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A breath of sunshine: oxygenic photosynthesis by
functional molecular architectures

Thomas Gobbato, 2 Giulia Alice Volpato, 22 Andrea Sartorel & *
and Marcella Bonchio @ *a°

The conversion of light into chemical energy is the game-changer enabling technology for the energetic
transition to renewable and clean solar fuels. The photochemistry of interest includes the overall
reductive/oxidative splitting of water into hydrogen and oxygen and alternatives based on the reductive
conversion of carbon dioxide or nitrogen, as primary sources of energy-rich products. Devices capable
of performing such transformations are based on the integration of three sequential core functions: light
absorption, photo-induced charge separation, and the photo-activated breaking/making of molecular
bonds via specific catalytic routes. The key to success does not rely simply on the individual
components’ performance, but on their optimized integration in terms of type, number, geometry,
spacing, and linkers dictating the photosynthetic architecture. Natural photosynthesis has evolved along
this concept, by integrating each functional component in one specialized “body” (from the Greek word
“soma’) to enable the conversion of light quanta with high efficiency. Therefore, the natural
“quantasome” represents the key paradigm to inspire man-made constructs for artificial photosynthesis.
The case study presented in this perspective article deals with the design of artificial photosynthetic
systems for water oxidation and oxygen production, engineered as molecular architectures then
rendered on electrodic surfaces. Water oxidation to oxygen is indeed the pervasive oxidative reaction
used by photosynthetic organisms, as the source of reducing equivalents (electrons and protons) to be
delivered for the processing of high-energy products. Considering the vast and abundant supply of water
(including seawater) as a renewable source on our planet, this is also a very appealing option for
photosynthetic energy devices. We will showcase the progress in the last 15 years (2009-2023) in the
strategies for integrating functional building blocks as molecular photosensitizers, multi-redox water
oxidation catalysts and semiconductor materials, highlighting how additional components such as redox
mediators, hydrophilic/hydrophobic pendants, and protective layers can impact on the overall
photosynthetic performance. Emerging directions consider the modular tuning of the multi-component
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device, in order to target a diversity of photocatalytic oxidations, expanding the scope of the primary
electron and proton sources while enhancing the added-value of the oxidation product beyond oxygen:

the selective photooxidation of organics combines the green chemistry vision with renewable energy

schemes and is expected to explode in coming years.

Introduction

In the novel “The mysterious island” published between 1874
and 1875, the visionary French writer Jules Verne suggested that
water, decomposed into its primitive elements, could be the fuel
of the future, and provide an inexhaustible source of heat and
light, of an intensity of which coal is not capable. In 1912, the
Italian photochemist Giacomo Ciamician envisioned a quieter
civilization based on the utilization of solar energy, contrasting
the black and nervous civilization based on coal.*

Water and solar energy are indeed the pillars of artificial
photosynthesis, a long sought dream process for splitting water
into hydrogen and oxygen by means of solar light, thus
providing an inexhaustible resource of green and renewable
fuels to satisfy the increasing global energy demand.>® The

Water splitting ’ 2H,0()=2H,(g) +0,(g) 1.23eV /e

Natural photosynthesis 6 CO, (g) +6 H,0 () = CgH1,06(s) +6 0, (g) 1.24eV /e

2 H,0(/) +CO, (g) = CH (g) +2 O, (g) 1.06 eV /e

Carbon dioxide
reductive
conversion

(coupled to water,
HrL T

1) }

Nitrogen conversion
(coupled to water oxidation)

2 H,0 (/) + CO, (g) = CH3OH () +3/2 0, (g) 1.21eV [ &

H,0 (/) + CO, (g) = HCOOH (/) + % 0, (g) 1.40 eV / &

3H,0(/)+N, (g) = 2 NH3 (g) +3/2 0, (g) 1.17 eV / e

T T T T T T

02 00 02 04 06 038 10 14
E (V vs RHE) ;

Water oxidation2 H,0 (/) = 0, (g) +4H*+4 e i
1.23 Vvs RHE |

Scheme 1 Schematic representation of the energetic requirements of
selected photosynthetic reactions (see egn (1)—-(6) in the main text).
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water splitting reaction (eqn (1) and Scheme 1) can be formally
decomposed into two redox semi-reactions of proton reduction
to hydrogen (eqn (1A)) and of water oxidation to oxygen (eqn
(1B)), vide infra; accordingly, the AG® for eqn (1) at 298 K can be
reported to be 1.23 eV, being the normalized value per
exchanged electron (4 in the case of eqn (1)).1 It is useful to
exploit this normalized value since light absorption events are
mostly associated with single electron transfer, and therefore
this value can be associated with the energy (or with the wave-
length) of the electromagnetic radiation (ie. 1.23 eV corre-
sponds to a radiation wavelength of 1008 nm). This formalism
also enables a direct comparison of the energetic requirement
of photosynthetic processes: in the case of natural photosyn-
thesis (eqn (2)), this value is 1.24 eV, very close to the one of
water splitting.

