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ABSTRACT

Novel renewable alternatives to meet the needs of our current energy landscape are highly sought after. Photovoltaic solar cells

(PV) are considered leading candidates for carbon neutrality due to their numerous benefits and good solar-to-energy con-

version efficiency. However, the need is no longer solely focused on electric current generation but also on strategies to store

that energy. This led, amongst other technologies, to the development of dye-sensitized photoelectrosynthesis cells (DSPECs),

the successor of dye-sensitized solar cells (DSSCs). However, these cost-effective solar cells mostly use photosensitizers based on

scarce metals such as ruthenium. Iron-based photosensitizers represent the holy grail due to their low toxicity, greater abun-

dance, and versatile chemistry. However, they still suffer from drastic limitations: their photochemistry and extremely fast

excited-state deactivation processes lead to inefficient charge injection and/or fast charge recombination. This review gathers

examples of iron-based photosensitizers that have been successfully immobilized on metal oxide surfaces. A critical comparison

of Fe-based photosensitizers is made based on their photophysical properties, electrochemistry, and photovoltaic performances.

1 | Introduction

The current large-scale use of fossil fuels, coal, crude oil, and
natural gas has resulted in a tremendous amount of carbon di-
oxide and other greenhouse gases being released into the atmo-
sphere. This has led to several problems, such as, but not limited
to, climate change and ocean acidification, that have exerted an
enormous burden on the globe [1]. The 2015 Paris Climate
Change Agreement, signed by 195 countries, emphasized the
need for serious actions to remediate climate change and limit the
average global temperature rise to below 2°C compared to pre-
industrial levels [2]. Furthermore, the European Union has set

the ambitious goal to become climate-neutral by 2050 and thus
become an economy with net-zero greenhouse gas emissions.
This objective represents the core of the “European Green Deal.”
Many other countries have also answered nature's call and real-
ized the urgent necessity to develop carbon neutral, or carbon
zero fuels, with production driven by widely available, accessible,
and renewable sources of energy, such as wind, geothermal,
biomass, and solar [3]. Solar energy is highly attractive because of
the wide range of wavelengths that reach the Earth and its
abundance and broad accessibility [4]. It is estimated that the sun
provides enough energy in 1 h (4.3 x 10%° J) to cover our yearly
energy consumption [5]. The idea of using sunlight as a clean
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energy source is not novel; it was already proposed by Giacomo
Ciamician in 1912 in his famous essay: “The Photochemistry of
the Future” [6]. However, we still have some ways to go before his
vision of solar energy harvesting becomes a reality.

One of the most important developments in the 20th century most
probably originated in Bell's laboratory, which developed the first
photovoltaic solar cell (PV) in 1956 [7]. This discovery revolu-
tionized the energy landscape, and nowadays, with the ease of
production, decreased costs, and optimized manufacturing pro-
cess, PVs are a prominent candidate for climate neutrality. Cur-
rent PVs, used to convert solar energy to electricity, have an
efficiency of ~25% in sunlight harvesting [8, 9], with a record-
breaking 33.9% reached this year for tandem silicon-perovskite
solar cells [10]. A significant challenge of using sunlight is its
intermittent nature and the diurnal cycle; therefore, it becomes
essential to “store” solar energy [11]. One great alternative is to
store the electricity produced by PVs in batteries [12-14]. How-
ever, low energy densities (0.3-0.9 MJ/kg, 0.9-2.4 MJ/L) suggest
that battery energy densities are approaching a ceiling even when
using some of the lightest elements in the periodic table. In
addition, the environmental costs associated with mining
lithium, for example, are concerning and will become unsus-
tainable for the large-scale implementation of batteries in our
daily lives (energy storage, electric vehicles, etc.). An alternative is
to store this energy in the smallest volume in which electrons can
be stored: a chemical bond [15, 16]. Indeed, liquid fuels such as
gasoline have much greater energy densities of ~50 MIJ/kg
(~35 MJ/L) than any battery, and hydrogen gas has an even
greater energy density of 140 MJ/kg (9.17 MJ/L at 700 bar). PVs
can be used to power water electrolyzers used in green hydrogen
production. However, such electrolyzers still suffer from high
overpotentials and the high initial cost of the electrodes, mem-
branes, and other electrolyzer components. The price of hydrogen
produced by water electrolyzers is still much higher than
hydrogen produced through conventional methods. However,
there is no doubt that large-scale electrolyzers that generate
hydrogen solely powered by renewable energy will become more
efficient and affordable. Energy diversification will be key to
overcoming many of the world's challenges in the coming years.
As such, developing photoelectrosynthesis cells is an important
alternative. In photoelectrosynthesis cells, solar energy drives
desirable chemical transformations such as water splitting,
hydrogen production, halide oxidation, or CO, reduction [17-19].
Mimicking plants and storing light energy in chemical bonds,
forming so-called “solar fuels,” is highly attractive, mainly when
producing high-energy density carbon-zero fuels such as
hydrogen [9, 16, 20, 21]. Since the pioneering works of Fujishima
and Honda [4, 22] using TiO, photoelectrodes for the photo-
electrochemical water splitting, tremendous efforts to develop
artificial photochemical systems for solar fuels generation have
been made [23-25].

2 | Dye-Sensitized Photoelectrodes
2.1 | Dye-Sensitized Solar Cells (DSSC)

A limitation of the pioneering work of Fujishima and Honda
was the need for a direct band gap excitation of TiO,, which

occurs in the UV region of the solar spectrum. This part of the
solar spectrum is highly energetic but, unfortunately, not very
abundant at the surface of the Earth, which limits the overall
efficiency of such devices. However, this did not limit their
widespread use in large-scale solar conversion applications by
pioneers such as Kazunari Domen [7, 26, 27], amongst others
[28]. Water-splitting devices with quantum yield efficiencies
almost reaching unity have been recently reported [26]. In these
devices, the overall water splitting is driven by 350-360 nm
irradiation using an aluminum-doped SrTiO; photocatalyst [29,
30]. The hydrogen and oxygen evolution reactions were pro-
moted by selective photodeposition of Rh/Cr,0; [31] and
CoOOH [32] co-catalysts on different facets of the semi-
conductor crystal.

To absorb visible light, new materials must be developed, or
existing ones, such as SnO, or TiO,, must be sensitized to visible
light through the use of organic or inorganic photosensitizers. In
the 60s and 70s, Gerischer developed a model to define the
principles of heterogeneous electron transfer on the semi-
conductor/electrolyte interface [33, 34]. Although the first
photovoltaic device was produced in 1954 by Bell Laboratories,
intense research on solar cells did not emerge until the OPEC
energy crisis of 1973 [35]. Seminal work by H. Gerischer, J. B.
Goodenough, and A. Kirsch-De Mesmaeker on dye-sensitized
single crystal photoelectrodes, accompanied by ground-
breaking work by H. Taube, R. Marcus, N. Hush, W. F. Libby,
and N. Sutin on electron transfer, enabled the development of
DSSC by M. Griitzel and B. O'Regan in 1991 (vide infra) [36-46].
Liquid junction cells with a solar conversion efficiency of
around 11% evolved in the 1970s-1980s owing to the realization
of pure single-crystal materials [47]. In the mid-1970s, Heller
proposed employing inexpensive polycrystalline semiconductors
for photoelectrosynthesis cells instead of highly pure electronic-
grade semiconductors [48, 49]. Consequently, in 1976, Hodes
and coworkers conducted pioneering work using polycrystalline
chalcogenide electrodes for electrochemical energy conversion
[50]. Alonso et al. [51] and Matsumura, Nomura, and Tsubo-
mura [52] sensitized ZnO electrodes with Rhodamine B, rose
Bengal, and other related dyes to enhance efficiency. Still,
the conversion yields from light to electricity remained well
below 1%.

