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ARTICLE INFO ABSTRACT

Keywords: Dye-sensitized solar cells based on bacterial-based photosensitizers (bio-sensitized DSSCs) are promising bio-
Biomolecular dyes photoelectronic molecular devices exhibiting enhanced electron excitation, injection, and dye regeneration for
DSSC,S_ efficient photon-to-electron quantum-conversion. Achieving high DSSCs performance via environmentally sus-
:2?:;“;112‘:@ tainable, cost-effective, and naturally-sensitized plant-based or bacterial-based biomolecules remains a chal-
Protein lenge. Here, we provide a comprehensive study on the mechanisms involved in the utilization of biomolecular
Bacteria bacterial-based pigments (e.g. proteins and carotenoids) for an improved bio-sensitized DSSCs performance.
Carotenoid Protein complexes and chlorophyll a/carotenoids are among many bio-photosensitizers demonstrating high

incident photon-to-current efficiency (IPCE). Pigments molecular structure, donor-r-acceptor conjugation, and
anchoring groups have been discussed and attributed to theoretical dye HOMO-LUMO bandgaps and their
corresponding bio-sensitized DSSCs IPCE. This review provides critical understanding of advancements towards
natural photosensitization: (i) carboxyl/hydroxyl groups attached to acceptor segments provide firm attachment
and rapid electron injection, (ii) proteins/carotenoids hybrid dyes induce visible-light photosensitivity and
broaden absorbance, (iii) increased conjugated z-bonds (n > 13) develop pigment visible-NIR absorption with
intensified photoactivity, (iv) chromatophores integrated with bio-electrolyte provide a unidirectional flow of
electrons, (v) reaction center (RC)-sensitized DSSCs have better optoelectronic properties than light-harvesting
complex (LH2) due to its efficient charge separation, (vi) antioxidants hinder degradation of pigmented-
photoanodes from UV radiation, (vii) solid-state redox improves device stability and dye neutralization; which
all together would boost the dye sensitization performance in bio-sensitized DSSCs. The highest recorded IPCEs
are found for TiOz-based DSSCs using plant-based coumarin (9%) and from [A. amentacea + P. pterocarpum]
pigments (8.22%). Futuristically, we anticipate that these biologically-derived photosensitizers can be integrated
into photoanodes for photoelectronic applications including DSSCs, multi-junction cells, photodiodes, photo-
transistors, photodetectors, flexible bioelectronic films and clothes, bio-LEDs, and photo-tunneling junctions.

silicon-based solar cells (first-generation) are expensive to manufacture
and are restricted to the terrestrial PV market only as compared to the
second-generation PV systems (multi-crystalline Si) [3-7] and the
emerging third-generation PV systems such as organic/inorganic
perovskite solar cells [8-16], inorganic solar cells (Si, III-V compounds,
alloys, CdTe, CIGS) [17-24], organic tandem solar cells [25-31],

1. Introduction

Non-renewable energy resources such as fossil fuels pose environ-
mental concerns and will be diminished due to the limited oil/gas re-

serves as well as the increasing demand for energy. Econometric models
estimated that fossil fuel reserves will be totally consumed by the year
2042 [1]. In contrast, solar energy is the most abundant, unlimited, free,
and environmental-friendly energy with power approximately 1.8 x
10! MW from sun intercepted by the earth [2]. Photovoltaics (PV) is an
efficient tool designed to harness the solar power by converting incident
photons to excitons for electricity generation [2]. However, commercial
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quantum dot solar cells [32-37], and dye-sensitized solar cells (DSSCs)
[38-48], which are still in the development phase for being commer-
cialized [49]. In 1991, O’Regan and Gratzel [38] initiated the idea of
DSSCs inspired by natural photosynthesis and photography processes
[50]. Similar to natural photosynthesis, DSSCs utilize plants and fruits
pigment molecules to transfer energy and electrons converting light

Received 13 July 2019; Received in revised form 26 November 2019; Accepted 18 December 2019

Available online 20 January 2020
1364-0321/© 2020 Elsevier Ltd. All rights reserved.


mailto:sbehura1@uic.edu
www.sciencedirect.com/science/journal/13640321
https://http://www.elsevier.com/locate/rser
https://doi.org/10.1016/j.rser.2019.109678
https://doi.org/10.1016/j.rser.2019.109678
https://doi.org/10.1016/j.rser.2019.109678
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2019.109678&domain=pdf

H.A. Maddah et al.

Renewable and Sustainable Energy Reviews 121 (2020) 109678

Nomenclature (i.e. abbreviations, notation and units)

DSSCs  Dye-sensitized solar cells
PV Photovoltaics

LH Light harvesting

RC Reaction center

BChl Bacteriochlorophyll a (PPB a)
PPCs Proteins pigment complexes (LH2, BR, RC)

LHCII Light-harvesting complex II
PSI Photosystem I trimer

TCO Transparent conductive oxide
ITO Indium tin oxide

FTO Fluorine doped tin oxide

S Ground state

S* Higher or excited energy state
St Oxidized-dye

I /Iy Redox mediator

I3 Iodide

3 Triiodide

SWCNTs Single-walled carbon nanotubes
N-GNRs Nitrogen-doped graphene nanoribbons
3DG Three-dimensional graphene-based

3DGNs Three-dimensional graphene networks

rGO Reduced graphene oxide

uv Ultraviolet

CEs Counter electrodes

BR Bacteriorhodopsin (protein) or Bacterioruberin
(carotenoid)

Spx Spirilloxanthin

CSSC Chromatophores sensitized solar cell

Qo0 Quinone

AM1.5  Air mass (100 mW cm?)

DFT Density functional theory

DPP Diketopyrrolopyrrole

CgHoN  Indolines

C-QDs  Carbon quantum dots

TD-DFT Time dependent and density functional theory
Bio-LEDs Bio-light-emitting diodes
Ip/mA  Total cell current

KVL/V  Kirchhoffs’s voltage

Ly/mA  Cell photo-generated current

Iy/mA Dark saturation current

I,/mA Back reaction (recombination) current
I/mA  Shunt (leakage) current

Vpe/V Photoanode electrode voltage

I/mA  Shunt current

R;/Q Series resistance

Rg/Q Shunt resistance

R./Q Recombination resistance

V.ew/V  Applied cell voltage

I,/mA Recombination current

q Electron charge (1.602x107 8 Q)

n Ideality factor

kg Boltzmann constant (1.38x10"22 J K1)
T/K Absolute temperature

Voc/V Open-circuit voltage

I,/mA  Short-circuit current (or Js. as current density in mA cm?)

FF Fill factor

PCE/% Power conversion efficiency

Er/eV Fermi level

Ecp/eV  Conduction band edge

E./eV Activation energy

HOMO Highest occupied molecular orbital (ground state)

LUMO  Lowest unoccupied molecular orbital (excited state)

IPCE/% Incident photon-to-current efficiency

QE/% Quantum efficiency

E,/eV  Bandgap energies arise from the difference between
HOMO to LUMO levels

EMIM-I 2-methylImmidazolium iodide

BDH Sodium iodide
PEO poly(ethylene)oxide

CgH;N  Indoles

G-QDs  Graphene quantum-dots

SFX Spiro[fluorene-9,9'-xanthene] hole transporting materials
(HTM)

CB Conduction band

energy into electricity (instead of the chemical energy conversion stored
as sugars and carbohydrates in natural photosynthesis). Thus, DSSC
(Gratzel cell) is defined as a thin-film photovoltaic (solar) cell that
efficiently converts any visible-light into electrical energy.

An intense research work [38] has been devoted to DSSCs from 1991
to 2014 which resulted in improving DSSCs efficiency from 7.1% to 13%
for commercialization viability [51]. In 2015, Ye et al. reported a
maximum DSSC efficiency of 15% achieved with a solid-state meso-
scopic TiOy DSSC sensitized with lead iodide perovskite (CHsNH3PbI3)
under AM1.5 illumination; which is expected to reach a ~20% future cell
performance. The maximum recorded efficiency of commercial crys-
talline silicon solar cells is approximately 25% ($2.7-3.57/W) [52].
However, DSSCs are cost-effective solar cells (<$0.5/W) owing to their
inexpensive materials/components and explicit fabrication design with
little maintenance requirements [2,40,49]. A typical DSSC system in-
cludes four major components: photoanode, photosensitizer, electrolyte,
and counter electrode (cathode) [49]. The cell converts visible-light
energy into electrical energy by sensitizing a wide bandgap semi-
conductor (e.g. TiO, ZnO, and SnOy) to inject a photo-excited electron
at the interface between the semiconductor material and the monolayer
sensitizer [50]. Nanoporous large-area semiconductors provide
anchoring sites for dye molecules acceptor segments for easy electron
injection from the generated electron-hole (e-h) pairs. Charge separation

occurs in femtoseconds due to the electron injection from the dye mol-
ecules into the conduction band (CB) of the semiconductor [41,53]. To
date, commercial photosensitizers used in DSSCs are limited to
plant-based organic dyes [43], ruthenium dyes [54], and platinum dyes
[55]. However, inorganic dyes are scarce in nature, synthetically pro-
duced, very expensive, and pose a high risk of toxicity to humans
(ecosystem pollution) [56]. Thus, research efforts have been shifted to
focus on natural photosensitizers, and specifically on biomolecular
sensitizers from bacterial sources such as naturally optimized light
harvesting (LH) ligands, photochemical reaction center (RC) protein,
and carotenoid complexes for photons-to-electrons conversion [57].
The chemical structure of a photosensitizer material involves a
donor-acceptor-substituted z-conjugated bridge (D-z—A), Fig. 1(A).The
dye’s anchoring group exists in the acceptor part allows dye molecules
to chemically attach themselves to the semiconductor surface [58].
Anchoring groups in dye molecules bind to oxide layers via a surface
hydroxylation chemical reaction [59]. Covalently-bonded dye particles
reduce interfacial resistance for the electron flow. Perfect bonding and
dye attachment occur from surface interaction between functional
groups as carboxyl and/or other peripheral acidic anchoring groups
with the semiconductor surface. Earlier works [60] suggest that acidic
dye solutions are preferred since de-attachment of dye molecules usually
occur around pH = 9. A photosensitizer is considered efficient for DSSCs
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Fig. 1. Schematic Representation of Dye-Sensitized Molecular Device: (A) Donor-z-acceptor (D-z—A) structure of an organic dye in DSSCs with a wide bandgap
semiconductor photoanode; (B) Typical components and architecture including photosensitizer for electron injection, photoanode electrode for charge separation/
transport, counter electrode for electron collection, and redox electrolyte for dye neutralization.

when it fulfills these requirements [50]: (i) intense visible-light ab-
sorption, (ii) strong chemisorption onto the semiconductor surface, (iii)
fast electron injection into the semiconductor CB, and (iv) involve
several =0 or —OH groups to anchor dye molecules onto the semi-
conductor surface. The pigment’s molecular structure, properties (i.e.
hydrophilicity/hydrophobicity, solubility, surface chemistry, and sta-
bility of dye molecules), surface morphology, self-assembly, aggregation
tendency, anchoring groups, and photosensitizer-electrolyte in-
teractions are some of the basic parameters need to be well understood
in order to optimize DSSCs performance through using commercial
and/or natural photosensitizers [52]. Uniformly dispersed dyes in an
optimal solvent prevent dye agglomeration and enhance dye/semi-
conductor surface interactions required for the attachment of dye
acceptor segments, reducing series resistance and improving electron
injection at the interfacial contacts.

Natural dyes extracted from different biological sources (e.g.
anthocyanin, carotenoid, flavonoid, aurone, chlorophyll, tannin, and
betalain obtained from fruits, flowers, leaves, seeds, barks, and various
parts of plants or other biological sources) [61-63] have been proposed
to be used as sensitizers in DSSCs due to their low cost and environ-
mental friendliness [50,52,53,64]. Previous studies have mostly inves-
tigated on the use of anthocyanins [64,65], flavonoids [66,67], and
carotenoids [42] as plant-source photosensitizers. However, Hug et al.
(2014) [52] showed that bixin, crocetin, crocin, betaxanthin, betalains,
mangostin, rutin, neoxanthin, violaxanthin, and lutein were among the
investigated natural sensitizers extracted from plant-based sources.
More importantly, anthocyanins (e.g. cyanin and nasunin), anthocya-
nidin (e.g. delphinidin, cyanidin, and peonidin), chlorophyll (e.g.
methyl-3-carboxy-3-devinylpyropheophorbide), and carotenoids (e.g.
p-carotene) have been identified as the most promising biomolecular
dyes. Carotenoids are highly light-sensitive pigments [39,52] due to
their conjugated double z-bonds structure with optimal chain length of
seven [68] giving an approximated light-absorption range of 400-500
nm [56,69]. The highest observed performance with single carotenoids
in DSSCs was 2.6% [70], where the integration of chlorophyll de-
rivatives with carotenoids can increase the DSSC efficiency up to 4.2%
[71]. A major challenge in optimizing DSSC efficiency is the expansion
of the absorption range of the photoanode photoactive and/or semi-
conductor layers [72]. For example, proteins pigment complexes (PPCs)
are good alternatives to carotenoids since they have higher absorption
coefficient, wider absorbance range (300-1100 nm), and higher con-
version efficiency [53,73].

