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Photosystem I-Polyaniline/TiO2 Solid-State Solar Cells: Simple 

Devices for Biohybrid Solar Energy Conversion  
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Novel Photosystem I (PSI) based solid-state solar cells were 

prepared by directly electropolymerizing polyaniline (PAni) in the 

presence of solubilized PSI on a TiO2 anode.  These devices feature 

a unique bio-derived, photoactive composite layer for efficient 

charge separation and charge transfer from protein to electrode.  

This work introduces a new artificial photosynthesis platform for 

scalable and sustainable solar energy conversion.  

The conversion of solar radiation into electricity has been 

integral in the effort to develop novel alternative energy 

solutions. Photosynthesis provides a uniquely efficient 

platform for the development of new solar energy conversion 

systems and has subsequently spawned a plethora of research 

strategies to develop bioinspired materials, catalysts, devices, 

and cell architectures to replicate the efficiency achieved in 

nature.
1
 Alternatively, achievements have been made in 

directly extracting and utilizing the photoactive proteins that 

drive photosynthesis.  Photosystem I (PSI) is a protein complex 

that, upon photoexcitation, generates an electron-hole pair 

with near unity quantum efficiency.
2
 Based on this remarkable 

efficiency and the unidirectional electron transport vector of 

PSI, it has attracted attention as a biomolecular photodiode to 

be used in the fabrication of biohybrid photovoltaic 

electrodes.
3–7

 

The development of plant based biohybrid electrodes was 

pioneered in the 1980’s through the successful immobilization 

of photosynthetic components on electrodes.  Agostiano et. 

al., in 1983, successfully immobilized PSII and PSI on platinum 

as one of the first examples presenting the viability of a semi-

artificial photosynthetic device.
8
 Additional pioneering work 

was achieved by Katz et. al. in which immobilization methods 

were developed for the covalent attachment and alignment of 

photosynthetic reaction centers on PtO,
9
 and later pyrolytic 

carbon,
10

 for directed electron transport from protein to 

electrode. In addition to this work, Greenbaum et. al. provided 

major breakthroughs with the chemical platinization of intact 

chloroplasts,
11

 and later with isolated PSI,
12

 for photodriven 

bio-hydrogen production.  Based on these fundamental 

studies, subsequent decades of research have been dedicated 

to the creation of artificial photosynthetic devices and 

biohybrid electrodes as effective bio-derived solar energy 

conversion platforms.   

When incorporated into a traditional biohybrid electrode, 

photoexcitation of the bound antenna chlorophylls of PSI 

causes an excited state energy transfer, that results in electron 

hole pair formation at the “special pair” chlorophyll dimer 

(denoted as P700) located in the interior of the protein.
13

 

Following charge dissociation, the excited electron is 

transported internally through a series of phylloquinone 

mediators until reaching the terminal [4Fe-4S] iron-sulfur 

clusters.
14

 At the final iron-sulfur cluster, FB, an electron with 

an energy of -3.9 eV with respect to the vacuum level is 

accepted by an artificial electrochemical mediator, such as 

methyl viologen. Concurrent to this process, a hole is 

transported away from the oxidized P700
+
 center by an 

electrode to reduce the special pair and turn over the system 

for subsequent energy transfer.  

In previous generation PSI-based bioelectrodes, protein 

films were assembled onto metallic substrates in monolayer or 

multilayer forms acting as a photoactive material for direct 

photocurrent generation.
15–18

 These biohybrid electrodes were 

able to produce photocurrent densities in the μA cm
-2

 regime 

when coupled with an appropriate diffusional redox mediator. 

Through the use of semiconductor electrodes, it has been 

shown that favorable electron transfer is produced by the 

alignment between energy bands of a carefully selected 

semiconductor and PSI. In 2012, both LeBlanc et al.
19

 and 

Mershin et al.,
20

 demonstrated this concept by producing PSI-

loaded p-doped silicon and ZnO electrodes, respectively. 