A breakthrough in the field occurred in 1991 when Gritzel and
O'Reagan used mesoporous TiO, instead of a single crystal,
sensitized with a ruthenium-based photosensitizer combined
with an iodide/triiodide redox mediator. The attachment of
photosensitizers to TiO, can be successfully achieved using
various anchoring groups such as carboxylic acid (-CO,H) and
phosphonic acid (-POzH,) groups [53], the latter being stable on
a broader pH range. Other robust anchoring groups that have
thus far been less explored include hydroxamic acids, silatranes,
siloxanes, and diazoniums [54-56]. The so-called dye-sensitized
solar cells that harvest a high proportion (46%) of the incident
solar flux have an overall light-to-electric energy conversion
efficiency of up to 7.9% and 12% in simulated solar light and
diffuse daylight, respectively [36]. Dye-sensitized solar cells
have been reviewed in many instances, so the reader is directed
toward these excellent reviews [11, 36, 57, 58]. It is however
essential to describe the main components and operating prin-
ciples of DSSCs to understand the underlying processes.
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The primary components of DSSCs are the photoanode, the
counter electrode, the photosensitizer, and the electrolyte
(Figure 1). The electrodes are made of transparent, conductive
glass such as indium or fluorine-doped tin oxide (ITO or FTO)
[59]. The electrode is coated with an inexpensive semiconductor
material, commonly mesoporous anatase TiO,, but other ma-
terials have also been used, such as WO;, ZnO, and SnO, [60,
61]. The counter electrode can consist of carbon, graphite, or
some conductive polymers. The counter electrode acts as an
electron collector and is therefore necessary to complete the
circuit and ensure rapid electron exchange. Platinum remains
the most efficient material commonly used as a counter elec-
trode in standard DSSCs [62]. The electrons delivered by the
counter electrode are used to reduce the redox mediator in the
electrolyte, filling the gap between the two electrodes. Iodide/
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FIGURE 1 | (Top) Schematic representation of a DSSC: The
photosensitizer (orange sphere), once excited by visible light, injects
one electron into TiO, and is after that regenerated via the transfer of
one electron from iodide that finally forms IS~ either in consecutive
steps (green arrows) or according to a concerted mechanism
(orange arrow). The electron injected into TiO, is shuttled to the
counter electrode where it can reduce triiodide (I3). (Bottom)
SEM image of mesoporous TiO, (17 + 3 nm particle size) used as
metal oxide for the construction of photoanodes.

triiodide (I"/I3; ) is the most widely used redox mediator in
standard DSSCs, with cobalt polypyridine derivatives coming a
close second [63]. Alternative redox mediators include the
pseudohalogen (SeCN),/SeCN~, which has scored a 20% inci-
dent photon to current efficiency [64], or disulfide/thiolate,
which reached an efficiency of 6.25% [65]. Mechanistically,
upon sunlight irradiation, the photosensitizer absorbs photons
that have enough energy to promote a ground-to-excited-state
transition (Figure 1). This excited photosensitizer should have
enough energy to transfer an electron into the conduction band
(or acceptor states) of mesoporous TiO, so that the electron
injection process from the excited photosensitizer to TiO, occurs
efficiently [66-68]. The photosensitizer is then regenerated by
I', generating the corresponding iodine atom (I"), that can then
form I;” upon reaction with iodide. Note that a concerted
pathway, that would save approximately 300 mV, has been
proposed, where regeneration of the photosensitizer and I}
formation occur in one concerted step [69]. The previously
mentioned photo-injected electron travels through the external
circuit to reach the platinum-coated FTO counter electrode,
which is used to reduce triiodide (I5) [62]. The resulting open-
circuit photovoltage of this cell depends on the difference be-
tween the solid electrode's Fermi level and the electrolyte's
redox potential.

2.2 | Dye-Sensitized Photoelectrosynthesis Cells
(DSPEC)

In DSSCs, the redox mediator and arrangement of the different
components ensure that sunlight is converted into electricity and
that no net chemical reactions occur. Going further, the main idea
with DSPECs was to eliminate the need for a redox mediator by
performing a permanent chemical transformation and to use the
injected electrons to drive reductive catalysis at the counter
electrode. The photoanode is similar to the one used in DSSCs
and, as such, is mainly composed of TiO, or SnO,/TiO, core-shell
structures [70-74]. The photosensitizer is excited with visible
light and injects electrons into the semiconductor's conduction
band or acceptor states. This results in the instantaneous locali-
zation of a hole on the oxidized photosensitizer. In DSPECs, the
photosensitizer is regenerated by transferring the hole to a water
oxidation catalyst that, upon further hole transfers, oxidizes water
into O, and H* (Figure 2, left). Alternatively, the hole can be
transferred to halides in solution and thus perform halide
oxidation. However, this requires a careful balance between
ground and excited-state reduction potentials to enable both
excited-state electron injection and hole transfer [75-77].
Exploiting the hole generated in the DSPEC half cells for biomass
conversion is also of great interest [78]. For example, the selective
oxidation of the C-O bond as a model for that found in lignin
conversion technology has recently been achieved using dye-
sensitized TiO, photoanodes [79].

The photocathode is typically composed of a p-type semi-
conductor such as NiO or Cu(In,Ga)Se, [7]. Upon light ab-
sorption, the excited photosensitizer injects a hole into the
semiconductor’s valence band while the electron is transferred
to the catalyst, which performs reductive catalysis, such as H*
or CO, reduction (Figure 2, right).
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FIGURE 2 | DSPEC device where water oxidation occurs on the photoanode and proton reduction on the photocathode: The photosensitizer

(orange sphere), once excited by visible light, injects one electron into TiO, and is after that regenerated via the transfer of one electron from a

precatalytic species (hole transfer and purple spheres). Through several transfers, the precatalytic species is converted into an active catalyst for

water oxidation. The electrons injected into TiO, are shuttled to the photocathode where light activation of the photosensitizer (red sphere) leads

to a sequence of hole/electron transfer to activate a proton reduction catalyst (blue sphere).

In 1999, T. J. Meyer designed the first dye-sensitized photo-
electrosynthesis cells [80]. This was a significant scientific
breakthrough where, on the one hand, interfacial electron
transfer was used to generate a photocurrent (< 10 uA/cm?)
and, on the other hand, the oxidized photosensitizer was re-
generated by a catalyst that could, in turn, perform a chemical
transformation, for example, the oxidation of isopropanol to
acetone. A decade later, T. E. Mallouk and coworkers reported a
water-splitting DSPEC [81] that combined a heteroleptic Ru(II)
tris(bipyridine) photosensitizer immobilized on a TiO, thin film
through phosphonate anchoring groups and an IrO, water
oxidation catalyst [82]. The reaction mechanism was investi-
gated through solution-phase studies using 1M Na,S,05 as a
sacrificial electron acceptor and showed that efficient oxidative
excited-state electron transfer occurred from the ruthenium
photosensitizer, generating the oxidized Ru(III) photosensitizer
and the reduced electron acceptor. Regeneration of the ground-
state photosensitizer was driven by the IrO, water oxidation
catalyst with a 2-ms time constant. On TiO,, the open-circuit
photovoltage profile obtained in pH 5.75 buffered solution in
the presence of Na,SiFs and Na,SO, yielded an open-circuit
potential of about —325 mV versus Ag/AgCl combined with a
steady photocurrent of 10-30 uA cm™2 and a ~20% photoanodic
water to oxygen generation efficiency, thus showing great
promise for these kinds of applications using visible light.

In 2012, Sun and coworkers reported one of the first examples of
a dye-sensitized photocathode for proton reduction using a
visible-light-driven photoelectrosynthesis cell [83]. This pio-
neering work used an organic dye as the PS, a cobaloxime
complex as the hydrogen evolution catalyst, and nano-NiO as
the photocathode. When a potential of —0.4 V versus Ag/AgCl

was applied, this system generated a photocurrent density of
around 20 A cm™ with a concentration of hydrogen that
reached a value of ca. 322 nmol in 6 min after which leaching of
the catalyst occurred. This amount of hydrogen accounted for 2
turnovers based on the catalyst and 6 based on the PS.

Additionally, extensive effort has been devoted to DSPECs
mimicking photosystem II (PSII) [84, 85]. For example, T. J.
Meyer and coworkers recently reported an electrode using a
carbazole mediator that enabled water oxidation using efficient
interfacial hole transfer from the Fe,O; light absorber to a Ru
catalyst [86]. More recently, G. J. Meyer and coworkers showed
that mesoporous films comprising SnO, core and TiO, shell
(Sn0,/TiO,) have potential practical applications in DSPECs for
water splitting due to their superior performance compared to
conventional sensitized TiO, or SnO, electrodes [87]. In these
architectures, the excited photosensitizer injects an electron in
the TiO, shell that is then transferred to the SnO, core through a
thermodynamic gradient. Back electron transfer from the elec-
tron in SnO, to the oxidized photosensitizer is then drastically
slowed down [88]. In addition, the TiO, shell can shield an
electric field from a surface-anchored dye by a factor of 4 [89].