Bacterial pigments have many advantages over the commercial
metal-synthetic dyes for DSSCs. Natural pigments from biological
sources are promising candidates to be integrated in DSSCs which can be
simply installed as rolls in many daily used items such as handbags and
clothing as well as building walls, windows and integrated bio-
photovoltaics [74,75]. Advantages of using natural pigments from bio-
molecular sources include [53,56,74,75]:

1) Bacteria and their protein complexes and carotenoids are abundant
and cost-effective.

2) Extraction of bio-dyes is easy, feasible, and can be also utilized in
large scales (scalable).

3) Biological pigments are biodegradable, renewable, and sustainable
which makes them very convenient.

4) Pigments from bacterial sources are usually noncarcinogenic and
pose no health concerns to humans which makes them
environmental-friendly alternatives.

5) Biosensitizers can absorb most of the light energy due to their wide
absorption spectrum (multi colors and wavelengths).

Very few works and minimal progress have been devoted towards
the use of bacterial protein complexes in bio-sensitized DSSCs which
may become a potential alternative as a natural sensitizer. In this
context, this review focuses on understanding, analyzing, and exploring
available biological pigments extracted from bacteria as potential sen-
sitizers. The aim is to critically evaluate the novelty of utilizing bio-
molecular bacterial-source pigments as photo-electron sensitizers in
DSSCs for solar-to-electricity applications. Several previously designed
bio-sensitized DSSC systems have been reviewed, studied, and discussed
thoroughly with current knowledge and advancements on the selected
biomolecular photosensitizers. Biomolecular pigments discussed in this
work include reaction center (RC) proteins [76], chlorophyll a (BChl)
[77], chromatophores [45], PPCs including LH2, LH4, and RC;
mimicking the principles of natural photosynthesis [78],
light-harvesting complex II (LHCII) [79], bacteriorhodopsin (BR) pro-
teins [53,80], xanthophylls carotenoids [56,81], lycopene carotenoids
[82], and RC photosystem I trimer (PSI) [83]; where we have studied
pigments biological sources, chemical structure, biological information,
and their abilities to convert photons-to-electrons in bio-sensitized
DSSCs as an attempt to improve the photoelectrochemical performance.

2. Fundamentals of dye-sensitized solar cells
2.1. Architecture

A regular DSSC consists of four important components [49,50,52,
84-86] to initiate the conversion of visible-light photons to electrons.
These components and their roles in electron transportation and current
generation are briefly: (i) photoanode for charge separa-
tion/conduction, (ii) counter electrode for electron collection, (iii)
photosensitizer for electron injection, and (iv) redox electrolyte for dye
regeneration; as shown in Fig. 1(B). Transparent conductive oxide (TCO)
glass substrate sheet resistance of either indium tin oxide (ITO) or
fluorine doped tin oxide (FTO) must be low (<15 to 40 Q/H) with a
visible-light (400-700 nm) transmission of >80%, facilitating electron
injection and transport. Crystallization and annealing of TiO, film at
100-500 °C are important for better charge transfer and conduction.
Covalently bonded dye molecules monolayer to the semiconductor



H.A. Maddah et al.

surface improves photons absorption and e-h pair generation. Dye
neutralization occurs via liquid or solid (gel) electrolyte when dye
molecules receive their missing electrons from reduction of a redox
mediator (e.g. iodide and triiodide [I~/I; ] redox couple). A schematic
representation of a typical DSSC system with its main components is
shown in Fig. 1(B).

2.2. Working mechanism for current generation with possible
recombination

The complete operation cycle of DSSCs is composed of four main
steps [49,50,59,84,871:

a) Dye excitation (photonic energy absorption): Dye molecules
get excited from their ground state (S) to a higher energy state (S*) with
light incident due to photon energy, [from the highest occupied mo-
lecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO)], and then photon-excited electrons (e-h pairs) are generated.

b) Electron injection (transportation): Excited-dye (S*) is oxidized
(S™) and an electron from S* is injected into the semiconductor CB (e.g.
TiOy); then electrons flow through the porous TiO, thin film to the ITO
glass substrate where they move from anode to cathode through an
external circuit in order to complete the cycle and generate current.

c) Oxidized-Dye regeneration (regeneration): Oxidized-dye shH
is regenerated by electron donation from the iodide in the electrolyte
and redox mediator [I" /I3 ].

d) Electrochemical reduction (cathodic reduction): In return,
iodide (I3 ) in the electrolyte and redox mediator diffuses to the counter
electrode (cathode) and gets regenerated by reduction of triiodide (3I7)
on the cathode.

There are two recombination mechanisms (el and e2) in DSSCs
which can be viewed as two competing chemical reactions arise from
oxidization of both dye molecules and redox electrolyte species simul-
taneously [59,87]. Recombination of photogenerated electrons with
oxidized dye molecules and/or redox species (I; ) takes place within a
timescale in microseconds (10’6 s) [88,89]. Asbury et al. [90] estimated
the time scale for the electron transfer at the semiconductor/dye (in-
jection) and dye/electrolyte (electrolyte reduction) interfaces in 107 1% s
(femtoseconds) and 1078 s, respectively; which explains the possibility
of neglecting recombination from the faster injection mechanism at the
semiconductor/dye interface as compared to recombination dynamics
from electrolyte reduction (dye/electrolyte ) [87]. A schematic repre-
sentation of the operation cycle and working principle of DSSCs along
with both anode and cathode typical redox reactions and recombination
dynamics are illustrated in Fig. 2(A-C).

el) Recombination with the oxidized dye: Arise from loss of
excited electrons transferring across the semiconductor/dye interface
and/or in the semiconductor which consequently recombine with holes
in the oxidized dye (acceptors) in presence of visible-light
(photocurrent).

e2) Recombination with the oxidized redox electrolyte: Arise
from loss of excited electrons transferring across the dye/electrolyte
interface which consequently recombine with holes in the oxidized
redox species (I3 ) in the electrolyte in absence of visible-light (dark
current).

2.3. Equivalent circuit model

An equivalent circuit model resembling the simple diode model for
DSSCs was proposed by Sarker et al. [91] to relate possible interfacial
resistances in DSSCs to the produced cell current and voltage. Total cell
current (I.o;) may be obtained from applying Kirchhoffs’s voltage (KVL)
and current (KCL) laws to the circuit model, Fig. 2(D), in order to get Eq.
(1) where Ly, Io, I, and I, refer to cell photo-generated current, dark
saturation current, back reaction (recombination) current, and shunt
(leakage) current, respectively. Photoanode electrode voltage (Vpg) and

Renewable and Sustainable Energy Reviews 121 (2020) 109678

Iy, are defined in previous works as shown in Eq. (2). Series resistance
(Rs), shunt resistance (Rg;), recombination resistance (R,), and applied
cell voltage (V) in DSSCs play an important role in controlling both

Vpg, Iy, and therefore I..;. Further, recombination current (I,) can be
determined from Eq. (3) which was obtained from a Boltzmann-like
distribution of electrons and Vpg that is the difference between elec-
trons Fermi level and electrolyte redox potential. Hence, plugging both
Eq. (2) and Eq. (3) in Eq. (1) will yield in Eq. (4) [91] that is the
equivalent circuit model for DSSCs; where g (1.602 x 10~8 C) is the
electron charge, n is the ideality factor, kg is Boltzmann constant
(1.38 x 1072 J K1) and T is the absolute temperature.

Leen =1y +1y — I, — I 1)
Ve
Ve = Veer + leeRs; Loy = = @
Rsh
qVre
1, =1 3
0exp <n o T) 3
q(chII + I(‘rlle) Vcell + Icelle
Loy =1, — I —1| = 4
1 = Lph 0 {GXP< nkpT R, “4)

The determined circuit model is comparable to the diode model
equation for solar cells as explained in previous literature [92-94]. Both
R, and Ry, in DSSCs arise from the interfacial contact resistances be-
tween the phase contacts in the compact semiconductor layer [95]
influencing electron recombination; Fig. 2(E), specifically at the three
interfaces: (i) TiOy/electrolyte, (ii) TiO2/dye, and (iii) ITO/electrolyte
[85,87,96,97]. Contact and bulk resistances from R, and defect resis-
tance from Ry, are both responsible for increasing recombination rates,
shortening electron lifetime, and therefore decreasing the overall cell
efficiency.

Eq. (4) can be simplified further to estimate the DSSCs open-circuit
voltage (V,) from the following assumptions [91]: (i) there is an

infinite value of Ry, (ii) I = 0, (iii) Veg = Vo, and
(In>>1Io)>In + Io = ILy); which will result in Eq. (5).
T I
v, ="l (L’) 5)
q )

Similarly, Eq. (4) can be simplified further to estimate the DSSCs
short-circuit current (I;) from the following assumptions [91]: (i) there
is an infinite value of Ry, (i) Ly = I, (iii) V.q = 0, and
(In>>1I))—»(@n + Io = I); which will result in Eq. (6).

ITL‘RS
I =T, — Ipexp (‘ik T) 6)
B

For ideal systems: (R;—0); hence, Eq. (6) becomes Eq. (7).
Isc:Iph _I() (7)

3. Bio-photosensitized DSSC for solar-to-electricity conversion
3.1. Sources of biomolecular pigments

Bioactive and/or bio-passive bacterial-based pigments are extracted
from complex molecules and small particles found in the cytoplasm of
various genetics and living bacterial cells. For example, ribosomes in the
bacteria cytoplasm (outside the cell nucleus) is capable of creating
different PPCs such that LH2, LH4, and RC as well as producing unique
enzymes as hydrogenase for solar-to-energy applications [98-100].
Organic carotenoid pigments (yellow to orange-red) are synthesized by
photosynthetic organisms in response to various environmental stresses
in many bacteria, algae, fungi, and plants to protect their cells structure
from oxidation damage [101-103]. Chlorophyll derivatives synthesized
in cyanobacteria, plants, or algae are pigments used to obtain energy
from light through  photosynthesis  [52,61,77].  Various
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Fig. 2. DSSC Operation Cycle and Reactions: (A) DSSCs complete operation cycle and recombination dynamics; (B) Closer-look on the electron excitation and
transport in DSSCs; (C) Anode (TiO-) and cathode (Pt/C) typical redox reactions in a DSSC (electron flow depends on light intensity and trapping-detrapping effect of
the surface); Charge transport/regeneration mechanism in (A) and (B): (a) photons energy excite electrons from HOMO to LUMO levels and generate excitons within
the dye molecules to (b) inject excited electron into the conduction band of the semiconductor which initiate charge separation/transport of electrons from pho-
toanode electrode to cathode electrode for current generation while (c) electrolyte ensures continuous current generation by neutralizing dye molecules through (d)
redox reactions mechanism, (el) and (e2) describes possible recombination within DSSCs; (D) Diode model for cell (J = I/Area); (E) TiO, photoanode compact layer

in DSSCs.
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Fig. 3. (A) IPCE profiles, and I-V curves for the PPB a der. DSSCs without carotenoids and with a 10% each of carotenoids having n = 9-13, Adapted from Ref. [77];
(B) Band diagram, and I-V curves of various chromatophores sensitized solar cell (CSSC) under near-IR (NIR) illumination, Adapted from Ref. [45]; (C) I-V curves,
and photoelectric parameters of DSSCs with different concentrations of LH2, Adapted from Ref. [78].



Renewable and Sustainable Energy Reviews 121 (2020) 109678

H.A. Maddah et al.

