 2.1b, DSSCs have one of the lowest average GHG emissions amongst PV 

technologies. DSSCs’ low GHG emissions are outranked only by CdTe technology [16], 

which has drawbacks due to its Cd content, one of the heavy metals with the highest 

toxicity, environment mobility, and bioconcentration factor [17]. 
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4Figure 2.1. A. Comparison of life cycle GHG emissions of various power sources [2], [5]. B. 

GHG emissions from PV electricity generation systems [16]
 
by Kommalapati, R., licensed under 

CC by 4.0.  

  

https://www.pvamu.edu/cee/research/faculty-research-profiles/dr-kommalapati-raghava/
https://creativecommons.org/licenses/by/4.0/legalcode
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Owing to the above mentioned environmental downside of solar cell technologies, 

developments towards renewable or biodegradable materials and cleaner production 

processes need to occur when seeking a sustainable future for PV cells. In this review, we 

investigate bio-photovoltaic (bioPV) cells fabricated from renewable carbon sources as 

alternative solutions that comprise improved environmental processes, economic 

profitability, and greener materials. BioPVs refer to the application of photosynthetic 

organisms or parts of them for energy production [18]. We first address the status of 

components and performance of classical DSSCs, following a discussion of the 

application of carbon nanomaterials for DSSCs that could each play a significant role as 

transparent conductor (TC), or in the photoelectrode, electrolyte, or counter electrode 

(CE). This article also reviews the application of two natural phototropic systems as 

sensitizers, specifically photosystem I (PSI) and bacteriorhodopsin (bR), because they are 

the most studied and genetically engineered biomolecules to date for this application. We 

explain the concept of a bio-sensitized solar cell (bio-SSC) fabricated with renewable 

carbon and bacteriorhodopsin. Finally, we present several key aspects for improving the 

charge transfer efficiency in bR-sensitized solar cells (bR-SSCs) with the aim of 

supporting the development of alternative solutions to conventional PVs. 

  



 

28 

 

2.3.1. Dye-Sensitized Solar Cells and the Promise of Greener and Affordable 

Photovoltaics 

 

During the years between 1968-1990, significant research effort was directed towards the 

development of photoelectrochemical cells, which are composed of a semiconducting 

photoanode, and a metal CE, connected via a solution of a redox system and a supporting 

electrolyte. The development of photoelectrochemical cells was triggered by the 

discovery of the Honda-Fujishima effect, i.e. water splitting on the surface of illuminated 

TiO2 [19]. Sensitization i.e., the use of photoactive molecules to expand the absorbance 

range of semiconductors like TiO2, ZnO and CdS, was studied in fully aqueous 

electrolytes during that time [20], [21]. The DSSC development is attributed to a report 

from Grätzel in 1991 [22], with their milestone PCE of 12% achieved by using a 

ruthenium tris(bipyridine) dye as a sensitizer on a nanostructured electrode and aprotic 

organic solvents with I
-
/I3

-
 redox mediator in the electrolyte. Because the first sensitizers 

used were dyes, the common term DSSC was initially set.  

 

Figure 2(a) illustrates the DSSC structure. The photoanode is based on a sensitizer 

immobilized on the surface of a nanostructured wide-bandgap semiconductor, usually 

TiO2 or ZnO nanoparticles (NPs), spread on a TC such as fluorine-doped tin oxide. The 

limited ultraviolet (UV) range of the solar spectrum that ZnO or TiO2 absorbs is 

expanded by using a sensitizer on the photoanode, which is a photoactive material 

absorbing light in the visible range of the solar spectrum, such as organic and 

metalorganic dyes [23], quantum dots (QDs) [24], plasmonic NPs [25], perovskites [26], 

and photosynthetic biomolecules [27], [28]. The sensitizer absorbs light, and its electrons 

are excited from the highest occupied molecular orbital (HOMO) into its lowest 

unoccupied molecular orbital (LUMO), as illustrated in the energy level diagram in 

Figure 2(b). From there, photoexcited electrons are injected into the conduction band of 

the semiconductor and finally transferred into the TC. The sensitizer is regenerated by the 

oxidation of the redox mediator in the electrolyte, such as the I
-
/I3

-
 pair, and the charge 

transfer cycle is completed with the mediator reduction at the CE. The maximum open-

circuit voltage is the difference between the Fermi level of the semiconductor and the 

redox potential of the mediator. The PCE of the device relies critically on the kinetic 

competition between the forward processes and the recombination reactions (green and 

red arrows in Figure 2(a), respectively), since both paths are thermodynamically allowed 

for the charges. To date, the best certified PCE achieved in DSSCs has been 13% [23], 

while a PCE of ~14% has been demonstrated [29]. 
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5Figure 2.2. A. Schematics of DSSC structure and photovoltaic transduction mechanisms, green 

and red arrows correspond to forward processes and recombination reactions, respectively. B. 

Electron paths through the energy levels of the materials in the DSSC. 
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The advantages of DSSCs include good performance under diffuse light conditions [30], 

sufficient flexibility for portable and rollable applications [31], and some degree of light 

transparency to be used as windows in buildings and vehicles [32]. DSSC are promising 

for use in indoor conditions, especially under the energy-efficient and widely-used LED 

and fluorescent light sources [33], [34]. Most importantly, their manufacturing process 

requires significantly less energy than Si PV, reducing both cost and GHG emissions. 

The wide-bandgap semiconductor in the photoelectrode is an oxide that does not need to 

be reduced or to have high crystallinity, which translates to the low GHE emissions 

discussed above for Figure 2.1b. The oxide semiconductor is deposited using well-known 

thick film deposition techniques, like spraying and screen-printing, which can conform to 

different surface geometries. Second generation PV technologies had production costs 

below $0.4/Wpeak in 2018 [35]. Therefore, emerging technologies need to aim at 

production costs below $0.2/Wpeak to be competitive for large-scale electricity 

production, a milestone that DSSC technology has the potential to achieve.  

  

DSSCs have been extensively investigated over the past two decades to achieve 

comparable efficiencies with traditional solar cells, thus improving the photoelectric 

conversion rate from 7.1% in 1991 to over 14% in 2017. DSSCs are still under 

development for commercialization, but if each section of the DSSC keeps being 

improved, high efficiency DSSCs of great commercial interest may be created in the 

future [36]. Some improvements to make DSSCs cheaper, safer, and more sustainable 

are: replacement of tin oxide TCs [37], development of low-cost sensitizers [38], 

replacement of volatile organic solvents with aqueous electrolytes [39], elimination of 

toxic chemicals in the electrolyte [40], replacement of Pt as CE catalyst [41], use of green 

synthesis method for the nanostructured semiconductor [42], application of non-toxic 

sealants [43] and the use of Earth abundant metals for contacts [44]. Other approaches, 

like replacement of expensive and unsustainable components in DSSCs by low-cost and 

eco-friendly carbon-based nanomaterials, reveal a promising path to achieve sustainable 

DSSCs in the future. 

 

2.3.2. Carbon Nanomaterials as Functional Components in Sustainable Sensitized 

Solar Cells 

 

Graphene, graphene oxide, and reduced graphene oxide (rGO) hybridized with 

semiconductor NPs and quantum dots (QDs), carbon nanotubes (CNTs), and metal NPs 

can play distinct roles in DSSCs. Table 2.1 summarizes the performance of DSSCs 

incorporating carbon nanomaterials in different parts of the device, including TC, 

photoanode, electrolyte, and CE.  

 

The superior optoelectronic properties of graphene could find application as TC in 

transparent conducting oxide (TCO)-free photoanodes to overcome current technology 

disadvantages such as high cost, environmental impact, and low transmittance in the UV 

and near-infrared range. The feasibility of DSSCs incorporating chemical vapor 

deposition (CVD)-graphene and rGO as the TC, has been demonstrated, as shown in 
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Figure 3(a) [45]. However, graphene has yet to be demonstrated to have better TC 

performance compared to TCOs [46]. CVD-graphene electrodes that surpass the 

minimum standard for the industry have been produced, but this is not enough to abandon 

TCO as the TC par excellence. Furthermore, CVD is inherently expensive and has 

limited large-area capabilities. Graphene is a promising TC material for the future, but it 

is necessary to improve upon fabrication techniques by removing defects, lowering 

temperatures, and developing cleaner transfer processes [47]. 
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1Table 2.1. Summary of DSSCs performance incorporating carbon nanomaterials in the 

transparent conductor, photoanode, counter electrode or electrolyte. 

 

Photoanode 
Transparent 

conductor 
Counter electrode 

Redox 

mediator 

JSC 

(mA/cm2) 
VOC (V) FF (%) 

PCE 

(%) 
Ref 

TiO2 rGO Au 
spiro-

OMeTAD 
1,0 0,7 36 0,3 [48] 

N3/TiO2rGO FTO Pt I-/I3
- 16,3 0,69 62 7,0 [49] 

TiO2/Graphene QD FTO Pt I-/I3
- 0,2 0,48 58 <0,1 [50] 

TiO2/CNTs /graphene FTO Pt I-/I3
- 11,3 0,78 70 6,1 [51] 

TiO2 FTO Pt 
I-/I3

-/ 

CNTs/graphene 
7,3 0,59 44 2,5 [52] 

CdS/CdSe/Co-
Sensitized 

FTO rGO-Cu2S S2
‒/Sn

2‒ 18,4 0,52 46 4,4 [53] 

TiO2 FTO rGO-CNTs I-/I3
- 12,9 0,78 62 6,2 [54] 

TiO2 FTO CNTs/graphene I-/I3
- 14,2 0,68 62 6,1 [55] 

N719/TiO2 FTO CNTs /graphene I-/I3
- 16,1 0,75 63 7,6 [56] 

TiO2-graphene FTO platinized FTO I-/I3
- 16,2 0,71 66 7,6 [57] 

ZnO-graphene 
QD/Cs2CO3/Al 

ITO PEDOT:PSS I-/I3
- 0,2 0,99 24 2,3 [58] 

(TNS-rGO-CdS QD)10 FTO Pt I-/I3
- 2,2 1,04* 40 0,9 [59] 

CdSe/CdS QD-ZnO-

NW 
FTO TiN/CNT/graphene S2

‒/Sn
2‒ 14 0,64 46 4,1 [60] 

Graphene/CNTs FTO Pt I-/I3
- 11,4 0,77 53 4,7 [61] 

N719/TiO2 FTO rGO/CNT I-/I3
- 16,7 0,73 67 8,2 [62] 

TiO2 Graphene Graphene/Pt grids I-/I3
- 2,9 0,43 32 0,4 [45] 

TiO2 FTO Carbon fibers-rGO I-/I3
- 15,3 0,68 51 5,3 [63] 

TiO2 FTO 
Pt- Graphene 

nanoplatelet (GNA) 
I-/I3

- 14,3 0,74 62 6,5 [64] 

TiO2 
CVD-

graphene 
Pt I-/I3

- 7,8 0,63 40 2 [46] 

TiO2 FTO 
Pt NPs/graphene 

nanosheets 
I-/I3

- 18,3 0,72 65 8,5 [65] 

Perovskite/ TiO2 FTO Pt I-/I3
- 18,5 0,83 63 9,1 [66] 

NiO/rGO FTO Pt I-/I3
- 2,6 0,12 35 0,1 [67] 

TiO2 FTO Pt I-/I3
- 16,6 0,75 70 8,6 [68] 

TiO2 FTO 
Graphene/MCS 

Gallic 
I-/I3

- 21 0,84 75 13,3 [69] 

TiO2 FTO 
Graphene/ 

polyacrilonitrile 
I-/I3

- 10,7 0,71 47 3,6 [70] 

rGO FTO Pt I-/I3
- 12,9 0,68 73 6,4 [71] 

Graphene QDs-N719/ 

TiO2 
FTO Pt I-/I3

- 20,0 0,73 61 8,9 [72] 

TiO2 FTO rGO/PEDOT: PSS I-/I3
- 16,1 0,78 76 9,6 [73] 

TiO2 ITO NiS/rGO I-/I3
- 7,4 0,74 19 1,0 [74] 

TiO2 FTO AN/rGO I-/I3
- 16,3 0,78 54 6,9 [75] 

TiO2 FTO PANi/graphene I-/I3
- 15,5 0,79 62 7,5 [76] 

TiO2 FTO CNTs/ graphene I-/I3
- 17,8 0,71 65 8,2 [77] 

Jsc: Short circuit current density, Voc: Open circuit voltage, FF: Fill factor, PCE: Power 

conversion efficiency*V vs Ag/AgCl. 
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6Figure 2.3. Application of carbon nanomaterials in sensitized solar cells: A. CVD-derived 

graphene as transparent conductor in the photoanode [45], B. stacking structures of graphene 

mixed with TiO2 in the photoanode [59], C. graphene/ionic liquid based quasi-solid state 

electrolyte [52]
,
 and D. graphene-CNT hybrid as the counter-electrode [77]. Figure 2.3 A.was 

reprinted with permission from [45], Copyright 2014 American Chemical Society. Figure 2.3 B. 

was used with permission of Royal Society of Chemistry, from [59]. Figure 2.3 C. was used with 

permission of Royal Society of Chemistry, from [52]. Figure 2.3 D. was used with permission of 

Royal Society of Chemistry, from [77]. 
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Carbon nanomaterials have been used in the semiconductor layer of photoanodes and 

photocathodes in DSSCs. The addition of carbon nanomaterials like rGO and graphene 

QDs improved the DSSC performance in nanostructured photoanodes of TiO2 and CdS 

QDs, as illustrated in Figure 2.3(b), and in photocathodes of NiO, due to enhancement of 

photo-charge collection, faster charge transport to the electrolyte and separation via 

cascaded alignment of the energy levels [67], [72], [78]. Graphene also increases porosity 

for improved light scattering, with weight load as low as 0.6% [57] and combination with 

CNT reduces aggregation between graphene sheets for increased dye adsorption and 

lower recombination [51]. The semiconductor properties of graphene QDs find 

application in sensitization of the DSSC, such as ZnO/graphene quasi-core-shell QDs, 

where the excited electrons in the conduction band of ZnO are rapidly transferred into 

graphene’s LUMO, quickly making ZnO available for new photoelectric events [58].  

The application of carbon nanomaterials in the electrolyte can also serve for electrical 

bridging and improved redox activity. The combination of graphene and CNT with ionic 

liquids and polymer gels in quasi-solid state solid-state electrolytes, as shown in Figure 

2.3(c), increase and stabilize the DSSCs PCE because they act as charge transporters in 

the ionic liquid and as catalysts for the redox reactions [70], [79]. 

 

Due to its excellent electrical conductivity and chemical stability, Pt is one of the most 

used CE in DSSCs, but because of its expensive costs, it is necessary to search for a non-

precious metal alternative. Carbon nanomaterials hybrids with polymers, small molecules 

or semiconducting metal sulfides can be used to construct the CE of DSSCs, as illustrated 

in Figure 2.3(d). Graphene’s large surface area promotes stabilization and dispersion of 

molecules, ions, and NPs for Pt-free CEs, providing a high number of reactive sites for 

capturing electrons from the redox mediator and rapidly shuttling electrons across the 

interfaces [66], [69]. Graphene hybrids may also exhibit higher photocatalytic activity 

than Pt towards certain mediators [53], [71], [80]. In graphene-Pt hybrids the graphene 

can act as an electrical contact between Pt and FTO or as a co-catalyst [64]. Graphitic 

variants combined with conducting polymers reduce the charge transfer resistance at the 

CE, showing excellent diffusion, catalytic behavior, performance, stability, and even 

transparency with PCE comparable to Pt [70], [73], [76]. Graphene-CNT incorporation in 

the CE demonstrated that CNTs bridged gaps between graphene flakes, improved the 

electrical conductivity and provided good catalytic and electrical properties, yielding 

PCE that are competitive with Pt, with lower cost and better mechanical flexibility [55], 

[81]. Nitrogen-doped graphene enhances interfacial interaction, which seems to enhance 

the electrocatalytic activity of reduced graphene oxide-based electrode materials in DSSC 

devices compared to non-doped graphene [82]. Heteroatom‐doped graphene as CE has 

demonstrated significantly higher power conversion efficiency and a low cost compared 

with Pt-based CE [83]. 

 

As discussed above, carbon nanomaterials provide a promising future for their 

application in DSSCs, to the point where a semitransparent and flexible PV cell 

fabricated with all-graphene electrodes has been reported [84]. Carbon nanomaterials 

have been widely used in many types of photovoltaic technologies, like perovskite solar 
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cells, due to their diversity in bonding arrangements and allotropes, versatility, tunable 

characteristics of controlled Fermi level configuration, high physical and chemical 

stability, remarkable charge carrier mobility, and earth-abundant input material 

availability [85]. However, the toxicity of carbon nanomaterials remains uncertain. 

Recent research has demonstrated that they can pollute the ecological environment and 

have toxic effects on animals and humans. Therefore, they must be handled 

appropriately, and more in vitro and in vivo research should be made to elucidate carbon 

nanomaterials’ biological impacts [86]–[88]. The use of carbon nanomaterial in DSSCs 

can result in reduced manufacturing costs and increased sustainability for upscaling of 

solar cell technology, while opening possibilities for lightweight flexible devices. 

 

2.3.3. Natural Phototropic Systems as Bio-Sensitizers  

 

Two types of phototrophic systems are responsible for harvesting the solar energy for 

most life on Earth: (1) light-induced charge separation followed by electron transport 

chains, i.e., photosynthesis, and (2) photoisomerization, i.e., proton pumping. 

Chromophores in these two systems have evolved over billions of years to harvest 

strategic regions of the solar spectrum that reaches the surface of the planet [89], making 

them attractive for bioPVs. The absorbance spectrum and chemical structure of the 

photosynthetic photosystem I is illustrated in Figure 2.4(a-b) [90], [91], and that of the 

proton pump bacteriorhodopsin in Figure 2.4(c-d) [92], [93]. The energy conversion 

efficiency of photosynthesis in living organisms comes within a factor of 2 or 3 of the PV 

benchmark since the driving force of evolution is reproduction, not maximum efficiency 

[94]. The integration of phototrophic systems in bio-photoelectrochemical cells (BPECs) 

to surpass their low PCE has been discussed as far back as 1974, in which a natural 

chromophore is immobilized on a photoelectrode and connected to a cathode via an 

electrolyte solution to convert photon fluxes into electrical energy [95]–[97]. In BPECs, 

the photoanode platform can be the TC itself or the TC coated with a wide-bandgap 

semiconductor for a bio-SSC configuration. Diffusional electron transfer mediators 

dissolved in the electrolyte are used for most BPECs, although the mediator can also be 

fixed on the electrode [98].  
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7Figure 2.4. UV-Vis absorbance spectrum and chemical structure of (a-b) PSI [90], [91] and (C-

D) bacteriorhodopsin [92], [99]. Figure 2.4 A. reprinted with permission from [90] Copyright 

(2001) by American Chemical Society  Figure 2.4b. reprinted with permission from [91] 

Copyright (2015) CC by 4.0. Figure 4 C. reprinted with permission from [100]
 
Copyright (2015) 

CC by 4.0. Figure 2.4 D. reprinted with permission from [99]
 
Copyright (2020) CC by 4.0. 
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Extensive research has been dedicated to the integration of chromophores from 

photosynthesis in PV devices [101]. The reaction centers of oxygenic photosynthetic 

systems from plantae and cyanobacteria, and photosystems (PS) I and II have been 

integrated into BPECs [98], [102], [103]. The use of chlorophyll a in bio-SSCs was first 

reported by Gratzel in 1993 and derivatives of it were later used to improve its 

attachment to the TiO2 [104], [105]. The use of different redox mediators, photoactive 

complexes, and co-sensitizers in BPECs has also been reported [106]–[109]. Among 

these photoactive complexesm, PSI has been the most successful as a sensitizer due to its 

stability, intense light absorption, and easiness of isolation from the living organism, 

compared to PSII [110], [111]. PSI is a large pigment-protein complex with 

approximately 18 subunits that catalyzes light-dependent electron transport from 

plastocyanin to ferredoxin and precisely coordinates the electron donors and acceptors for 

96 chlorophyll molecules, as illustrated in Figure 2.5 A, and its implementation in energy 

conversion devices is very promising (Figure 2.5 B) [28], [112]. Thus, many strategies 

have been used to improve the stability and performance of BPECs based on PSI [113], 

[114]. PSI-based biohybrid materials to achieve solar energy conversion and varied cell 

configurations have been reported, such as PSI multilayer−solid devices and BPECs with 

liquid or hydrogel as electrolyte media [115]–[117]. To improve device performance 

synthetic cobalt-based complexes as redox mediators and the use of recombinant peptides 

in PSI complexes to bind to semiconductor interfaces for PSI-BPEC have also been 

explored [118], [119]. One of the highest short circuit current densities (JSC) reported of a 

PSI-BPEC is 3.47 mA/cm
2

, for a PCE of 0.51% [120]. 
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8Figure 2.5. A. Mechanism of sun energy harvesting by PSI [28] B. schematics of bioPV cell 

using PSI [112]. Figure 2.5 A. Reprinted with permission from [28] Copyright (2012) CC by 3.0 . 

Figure 2.5 B. is reprinted with permission from [112] Copyright (2020) CC by 3.0. 

  

https://creativecommons.org/licenses/by-nc/3.0/
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Approaches to integrating the reaction center from anoxygenic photosynthetic systems 

into solar electric modules, including a module with autonomous regeneration capacity 

[121]
 
have also been widely explored. Bacteriochlorophyll from purple sulfur bacteria is 

of great interest because of its capacity to absorb photons further into the near infrared 

spectrum than oxygenic chlorophyll, and improved performance has been achieved by 

immobilizing the redox mediator [122], [123]. Additionally, several kinds of 

microorganisms have been incorporated in photosynthetic microbial fuel cells with 

advantages like self-repair, improved stability, less laborious purification processes, and 

power generation in dark and light surrounding conditions [124]–[126]. In complete 

BPECs, the products of the bio-photoanode can be consumed in a cathode 

biofunctionalized with proteins or heterotrophic microorganisms and even strip off 

carbon dioxide from the atmosphere to produce carbohydrates [127], [128]. The internal 

quantum efficiency of charge separation in photosynthesis is ~100%, and the charge 

carrier recombination time is >10
˗1

 s for PSII stacked membrane converter, a much more 

efficient rate and with long-lasting excited states than Si PV. However, as moderate VOC 

is observed, BPECs based on photosynthetic systems do have lower overall PCE values 

due to low photocurrent outputs. 