Performance greatly surpassed that which was previously 

achievable on metallic electrodes in both studies. Recently, 

hematite has also demonstrated particular utility as a narrow 
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band gap semiconducting electrode material in pseudo-dye 

sensitized solar cells with PSI.
21

 However, all of these devices 

have fundamental limitations, specifically the need for liquid 

diffusional mediators and the cost associated with the 

fabrication materials.  

To alleviate the need for liquid electrolytes, PSI-based solar 

energy conversion strategies have shifted toward the 

development of solid-state photovoltaics, and away from wet-

cell PSI-based devices. The initial feasibility of solid-state PSI 

films was demonstrated through the preparation of protein 

films on gold electrodes that retained photoactivity and 

electrochemical response under dry conditions.
22,23

 In a study 

by Gordiichuk et al. in 2014, state-of-the-art solid-state 

biohybrid photovoltaic devices were prepared by assembling a 

monolayer of cyanobacterial PSI onto a TiO2 substrate and 

backing the device with a polytriarylamine hole-conducting 

layer and MoO3/Al cathode.
24

 Those devices presented a novel 

breakthrough, but were limited by extensive processing, air 

sensitivity, and costly materials. To further enhance the 

performance, sustainability, and scalability of PSI solid-state 

photovoltaics, we have developed a novel PSI solar cell 

utilizing a solid polyaniline-PSI composite material as the 

photosensitizing layer on a TiO2 semiconductor anode and an 

evaporated Ag cathode. TiO2 on FTO-coated glass was selected 

as the anodic material based on the favorable alignment of its 

conduction band with the terminal iron-sulfur cluster of PSI 

(Fig. 1). Based on this energetic alignment, TiO2 has 

demonstrated particular utility in previous studies with PSI 

modified electrodes.
20,25,26

 Additionally, the low cost of TiO2, 

ease of preparation, and transparency in the visible spectrum 

make it an ideal electrode material. However, previous PSI-

modified TiO2 electrodes, analogous to dye sensitized solar 

cells, are limited by the monolayer loading capacity of protein 

on the substrate.  

In this study, PSI was entrapped within an 

electropolymerized PAni film grown directly on the TiO2 anode.  

This film deposition method creates a three-dimensional 

network of protein enveloped within a conductive matrix with 

high electron transport kinetics from enzyme to electrode. The 

photosensitizing PAni-PSI layer was prepared potentiostatically 

from the electropolymerization of aniline in the presence of 

solubilized PSI, purified from spinach leaves.  The evaporation 

of a metallic cathode on the PAni-PSI/TiO2 structure produced 

a low-cost solid-state photovoltaic device, prepared using 

facile methods with a bio-derived photoactive layer.  

 Polyaniline (PAni) has previously been shown to be an 

exceptional charge transfer material in redox mediated 

biohybrid cells.
27

 For these devices, HCl-doped, emeraldine salt 

PAni was prepared as the polymeric matrix for the PSI films on 

TiO2 due to its high conductivity and ease of preparation.
28

 As 

compared to other conductive polymers, PAni represents the 

superior material for protein entrapment using 

electrochemical polymerization.  Aniline is water soluble unlike 

most other organic monomers that are capable of 

electropolymerization. Additionally, the potential required for 

electropolymerization is lower than many other comparable 

organic monomers and analogs, thus reducing the risk of 

protein and/or substrate degradation.  This film preparation 

method allows the material to act as a solid conductor for 

electron transport while also providing a three-dimensional 

network for increased PSI-loading and light adsorption.  Active 

PSI is entrapped in the polyaniline film during 
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electropolymerization as represented by a protein density of 

approximately 15 nmol cm
-3

 determined previously via ICP-

OES.
25

 Through growth of the composite PAni-PSI layer on the 

TiO2 anode, film thicknesses were controlled by means of 

electropolymerization time at +6.5 V vs. Ag/AgCl. It was found 

that films grown for 120 s produced the best performing 

devices in terms of efficiency (Fig. S1 of ESI†). 