(8pd 1xu U0 panuNL0I)

[(eueiquiour ajdind) wnreurres wmialoeqoreH] ureloxd (Yqg) uisdopoyionsloeg

[[8£] £¥ sueuLiojojoze 1930eqOPOUY pue ‘Z6A0D stisnfed seuowopnasdopoyy ‘A[rednyioads ‘errayoeq ajdind] sureloid yHT pue ‘€HT ‘THT ‘THT

[[£/] 1S umiqni wn[rdsopoyy pue ‘WNSOUIA WNHBWOIYIO[[Y ‘I't'g Soproiseyds 101oeqopoyy ‘D1H soprosseyds 1930eqopoy] sprouajored

[[Z11] umydouray) WNLI21deqOPIBIONYD PUR ‘IX3[JOIO[YD ‘BLI2IdE] INJ[NS U3dID ‘BLI2IEQOIPH ‘eLaldeq a1ding] e [[Aydoioryd

[[0TT] 170 "F pue ‘Dsouidn.iav ‘q ‘smuadsato ') ‘UojAd ‘[
‘stumgues g ‘sinqns g ‘wmieluas ‘| ‘oeruowmaud ‘A [9/] T09SY WNIIIOe] ‘(BLI9)oeq Injs-uou a1dnd) saproreeyds "qy] suraloid DY

[Pr1es]
*p—¢ saampnns pued| (HT) 99eH—-2A0T
~— O
"
o N-$-- =4 ¥H1
(0]
—0
- =4 €H1
o
H-- =4 ZH1
THT Jo saampnas puedi] (HT) 21eH-9A07
Z ; _.EI 0
T SN~ A s
ud O o H ”
Iz,wj NH
[eT1°84] 0
[22]
oH ddd
o D003
et
‘L4281 HO
‘[111] DVdNI 03 SuIpIodde swole uoqied jo JuLrqUINU 3}
M d[dd[ou e [yDg (g) pue Mg pue g se pajaqe] a1e ‘1red [eroads ayy Sururioy
¢510398J0D [UDG ‘92 Y saproxoeyds "qy Jo DY Y3 UI SI0J.J0D JO JuswddueLie oy ],
LT
¢1  Whydooo
LT
W)
[rrr 8
‘01194l
7Y }IRWRY/2INIONIIS [edTWRYD

[s901nog] juowSid-org

'SDSS PazZNIsuas-01q 10§ sjuawSid Ie[NDI[OWOIq Paseq-[eL1d)deq PISSNISIP,/PIMIIARI SNOLIEA JO SINJINIS [EIUYD PUR SIDINOS [BLIAIdRY

[ C LA



Renewable and Sustainable Energy Reviews 121 (2020) 109678

H.A. Maddah et al.

(8pd 3x2u UO PaNUNLOI)
[18%9s]
‘suonem3yuod SP-g1 pue suer}
-[1e ur yg jo saroydowoayd feunay (g) pue {prousiored (Yg) uriaqniorialded ()
uialoid
|
R

que-g| 's-g|

+H

I
| nue-g| ‘sues-iiy

uiajoid \J_/\J\/\J\/

(a)

[o11 HO . A<v

‘GT11°eS] i
*3[nd3[oul Teurnal e Jo uonezuawosiojoyd yim uloid yq

T

A M
\U

91TsK1 [eunaI S1o-g|
wd "

:V///

Ay

[eUIRI SUDI-|[8

[e11a19eq dndIRIUY [18] (MO[[R4) *ds wnLIR1deqOasAIY) pue [95] (pal) ds 1919eqouswAH] sprousjored s[jAydoyiuex

[[ST1] edtuodef enoseorey pue [¢G] (Puerquaw 3(dind) wnreures WNLR}OLqO[RH] PIOUOILD (Yd) ULIDGNIOLIdIdRY

Jod NIRWY/2IN1ONIS [edIURy)

[s901nog] juowSid-org

(panuzuo2) 1 I1qeL



Renewable and Sustainable Energy Reviews 121 (2020) 109678

H.A. Maddah et al.

(98pd 3x2U UO PaNUNUOI)

[snye8uo(e sNdd020YdRUASOULIBY ], BLI3}ORqOURAD dI[Iydouiay) J1o/pue eLajdeqouekd] (ISd) owin [ uaisAsojoyd Dy

[[811] seproiaeyds 1910BqOpPOYY pue [G] Wniqnt wnjLdsopoyy] saroydojeworyn

[[z8] 1702 "] sprousjored sauadodAT

[[18] (mo[[24) *ds wmIa1deqOasAIYD pue ‘[95] (pai) “ds 1910eqouswAH] syuowdid syAydoyiuey

[oztes]
‘[611] soAp sruedio ur Juasaid sdnoid s>uroydoworyd jo sajdurexy
aueyjewihien | aujuekoojeyiyd EITET
v
A V u\/ /z”o\
Iy /
ozy onIN suounbesyuy
o0, 2
—N /zl
o e 08
‘8TT'SH] o
auadoafq
[£117C8]
BLI21DB( BONDIRIUY WoI) 93ueIo MVY
uyiuexrxa| JAx01pAy-,g o)
[18°95]
7Y }IRWRY/2INIONIIS [edTWRYD

[s901nog] juowSid-org

(panuzuo2) 1 I1qeL



H.A. Maddah et al.

Table 1 (continued)

Ref.

Chemical Structure/Remark

Bio-pigment [Sources]

A trimeric PSI complex isolated from A. marina contains ~180 Chl d molecules

with carbonyls [120].

10
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reviewed/discussed bacterial-based biomolecular pigments for
bio-sensitized DSSCs are shown in Table 1.

3.2. Chemical structure of biomolecular pigments

The chemical structure and structural remarks of the studied bio-
molecular pigments for bio-sensitized DSSCs from different bio-pigment
categories (e.g. proteins, carotenoids, and chlorophyll) are shown in
Table 1. Available functional groups, chemical (covalent) and physical
bonds, number of conjugated double z-bonds (n), and length of the
organic hydrocarbon structure chain are some of the parameters that
should be considered in the selection of an ideal bio-pigment for DSSCs.
Hydrocarbon chains with lots of hydroxylic (-OH), carboxylic (-COOH),
and (=0) radicals are preferred for strong binding and attachment of dye
molecules onto the semiconductor surface resulting in lower electron
resistance and facilitated electron injection [77,104]. Shahzada et al.
[105] reported on the possibility of incorporation of phenyl units on
both the donor and acceptor moieties within the dyes (e.g.
phenyl-alkoxy substituted triphenylamine donor based sensitizers)
which can effectively reduce recombination and aggregation to give
higher power conversion. Cui et al. [106] determined that the intro-
duction of bulky groups (e.g. alkyl chains or aromatic rings) in the
pigment’s spacer segment may also inhibit dye aggregation and increase
electron lifetime.

Conjugated systems such as carotenoids show strong colors or pig-
ments due to the presence of conjugated electrons in their structure. Free
n-electrons arise from the conjugated double bonds structure describes
alternation between single and double bonds in the long hydrocarbon
chains. The conjugated z-bonds result in the strong carotenoids colors
and their light-absorption properties allowing current generation from
easy photoexcitation of free electron carriers reside along the molecular
chain. Photoexcitation initiates electron transition to a higher energy
level from an even-symmetry conjugated z-system molecular orbital to
an odd-symmetry molecular orbital (z to z*). Typically, an electron
transient with photoexcitation from HOMO level to LUMO level ac-
cording to the selection rules for electromagnetic transitions. Pigments
from carotenoids only show up when the number of conjugated double
bonds is (n > 8) and that system with few conjugations (n < 8) only
absorbs strong light energy like UV radiations. Visible-light energy (low
energy) can be absorbed by carotenoids constituents that have enough
conjugated double bonds (n > 11) which typically observed as orange to
red pigments. In other words, molecules with more conjugated bonds
absorb lower energies of light than molecules with fewer conjugated
bonds [107-109]. Functional groups, conjugated bonds, and other
bonds within the chemically structured long hydrocarbon chains of the
reviewed/discussed bacterial-based biomolecular pigments for
bio-sensitized DSSCs are illustrated in Table 1.

4. Current advancements in bio-sensitized DSSCs

Photosynthetic RC proteins consist of a transmembrane pigment-
protein complex across the bacteria which act as a charge separator of
the photo-formed e-h pairs [76]. Semiconductor/protein films and their
functionalization have been recently extensively studied due to their
promising role in the development of bioelectronics and
bio-photoelectric devices [76,121,122]. Yet, researchers are still unable
to overcome two major problems: (i) loss of energy due to the formation
of the final charge separation state of RC [123,124], and (ii) charge
recombination of the photoinduced electrons which hinders separation
of e-h pairs that greatly hamper the photoelectric conversion of such RC
[76]. A new type of bio-sensitized DSSCs known as photosynthesis
DSSCs, which is based on the principle and materials of photosynthesis,
has gained much attention from the scientific community for photo-
voltaic applications [104]. Chlorophyll derivatives are considered as a
great biological alternative for traditional dye sensitizers in DSSCs for
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Table 2
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Performance comparison of bio-sensitized DSSCs according to the used dyes or various reviewed and discussed bacterial-based biological pigments for solar-to-

electricity generation.

Bacterial Pigment Remarks: Structure/Electrolyte and Irradiation/Absorption Jsc (RA Voe FF r]b (%) Ref.
ecm™?) (mV)
Chlorophyll a (PPB)” + Carotenoids FTO/TiO,/PPB/carotenoids/Electrolyte/Pt/FTO; Electrolyte: Methoxyacetonitrile 11500 - - 4 [771
(Spx)* solution containing 0.1 M Lil, 0.05 M I, and 0.6 M 1,2-dimethyl-3-propyl-imidazolium
iodide (DMPI); Irradiation: 300 W/100 mW cm 2 (AM1.5); PPB combined with 10% of
Spirilloxanthin (Spx) as carotenoids; Absorbance: max @ 680 nm; Absorption spectra:
400-600 nm.
Chromatophores FTO/TiO,/chromatophores/Teflon + Electrolyte/Pt/FTO; Electrolyte: quinone (Q0) +  24.7 300 0.29  0.04 [45]
cytochrome c; Irradiation: 890 nm light; No external voltage; Absorption peaks: 485,
550, 590, 520, 805, and 880 nm from carotenoids and monomeric BChl of the RC;
Absorption spectra: 430-900 nm.
PPCs (LH2)? FTO/TiO,/PPCs/Electrolyte/Pt/FTO; Electrolyte: 0.5 M Lil, 0.05 M I, 0.3 M DMPII, 1460 620 0.54 0.49 [78]
0.5 M 4-TBP and 0.1 M GNCS in acetonitrile; LH2-sensitized with a concentration of
46.8 pg BChl mL ! on TiO, film; Absorbance: max @ 803 and 856 nm for P-LH2, 802
and 847 nm for P-LH4 from strain CQV97; Absorption spectra: 600-900 nm.
PPCs (RC)* Structure/Electrolyte and Irradiation/Absorption as PPCs (LH2); RC-sensitized. 1240 840 0.55 0.57 [78]
Light-harvesting complex II (LHCID)* Structure/Electrolyte and Irradiation/Absorption as PPCs (LH2); LHCII-sensitized. 800 590 0.58 0.27 [79]
Bacteriorhodopsin proteins and FTO/TiOy/bacteriorhodopsin/bacterioruberin/electrolyte/Pt/FTO; Electrolyte: N/A; 450 570 0.62 0.16 [53]
bacterioruberin carotenoids (BRs)* Irradiation: 100 mW cm 2 (AM1.5); Absorbance: max @ 568 nm for bR and @ 497 nm
for Bacterioruberin; Absorption spectra: 300-650 nm.
Xanthophylls carotenoids (yellow)” FTO/TiO,/xanthophylls/electrolyte/Pt/FTO; Electrolyte: iodide/triiodide [I~ /I3 ]; 130 549 - 0.0323  [56]
Irradiation: 100 mW cm ™2 (AM1.5); yellow pigments were isolated from
chryseobacterium sp.; Absorbance: max @ 450 and 490 nm (close to p-carotene @ 400
and 550 nm); Absorption spectra: 300-600 nm.
Xanthophylls carotenoids (red)® FTO/TiO,/xanthophylls/electrolyte/Pt/FTO;Electrolyte: iodide/triiodide [I" /I3 ]; 200 435 - 0.0332  [56]
Irradiation: 100 mW cm ™2 (AM1.5); red pigments were isolated from hymenobacter
sp.; Absorbance: max @ 490 and 520 nm (slightly shifted to longer wavelengths);
Absorption spectra: 300-600 nm.
Xanthophylls carotenoids (PURE FTO/TiO,/xanthophylls/electrolyte/Pt/FTO; Electrolyte: iodide/tri-iodide [I” /I | in 78 260 0.39 0.008 [81]
orange)” acetonitrile; Irradiation: 100 mW c¢m ™2 (AM1.5); (PURE orange)-sensitized;
Absorbance: N/A; Absorption spectra: N/A.
Xanthophylls carotenoids (RAW Structure/Electrolyte and Irradiation as xanthophylls carotenoids (PURE orange); 127 460 0.51  0.03 [81]
orange)” (RAW orange)-sensitized; Absorbance: N/A; Absorption spectra: N/A.
Xanthophylls carotenoids (Cocktail)® Structure/Electrolyte and Irradiation as Xanthophylls carotenoids (PURE orange); 98 260 0.38  0.009 [81]
Cocktail-sensitized; Absorbance: N/A; Absorption spectra: N/A.
Lycopene carotenoids FTO/TiO4/E. coli (Iycopene)/Electrolyte/C/FTO; Electrolyte: (I /I; |; Irradiation: 100 696 289 - 0.057 [82]
mW cm~2 (AM1.5); Absorption peaks: 450, 475, and 505 nm; Absorption spectra:
350-750 nm.
RC photosystem I trimer (PSI)* FTO + ITO/TiO2+ZnO/PSI/Pt + glass; Electrolyte: Z813 Co(II)/Co(IIl); Irradiation: 362 500 0.71 0.08 [83]
100 mW cm 2 (AM1.5); Absorption peaks: 800 nm; Absorption spectra: N/A.
Bacteriorhodopsin (BR)" protein FTO/TiO,/BR/Electrolyte/Pt/glass; Electrolyte: [I" /I; | which is a liquid electrolyte; 620 - - 0.19 [80]
Irradiation: 100 mW cm 2 (AM1.5); Absorption peaks: N/A; Absorption spectra: N/A.
Bacteriorhodopsin (BR)” protein FTO/TiO2/BR/Electrolyte/Pt/glass; Electrolyte: acetamide based gel electrolyte 1008 - - 0.49 [80]

modified poly(ethylene)oxide (PEO); Irradiation: 100 mW cm 2 (AM1.5); Absorption
peaks: N/A; Absorption spectra: N/A.