2.3 | Metrics to Quantify the Efficiency of DSSC
and DSPEC Devices for Solar Production

Several metrics are used to quantify the efficiency and perfor-
mance of DSPEC devices. In here, the metrics have been orga-
nized in terms of electrical (Equations 1-5), spectral
(Equations 6-8), and catalytic (Equations 9 and 10) efficiencies.
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An important metric is the solar-to-hydrogen (or solar-to-fuel)
conversion efficiency (STH). This correlates the energy input
(solar irradiation) to the energy output, as shown in Equa-
tion (1) [90]. The energy output is determined by the amount of
hydrogen produced under illumination. Note that, in the case of

an applied bias, this potential is subtracted from the 1.23 V in
Equation (1). In Equation (1), J is the photocurrent density, 7p
is the faradaic efficiency of the hydrogen evolution reaction,
1.23 V is the thermodynamic potential needed for water splitting
at T =298 K, and 1 atm and Pj;gp are the power densities of the
incident illumination, which hold only when the incident illu-
mination matches the air mass global (AM 1.5 G). While the
primary use of this equation is to determine the solar-to-
hydrogen conversion efficiency, this equation can be extended
to other solar-to-fuel conversions, such as the CO, reduction
reaction, where various fuel products are expected. Thus,
Equation (2) is a more universally applicable approach to
calculate the solar-to-fuel conversion efficiency (5spg) [90]. In
Equation (2), Jop is the operational current density of a specific
product, and Vi is the thermodynamic potential for
substrate-to-fuel conversion. It is worth mentioning that this
metric is more complicated to use during CO, reduction re-
actions, as parameters such as faradaic efficiency and current
density of specific products are required, but can be very com-
plex to extract.

The applied bias photon-to-current efficiency (ABPE) is a metric
derived from the STH efficiency with a notable adjustment that
the ABPE uses an applied external potential (bias) to drive the
chemical reaction of interest and is thus expressed according to
Equation (3) [90]. In Equation (3), V,py, is the applied potential
used to drive the chemical transformation.

One essential metric of the performance of a solar cell is the
overall solar-to-electrical energy conversion efficiency (1) that is
determined by the open-circuit photovoltage (V,.), the photo-
current density measured at a short-circuit current (Jgc), the fill
factor (FF), and the intensity of the incident light (P;,), Equa-
tion (4) [91]. The fill factor can be determined by dividing the
maximum power of the solar cell per unit area by Jsc and Ve
according to Equation (5) [91]. The fill factor ranges between
0 and 1 and the maximum power P, can be calculated from
the product of the open-circuit photovoltage and the photo-
current at the maximum power output.

An additional metric used to determine the efficiency of a DSSC
or a DSPEC is incident photon-to-current conversion efficiency
(IPCE) which determines the photocurrent obtained per inci-
dent photon flux as a function of monochromatic illumination.
The IPCE can be written according to Equation (6), where the
numerator describes the number of electrons generated per
incident photon absorbed by the device at a particular wave-
length (P;) [90]. In Equation (6), J is the photocurrent density, h
is Planck’s constant, c is the speed of light, e is the charge of the
electron, and A is the wavelength of irradiation. It is useful to
correlate the IPCE to the key features of the DSPEC device
working principle, that is, IPCE can also be expressed as a
function of light harvesting efficiency (LHE), injection quantum
yield (¢iy), and the electron collection efficiency (.) as
described in Equation (7) [92]. The injection quantum yield
(¢in;) of the photogenerated electron from the excited state of
the photosensitizer to the conduction band of a semiconductor
is determined by the ratio of the rate constant of electron in-
jection (kinj) and the sum of the excited-state deactivation rate
constants (k;) according to Equation (8) [92].
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Finally, like catalytic reactions, solar fuel production is often
quantified in terms of turnover number (TON) and turnover
frequency (TOF). The TON can be defined as the number of
moles of the desired product divided by the number of mole of
an active catalyst, Equation (9) [93].

It is worth to point out that not all catalyst molecules are active
at the same time and that only a small proportion of them are
activated during the charge transfer process and that those are
the only ones that convert reactants into desired products. Thus,
a more precise definition of TON was introduced by Savéant and
coworkers as “the TON specifies the maximum use that can be
made of a catalyst for a special reaction under defined reaction
conditions by the number of molecular reactions or reaction cycles
occurring at the reactive center up to the decay of activity” [93].
Similarly, turnover frequency (TOF) “measures the instanta-
neous efficiency of the catalyst, and it can be derived from the
number of the turnovers of the catalytic cycle with respect of the
time per active site” [94]. This can be written as Equation (10).

2.4 | Iron-Based Photosensitizers for the
Development of Photoelectrodes

Most photosensitizers used for DSSCs and DSPECs applications
are based on scarce metals such as ruthenium. However, some
notable examples exist of DSSCs using organic photosensitizers
and photosensitizers based on copper [95-98]. The number of
reports that use iron photosensitizers is lower still [99-102] and
is limited to DSSCs. Although iron complexes have been used as
a redox mediator in DSPEC-type applications [85, 103], there
are, to the best of our knowledge, currently no reported DSPEC
relying solely on iron photosensitizers. This is due to the pho-
tophysics of iron PS, which includes extremely fast deactivation
of the iron photosensitizer excited states, alongside redox po-
tentials unsuitable to drive these challenging reactions. Yet,
there has been tremendous efforts by pioneers in the field that
managed to develop operative DSSCs using iron photosensi-
tizers [99-102, 104-110]. The structures of these iron photo-
sensitizers are shown in their respective sections and the
metrics of the resulting DSSCs are tabulated in Table 1. This
table illustrates the photovoltaic characteristics of iron-
sensitized DSSCs documented in the literature, alongside their
respective redox potentials, when available. Note that the pho-
tophysics of iron photosensitizers and their use in photoredox
catalysis in solution has been recently reviewed [119] and will
thus only be very briefly presented (Figure 3).

Light excitation of Fe(I) photosensitizer like the prototypical
[Fe(bpy)s]** leads to the formation of the singlet metal-to-ligand
charge transfer ("MLCT) excited state (Figure 3). This state is
usually represented as a formally oxidized metal center, with
one electron removed from the t,; orbitals, and a formally
reduced ligand, with one electron added to the ©* orbital. This
excited state is extremely short-lived and is converted on a ~100-
fs time scale to low-lying metal-centered ligand-field states of
the iron core, populating a high-spin quintet excited state (°T,y),
with two electrons in the e, orbitals and four electrons in the t,,
orbitals [120-123]. Thus, this very fast deactivation process
prevents the formation of long-lived charge separated MLCT

excited states that have made the reputation of other photo-
sensitizers, like [Ru(bpy);]*". The main difference between
these two MLCT photosensitizers stems from the final excited-
state character, that is, ®MLCT in the case of [Ru(bpy)s]*" and
metal-centered in the case of [Fe(bpy);]*", respectively. This
decreases the energy available for excited-state electron injec-
tion or for any photocatalytic applications [124, 125].

2.5 | Fe(II) Analogs to Ru(II) Dyes and N-
Heterocyclic Carbene (NHC)-Based Photosensitizers

The first report of iron-based photosensitizers in DSSCs dates
back to 1998 and 2000 when Ferrere and Gregg used Fe-1
(Figure 4) and a series of its derivatives immobilized on
TiO, via anchoring groups such as diphosphonate, methyl-
phosphonate, diethyl-methyl-phosphonate, and hydroxymethyl
[99, 100]. The introduction of the strong field CN ligands allowed
to destabilize the MC state and further increase visible light ab-
sorption. These photosensitizers had a low photoconversion ef-
ficiency due to the short-lived MLCT states of Fe(II) polypyridine-
type photosensitizers which led to the ultrafast population of the
metal centered (MC) states and subsequent ground-state recov-
ery. Despite its poor excited-state properties, Fe-1 generated an
open-circuit photovoltage of —360 mV and a short-circuit
photocurrent of 290 uA cm™2 under approximately one sun
irradiation (75 mW cm™2, A > 400 nm). Regarding the other de-
rivatives of Fe-1, their actual photocurrents, photovoltages, or
efficiencies were not reported by the authors [99, 100].