 

The photoisomerization occurring in the protein bacteriorhodopsin (bR) of 

Halobacterium salinarum, illustrated in Figure 2.6 A, is a rather rare phototropic 

mechanism in nature that stands as the most explored light-activated proton pump in 

photoelectric devices and surpasses photosynthetic systems in terms of stability and large 

scale production feasibility [58], [129]. The device integration of bR has been attempted 

in multiple configurations. bR solid–state devices yielded a photovoltage in the order of 

0.1-10
 
mV, with few studies reporting values near 300 mV [130], [131]. However, there 

are challenges that hinder its implementation in electronic devices, including bR's poor 

conductivity, slower photocycle and insufficient light absorption in solid state, resulting 

in low PCE with photocurrents in the order of nA and pA [132]. Very recently, bR has 

been used to modify TiO2 in perovskite solar cells to enhance electron extraction, which 

boosted the PCE of the devices from 14 to 17 % [133]. Later, bR-based BPECs were 

developed, initially mimicking the Halobacterium salinarum physiology, where porous 

membranes separate two chambers containing aqueous solutions, and bR was either fixed 

in the membrane or suspended in one of the chambers, yet the PCE of these devices was 

still low [134], [135]. bR-sensitized solar cells (bR-SSCs), which are based on the 

heterojunction between the donor (bR) and the acceptor (ZnO, TiO2), illustrated in Figure 

2.6 B, have gained more attention after their first report in 2009 [27]. A combination of 

the proper energy alignment of the bR LUMO and the conduction band of TiO2 and its 

HOMO with the redox potential of the I
-
/I3

-
 pair as well as bR compliance with 

requirements for a good sensitizer provide bR-SSCs with the highest PCE amongst the 

different bR device configurations [136]. 
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9Figure 2.6. A. Schematics of phototrophic mechanism of Halobacterium salinarium, where bR 

works with ATP synthase on the inner cell membrane, and attempt to imitate the process in 

artificial polymeric membrane [137]. B. Schematic of bR-SSC, utilizing bR as biophotosensitizer 

[138]; the photoelectrode consist of nanoparticular TiO2 as active medium and nanofibers as 

scatterers. Figure 2.6 A is reprinted with permission from [137] Copyright (2020) CC by 4.0 . 

Figure 2.6 B is reprinted with permission from [138] Copyright (2015) American Chemical 

Society. 

  

https://creativecommons.org/licenses/by/4.0/


 

41 

 

The fundamental working principle of photoconversion on a bR-SSC was first described 

in 2009 by Thavasi et al. [27]. The electron current is initiated when light excites the 

retinal molecule causing its isomerization from all-trans to 13-cis, and charge transfer 

occurs via HOMO-LUMO interaction between the chromophore and the protein 

environment within a time scale of ~100 µs [133], [139], [140]. The electrons in the 

LUMO are then injected into the conduction band of the TiO2 or ZnO layer within ~ 0.5 

ps, and the decay rate from the excited state to ground state has been shown to occur 

faster in the oxide/bR hybrid than in bR alone [141]. The electrons are then transferred 

from TiO2 to the CE through the external circuit of the device. Electrochemical 

impedance spectroscopy studies of bR-SSC using TiO2 NRs reveal an electron lifetime in 

the device of 1-200 ms [142]. The sensitizer is regenerated by the oxidation of an organic 

redox mediator in the electrolyte. bR usually spends approximately 10-15 ms on 

translocating a proton from the cytoplasmic side to the extracellular side of the 

membrane, thus accomplishing the photoelectric energy conversion [140]. The charge 

transfer cycle is completed with the redox mediator reduction in the CE.  

 

The improvement of bR-SSC performance has also been widely explored. bR, the wild 

type protein, has been compared to a mutant, from which the mutant resulted in better 

performance but reduced stability [27]. Other approaches include; the treatment of the 

TiO2 with TiCl4 to increase the porosity of the NPs [143]; the use of nanofiber scattering 

layer to enhance the optical path length; altering incubation time and temperatures of bR 

on TiO2 [138]; the combination with other chromophores from the organism [144]; the 

immobilization of bR by Langmuir-Blodgett method [145]; the comparison of TiO2 NPs 

and nanotubes [146]; and the substitution of liquid electrolyte with gel [147]. A proposed 

advancement is to combine bR with QDs to improve cell performance via Förster 

Resonance Energy Transfer [148]. A structurally modified bR prepared by chemical 

treatment with different surfactants resulted in a bR-SSC with a maximum Jsc 

photocurrent of 0.93 mA cm
2
 and a PCE of 0.47% [149]. In later reports, the use of TiO2 

nanorods (NRs) and graphene oxide have led to a maximum PCE of 1.30%, and a Jsc of 

2.2 mA/cm
2
. The addition of graphene oxide influences the phase formation of the TiO2; 

and the ideal decoration of graphene oxide (1.0 wt%) in photoanodes significantly 

improved the bR-SSC performance in terms of charge transfer, bR loading, electron 

lifetime, and reduced recombination [136], [142]. As shown in Table 2.2, these PV 

performance improvements in bR-SSC PCE demonstrate that bR performance could be 

comparable to synthetic dyes in DSSCs when the platform is properly designed, and the 

protein is adequately pretreated and immobilized.  
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2Table 2.2. Summary of structure and performance of bR-SCCs reported in literature 

 
Year Photoanode (bR) Electrolyte/ 

counterelectrode 

Light source Jsc 

(mA/cm2) 

Voc 

(V) 

n (%) FF 

(%) 

Ref 

2009 TiO2 NRs / 3Glu mutant bR I-/I3
- liquid/ Al Xe lamp 

40mW/cm2 

0.09 0.35 N.A. N.A. [27] 

2014 TiO2 NPs/ TiCl4/ Purple membrane I-/I3
- liquid/ Pt-C AM1.5 Solar 

simulator 100 
mW/cm2 

0.28 0.51 0.09 62 [143] 

2015 TiO2 NPs/ TiCl4/ bR + bacterioruberin (r) I-/I3
- liquid / Pt AM1.5 Solar 

simulator 100 
mW/cm2 

0.45 

(bR+r) 
0.4(bR) 

0.25(r) 

0.57 

(bR+r
) 

0.51(b

R) 
0.61 

(r) 

0.16 

(bR+r
) 

0.11(b

R) 
0.08 

(r) 

62 [150] 

2015 ZnO NPs/ purple membrane I-/I3
-  liquid Pt AM1.5 Solar 

simulator 100 

mW/cm2 

0.39 0.5 0.1 52 [145] 

2015 TiO2 NPs/TiCl4/ TiO2 nanofibers/ purple 

membrane 

I-/I3
- liquid Pt AM 1.5 Solar 

simulator 100 

mW/cm2 

1 0.533 0.35 66 [138] 

2016 TiO2 NPs/ purple membrane  I-/I3
- gel / Pt Solar simulator 85 

mW/cm2  

1.08 0.67 0.49 58 [151] 

2019 TiO2 NPs/ structurally modified-bR I-/I3
- gel / Pt Solar simulator 85 

mW/cm2  
0.93 0.62 0.47 69 [149] 

2019 rGO-TiO2 NRs/ bR I-/I3
- gel / Pt AM1.5G 85 mW 2.2 0.76 1.3 65 [136] 
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2.3.4. Advantages and Limitations of bio-SSCs Built from Renewable Carbon 

 

Bio-SSCs that integrate photoactive biomolecules and carbon nanomaterials synthesized 

from renewable sources reduce the impacts of PV devices on the environment and on 

human health. The novel PV device concept we propose is based on a bR-SSC 

configuration as illustrated in Figure 2.7. bR is the more environmentally-friendly 

alternative than synthetic dyes and has the potential to reach similar photoelectrochemical 

performance. The electrochemical gradient generated by bR in the living bacteria is only 

200 mV [152], while values up to 770 mV were obtained in bR-SSCs [142], 

demonstrating that rational design can expand the natural capabilities of biosystems. 

Carbon is an abundant element that exhibits a broad assortment of allotropic forms and 

electrical behavior, and it can make up an infinite variety of functional biomolecules 

when combined with other plentiful elements like oxygen and hydrogen. Therefore, 

carbon can play many distinct functions in the bR-SSCs. The photoanode, electrolyte and 

CE of such bR-SSCs would incorporate carbon nanomaterials and biomolecules derived 

from biological sources such as graphene as TC, bR as sensitizer, quinones in the 

electrolyte and graphene-CNT hybrid as CE. 
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10Figure 2.7. Conceptual diagram of a bR-sensitized solar cell built from renewable carbon. 

Graphene from GHG like methane can be used as transparent conductor, bR from Halobacterium 

salinarum can be used as sensitizer, quinone-based mediators can be used for charge transfer in 

the electrolyte and graphene/CNT hybrid can be used as counter electrode material [153], [154]. 

Halobacterium Salinarium image adapted [147] under CC by 4.0. Bacteriorhodopsin image 

adapted from [148] under CC BY-SA 3.0. 
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Carbon nanomaterials can be synthesized from a variety of organic materials and waste 

sources such as methane and biomass [155], [156]; and, even though their mass 

production is still relatively costly, such cost is expected to drop soon. Photosynthetic 

pigments can also be extracted from microalgae grown in wastewater, like chlorophyll 

pigments from C. vulgaris cultured in municipal wastewater treatment and applied in a 

bio-SSC with a 0.9% PCE [157]. The production of carbon nanomaterials and 

biomolecules for bio-SSCs can fix GHGs from the atmosphere, such as methane and 

CO2, and pollutants from wastewater, into long-lasting solid-state material, in contrast to 

generating GHGs as other PV technologies do. Bio-SSCs fabricated from renewable 

carbon have the potential to meet today’s industry needs for advanced electronic 

materials as affordable and more environmentally friendly technologies. 

 

The design of bioPV requires finding alternatives to the corrosive traditionally used redox 

pair I
-
/I3

-
. In natural systems, sulfur, aromatic rings and metal atoms such as electron 

transporters are most commonly used [158]. Redox pairs such as cysteine/cystine, 

[Fe(CN)6]
3-/4

, and quinones are biocompatible alternatives that have been used effectively 

in DSSCs and BPECs [102], [159]–[161]. The electrolyte of a sustainable bio-SSC 

should be aqueous, from which state the performance has been demonstrated to improve 

with the presence of gelling agents [39], including carbon–based hydrogels like 

nanocellulose [162], [163]. The redox mediator in the electrolyte of DSSCs can be 

selected from a biological origin, like cysteine/cysteine [160] or disulfide/thiolate [164]. 

Quinones and metalloproteins, like the Fe-containing cytochrome c, have been reported 

as mediators for DSSCs, inspired by the proton-coupled electron transfer (PCET) paths in 

photosynthesis [161], [165]. 

 

Since bR is a solar energy absorber and transducer, understanding its charge-transfer 

mechanism is key to perform an efficient energy conversion in a bR-SSC technology. In 

the organism, bR captures light and transports protons from the cytoplasm to the 

extracellular side of the cell, which creates a proton gradient across the membrane to be 

subsequently converted into chemical energy via adenosine triphosphate (ATP) synthesis 

via the reversible proton [166]
 
(Figure 2.6 A). After the activation of the system by light, 

the retinal yields the transition into the 13-cis bR in the ground state (bR570), triggering a 

cycle of photochemical reactions where different intermediates are generated. This cycle 

describes the state of the protein and the chromophore, including individual steps of the 

proton translocation [167]–[169]. A series of intermediated steps account for the 

isomerizations (from bR568 to K610 and from N530 to O646), proton transport (from L550 to 

M1-412 and from M2-412 to N530), and accessibility changes (from M1-412 to M2-412 and from 

O646 to bR568) of the photocycle [170]. It should be noted that proton transport starts from 

the middle of the protein structure with the proton transfer from Schiff base to Asp-85 

residue, and its transport to the outer extracellular side of the proton pump [171], [172].  

Subsequently, the Schiff base is reprotonated [173]. The electron transport chain within 

the retina provides the energy for the proton motive force, which acts as a pump for both 

electrons and protons
 
[164], [174], [175]. Regulating the photocycle with mutations that 

alter the lifetime of the intermediates could result in the improvement of power 



 

46 

 

generation in a bR-SSC [176], [177]. Further studies of electrochemical working 

principles in biomolecules are hampered by achieving reproducible experimental 

configurations, particularly electronic contacts to the proteins. To date, most of the 

studies of bR PVs focused on photovoltage generation and photoconduction with 

multilayers rather than on charge translocation mechanisms inside the protein [178].  

 

Some of the main challenges facing the commercialization of bio-SSCs involve the 

enhancement of the power conversion efficiency, flexibility, and long-term stability 

[179], [180]. In addition to performance improvement, long term stability studies of bio-

based electrodes are critically important. Commercially available solar energy conversion 

devices can achieve lifetimes ≥10 years; however, many bio-based electrodes have only 

been tested for tens of days [113]. The longest reported duration of a performance 

stability study for a solid-state bio-SSC is only 30 days, where the devices experienced a 

20% loss of efficiency after the test period [181]. Despite the great potential of 

photovoltaic technology, there are certain limitations associated with its development, 

including mass transfer limitations, porosity, and protonic conductivity, mechanical and 

chemical stability of materials, along with their components biocompatibility [182].  

 

bR-SSCs have low PCE mostly because of the limited photocurrent, given that moderate 

VOC is commonly observed. The low photocurrent of bR-SSC can be ascribed to five 

main factors (Figure 2.8). The first one is the high electrical resistance at the interface of 

the chromophores with the electrode, as the electron donating group is deeply buried in 

the molecule and surrounded by low conductivity layers. Thus, engineering more 

efficient bR electrical wiring with optimized orientation is crucial to converting such 

vectorial proton gradient to electric energy [183]–[185]. The use of electrical nanowires 

and regulation of physicochemical interactions between the biological and inorganic 

materials can improve bR-SSC wiring [186], [187]. To identify the bottlenecks of the 

systems, extracting kinetic parameters within the device can provide significant insight 

into the charge transfer processes. 
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11Figure 2.8. Overview of the most important factors limiting charge transfer in bR-SSC: (1) high 

electrical resistance at the interface of the chromophores with the electrode, (2) the low surface 

density of photoactive molecules on the nanostructured oxides, (3) the energy mismatch of the 

elements in the cell with large activation energy of redox reactions, (4) the limited wettability of 

the electrode by the electrolyte and the protein, and (5) the kinetic competition between 

photoelectron transfer and charge recombination processes in the interfaces of protein-oxides.  
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The second factor contributing to limited photocurrent is the low surface density of 

photoactive molecules. This can be improved by increasing the contact surface of the 

bR/electrode by roughening the electrode surface, creating molecular multilayers, and by 

matching the size of the molecules to the pore size of the nanostructured electrode.  

 

The third factor is the energy mismatch of the elements in the device with the activation 

energy of redox reactions [188]. Scientists ascribe the low efficiency of natural 

photosynthesis processes to a mismatch in photochemical processes with redox cofactors 

- a legacy biochemistry inherited from non-phototrophic organisms [189]. The HOMO-

LUMO bandgap of bR has been studied, but the results have been inconsistent, with 

values of 2.49 eV [190] and 1.6 eV [130] determined by spectroscopic measurements, 

and 2.6 eV calculated by Density Functional Theory [148]. These variations may be 

ascribed to the extrinsic non-uniformity of the methods selected for the measurements, as 

well as to the intrinsic effects that the protein environment has on the chromophore 

LUMO and HOMO positions, but profound knowledge gaps persist for both cases [133]. 

Energy mismatch can be improved by better understanding the photoelectronic 

phenomena taking place in the protein and by carefully selecting and tuning the materials 

for the bR-SSC to optimize the electronic cascade structure.  

 

The fourth key aspect that limits the charge transfer at the bR and electrolyte interfaces is 

the wettability of the electrode by the electrolyte as it can promote bR desorption or 

inhibit bR and mediator diffusion into the pores of the nanostructured semiconductor. 

Previous studies have demonstrated the significant impact that the design of the 

bR/electrolyte interface, a critical site where conversion of photons into electric charges 

takes place, has on the charge transfer processes [147]. The addition of surfactants has 

been shown to improve the PCE of sensitized cells by enhancing electrode-electrolyte 

interactions [39]. 

 

The fifth factor limiting charge transfer in bR-SSCs is kinetic competition with charge 

recombination processes. The PCET processes that take place in photosynthesis seem to 

be the unifying concept in bioenergetics linking redox processes with transmembrane 

proton gradients, which extends the lifetime of charge separated states in biological 

systems [174], [188], [191]. However, this has been mostly disregarded in the design of 

bioPVs. The integration of PCET in a bioPV cell requires incorporating proton acceptors 

and donors to complement the electron donors and acceptors in the device and 

establishing low resistance wiring for the current to charge both carriers along the entire 

cell [174], [188]. Enhancing proton to electron transfer reactions at the interface of 

biological and synthetic materials would open great opportunities to improve the 

efficiency of bioPV devices and sensors in general [148], [166], [192], [193]. 

 

Understanding energy transduction and interfacial electrical transport between electrode, 

protein and electrolyte in the proposed bR-SSC is relevant not only for this bioPV device, 

but for the general advancement of sustainable bioelectronics and biophotonics. It is 

important to consider not only net PCE in the assessment of energy generation 
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technology for the future, but the ethical relation of the device life cycle with human life 

and the environment, especially the interaction with the food supply, climate change, and 

human rights [94]. bR is a well-known robust system to investigate solutions to these 

limitations and establish a molecular basis for future progress in the field of bio-SSCs.  

 

2.4. Conclusions and Outlook 

 

Energy materials to harvest solar light and convert it to electrical energy are expected to 

be more streamlined in the coming years, given the increased environmental awareness. 

In this article, the concept of biodegradable renewable carbon materials as solar cell 

materials was presented. The use of oxide semiconductors in DSSCs results in PVs with 

low GHG emissions, which mean better competitive production costs, eliminating the 

energy intensive processes. It is clear that carbon nanomaterials that can be synthesized 

from the renewable carbon are attractive, especially for the third-generation solar cells 

such as DSSCs.  Carbon nanomaterials also provide a cost-effective route for the light-

weight flexible solar cell devices while increasing sustainability. On the other hand, 

graphene´s feasibility as TC has been promising, but improvements in fabrication and 

performance need to be addressed first. Graphene and CNTs can play a role as solar light 

sensitizers. They also have the capacity to improve charge transport and redox activity in 

the electrolyte and counter electrode. In addition, we provided an overview of the key 

advances in the biodegradable light activated green carbon materials, including bR, PSI 

and PSII, and we discussed their potential as alternatives to synthetic toxic light 

sensitizers in solar cell devices.  The chromophores from the two phototrophic 

photosynthetic systems, PSI and PSII, are responsible for harvesting solar energy in 

nature. They have been integrated into BPECs to improve their PCE.  Amongst light 

activated proton pumps, bR stands out for its long-term stability against photochemical 

degradation, easy scale-up possibility, and cost-effectiveness. Different strategies to 

improve bR-SSC performance were explored in various ways: improving the design of 

the semiconductor, modifying bR pretreatment, genetic/protein engineering, and 

immobilization of the bR to the substrate.  The overarching vision is to mimic 

photosynthesis, which operates by a complex relay process, and future bioPV cells can 

leverage several photosynthetic proteins layered on an active platform in parallel/tandem.  

 

There are five factors that limit the performance of bR-SSC: high electrical resistance, 

low surface density of bR, energy mismatch, wettability between the electrode and the 

electrolyte, and lack of proton-coupled electron transfer architectures to reduce kinetic 

competition with charge recombination processes. Thus, the path to achieve a truly 

biodegradable/renewable solar cell system is long and difficult, but not impossible. That 

the industrial community accepts renewable materials as those used in solar energy 

conversion will require a full understanding of such materials. Due to the highly 

competitive research teams around the world and opportunities in this domain, we look 

forward to exciting new developments soon. We hope to contribute to the development of 

more efficient devices with high quantum yield through fundamental studies on the 

internal mechanisms of a bR-SSC, aiming to optimize how well the functional membrane 
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proteins can be integrated with carbon nanomaterial as hybrids to harvest solar energy. 

We are certain that future PV systems built with a wide range of renewable sustainable 

materials will be successfully launched into the commercial market.



 

51 

 

2.5. References 
 
[1] S. D. Tilley, “Recent Advances and Emerging Trends in Photo-Electrochemical Solar Energy 

Conversion,” Adv. Energy Mater., vol. 9, no. 2, p. 1802877, Jan. 2019, doi: 10.1002/aenm.201802877. 

[2] IEA, “GHG abatement costs for selected measures of the Sustainable Recovery Plan,” 2020. 

Accessed: May 10, 2021. [Online]. Available: https://www.iea.org/data-and-statistics/charts/ghg-

abatement-costs-for-selected-measures-of-the-sustainable-recovery-plan. 

[3] Fraunhofer Institute for Solar Energy Systems (ISE), “Photovoltaics Report,” 2020. [Online]. 

Available: www.ise.fraunhofer.de. 

[4] E. Klugmann-Radziemska and A. Kuczyńska-Łażewska, “The use of recycled semiconductor 

material in crystalline silicon photovoltaic modules production - A life cycle assessment of environmental 

impacts,” Sol. Energy Mater. Sol. Cells, vol. 205, p. 110259, Feb. 2020, doi: 

10.1016/j.solmat.2019.110259. 

[5] G. Hou et al., “Life cycle assessment of grid-connected photovoltaic power generation from 

crystalline silicon solar modules in China,” Appl. Energy, vol. 164, pp. 882–890, Feb. 2016, doi: 

10.1016/j.apenergy.2015.11.023. 

[6] E. G. Hertwich et al., “Assessing the environmental impacts of consumption and production: 

Priority Products and Materials.” UNEP, 2010. 

[7] A. Louwen, W. G. J. H. M. Van Sark, A. P. C. Faaij, and R. E. I. Schropp, “Re-assessment of net 

energy production and greenhouse gas emissions avoidance after 40 years of photovoltaics development,” 

Nat. Commun., vol. 7, no. 1, pp. 1–9, Dec. 2016, doi: 10.1038/ncomms13728. 