@ Meaning of symbols in parenthesis and their definitions can be found in the subheadings of section 4, or from Figures 3 and 4.
b Efficiency = Incident photon-to-current efficiency (IPCE) = Quantum efficiency (QE).

the conversion of solar energy to electricity [77]. The blending of
chlorophyll with photosynthetic pigments like carotenoids has shown
much improvements and developments in chlorophyll sensitizing func-
tion in DSSCs since carotenoids play a key role in harvesting light en-
ergy, protecting chlorophyll layer [125,126], and forming radical
cations for the redox function [127].

A) Chlorophyll a derivative (PPB a der.) + Spirilloxanthin (Spx)
Carotenoids from Rhodospirillum Rubrum S1: In a recent work,
Wang et al. [77] utilized chlorophyll a derivative (methyl 3-carboxy-3--
devinyl-pyropheophorobide a; abbreviated as PPB a der.) as a photo-
sensitizer in DSSC which was also combined with 10% of different
conjugation lengths of carotenoids as redox spacers. Chlorophyll a (PPB
a der.) bio-sensitizer consists of a chlorine skeleton which contains a
carboxyl group that is directly attached to the conjugated macrocycle
(Table 1). Carboxyl groups enhance binding and/or attachment of
chlorophyll a onto the surface of the used semiconductor materials in
DSSCs such as TiOy. This firm attachment can effectively facilitate
electron transport and injection from chlorophyll a/carotenoids into
TiO4 nanoparticles [77,104]. The addition of biological carotenoids and

11

conjugated spacers (e.g. spinach reaction centers and/or spirilloxanthin
(Spx) from rhodospirillum rubrum S1) would also improve electron
transfer through: (i) neutralizing the dye molecules, and (ii) blocking
reversed electrons from being oxidized by the formation of radical cat-
ions which aid in redox reactions [77,127]. Wang et al. [77] constructed
his biologically-sensitized DSSC as the following [FTO/TiO,/PPB/car-
otenoids/Electrolyte/Pt/FTO] with the use of methoxyacetonitrile
electrolyte solution for the redox function and 10% of Spx as carotenoids
isolated from rhodospirillum rubrum S1. The bio-sensitized DSSC was
irradiated with a halogen lamp of 100 mW cm™2 for photoelectrical
analysis of short-circuit current density (Js.) and conversion efficiency,
which were determined to be 11.5 mA cm ™2 and 4.0%, respectively
(Table 2). The mechanism of the electron transfer to the dye from the
redox function of carotenoids involves: (i) PPB a der. excitation from
photon absorption, (ii) exciton generation from the PPB a der. (dye)
molecules which is maintained/facilitated from carotenoids redox role
in generating carotenoids radical cations, (iii) electron injection into
TiO CB for a charge-separation state between dye radical cations and
electrons, and (iv) reverse electron transfer which may occur and result
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| (D) Bacteriorhodopsin (BR Protein) and Bacterioruberin (BR Carotenoid) from Halobacterium Salinarum I
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Fig. 4. (D) Bio-sensitized DSSC system, and I-V curves for the DSSC sensitized with (a) Bacterioruberin (BR carotenoid), (b) Bacteriorhodopsin (BR protein), and (c)
a mixture of two pigments, Adapted from Ref. [53]; (E) Agar plate with pigmented A9A5(R) and A9A5(A) isolates, for the yellow and red pigments, respectively, and
E. coli as non-pigmented bacteria, with visible-light absorbance of yellow and red pigments, Adapted from Ref. [56]; (F) I-V curves for the bio-sensitized DSSCs using
different pigments: PURE orange (black line), RAW orange (red line) and cocktail orange + co-adsorbent (blue line), inset: extracted dye from centrifuge with
numbers as (1) bacterial pellet, (2) slime, (3) supernatant, Adapted and modified from Ref. [81]; (G) I-V curves of the bio-PV DSSC using E. coli/lycopene as a
biological sensitizer, Adapted from Ref. [82]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

in charge recombination that will lower current production [77]. The
IPCE profiles and I-V curves observed from Wang et al. experiments
[77], as shown in Fig. 3(A), concluded that both efficiency and current
increase as linear functions of n (numbers of conjugated double bonds; n
= 9-13) due to the described electron-transfer mechanism.

B) Chromatophores from Rhodospirillum Rubrum S1 +
[Quinone (QO0) and cytochrome c] Biological Redox: Another study
on biohybrid photovoltaics by Magis et al. [118] assessed the use of both
bio-sensitizers and Dbioelectrolytes as bacterial photosynthetic

12

membrane vesicles (chromatophores adsorbed to a gold electrode).
Chromatophores from rhodospirillum rubrum together with Q and cy-
tochrome c as electrolytes were used in a designed biohybrid cell to
collect light energy from both blue light and near-IR photons (800-875
nm). The absorbed energy is then transferred into the RC bacteriochlo-
rophyll a (BChl) special pair to initiate charge separation within chro-
matophores which will consequently facilitate the unidirectional flow of
electrons from the provided band energies between consecutive in-
terfaces. The light-driven current generation was found to be dependent
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on: (i) the biological/bare gold electrode, (ii) the electrolytes, and (iii)
the open circuit potential of 100 mV; which was capable of achieving a
high Jg of 25 pA cm™2,

Woronowicz et al. [45] developed a biohybrid DSSC known as
chromatophores sensitized solar cell (CSSC) where the organic
light-harvesting dye was replaced with chromatophores isolated from
rhodospirillum rubrum strain S1 and regular electrolyte (I / I5 ) was
substituted with biological electrolytes (redox mediators of biological
origin) as quinone (QO0) and cytochrome c. It was found that the CSSC
with the configuration [FTO/TiO2/chromatophores/Teflon+Electrolyte
/Pt/FTO] showed a higher performance, Fig. 3(B) and Table 2, under
AM1.5 (890 nm) due to the good CSSC capability in utilizing both visible
and near-IR irradiation, generating light-induced current and tunneling
electrons to the TiO, through the biological redox mediators. The CSSC
system was tested with a dark current for recombination evaluation of
(TiO2 + chromatophores + QO + cytochrome c) which showed the least
e-h recombination in the TiO, CB, because of the attachment of chro-
matophores on the semiconductor electrode (TiO surface) that act as a
barrier layer between electrons and holes in both TiO2 CB and the
electrolyte QO/cytochrome c. A unidirectional flow of electrons within
the biological dye was observed due to the significant reduction in back
transfer rate from the good coupling between utilized biological com-
ponents (electrode and electrolyte) and from the excellent band energy
agreement between consecutive interfaces.

C) PPCs (LH2) from Rhodopseudomonas Palustris CQV97 and
Rhodobacter Azotoformans R7: Fu et al. [78] have been able to
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incorporate bio-pigments from protein complexes (PPCs as LH2, LH4,
and RC) into a TiO; film for the fabrication of a promising biological
photoanode sensitizer for visible-NIR responsive DSSCs with the
configuration [FTO/TiO,/PPC/Electrolyte/Pt/FTO] [79]. PPCs were
isolated and extracted from purple bacteria (rhodopseudomonas pal-
ustris CQV97 and rhodobacter azotoformans R7). LH2-sensitized DSSCs
were capable of producing high photocurrents reported to be stable for
several working cycles (on/off settings) for more than 300 s. The -V test
was carried out under 100 mW cm 2 to identify the effect of the different
PPCs absorption bands (750-850 nm) on Js. and PCE. Photoelectric
performance of the designed bio-sensitized DSSCs was enhanced with
the increase in LH2 concentrations and with a negligible decay at zero
bias voltage. The optimal concentration of 46.8 pg BChl mL ™! of LH2 on
TiO; film (72 h absorption) has been identified to have the maximum Jg.
and y7 as 1.46 mA cm 2 and 0.49%, respectively, (Fig. 3(C) and Table 2).
However, LH2 concentrations showed no apparent effect on both V,,
and FF parameters and that RC-sensitized DSSCs had better electric
properties than LH2 due to its efficient charge separation which allows
the photoanode to transfer electrons much faster from
light-sensitization, completing the circuit for efficient light-electric
conversion. The response of PPCs-sensitized TiOy film became more
prominent to visible-NIR light energy which advanced electron transfer
from PPCs into TiOy CB to successfully produce current from the
designed bio-sensitized DSSCs based on purple bacterial PPCs [78].

D) Bacteriorhodopsin (BR Protein) and Bacterioruberin (BR
Carotenoid) from Halobacterium Salinarum: Molaeirad et al. [53]

Bacterial Pigment
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Fig. 5. Statistical plots relating bio-sensitized DSSCs performance to the studied bacterial-based pigments (e.g. proteins and carotenoids), Ref. [45,53,56,
77-83], and their bio information and molecular structures: (A) DSSC power conversion efficiency (PCE) and short-circuit current density (Js); (B) Number of
existing conjugated double z-bonds and acceptor-segment anchoring groups in a dye molecule. (C) Other highly-efficient literature reviewed plant-based and
biological pigment classes, Ref. [50,138-147], utilized in bio-sensitized DSSCs for comparisons. Note: asterisk (*) indicates PCEs were averaged to the higher integer
based on different literature data from Ref. [45,50,53,56,77-83,138-1471, electrolyte in (A) and (B) is I/I3 except for pigments (2,13,15) with solid-state or other
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investigated on the use of another inexpensive class of bacterial pig-
ments as sensitizers in DSSCs, knowns as (BR), from bacteriorhodopsin
and bacterioruberin which are natural-colored biomolecules of proteins
and carotenoids, respectively, and usually found in the cytoplasmic
membrane of halobacterium salinarum. Bacteriorhodopsin (BR) protein
consists of 248 amino acids arranged inside the lipid membrane in seven
a-helical bundles; upon photon absorption, absorbed energy initiates
retinal isomerization (Table 1) to convert all-trans BR to the 13-cis
configuration which therefore triggers the photocycle by transferring
one proton from the cytoplasmic to the extracellular side of the mem-
brane [128,129]. On the other hand, bacterioruberin (BR) carotenoid
contains 50-carbon open-chain with 13 pairs of conjugated double
bonds which effectively contribute in involving hydroxyl free-radicals
for photoprotection [130]. Molecular structures of both described BRs
can be found in Table 1.