The next breakthrough took another decade and originated from
two pioneers in the field, Gros [101] and Wirnmark [102]. In
2013, Warnmark and coworkers first reported the synthesis of an
unfunctionalized NHC-carbene iron(II) complex. This NHC
scaffold was introduced to destabilize the MC states relative to
the MLCT states. At the time, the excited state was attributed to
an MLCT state with a lifetime of 9 ps [126]. Very recently, it was
shown that light excitation formed a *MLCT excited state that
converted to the corresponding *MC excited-state manifold on a
sub-100 fs time scale [127]. It is that *MC excited-state manifold
that actually exhibits an excited-state lifetime between 10 and
20 ps, and not the MLCT state. Nevertheless, at the time, this
report represented a significant discovery in the field of Fe(II)-
based photosensitizers and it was only 2 years later that Wirn-
mark [102] and Gros [101] independently published their
works on the N-heterocyclic NHC-carbene iron(II) complex
(Fe-2) bearing a COOH anchoring group. Warnmark and co-
workers showed that Fe-2 was able to inject electrons from the
MLCT state to the conduction band of TiO, with an injection
quantum yield of 92%. However, they did not report photovoltaic
performances [102]. At the same time, Gros and coworkers
showed that Fe-2 could be efficiently anchored at the surface of
TiO, and compared it to Fe-3 [101]. The complexes were char-
acterized by UV-Vis spectroscopy and cyclic voltammetry in
acetonitrile. Fe-2 displayed two MLCT transitions in the visible
region: one involving the carbene units whose energy (380 nm)
remained unchanged and the other, at lower energies, involving
the central pyridine ring, which was sensitive to electronic
tuning. Compared to Fe-3 (A,.x MLCT = 560 nm), the carbene-
based complex (Fe-2) showed blue-shifted MLCT transitions.
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TABLE 1 | Solar cell characteristics of iron-sensitized DSSCs [99-102, 104-118], using FTO as a conductive oxide, TiO, as a semiconductor, Pt as

the counter electrode, and under AM 1.5 G simulated light source, unless otherwise mentioned.

Open-circuit

Short-circuit

photovoltage, current, Jg. Fill Efficiency, Eox Erea
Fe-Ps Voc (mV) (mA cm™?) factor, FF PCE (%) (Vvs.NHE) (Vvs. NHE) Ref
Fe-1 -360 0.290 — — — — [100]
Fe-2 457 0.41 0.68 0.13 1.09 -1.11 [101]
Fe-2 450 5.27 + 0.14 0.55 1.30 £+ 0.07 0.91 — [104]
Fe-2 466 2.09 (1.9 + 0.2) 0.75 0.73 0.85 -1.08 [105]
Fe-2 4 Fe-19 420 8.63 £ 0.24 0.55 1.98 + 0.1 — — [104]
Fe-3 250 0.0016 0.50 0.01 1.45 —0.81 [101]
Fe-4 368 0.12 0.71 0.03 1.55 -0.99 [106, 107]
Fe-5 400 0.33 0.73 0.10 1.06 -1.10 [106, 107]
Fe-5 490 3.95 0.61 1.18 1.06 — [108]
Fe-6 440 0.36 0.73 0.11 1.05 -1.09 [106, 107]
Fe-7 390 0.36 0.71 0.10 1.06 -1.10 [106, 107]
Fe-8 440 3.55 0.60 0.94 0.98 — [108]
Fe-9 460 2.69 0.63 0.78 0.94 — [108]
Fe-10 470 6.03 0.59 1.68 0.94 — [109]
Fe-11 430 6.07 0.61 1.58 0.92 — [109]
Fe-12 470 5.81 0.57 1.56 0.93 — [109]
Fe-13 390 6.11 0.49 1.17 0.76 — [109]
Fe-14 470 6.80 0.57 1.83 0.88 — [109]
Fe-15 350 5.20 0.61 1.11 0.89 — [109]
Fe-16 512 3.52(3.3 £ 0.2) 0.72 1.31 0.8 -1.75 [105]
Fe-17 416 3.23 (2.1 +£0.4) 0.69 0.93 0.82 -1.67 [105]
Fe-18 390 7.84 £ 0.38 0.56 1.71 + 0.15 0.83 — [104]
Fe-19 390 6.64 £+ 0.12 0.59 1.52 + 0.10 0.82 — [104]
Fe-20 582 + 2 3.7+ 0.2 0.59 1.3 £0.1 — — [110]
Fe-21 570 £ 3 24 £0.1 0.53 0.7 £ 0.1 — — [110]
Fe-22 763 0.41 0.35 0.10 +0.85 [111]
Fe-23 841 0.039 0.28 9.1 x 1073 +1.11 [111]
Fe-24 593 0.606 0.58 0.211 — [112]
Fe-25 601 0.776 0.52 0.246 — [112]
Fe-26 191 0.036 0.50 0.0034 [113]
Fe-27 491 0.132 0.63 0.0412 [113]
Fe-28 710 12.91 0.64 5.88 1.35 +1.12 [114]
Fe-29 690 9.21 0.63 4.04 1.30 +1.16 [114]
Fe-30 632 9.39 0.61 3.61 1.36 +0.024 [115]
Fe-31 652 9.93 0.68 4.39 145 —0.20 [115]
Fe-32 667 11.25 0.63 4.76 1.15 +0.22 [115]
Fe-33 633 13.15 0.61 5.05 1.29 +0.04 [115]
Fe-34 666 7.94 0.64 3.36 1.35 —0.02 [115]
Fe-35 684 6.08 0.67 2.79 +0.35 [116]
Fe-36 664 5.13 0.67 2.30 +0.35 [116]
Fe-37 656 4.44 0.66 1.95 +0.35 [116]
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FIGURE 3 | Schematic potential energy surfaces and relevant
electronic states for the excited-state decay of Fe(Il)-based
photosensitizers. Electron configurations are given for Oh symmetry
for simplicity. Radiative decay pathways are denoted as dotted straight
lines, whereas nonradiative decay pathways are presented as wavy
lines. GS = ground state, IC = internal conversion, ISC = intersystem
crossing, MC = metal-centered, MLCT = metal-to-ligand charge
transfer. Reprinted with permission from reference [119]. Copyright
Elsevier 2024.

The cyclic voltammogram of Fe-2 showed a reversible oxidation
wave for the Fe(IIT)/Fe(IT) couple at 1.09 V versus NHE, which is
an important characteristic for the ground-state regeneration of
the oxidized dye by the redox mediator. For comparison, the
oxidation potential of Fe-3 was found to be 1.45 V versus NHE,
in good agreement with the lower o-donor character of the
ligand and the lack of carbene-based m*-orbitals that is present in
Fe-2[101]. The incident photon to electron conversion efficiency
for Fe-2 was 2.5% IPCE, whereas Fe-3 did not show any sig-
nificant conversion. Other parameters, such as short-circuit
photocurrent density of 0.41 mA cm™?, open-circuit photo-
voltage of 457 mV, fill factor of 0.68, and overall efficiency of
0.13% obtained for Fe-2 all indicated a better performance than
its terpyridine analog Fe-3. It is worth mentioning that, in the
case of Fe-2 (Table 1, entry 3) used by Gros and coworkers [104],
a customized electrolyte containing a mixture of Lit, Mg*",
TBAI (tetrabutylammonium iodide), and GuNCS (guanidine
thiocyanate) was used. The authors used these additives to
improve charge injection and decrease the open-circuit photo-
voltage (V). In addition, the GuNCS is assumed to absorb onto
the TiO, and reduce recombination with the I3 redox mediator
and hence slightly improve the fill factor and the open-circuit
photovoltage. Warnmark and coworkers used Fe-2 (entry 4)
co-adsorbed with chenodeoxycholic acid to ensure full coverage
of the TiO, surface and minimize charge recombination with the
I;/T" electrolyte [105].

Transient absorption spectroscopy was used to gain insights into
the excited-state dynamics of Fe-2 and Fe-3 in acetonitrile so-
lutions [101]. Pulsed-light excitation of Fe-3 led to the formation
of M*MLCT states that decayed on the 100-200 fs time scale to
the °T, state, as indicated by the disappearance of [1, 3] MLCT
excited-state absorption (ESA) in the 380-460 nm range and
above 600 nm. The °T, state was characterized by a sharp

absorption at 355 nm and bleaches at 574 and 342 nm. The
lifetime of the T, state was determined as 2.2 ns. On the other
hand, the absorption changes of Fe-2 led to a broad positive ESA
between 320 and 360 nm as well as between 420 and 450 nm
and at wavelength greater than 580 nm. These three excited-
state absorption features are characteristic of the >MLCT state
of Fe(Il) NHC complexes. The MLCT transition also led to the
corresponding transient bleach of the ground-state transitions
(GSB), peaking at 400 and 505 nm. The positive ESA and
negative GSB traces are almost mirror images for Fe-2, which
was not the case for Fe-3 due to the population of the °T, state.
Wirnmark and coworkers also studied the kinetics of electron
transfer processes of Fe-2 anchored on TiO, [102]. These mea-
surements took place in MeCN as well as on Al,O; with 80 fs
time resolution to distinguish the effects of the ~-COOH group
and surface immobilization from electron injection. Based on
the spectra and the kinetics, when Fe-2 was excited at 485 nm in
MeCN, a major 18 ps component was determined and assigned
to the excited-state lifetime of the *MLCT state. A minor 7 ps
component was also determined and attributed to vibrational
cooling. As they observed, the prolongation of the *MLCT life-
time was attributed to the stabilization of the MLCT state, as
the MC states were expected to be almost unaffected by the —
COOH substitution. The transient absorption spectra of Fe-2
anchored on Al,O; showed similar features as those recorded
in acetonitrile and two main deactivation processes were
determined, the excited-state decay of the *MLCT that occurred
in 37 &+ 3 ps and the vibrational cooling that occurred in
1.0 £ 0.1 ps. Although all the signals decayed in less than 100 ps
for Fe-2 in solution or anchored on Al,O3, the Kinetics were
drastically longer when anchored on TiO,. They were however
much more complicated as four components were needed to fit
the data, with rates of 4 + 3 ps, 30 & 15 ps, 149 + 67 ps, and
> 10 ns. The spectra profiles of the components resembled both
the oxidized photosensitizer as well as the excited state and it
was thus complicated to disentangle the respective contribution.
Nevertheless, the appearance of signal decaying with time
constants greater than 100 ps is in line with efficient electron
injection. In combination with other techniques, it was shown
that the Fe-2 exhibited a 92% yield of conversion of photons to
injected electrons, but unfortunately a large portion of the
injected electrons underwent fast electron-cation recombina-
tion [102].