[8] P. Rajput, M. Malvoni, N. Manoj Kumar, O. S. Sastry, and A. Jayakumar, “Operational 

Performance and Degradation Influenced Life Cycle Environmental–Economic Metrics of mc-Si, a-Si and 

HIT Photovoltaic Arrays in Hot Semi-arid Climates,” Sustainability, vol. 12, no. 3, p. 1075, Feb. 2020, doi: 

10.3390/su12031075. 

[9] U. E. Hansen, I. Nygaard, and M. Dal Maso, “The dark side of the sun: solar e-waste and 

environmental upgrading in the off-grid solar PV value chain,” Ind. Innov., vol. 28, no. 1, pp. 58–78, Jan. 

2021, doi: 10.1080/13662716.2020.1753019. 

[10] G. Dziubanek et al., “Cadmium in edible plants from Silesia, Poland, and its implications for 

health risk in populations,” Ecotoxicol. Environ. Saf., vol. 142, pp. 8–13, Aug. 2017, doi: 

10.1016/j.ecoenv.2017.03.048. 

[11] H. Vikström, “Risk or opportunity? The extractive industries’ response to critical metals in 

renewable energy technologies, 1980-2014,” Extr. Ind. Soc., vol. 7, no. 1, pp. 20–28, Jan. 2020, doi: 

10.1016/j.exis.2020.01.004. 

[12] E. Camizuli et al., “Trace metals from historical mining sites and past metallurgical activity 

remain bioavailable to wildlife today,” Sci. Rep., vol. 8, no. 1, p. 3436, Dec. 2018, doi: 10.1038/s41598-

018-20983-0. 

[13] I. Celik, Z. Song, A. B. Phillips, M. J. Heben, and D. Apul, “Life cycle analysis of metals in 

emerging photovoltaic (PV) technologies: A modeling approach to estimate use phase leaching,” J. Clean. 

Prod., vol. 186, pp. 632–639, 2018, doi: 10.1016/j.jclepro.2018.03.063. 

[14] J. J. Yoo et al., “Efficient perovskite solar cells via improved carrier management,” Nature, vol. 

590, no. 7847, pp. 587–593, Feb. 2021, doi: 10.1038/s41586-021-03285-w. 

[15] K. Dedecker and G. Grancini, “Dealing with Lead in Hybrid Perovskite: A Challenge to Tackle 

for a Bright Future of This Technology?,” Adv. Energy Mater., p. 2001471, Jun. 2020, doi: 

10.1002/aenm.202001471. 

[16] R. Kommalapati, A. Kadiyala, M. Shahriar, and Z. Huque, “Review of the Life Cycle Greenhouse 

Gas Emissions from Different Photovoltaic and Concentrating Solar Power Electricity Generation 

Systems,” Energies, vol. 10, no. 3, p. 350, Mar. 2017, doi: 10.3390/en10030350. 

[17] M. Shahid, C. Dumat, S. Khalid, N. K. Niazi, and P. M. C. Antunes, “Cadmium Bioavailability, 

Uptake, Toxicity and Detoxification in Soil-Plant System,” 2016, pp. 73–137. 

[18] J. Tschörtner, B. Lai, and J. O. Krömer, “Biophotovoltaics: Green Power Generation From 

Sunlight and Water,” Front. Microbiol., vol. 10, Apr. 2019, doi: 10.3389/fmicb.2019.00866. 



 

52 

 

[19] A. Fujishima and K. Honda, “Electrochemical Photolysis of Water at a Semiconductor Electrode,” 

Nature, vol. 238, no. 5358, pp. 37–38, Jul. 1972, doi: 10.1038/238037a0. 

[20] M. Matsumura, S. Matsudaira, H. Tsubomura, M. Takata, and H. Yanagida, “Dye Sensitization 

and Surface Structures of Semiconductor Electrodes,” Ind. Eng. Chem. Prod. Res. Dev., vol. 19, no. 3, pp. 

415–421, Sep. 1980, doi: 10.1021/i360075a025. 

[21] J. Desilvestro, M. Graetzel, L. Kavan, J. Moser, and J. Augustynski, “Highly efficient sensitization 

of titanium dioxide,” J. Am. Chem. Soc., vol. 107, no. 10, pp. 2988–2990, May 1985, doi: 

10.1021/ja00296a035. 

[22] B. O’Regan and M. Grätzel, “A low-cost, high-efficiency solar cell based on dye-sensitized 

colloidal TiO2 films,” Nature, vol. 353, no. 6346, pp. 737–740, Oct. 1991, doi: 10.1038/353737a0. 

[23] S. Mathew et al., “Dye-sensitized solar cells with 13% efficiency achieved through the molecular 

engineering of porphyrin sensitizers,” Nat. Chem., vol. 6, no. 3, pp. 242–247, Mar. 2014, doi: 

10.1038/nchem.1861. 

[24] T.-L. Li, Y.-L. Lee, and H. Teng, “High-performance quantum dot-sensitized solar cells based on 

sensitization with CuInS2quantum dots/CdS heterostructure,” Energy Environ. Sci., vol. 5, no. 1, pp. 5315–

5324, 2012, doi: 10.1039/C1EE02253A. 

[25] P. S. Chandrasekhar and V. K. Komarala, “Effect of graphene and Au@SiO2 core–shell nano-

composite on photoelectrochemical performance of dye-sensitized solar cells based on N-doped titania 

nanotubes,” RSC Adv., vol. 5, no. 103, pp. 84423–84431, 2015, doi: 10.1039/C5RA13799C. 

[26] S. Kazim, M. K. Nazeeruddin, M. Grätzel, and S. Ahmad, “Perovskite as Light Harvester: A 

Game Changer in Photovoltaics,” Angew. Chemie Int. Ed., vol. 53, no. 11, pp. 2812–2824, Mar. 2014, doi: 

10.1002/anie.201308719. 

[27] V. Thavasi et al., “Study on the Feasibility of Bacteriorhodopsin as Bio-Photosensitizer in 

Excitonic Solar Cell: A First Report,” J. Nanosci. Nanotechnol., vol. 9, no. 3, pp. 1679–1687, Mar. 2009, 

doi: 10.1166/jnn.2009.SI07. 

[28] A. Mershin et al., “Self-assembled photosystem-I biophotovoltaics on nanostructured TiO2 and 

ZnO,” Sci. Rep., vol. 2, no. 1, p. 234, Dec. 2012, doi: 10.1038/srep00234. 

[29] C. P. Lee, C. T. Li, and K. C. Ho, “Use of organic materials in dye-sensitized solar cells,” 

Materials Today, vol. 20, no. 5. Elsevier B.V., pp. 267–283, Jun. 01, 2017, doi: 

10.1016/j.mattod.2017.01.012. 

[30] C.-P. Lee et al., “Economical low-light photovoltaics by using the Pt-free dye-sensitized solar cell 

with graphene dot/PEDOT:PSS counter electrodes,” Nano Energy, vol. 18, pp. 109–117, Nov. 2015, doi: 

10.1016/j.nanoen.2015.10.008. 

[31] H. C. Weerasinghe, F. Huang, and Y.-B. Cheng, “Fabrication of flexible dye sensitized solar cells 

on plastic substrates,” Nano Energy, vol. 2, no. 2, pp. 174–189, Mar. 2013, doi: 

10.1016/j.nanoen.2012.10.004. 

[32] S. Yoon, S. Tak, J. Kim, Y. Jun, K. Kang, and J. Park, “Application of transparent dye-sensitized 

solar cells to building integrated photovoltaic systems,” Build. Environ., vol. 46, no. 10, pp. 1899–1904, 

Oct. 2011, doi: 10.1016/j.buildenv.2011.03.010. 

[33] D. Devadiga, M. Selvakumar, P. Shetty, and M. S. Santosh, “Dye-Sensitized Solar Cell for Indoor 

Applications: A Mini-Review,” J. Electron. Mater., vol. 50, no. 6, pp. 3187–3206, 2021, doi: 

10.1007/s11664-021-08854-3. 

[34] M. Aftabuzzaman, S. Sarker, C. Lu, and H. K. Kim, “In-depth understanding of the energy loss 

and efficiency limit of dye-sensitized solar cells under outdoor and indoor conditions,” J. Mater. Chem. A, 

2021, doi: 10.1039/d1ta03309c. 

[35] C. A. Miller, I. M. Peters, and S. Zaveri, “Thin Film CdTe Photovoltaics and the U . S . Energy 

Transition in 2020,” 2020. 

[36] D. Devadiga, M. Selvakumar, P. Shetty, and M. S. Santosh, “Recent progress in dye sensitized 

solar cell materials and photo-supercapacitors: A review,” J. Power Sources, vol. 493, no. March, p. 

229698, 2021, doi: 10.1016/j.jpowsour.2021.229698. 

[37] K. Yoo et al., “Completely Transparent Conducting Oxide-Free and Flexible Dye-Sensitized Solar 

Cells Fabricated on Plastic Substrates,” ACS Nano, vol. 9, no. 4, pp. 3760–3771, Apr. 2015, doi: 

10.1021/acsnano.5b01346. 



 

53 

 

[38] N. T. R. N. Kumara, A. Lim, C. M. Lim, M. I. Petra, and P. Ekanayake, “Recent progress and 

utilization of natural pigments in dye sensitized solar cells: A review,” Renew. Sustain. Energy Rev., vol. 

78, no. July 2016, pp. 301–317, 2017, doi: 10.1016/j.rser.2017.04.075. 

[39] F. Bella, C. Gerbaldi, C. Barolo, and M. Grätzel, “Aqueous dye-sensitized solar cells,” Chem. Soc. 

Rev., vol. 44, no. 11, pp. 3431–3473, 2015, doi: 10.1039/C4CS00456F. 

[40] S. Yanagida, Y. Yu, and K. Manseki, “Iodine/Iodide-Free Dye-Sensitized Solar Cells,” Acc. 

Chem. Res., vol. 42, no. 11, pp. 1827–1838, Nov. 2009, doi: 10.1021/ar900069p. 

[41] S. Yun, P. D. Lund, and A. Hinsch, “Stability assessment of alternative platinum free counter 

electrodes for dye-sensitized solar cells,” Energy Environ. Sci., vol. 8, no. 12, pp. 3495–3514, 2015, doi: 

10.1039/C5EE02446C. 

[42] C.-L. Yu, J. C. Yu, H.-B. He, and W.-Q. Zhou, “Progress in sonochemical fabrication of 

nanostructured photocatalysts,” Rare Met., vol. 35, no. 3, pp. 211–222, Mar. 2016, doi: 10.1007/s12598-

016-0694-7. 

[43] R. Sastrawan et al., “A glass frit-sealed dye solar cell module with integrated series connections,” 

Sol. Energy Mater. Sol. Cells, vol. 90, no. 11, pp. 1680–1691, Jul. 2006, doi: 10.1016/j.solmat.2005.09.003. 

[44] V. More and P. Bhargava, “Electrodeposited copper current collecting fingers for DSSCs,” Mater. 

Sci. Semicond. Process., vol. 68, pp. 178–185, Sep. 2017, doi: 10.1016/j.mssp.2017.05.013. 

[45] P. Dong et al., “Graphene on Metal Grids as the Transparent Conductive Material for Dye 

Sensitized Solar Cell,” J. Phys. Chem. C, vol. 118, no. 45, pp. 25863–25868, Nov. 2014, doi: 

10.1021/jp505735j. 

[46] G. S. Selopal et al., “Graphene as transparent front contact for dye sensitized solar cells,” Sol. 

Energy Mater. Sol. Cells, vol. 135, pp. 99–105, Apr. 2015, doi: 10.1016/j.solmat.2014.10.016. 

[47] P. Mustonen, D. M. A. Mackenzie, and H. Lipsanen, “Review of fabrication methods of large-area 

transparent graphene electrodes for industry,” Front. Optoelectron., vol. 13, no. 2, pp. 91–113, 2020, doi: 

10.1007/s12200-020-1011-5. 

[48] X. Wang, L. Zhi, and K. Müllen, “Transparent, Conductive Graphene Electrodes for Dye-

Sensitized Solar Cells,” Nano Lett., vol. 8, no. 1, pp. 323–327, Jan. 2008, doi: 10.1021/nl072838r. 

[49] N. Yang, J. Zhai, D. Wang, Y. Chen, and L. Jiang, “Two-Dimensional Graphene Bridges 

Enhanced Photoinduced Charge Transport in Dye-Sensitized Solar Cells,” ACS Nano, vol. 4, no. 2, pp. 

887–894, Feb. 2010, doi: 10.1021/nn901660v. 

[50] X. Yan, X. Cui, B. Li, and L. Li, “Large, Solution-Processable Graphene Quantum Dots as Light 

Absorbers for Photovoltaics,” Nano Lett., vol. 10, no. 5, pp. 1869–1873, May 2010, doi: 

10.1021/nl101060h. 

[51] M.-Y. Yen et al., “Preparation of graphene/multi-walled carbon nanotube hybrid and its use as 

photoanodes of dye-sensitized solar cells,” Carbon N. Y., vol. 49, no. 11, pp. 3597–3606, Sep. 2011, doi: 

10.1016/j.carbon.2011.04.062. 

[52] I. Ahmad, U. Khan, and Y. K. Gun’ko, “Graphene, carbon nanotube and ionic liquid mixtures: 

towards new quasi-solid state electrolytes for dye sensitised solar cells,” J. Mater. Chem., vol. 21, no. 42, 

pp. 16990–16996, 2011, [Online]. Available: https://doi.org/10.1039/C1JM11537E. 

[53] J. G. Radich, R. Dwyer, and P. V. Kamat, “Cu 2 S Reduced Graphene Oxide Composite for High-

Efficiency Quantum Dot Solar Cells. Overcoming the Redox Limitations of S 2 – /S n 2– at the Counter 

Electrode,” J. Phys. Chem. Lett., vol. 2, no. 19, pp. 2453–2460, Oct. 2011, doi: 10.1021/jz201064k. 

[54] G. Zhu, L. Pan, T. Lu, T. Xu, and Z. Sun, “Electrophoretic deposition of reduced graphene-carbon 

nanotubes composite films as counter electrodes of dye-sensitized solar cells,” J. Mater. Chem., vol. 21, no. 

38, pp. 14869–14875, 2011, doi: 10.1039/C1JM12433A. 

[55] S. Li et al., “Vertically Aligned Carbon Nanotubes Grown on Graphene Paper as Electrodes in 

Lithium-Ion Batteries and Dye-Sensitized Solar Cells,” Adv. Energy Mater., vol. 1, no. 4, pp. 486–490, Jul. 

2011, doi: 10.1002/aenm.201100001. 

[56] J. Velten et al., “Carbon nanotube/graphene nanocomposite as efficient counter electrodes in dye-

sensitized solar cells,” Nanotechnology, vol. 23, no. 8, p. 85201, 2012, doi: 10.1088/0957-

4484/23/8/085201. 



 

54 

 

[57] A. Anish Madhavan et al., “Electrical and optical properties of electrospun TiO2-graphene 

composite nanofibers and its application as DSSC photo-anodes,” RSC Adv., vol. 2, no. 33, p. 13032, 2012, 

doi: 10.1039/c2ra22091a. 

[58] D. I. Son et al., “Charge separation and ultraviolet photovoltaic conversion of ZnO quantum dots 

conjugated with graphene nanoshells,” Nano Res., vol. 5, no. 11, pp. 747–761, Nov. 2012, doi: 

10.1007/s12274-012-0258-6. 

[59] K. Wang, S. Wan, Q. Liu, N. Yang, and J. Zhai, “CdS quantum dot-decorated titania/graphene 

nanosheets stacking structures for enhanced photoelectrochemical solar cells,” RSC Adv., vol. 3, no. 45, p. 

23755, 2013, doi: 10.1039/c3ra43770a. 

[60] D. H. Youn et al., “TiN Nanoparticles on CNT-Graphene Hybrid Support as Noble-Metal-Free 

Counter Electrode for Quantum-Dot-Sensitized Solar Cells,” ChemSusChem, vol. 6, no. 2, pp. 261–267, 

Feb. 2013, doi: 10.1002/cssc.201200775. 

[61] L.-H. Chang et al., “A graphene-multi-walled carbon nanotube hybrid supported on fluorinated tin 

oxide as a counter electrode of dye-sensitized solar cells,” J. Power Sources, vol. 222, pp. 518–525, Jan. 

2013, doi: 10.1016/j.jpowsour.2012.08.058. 

[62] Z. Yang, M. Liu, C. Zhang, W. W. Tjiu, T. Liu, and H. Peng, “Carbon Nanotubes Bridged with 

Graphene Nanoribbons and Their Use in High-Efficiency Dye-Sensitized Solar Cells,” Angew. Chemie Int. 

Ed., vol. 52, no. 14, pp. 3996–3999, Apr. 2013, doi: 10.1002/anie.201209736. 

[63] J. Ma et al., “Surfactant-free synthesis of graphene-functionalized carbon nanotube film as a 

catalytic counter electrode in dye-sensitized solar cells,” J. Power Sources, vol. 247, pp. 999–1004, Feb. 

2014, doi: 10.1016/j.jpowsour.2013.08.145. 

[64] H. Hoshi, S. Tanaka, and T. Miyoshi, “Pt-graphene electrodes for dye-sensitized solar cells,” 

Mater. Sci. Eng. B, vol. 190, pp. 47–51, Dec. 2014, doi: 10.1016/j.mseb.2014.09.003. 

[65] C.-H. Tsai, C.-H. Chen, Y.-C. Hsiao, and P.-Y. Chuang, “Investigation of graphene nanosheets as 

counter electrodes for efficient dye-sensitized solar cells,” Org. Electron., vol. 17, pp. 57–65, Feb. 2015, 

doi: 10.1016/j.orgel.2014.11.016. 

[66] W. Wei, M. Li, and Y. H. Hu, “Applications of 3D Potassium-Ion Pre-Intercalated Graphene for 

Perovskite and Dye-Sensitized Solar Cells,” Ind. Eng. Chem. Res., p. acs.iecr.9b00795, May 2019, doi: 

10.1021/acs.iecr.9b00795. 

[67] M. Zannotti et al., “Reduced Graphene Oxide-NiO Photocathodes for p-Type Dye-Sensitized 

Solar Cells,” ACS Appl. Energy Mater., vol. 2, no. 10, pp. 7345–7353, Oct. 2019, doi: 

10.1021/acsaem.9b01323. 

[68] L. Liu et al., “An efficient quasi-solid-state dye-sensitized solar cell with gradient polyaniline-

graphene/PtNi tailored gel electrolyte,” Electrochim. Acta, vol. 316, pp. 125–132, Sep. 2019, doi: 

10.1016/j.electacta.2019.05.115. 

[69] W.-C. Oh and Y. Areerob, “A New Aspect for Band Gap Energy of Graphene-Mg 2 CuSnCoO 6 -

Gallic Acid as a Counter Electrode for Enhancing Dye-Sensitized Solar Cell Performance,” ACS Appl. 

Mater. Interfaces, vol. 11, no. 42, pp. 38859–38867, Oct. 2019, doi: 10.1021/acsami.9b14500. 

[70] M. U. Shahid, N. M. Mohamed, A. S. Muhsan, R. Bashiri, A. E. Shamsudin, and S. N. A. Zaine, 

“Few-layer graphene supported polyaniline (PANI) film as a transparent counter electrode for dye-

sensitized solar cells,” Diam. Relat. Mater., vol. 94, pp. 242–251, Apr. 2019, doi: 

10.1016/j.diamond.2019.03.009. 

[71] G. Zhao, C. Feng, H. Cheng, Y. Li, and Z.-S. Wang, “In situ thermal conversion of graphene 

oxide films to reduced graphene oxide films for efficient dye-sensitized solar cells,” Mater. Res. Bull., vol. 

120, p. 110609, Dec. 2019, doi: 10.1016/j.materresbull.2019.110609. 

[72] F. Jahantigh, S. M. B. Ghorashi, and A. Bayat, “Hybrid dye sensitized solar cell based on single 

layer graphene quantum dots,” Dye. Pigment., vol. 175, p. 108118, Apr. 2020, doi: 

10.1016/j.dyepig.2019.108118. 

[73] V. Sudhakar, A. K. Singh, and M. K. Chini, “Nanoporous Reduced Graphene Oxide and Polymer 

Composites as Efficient Counter Electrodes in Dye-Sensitized Solar Cells,” ACS Appl. Electron. Mater., 

vol. 2, no. 3, pp. 626–634, Mar. 2020, doi: 10.1021/acsaelm.9b00593. 

[74] S. A. Salleh, M. Y. A. Rahman, Z. Yumni, and T. H. T. Aziz, “Nickel sulphide-reduced graphene 

oxide composites as counter electrode for dye-sensitized solar cells: Influence of nickel chloride 



 

55 

 

concentration,” Arab. J. Chem., vol. 13, no. 4, pp. 5191–5197, Apr. 2020, doi: 

10.1016/j.arabjc.2020.03.003. 

[75] J. Rakspun et al., “Modification of reduced graphene oxide layers by electron-

withdrawing/donating units on molecular dopants: Facile metal-free counter electrode electrocatalysts for 

dye-sensitized solar cells,” Sol. Energy, vol. 203, pp. 175–186, Jun. 2020, doi: 

10.1016/j.solener.2020.04.037. 

[76] U. Mehmood, H. Asghar, F. Babar, and M. Younas, “Effect of graphene contents in 

polyaniline/graphene composites counter electrode material on the photovoltaic performance of dye-

sensitized solar cells (DSSCSs),” Sol. Energy, vol. 196, pp. 132–136, Jan. 2020, doi: 

10.1016/j.solener.2019.12.024. 

[77] P. Dong et al., “Vertically Aligned Carbon Nanotubes/Graphene Hybrid Electrode as a TCO- and 

Pt-Free Flexible Cathode for Application in Solar Cells,” J. Mater. Chem. A, vol. 2, no. 48, pp. 20902–

20907, 2014, doi: 10.1039/C4TA05264A. 

[78] K. Mensah-Darkwa, F. O. Agyemang, D. Yeboah, and S. Akromah, “Dye-sensitized solar cells 

based on graphene oxide and natural plant dye extract,” Mater. Today Proc., Mar. 2020, doi: 

10.1016/j.matpr.2020.02.391. 

[79] I. Ahmad, U. Khan, and Y. K. Gun’ko, “Graphene, carbon nanotube and ionic liquid mixtures: 

towards new quasi-solid state electrolytes for dye sensitised solar cells,” J. Mater. Chem., vol. 21, no. 42, 

pp. 16990–16996, 2011. 