Molaeirad et al. [53] have sensitized different TiO, electrodes
through immersion in a solution of 1.5 mL containing 1 mg mL™!
bacteriorhodopsin and 0.1 M bacterioruberin, separately, for 12 h at
room temperature [131]. Upon simultaneous adsorption, TiO5 films were
observed in purple and red colors indicating the binding and attachment
of BR biomolecules on the nano-TiO; surface. The bio-pigment-coated
TiO4 films were tested in DSSCs with the configuration [FTO/TiOy/-
bacteriorhodopsin/bacterioruberin/Electrolyte/Pt/FTO] and with hot-
melt Surlyn film (30 pm) as a spacer between electrodes. Under 100 mW
cm 2 (AM1.5) irradiation, a maximum cell efficiency of 0.16% was
observed when using both pigments simultaneously (Fig. 4(D) and
Table 2); which provided much better performance than using the two
pigments separately. The combination of the two pigments allowed for
more sensitization of the TiO films and expanded the light-absorption
spectrum (broad range of wavelengths) with a maximum visible-light
absorbance at 568 nm and 497 nm for bacteriorhodopsin and bacter-
ioruberin, respectively [53].

E) Carotenoids from Hymenobacter sp. (red) and Chrys-
eobacterium sp. (yellow); [Antarctica Bacteria]: Ordenes-Aenish-
anslins et al. [56], in their recent work (2016) and for the first time,
utilized non-photosynthetic UV-resistant Antarctic bacteria for the
production of pigments utilized as photosensitizers in DSSCs. It was
discovered that bacteria living in the Antarctic region developed a
mechanism to resist UV-damage by improving their DNA structure [132,
133] to synthesize carotenoid pigments which act as antioxidants, that
protect bacteria structure against oxidative stress [134] and tolerate
excessive UV irradiation [135]. The bacteria were first isolated from the
collected soils of King George Island, Antarctica, and then incubated,
purified, and centrifuged to obtain the red and yellow pigments which
were later classified as carotenoids and identified as hymenobacter sp.
(red) and chryseobacterium sp. (yellow) bacteria as shown in Fig. 4(E).
A TiO5 film was sensitized with both pigments, separately, by direct
adsorption (twice) in a pigment solution of 10 mg mL™! incubated in
darkness. Both pigments were characterized for their maximum
visible-light absorbance and the peaks were found at 450 nm and 478
nm for the yellow and red pigments, respectively.

The sensitizing performance of both xanthophylls pigments (carot-
enoids) was evaluated in a fabricated DSSC with the structure [FTO/
TiOy/xanthophylls/(I" /I3 )/Pt/FTO] and under solar radiation of 100
mW cm ™2 (AM1.5). The determined DSSCs efficiencies were 0.0323%
and 0.0332% for the yellow-pigment DSSC and red-pigment DSSC,
respectively (Table 2). The photostability of the isolated carotenoids was
investigated from the decay in light absorbance at different exposure
times, and it was evident that the UV-resistant carotenoids are quite
stable under light exposure for long times [56].

F) Xanthophylls from Hymenobacter sp. [Antarctica Bacteria] :
Montagni et al. [81] also utilized xanthophylls pigments as sensitizers in
DSSC which were extracted from hymenobacter sp. UV11 bacteria
collected from Antarctica. It was hypothesized that Antarctic bacteria
evolved to produce these kinds of pigments for light energy harvesting
even under non-direct sunlight conditions. The use of co-adsorbents as
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co-adsorbents (polysaccharides as a-1,4-glucan) with bacterial dyes was
investigated as an attempt to increase DSSC conversion efficiency. Three
different xanthophylls dye solutions: (i) RAW orange, (ii) PURE orange,
and (iii) a mixture of PURE orange plus chenodeoxycholic acid (cocktail)
were used for overnight sensitization of the photoanode [FTO/TiO;].
RAW orange dye was purified using pre-purchased disposable silica
columns. The three dyes were tested in a DSSC with the configuration
[FTO/TiOy/xanthophylls/Electrolyte/Pt/FTO] to determine the perfor-
mance IV curves, as shown in Fig. 4(F), where the test was carried with
50 mM iodide/tri-iodide in acetonitrile electrolyte with a solar radiation
of 100 mW cm 2 (1 sun) and AM1.5. The highest conversion efficiency
(0.03%) was observed for the RAW orange-xanthophylls pigment
(Table 2) due to the presence of the unpurified polysaccharides
co-adsorbent (a-1,4-glucan) which might have helped in improving
bonding/anchoring of xanthophylls pigments onto the TiO, surface
because of the extra available OH groups. Red/orange-xanthophylls
pigments from hymenobacter sp. UV11 along with their poly-
saccharides co-adsorbents might become a promising biological sensi-
tization option in DSSCs to increase the conversion efficiency.

G) Lycopene Carotenoids from E. coli (BL21): A genetically
engineered E. coli has been developed to produce the photoactive
pigment lycopene as a biogenic material for photovoltaic applications
[82]. Lycopene is a natural type of carotenoids which gives tomatoes
and/or some bacteria their orange-red pigmented colors. Lycopene
pigments are stable redox mediators that absorb light energy in the
range of 380-520 nm and efficiently excites HOMO-electrons; hence,
used as a photosensitizer in PV and photocatalytic applications [61,
136]. Srivastava et al. [82] encapsulated a porous mesh of E. coli (BL21)
cells with TiOy nanoparticles via a tryptophan-mediated supramolecular
interface in order to produce a core@shell-like morphology of
TiO9/E. coli/lycopene for DSSC applications. The obtained biogenic
photovoltaic composite was then coated onto an FTO glass and tested for
its photovoltaic performance under a solar simulator (100 mW cm 2 and
AM1.5) in a DSSC configuration [FTO/TiO2/lycopene/Elec-
trolyte/C/FTO] with the redox electrolyte [I" /I; |. It was evident from
the IV curves from Fig. 4(G) that E. coli/lycopene had an absorbance
maxima in the visible region at 450, 485, and 595 nm which yield in
0.057% PCE (Table 2) with a great conversion feasibility at both
high-light and low-light intensities under ambient conditions [82,137].

Previously designed bio-sensitized DSSCs were critically reviewed
for their photo-electric conversion effectiveness as shown in Table 2.
Bio-pigments extracted from protein complexes (LH2, BR, RC) and
chlorophyll a derivatives combined with carotenoids showed the highest
bio-sensitized DSSCs performance, among the studied dyes, for solar-to-
electricity applications with a conversion efficiency of 0.16-0.57%, and
4%, respectively. Conversely, xanthophylls carotenoids isolated from
Antarctic bacteria reserved the lowest photoelectric conversion perfor-
mance of 0.008-0.03% in comparison with other studied biomolecular
pigments, where the use of co-adsorbents boosted up the performance to
0.03% due to dye strong anchoring capabilities for enhanced charge
carriers transport and electron injection.

Under 1 sun radiation (100 mW cm’z), the authors critically
analyzed reported photovoltaic parameters of other plant-based bio-
molecular photosensitizers to estimate and/or report the DSSCs perfor-
mance attributed to using: mangosteen pericarp (rutin) 1.17% [50],
rhoeo spathacea (rutin) 1.49% [138], sicilian prickly pear (betaxanthin)
2.06% [139], black rice (anthocyanin) 3.27% [140], capsicum (carot-
enoid) 0.58% [140], erythrina variegata flower (carotenoid, chloro-
phyll) 2.06% [140], rosa xanthine (anthocyanin) 1.63% [140], kelp
(chlorophyll) 1.18% [140], organic dye zinc phthalocyanines 4.6%
[141] and 6.4% [142], cyanine dyes 4.8% [143] and 7.62% [144], rose
bengal (xanthenes) in ZnO-based DSSCs 1.56% [145], coumarin dyes
having thiophene moieties in TiOy-based DSSCs 7.7% [146] and 9%
[147].

More recent review studies (2015-2019) showed the promising role
of biomolecular sensitizers for the development of bio-sensitized DSSCs.
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Table 3

Isolation/extraction processes adopted in extracting bacterial-based pigments
from various reviewed and discussed biomolecules for solar-to-electricity bio-

sensitized DSSCs.

Bacterial Pigment

Remarks on Bacteria Isolation 7 (%) Ref.
and Pigment Extraction

Chlorophyll a (PPB) +
Carotenoids (Spx)

Chromatophores

PPCs (LH2)

PPCs (RC)

Bacteriorhodopsin
proteins and
bacterioruberin
carotenoids (BRs)

Xanthophylls carotenoids
(yellow)

Spirilloxanthin (Spx) was 4 [77,
isolated from rhodospirillum 167]
rubrum S1. bacteriochlorophyll

and lipids were removed by

washing cells with methanol,

centrifuged, washed with

acetone, and centrifuged again.

Resultant cells were washed with

benzene and centrifuged (3

times) to completely extract the

carotenoids after fractionating

benzene solution against NaCl

aqueous. Benzene layer

containing carotenoids was

filtered using low-pressure liquid

chromatograph.

Cell growth was done by keeping ~ 0.04 [45]
Rsp. rubrum strain S1 to grow for

3 days under 1-sun condition and

at 30 °C. Chromatophores were

isolated from French pressure

through rate-zone sedimentation

on sucrose density gradients,

then isolated mixture was

centrifuged and resuspended in

0.1 M NayPOy. Purified

membrane (lipid) fractions were

obtained from trichloroacetic

acid-precipitated by two

chloroform-methanol

extractions.

Bacterial PPCs were isolated from 0.49 [78]
collected sand using

StrainCQV97 and R7 cultured

anaerobically in modified

Ormerod medium at 30 °C for 1

h, then PPCs were purified with

ammonium-sulfate fractionation

(DEAE-52 anion-exchange) and

gel-filtration chromatography.

Pigment Extraction as PPCs 0.57 [78]
(LH2).

Two strains of H. salinarum, 0.16 [53,
NRC-1 and R1, were used for 168]

extraction of bacteriorhodopsin

and bacterioruberin,

respectively. Strain cells were

ground with quartz powder,

extracted with ethanol, ether,

and 15% NacClI aqueous solution

to separate organics. The organic

layer was dried over anhydrous

sodium sulfate, loaded with a

benzene solution on a silica gel

column. Bacterioruberin

pigments were diluted with

acetone:benzene (42:58), pooled

and concentrated under reduced

pressure. The bacterioruberin

was dissolved in acetone and

stored under N, gas in the dark at

—30 °C. Bacteriorhodopsin was

isolated by other standard

methods reported in literature.

Bacteria isolation was carried out ~ 0.0323 [56,
by suspending collected soil 169,
containing biomaterials in 170]
distilled water. Samples were

stirred vigorously, incubated at

28 °C for 1 h, and seeded on R2A

agar plates for two days. The
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Table 3 (continued)

Bacterial Pigment Remarks on Bacteria Isolation 1 (%) Ref.
and Pigment Extraction

streak plate method was used to
obtain pure cultures where
selected isolates were identified
by 16S rRNA sequencing.
Pigments were extracted using
DNeasy® Blood & Tissue Kit
(Qiagen) with the amplification
steps including initial
denaturation final extension.

Xanthophylls carotenoids Pigment Extraction as 0.0332 [56,

(red) xanthophylls carotenoids 169,

(yellow). 170]

Xanthophylls carotenoids Xanthophylls pigments were 0.008 [81]
(PURE orange) extracted from cells grown in R2

medium, centrifuged to discard
the uncolored supernatants while
suspending pellet and slime
phases in 98% ethanol, and then
heated at 60 °C for 1 h until
reddish pigments turned to
orange. Samples were then
centrifuged again, and
supernatants were filtered with
sterile membrane. Extracted
carotenoids from hymenobacter
sp. were kept at —20 °C in
darkness for future use.

Xanthophylls carotenoids Pigment Extraction as 0.03 [81]
(RAW orange) xanthophylls carotenoids (PURE
orange).
Xanthophylls carotenoids Pigment Extraction as 0.009 [81]
(Cocktail) xanthophylls carotenoids (PURE
orange).
Lycopene carotenoids No isolation was there, instead 0.057 [82]

cloning of bacterial strains was
carried out within E. coli BL21
cells to synthesize and
overproduce the photoactive
pigment lycopene.

RC photosystem I trimer Trimeric PSI was isolated from 0.08 [83,

(PSD) the thylakoids of the 171]

thermophilic cyanobacteria
thermosynechococcus elongates.
PSI was isolated from frozen
cells, resuspended in wash buffer
and sorbitol, adjusted to a
specific chlorophyll a content,
and then homogenized.
Lysozyme was added to the
mixture prior incubation for 2 h
at 37 °C with shaking. Resultant
mixture was centrifuged to
discard supernatant; remaining
pellet phase was resuspended,
passed twice through French
Press (Amino) at a cell pressure of
20,000 psi, and washed with 3 M
NaBr. Density gradient
centrifugation was performed
prior to collection of the lowest
green bands of pooled PSI
samples diluted with dialysis
against MES and anion exchange
column.