In 2016, Pastore et al. [107] provided an overview of the
photovoltaic characteristics of heteroleptic Fe(II)-carbene
sensitized photoanodes using Fe-5, Fe-6, and Fe-7 as well as
homoleptic complexes Fe-2 and Fe-4. Fe-5 was an analog of the
benchmark carbene complex Fe-2, whereas Fe-6 and Fe-7 had
additional electron donating substituents, that is, anisyl and
triphenylamine, respectively. Fe-6 and Fe-7 were designed to
introduce and increase the polarization of the photosensitizer in
its excited state, thereby enhancing the electron transfer prop-
erties while maintaining the photogenerated hole away from the
semiconductor surface to reduce recombination processes from
injected electrons. All the complexes were characterized by UV-
Vis spectroscopy in acetonitrile. As mentioned before, while Fe-
2 complex exhibits two MLCT transitions in the visible region at
394 and 520 nm, Fe-4 exhibits an MLCT transition at 501 nm.
Also, compared to Fe-2, an additional MLCT band was observed
for Fe-5, Fe-6, and Fe-7 at 430 nm which was attributed to
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FIGURE 4 | Structures of Fe(II) analogs to Ru(II) dyes and N-heterocyclic carbene (NHC)-based photosensitizers anchored on TiO, for DSSC

applications [99-102, 104-109].

MLCT transition from the iron center to the unsubstituted
pyridine of the ligand scaffold with molar absorption co-
efficients that ranged from 5 075 to 8 540 M~'cm™'. Cyclic
voltammetry was carried out in acetonitrile using 0.1 M
Bu,NPF; as an electrolyte at 100 mV s™'. Fe-2 and Fe-4 dis-
played a reversible oxidation wave of the Fe(IIT)/Fe(II) couple at
1.09 and 1.55 V versus NHE, respectively, which showed
favorable thermodynamics for dye regeneration by the I3/I”
redox mediator used in this study. The oxidation potentials of
Fe-5, Fe-6, and Fe-7 were also found around 1.06 V versus NHE
(Table 1). The first reduction of Fe-2, Fe-4, Fe-5, Fe-6, and Fe-7
occurred at —1.11, —0.99, —1.10, —1.09, and —1.10 V versus

NHE, respectively [106, 107]. In addition, the authors provided
an overview of the photovoltaic characteristics of heteroleptic Fe
(I1)-carbene sensitized photoanodes using Fe-5, Fe-6, and Fe-7
as well as homoleptic complexes Fe-2 and Fe-4. The IPCE at
500 nm was reported as 3% and 2.5% for Fe-6 and Fe-5,
respectively. The photocurrent density (Js.) ranged between 0.33
and 0.36 mA cm ™2 for complexes Fe-5, Fe-6, and Fe-7. Com-
plexes Fe-5, Fe-6, and Fe-7 exhibited lower V. values of around
400-450 mV (Table 1) compared to standard photosensitizers
like N719 Ru(II), which typically exhibits V,. values around
690 mV. This decrease in open-circuit photovoltage and
photocurrent in the dyes can again be attributed to an
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unfavorable balance between interfacial electron injection and
the recombination pathway. Ultrafast transient absorption
spectroscopy was reminiscent of those previously described for
Fe-2 with a GSB at 400 and 505 nm and positive ESA between
320 and 360 nm as well as between 420 and 450 nm and at
wavelength greater than 580 nm [107]. Certainly, the absorption
maxima for complexes Fe-3 and Fe-4 are blue-shifted by 20 nm
compared to Fe-2 and unfunctionalized NHC-carbene Fe(II)
complex. The addition of the two carboxylic acid groups led to
the stabilization of the t,, system upon 7 back-donation from
the iron center. The effect of the number of ~-COOH groups on
the photophysical properties was also examined with complex
Fe-5, which was functionalized with the -COOH group on only
one ligand. The absorption spectrum of Fe-5 exhibited one
additional band at 440 nm that was assigned to the charge
transfer transition between the metal and the pyridine ring
without the carboxylic group. The lowest-energy band at 510 nm
was attributed to an MLCT transition involving the pyridine
bearing the carboxylic group and the band at 380 nm was the
signature of the Fe-carbene MLCT transition, which is not
affected by the presence of the carboxylic group. Overall, com-
plexes Fe-2 to Fe-5 highlighted the action of two effects induced
by the ligand design. The first one was the stabilization of the
MLCT levels due to the introduction of electron-accepting
groups (Fe-4, Fe-5) and the second was the additional down-
shift of the MLCT states, most probably due to an increased &
back-donation. Complexes Fe-6 and Fe-7 with different donor
groups in combination with -COOH anchoring groups were
expected to improve the vectorial electronic charge transfer into
the semiconductor and limit the possible recombination re-
actions by keeping the progenerated hole far from the semi-
conductor surface. Hence, through the femtosecond transient
spectroscopy, complexes Fe-6 and Fe-7 followed the same
relaxation scenario as Fe-5, with similar MLCT lifetimes of 10
and 12 ps, respectively, which are still long enough to expect
PCE values > 0.1% [107].

In 2021, Reddy Marri et al. reported three Fe(II) pyridyl-NHC-
carboxylic heteroleptic complexes with a thiophene (Fe-8) or a
phenyl (Fe-9) spacer, or without spacer (Fe-5) between the
pyridine and the -COOH anchoring group [108]. The spacer
was introduced to increase the distance between the TiO, sur-
face and the iron center in order to decrease the undesired
recombination processes. All the complexes were characterized
with UV-Vis spectroscopy and cyclic voltammetry. The UV-vis
spectra were consistent with the typical NHC-carbene iron
complexes with the observation of a higher energy band (250-
330 nm) and two other MLCT bands (340-600 nm). Electro-
chemical measurements highlighted that the introduction of
thiophene (Fe-8) or phenyl (Fe-9) spacer slightly decreased the
oxidation potentials to 0.98 and 0.94 V, respectively, with
respect to Fe-5 (1.06 V vs. NHE) [108]. The increase in molar
absorption coefficients due to extended m conjugation induced
by the thiophene moiety in Fe-8 was used to explain the higher
power conversion efficiency (PCE) of approximately 0.94%
achieved by this complex, with a photocurrent density (Js.) of
3.55 mA cm™? and open-circuit photovoltage (Vo) of 440 mV,
leading to a fill factor of 0.60. Fe-9 had an efficiency of 0.78%
along with Jy. of 2.69 mA cm™2, V.. of 460 mV, and FF of 0.63.
However, Fe-5 demonstrated overall better results, with a PCE
of 1.2% and an optimal combination of photocurrent 3.95

mAcm ™2, open-circuit photovoltage of 490 mV, and FF of 0.61.

Although the complexes with conjugated spacers Fe-8 and Fe-9
exhibited larger absorption in the UV-Vis region, these com-
plexes exhibited lower performance than the nonconjugated
complex Fe-5.

Similar studies were conducted on a series of six photosensi-
tizers (Fe-10-15) in which Fe-10-12 have the pyridine ring
bearing an aromatic moiety (Figure 4), whereas Fe-13 and Fe-15
have a dimethyl amine and O-octyl group, respectively [109].
The photophysical data were in line with those reported for this
type of complexes. In the lowest-energy portion of the spectra,
Fe-10-12 and Fe-14 complexes presented a broad and intense
absorption, ranging from 410 to 600 nm, whereas Fe-13 and Fe-
15 absorbed in a narrower window (450-600 nm). Fe-11 showed
the broadest and most red-shifted absorption at 501 nm thanks
to the thiophene unit. Heteroatom-substituted complexes Fe-13
and Fe-15 exhibited two MLCT bands of similar intensities
unlike the other complexes, attributed to strong heteroatom
donating capability in N,N-dimethylamine and O-octyl groups,
respectively. To study the thermodynamic properties of all dyes,
cyclic voltammetry of TiO,-sensitized thin films immersed in
0.1 M LiClO,/acetonitrile electrolyte were carried out. The
anodic scan revealed reversible Fe(III)/Fe(Il) waves with po-
tentials that ranged from 0.76 V versus NHE for the strong
electron donor dimethylamine substituent in Fe-13 up to 0.94 V
versus NHE for Fe-10.