The energy diagram presented in Fig. 1 shows the 

favorable energetic band alignment between the FB site of PSI 

and the conduction band of TiO2. The n-type anatase TiO2 

accepts electrons from the PAni-PSI composite with its 

conduction band at approximately -4.2 eV.
29

 PAni plays a 

critical role in this device as it shuttles electrons from PSI to 

the anode through a chain hopping mechanism, introduced by 

the mixed redox states of emeraldine salt polymer.
30

 From the 

cathodic side of the device, the evaporated silver layer accepts 

and transports holes away from the oxidized P700
+
 reaction 

center of the protein. In Fig. 1B, a layered schematic is 

presented showing the complete device with silver cathode, 

PAni-PSI film, and transparent TiO2 layer on an FTO/glass 

substrate. Due to the inverted architecture of this device, the 

PAni-PSI photoactive layer is illuminated through the 

transparent anode. 

Using scanning electron microscopy (SEM) the device 

cross-section was imaged. Distinct layers were visually 

identified as the glass, FTO, TiO2, PAni-PSI, and silver 

components of the device (Fig. S2 of ESI†). The composition of 

each device layer was confirmed using EDS elemental mapping 

(Fig. S3 of the ESI†), thus verifying the solid-state device 

architecture. The PAni-PSI active layer was approximated to be 

350 nm for the layer prepared from 120 s of potentiostatic 

polymerization. A PAni-PSI composite layer of this thickness 

presumably reaches an optimum interplay between high 

optical density for maximum photon absorption while being 

thin enough to allow for efficient carrier diffusion in the film. 

Often observed in polymer-semiconductor devices with 

inverted architecture (similar to this device), a thick polymer 

active layer increases the hopping distance for holes to reach 

the cathode, thus diminishing photocurrent density and 

efficiency as the film thickness increases.
31

  

The Ag/PAni-PSI/TiO2 solid-state devices were evaluated 

under solar simulation conditions.  I-V curves for typical 

devices are shown in Fig 2. For the PAni-PSI devices, typical 

short circuit current densities (JSC) of 72 μA cm
-2

 were 

observed.  This average photocurrent density surpasses the 

previous state-of-the-art solid-state PSI photovoltaic device by 

nearly 250-fold.
24

 In addition to the large photocurrent 

densities, the use of silver cathodes consistently produces 

open-circuit voltages (VOC) of approximately 300 mV. As 

expected, the PAni-only devices (shown in blue) performed 

poorly, relative to the PSI-loaded devices. The photocurrent 

densities, open circuit potentials, and efficiencies of the PAni-

only control devices were approximately 3-fold smaller than 

the PAni-PSI devices. Table 1 summarizes the performance 

metrics of JSC, VOC, fill factor, and external quantum efficiency 

(EQE) for the Ag/PAni-PSI/TiO2 and Ag/PAni-only/TiO2 devices. 

Action spectra relating the illumination wavelength to 

quantum efficiency were collected for PAni-PSI and PAni-only 

solid-state devices (shown in Fig. S4 of the ESI†).  As expected, 

the quantum efficiency of the PSI-loaded device correlates 

directly with the absorption spectrum of PSI’s chlorophyll 

antenna, and thus indicates PSI’s role in charge separation in 

these solid-state devices. 

To better corroborate the band alignment predictions of 

this novel PSI-composite solid-state device, the metallic 

cathode material was altered. With all other components of 

the device kept constant, devices were prepared with an 

evaporated metal of lower or higher work function than silver. 

It was hypothesized that gold, with a work function of -5.1 eV, 

would perform poorly as a cathodic material because it is 

energetically lower than the P700/P700
+
 redox site of PSI, thus 

making it unable to accept holes from the oxidized protein. An 

evaporated aluminum cathode should produce significantly 

less photocurrent than silver because the work function of Al (-

4.08 eV) is higher than the conduction band of TiO2.  This 

energetic mismatch will favor electron-hole pair 

recombination in the PAni matrix, over the effective charge 

separation and migration pathway through the entrapped PSI.  