Zanjanchi and Beheshtian (2019) identified carotenoids, chlorophylls,
and anthocyanins to be the most appropriate dyes for achieving high V.
according to the density functional theory (DFT) calculations [148].
Pandey (2018) reported the earlier attempts of utilizing
naturally-sensitized dyes (e.g. chlorophyll, betanins, carotenoids, an-
thocyanins, and tannins) extracted from flowers, leaves, and roots of
plants to be used in DSSCs. A PCE of 2% has been accomplished using a
cocktail of natural dyes from possible broadening of light-absorption
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Table 4
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Theoretical HOMO/LUMO energy levels of different and common biomolecular dyes as reported in literature with their corresponding absorption maximum (bandgaps
in eV) required for electron photoexcitation.

Pigment Class and/or TiO, Biomolecular Dye Name Energy (eV)” Absorption Maximum (eV) Ref.
HOMO LUMO Theoretical Experimental
Anthocyanin 4'-Hydroxyflavylium —5.67 —2.90 2.78 3.26 [177]
3',4’-Dihydroxyflavylium —5.49 —2.93 2.60 2.51 [177]
3,4',5'-Trihydroxyflavylium —5.45 -2.99 2.54 2.62 [177]
3,4',7-Trihydroxyflavylium -5.39 —2.83 2.64 2.46 [177]
7,8-Dihydroxy-4'-methoxyflavylium —5.32 —2.78 2.13 2.56 [177]
7,8-Dihydroxy-4-methylflavylium —5.34 —2.89 2.00 2.33 [177]
7-Diethylamino-3’,4’-dihydroxyflavylium —5.07 —2.56 2.56 2.18 [177]
Carotenoid Bixin —6.36 —2.09 4.22 - [178]
Norbixin —6.72 -1.71 4.20 - [178]
Transbixin —6.37 —-2.14 4.25 - [178]
Trans-carotene: B3LYP —4.40 —2.20 2.20 - [179]
13-cis-carotene: B3LYP —4.40 -2.10 2.30 - [179]
9-cis-carotene: B3LYP —4.40 -2.10 2.30 - [179]
Phytofluene: B3LYP —4.70 —1.50 3.20 - [179]
Zeaxanthin: B3LYP —4.40 —2.20 2.20 - [179]
Trans-carotene: AM1 —7.60 —0.90 6.70 - [179]
13-cis-carotene: AM1 —7.60 —0.90 6.70 - [179]
9-cis-carotene: AM1 —7.60 —0.90 6.70 - [179]
Phytofluene: AM1 -7.90 —0.60 7.30 - [179]
Zeaxanthin: AM1 -7.70 -1.00 6.70 - [179]
Trans-carotene: PM3 -7.80 -1.10 6.70 - [179]
13-cis-carotene: PM3 —7.80 -1.10 6.70 - [179]
9-cis-carotene: PM3 —7.80 -1.10 6.70 - [179]
Phytofluene: PM3 —8.00 -0.70 7.30 - [179]
Zeaxanthin: PM3 —7.80 -1.10 6.70 - [179]
Trans-carotene: ZINDO/S —6.30 -1.10 5.20 - [179]
13-cis-carotene: ZINDO/S —6.40 -1.20 5.20 - [179]
9-cis-carotene: ZINDO/S —6.40 —-1.00 5.40 — [179]
Phytofluene: ZINDO/S —6.70 —0.50 6.20 - [179]
Zeaxanthin: ZINDO/S —6.30 -1.10 5.20 - [179]
Chlorophyll Chlorin eg derivative 4 —6.07 —-1.94 413 1.82 [180]
Chlorin eg derivative 6 —6.07 -1.93 4.14 1.82 [180]
Chlorin eg derivative 7 —6.07 -1.93 4.14 1.82 [180]
Cyanine CyA —5.40 -3.90 1.50 - [181]
CyBI (long alkyl chains) —-5.20 —4.20 1.00 - [181]
CyBs (short alkyl chains) —5.20 —4.20 1.00 - [181]
Heptamethinecyanine dyes (Dye 1) —4.92 -3.77 1.14 1.50 [176]
Heptamethinecyanine dyes (Dye 2) —4.88 -3.85 1.02 2.20 [176]
Xanthene” mp-SFX-3PA —5.08 -2.25 2.83 - [182]
mm-SFX-3PA —5.08 —-2.27 2.81 - [182]
mp-SFX-2PA —4.92 —1.98 2.94 - [182]
mm-SFX-2PA —4.89 -1.97 2.92 - [182]
Spiro-OMeTAD —4.83 -1.91 2.92 - [182]
MOAF-SFX —6.02 —-2.09 3.93 - [183]
DMOAF-SFX -5.93 -2.01 3.92 - [183]
MAF-SFX —6.08 -2.14 3.94 - [183]
DMAF-SFX —6.07 —-2.14 3.92 - [183]
FAF-SFX —6.10 —2.14 3.95 - [183]
PFX© —5.50 —2.58 2.92 - [184]
PTXT® —5.28 -3.05 2.23 - [184]
PEXE® —4.48 —2.74 1.74 - [184]
Coumarin dyes C343, -3.22 -1.03 2.19 - [185]
NKX-2311 —1.88 —-0.41 1.47 - [185]
NKX-2586 —-1.66 —0.34 1.31 - [185]
NKX-2753 -1.75 —0.43 1.31 - [185]
NKX-2593 —-1.72 —0.46 1.25 - [185]
NKX-2311 —5.33 —2.74 2.59 2.46 [186]
NKX-2311-DP¢ —4.97 —2.04 2.93 2.74 [186]
NKX-2593 -5.11 -2.84 2.27 2.08 [186]
NKX-2593-DP¢ —4.87 —-2.18 2.69 2.44 [186]
TiOo - —7.46 -3.28 4.18 3.49 [186]

# HOMO/LUMO energies determined from theoretical time dependent and density functional theory (TD-DFT) studies as reported in referenced literature.
b Xanthene in Spiro[fluorene-9,9'-xanthene] hole transporting materials (SFX-based HTM) is used in perovskites solar cells.

¢ Fluorene-xanthene-based hybrid polymer in 0.1 M TBAPF6,/CAN.
4 NKX-2311-DP and NKX-2593-DP are deprotonated dyes.

spectrum [149]. Igbal et al. (2019) summarized the use of different
plant-based biomolecular dyes for comparisons; chlorophyll from shiso
leaves coated over TiO, and consequent p-Cul deposition showed a
maximum PCE of 1.3% [150] and 6.7% (from chlorin e6 derivative 6);
pomegranate pigments showed PCE of 2% [151]; and A. amentacea +
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P. pterocarpum in water and/or ethanol showed PCE of 7.38 and/or
8.22%, respectively, as reported in Ref. [152] and summarized by
Ref. [153]. Calogero et al. (2015) discussed the use of vegetable-based
dyes (betalains, carotenoids and chlorophylls) in bio-sensitized DSSCs
which showed a maximum efficiency of 2.06% using betalains from wild
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sicilian prickly pear (2012) [139] and 0.37% for carotenoids from
annatto (2010) [154] and 4.6% using chlorophylls from wakame (2007)
[155] under 1 sun irradiation as concluded in Ref. [156].

To critically analyze the above reported results, the authors
compared PCEs and Js. (for bio-sensitized DSSCs) when using the
uniquely studied protein complexes and carotenoids (extracted from
bacterial sources) with the other reported DSSCs PCEs using biomole-
cular photosensitizers extracted from plants, flowers, roots, vegetables,
leaves, and other conventional biological sources. Fig. 5(A) and Fig. 5(B)
show cell performance and attributed bio-pigment sensitization infor-
mation, respectively. As a rule, highly conjugated structures (n > 13)
with many anchoring groups are desired to develop visible-NIR ab-
sorption and electron injection, respectively, improving the cell per-
formance [107-109]. Evidently, this is only an approximation to
attribute the biomolecular structure to dye photosensitization ability,
knowing that many other unknown parameters and bio details should be
analyzed in future studies. This might explain the reasons behind the
low PCEs (for the same pigment classes) of bacterial-based pigments,
Fig. 5(A), as compared to their plant-based biological pigment coun-
terparts, Fig. 5(C).

The state-of-the-art in solid-state mediators show their promising
emergence to be utilized in metal-based or naturally-sensitized DSSCs.
Solid-state DSSCs suffer from inadequate nanopore filling, low conduc-
tivity, and crystallization of hole-transport materials (HTMs) [157].
However, Cao et al. (2017) [157] reported a highly efficient (11%)
stable solid-state TiOy-based DSSCs using metal sensitizer (Y123) with
the amorphous Cu(Il/I) as a HTM conducting holes by rapid hopping
[157]. The combination of metal-free natural-based dyes with
solid-state redox mediators have been also investigated in various
studies [158-162]. Natural dyes extracted from amaranthus caudatus
flowers were tested against a polymer gel electrolyte
[2-methyllmmidazolium iodide (EMIM-I) + sodium iodide (BDH)] in a
TiOy DSSC showing a PCE of 0.61% (with FF >50%, and IPCE 4.7%-—
5.2%) [158]. Bella et al. (2017) [159] investigated the utilization of
(TiOy/cellulose)-photoanodes and cellulose as a paper-based quasi-solid
state electrolyte for bio-sensitized DSSCs. The bio-derived paper-based
electrolyte/electrode achieved high PCEs of 3.55-5.20% with 96%
sustainable efficiency retention for up to 1000 h (under AM1.5). [159].
Rapsomanikis et al. (2016) [160] extracted red seaweed (red algae)
pigments to be used as a natural sensitizer in a prefabricated quasi-solid
state TiOy DSSCs, which showed J;. of 1.26 mA em 2 and V,, of 0.66 V.
Suzuka et al. (2016) [161] designed a highly reactive nitroxide redox
quasi-solid DSSCs molecularly integrated with indoline organic dyes.
Long alkyl chains present in the indoline structure enhance dye in-
teractions with the radical mediator suppressing possible interfacial
recombination and facilitating charge transport. The fabricated cell
achieved a conversion efficiency of 10.1% under 1-sun illumination
[161]. Indolines (CgHgN) can be synthesized from reduction of indoles
(CgH7N) with sodium cyanoborohydride in carboxylic acids as reported
by Kumar (1983) [163], where indoles can be extracted from some
flower oils (jasmine), coal tar, and some bacteria [164]. Yazie et al.
(2016) [162] constructed a quasi-solid state bio-sensitized DSSC
[FTO/TiOy/dye/quasi-solid-electrolyte/PEDOT/FTO] using bougain-
villea spectabilis pigments which achieved a PCE of 0.175% with
absorbance 395-750 nm [162].

5. Bacteria isolation and extraction processes of bimolecular
pigments

Biomolecular pigments can be extracted from various biomaterials
including: (i) plant extracts: fruits, flowers, leaves, seeds, peels, and
vegetables, (ii) different amino acids and proteins, and (iii) nucleic acids
DNA, fungi, and bacteria (bacteria proteins/carotenoids our focus in this
work!). The extracted biomolecules (natural products) may also be used
as raw materials for cost-effective and green synthesis of carbon quan-
tum dots (C-QDs) or graphene quantum-dots (Q-QDs) utilized for
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photoluminescence and optoelectronic applications (e.g. C-QDs and Q-
QDs can be used as a counter electrode in DSSCs for efficient electron
collection and current generation) [165].

Extraction of natural dyes is a complex process and it requires un-
derstanding the nature of the coloring materials and identifying their
solubility characteristics. There are several extraction methods which
can be used to extract the coloring matter or pigments from natural dye-
bearing materials contained in bacteria, plants, and animal constituents.
Water-insoluble fibers, carbohydrates, protein, chlorophyll, and tannins
are some examples of targeted materials to be extracted for preparing
purified natural dyes. The different common methods used for the
extraction of coloring materials are: (i) aqueous extraction, (ii) alkali or
acid extraction, (iii) microwave and ultrasonic assisted extraction, (iv)
fermentation, (v) enzymatic extraction, and (vi) solvent extraction. The
aqueous extraction is utilized for extracting dyes from plants by
breaking the dye-containing materials, sieving undesired residues,
soaking materials in water (overnight), boiling and filtering followed by
centrifuging to separate residual matter. Alkali or acid extraction is used
for extraction of dyes from flowers as in tesu (buteamonosperma), some
flavone dyes (using acidified water) and for dyes having phenolic groups
(soluble in alkali); acid hydrolysis occurs from addition of the acid or
alkali facilitating the hydrolysis of glycosides in the dyes which can be
later precipitated. Microwave and ultrasonic assisted extraction require
treatment of dye-containing materials (e.g. plants) in water or any other
solvent in the presence of ultrasound; creation/collapse of bubbles in-
creases the extraction efficiency due to applied stress on materials.
Fermentation utilizes produced enzymes from the atmosphere/sur-
rounding materials as in harvesting indigo leaves soaked in water for
about 10-15 h (glucosideindican breaks down into glucose and
yellowish indoxyl by the indimulsin enzyme). Enzymatic extraction uses
enzymes including cellulase, amylase, and pectinase for the extraction of
dyes from complex plant tissues containing cellulose, starches, and
pectins as binding materials. Solvent extraction requires organic sol-
vents (e.g. acetone, chloroform, ethanol, and methanol) or water/
alcohol mixtures to extract water-soluble and alcohol-soluble substances
from plants which are then purified [166]. Table 3 shows isolation and
extraction processes used for separating bacteria and obtaining
bacterial-based biomolecular pigments in the various reviewed studies
on bio-sensitized DSSCs.