The cathodic shift is caused by the presence of donor groups like
-OR either as substituents on the benzene ring (Fe-14, 0.88 V vs.
NHE) or directly attached to the pyridine (Fe-15, 0.89 V vs.
NHE). Fe-14 led to the best efficiency of 1.83% using Mg*" and
NBuyl-based electrolytes and a 20-um thick TiO, layer. The
magnesium cation was used to increase the electronic coupling
between the photosensitizer and the conduction band of TiO,
and also promoted further directionality of the MLCT excited
state. This led to an increased excited-state charge injection
while the tetrabutylammonium iodide allowed to decrease the
cell resistance without lowering the potential of the conduction
band of TiO,. It was found that Fe-14 exhibited a photocurrent
density of 6.8 mA cm™? and an open-circuit photovoltage of
0.47 V resulting in a power conversion efficiency of 1.83. The
IPCE measurement with Fe-12, Fe-13, and Fe-14 using 16 um
TiO, thickness ranged from 45% for Fe-13 to over 60% for Fe-14.

In 2021, Lindh et al. reported the use of push-pull iron com-
plexes with NHC carbene ligands [105]. Fe-16 and Fe-17 are
heteroleptic complexes with one ligand bearing a carboxylic acid
group for efficient surface anchoring while the second ligand
was functionalized with biarylamine electron donating groups.
These photosensitizers were compared to the reference Fe-2.
Analysis of the structures by density functional theory (DFT)
revealed that amine-substituted ligands destabilized both the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), whereas the use of carboxylic
acid-substituted ligands (Fe-16 and Fe-17) stabilized the LUMO
of the iron complexes. As previously shown for these kind of Fe
carbene complexes, Fe-16 and Fe-17 exhibited a double-peaked
absorption band between 350 and 600 nm attributed to metal-to-
ligand charge transfer. Electrochemically, Fe-2 was found to
display two redox events at 1.08 and —1.08 V versus NHE, highly
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consistent with those reported in 2015 [101, 102]. For Fe-16,
electrochemical potentials of 0.8 and —1.75 V versus NHE were
determined, whereas the potentials were 0.82 and —1.67 V
versus NHE for Fe-17 [105]. Chenodeoxycholic acid, a co-
adsorbent, was introduced to further space the photosensi-
tizers and mitigate charge recombination. Analysis of solar cell
parameters revealed that the heteroleptic complexes Fe-18 and
Fe-19 outperformed the homoleptic complex Fe-2. Fe-16
exhibited the most significant improvement, achieving a
maximum IPCE of 29% at 500 nm. Additionally, Fe-16 showed
an increase in photocurrent to over 3 mA cm™2 compared to
2 mA cm™? for Fe-2, along with enhancements in V. of 512 mV
which resulted in an enhanced overall efficiency. Conversely,
Fe-17 exhibited inferior performance compared to Fe-16, which
was attributed to the presence of methoxy electron donating
groups on the diphenyl amine substituent, leading to decreased
Voc 0f 400 mV compared to its methyl analog. Femtosecond TAS
was used to investigate the interfacial charge transfer of com-
plexes Fe-16, Fe-17, and Fe-2 to TiO, mesoporous films in
MeCN containing 0.1 M TBA methane-sulfonate and 0.1 M
methane-sulfonic acid [105]. The amplitudes of the signal in the
GSB region that persisted after 10 ns were 5% for Fe-16, 10% for
Fe-17%, and 13% for Fe-2. This difference is evidence that Fe-17
would have a larger fraction, compared to Fe-16, of the long-
lived electrons injected into the TiO, electrode. For both Fe-
16 and Fe-17, transient absorption spectroscopy was enabled
to detect ultrafast electron injection that occurred faster than
100 fs. However, ultrafast recombination between the injected
electrons and the oxidized photosensitizer was also very effi-
cient such that only 5%-10% of the initial excited photosensi-
tizer actually contributed to the photocurrent [105].

In 2023, Gros and coworkers examined the performance of NHC
carbene-Fe(II) complexes bearing thienylcyanoacrylic (ThCA)
anchoring groups, Fe-18 and Fe-19, with the aim to increase
metal to surface charge separation and enhance the light har-
vesting window in iron-based DSSCs [92, 104]. The photo-
physical data were in line with those reported before for similar
carbene-Fe(I) complexes. Nevertheless, the higher energy
MLCT band (ca 340 nm) of these complexes (Fe-18 and Fe-19)
was masked by the very broad m-m* characteristic absorption.
The other MLCT band displayed a broad absorption ranging
from 450 to 650 nm with the homoleptic Fe-18 exhibiting the
broadest and largest red-shifted absorption at 555 nm.

The red-shifted MLCT bands observed for Fe-18 and Fe-19 were
found even more profound in the spectra of their TiO, thin films
(ca. 13 um thickness), and when a mixture of Fe-18 and Fe-2
was used, a panchromatic absorption was achieved reaching
up to 700 nm. Interestingly, this red shift in UV-Vis absorption
was consistent with the reduced electrochemical gap that was
measured by cyclic voltammetry (see below) on the sensitized
TiO, thin films in contact with 0.1 M LiClO, in acetonitrile
solutions. On the titania substrates, both complexes, Fe-18 and
Fe-19, revealed a reversible oxidation potential at 0.83 and
0.82 V versus NHE, respectively, slightly more cathodic than
that recorded for the standard Fe-2 (0.91 V vs. NHE). In addi-
tion, these complexes were all featuring irreversible cathodic
waves, with Fe-18 and Fe-19 displaying the first irreversible
wave, which was absent in the reference Fe-2, at —0.64 and
—0.70 V versus NHE, respectively. Based on these potentials, the

authors estimated that the HOMO-LUMO gap provided values
ranging between 650 and 833 nm which is consistent with the
onset of the absorption found at around 700 nm for these
complexes. The photovoltaic properties of these new complexes
were examined using the previously customized electrolyte
comprising Li*, Mg*", TBAI, and GuNCS [104]. On transparent
thin films with an active layer thickness of 13 pum, the incident
photon to current conversion efficiency recorded in the
customized electrolyte for the reference Fe-2 was 45%, possibly
due to its higher injection driving force, which was close to the
one determined for Fe-18 (40%) and larger than that of Fe-19
(35%). When studied under AM 1.5 white light illumination,
Fe-18 demonstrated the best performance, exhibiting V,. of
0.37 V, FF of 0.56, and photocurrent density of 6.23 mA cm™2
along with the highest power conversion efficiency of 1.28%.
Similarly, Fe-19 displayed a photocurrent density of
5.30 mA cm™2, slightly smaller than Fe-18, and a power effi-
ciency of 1.14%, both still performing better than the reference
COOH-based Fe-2 dye with a photocurrent density of
464 mA cm™2 and a power conversion efficiency of 1.11%
measured under the same conditions. The lower performance
obtained for Fe-2 is in agreement with its narrowest spectral
response compared to Fe-18 and Fe-19. The performances of
these complexes were further investigated by increasing the
thickness of TiO, up to 20 um with a top scattering layer of
approximately 100 nm anatase nanoparticles with the aim of
improving the light harvesting capability of the photosensitizers.
Under these conditions, slightly enhanced performances were
observed with photocurrent reaching up to 8, 7, and 5 mA cm™2
for Fe-18, Fe-19, and Fe-2, respectively, with a respective power
conversion efficiency of 1.71%, 1.52%, and 1.30%. The slightly
lower performance of Fe-19 compared to Fe-18 was attributed
to its lower injection quantum yield and faster recombination
rate with I; which was evidenced by the less negative threshold
of the dark current. Finally, a system composed of a combina-
tion of both Fe-2 and Fe-18 deposited on 20 um thick TiO,
generated an enhanced performance with Jy. of 9 mA cm™2, V.
of 0.42 V, and a PCE of 2%, representing the best efficiency ever
reported for n-type sensitization by Fe(II) dyes [104].