[80] M. Liu, G. Li, and X. Chen, “One-Pot Controlled Synthesis of Spongelike CuInS 2 Microspheres 

for Efficient Counter Electrode with Graphene Assistance in Dye-Sensitized Solar Cells,” ACS Appl. 

Mater. Interfaces, vol. 6, no. 4, pp. 2604–2610, Feb. 2014, doi: 10.1021/am405100g. 

[81] G. Zhu, L. Pan, T. Lu, T. Xu, and Z. Sun, “Electrophoretic deposition of reduced graphene-carbon 

nanotubes composite films as counter electrodes of dye-sensitized solar cells,” J. Mater. Chem., vol. 21, no. 

38, pp. 14869–14875, 2011. 

[82] G. Paterakis et al., “N-Doped graphene/PEDOT composite films as counter electrodes in DSSCs: 

Unveiling the mechanism of electrocatalytic activity enhancement,” Appl. Surf. Sci., vol. 423, pp. 443–450, 

2017, doi: https://doi.org/10.1016/j.apsusc.2017.06.180. 

[83] N. P. D. Ngidi, M. A. Ollengo, and V. O. Nyamori, “Heteroatom-doped graphene and its 

application as a counter electrode in dye-sensitized solar cells,” Int. J. Energy Res., vol. 43, no. 5, pp. 

1702–1734, 2019, doi: https://doi.org/10.1002/er.4326. 

[84] Z. Liu, P. You, S. Liu, and F. Yan, “Neutral-Color Semitransparent Organic Solar Cells with All-

Graphene Electrodes,” ACS Nano, vol. 9, no. 12, pp. 12026–12034, Dec. 2015, doi: 

10.1021/acsnano.5b04858. 

[85] J. Hu, X. Xiong, W. Guan, and H. Long, “Recent advances in carbon nanomaterial-optimized 

perovskite solar cells,” Mater. Today Energy, vol. 21, p. 100769, Sep. 2021, doi: 

10.1016/j.mtener.2021.100769. 

[86] Z. Peng et al., “Advances in the application, toxicity and degradation of carbon nanomaterials in 

environment: A review,” Environ. Int., vol. 134, no. August 2019, p. 105298, 2020, doi: 

10.1016/j.envint.2019.105298. 

[87] C. Zhang, X. Chen, and S. H. Ho, “Wastewater treatment nexus: Carbon nanomaterials towards 

potential aquatic ecotoxicity,” J. Hazard. Mater., vol. 417, no. March, p. 125959, 2021, doi: 

10.1016/j.jhazmat.2021.125959. 

[88] D. Jović et al., “The puzzling potential of carbon nanomaterials: General properties, application, 

and toxicity,” Nanomaterials, vol. 10, no. 8, pp. 1–30, 2020, doi: 10.3390/nano10081508. 

[89] Y. Mazor, I. Greenberg, H. Toporik, O. Beja, and N. Nelson, “The evolution of photosystem I in 

light of phage-encoded reaction centres,” Philos. Trans. R. Soc. B Biol. Sci., vol. 367, no. 1608, pp. 3400–

3405, Dec. 2012, doi: 10.1098/rstb.2012.0057. 

[90] J. Kennis, B. Gobets, I. Van Stokkum, J. Dekker, R. van Grondelle, and G. Fleming, “Light 

harvesting by chlorophylls and carotenoids in the photosystem I core complex of Synechococcus 

elongatus,” May 2001, [Online]. Available: https://doi.org/10.1021/jp010382a. 

[91] Y. Mazor, A. Borovikova, and N. Nelson, “The structure of plant photosystem I super-complex at 

2.8 Å resolution,” Elife, vol. 4, p. e07433, 2015, doi: https://doi.org/10.7554/eLife.07433.004. 



 

56 

 

[92] K. Al-Aribe, G. Knopf, and A. Bassi, “Ionic Polymer Microactuator Activated by Photoresponsive 

Organic Proton Pumps,” Actuators, vol. 4, no. 4, pp. 237–254, Oct. 2015, doi: 10.3390/act4040237. 

[93] R. J. D. Miller, O. Paré-Labrosse, A. Sarracini, and J. E. Besaw, “Three-dimensional view of 

ultrafast dynamics in photoexcited bacteriorhodopsin in the multiphoton regime and biological relevance,” 

Nat. Commun., vol. 11, no. 1, p. 1240, Dec. 2020, doi: 10.1038/s41467-020-14971-0. 

[94] R. E. Blankenship et al., “Comparing Photosynthetic and Photovoltaic Efficiencies and 

Recognizing the Potential for Improvement,” Science (80-. )., vol. 332, no. 6031, pp. 805–809, May 2011, 

doi: 10.1126/science.1200165. 

[95] M. Calvin, “Solar energy by photosynthesis,” Kagaku To Seibutsu, vol. 12, no. 7, pp. 481–498, 

1974, doi: 10.1271/kagakutoseibutsu1962.12.481. 

[96] N. Sekar and R. P. Ramasamy, “Photosynthetic energy conversion: recent advances and future 

perspective,” Electrochem. Soc. Interface, vol. 24, no. 3, pp. 67–73, 2015. 

[97] H. Hug, M. Bader, P. Mair, and T. Glatzel, “Biophotovoltaics: Natural pigments in dye-sensitized 

solar cells,” Appl. Energy, vol. 115, pp. 216–225, Feb. 2014, doi: 10.1016/j.apenergy.2013.10.055. 

[98] M. T. Robinson, E. A. Gizzie, F. Mwambutsa, D. E. Cliffel, and G. K. Jennings, “Mediated 

approaches to Photosystem I-based biophotovoltaics,” Curr. Opin. Electrochem., vol. 5, no. 1, pp. 211–

217, Oct. 2017, doi: 10.1016/j.coelec.2017.09.015. 

[99] R. J. D. Miller, O. Paré-Labrosse, A. Sarracini, and J. E. Besaw, “Three-dimensional view of 

ultrafast dynamics in photoexcited bacteriorhodopsin in the multiphoton regime and biological relevance,” 

Nat. Commun., vol. 11, no. 1, p. 1240, Dec. 2020, doi: 10.1038/s41467-020-14971-0. 

[100] K. Al-Aribe, G. Knopf, and A. Bassi, “Ionic Polymer Microactuator Activated by Photoresponsive 

Organic Proton Pumps,” Actuators, vol. 4, no. 4, pp. 237–254, Oct. 2015, doi: 10.3390/act4040237. 

[101] A. J. McCormick, P. Bombelli, R. W. Bradley, R. Thorne, T. Wenzel, and C. J. Howe, 

“Biophotovoltaics: oxygenic photosynthetic organisms in the world of bioelectrochemical systems,” 

Energy Environ. Sci., vol. 8, no. 4, pp. 1092–1109, 2015, doi: 10.1039/C4EE03875D. 

[102] M. Kato, H. Sato, I. Yagi, and M. Sugiura, “Bio-inorganic hybrid photoanodes of photosystem II 

and ferricyanide-intercalated layered double hydroxide for visible-light-driven water oxidation,” 

Electrochim. Acta, vol. 264, pp. 386–392, Feb. 2018, doi: 10.1016/j.electacta.2018.01.133. 

[103] V. M. Friebe and R. N. Frese, “Photosynthetic reaction center-based biophotovoltaics,” Curr. 

Opin. Electrochem., vol. 5, no. 1, pp. 126–134, 2017. 

[104] A. Kay and M. Graetzel, “Artificial photosynthesis. 1. Photosensitization of titania solar cells with 

chlorophyll derivatives and related natural porphyrins,” J. Phys. Chem., vol. 97, no. 23, pp. 6272–6277, 

Jun. 1993, doi: 10.1021/j100125a029. 

[105] A. Kay, R. Humphry-Baker, and M. Graetzel, “Artificial Photosynthesis. 2. Investigations on the 

Mechanism of Photosensitization of Nanocrystalline TiO2 Solar Cells by Chlorophyll Derivatives,” J. 

Phys. Chem., vol. 98, no. 3, pp. 952–959, Jan. 1994, doi: 10.1021/j100054a035. 

[106] J. O. Calkins, Y. Umasankar, H. O’Neill, and R. P. Ramasamy, “High photo-electrochemical 

activity of thylakoid–carbon nanotube composites for photosynthetic energy conversion,” Energy Environ. 

Sci., vol. 6, no. 6, p. 1891, 2013, doi: 10.1039/c3ee40634b. 

[107] X.-F. Wang et al., “Significant enhancement in the power-conversion efficiency of chlorophyll co-

sensitized solar cells by mimicking the principles of natural photosynthetic light-harvesting complexes,” 

Biosens. Bioelectron., vol. 25, no. 8, pp. 1970–1976, Apr. 2010, doi: 10.1016/j.bios.2010.01.015. 

[108] S. Hao, J. Wu, Y. Huang, and J. Lin, “Natural dyes as photosensitizers for dye-sensitized solar 

cell,” Sol. Energy, vol. 80, no. 2, pp. 209–214, Feb. 2006, doi: 10.1016/j.solener.2005.05.009. 

[109] B.-Q. Liu, X.-P. Zhao, and W. Luo, “The synergistic effect of two photosynthetic pigments in dye-

sensitized mesoporous TiO2 solar cells,” Dye. Pigment., vol. 76, no. 2, pp. 327–331, 2008, doi: 

10.1016/j.dyepig.2006.09.004. 

[110] E. Musazade et al., “Biohybrid solar cells: Fundamentals, progress, and challenges,” J. 

Photochem. Photobiol. C Photochem. Rev., vol. 35, pp. 134–156, Jun. 2018, doi: 

10.1016/j.jphotochemrev.2018.04.001. 

[111] K. Nguyen and B. D. Bruce, “Growing green electricity: Progress and strategies for use of 

Photosystem I for sustainable photovoltaic energy conversion,” Biochim. Biophys. Acta - Bioenerg., vol. 

1837, no. 9, pp. 1553–1566, Sep. 2014, doi: 10.1016/j.bbabio.2013.12.013. 



 

57 

 

[112] Y. Takekuma, N. Ikeda, K. Kawakami, N. Kamiya, M. Nango, and M. Nagata, “Photocurrent 

generation by a photosystem I-NiO photocathode for a p-type biophotovoltaic tandem cell,” RSC Adv., vol. 

10, no. 27, pp. 15734–15739, 2020, doi: 10.1039/D0RA01793K. 

[113] K. D. Wolfe, D. Dervishogullari, J. M. Passantino, C. D. Stachurski, G. K. Jennings, and D. E. 

Cliffel, “Improving the stability of photosystem I–based bioelectrodes for solar energy conversion,” Curr. 

Opin. Electrochem., vol. 19, pp. 27–34, Feb. 2020, doi: 10.1016/j.coelec.2019.09.009. 

[114] S. Szewczyk, R. Białek, G. Burdziński, and K. Gibasiewicz, “Photovoltaic activity of electrodes 

based on intact photosystem I electrodeposited on bare conducting glass,” Photosynth. Res., vol. 144, no. 1, 

pp. 1–12, Apr. 2020, doi: 10.1007/s11120-020-00722-1. 

[115] T. Shiyani and T. Bagchi, “Hybrid nanostructures for solar-energy-conversion applications,” 

Nanomater. Energy, vol. 9, no. 1, pp. 39–46, Jun. 2020, doi: 10.1680/jnaen.19.00029. 

[116] H. Barhom, C. Carmeli, and I. Carmeli, “Fabrication of Electronic Junctions between Oriented 

Multilayers of Photosystem I and the Electrodes of Optoelectronic Solid-State Devices,” J. Phys. Chem. B, 

vol. 125, no. 3, pp. 722–728, Jan. 2021, doi: 10.1021/acs.jpcb.0c08161. 

[117] J. M. Passantino, K. D. Wolfe, K. T. Simon, D. E. Cliffel, and G. K. Jennings, “Photosystem I 

Enhances the Efficiency of a Natural, Gel-Based Dye-Sensitized Solar Cell,” ACS Appl. Bio Mater., vol. 3, 

no. 7, pp. 4465–4473, Jul. 2020, doi: 10.1021/acsabm.0c00446. 

[118] A. H. Teodor et al., “Aqueous-soluble bipyridine cobalt (ii/iii) complexes act as direct redox 

mediators in photosystem I-based biophotovoltaic devices,” RSC Adv., vol. 11, no. 18, pp. 10434–10450, 

2021, doi: 10.1039/D0RA10221K. 

[119] R. F. Simmerman et al., “Engineering Photosystem I Complexes with Metal Oxide Binding 

Peptides for Bioelectronic Applications,” Bioconjug. Chem., vol. 26, no. 10, pp. 2097–2105, Oct. 2015, 

doi: 10.1021/acs.bioconjchem.5b00374. 

[120] A. Zeynali, T. S. Ghiasi, G. Riazi, and R. Ajeian, “Organic solar cell based on photosystem I 

pigment-protein complex, fabrication and optimization,” Org. Electron., vol. 51, pp. 341–348, Dec. 2017, 

doi: 10.1016/j.orgel.2017.09.032. 

[121] M.-H. Ham et al., “Photoelectrochemical complexes for solar energy conversion that chemically 

and autonomously regenerate,” Nat. Chem., vol. 2, no. 11, pp. 929–936, Nov. 2010, doi: 

10.1038/nchem.822. 

[122] Y. Lu et al., “Photoelectric Performance of Bacteria Photosynthetic Proteins Entrapped on 

Tailored Mesoporous WO 3 -TiO 2 Films,” Langmuir, vol. 21, no. 9, pp. 4071–4076, Apr. 2005, doi: 

10.1021/la0470129. 

[123] H. Yaghoubi, E. Lafalce, D. Jun, X. Jiang, J. T. Beatty, and A. Takshi, “Large Photocurrent 

Response and External Quantum Efficiency in Biophotoelectrochemical Cells Incorporating Reaction 

Center Plus Light Harvesting Complexes,” Biomacromolecules, vol. 16, no. 4, pp. 1112–1118, Apr. 2015, 

doi: 10.1021/bm501772x. 

[124] M. Rosenbaum, Z. He, and L. T. Angenent, “Light energy to bioelectricity: photosynthetic 

microbial fuel cells,” Curr. Opin. Biotechnol., vol. 21, no. 3, pp. 259–264, Jun. 2010, doi: 

10.1016/j.copbio.2010.03.010. 

[125] N. Sekar, R. Jain, Y. Yan, and R. P. Ramasamy, “Enhanced photo-bioelectrochemical energy 

conversion by genetically engineered cyanobacteria,” Biotechnol. Bioeng., vol. 113, no. 3, pp. 675–679, 

Mar. 2016, doi: 10.1002/bit.25829. 

[126] A. Kouzuma, N. Kaku, and K. Watanabe, “Microbial electricity generation in rice paddy fields: 

recent advances and perspectives in rhizosphere microbial fuel cells,” Appl. Microbiol. Biotechnol., vol. 98, 

no. 23, pp. 9521–9526, Dec. 2014, doi: 10.1007/s00253-014-6138-0. 

[127] N. Sekar, Y. Umasankar, and R. P. Ramasamy, “Photocurrent generation by immobilized 

cyanobacteria via direct electron transport in photo-bioelectrochemical cells,” Phys. Chem. Chem. Phys., 

vol. 16, no. 17, p. 7862, 2014, doi: 10.1039/c4cp00494a. 

[128] X. Cao et al., “A completely anoxic microbial fuel cell using a photo-biocathode for cathodic 

carbon dioxide reduction,” Energy Environ. Sci., vol. 2, no. 5, p. 498, 2009, doi: 10.1039/b901069f. 

[129] S. Y. Lee, H. N. Chang, Y. S. Um, and S. H. Hong, “Bacteriorhodopsin production by cell recycle 

culture of Halobacterium halobium,” Biotechnol. Lett., vol. 20, no. 8, pp. 763–765, 1998, doi: 

10.1023/A:1005394905409. 



 

58 

 

[130] L. S. Li et al., “Photovoltaic characteristics of BR/ p -silicon heterostructures using surface 

photovoltage spectroscopy,” J. Vac. Sci. Technol. A Vacuum, Surfaces, Film., vol. 19, no. 4, pp. 1037–

1041, Jul. 2001, doi: 10.1116/1.1369785. 

[131] Z. Chen, A. Lewis, H. Takei, and I. Nebenzahl, “Bacteriorhodopsin oriented in polyvinyl alcohol 

films as an erasable optical storage medium,” Appl. Opt., vol. 30, no. 35, pp. 5188–5196, 1991. 

[132] E. Alfinito, J. Pousset, L. Reggiani, and K. Lee, “Photoreceptors for a light biotransducer: a 

comparative study of the electrical responses of two (type-1) opsins,” Nanotechnology, vol. 24, no. 39, p. 

395501, 2013. 

[133] S. Das et al., “Bacteriorhodopsin Enhances Efficiency of Perovskite Solar Cells,” ACS Appl. 

Mater. Interfaces, vol. 11, no. 34, pp. 30728–30734, Aug. 2019, doi: 10.1021/acsami.9b06372. 

[134] K. M. Al-Aribe, G. K. Knopf, and A. S. Bassi, “Organic photovoltaic cells based on photoactive 

bacteriorhodopsin proteins,” Mar. 2013, p. 86150Q, doi: 10.1117/12.2004018. 

[135] C.-W. Yen, S. C. Hayden, E. C. Dreaden, P. Szymanski, and M. A. El-Sayed, “Tailoring 

Plasmonic and Electrostatic Field Effects To Maximize Solar Energy Conversion by Bacteriorhodopsin, the 

Other Natural Photosynthetic System,” Nano Lett., vol. 11, no. 9, pp. 3821–3826, Sep. 2011, doi: 

10.1021/nl2018959. 

[136] C. Jeganathan, T. C. Sabari Girisun, S. Vijaya, and S. Anandan, “Improved charge collection and 

photo conversion of bacteriorhodopsin sensitized solar cells coupled with reduced graphene oxide 

decorated one-dimensional TiO2 nanorod hybrid photoanodes,” Electrochim. Acta, vol. 319, pp. 909–921, 

Oct. 2019, doi: 10.1016/j.electacta.2019.07.036. 

[137] C. Kleineberg et al., “Light‐Driven ATP Regeneration in Diblock/Grafted Hybrid Vesicles,” 

ChemBioChem, vol. 21, no. 15, pp. 2149–2160, Aug. 2020, doi: 10.1002/cbic.201900774. 

[138] R. Mohammadpour and S. Janfaza, “Efficient Nanostructured Biophotovoltaic Cell Based on 

Bacteriorhodopsin as Biophotosensitizer,” ACS Sustain. Chem. Eng., vol. 3, no. 5, pp. 809–813, May 2015, 

doi: 10.1021/sc500617w. 

[139] K. Sakai, G. Vacek, H. P. Lüthi, and U. Nagashima, “The Importance of Charge Transfer between 

the Retinal Chromophore and the Protein Environment in Bacteriorhodopsin: A Theoretical Analysis on 

Reduced and Oxidized Chromophores,” Photochem. Photobiol., vol. 66, no. 4, pp. 532–540, Oct. 1997, 

doi: 10.1111/j.1751-1097.1997.tb03185.x. 

[140] N. L. Wagner, J. A. Greco, M. J. Ranaghan, and R. R. Birge, “Directed evolution of 

bacteriorhodopsin for applications in bioelectronics,” J. R. Soc. Interface, vol. 10, no. 84, p. 20130197, Jul. 

2013, doi: 10.1098/rsif.2013.0197. 

[141] S. Balasubramanian, P. Wang, R. D. Schaller, T. Rajh, and E. A. Rozhkova, “High-Performance 

Bioassisted Nanophotocatalyst for Hydrogen Production,” Nano Lett., vol. 13, no. 7, pp. 3365–3371, Jul. 

2013, doi: 10.1021/nl4016655. 

[142] C. Jeganathan, T. C. Sabari Girisun, S. Vijaya, and S. Anandan, “Bacteriorhodopsin-sensitized 

preferentially oriented one-dimensional TiO2 nanorod polymorphs as efficient photoanodes for high-

performance bio-sensitized solar cells,” Appl. Nanosci., vol. 9, no. 2, pp. 189–208, Mar. 2019, doi: 

10.1007/s13204-018-0905-7. 

[143] S. Janfaza, A. Molaeirad, R. Mohamadpour, M. Khayati, and J. Mehrvand, “Efficient Bio-Nano 

Hybrid Solar Cells via Purple Membrane as Sensitizer,” Bionanoscience, vol. 4, no. 1, pp. 71–77, Mar. 

2014, doi: 10.1007/s12668-013-0118-1. 

[144] A. Molaeirad, S. Janfaza, A. Karimi‐Fard, and B. Mahyad, “Photocurrent generation by adsorption 

of two main pigments of Halobacterium salinarum on T i O 2 nanostructured electrode,” Biotechnol. Appl. 

Biochem., vol. 62, no. 1, pp. 121–125, 2015, doi: 10.1002/bab.1244. 

[145] A. Molaeirad and N. Rezaeian, “Oriented assembly of bacteriorhodopsin on ZnO nanostructured 

electrode for enhanced photocurrent generation,” Biotechnol. Appl. Biochem., vol. 62, no. 4, pp. 489–493, 

Jul. 2015, doi: 10.1002/bab.1294. 

[146] N. Naseri, S. Janfaza, and R. Irani, “Visible light switchable bR/TiO 2 nanostructured 

photoanodes for bio-inspired solar energy conversion,” RSC Adv., vol. 5, no. 24, pp. 18642–18646, 2015, 

doi: 10.1039/C4RA16188B. 

[147] J. Chellamuthu, P. Nagaraj, S. G. Chidambaram, A. Sambandam, and A. Muthupandian, 

“Enhanced photocurrent generation in bacteriorhodopsin based bio-sensitized solar cells using gel 



 

59 

 

electrolyte,” J. Photochem. Photobiol. B Biol., vol. 162, pp. 208–212, 2016, doi: 

10.1016/j.jphotobiol.2016.06.044. 

[148] V. Renugopalakrishnan et al., “Engineering a Robust Photovoltaic Device with Quantum Dots and 

Bacteriorhodopsin,” J. Phys. Chem. C, vol. 118, no. 30, pp. 16710–16717, Jul. 2014, doi: 

10.1021/jp502885s. 

[149] T. C. Sabari Girisun, C. Jeganathan, N. Pavithra, and S. Anandan, “Structurally modified 

bacteriorhodopsin as an efficient bio-sensitizer for solar cell applications,” Eur. Biophys. J., vol. 48, no. 1, 

pp. 61–71, Jan. 2019, doi: 10.1007/s00249-018-1331-1. 