6. Bandgap energies of biomolecular dyes

In biomolecular organic dyes, two typical energy levels exist for
electrons called LUMO and HOMO levels. Under illumination, dye
molecules get excited allowing electron injection into the CB of the
semiconductor as long as LUMO energy level is closer to the vacuum
level and higher than semiconductor CB. Effective electron-diffusion and
high dye reduction rates occur with the existence of large energy dif-
ference between dye-HOMO and electrolyte-redox-potential [139]. Dye
light-absorption abilities depend exclusively on HOMO/LUMO energy
potential levels and other unknown parameters. HOMO/LUMO molec-
ular orbitals and electron distribution within the dye [172,173] can be
utilized to predict quantum chemistry and electron transport to/from
the D-7—A dye conjugated structures [174,175]. Electrochemistry cal-
culations show that dye reduction and oxidation potentials occur at the
excited state (LUMO) and the ground state (HOMO), respectively.
Determination of redox potential can be attributed to the dye bandgap
calculated from electrochemical methods and/or UV-Vis absorbance
(Tauc plots). Electron delocalization occur with minimum absorbed
photon energy yielding in the excitation of the ground state populations
(HOMO), delivering electrons to the LUMO moieties through biomole-
cular conjugated-bridges [176]. Bandgap energies can be calculated
from the difference between HOMO to LUMO levels (E; = Erymo —
Enomo), that is typically desired to be lower than the semiconductor
bandgap (e.g. TiO3 or ZnO; <3.2 eV). For example, for cyanine dyes
HOMO (—5.73 eV) and LUMO (—3.82 eV) at 590 nm which is equivalent
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to a molecular cyanine bandgap of 1.91 eV [144]. Table 4 shows the
theoretical HOMO/LUMO energy levels for different biomolecular dyes
and their corresponding bandgaps (eV) required for -electron
photoexcitation.

Theoretical-average HOMO-to-LUMO bandgaps of 2.46, 5.22, 4.13,
1.13, 3.15, and 2.22 eV were calculated from Table 4 for anthocyanin,
carotenoid, chlorophyll, cyanine, xanthene, and coumarin, respectively.
Correlating the determined biomolecular bandgap energies with the dye
contribution in bio-sensitized DSSC performance of anthocyanin
1.67-3.27% [140], carotenoid 0.58% [140], chlorophyll 4.6% [155],
cyanine dyes 4.8-7.62% [143,144], xanthenes 1.56% [145], coumarin
dyes 7.7-9% [146,147] lead to understand the role of HOMO/LUMO in
explaining dye absorption abilities. It is more probable that low dye
bandgaps result in enhanced HOMO-electron excitation and e-h pair
generation. This is clear from our valid comparison where anthocyanin,
cyanine, and coumarin dyes showed the highest bio-sensitized DSSC
efficiency >3.27% and up to 9% due to their low bandgaps <2.46 eV. On
the contrary, both carotenoid and xanthenes dyes showed very low cell
performance <1.56% due to their high bandgaps >3.15 eV. However,
the bandgap is not the only parameter controlling the dye absorbance
rate, since an exception was noticed with chlorophyll dyes where high
performance is observed with high bandgaps which may be explained by
the ‘relative state of HOMO-level vs. SHE and its correspondence to the
CB-level vs. SHE’ or by other unknown phenomena such as impact of
existing functional groups, dye/semiconductor interactions, and
bonding mechanisms changing the photosensitization performance.

Relating the found bandgaps with the studied absorption perfor-
mance of biological dyes utilized in bio-sensitized DSSC systems is
important to critically analyze bandgap association with photosensiti-
zation. From Table 4, bio-sensitized DSSC performance using various
biomolecular dyes were found as the following: chlorophyll a (PPB) +
carotenoids (Spx) 4%, carotenoids 0.009-0.057% (from chromato-
phores, xanthophylls, or lycopene), and proteins 0.08-0.57% (from LH2,
RC, LHII, BRs, PSI). Since proteins and carotenoids are two interrelated
biological complexes, they showed similar photosensitization behavior
with bio-sensitized DSSC performance within the same boundary limits
reported in the literature. Combined dyes (e.g. chlorophyll/carotenoids)
can enhance the bio-DSSC performance up to 4% attributed to the low
bandgap of chlorophyll <4.13 eV, where the authors believe that high
efficiency can be approached using low-bandgap cyanine and coumarin
dyes. The requirement for 4.18 eV theoretical bandgap energy for TiO,
(Table 4) is apparent; however, with the use of bio-dyes, it is possible to
excite electrons to a more positive LUMO level for easy electron injec-
tion into the semiconductor CB enhancing charge carriers separation
and current generation.

7. Challenges and developments in DSSCs
7.1. Photoanode degradation

Excessive ultraviolet (UV) radiations and oxygen environments
cause quick dye degradation of the pigmented-photoanode in DSSCs.
Hence, it is important to apply a protective layer such as a UV protection
foil and/or UV absorbing luminescent chromophores on top of the
photoanode for the protection of the pigmented-layer from high UV
radiations. Moreover, the addition of antioxidants to the applied pig-
ments might be useful in protecting the pigmented-photoanode from
oxidation and further degradation [52].

7.2. Stability of liquid-based DSSCs and thermal stresses

Changing the conventional DSSC liquid electrolyte with a solid-state
gel electrolyte would enhance system stability. Liquid electrolytes pose a
major design downside in DSSCs because they require an appropriate
encapsulation to prevent leakage and contamination which, if not pre-
vented, would lead to stability and high-temperature operations issues.
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Liquid expansion occurs in high-temperature environments resulting in
high stresses and disruption of electrons transport [187]. To overcome
stability issues, a solid-state gel electrolyte is suggested to improve de-
vice stability, facilitate electron transfer, and increase the conversion
efficiency of DSSCs as previously verified in a solid-state meso-
scopic-perovskite-DSSC with >15% efficiency [11,188,189]. Replace-
ment of the traditional iodide/triiodide redox electrolyte with cobalt
complexes is another alternative for achieving better cell performance
and stability [40,46]. Gratzel et al. [84] showed a DSSC with PCE of
10.3% from combining metal-free (DHO-TPA)-Dye 1 “phenyl-
dihexyloxy-substituted TPA” with a cobalt redox electrolyte which
optimized dye conjugated bridge.

High-temperature environments negatively impact DSSCs perfor-
mance and long-term stability because of electrolyte evaporation and
permeation of water or oxygen molecules disrupting redox reactions and
dye regeneration [190-192]. Liquid-iodide-based DSSCs show limited
performance in the outdoor applications in high-temperature regions
because of the low electrolyte boiling points (highly volatile) [192].
Solid-state electrolytes maintain cell performance over long periods
where the normalized efficiency previously observed to only decrease
from 1 to 0.85 over 40 days operation period for solid-state systems
using PMMA-EC/PC/DMC-Nal/I5 as compared to a decrease of 1 to 0.3
in liquid-based systems [193]. Kim et al. (2015) [194] noted that charge
recombination rates will increase from reductions in liquid viscosities at
high temperatures; with increasing temperatures from —4 to 60 °C, the
DSSC [TiO2/Ru (N719) dye/Iodide-electrolyte/Pt] PCE decreased from
7.25 to 5.67% (due to the lower observed V,. and the reduced J,. and
electron lifetime) [194]. Bari et al. (2011) [195] reported that thermal
stresses (60-85 °C) can drastically decrease J;. (3-fold decrease over
115 h) reducing the efficiency of conventional Ru-dye TiO2 iodide-based
DSSCs, due to hindered dye photo-absorption capabilities and degraded
TiOo/Ru-dye/electrolyte interface. On the contrary, Berginc (2008)
[196] concluded that a slight increase in temperatures (<40 °C) may
enhance J;, due to the developed diffusion of tri-iodide, but further
temperature increase would facilitate recombinations especially at low
iodide concentrations (<0.05 M I5) [196]. High temperatures may also
promote recombination of generated electrons with electrolyte species
due to shifting in the semiconductor CB [197-199]. Thermal stresses
change energy levels where electron trapping occurs from upward
shifting of the Fermi level (Eg) towards the CB edge (Ecg) knowing that
the activation energy (E,) of recombination is proportional to (Ecg—Er)
[200,201]. However, upward shifting of Eg is reported to promote V. in
doped photoanodes [202,203] and bromide perovskites [204] which is
explained by the increased electron concentration and partially filled
surface traps [205]. Despite that, V,, monotonically decreases at high
temperatures due to trapped electrons leading to a lower conversion
efficiency [196,206]. Under AM1.5 illumination, M. Gratzel was capable
to design a DSSC surviving a high temperature of 80 °C for 1000 h and
showed a stable photovoltaic performance up to 60 °C [207].

Caffeine (1,3,7-trimethylxanthine) containing two conjugated
carboxyl groups can hinder thermal stability issues and improve cell
electronic properties as observed when incorporated in perovskite cells
(CsFAMAPbDI; active layers) maintaining 19.8% efficiency at 85 °C
[208-210]. Caffeinated films extended electron lifetime from 51.9 to
114.3 ns demonstrating lower trap density and passivated defects to
avoid recombination [208]. Stability of caffeine-incorporated perov-
skites (MAPDI3) films is enhanced from suppression of ion migration
(Pb%*") due to restrained Pb-I stretching vibrations result from the
increased activation energy (from C—=O bonds) and delocalized elec-
trons (from conjugation with C=C bonds) [211,212]. The authors
believe that caffeine can also be applied in DSSCs with optimal added
ratio from 1 to 2 wt. % for superior thermal stability (<100 °C) with
lower hysteresis index preserving the cell efficiency [208,211,212].
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7.3. Low cell efficiency

In the context of nanomaterials, nano-dispersed copper (Cu)
embedded in an inert carbon and dispersed on TiO; photoelectrode films
has been claimed to increase the DSSC overall efficiency by 23% as
compared to pure TiO; electrodes [213]. Engineered E. coli cells (pro-
ducing lycopene carotenoids) coated with TiOz nanoparticles have been
used as a photoanode in DSSCs due to the absence of any
reduction-oxidation reactions in the operational range of —0.1 to 0.2 V
suggesting that there is: (i) a much lower back electron transport, (ii) a
reduced electron recombination with the oxidized dye and/or oxidized
redox electrolyte, and (iii) a fairly stable pigmented electrode for
bio-photovoltaic applications [82].

7.4. Bio-sensitized DSSCs complications

Chemical processing and coating of biological dyes such as proteins
and carotenoids onto semiconductors is not an easy task. A lot of com-
plications and disadvantages arise from scaling of such bio-sensitized
DSSCs device which may exhibit low stability and poor long-term per-
formance [214]. Thus, adopting a new design strategy to fabricate such a
bilayer dye photoanode structure in an aqueous p-type bio-sensitized
DSSCs should be considered for better stability and lower recombina-
tion [215].

7.5. Recombination and electron lifetime

Principally, the phase contacts in the compact semiconductor layer
(e.g. ITO, TiO4, and electrolyte) as: (i) TiOy/electrolyte, (ii) TiOy/dye,
and (iii) ITO/electrolyte interfaces, as shown in Fig. 2(A) and Fig. 2(E),
play a crucial role in electron transport influencing recombination dy-
namics [85,87,96,97]. Here, we are mainly interested in discussing
recombination with respect to the dye at either TiOy/dye or TiOy/e-
lectrolyte (i.e. dye/electrolyte since dye is part of the photoanode) in-
terfaces. Recombination of dye molecules excited electrons arise from
two simultaneous competing reactions: (i) recombination with the
oxidized dye, and (ii) recombination with the oxidized redox species in
the electrolyte [59]. Blocking back electron transport in the semi-
conductor is critical for lowering recombination rates. TiO, is found to
be an optimal semiconductor film because it can prevent back electron
transport as well as provide a huge surface and contact area to enhance
electron injection and electron forward transfer at the TiOy/dye and
TiOo/ITO interfaces, respectively ,Fig. 2(E), [87,95]. Passivation of
recombination centers with 4-tertbutylpyridine can also suppress back
electron transport and recombination with oxidized tri-iodide in DSSCs
[216]. Furthermore, efficient hindrance of back electron transport to the
redox mediator have been achieved through the use of organic sensi-
tizers with long chain alkoxy groups which prevent electrolyte direct
contact with TiO, surface and increase electron lifetime [217].