2.6 | Ferrocene-Based Photosensitizers and Other
Derivatives

Ferrocene-based complexes have attracted significant attention
for DSSC applications. Intuitively, ferrocene can act as a
photosensitizer by absorbing the blue region of the solar spec-
trum, but it can also act as a stable redox mediator. Ferrocene
has thus been efficiently used in the development of “push-
pull” architectures, providing good electronic communication
through intramolecular charge transfer (ICT), thus leading to
larger spatial charge separation. The absorption and ICT char-
acter can be tuned by introducing substituents on the ferrocenyl
backbone, for example. Overall, its stability and reversible redox
properties make ferrocene a valuable component in the devel-
opment of advanced materials for solar energy conversion,
organic photovoltaics, and other light-based technologies [128].

El Zohry and coworkers developed two photosensitizers based
on ferrocene derivatives, Fe-20 and Fe-21 (Figure 5) [110].
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FIGURE 5 | Structures of ferrocene-based photosensitizers and other Fe(III) analogs that were used for DSSC applications [110-118].

These photosensitizers operated with efficiencies of 1.3% and
0.7%, respectively, compared to 5.5% for ferrocene only. The
primary factor contributing to the decreased efficiency of Fe-20
and Fe-21 was their lower photocurrent density, as indicated in
Table 1. Additionally, the IPCE value for ferrocene exceeded
that of ferrocene-modified dyes Fe-20 and Fe-21. Further
investigation was conducted using electrochemical impedance
spectroscopy (EIS) to elucidate the electron transfer processes
within the solar cells. Fe-20 and Fe-21 exhibited greater resis-
tance to recombination loss between electrons in the conduction
band of TiO, and the mediator, an observation that was attrib-
uted to faster recombination with the ferrocene core. The in-
clusion of chenodeoxycholic acid was noted to mitigate
recombination in the presence of ferrocene, resulting in
increased photocurrent and open-circuit photovoltage of the

device. Consequently, optimizing these parameters could
enhance the photovoltaic performance of solar cell devices,
leading to improved efficiency [110].

In 2018, Ghosh et al. reported two new ferrocene-based cya-
novinyl dyes, Fe-22 and Fe-23 [111]. These dyes are only
different by the number of donor-acceptor cyanovinyl groups,
with Fe-22 bearing a single cyanovinyl group and Fe-23 bearing
two cyanovinyl groups. Both Fe-22 and Fe-23 absorb light in a
wide range of the solar spectrum due to these donor-acceptor
groups. The thin film-based absorption spectra of both dyes
showed wide absorption in the visible region spanning 400-
700 nm. The electrochemical properties were studied in aceto-
nitrile solutions using a 0.1-M tetrabutylammonium perchlorate
electrolyte. Fe-22 exhibited a reversible redox process at +-0.85V
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versus NHE attributed to a Fe(III)/Fe(II) redox couple. This
potential was shifted positively to +1.11 V versus NHE for Fe-
23. The resulting DSSC showed an open-circuit photovoltage
of 763 and 841 mV as well as a photocurrent of 0.41 and
0.039 mA cm™ for Fe-22 and Fe-23, respectively, along with a
fill factor of 0.35.

Arshad et al. reported two donor-m-acceptor ferrocenyl-
chalcones where Fe-24 served as the parent compound and
Fe-25 was further functionalized with a methoxy group in po-
sition three of the phenyl ring to enhance the donating char-
acter of the compound [112]. Both photosensitizers were
composed of a central ferrocene derivative as the main donor,
an enone group that acted as the n-bridging ligand and a fluo-
rophenyl ring as electron acceptor unit. The additional methoxy
group of Fe-25 was found to enhance the backbone planarity of
the compound and therefore improved intermolecular charge
transfer (ICT). The addition of the methoxy group was also re-
flected in the DSSC efficiency parameters. The sensitization on
TiO, was performed by dipping the TiO, coated FTO glass in the
respective photosensitizer solution. This process occurred
overnight and the samples were then rinsed with excess aceto-
nitrile to remove poorly bound photosensitizers. Fe-25 showed
an open-circuit photovoltage of 601 mV, a photocurrent of
0.776 mA cm~2 and a moderate fill factor of 0.52, while Fe-24
showed a lower open-circuit photovoltage and photocurrent of
593 mV and 0.606 mA cm ™2, respectively, but an improved fill
factor of 0.58. This improved performance of Fe-25 was attrib-
uted to the enhanced planarity of the photosensitizer, which
promotes better electronic communication across the backbone
of the compound, ultimately resulting in better conversion ef-
ficiency. Nevertheless, the overall efficiency were still extremely
small, that is, 0.211% and 0.246% for Fe-24 and Fe-25, respec-
tively (Table 1).

In 2021, Anizaim et al. reported two new ferrocenyl-chalcones
photosensitizers, Fe-26 and Fe-27, where the ferrocene unit is
linked to a 5-ethylfuran-2-yl moiety (Fe-26) or to a bithiophene-
5-yl moiety (Fe-27) [113]. Based on X-ray structural analysis,
Fe-27 showed more improvement in structure planarity
compared to Fe-26 which had a slightly twisted structure. To
fabricate the photoelectrode, acetonitrile solutions of the pho-
tosensitizers and chenodeoxycholic acid (10:1) were drop casted
onto the TiO, thin films. Both photosensitizers exhibited broad
absorption bands at 486 and 483 nm for Fe-25 and Fe-27,
respectively, in addition to more intense 7-n* transition band at
345 nm for Fe-26 that was red-shifted to 385 nm for Fe-27. Fe-
26 exhibited a photocurrent of 0.036 mA cm™ and an open-
circuit photovoltage of 191 mV with a fill factor of 0.50 result-
ing in an overall efficiency of 0.0034%. Fe-27 showed an
improved photocurrent of 0.132 mA cm™>, an open-circuit
photovoltage of 491 mV, and a fill factor that reached 0.63,
leading to an overall efficiency of 0.0412%, that is, a 1-fold
enhancement compared to Fe-26.

Singh et al. used two other ferrocene-based dyes, Fe-28 and Fe-
29, that were composed of an extended conjugated m-system,
with an azene spacer (CH=N-N=CH) linked to a phenolic (Fe-
28) or nitrophenyl (Fe-29) group as the terminal anchoring
group [114]. The UV-Vis absorption spectra of Fe-28 and Fe-29
showed a broad absorption band at 506 and 474 nm,

respectively, attributed to d-d transition. The electrochemistry of
both photosensitizers was studied in dichloromethane with
0.1 M tetrabutylammonium perchlorate as the supporting elec-
trolyte. The cyclic voltammetry of Fe-28 and Fe-29 showed
onset oxidation potential of +1.35 and +1.30 V versus NHE and
onset reduction potential of +1.12 and +1.16 V versus NHE,
respectively. Photovoltaic data for the two complexes showed
that the phenolic complex (Fe-28) exhibited a better cell per-
formance with a photocurrent of 12.91 mA cm 2 an open-
circuit photovoltage of 710 mV and an efficiency of 5.88%
with an incident photon-to-current conversion efficiency of 53%,
while those for the NO,-terminted dye (Fe-29) were slightly
lower (see Table 1).

In 2021, Singh et al. reported five new 1,10-bis(diphenylphos-
phino)ferrocene-nickel(II) dithiolates (Fe-30, Fe-31, Fe-32, Fe-
33, and Fe-34) bearing at least one cyano anchoring group
and that differed by the aromatic substituent on the dithiolate
chelating ligand, that is, phenyl, 2-cyanophenyl, 2-pyridyl, 3-
pyridyl, and 2-thienyl ring (Figure 5) [115]. UV-Visible ab-
sorption spectra of all sensitizers recorded in dichloromethane
showed strong bands at 280-350 nm due to intraligand charge
transfer (ILCT), as well as weaker absorption in the 450-500 nm
region attributed to d-d transition originating from the iron
center. The electrochemistry of these photosensitizers was car-
ried out in acetonitrile and showed a quasi-reversible oxidation
event in the range between +0.445 and +0.715 V versus NHE.
The reduction of these photosensitizers occurred in the range of
—2.35to —2.27 V versus NHE, again indicating possible electron
injection into the TiO, surface. The photovoltaic properties of all
the photosensitizers showed that those bearing a pyridine
moiety, that is, Fe-32 and Fe-33, performed the best, displaying
an open-circuit photovoltage of —667 and —633 mV, photocur-
rents of 11.25 and 13.15 mA cm ™2 as well as a fill factor of 0.63
and 0.61 resulting in overall efficiencies of 4.76% and 5.05%,
respectively. It was hypothesized that the better performance
was due to the presence of the pyridine group that could change
the electronic properties of the photosensitizer. It is worth
pointing out that pyridine can also serve as an anchoring group,
and as such, these increased performances could originate from
an improved photosensitizer loading [129-132].