[150] A. Molaeirad, S. Janfaza, A. Karimi‐Fard, and B. Mahyad, “Photocurrent generation by adsorption 

of two main pigments of Halobacterium salinarum on T i O 2 nanostructured electrode,” Biotechnol. Appl. 

Biochem., vol. 62, no. 1, pp. 121–125, 2015. 

[151] J. Chellamuthu, P. Nagaraj, S. G. Chidambaram, A. Sambandam, and A. Muthupandian, 

“Enhanced photocurrent generation in bacteriorhodopsin based bio-sensitized solar cells using gel 

electrolyte,” J. Photochem. Photobiol. B Biol., vol. 162, pp. 208–212, Sep. 2016, doi: 

10.1016/j.jphotobiol.2016.06.044. 

[152] D. Juretić and P. Županović, “Photosynthetic models with maximum entropy production in 

irreversible charge transfer steps,” Comput. Biol. Chem., vol. 27, no. 6, pp. 541–553, Dec. 2003, doi: 

10.1016/j.compbiolchem.2003.09.001. 

[153] H. Stan-Lotter and S. Fendrihan, “Halophilic archaea: Life with desiccation, radiation and 

oligotrophy over geological times,” Life, vol. 5, no. 3, pp. 1487–1496, 2015, doi: 10.3390/life5031487. 

[154] T. Nishikawa, M. Murakami, and T. Kouyama, “Crystal structure of the 13-cis isomer of 

bacteriorhodopsin in the dark-adapted state. CC BY-SA 3.0.,” 2014. 

https://commons.wikimedia.org/wiki/File:Bacteriorhodopsin_subunit_1X0S_large.png (accessed Apr. 27, 

2021). 

[155] M. A. Azam, N. E. S. A. A. Mudtalib, and R. N. A. R. Seman, “Synthesis of graphene 

nanoplatelets from palm-based waste chicken frying oil carbon feedstock by using catalytic chemical 

vapour deposition,” Mater. Today Commun., vol. 15, pp. 81–87, Jun. 2018, doi: 

10.1016/j.mtcomm.2018.02.019. 

[156] H.-K. Seo et al., “Value-added Synthesis of Graphene: Recycling Industrial Carbon Waste into 

Electrodes for High-Performance Electronic Devices,” Sci. Rep., vol. 5, no. 1, p. 16710, Dec. 2015, doi: 

10.1038/srep16710. 

[157] R. Mohammadpour, S. Janfaza, and F. Abbaspour-Aghdam, “Light harvesting and photocurrent 

generation by nanostructured photoelectrodes sensitized with a photosynthetic pigment: A new application 

for microalgae,” Bioresour. Technol., vol. 163, pp. 1–5, Jul. 2014, doi: 10.1016/J.BIORTECH.2014.04.003. 

[158] B. J. McFarland, A World from Dust: How the Periodic Table Shaped Life. Oxford University 

Press, 2016. 

[159] T. Daeneke et al., “Aqueous Dye‐Sensitized Solar Cell Electrolytes Based on the Ferricyanide–

Ferrocyanide Redox Couple,” Adv. Mater., vol. 24, no. 9, pp. 1222–1225, 2012. 

[160] M. Cheng, X. Yang, S. Li, X. Wang, and L. Sun, “Efficient dye-sensitized solar cells based on an 

iodine-free electrolyte using l-cysteine/l-cystine as a redox couple,” Energy Environ. Sci., vol. 5, no. 4, pp. 

6290–6293, 2012, doi: 10.1039/C1EE02540F. 

[161] N. Flores-Díaz, A. Soto-Navarro, M. Freitag, G. Lamoureux, and L. W. Pineda, “Neutral organic 

redox pairs based on sterically hindered hydroquinone/benzoquinone derivatives for dye-sensitized solar 

cells,” Sol. Energy, vol. 167, pp. 76–83, Jun. 2018, doi: 10.1016/j.solener.2018.03.084. 

[162] F. Bella et al., “Approaching truly sustainable solar cells by the use of water and cellulose 

derivatives,” Green Chem., vol. 19, no. 4, pp. 1043–1051, 2017, doi: 10.1039/C6GC02625G. 

[163] X. Du, Z. Zhang, W. Liu, and Y. Deng, “Nanocellulose-based conductive materials and their 

emerging applications in energy devices - A review,” Nano Energy, vol. 35, pp. 299–320, May 2017, doi: 

10.1016/j.nanoen.2017.04.001. 

[164] M. Wang et al., “An organic redox electrolyte to rival triiodide/iodide in dye-sensitized solar 

cells,” Nat. Chem., vol. 2, no. 5, pp. 385–389, May 2010, doi: 10.1038/nchem.610. 



 

60 

 

[165] M. Cheng, X. Yang, F. Zhang, J. Zhao, and L. Sun, “Efficient Dye-Sensitized Solar Cells Based 

on Hydroquinone/Benzoquinone as a Bioinspired Redox Couple,” Angew. Chemie Int. Ed., vol. 51, no. 39, 

pp. 9896–9899, Sep. 2012, doi: 10.1002/anie.201205529. 

[166] J. Ono, M. Imai, Y. Nishimura, and H. Nakai, “Hydroxide Ion Carrier for Proton Pumps in 

Bacteriorhodopsin: Primary Proton Transfer,” J. Phys. Chem. B, p. acs.jpcb.0c05507, Sep. 2020, doi: 

10.1021/acs.jpcb.0c05507. 

[167] G. Gallot, “Terahertz sensing in biology and medicine,” Photoniques, no. 101, pp. 53–58, 2020. 

[168] E. Odella et al., “Proton-Coupled Electron Transfer Drives Long-Range Proton Translocation in 

Bioinspired Systems,” J. Am. Chem. Soc., vol. 141, no. 36, pp. 14057–14061, Sep. 2019, doi: 

10.1021/jacs.9b06978. 

[169] P. Stritt, M. Jawurek, and K. Hauser, “Application of tunable quantum cascade lasers to monitor 

dynamics of bacteriorhodopsin in the mid-IR spectral range,” Biomed. Spectrosc. Imaging, vol. 9, no. 1–2, 

pp. 55–61, May 2020, doi: 10.3233/BSI-200195. 

[170] A. A. Khodonov, N. E. Belikov, and O. V Demina, “Properties of artificial bacteriorhodopsin 

analogs. Version 2, 2020. From 1975 to 2019.” 

[171] R. Tripathi, H. Forbert, and D. Marx, “Settling the Long-Standing Debate on the Proton Storage 

Site of the Prototype Light-Driven Proton Pump Bacteriorhodopsin,” J. Phys. Chem. B, vol. 123, no. 45, 

pp. 9598–9608, Nov. 2019, doi: 10.1021/acs.jpcb.9b09608. 

[172] M. Macernis, L. Mourokh, and L. Valkunas, “Mechanism of Proton Transfer in 

Bacteriorhodopsin,” 2021, doi: https://doi.org/10.21203/rs.3.rs-142975/v1. 

[173] Z. Guo, “Trapping internal water clusters and hydrogen-bonding networks in photosynthetic 

oxygen evolution,” Georgia Institute of Technology, 2018. 

[174] S. J. Mora, E. Odella, G. F. Moore, D. Gust, T. A. Moore, and A. L. Moore, “Proton-Coupled 

Electron Transfer in Artificial Photosynthetic Systems,” Acc. Chem. Res., vol. 51, no. 2, pp. 445–453, Feb. 

2018, doi: 10.1021/acs.accounts.7b00491. 

[175] P. Stritt, M. Jawurek, and K. Hauser, “Application of tunable quantum cascade lasers to monitor 

dynamics of bacteriorhodopsin in the mid-IR spectral range,” Biomed. Spectrosc. Imaging, vol. 9, no. 1–2, 

pp. 55–61, May 2020, doi: 10.3233/BSI-200195. 

[176] S. Geibel, È. Lörinczi, E. Bamberg, and T. Friedrich, “Voltage Dependence of Proton Pumping by 

Bacteriorhodopsin Mutants with Altered Lifetime of the M Intermediate,” PLoS One, vol. 8, no. 9, p. 

e73338, Sep. 2013, doi: 10.1371/journal.pone.0073338. 

[177] N. L. Wagner, J. A. Greco, M. J. Ranaghan, and R. R. Birge, “Directed evolution of 

bacteriorhodopsin for applications in bioelectronics,” J. R. Soc. Interface, vol. 10, no. 84, p. 20130197, Jul. 

2013, doi: 10.1098/rsif.2013.0197. 

[178] Y. Jin, N. Friedman, M. Sheves, T. He, and D. Cahen, “Bacteriorhodopsin (bR) as an electronic 

conduction medium: Current transport through bR-containing monolayers,” Proc. Natl. Acad. Sci., vol. 

103, no. 23, pp. 8601–8606, Jun. 2006, doi: 10.1073/pnas.0511234103. 

[179] K.-T. Huang, C.-P. Chen, B.-H. Jiang, R.-J. Jeng, and W.-C. Chen, “Green poly-lysine as electron-

extraction modified layer with over 15% power conversion efficiency and its application in bio-based 

flexible organic solar cells,” Org. Electron., vol. 87, p. 105924, Dec. 2020, doi: 

10.1016/j.orgel.2020.105924. 

[180] J. Han et al., “A Universal Method to Enhance Flexibility and Stability of Organic Solar Cells by 

Constructing Insulating Matrices in Active Layers,” Adv. Funct. Mater., vol. 30, no. 38, p. 2003654, Sep. 

2020, doi: 10.1002/adfm.202003654. 

[181] D. Dervishogullari, E. A. Gizzie, G. K. Jennings, and D. E. Cliffel, “Polyviologen as Electron 

Transport Material in Photosystem I-Based Biophotovoltaic Cells,” Langmuir, vol. 34, no. 51, pp. 15658–

15664, Dec. 2018, doi: 10.1021/acs.langmuir.8b02967. 

[182] T. Wilberforce, E. T. Sayed, M. A. Abdelkareem, K. Elsaid, and A. G. Olabi, “Value added 

products from wastewater using bioelectrochemical systems: Current trends and perspectives,” J. Water 

Process Eng., vol. 39, p. 101737, Feb. 2021, doi: 10.1016/j.jwpe.2020.101737. 

[183] P. Singh, S. Singh, N. Jaggi, K.-H. Kim, and P. Devi, “Recent advances in bacteriorhodopsin-

based energy harvesters and sensing devices,” Nano Energy, vol. 79, p. 105482, Jan. 2021, doi: 

10.1016/j.nanoen.2020.105482. 



 

61 

 

[184] Y.-T. Li et al., “A Review on Bacteriorhodopsin-Based Bioelectronic Devices,” Sensors, vol. 18, 

no. 5, p. 1368, Apr. 2018, doi: 10.3390/s18051368. 

[185] X. Zhou, F. Lv, L. Liu, Y. Huang, and S. Wang, “Bacteriorhodopsin‐Based Biophotovoltaic 

Devices Driven by Chemiluminescence as Endogenous Light Source,” Adv. Opt. Mater., vol. 8, no. 1, p. 

1901551, Jan. 2020, doi: 10.1002/adom.201901551. 

[186] Rajesh, R. K. Paul, and A. Mulchandani, “Platinum nanoflowers decorated three-dimensional 

graphene–carbon nanotubes hybrid with enhanced electrocatalytic activity,” J. Power Sources, vol. 223, pp. 

23–29, Feb. 2013, doi: 10.1016/j.jpowsour.2012.08.088. 

[187] T. J. Wax, J. A. Greco, S. Chen, N. L. Wagner, J. Zhao, and R. R. Birge, “Tunable photocycle 

kinetics of a hybrid bacteriorhodopsin/quantum dot system,” Nano Res., vol. 12, no. 2, pp. 365–373, Feb. 

2019, doi: 10.1007/s12274-018-2224-4. 

[188] X. Xie and E. Bakker, “Photoelectric Conversion Based on Proton-Coupled Electron Transfer 

Reactions,” J. Am. Chem. Soc., vol. 136, no. 22, pp. 7857–7860, Jun. 2014, doi: 10.1021/ja503491k. 

[189] D. Gust, D. Kramer, A. Moore, T. A. Moore, and W. Vermaas, “Engineered and Artificial 

Photosynthesis: Human Ingenuity Enters the Game,” MRS Bull., vol. 33, no. 4, pp. 383–387, Apr. 2008, 

doi: 10.1557/mrs2008.78. 

[190] G. Xingyu, S. N. Viswanathan, C.-W. Chang, B. Barbiellini, D. E. Budil, and V. 

Renugopalakrishnan, “Spectroscopic Determination of HOMO and LUMO Energies of Retinal 

in Bacteriorhodopsin for Solar Cell Applications,” Biophys. J., vol. 98, no. 3, p. 172a, Jan. 2010, doi: 

10.1016/J.BPJ.2009.12.927. 

[191] D. Hvasanov, J. R. Peterson, and P. Thordarson, “Self-assembled light-driven photosynthetic-

respiratory electron transport chain hybrid proton pump,” Chem. Sci., vol. 4, no. 10, p. 3833, 2013, doi: 

10.1039/c3sc51780b. 

[192] Y.-T. Li et al., “A Review on Bacteriorhodopsin-Based Bioelectronic Devices,” Sensors, vol. 18, 

no. 5, p. 1368, Apr. 2018, doi: 10.3390/s18051368. 

[193] S. G. Aziz, O. I. Osman, S. A. Elroby, W. M. I. Hassan, A. Jedidi, and R. H. Hilal, “Proton-

coupled electron transfer in dye-sensitized solar cells: a theoretical perspective,” Struct. Chem., vol. 29, no. 

4, pp. 983–997, Aug. 2018, doi: 10.1007/s11224-018-1080-x. 

  



 

62 

 

 CHAPTER III 

PREELIMINARY STUDY OF DEVICE PERFORMANCE 

IN BACTERIORHODOPSIN-BASED SOLAR CELL USING PEDOT 

FUNCTIONALIZED WITH CARBON NANOTUBES AND A GEL-

BASED HYDROQUINONE/BENZOQUINONE ELECTROLYTE 

SYSTEM 

  



 

63 

 

3.1. Abstract 

Bacteriorhodopsin (bR) is a highly stable light-activated proton pump with a great 

potential to be used in the fabrication of bio-based electronic devices due to its optical 

and photoelectric properties. Its usage in the generation of a photoelectrical signal can 

show remarkable performance in responsivity and quantum efficiency. In the present 

work, we show the development of a biosensitized solar cell fabricated with a bR-

photoanode integrated with low-cost carbon-based counter electrodes (CE) of poly (3,4-

ethylenedioxythiophene) (PEDOT) with carbon nanotubes (CNTs). A biologically 

mimetic hydroquinone/benzoquinone-based redox mediator was incorporated in the 

electrolyte. The influence of different parameters in the function of the bR-sensitized 

photodetectors were assessed by photovoltage generation, and J–V  curves of the 

fabricated devices are investigated both in dark and under simulated sunlight (AM 1.5, 

100 mW/cm
2
). The photodetector exhibits a VOC of -891 mV with a fill factor of 98%, 

leading to a final power conversion efficiency (PCE) of 0.13%. Bio-based devices could 

significantly contribute to reduce and replace traditional costly and harmful 

materials used in conventional photovoltaic technologies with renewable carbon-based 

alternatives; potentially decreasing the cost, enhancing the performance, and improving 

the device sustainability. 

 

3.2. Introduction 

 

Bacteriorhodopsin (bR) is a membrane protein-pigment complex exhibiting light-driven 

proton pump activity. Found in the archaea Halobacterium salinarum [1], bR has 

remarkable thermal (80 °C in water, 140 °C in dry condition), chemical (pH 5−11) and 

photochemical stability and can withstand high salt concentration up to 3 M NaCl  [2], 

[3]. Its optical characteristics include a large absorption cross-section, high quantum 

efficiency, and optical nonlinearities, making it suitable for a range of optoelectronic 

applications [4], including biosensors, holographic memories, photonic transistors, 

photodetectors,  and bio-sensitized solar cells (BSSCs) [5]–[7]. The relative simplicity of 

the protein structure (see figure 3.1) and ability to recombinantly express and purify bR 

has allowed for bioengineering to further fine-tune various properties of the protein-

pigment complex including its photocycle [8]–[12]. 
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12Figure 3.1. Schematic structure of bacteriorhodopsin 
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One of the most promising applications of this protein is as a sensitizing agent in bio-

sensitized solar cells (BSSC). BSSCs belong to the group of dye-sensitized solar cells 

that employ low cost and environment-friendly biomolecules as light harvesters. A 

typical bR-based SSC is composed of a bacteriorhodopsin protein used to sensitize a 

mesoprorous nanocrystalline semiconductor layer coated on a transparent conducting 

oxide substrate and the scattering layer, and a counter electrode [13]. In a BSSC, the bio-

sensitizer in the anode absorbs a photon. The photoactive molecules get excited and 

injects an electron into the conduction band of the semiconductor layer and then to the 

conductor substrate. The electrons flow through the external circuit to the counter 

electrode (CE) which is going to reduce an electrolyte between the two electrodes that 

contains the redox couple, returning the electrons from the external load back into the 

‘‘circulation’’ within the cell. Finally, the resultant oxidized dye is quickly reduced back 

to its original state by the reduced species in the electrolyte [14].  

 

Several studies have been performed to improve the performance of BSSCs [15]. The 

enhanced device efficiency has been made possible through the re-designing of various 

components of the device, which includes the photoanode components and surface 

treatments [16], modifications to the transparent conducting substrate [5], structural and 

biotechnological modifications to the protein [17], [4], usage of different redox 

electrolytes [18], and also by adopting new fabrication techniques [19]. Despite the 

important role of the CE in the cell performance and its considerable effect on the price 

of these device, few studies have addressed the design of biosensitized solar cells using 

alternative CE materials [20], [21]. 

 

To date, Pt is still the more common used CE material in BSSCs because of its high 

catalytic activity, conductivity and stability. However, Pt is a rare, scarce and expensive 

metal, also correlated with degradation/stability issues because of its electrocatalytic 

properties and its dissolution in the electrolyte. Therefore, finding and developing an 

alternative to substitute Pt is urgent [22]. In a BSSC, CE has some fundamental 

requirements for its optimum operation that should be considered when proposing 

alternative materials. It should possess a high catalytic activity, high conductivity, high 

reflectivity, low-cost, high surface area, porous nature, optimum thickness, chemical, 

electrochemical and mechanical stability, chemical corrosion resistance, an appropriate 

energy level that matches with the potential of the redox couple electrolyte [13]. 

 

From this perspective, conductive polymers (CP) offer a promising alternative to replace 

Pt-coated CEs thanks to its high room-temperature conductivity and remarkable stability. 

CP can be flexible, translucent and cheaper than metals for it use in light harvesting 

devices [22]. One of the most widely studied CP for this purpose is poly(3,4-

ethylenedioxy-thiophene) (PEDOT), because of its high conductivity, unusual 

electroactivity and relative environmental stability, so it can be a much better alternative 

than many metals such as Pt [23]. PEDOT electrodes can improve the connectivity 

between the electrically insulating proteins, and have been reported for use in BSSC 

photoanodes [24] and recently we reported its usage as cathode material [18]. PEDOT 
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performance can be boosted by forming composites with different materials such as 

carbon nanotubes (CNTs). PEDOT/CNTs show the properties of each individual 

component with a synergistic effect that would be useful in photovoltaic applications 

[14]. PEDOT-based electrodes also displayed excellent electrocatalytic behavior with 

conventional used iodide/iodine redox couple and also toward newer high-efficiency 

redox mediators [25].  

 

The redox mediators used in electrolytes are another factor to consider for enhancing the 

efficiency in BSSC. Further researchers used different types of electrolytes namely 

inorganic or organic hole conductors, ionic liquids, and gel-based electrolytes [26]. The 

electrolyte is one of the most critical component of the BSSC as it is accountable for 

inner charge carrier transport between electrodes and continuously restores the sensitizer 

and itself during the electron transfer process [19]. The most common redox couples of 

the electrolyte are based on iodine or cobalt. Iodine-based electrolytes usually present 

several disadvantages, like the corrosion of the CE and the biosensitizer, the electrolyte 

can compete for the visible light absorption, secondary chemical reactions in the 

electrolyte causes great energy losses; and the redox potential of I/I3 limits the 

photovoltage generation. To overcome this issues, researchers have studied new kinds of 

redox couples in BSSC [27].  

 

Cobalt-based organometallic complexes offer the possibility of finely tuning the chemical 

and redox properties of the mediator by varying the ligands on the metal center. 

However, they are usually sterically hindered molecules, causing mass transportation 

issue, with slow charge transfer dynamics. Cobalt is also a relatively rare mineral, whose 

price is increasing, and its extraction has a high environmental impact, which poses a risk 

to its future supply. Despite the high performance of its complexes as redox pairs, which 

allowed the highest efficiency values in the field of BSSCs is necessary to replaced it 

with abundant and renewable raw materials for sustainability [28].  

 

Another alternative is the use of organic bio-inspired redox couples, as 

hydroquinone/benzoquinone (HQ/BQ). Hydroquinone (HQ) is very strong reductant, 

which can lose two electrons to form benzoquinone (BQ), and the electron transfer of the 

redox couple is a thermodynamically reversible process. The redox potential of HQ/BQ, 

is more positive than that of I/I3 and more negative than the HOMO of most sensitizers, 

facilitating the charge transfer between the different elements of the BSSC [29].  

 

The basic characteristics of solar cells are obtained by examining current density-voltage 

(J-V) characteristics. J-V characteristics of the cell are a graph of the output current of the 

photovoltaic generator as a function of voltage at a given temperature and irradiance [30]. 

The efficiency of device is determined by its short-circuit photocurrent density (JSC), its 

open-circuit photovoltage (VOC) and its fill factor (FF).  