The comparison of silver, gold, and aluminum as cathode 

materials in PAni-PSI/TiO2 devices is presented in Fig. 3.  As 

predicted, the use of silver as the cathode material resulted in 

Active Layer Type Current Density, JSC  

(µA cm
-2
) 

Open Circuit Potential, VOC  

(V) 

Fill Factor External Quantum Efficiency 

(%) 

PAni-PSI (n = 13) 72 ± 3 0.299 ± 0.004 0.420 ± 0.007 0.0091 ± 0.0006 

PAni-only (n = 16) 21 ± 7 0.100 ± 0.003 0.19 ± 0.05 0.0022 ± 0.0009 

Page 3 of 7 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the highest photocurrents, open-circuit voltages, and 

efficiencies based on its favorable energy alignment with PSI 

and TiO2.  

In addition to the performance of this solid-state 

biophotovoltaic, there are superior advantages over previous 

PSI devices in cost and long-term stability. The utility of 

Ag/PAni-PSI/TiO2 devices has been demonstrated here by the 

simple design, wide availability of PSI from spinach and other 

plants,
32

 and low-cost device fabrication.  More importantly, 

the stability of this device for long-term performance under 

real world conditions has proven great utility. By codepositing 

PAni and PSI, the conductive polymer advantageously serves 

as a stabilizing matrix for the entrapped PSI.  Operational 

stability is demonstrated in Fig. 4 where the performance of 

Ag/PAni-PSI/TiO2 devices was monitored over the course of 

three days with 12-hour periods of light and dark.  This light 

cycling was intended to mimic the solar cycle found in Nature.  

In this three-day study, the photocurrent output did not 

decline between the 12-hour illumination periods nor intraday 

for the duration of the study.  This indicates the viability of PSI-

based solid-state devices in real world settings. 

Additionally, the long term storage stability of Ag/PAni-

PSI/TiO2 devices was evaluated by sampling power curves daily 

over the course of 20 days and stored under open-air 

conditions at approximately 20 °C, when not in use. These 

devices retained greater than 85% of original photocurrent 

output over the course of the 20 days (Fig. S5 of the ESI†), 

which effectively demonstrates the robustness of the PAni-PSI 

film as an active layer in solid-state solar energy conversion 

devices, and presents the feasibility of further development of 

bio-derived solid-state photovoltaics from low-cost materials.  

Conclusions 

Using facile and low-cost preparation methods, the 

photosynthetic protein, PSI, has been successfully 

incorporated into a conductive polyaniline network for direct 

photocurrent generation.  Through electrochemical 

polymerization, this organic, bio-derived active layer was 

grown directly off of transparent TiO2 electrodes. These 

photoactive electrodes were then completed with the 

evaporated metallic cathodes to yield stand-alone solid-state 

photovoltaics.   Solar-simulated I-V analysis revealed that 

these devices yielded average photocurrent densities of 72 μA 

cm
-2

, with an approximate open-circuit voltage of 300 mV, and 

an external quantum efficiency of 0.01%.  This performance 

greatly exceeds the current state-of-the-art in PSI-derived 

solid-state photovoltaics by nearly 250-fold in photocurrent 

output, while also being lower in cost and more stable than 

previous PSI devices.  The novel PAni-PSI/TiO2 devices 

represent a major advancement in the field of biohybrid solar 

energy conversion based on their performance, simple cell 

design, low-cost fabrication materials, facile preparation 

methods, and operational longevity. 
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Broader context 

 

Photosynthesis provides a unique model by which solar energy is harvested and 

converted into other usable forms.   For this reason, decades of research have been 

dedicated to mimicking the solar energy conversion pathways of green plants and 

autotrophic bacteria, including the direct use of extracted photosynthetic proteins to 

create photoactive biohybrid electrodes.  In this work, the photosynthetic protein, 

Photosystem I (PSI), was extracted from spinach leaves and used to prepare novel bio-

based solid-state solar cells. Previous PSI-based devices have been limited by prohibitive 

costs, extensive processing, marginal performance, and poor environmental stability. 

The devices presented here exceed in all of the aforementioned categories through the 

use of a unique conductive polymer-PSI composite active layer, prepared 

electrochemically, which acts as a bio-derived photosensitizing layer for direct solar 

energy conversion.  This innovative work introduces a new generation of low-cost, 

stable, and scalable solid-state biophotovoltaics and bio-derived artificial photosynthetic 

systems. 
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