7.6. Recombination with the oxidized dye

This recombination occurs due to the electron-transfer across the
semiconductor/dye interface ,Fig. 2(E), in the presence of light (does not
occur in the dark); denoted as (el) in Fig. 2(A). Electron coupling be-
tween LUMO (excited-state dye orbitals) in dye molecules and the
semiconductor CB level ensures the ultrafast electron injection rates.
Undesired recombination rates with the oxidized dye are usually low
due to the presumed weak electron coupling between HOMO and
semiconductor CB levels. This is because most of the oxidized dye
molecules are usually regenerated successfully within a short time of 10
ms to 1 s in the presence of a redox electrolyte [59]. However, recom-
bination rates and electron losses are not always low, but they change
with the applied driving force (e.g. excited state potential) [218], elec-
tron travel distance (semiconductor thickness) [219,220], electron
concentration in the semiconductor [221,222], dye structure, dye
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orientation on the semiconductor surface, electronic coupling/decou-
pling properties onto the semiconductor, and available dye anchoring
groups and/or linkers [59]. Recombination and regeneration are two
dominant competitive processes arise from the oxidized dye in the
presence of the redox electrolyte. Fast recombination has been observed
by Wiberg et al. [223] through a femto-second laser characterization on
the L2 and L2A3 dyes with different surface anchoring groups where fast
recombination occurred because electrons were injected into states
closer to the semiconductor surface.

7.7. Recombination with the oxidized redox electrolyte species (acceptor)

DSSCs with efficient dye regeneration mostly suffer from electron
losses due to recombination with the redox electrolyte at the dye/elec-
trolyte interface ,Fig. 2(E), and denoted as (e2) in Fig. 2(A). This is
possibly from dominant intermolecular interactions which are more
prominent in oxidized-redox recombination. In liquid-state DSSCs, de-
gree of recombination with the oxidized electrolyte is restrained by a
10:1 iodide-to-iodine concentration ratio (e.g. 500:50 mM) owing to the
efficient mass transportation provided by iodide and efficient reduction
of iodine ions at the cathode side. The combination of (iodine/triiodide)
with small amounts of acceptor species is important for achieving high
photocurrents from hindered recombination rates with the electrolyte
(dark current) [59]. Electron lifetime (spent time of excited electrons
after e-h generation and before recombination) varies with dye structure
and the iodine concentration; a decrease in electron lifetime for a
TiOy-based DSSC from around 5-10 s to 0.1 s was observed for LO dye
with an increase in both iodine [I5] concertation (at V,. = 0.5 V) and
applied voltage from 0.2 to 0.7 V. Dye amounts can also impact the
electron lifetime where the increase in the organic dye loads result in
longer electron lifetimes and enhanced photocurrents. Long minority
carrier lifetimes indicate a higher V,; hence, resulting in a more effi-
cient DSSC [59]. Previous conclusions have been only proved for
ruthenium-based DSSCs. However, the use of organic dyes with
extended linker conjugation improve dye absorption properties but, at
the same time, linkers may introduce more recombination sites for the
redox electrolyte lowering Vo, [59,224]. This might be attributed to the
large organic dye molecules and electrostatic interactions at the
dye/electrolyte interface [224]. To date, organic pigments show excel-
lent photocurrents with low V,. values due to excess interfacial electron
recombination as compared to ruthenium-based dyes [224,225].
Oxidized redox recombination is totally dependent on the dye structure
where dense dye layers, large molecules, and/or alkyl chain linkers are
not preferred due to their prominent effect on shortening electron life-
time and progressing recombination [59,224,226-228]. The use of
insulating layers (e.g. SiO3, Aly03, and ZrO3) on TiO; films have been
proposed to mitigate interfacial recombination dynamics since excess
metal oxides will act as a physical barrier for back electron transport to
the electrolyte, but with decreased probability for the desired electron
injection [85,229].

7.8. Counter electrode stability and scalability

Counter electrodes (CEs) in DSSCs have a critical role in determining
the cell efficiency depending on their abilities to collect electrons
coming for the photoanode side. A number of parameters should exist
for the selection of optimal and scalable CEs: (i) sheet resistance, (ii)
catalytic activity, (iii) chemical stability, and (iv) cost [49,190,
230-234]. For an optimized cell, sheet resistance must be as low as
possible (for effective electron transport), catalytic activity should be
very high to reduce redox species in liquid solar cells or to collect holes
in solid-state DSSCs for redox regeneration, CE materials must possess a
noble-like behavior as in Pt electrodes for corrosion stability, and lastly
the cost should be reasonable such as using carbon-based materials for
possible scalability. Pt deposited on TCO glass sheets have been
conventionally used as the standard CE for DSSCs to get the best



H.A. Maddah et al.

performance due to its high catalytic activity, excellent conductivity,
and corrosion stability in liquid-based systems [235-238]. However, Pt
is highly expensive for large-scale applications due to its scarcity; the
development in Pt-free CEs should be pursued to have cost-effective and
scalable CEs [230].

Recently, Wang et al. (2012) [230] utilized graphene-based com-
posites for CEs in DSSCs owing to graphene excellent conductivity and
high electrocatalytic activity. Carbon-based CEs showed high photo-
conversion of 6.67, 3.9, 4.5, and 7.7% for CEs from graphite [239],
activated carbon [240], single-walled carbon nanotubes (SWCNTs)
[241], and multi-walled carbon nanotubes (MWCNTSs) [242], respec-
tively [230]. Graphene-composite CEs achieved efficiencies up to 2.5,
7.6,7.5,5.7, 8.5, 7.8, and 9.8% for cotton-based graphene, graphene/Pt,
graphene/MWCNTs, Ni;oPs/graphene, graphene-NiSy, 3D
honeycomb-like structured graphene (HSG), and 2D-graphene/3D-gra-
phene-oxide, respectively [230,232,243-252]. Ye et al. (2015) [253]
reported on using Pt-free materials and inorganic compounds (e.g. CoSo,
CulnS,, CusZnSnS4, CogSg, SboS3, CusS, and CoMoS,) [254-259], car-
bides (e.g. TiC) [260], nitrides (e.g. TiN and ZrN) [261,262], phosphides
(e.g. NigP and NigP4) [263], tellurides (e.g. CoTe and NiTey) [264],
conductive polymers (e.g. PANI, PEDOT, and PPy) [265-270] as
cost-effective, highly conductive, transparent, and stable CEs for DSSCs.

8. Conclusions and outlook

We demonstrated the potential of using bacterial-based biomolecular
pigments extracted from protein and carotenoid complexes. Bacterial-
pigments are found to be promising photosensitizer candidates since
they are cost-effective, scalable, renewable, sustainable, environmental-
friendly, biodegradable, and noncarcinogenic. Biomolecular pigments
can be extracted from plant extracts, amino acids, and bacteria. The
authors have elucidated the structural components of DSSCs (anode,
photosensitizer, electrolyte, and counter electrode) with elaborated
discussions on the DSSCs working mechanism and recombination ki-
netics. Performance parameters including Js, Voc, FF, and PCE are
strongly associated with the dye light-absorption capabilities for the
injection of photoexcited electrons. Current knowledge and recent ad-
vancements on novel biological pigments in DSSCs were reviewed and
discussed with emphasis on: (i) bio-dyes bacterial sources, (ii) pigments
chemical structure and bio-information (e.g. anchoring groups and
conjugation), (iii) bacteria isolation for pigment extraction, (iv) dye
bandgaps, and (v) photoelectrochemical performance of bio-sensitized
DSSCs using biological dyes for solar-to-electricity conversion. Dis-
cussed bacterial-based pigments were RC proteins, BChl, chromato-
phores, LH2, LH4, RC PPCs, LHCII, BR proteins, xanthophylls
carotenoids, lycopene carotenoids, and RC PSI.

Chromatophores integrated with bio-electrolyte provide a unidirec-
tional flow of electrons from good components coupling. Both DSSCs
PCE and Jg linearly increase with the number of conjugated z-bonds
that exist in the bio-dye. As a rule, highly conjugated structures (n > 13)
with many anchoring groups develop pigment visible-NIR absorption
and electron injection. Pigments with many carboxyl/hydroxyl groups
show enhanced dye/semiconductor attachment and lower charge
resistance. RC-sensitized DSSCs have better photoelectric properties
than LH2 due to its greater charge separation. The combination of pig-
ments (hybrid or cocktail dyes; e.g. chlorophyll/carotenoids achieved
4% PCE) boosts sensitizer photosensitivity and broadens bio-pigment
absorbance. Some of the strategies to overcome UV/high-temperature
degradation of the photoanode and/or bio-pigment monolayer
include: (i) antioxidants protect bio-dye molecules from excess UV ra-
diations, (ii) solid-state gel redox improve device stability, dye
neutralization, and maintain performance over long periods, and (iii)
bilayer dye photoanode structure hinders dye degradation and lowers
recombination. Furthermore, insulating layers and passivation of
recombination centers suppress back electron transport, keeping in
mind that electron lifetime changes with iodine concentration, applied
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voltage, and dye amounts.

Protein complexes (LH2, BR, RC) and chlorophyll a derivatives
combined with carotenoids were the most promising bacterial-based
sensitizers achieving DSSCs PCE of 0.16-0.57% and 4%, respectively.
Xanthophylls carotenoids (from Antarctic bacteria) showed the lowest
bio-sensitized DSSCs performance of 0.008-0.03%, where poly-
saccharides co-adsorbents improve xanthophylls bonding/anchoring
onto TiOy nanoparticles for enhanced charge carriers transport.
Theoretical-average HOMO-to-LUMO bandgaps of 2.46, 5.22, 4.13,
1.13, 3.15, and 2.22 eV were calculated for anthocyanin, carotenoid,
chlorophyll, cyanine, xanthene, and coumarin, respectively. Low dye
bandgaps (<2.46 eV) are expected to enhance HOMO-electron excita-
tion and PCE as in coumarin. To date, optimization of photosensitizers of
either expensive/harmful conventional metal-based pigments (e.g. N3,
N719, and N749 Ru-dyes) or common plant-based pigments extracted
from flowers, leaves, and fruits (e.g. anthocyanins, flavonoids, carot-
enoids) have shown a maximum DSSCs PCE of 10.3-13% and
0.05-1.7%, respectively. The high conversion of metal-based DSSCs is
comparable to the maximum PCE observed in TiOy-based DSSCs using
plant-based coumarin dyes (9%) or from [A. amentacea + P. pter-
ocarpum] pigments (8.22%). Nitroxide redox quasi-solid DSSCs inte-
grated with long alkyl chains indoline organic dyes showed PCE of
10.1% due to enhanced dye/redox interactions and suppressed recom-
bination. Photosensitizers initiate electron injection that is the most
critical first step for charge transfer. Fabricating a bio-sensitized DSSC
with an ideal environmental-friendly bio-pigment can drastically boost-
up photo-generated excitons for having a significant gain in DSSC solar-
to-electricity conversion efficiency.

This review tackled current technological advancements in biomol-
ecular photosensitizers for various bio-photoelectronic, photovoltaic
and optoelectronic passive-organisms applications; to catch up with the
current progress in bio-photosensitization for DSSCs and bridge the gap
between science and applications in this emerging area. We anticipate
that this review will motivate photovoltaic researchers towards inte-
grating biomolecular photosensitizers and bio-modified photosensitized
anodes in many photovoltaic and optoelectronic applications such as: (i)
DSSCs and multi-junction photovoltaic cells for solar-to-electricity ap-
plications, (ii) photodiodes and phototransistors for current regulations
and signal switching, (iii) photodetectors for gas, thermal and catalytical
sensing, (iv) piezoelectrics for charge accumulation and response to
various mechanical stresses, (v) flexible electronics for printed bio-
pigmented silver circuit films and solar-pigmented clothing, (vi) bio-
light-emitting diodes (bio-LEDs) for light generation from packaging
luminescent proteins, and (vii) photo-tunneling junctions and quantum
electronics for efficient light harvesting, electron excitation, and solar
energy utilization.
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