 

In this study we describe the fabrication of a bR sensitized solar cell (bR-SSC) based on 

highly conducting PEDOT doped with multi wall carbon nanotubes (MWCNTs), HQ/BQ 
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redox mediator in non-aqueous media, and the photoactive protein bR, as illustrated in 

Figure 3.2. This report also discusses about the device photovoltaic parameters (for 

instance, JSC, VOC, FF, and PCE) from current density-voltage plots of the BSSC and the 

photovoltage cycles measurements will be also discussed.  
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13Figure 3.2. Device structure of a bR-sensitized solar cell employing hydroquinone/benzoquinone 

redox couple. 
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3.3. Results 

 

3.3.1. Counter Electrode Characterization 

 

The performance of different counter electrode materials was analyzed through 

electrochemical methods and the morphological characteristics of PEDOT/CNTs films 

prepared were studied with the aid of SEM images. The corresponding pictures are 

shown in Figure 3.2A. It is observed that the galvanostatic electropolymerization of 

EDOT results in cauliflower-like structures with globular morphology; and the small 

protrusions observed corresponds to the MWCNTs decorating the polymeric structures. 
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14Figure 3.3. Counter electrode characterization. A. SEM micrographs and B. photograph of 

PEDOT/CNTs counter electrode.  
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The electrochemical behavior of HQ-based electrolyte at the bare platinum, PEDOT and 
at the PEDOT/CNT electrodes in acetonitrile solution was studied using cyclic 
voltammetry. Figure 3.4 shows the electrochemical responses obtained on the three 
electrodes in 50 mM TBAP in the presence of 2 mM HQ. The cathodic and anodic 
current peaks of the different electrodes were detected. The obtained current in the 
voltammograms were normalized for peak height to consider the variability of the 
working electrode area. The specific reaction of the redox pair analyzed is show in Figure 
3.5. 
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15Figure 3.4. Cyclic voltammetry of 2 mM hydroquinone aqueous solution using as working 

electrodes a bare Pt wire (solid line), and FTO coated with a PEDOT film (dashed line) and a 

PEDOT/CNTs (dot line). The supporting electrolyte, the reference electrode and the potential 

scan rate were 50 mM TBAP, Pt mesh and 100 mV/s, respectively. The second cycle is shown. 

 

 

16Figure 3.5. Organic redox pair hydroquinone/benzoquinone (HQ/BQ) electron transfer steps: A. 

absence of a proton donor/acceptor and B. in presence of a proton donor/acceptor. 
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The maximum peak values of the cathodic and the anodic potentials and the midpoint 

potential Em using HQ/BQ redox system are shown in Table 3.1. In all the studied 

systems, the redox reaction of the electrolyte was quasi-reversible. 
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3 Table 3.1. Electrochemical parameter of cyclic voltammetry for different counter-electrodes. 

 
 E

ox 

(V vs NHE) 

E
red

 

(V vs NHE) 

E
m

 

Pt 1.20 0.26 0.47 

PEDOT 0.98 -0.11 0.43 

PEDOT/CNT 1.31 0.53 0.39 
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3.3.2. Preliminary Results for Bio-Sensitized Solar Cells Using PEDOT CE 

 
Once the different electrodes were tested, the photovoltaic performance of the bR-SSC 

using PEDOT/CNTs electrodes was studied, and the resulting current density–voltage (J–

V) can be seen in Figure 3.6 below, measured at 0.5 V/s. The photovoltaic performance 

parameters: VOC, JSC, and FF obtained are shown in Table 3.2. 
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17Figure 3.6. Dark and illuminated J-V curves under 1 sun (AM 1.5 G, 100mW/cm
2
) of a 

biosensitized solar cell. 

 

 

 
4 Table 3.2. Electrochemical performance parameters of blank and bR-sensitized solar cells. 

 
 Voc (mV) Jsc (µA/cm2) FF % PCE % 

bR -891 145 98 0,13 

Blank -851 144 44 0,05 
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To better understand the electron transport, electrochemical impedance spectroscopy 

(EIS) was also utilized to test the BSSC. The Nyquist and Bode plots of representative 

samples for each material are shown in Figures 3.7 (A-B).  
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18Figure 3.7. Electrochemical impedance spectra of bR-sensitized solar cell. A. Nyquist plot and 

B. Bode phase plot of the fabricated devices. Electrodes were immersed in HQ 0.2 M, with and 

0.1 M TBPA, in liquid acetonitrile. The frequency was swept logarithmically from 0.1 Hz a 

100000 Hz, and 30 frequencies were used. 
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Electrochemical impedance (EIS) analysis by equivalent circuit was analyzed. The 

impedance response of the BSSC was interpreted with a model (Figure 3.8) consisting of 

an equivalent electrical circuit with a connection of parallel R/CPE circuit. In the model, 

the group Rs, Rp and CPE on the left are used to fit the semicircle seen in the 

experimental data, using the "Electrochemical circuit fit" tool of Autolab NOVA 2.1, 

while the second CPE is used to fit the low-frequency sloping line. The parameters 

obtained from the modelling of the impedance data in the circuit model are reported in 

the Table 3.3. 
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19Figure 3.8. Equivalent circuit model of the A. blank and B. BSSC. 

 

 

 

 
5Table 3.3. Fitting parameters obtained from the modelling of the Nyquist plots of BSSC and 

blank samples following the equivalent circuit approach of Figure 3.8. 

 
Sample Element Value (Ω) 

bR 

Rs 57,52 

Rp 37,64 

ΔR 19.88 

Blank Rs 58,60 

Rp 42,94 

ΔR 15.66 
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3.3.3. Output and Efficiency of bR-SSCs using PEDOT/CNTs CE and HQ/BQ Redox 

System 

 

After verifying that the designed system showed promising results, the analysis of the J-V 

curves was replicated using a lower scanning rate (0.005 V/s), and the resultant plots of 

the J-V curves are presented in Figure 3.9. The photovoltaic parameters short-circuit 

current (JSC), open-circuit voltage (VOC), fill factor (FF), and power conversion efficiency 

(PCE) are summarized in Table 3.4. The greatest open-circuit VOC, JSC, and PCE were 

obtained with the bR-SSC. The VOC, JSC, and PCE of bR-SSC cell were −820 mV, 60 

µA/cm
2
, and 0.02%, respectively. The photocurrent density response of the PEDOT/CNT 

bR-SSC was 60 μA/cm
2
.  
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20Figure 3.9. J-V curves of a bR-sensitized solar cell under dark and illuminated conditions 

measured at 1 sun (AM 1.5 G, 100mW/cm
2
). 

 
 

6 Table 3.4. Performance of blank and bR-sensitized solar cells. 

 
 Voc (mV) Jsc (µA/cm2) FF % PCE % 

bR -821 60 35 0,020 

Blank -820 10 45 0,005 
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Figure 3.10. shows the open-circuit potential (OCP) for repeated ON/OFF cycles. 
Photovoltage responses at bR-SSC and a blank were recorded. It is observed that after 
light illumination, the cells tested exhibited a voltage increase in response to illumination. 
bR-SSC exhibited an maximum photovoltage of -600 mV.  
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21Figure 3.10. Open circuit potential measurements of the bR-SSC during ON/OFF cycles. 

Illuminated cycles were taken under 1 sun (AM 1.5 G, 100mW/cm
2
). 
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3.4. Discussion 

 

Dye-sensitized solar cells (DSSCs) face many challenges to be commercially competitive 

in addition to their poor efficiency. Ironically, DSSCs that biomimic photosynthesis to 

produce energy are made of harmful materials, or whose cost jeopardizes the accessibility 

of this technology, therefore researchers are making efforts to increase efficiency and 

develop more environmentally friendly DSSCs [31]. Among these efforts is the creation 

of bio-sensitized solar cells (BSSCs), which employ natural photosensitizers as an 

alternative to the toxic, environmentally hazardous, and carcinogenic compounds 

traditionally used as sensitizers, however, this technology still presents many challenges 

in terms of efficiency and further studies are needed to analyze alternative electrolytes 

and CE materials, as these elements are considered to have the main impact on the 

efficiency and price of these devices [32]. Careful design of the CEs and the electrolyte 

selection can lead the improvement of the catalytic activity and chemical stability 

associated with the redox electrolyte in BSSC, however, there are very few studies on the 

design and optimization of BSSCs using alternative CE materials and iodine-free 

electrolytes. For this reason, this study details the results of a performance study of 

different CE materials, and subsequently analyzes the performance of a BSSC using a 

gel-based electrolyte with a HQ/BQ redox mediator and a PEDOT/CNT counter 

electrode. Our bR-sensitized solar cells showed a better electrochemical performance and 

photovoltage response than a blank cell with pure TiO2, showing the compatibility of the 

proposed design with the natural sensitizer. We reported previously the use of 

PEDOT/CNT CEs for BSSCs; however this is the first study of their use in a bR-SSC 

using the bioinspired HQ/BQ redox mediator. 

 

Scanning electron micrograph shows showed that PEDOT films obtained 

galvanostatically have rough surfaces with a cauliflower like structure, with some 

agglomeration as reported in literature [33]. This morphology patterns with large surface 

area, and the formed aggregates promotes efficient electrode-electrolyte interactions and 

fast ions transport [18]. It has being reported that electrodeposition using constant 

current produced the most consistent PEDOT/MWCNT films [34]. Figure 3.11 shows a 

general scheme of the oxidation of the EDOT in the anodic stage, generating radical 

cations that attack neutral EDOT molecules forming the polymer PEDOT. 

 

  



 

86 

 

 

22Figure 3.11. General scheme of the oxidation of ethylen-3,4-dioxythiophene (EDOT) to form 

poly(ethylen-3,4-dioxythiophene) (PEDOT). 
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The study of the electrochemical behavior of HQ using the different electrodes shows 

that in all electrodes tested, HQ-based electrolyte exhibits a quasi-reversible 

electrochemical behavior. When the PEDOT/CNT electrode was used it was observed a 

reduction of the Em to only 0.39 V, and a positive shift of the Ered to 0.53 V for the 

HQ/BQ redox reaction. These results demonstrate an improvement of the electrocatalytic 

properties for HQ/BQ system and that the overpotential of the HQ/BQ redox couple at 

the PEDOT/CNTs electrode is remarkably lowered and that the charge transfer rate of the 

HQ/BQ redox reaction is much higher. It has been suggested that PEDOT can form 

complexes with HQ through acid–base and π–π interactions that can promote the electron 

transfer reaction. Electroactive species with delocalised π-electrons in their chemical 

structure as HQ show a remarkable improvement of their electron transfer kinetics in 

presence of CNTs which are high electrochemically active [35]. PEDOT-based CE have 

remarkable stability, electrical conductivity and catalytic capability and it has been shown 

that their performance can be improved by the addition of CNTs into the PEDOT matrix 

[36]. CNTs can act as conductive pathways that can improve the electrochemical 

response of the PEDOT films [34]. Structural defects situated at open ends of MWCNTS 

are highly reactive, and significally increased the electroactive surface area improving the 

charge transfer and having a catalytic effect on the oxidation of the electrolyte [37]–[39]. 

 

Once the effectiveness of the PEDOT/CNTs electrodes was demonstrated, preliminary 

tests were carried out to electrochemically characterize their behavior as CE in BSSCs. 

The results obtained show values of a maximum open-circuit voltage (VOC) of -891 mV, 

short circuit photocurrent density (JSC) of 145 µA/cm
2
, fill factor (FF) of 98%, and 

overall power conversion efficiency (PCE) of 0.13% The FF obtained is this highest ever 

reported in BSSCs, however, this remarkable value and the PCE shown may be due to the 

effect of secondary reactions or photoreactions at a given potential, since peaks in the 

BSSC curves are observed even in the dark curves at ~-800 mV. These secondary 

reactions may be related to the presence of a pollutant in the cell, or ambient humidity, 

which also alters the stability and performance of the cell [40]. The presence of water can 

also favor undesired reactions with PEDOT electrodes, such as photoelectrochemical 

splitting of water or electrolyte degradation. [41]–[43].  

 

In the Nyquist plot showed in Figure 3.7, the intercept on the real axis (high frequency) 

can be attributed to the series resistance (Rs), that leads to reduce the electric current 

because of connections between the solar cell and other parts of the system [44]. The 

semicircle on the left (mean frequency) can be assigned to the capacitance networks of 

the electrode/electrolyte interface resistance, including the charge transfer resistance 

(Rp). Analyzing the resistance values obtained in the equivalent circuit model shows that 

the solar cell containing bR shows a larger difference between the resistances than in the 

blank sample, which could decrease the conductivity of the system, however, the bode 

phase diagram shows that the characteristic frequency peaks shift to higher frequencies 

when bR is used, indicating a faster charge transport between the TiO2/bR/electrolyte 

interfaces. 
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Evaluating the performance of another solar cell using PEDOT/CNT CEs and the HQ/BQ 

redox couple in a bR-SSC, a maximum open-circuit voltage (VOC) of 821 mV, short 

circuit photocurrent density (JSC) of 60 µA/cm
2
, fill factor of 35%, and overall power 

conversion efficiency (PCE) of 0.02% was obtained. The values showed of VOC [16], JSC 

[21], and PCE [20] are comparable to earlier reports using Pt CE and iodine-based 

electrolytes with a bR-sensitizer. These parameters are significantly affected by the 

interaction of the electrolyte with the electrode surfaces. JSC is influenced by the transport 

of the redox couple components in the electrolyte. The VOC is usually affected by the 

redox potential of the electrolyte, and the FF is affected by the catalyzing ability to 

transfer an electron to the oxidized electrolyte by the CE [27]. The OCP study displayed a 

maximum open-circuit voltage of 600 mV, which is consistent with the other earlier 

reports [17], [45]. However, OCP shows a tendency to increase over time, indicating that 

system is unstable during the light measurements. This effect could be due to the use of 

photosensitive components in the electrolyte that could induce a change in concentration 

of oxidized and reduced species upon illumination producing this variation in the 

potential. 

 

This preliminary study shows that the proposed BSSC design shows a response in the 

presence of light, and has a great potential to replace conventional systems based on Pt 

and iodine-based electrolytes with lower cost, less toxic, and reduced environmental 

impact alternatives, which expands the range of use of these biosensitized-PV systems for 

multiple applications. The photoactive protein bR is a promising alternative of bio-

sensitizers providing an environmentally friendly alternate to Ru-based dyes. Further 

studies are required to improve the efficiency, stability and reproducibility of the 

proposed system. 

 

 

 

3.5. Materials and Methods 

 

This section provides an introduction to the methods and different techniques applied in 

the fabrication of the main device components to initiate the conversion of visible-light 

photons to an electrical signal. The active surface area measurements of the electrodes 

were calculated using ImageJ (Ver. 1.53). All chemicals were purchased from Sigma-

Aldrich unless otherwise noted. 

3.5.1. Experimental Setup Counter-Electrode 

 

For the Pt electrodes cleaning, the surfaces were smear lightly with alumina and used 

gentle abrasive action with cotton wool swabs, and washed with distilled water.  After 

that, the electrodes were sonicate in distilled water for five minutes followed by 

sonication in acetone for five minutes, and then rinse with isopropanol and dry with 

compressed air.  Then, the electrodes were submerged in concentrated HNO3 68% v/v for 
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5-10 min to remove impurities. Finally, an electrochemical cleaning was performed in 

H2SO4 0.5 M on the potentiostat, using Pt mesh as a working electrode, Pt wire as the 

counter electrode and Ag/AgCl3.5MKCl as reference electrode. 2V for 600 s were 

applied, with a subsequent application of cyclic voltammetry between -191 mV to 1139 

mV for 40 cycles.  

 

The PEDOT-based electrodes were prepared as previously reported [18] by galvanostatic 

electro-polymerization of 3,4-ethylenedioxythiophene (EDOT) on conductive FTO glass 

using aqueous-based media, with a charge density of 240 mC/cm
2
. FTO glass was first 

cleaned in a detergent solution, rinsed with distilled water, and then rinsed again with 

water and isopropanol using an ultrasonic bath for 15 min. 

 

3.5.2. Protein Isolation 

 

Bacteriorhodopsin protein was purified from H. salinarum according to a method from a 

preliminary study [46].  
 

3.5.3. Cyclic Voltammetry of HQ/BQ Redox Pair with Different Electrodes 

 

The electrode performance was evaluated using a potentiostat/galvanostat (PGSTAT30 

Metrohm), and the Pt cleaning process described previously was repeated before started 

the electrochemical characterization. PEDOT-based electrodes or Pt electrodes were used 

as the working electrodes (WE), Pt mesh was used as counter electrode (CE) and 

Ag/Ag
+
 filled with 0.01M AgNO3 and 0.1M TBAP in liquid acetonitrile (ACN) 

(Ag/Ag
+

0.01MAgNO3/0.1MTBAP/ACN) was used as reference electrode for the electrochemical 

characterization. Electrolyte was composed of 50 mM tetrabutylammonium perchlorate 

(TBAP) and 2 mM hydroquinone (HQ) as a redox mediator in liquid acetonitrile. For the 

study of cyclic voltammetry (CV), a range of -0.5 to 1.3 V; scan rate of 0.1 V/s, and 3 

scan cycles were used.  
 

3.5.4. Scanning Electron Microscopy (SEM) Characterization 

 
PEDOT/CNTs electrode was prepared as described previously. A Zeiss Auriga 
Crossbeam FIB/SEM was used for all scanning microscopy images. The counter 
electrode was imaged at EHT = 5 kV. 

3.5.5. Device Fabrication 

 
For the photoanode fabrication FTO-coated glass was cleaned with distilled water, 

sonicated in acetone, rinsed with isopropyl alcohol (IPA) and dried with air. Then it was 

immersed in HNO3 40% for 2 min and rinsed with water and dried with air. Finally, it 



 

90 

 

was annealed at 400˚C and cooled down slowly. TiO2 paste was prepared by mixing TiO2 

nanoparticles and 0.016 g of PEG 10,000 (Sigma-Aldrich), added to an aqueous solution 

of 1 M HNO3. Then 0.21 ml of acetyl acetone and 0.04 ml of Triton X-100 were added to 

the mixture which was ultrasonicated for 1 h and then stirred for 24 h. TiO2 was 

deposited on the FTO glass by spreading a paste by doctor blade method; followed by 

annealing of the layer under air at 450 °C for 60 min and cooled down slowly. The top 

side of the electrode was coated with polydimethylsiloxane (PDMS), leaving ~1 cm
2
 hole 

of exposed area were 10 μL of bR 50 μM sensitizer were drop-casted on the surface. 

PEDOT/CNTs electrodes were used as working-counter electrodes in the bio-

electrochemical solar cell.  The photoanode with the PDMS spacer was sandwiched with 

the counter electrode and the electrolyte was added in the middle of them. Electrolyte 

was composed of 0.2 M tetrabutylammonium perchlorate (TBAP) and 0.01 M 

Hydroquinone (HQ) as a redox mediator in liquid acetonitrile. 
 

3.5.6. Electrochemical Performance Study 

 
To determine the performance of bR-SCs, a potentiostat/galvanostat (PGSTAT30 

Metrohm) was used to study current-voltage curves, EIS and VOC. EIS was measured 

with 5 mV amplitude and 30 frequencies, from 0.1 Hz a 100000 Hz range of potentials. 

The experimental EIS data was analyzed by fitting an equivalent circuit model. J-V 

curves were measured at 1.5 AM 1 sun (100mW/cm
2
) from -0.9 to 0 V with varying scan 

rates. Data plotting and analysis was done in Origin Pro 2019, QSOAS [47]. 
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3.7. APPENDIX 

 

 

I- Preliminary results for sensitized solar devices using ruthenium-based dyes 

Reference solar cells using dye D149 as sensitizer have been fabricated and tested 

preliminarily to validate the experimental setup for future experiments with bR as the 

sensitizer. The characteristics of this preliminary DSSC have been analyzed by linear 

sweep voltammetry. 

 

Figure A.1 shows the current density-voltage (J-V) for DSCs under 100mW/cm
2
 halogen 

lamp. Reference cell we fabricated using a photoanode of TiO2 spread onto FTO and 

sensitized with a D149 dye. The short-circuit current density (JSC), open circuit voltage 

(VOC), power conversion efficiency (PCE) and fill factor (FF) are extracted from the J-V 

plot as shown in Table A.1. 
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23Figure A. 1. Current density-voltage (J-V) for DSSCs under 100mW/cm
2
 halogen lamp.  

 

 

 

7Table A.1. Performance of D149-sensitized solar cell with TiO2 layer using different techniques. 

 
 Voc (mV) Jsc (µA/cm2) FF % PCE % 

Pt -536 42 11 0.002 

PEDOT/CNTs -872 340 39 0.115 
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CHAPTER VI  

PEDOT-CARBON NANOTUBE COUNTER ELECTRODES AND 

BIPYRIDINE COBALT (II/III) MEDIATORS AS UNIVERSALLY 

COMPATIBLE COMPONENTS IN BIO-SENSITIZED SOLAR 

CELLS USING PHOTOSYSTEM I AND BACTERIORHODOPSIN 
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4.2. Abstract 

 

In nature, solar energy is captured by different types of light harvesting protein–pigment 

complexes. Two of these photoactivatable proteins are bacteriorhodopsin (bR), which 

utilizes a retinal moiety to function as a proton pump, and photosystem I (PSI), which 

uses a chlorophyll antenna to catalyze unidirectional electron transfer. Both PSI and bR 

are well characterized biochemically and have been integrated into solar photovoltaic 

(PV) devices built from sustainable materials. Both PSI and bR are some of the best 

performing photosensitizers in the bio-sensitized PV field, yet relatively little attention 

has been devoted to the development of more sustainable, biocompatible alternative 

counter electrodes and electrolytes for bio-sensitized solar cells. Careful selection of the 

electrolyte and counter electrode components is critical to designing bio-sensitized solar 

cells with more sustainable materials and improved device performance. This work 

explores the use of poly (3,4-ethylenedioxythiophene) (PEDOT) modified with multi-

walled carbon nanotubes (PEDOT/CNT) as counter electrodes and aqueous-soluble 

bipyridine cobalt
II/III

 complexes as direct redox mediators for both PSI and bR devices. 

We report a unique counter electrode and redox mediator system that can perform 

remarkably well for both bio-photosensitizers that have independently evolved over 

millions of years. The compatibility of disparate proteins with common mediators and 

counter electrodes may further the improvement of bio-sensitized PV design in a way that 

is more universally biocompatible for device outputs and longevity.  