Finally, in 2022, Chauhan et al. reported three ferrocenyl-2-
pyridylimine complexes (Fe-35, Fe-36, and Fe-37, see
Figure 5) that were composed of a bidentate pyridylimine unit
capable of coordinating different d'°-metal centers such as Zn
(I1), Cd(11), and Hg(II) [116]. In this study, the complexes were
employed in DSSC applications both as sole sensitizers or as a
co-sensitizer in combination with the prototypical ruthenium
N719 dye [133]. UV-Visible absorption showed maxima around
480 nm that extended up to 600 nm. Fe-35, whose pyridylimine
unit is coordinated to Zn(II), showed the best performance in
the photovoltaic study, not only as a sole sensitizer but also as a
co-sensitizer. An open-circuit photovoltage of 684 mV, a
photocurrent of 6.08 mA cm™2 with a fill factor of 0.67, and a
conversion efficiency of 2.79% were determined. This superior
performance compared to analog complexes (Fe-36 and Fe-37)
was attributed to better electron injection and reduced recom-
bination, along with improved light harvesting ability of Fe-35,
particularly in the 400-500 nm range. The Fe-36/N719 co-
sensitizer also showed improved photovoltaic performance
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with an open-circuit photovoltage of 776 mV, a photocurrent of
11.25 mA cm ™2 along with a fill factor of 0.65, and an efficiency
of 5.71%.

3 | Conclusions and Perspectives

We have presented here a comprehensive overview of the iron
photosensitizers that have been used in DSSCs applications.
Genuinely, the photosensitizers only lead to moderate photo-
current and low overall efficiencies compared to the “cham-
pion” Ru(II) photosensitizers. In addition, there are currently no
iron photosensitizers that have been used for the development
of DSPECs. The pessimist might see the modest number of re-
ports on iron photosensitizers as evidence that this field will not
further develop, whereas the optimist will see this as the ground
work of a much larger project that will unveil in the coming
years. As such, we present avenues that we believe are worth
exploring in order to tackle the challenges associated with
developing iron photosensitizers for DSSCs and DSPECs
applications.

e Tuning the driving force for electron transfer processes

Excited-state injection and regeneration of the photosensitizer
represent a delicate interplay between ground- and excited-state
redox potentials. If we consider the photoanode, the photosen-
sitizer must have an excited-state potential sufficiently energetic
to transfer an electron in the conduction band or acceptor states
of the mesoporous material. On the other hand, the oxidized
photosensitizer must have a Fe(III)/Fe(II) ground-state reduc-
tion potential (if the reaction is starting from Fe(II)) that is
sufficiently positive to oxidize a redox mediator such as iodide
(in the case of DSSC) or a catalyst (in the case of DSPEC).
Almost quantitative excited-state charge injection has been re-
ported [102], yet the overall photocurrents are still relatively
small (Table 1). This often implies that back-electron transfer
from the injected electron is fast or that the regeneration of the
oxidized photosensitizer is slow [105]. Most of the iron photo-
sensitizer presented herein have Fe(III)/Fe(II) potentials that
are on average 300-500 mV more negative than the prototypical
Ru(Il) photosensitizers used in DSPECs. Thus, an avenue to
explore would be to judiciously tune the ground-state potential
to reach Fe(III)/Fe(II) potentials that are closer to the Ru(III)/
Ru(Il) couple, all while exhibiting an excited-state potential
competent for injection into the photoanode. This would
maximize the regeneration efficiency of the oxidized dye and
also place the recombination from the injected electron further
into the Marcus inverted region, assuming similar reorganiza-
tion energies, thereby slowing down the recombination process.
This could thus mitigate the ultrafast recombination between
the injected electron and the oxidized photosensitizer. This
challenging interplay between ground- and excited-state po-
tentials is probably key to lead to more efficient architectures
based on iron photosensitizers.

e Vectorial electron transfer
The notion of vectorial electron transfer has already been pro-

posed in the literature and is also described in this review [134].
Vectorial electron transfer implies that, upon illumination,

electron density is moved from the distal portion of the photo-
sensitizer to the anchored side of the photosensitizer. In this
simple picture, this would allow to maximize charge injection.
Systems based on push-pull architectures have been presented
[135-137], yet these systems often come at the cost of a lowered
(more negative) oxidation potential, as the hole is transferred
from the metal center to the distal portion of the photosensitizer
via a redox gradient. Thus, the potential to drive useful trans-
formation is decreased, and the recombination from injected
electron occurs closer to the Marcus normal region for electron
transfer. However, the benefit of that approach is to increase the
distance between the injected electron and the hole, which
could decrease the recombination rate constant.

Another approach toward vectorial electron transfer is to use
heteroleptic complexes, where, according to Blakley and
DeArmond, metal-to-ligand charge transfer is located on the
ligand that is the most easily reduced [138]. Thus, by careful
molecular engineering, the excited state could be fully localized
on the ligand that is anchored on the metal oxide, thereby fa-
voring excited-state charge injection. A testimony to that
approach is evident in complexes Fe-10 to Fe-15 where the
excited state is localized on the anchored ligand and that all
show overall higher efficiencies compared to other complexes.
The challenge here is the complexity to obtain heteroleptic
complexes that often proceed in a one-pot statistical reaction
with complicated purification steps.

Finally, it is worth emphasizing the recent report of [Fe
(phtmeimb),]", a luminescent iron(III) photosensitizer pio-
neered by Wirnmark and coworkers, where phtmeimb is
phenyl[tris(3-methyl-imidazolin-2-ylidene)|borate [139, 140].
This photosensitizer exhibits a ligand-to-metal charge transfer
(LMCT) excited state, where electron density is transferred from
the ligand to the metal. At first, this is not in line with vectorial
electron transfer that would be useful for the development of
photoanodes, but this photosensitizer could be used for photo-
cathode materials, where electron transfer away from the sur-
face is needed. This approach could also further benefit from the
development of heteroleptic photosensitizers, which is as chal-
lenging as for Fe(II)-based MLCT photosensitizers.

e Type of targeted transformations

A complexity in research is to move passed the state of the art
and develop research without being influenced by the main-
stream reports. As such, even if water oxidation appears like an
ultimate goal for DPSECs due to the high abundance of water,
this reaction is still thermodynamically and kinetically compli-
cated. As such, developing alternative reactions that can be
carried out at metal oxide interfaces (photoanode and photo-
cathodes) will be key to the further development of iron pho-
tosensitizers. Very recently, K. Schanze and coworkers reported
a radical cation Diels-Alder reaction that was carried out at a
dye-sensitized photoanode using a prototypical Ru(II) photo-
sensitizer [141]. Similar photosensitizers were used by G. Leem
and coworkers for the photoelectrosynthesis conversion of
lignin to value-added aromatics [142]. F. Li and coworkers re-
ported the bromide-mediated photoelectrochemical epoxidation
of alkenes at BiVO, electrodes [143]. Thus, there are several
reactions that could be carried out on photoelectrodes if
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judiciously designed iron photosensitizers were to be used.
Taking [Fe(phtmeimb),]* as an example, recent reports have
shown that this photosensitizer was competent for bimolecular
catalysis in solution for hydrogen production as well as for
halide oxidation in an organic solvent [144, 145]. This complex
has also been used in photoredox catalysis [146-148], and as
such, it has shown great promise for light-induced trans-
formations. Thus, such transformations, and others, could thus
represent an attractive target for functional photoelectrodes.
However, one has to keep fundamental aspects in mind. As
mentioned earlier, [Fe(phtmeimb),]* exhibits an LMCT excited
state, and as such, high photocurrent on photoanode materials
is not expected. They would be extremely useful on photo-
cathode materials for CO, or H' reduction. However, the
photocathode represents the Achilles’ heel of DSPECs. A typical
metal oxide for photocathodes is NiO, a material with a large
concentration of lattice defects that lead to small charge-carrier
lifetimes and electrical mobilities [149]. Although high surface
loading of photosensitizers is commonly achieved on meso-
porous anatase TiO, thin films (5-10 x 107 mol cm™), the
surface coverage of NiO electrodes remains extremely low and
reaches 5%-10% of surface coverages obtainable on TiO, and
Sn0,. This already represents a challenge for Ru(II) photosen-
sitizers with a molar absorption coefficient of ~15 000 M™'cm™
around 450 nm [150] but will certainly be exacerbated using [Fe
(phtmeimb),]* that exhibits a low molar absorption coefficient
of ~3000 M—*cm™ at 500 nm [139]. Thus, strategies to increase
the molar absorption coefficient of these LMCT photosensitizers
would also be beneficial for the future development of sensitized
photocathodes.
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