Keywords: bio-sensitized solar cells; photovoltaics; PEDOT; carbon nanotubes; 

photosystem I; bacteriorhodopsin; biocompatible 

 

 

4.3. Introduction 

 

Current annual energy demands worldwide are increasing greatly, and current 

technologies based on carbon fuel combustion has led to significant increases in 

atmospheric CO2 levels worldwide [1]. Renewable energy harvesting from the 

environment, such as solar energy conversion through photovoltaic devices (PVs), is an 

attractive alternative that aims to harness a portion of the nearly 175,000 terajoules of 

solar photonic energy striking the Earth annually [2], [3]. Current PV technologies on the 

market are made of inorganic materials including toxic heavy metals and rare-earth 

elements, and have prohibitive manufacturing processes, costs, and limited mobility post-

installation. Furthermore, current first-generation PVs are estimated to generate nearly 80 

million metric tons of waste by 2050 due to the specific recycling requirements [4]. As 

such, it is clear that further improvement on current PV technologies is needed to address 

future energy demands. Bio-sensitized solar cells (BSSCs) offer a promising way of 

addressing these issues using simple manufacturing processes with non-toxic and earth-

abundant elements. BSSCs are based on dye-sensitized solar cells first developed by 

Grätzel and O’Regan, which pioneered the design of a photosensitizing dye incorporated 

into a thin-layer style device utilizing much more relaxed manufacturing requirements 
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and the ability to incorporate many different types of materials in device fabrication [5]. 

The construction and development of devices incorporating the main components of 

natural biological photosynthesis, mainly the solar-to-electrical energy converting 

protein-pigment complexes, has emerged as an interesting area of research over the past 

few years. These bio-sensitized devices could be used for potential future applications 

such as photo-switchable biosensors, solar-to-chemical, and solar-to-electrical energy 

converting systems and establish a basis towards a renewable energy economy [6], [7].  

 

Two protein–pigment complexes that have shown great promise in this area of 

biologically-based electronic devices are bacteriorhodopsin (bR) and photosystem I 

(PSI). PSI is one of the primary reaction centers that are central to oxygenic 

photosynthesis and is comprised of approximately 12–14 protein subunits, 100 

chlorophyll molecules, two phylloquinones, three [4Fe-4S] clusters and 20 carotenoids. 

Furthermore, PSI is able to form higher oligomeric states in many different 

photosynthetic organisms, reaching sizes of 1.4 MDa, making it among the most complex 

protein complexes found in nature [8]–[11]. In vivo, PSI acts as a photoactivated 

cytochrome c:ferredoxin oxidoreductase, catalyzing a light dependent unidirectional 

electron transfer across the thylakoid membrane [12]. bR is a membrane-bound protein–

pigment complex found in archaebacteria such as Halobacterium salinarum and is 

comprised of a single 27 kDa subunit and a single Schiff base linked retinal pigment. 

Intriguingly, bR forms a trimeric structure in vivo similar to PSI [13]. The three-

dimensional structure of both proteins and locations of their pigment moieties are shown 

in Figure 4.1, and Table 4.1 summarizes the structural and optical properties of both, as 

well as the organismal source of both proteins used in this study. However, bR uses 

photoexcitation to catalyze the transfer of protons across the membrane it is embedded 

into [14]. Both protein–pigment complexes have shown remarkable thermal stability and 

their structural, biochemical, and photophysical properties have been extensively studied 

[15], [16]. Similarly, both PSI and bR have also been widely used in a variety of 

biotechnological applications, most notably in BSSCs [17]–[39]. 
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24Figure 4.1. Structure of bacteriorhodopsin and photosystem I. Three-dimensional structure of 

pigment-protein complexes: A. bacteriorhodopsin side view and B. top view. C. Photosystem I 

side view and D. top view. The three subunits of bR are shown in orange, purple, and green 

respectively, with retinal shown in blue. In PSI, all of the protein is shown in teal with the 

chlorophyll light-harvesting antenna shown in green. For both proteins, the dashed line represents 

the position of the membrane each complex is embedded in vivo. 

 
 

 

8Table 4.1. Properties of the pigment–protein complexes bacteriorhodopsin and photosystem I. 

Protein Pigment 

# 

Pigments 

per 

Monomer 

MW per 

Monomer 
Abs. Max. (nm) 

Ext. Coeff. at Abs. 

Max. (mM−1 cm−1) 
Organism Source 

In Vivo 

Function 

Bacteriorhodopsin 
(bR) 

Retinal 1 27 kDa 560 (green) 63 
Halobacterium 
salinarum S9 

unidirectional 
H+ pump 

Photosystem I 

(PSI) 
Chlorophyll a ~100 ~400 kDa 680 (red) 57 

Themosynechococc

us 
elongatus BP-1 

unidirectional e- 

transfer 
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BSSCs consist of a biological pigment immobilized on a semiconductor photoanode, 

connected to a cathode through a redox system solution and a supporting electrolyte, as 

illustrated in Figure 4.2A [5]. The conventional architecture of a BSSC consists of five 

primary components (Figure 4.2): (i) a photosensitive biological dye, (ii) a transparent 

photoanode, (iii) a semiconductor coating on the photoanode, (iv) a redox electrolyte for 

dye regeneration, and finally, (v) a counter electrode [16], [39]–[42]. After photonic 

excitation, the dye molecules are excited from their ground state to a higher energy state, 

and the electrons are promoted from the HOMO orbital to the LUMO orbital, generating 

electron–hole pairs [41], [42]. Then, effective charge separation is achieved by the 

oxidation of the excited sensitizer molecule, and the generated electron is injected to the 

conduction band of the semiconductor on the photoanode, and the hole remains behind in 

the oxidized dye molecule [7]. Then, the electrons diffuse through the semiconductor to 

the photoanode substrate, where they travel through an external circuit and perform work 

before arriving at the cathode, generating the current. During that time, the redox 

mediators in the electrolyte regenerate the sensitizer molecule [43], [44]. In return, the 

oxidized redox mediator diffuses to the counter electrode (CE) and gets regenerated [41]. 

Within this basic operational outline, there is great flexibility in the selection and design 

of materials, along with many different interfaces to optimize for device improvement. 
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25Figure 4.2. Schematics of PSI or bR sensitized BSSCs. A. Energy levels diagram of all device 

components used in this study. Ranges for the values of the Co (II/III) mediator come from the 

data reported later in this study. Other values and conversions used come from references [45]–

[51]. WF, work function; CB, conduction band; VB, valence band; LUMO, lowest unoccupied 

molecular orbital; HOMO, highest occupied molecular orbital. B. Fundamental processes and 

constituent components of a bio-sensitized solar cell (BSSC). C. UV-vis absorbance spectra of 

PSI and bR. 
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In BSSCs, the CE catalyzes the reduction of the electrolyte after electron injection. The 

CE is expected to be both highly conductive and highly catalytic. Large surface areas and 

small particle sizes are preferred to generate more active sites and enhance the 

electrocatalytic activity of the CE [52], [53]. In most cases, platinum-coated conductive 

glass has been used for CEs due to its high conductivity and catalytic activity. However, 

Pt is expensive and is susceptible to corrosion and irreversible redox reactions [54], 

making it a poor material choice for incorporation into some sustainable devices, 

especially BSSCs, which strive to utilize more abundant resources for CE materials. 

Different forms of carbon allotropes, inorganic materials, and conductive polymers are 

emerging as promising CEs, and among the most promising are poly (3,4-ethylene 

dioxythiophene) (PEDOT) and alternative carbon nanomaterials [55]–[62]. PEDOT is a 

conductive polymer with desirable physical properties including optical transparency, 

smooth surface morphology, solution processability, light weight, low cost, 

electrochemical stability, mechanical flexibility, and a high work function [63]. However, 

due to the acidity and extremely hygroscopic nature of PEDOT films, it is often modified 

during the electrodeposition process to incorporate additives that tune its properties for 

specific systems and enhance its performance as a CE in BSSCs. These include carbon 

nanostructures such as carbon nanotubes (CNTs), which have many advantages such as 

high surface area, exceptional charge carrier mobility, and remarkable mechanical 

strength and stability, beyond the abundance of carbon on Earth [64]. Considering the 

many beneficial physical properties of PEDOT and CNTs, it can be predicted that the 

composites of PEDOT and carbon nanostructures may be more efficient in enhancing the 

performance of BSSCs compared to other materials that have already been reported for 

transparent charge transport layer applications [65]. Other commonly used carbon 

allotropes for CEs include graphene-based systems. Pi-system modified graphene-based 

CEs have already been reported on for use in PSI-sensitized solar cells with photocurrent 

densities of 135 µA/cm
2
 [66]. Graphene has excellent conductivity compared to certain 

other carbon allotropes and is highly abundant, both of which are desirable characteristics 

for sustainable BSSC designs [67]. 

 

In BSSCs, the electrolyte is responsible for reduction of the photosensitizer back to its 

ground state and selection of a proper electrolyte and redox mediator are crucial to device 

performance and longevity. As such, careful selection of the redox mediator is crucial for 

the alignment of its midpoint potential Em for donation to the HOMO of the dye after 

photoexcitation, as depicted in step 4 in Figure 4.2B. This allows for the minimization of 

overpotential losses in BSSCs. BSSCs have historically used the canonical I
-
/I3

-
 redox 

mediator pair, yet this system has multiple drawbacks including high corrosivity and 

toxicity, generation of radical species, significant absorption in the same region of the 

UV-visible spectrum as biological photosensitizers, and an unfavorable midpoint 

potential (Em) as compared to the HOMO of many biological materials giving low 

driving potentials for improved electron transfer rates [68]. Further, the iodide/tri-iodide 

pair is also commonly dissolved in organic solvents which are undesirable in BSSCs due 

to their high volatility, toxicity, and/or explosive nature of many of these solvents, along 

with water leakage into the device either during fabrication or while being used [69]. As 
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such, the development of aqueous, biocompatible electrolytes and redox mediators is key. 

Most work in the field of DSSCs has focused on the use of cobalt-based redox mediators 

to try and replace the I
-
/I3

-
 pair [58][70]–[75] due to the high abundance of cobalt and its 

stable, reversible redox properties. Previous work from our group has described the 

synthesis and characterization of novel aqueous-soluble cobalt-based redox mediators 

and their ability to directly reduce PSI in vitro and the fabrication of fully aqueous 

BSSCs using the same mediator [44]. 

 

In this study, we describe a facile technique of fabrication of a CE based on a highly 

conductive composite of PEDOT and multi-walled carbon nanotubes (MWCNTs), and 

the use of these PEDOT/CNT counter electrodes with an aqueous bipyridine-based cobalt 

redox mediator to fabricate BSSCs using both PSI and bR. A schematic of the energy 

levels and device design is shown in Figure 4.2A,B, along with an overlaid visible 

absorbance spectrum of these complexes (Figure 4.2C) showcasing the potential for 

devices with multiple biological photosensitizers to utilize a greater optical cross-section 

for photocurrent generation. The compatibility of this novel counter electrode and redox 

mediator scheme with more than one biological photosensitizer is remarkable and may 

serve as a platform for developing more broadly biocompatible BSSC components to 

improve the biological-inorganic interface. 

 

4.4. Results 

 

4.4.1. Counter Electrode Characterization  

 
We analyzed the performance and characteristics of three different electrode materials, 
PEDOT/CNT, platinum nanoparticles (Pt NPs), and graphene, prepared on FTO glass 
substrates. Then we measured the performance of the BSSC using these substrates as 
counter electrodes. The morphology and surface characteristics of the photoanodes and 
all counter electrodes used in this study were analyzed using scanning electron 
microscopy (SEM). The resulting micrographs can be seen in Figure 4. In Figure 4.3A, 
the surface topography of the PEDOT/CNT counter electrode can be observed in this top-
down image of the electrode face. The spherical structures, ca. 400–500 nm in size, are 
likely the PEDOT polymer, while the small protrusions are where the doped carbon 
nanotubes have integrated into the polymeric structure during electropolymerization. The 
rough surface area of the spherical polymer particles may allow for an improved contact 
to reduce the mediator in the electrolyte. 
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26Figure 4.3. Surface characteristics of photoanodes and counter electrodes. SEM micrographs of 

A. PEDOT/CNT B. cross-section view and C. top view of sintered TiO2 all on FTO. 
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In Figure 4.3B, a cross-section view of the sintered TiO2 layer on the photoanode is 
depicted showing the even thickness of the deposited porous semiconducting layer. The 
thickness of the TiO2 layer on the FTO coated glass is 40 µm. The highly porous three-
dimensional nature of the sintered semiconductor TiO2 layer is especially notable in the 
top-down view of the electrode surface in Figure 4.3C. This allows for improved 
adsorption of photosensitizers such as PSI and bR. The general morphology aspects of all 
counter electrodes and PSI deposited on the TiO2-coated photoanode can be seen in 
Figure 4.4A. 
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27Figure 4.4. Counter electrode characterization. A. Photograph of the three PSI-SSC with 

different counter electrodes (left) and PSI-sensitized TiO2 photoanodes (right) on FTO glass. B. 

Cyclic voltammograms of the of aqueous-soluble bipyridine cobalt (II/III) redox mediator using 

different working electrodes. All voltammograms were measured at 100 mV/s, baseline corrected, 

and current was normalized to account for variation in working electrode surface area. Pt wire 

and a saturated calomel electrode were used in all measurements as the counter and reference 

electrodes, respectively. 
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The ability of PEDOT/CNT, graphene, and Pt NPs to interact constructively with our 
aqueous-soluble Co

II/III 
redox mediator was then tested by cyclic voltammetry, using the 

variable counter electrodes as the working electrode in an analytical electrochemical 
setup. The resultant voltammograms are shown in Figure 4.4B, with glassy carbon and Pt 
wire used as standard working electrodes for comparison. Each voltammogram was 
normalized for peak height to take into account variable working electrode area. The 
specific redox reaction measured in Figure 4.4B is described in Equation (1) and Figure 
4.5 below [44][76] where R = tris(4,4′-di-methoxy-2,2′-bipyridine). 

[Co(bpy − R2)3Cl2 ] 3+ +  e− ⇌ [Co(bpy − R2)3Cl2 ] 2+  (1) 
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28Figure 4.5. Chemical structure of aqueous-soluble Co
II/III 

redox mediator. 
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The oxidation potential Eox, reduction potential Ered, and midpoint potential Em, of the 
Co

II/III 
redox mediator were measured using each electrode and the obtained values are 

reported in Table 4.2. The aqueous-soluble Co
II/III 

redox mediator was able to interact 
electrochemically with each eletrode material, displaying quasi-reversibility. The Em 

measured (−0.045–0.236 V vs. NHE) was higher than the HOMO of both PSI and bR 
with all electrodes tested. The Em of the mediator being more negative than the HOMO of 
bR [48] and of PSI [47] indicates that electron transfer from the Co

II/III 
redox mediator to 

either PSI or bR is thermodynamically favorable, and a closer Em value to those of the 
protein–pigment complexes represents lower overpotential losses [75]. 
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9Table 4.2. Electrochemical parameters of aqueous Co
II/III 

redox mediator with varying electrodes. 

 

Electrode Material 
Eox 

(V vs. NHE) 

Ered 

(V vs. NHE) 

Em 

(V vs. NHE) 

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

Pt NPs 0.221 0.023 0.122 

Pt wire 0.173 0.081 0.127 
Glassy Carbon 0.205 0.069 0.137 
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The varying counter electrodes were next used for functional comparison by 

incorporation into PSI-sensitized solar cells (PSI-SSCs) and testing for photovoltaic 

performance and output. The resulting current density–voltage (J–V) and 

photochronoamperometry curves can be seen in Figure 4.6 below. 
 
The photovoltaic parameters of the three devices, short-circuit current (JSC), open-circuit 

voltage (VOC), fill factor (FF), and power conversion efficiency (PCE) are summarized in 

Table 4.3. The greatest open-circuit VOC, JSC, and PCE were obtained with the 

PEDOT/CNT-based PSI-SSC, which outperformed both the graphene and Pt NPs counter 

electrodes. The VOC, JSC, and PCE of the PEDOT/CNT cell were −132 mV, 10.0 µA/cm
2
, 

and 0.33%, respectively. The photocurrent density response of the PEDOT/CNT PSI-

SSC was nearly five times larger than that of Pt NPs’ (2.22 μA/cm
2
) and eight times 

greater than graphene’s (1.3 μA/cm
2
). The photocurrent response of the PSI-SSCs at the 

VOC is plotted in Figure 4.6A. All of the PSI-SSCs exhibited a current increase in 

response to illumination, with PEDOT/CNT and Pt NPs giving similar photocurrent and 

higher than that of the graphene counter electrode.  
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29Figure 4.6. Design and performance of PSI-sensitized solar cells (PSI-SSC) with variable 

counter electrodes. A. White light illuminated current density-voltage (J-V) curves of the three 

PSI-SSCs. B. Representative chronoamperometry curves of the three PSI-SSCs illuminated with 

white light. 

 

10 Table 4.3. PSI-sensitized solar cells (PSI-SSC) performance using different counter electrodes 
and a liquid-based aqueous Co

II/III
 electrolyte. 

 

 VOC (mV) JSC (µA/cm2) FF % PCE % 

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

Graphene −93 1.30 24 0.03 
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4.4.2. Comparison of Liquid and Gel Electrolyte Composition on PSI-SSC Output and 

Efficiency 

  
Once the PEDOT/CNT counter electrode was determined to be the best performing with 
the aqueous Co

II/III
 mediator and PSI as a photosensitizer, the electrolyte was next varied 

to compare gel vs. liquid consistencies for BSSC device performance. Previous studies on 
gel-based electrolytes have reported on their abilities to overcome some of the largest 
issues relevant to liquid electrolyte-containing devices, such as sealant failure, volatile 
solvent evaporation, greater electron recombination, and device leakage over time [77], 
[78]. In Figure 4.7, a gel-based electrolyte system was compared to the liquid electrolyte 
to compare their performances with the PEDOT/CNT counter electrode in PSI-SSCs. J–
V curves comparing gel and liquid electrolytes can be seen in Figure 4.7A, with the 
extracted photovoltaic parameters reported in Table 4.4. The VOC of the gel electrolyte-
based device was improved by −60 mV relative to the liquid electrolyte device. The gel 
and liquid electrolyte devices had comparable fill factors of 26 and 25%, and a JSC of 
9.67 and 9.94 µA/cm

2
, respectively. However, the gel electrolyte device had an improved 

PCE of 0.48%, compared to 0.33% for the liquid electrolyte device. Based on the 
improved VOC and PCE of the gel electrolyte device, the gel-based system was able to 
reduce resistance losses and improve device performance. The JSC is unchanged as light 
absorption and transduction into current should not affect by the electrolyte composition.  
 
Photochoronamperometry experiments were next performed to measure the photocurrent 
as a response to illumination and the results are shown in Figure 4.6B. Both liquid- and 
gel electrolyte-based devices showed improved current as illumination was increased, as 
expected. The gel electrolyte-based device generated a larger photocurrent than the 
liquid-based device, and even upon stabilization of the photocurrent the gel-based device 
had comparable current density output to the liquid-based device under 50% less 
irradiance. Taken together, the gel electrolyte with PEDOT/CNT counter electrode-based 
device has the best performance of all systems tested in this study for PSI-sensitized solar 
cells. 
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30Figure 4.7. Electrochemical analysis and performance of PSI-sensitized solar cells (PSI-SSC) 

using liquid and gel Co
II/III

-based electrolytes. A. Dark and white light illuminated J-V curves of 

the fabricated devices using liquid and gel electrolytes. B. Representative chronoamperometry 

experiments measured at different white light illumination intensities. 

 

11Table 4.4. PSI-sensitized solar cells (PSI-SSC) performance using liquid and gel-based 
electrolytes using aqueous-soluble Co

II/III
 redox mediators. 

 
 VOC (mV) JSC (µA/cm2) FF % PCE % 

Gel −190 9.67 26 0.48 

Liquid −132 9.94 25 0.33 
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4.4.3. Aqueous CoII/III Redox Mediator Gel Electrolytes and PEDOT/CNT Counter 

Electrodes Are Compatible with Multiple Proteins 
 

Once an improved counter electrode and electrolyte system for PSI-SSCs was identified, 

the suitability of this novel device fabrication scheme for other biological sensitizers was 

tested by the utilization of the protein bacteriorhodopsin (bR) instead of PSI. While PSI 

essentially behaves as a biological diode, in vivo bR performs activity as a light-activated 

proton pump. Similarly, while both protein–pigment complexes are membrane-bound and 

are typically purified using detergents, they have significantly different buffer 

requirements for photoactivity retainment and stability of their protein–pigment complex 

[79]–[84]. This is generally true for any biological components that may be incorporated 

in BSSCs, and to date, the improvement of biocompatibility remains a research area of 

great interest. 
 

To test how generally biocompatible our electrolyte and counter electrode scheme was, a 

series of BSSCs were fabricated that utilized the same gel-based electrolyte using the 

aqueous Co
II/III

 redox mediator and PEDOT/CNT counter electrodes, but were sensitized 

with either PSI, bR, or a mixture of both proteins. For these devices, the J–V curves and 

photocurrent density under different illumination regimes were measured, due to the 

different absorption spectra of the two protein–pigment complexes (Figure 4.2 C). The 

irradiance spectra from the illumination source with different filters is shown in Figure 

4.8 A. The photochronoamperometry experiments showing light response are shown 

below in Figure 4.8 B,C. The calculated VOC, JSC, FF, and PCE for each cell based on the 

J–V curves are summarized in Table 4.5 below. The bR-SSC had the best overall 

performance, with a VOC nearly 40 mV more negative than the PSI-SSC, and nearly 4.4 

more µA/cm
2
 photocurrent density. The PCE was also markedly improved in bR-SSC by 

approximately 0.3% compared to the PSI-SSC.  
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31Figure 4.8. PEDOT/CNT counter electrodes and a gel-based Co
II/III

 electrolyte are also 

compatible with bR-SSCs. A. J-V curves of different BSSCs illuminated under white irradiance 

at 100% lamp intensity output. Chronoamperometry measured at 0 V under B. 50% green light 

and C. 50% red light illumination. Black lines in B and C are blank cells, with green lines 

showing PSI-SSC data and blue lines showing bR-SSC data. D. Plot showing the spectral 

irradiance of the LED illumination source at 10% intensity. 

 

 

12 Table 4.5. Bio-sensitized solar cells (BSSC) performance using different proteins. 

 VOC (mV) JSC (µA/cm2) FF % PCE % 

bR −298 13.67 26 1.04 

PSI −259 11.25 24 0.70 

Blank −192 7.44 25 0.35 
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The photocurrent response to varying light regimes for differing photoactivation of the 

devices was next tested, as the two protein–pigment complexes are optimally excited by 

differing wavelengths of light. For the PSI-SSC, the photocurrent density reached ~1 

µA/cm
2
 under green illumination (~525 nm) and ~0.15 µA/cm

2
 under red light 

illumination (~620 nm). The bR-SSC had similar photocurrent densities under the green 

light illumination, despite its improved photoactivation. PSI likely still had significant 

photocurrent compared to the blank cell due to its greater number of pigment per PSI 

monomer (~100) [8] than bR (1) allowing for more efficient light harvesting. As PSI 

absorbs lower energy wavelengths more readily than bR, the PSI-SSC yielded an 

improved photocurrent density as compared to the bR-SSC under red light illumination 

(~620 nm) (Figure 4.7 C). Both sensitized cells yielded improved photocurrent densities 

upon illumination as compared to the blanks, suggesting that the PEDOT/CNT counter 

electrode and aqueous gel Co
II/III 

electrolyte fabrication scheme is compatible with both 

membrane protein–pigment complexes and allows for direct reduction of bR by the 

bipyridine-based mediator we have previously reported on for PSI-SSCs [44]. 
 

The differing photocurrent response to illumination on either the anodic or cathodic side 

of the PSI- and bR-sensitized devices was also tested, shown in Figure 4.9 A. The 

measured photocurrent densities generated were over 10-fold greater upon illumination 

through the back of the anodic surface for both the PSI- and bR-SSCs, and consistent 

over multiple illuminations in the same photochronoamperometry trace. This may be due 

to the highly scattering nature of our regular TiO2 semiconductor layer and the relatively 

high UV-visible light absorption of the PEDOT/CNT CE and the electrolyte. 

         

  



 

119 

 

 

32Figure 4.9. Directional illumination effects on photocurrent density generation and stability of 

photocurrent response of PSI- and bR-SSCs. A. Comparison of photocurrent densities generated 

by cathodic or anodic illumination of PSI- or bR-sensitized devices. Traces were baseline 

corrected using QSOAS software. B. Photocurrent response was measured over two weeks under 

the same white light illumination regime at 10% light intensity. Each data point is the mean 

photocurrent from three individual traces, and the error bars represent the standard deviation of 

the mean. C. The average of three individual photocurrent density traces for the PSI-SSC and bR-

SSC on days 1 and 14 are shown. 
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The stability of the PSI- and bR- sensitized devices were tested over a period of two 

weeks to assess the longevity of the devices. The devices were illuminated for a total of 5 

min for 3 total repetitions each day over 15 days. The average photocurrent density 

obtained each day along with standard deviation is plotted in Figure 4.9 B. The average 

photocurrent density trace is reported for days 1 and 14 in Figure 4.9C for both the PSI-

SSC and bR-SSC tested. Interestingly, both the bR- and PSI-SSCs showed robust 

photocurrent densities over the entire two weeks of testing with no significant losses. The 

bR-SSC had an average photocurrent density of ~1.7 µA/cm
2 

and
 
the PSI-SSC had an 

average photocurrent density of ~3.6 µA/cm
2 

for the entire tested period. The 

compatibility of the PEDOT/CNT cathode and aqueous gel-based electrolyte with the 

aqueous Co
II/III

 redox mediator with the two protein–pigment complexes is further proven 

here by the performance stability tests of both devices. 

 
3.5 Discussion 

 

Biologically-derived light harvesting components for photovoltaic applications have 

commercial potential due to the wide availability and ease of directed growth of different 

organisms, more environmentally friendly production, and lower cost of device 

fabrication. One such technology is the fabrication of sensitized solar cells based on 

biological proteins as sensitizers, also known as bio-sensitized solar cells (BSSCs). 

However, BSSC technology faces many challenges to become commercially competitive, 

including the enhancement of photocurrent generation, improvement of conversion 

efficiencies, flexibility, scaling, and long-term stability [58], [85]–[87]. Many BSSC 

studies only report the photocurrent of the cells studied, and do not include more detailed 

studies on conversion efficiencies, and rarely demonstrate stability over time. One other 

significant factor in BSSC development that is often not carefully considered in device 

fabrication schemes is the stability of the biological component. In this report, we 

describe a systematic testing of multiple counter electrodes and compare a liquid-based 

vs a gel-based electrolyte system that is compatible with two unique biological protein–

pigment complex photosensitizers, PSI and bR. The best photocurrent and efficiency 

results obtained in our studies were from PSI- and bR-sensitized solar cells using a device 

design incorporating an aqueous gel-based electrolyte with a Co
II/III

 redox mediator and a 

PEDOT/CNT counter electrode.  
 

We have previously reported the fabrication of PEDOT/CNT CEs for biosensors [88], 

[89], yet this is the first report of their use in BSSCs and with cobalt-based redox 

mediators. Our PEDOT/CNT CEs were similar in morphology to those manufactured in 

previous studies from our group, with all samples exhibiting continuous, well-coated 

electrode surfaces. Granular morphologies of ca. 500 nm diameter particles could be 

seen, comparable to results reported by other groups for PEDOT films [90]. The obtained 

rough surface pattern is likely a result from the micellar system used for electrochemical 

deposition allowing for increased surface area for the redox mediator to interact. The 

results of the improved output and efficiencies of SSCs using PEDOT/CNT CEs with our 

aqueous bipyridine-based Co
II/III

 redox mediator is consistent with other published 
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studies, where it has been reported that a PEDOT-based CE was able to generate greater 

FF and PCE than Pt based electrodes [91]. This was attributed to the ability of 

PEDOT/CNT films to more effectively suppress carrier recombination and promote 

carrier extraction, improving photocurrent generation in the device [92], and the ability to 

mitigate the diffusional limitation of Co species which has been reported to affect similar 

chemical species [76]. Previous groups have reported on the incorporation of PEDOT-

based CEs with cobalt-based redox mediators in inorganic DSSCs with similar results 

[93]. This improvement of the electrochemical response of PEDOT/CNT CEs has been 

attributed to their excellent electrical conductivity [64], [89], intrinsic electrocatalytic 

activity [94], and the high heterogeneous electron transfer rates of the embedded 

MWCNT, where unique hollow structure and edge-plane-like defects of MWCNTs, such 

as open ends, enhance these characteristics [95]. This improved conductivity can also 

contribute to the restriction of recombination events, prolonging the lifetime of active 

species in the electrolyte [96]. 
 

Further, the work function of MWCNTs (~4.5–5.1 eV) is closer to that of PEDOT (~5.0 

eV), which may aid in the reduction of overpotential losses and improved device output 

and efficiency [96], [97]. Our bipyridine-based Co
II/III

 redox mediator had an Em closest 

to the HOMO of both biological protein–pigment complexes used when measured using 

the PEDOT/CNT electrode as the working electrode, likely aiding in further reducing 

overpotential losses in the devices. On the other hand, the platinum work function is 

located at a more positive potential vs NHE (0.66–1.46 V vs. NHE) [98] than the Em of 

the Co
II/III

 redox mediator (0.05–0.34 V vs. NHE), therefore the energy alignment is not 

thermodynamically favorable for catalyzing this electron transfer event [99]. In the case 

of graphene fabricated by CVD, it mostly interacts with the electrolyte through the basal 

plane, which has the lowest heterogeneous electron transfer constant of the different 

carbon allotropes and displays a very poor electrocatalytic activity for the mediator redox 

reaction [100]. Overall, the reduction of the Co
II/III

 redox mediator devices with 

PEDOT/CNT counter electrodes is taking place with reduced energy losses than with the 

Pt NPs and graphene, contributing to its overall improved photovoltaic performance in 

the BSSCs studied.  
 

Dye-sensitized solar cells have traditionally utilized liquid electrolytes and have achieved 

some of the greatest efficiencies reported with them [101]. While liquid electrolytes have 

certain desirable characteristics such as improved wettability of the cell, redox mediator 

solubility, and greater electrode surface contact, there are many practical issues such as 

leakage, desorption of the sensitized dye (or protein), and toxicity of many of the most 

common liquid electrolytes used, along with increased rates of recombination events 

leading to decreased amounts of electrons available to reduce the photosensitizer [18], 

[43], [77], [78], [82], [102]. Gel- and solid-based conductive electrolytes have been an 

area of much interest to attempt to address these deficiencies and have also been shown 

to aid in the reduction of charge recombination at TiO2/dye/electrolyte interfaces [16], 

[87], [103] and to improve the mechanical strength of the fabricated cells. In the results 

of this study, we found that utilization of a PEG-based gel electrolyte yielded a greater 

VOC and PCE than a liquid-based system. We also report that this electrolyte system is 
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stable for at least 15 days with no losses of photocurrent density response upon device 

illumination. A similar gel-based electrolyte system has been reported to provide better 

interaction of the photosensitizer with the redox-active components of the electrolyte 

system, which may explain the improved longevity we have reported for our bR- and 

PSI-SSCs. 
 

The comparative performance of the bR- and PSI-SSCs was also evaluated as a function 

of irradiance spectra, as both proteins have preferential wavelengths for photoexcitation 

and differing quantities of pigments for light harvesting. Both sensitized devices 

performed better than the blank cell, which is due to the incorporation of the biological 

photosensitizer and proving their constructive photoactivity in the device. Both devices 

yielded similar photocurrent density response under green light illumination, yet 

unsurprisingly, the PSI-SSC outperformed the bR-SSC under red light illumination as it 

is more efficient at utilization of lower-energy photons for photocurrent generation. 

Interestingly, combining both proteins in the same device through simple drop casting 

yielded a device with reduced performance, likely due to the need for more directed 

orientation for forward electron injection through the device. The difference in 

photocurrent density output between the two photosynthetic proteins may be explained 

by a variety of factors such as the improved pigment density per unit of photosystem I as 

compared to bR or perhaps the function of bR as a proton pump is adding another layer 

of complexity to the system behavior by affecting the local environment near the TiO2 

semiconductor layer. 
 

Once the performance of the BSSCs sensitized with either protein was analyzed, the 

long-term photocurrent stability of fabricated devices was investigated. The operational 

stability was assessed by monitoring photocurrent response over the course of 15 days 

under the same repeated illumination scheme for multiple traces each day. No loss in 

photocurrent density was noted over the tested period, suggesting that device longevity is 

likely longer than this period tested as well. This indicates the viability of both PSI- and 

bR-based quasi-solid state devices for real world settings where lighting will not always 

consistent and go through light–dark cycles, and that the photoactivity of the cell is able 

to be stabilized and retained for improved longevity. PSI-SSCs had generally larger 

photocurrent density generation in our studies than bR-SSCs, likely due to the improved 

pigment–protein ratio of PSI, the greater UV-Visible absorption of chlorophyll pigments 

compared to retinal, and the terminal electron transfer cofactor in PSI being closer to the 

protein’s surface as compared to the buried retinal of bR being more insulated by its 

protein environment. However, upon analysis of the J–V curves of the two gel-based 

BSSCs, bR had a calculated JSC photocurrent density of 13.67 µA/cm
2
, slightly 

outperforming the PSI-sensitized device. The bR device also exhibited a PCE 48% 

greater than the PSI-sensitized device, 1.04%, as compared to 0.7%. 
 

Taken together, these results effectively demonstrate the robustness of the designed 

BSSC TiO2(bR/PSI)/PEDOT/CNT device fabrication scheme and demonstrates its 

compatibility with multiple biological protein–pigment sensitizers in a manner that 

preserves their photoactivity. The development of more compatible device designs and 
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ideally more universally biocompatible device designs is critical for further 

improvements of bio-sensitized solar cells and is hopefully an area of increased research 

focus in future studies. This work and others in the field help to showcase the importance 

of further development of bio-sensitized photovoltaics from low-cost and sustainable 

materials to help meet growing energy demands worldwide. 

 
4.6. Materials and Methods 

 

4.6.1. Counter Electrode Fabrication 

 

Platinized counter electrodes were fabricated by doctor blading Platisol T/SP from 

Solaronix (ref. no. 41211) onto conductive FTO glass electrodes (~25 × 25 × 2 mm) that 

were masked off using Scotch tape to define active electrode area. The FTO coated 

unpolished float glass was from Delta Technologies (Loveland, CO, USA) and had Rs = 

5–10 ohm. Tape was then removed and platinized counter electrodes were then sintered 

starting in a cold furnace up to 450 °C where they were held for 1 h. Graphene counter 

electrodes (~25 × 25 × 2 mm) were a gift from General Graphene (Knoxville, TN, USA) 

with a four layer-thick deposition of graphene on FTO glass. The PMMA coating on the 

graphene electrodes was removed by washing with acetone, followed by intensive rinsing 

with MilliQ H2O. The multiwall carbon nanotubes (MWCNTs) were purchased from 

CheapTubes.com (SKU #030106). PEDOT/CNT electrodes were electropolymerized 

from water dispersion using SDS as surfactant at the CMC (CMC = 8.2 mM) and 0.35% 

mass concentration of MWCNTs. SDS/CNT emulsions were sonicated before and after 

the addition of the monomer, EDOT (10 mM). The dispersion was deposited on the 

electrode surface using galvanostatic conditions on an Autolab Potentiostat. Conductive 

glass electrode was used as working electrode, platinum foil as counter electrode, and 

Ag|AgCl (KCl 3.0 M) was used as a reference electrode. The electrical polymerization 

was carried out with a current density of 1 mA/cm
2
 using a potential limit of 1.9 V for 

240 s (ca. 120 mC/cm
2
 of charge density). Following the PEDOT:SDS:MWCNT 

deposition, the electrodes were intensively rinsed with deionized water. 

 

4.6.2. Protein Isolation 
 
Bacteriorhodopsin protein was obtained from Dr. Renugopalakrishnan. It was purified 

from H. salinarum as described in [23]. In brief, H. salinarum frozen cells were 

resuspended in 250 mL of basal salt without peptone. The cells were then dialyzed 

overnight in 2 L of 0.1 M NaCl to lyse the cells. The lysate was centrifuged and the 

membrane pellet was resuspended and Dounce homogenized, and then centrifuged again. 

The membrane pellet was then separated using sucrose density gradient 

ultracentrifugation and the lower purple band was harvested. This purple membrane was 

then solubilized using Triton X-100 detergent followed by gel filtration in deoxycholate 

solution to yield pure delipidated bR protein. The protein was then lyophilized and then 

resuspended in 20 mM HEPES, 200 mM KCl, 0.06% Triton X-100 pH 8.0 prior to use.  
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PSI trimer was isolated and purified from T. elongatus as previously reported [104]. 

Briefly, T. elongatus frozen cells were resuspended in wash buffer (25 mM MES, 20 mM 

MgCl2 pH 6.4) and Dounce homogenized. Lysozyme was added and the suspension was 

incubated to allow for cell wall degradation. The suspension was pelleted and washed 

with fresh wash buffer before being passed twice through a French press. The lysate was 

centrifuged and the pelleted membrane fragments were washed again. N-dodecyl β-D-

maltoside (β-DDM) was added to the resuspended pellet to 0.4%, which was then 

incubated for 1 h at 37 °C. The insoluble material was removed via centrifugation and 

then the solubilized material from the membrane pellet was separated using sucrose 

density gradient ultracentrifugation for 14 h, after which the lowest band containing 

trimeric PSI was harvested. The harvested PSI was then purified using HPLC before 

aliquoting and storage. 

 

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

4.6.4. Cyclic Voltammetry of Co Redox Mediator with Variable Electrodes 
 
All working electrodes were rinsed intensively with di H2O prior to testing, and Pt and 

glassy carbon (GC) were also polished prior to rinsing. All cyclic voltammograms were 

ran at a slew rate of 100 mV/s. The Co redox mediator was present at a concentration of 2 

mM in an aqueous buffer of 20 mM HEPES and 200 mM KCl as a supporting electrolyte 

with pH 8.0. The area of the various working electrodes tested was highly variable and all 

resultant voltammograms had peak heights normalized to −1 or +1 to allow for easier 

comparison of peak shifts and separation. 

 

4.6.5. Scanning Electron Microscopy 

 

Electrode samples were prepared as described previously. A Zeiss Auriga Crossbeam 

FIB/SEM was used for all scanning microscopy images. All counter electrodes were 

imaged at EHT = 5 kV and TiO2 coated electrodes were imaged at EHT = 2 kV to 

improve image quality. 

 

4.6.6. Device Fabrication 
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A TiO2 suspension comprised of 0.8 g anatase TiO2 (9–12 nm particle size), 1.2 mL 0.1 

M HNO3, 0.024 g polyethylene glycol 8000, and 0.06 mL Triton X-100 (Anatrace, 

Maumee, OH, USA) was sonicated for 1 h and then stirred overnight. Conductive FTO 

glass electrodes (~25 × 25 × 2 mm) were masked off using Scotch tape to denote the 

active electrode area and then the TiO2 suspension was doctor bladed on. The electrodes 

were air-dried, the tape was removed, and then the electrodes were sintered at 450 °C for 

1 h to the bare photoanodes. Photoanodes were stored in Dri-Rite until use. Cured 

polydimethylsiloxane (PDMS) was used to create a ~1 cm
2
 active area for drop coating 

photoanodes. The precise surface area was calculated using ImageJ (Ver. 1.53). Protein-

containing devices were drop coated with 20 µL of each respective protein (PSI at ~12 

µM, bR at ~50 µM due to different light harvesting abilities). The 2 electrodes were then 

offset and mechanically compressed together with the PDMS spacer in between, with 

dual clamps on opposing sides holding the device together, and the electrolyte was 

introduced using the 0.5 mm drilled holes in the CE active area. Then, the holes were 

sealed with a PDMS patch on top. The liquid electrolyte for PSI devices consisted of 0.03 

M Co
II/III 

mediator, 50 mM MES, 0.03% β-DDM at pH 6.4. The liquid electrolyte for bR 

devices consisted of 0.03 M Co
II/III 

mediator, 20 mM Tris, 200 mM KCl at pH 8.0. All gel 

electrolytes were the same composition as the liquid electrolyte with the addition of 25% 

w/v PEG 10,000 (Sigma CAS# 25322-68-3). 

 

4.6.7. Device Testing 

 

Devices were allowed to equilibrate for wetting and electrolyte integration for 30 min 

prior to device testing and measurements. Device illumination was performed using a 

Schott KL-2500 LED light source with inset filter holder and Schott red light filter 

(MOS-258-303) for all red actinic light experiments, and a Knight Optical dichroic 

bandpass filter 525 nm (#525FDC25, Maidstone, UK) for all green actinic light 

experiments. All photochronoamperometric measurements were taken using a Bio-Logic 

SP-50 potentiostat and EC-Lab software for data collection. Data plotting and analysis 

was done in Origin Pro 2019, QSOAS [107], and GraphPad Prism (Ver. 9.3.1). 
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CHAPTER V 

CONCLUSIONS 

 
Blindness or vision loss due to retinal degenerative diseases is a problem that affects a 

significant fraction of the world's population. The development of artificial retinas 

emerges as an alternative to restore the human sense of vision; however it presents great 

challenges in terms of effectiveness, biocompatibility, ergonomics, and price. The current 

alternatives on the market are scarce, based on complex systems with a large number of 

components and high risks for the patient's health. In view of this, there is a need to 

create systems that can replace the function of retinal photoreceptor cells and provide 

greater comfort to the patient by requiring fewer components, overcoming various 

challenges associated with device biocompatibility, effectiveness, and scalability. 

Considering this scenario, this project presented a design proposal for an organic 

photovoltaic retinal prosthesis using conductive polymers and photoactive proteins, with 

a focus on improving the electrochemical properties of the system. The proposed device 

has the advantage that it replaces expensive materials present in conventional retinal 

prostheses, it is a self-powered device, its production is scalable, and it would use fewer 

components than many of the alternatives currently available in the market. 

 

The first chapter of the thesis presents a review article detailing the challenges faced by 

bio-hybrid photovoltaic systems, and the opportunity to use organic alternatives to the 

materials commonly used in photovoltaic devices. The manuscript emphasizes the 

challenges present in the utilization of bacteriorhodopsin protein in biophotovoltaic 

devices. It was concluded that low photoconversion efficiency of bio-hybrid photovoltaic 

systems remains a challenge, and the main bottlenecks associated with the low 

performance of bacteriorhodopsin-based photovoltaic systems may be due to energy 

mismatches of the protein energy levels with the redox mediators, low surface density of 

sensitizer on the semiconductor surface, and the high-resistance interfacial electron 

transport between photoanode and electrolyte. It was proposed to analyze the effect of 

different photoanode morphologies and develop protein modifications to improve the 

performance of bR-sensitized solar cells. 

 

In the second chapter, different counter electrode materials were analyzed in order to 

study their performance in BSSC using aqueous-soluble cobalt-based redox mediator. 

When comparing the three systems, it was found that the PEDOT/CNT electrodes 

outperformed the other materials tested. The effect of using a liquid and a gel electrolyte 

in BSSC was then studied, where it was found that the gel electrolyte showed improved 

results with respect to the liquid electrolyte. A gel-based electrolyte improves open 

circuit potential, photo-conversion efficiency and photocurrent generation in PSI-

sensitized solar cell. Additionally, the compatibility of the BSSC design was tested using 

PEDOT/CNT electrodes and gel cobalt-based electrolyte with the protein bR. Finally, it 

was shown that both bR and PSI-based devices photovoltaic performance remained stable 

for at least two weeks post-fabrication. PEDOT with MWCNTs counter-electrodes allow 
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for improved electron transfer to electrolyte, in particular cobalt-based
 
mediators, and it is 

compatible with multiple biological dyes. 

 

The third chapter of the present work shows the design of a BSSC using alternative 

counter electrodes based on PEDOT/CNTs and the hydroquinone/benzoquinone redox 

couple. The results show the superior electroactive ability of the PEDOT CEs enhanced 

the reactivity of the CNTs. The electrochemical performance of our device is comparable 

with those reported in the literature of other bR protein biosensitized systems using Pt CE 

and iodine-based electrolytes. Thus, bR can be used as efficient biosensitizers in 

photovoltaic systems with more biocompatible and lower cost alternative elements. 

Considering the potential offered by these technology further studies are required to 

overcome current challenges in device performance. 

  

As a general conclusion, the photoactive protein bR offers a promising alternative for 

developing an artificial retinal photoreceptor with more biocompatible and cost-effective 

alternative materials, however, it is necessary to improve the electrical properties and the 

flexibility of the proposed design, and to carry out studies to validate the in vitro 

biocompatibility of the components. 
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