Although water splitting for production of hydrogen is the
most investigated process, the operating principle can be
extended to CO, or N, reductive conversion (Scheme 1):** some
representative examples are reported in Scheme 1 and eqn
(3)-(6), where water provides reducing equivalents to produce
methane, methanol, formic acid (from CO,) or ammonia (from
N,). Also for these reactions, the standard free energy at 298 K
normalized per electron exchanged in the corresponding
semireactions is reported (eqn (3)-(6)).

Water splitting

2H,0 (1) = 2H, (g) + O, (g); 1.23 eV per e™ (1)

4H" +4e = 2H, (g) (14)

+ The AG® at 298 K for eqn (1)-(6) are calculated from the difference between the
AGfrmation Of the products and of the reactants. The following values taken from
a physical chemistry handbook were used (values in k] mol™'): H,O (1): —237.13;
CO, (g): —394.36; CH, (g): —50.72; CH;0H (1): —166.27; HCOOH (I): —361.35;
CgH1,06, B-p-glucose: —910; NH; (g): —16.45. By definition, AGmation Of Ha,
0,, and N, is 0.
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2H,O (1) = O, (g) + 4H" + 4e” (1B)

Natural photosynthesis
6CO; (g) + 6H,O (I) = CgH 06 (s) + 60, (g); 1.24 eV pere™ (2)

6C02 (g) + 24-H+ +24e” = C6H1206 (S) + 6H20 (ZA)

12H,0 (I) = 60, (g) + 24H" + 2de~ (2B)
Carbon dioxide reductive conversion (coupled to water
oxidation)

2H,0 (1) + CO, (g) = CH4 (g) + 20, (g); 1.06 eV pere™  (3)

CO, (g) + 8H" + 8¢~ = CH, (g) + 2H,O0 (1) (34)

4H,0 () = 20, (g) + SH* + 8¢~ (3B)

2H,0 (1) + CO, (g) = CH;30H (1) + 3/20, (g); 1.21 eV pere™ (4)

CO, (g) + 6H* + 66~ = CH;0H (1) + H,0 (1) (4A)

3H,0 (1) = 3/20, (g) + 6H" + 6e~ (4B)

H,0 () + CO; (g) = HCOOH (1) + 1/20, (g); 1.40 eV per e (5)

CO; (g) + 2H* + 2¢ = HCOOH ()) (5A)

H,0 (I) = 1/20, (g) + 2H" + 2¢~ (5B)

Nitrogen conversion (coupled to water oxidation)
3H,O (1) + N, (g) = 2NH; (g) + 3/20, (g); 1.17 eV pere” (6)

N (g) + 6H + 6e~ = 2NH; (g) (6A)

3H,0 (I) = 3/20, (g) + 6H" + 6~ (6B)

When reactions (1)—(6) are triggered by light, the radiative
energy turns out to be stored in the product chemical bonds,
yielding the so called “solar fuels” to feed fuel-cells and provide
energy with an overall carbon zero-impact cycle. The develop-
ment of efficient devices for the sustainable production of solar
fuels represents the key challenge for a radical step forward in
the field of renewable energy schemes. In particular, solar-
energy conversion and storage has been recently demon-
strated through promising technologies implementing artificial
photosynthesis. These include:

(i) a consolidated photo-electrochemical approach (solar-to-
hydrogen efficiency up to STH = 30%),” implying the coupling
of photovoltaic and electrochemical modules (PV-EC) or the
fabrication of integrated photo-electrodes wired within photo-
electrochemical cells (PEC);**°

(ii) a recently assessed photocatalytic (PC) technology based
on wireless and bias-free particulate materials suspended in
photoreactors for the continuous extraction of solar fuels.™ This
approach has been awarded with the European Innovation
Council - Horizon Prize 2022, ‘Fuel from the Sun: Artificial
Photosynthesis’ recognizing the promising potential of a 100 m?
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prototype built with an array of panel photoreactors filled with
particles based on aluminum-doped strontium titanate with co-
loaded Rh, Cr and Co co-catalysts and enabling green hydrogen
production, albeit with a limited STH efficiency of 0.76%."> Very
recently, a record STH value of 9.2% has been achieved using
concentrated solar light conditions and particulate photo-
catalysts based on indium gallium nitride loaded with rhodium/
chromium oxide and cobalt oxide co-catalysts, at an optimal
temperature of 70 °C.**

In all these systems (PV-EC, PEC, PC), three main func-
tionalities are pivotal to trigger the photosynthetic process: (i)
visible light harvesting tuning the absorption properties; (ii)
a cascade of charge separation events upon photo-induced
electron transfer; (iii) orchestrated multi-redox catalytic routes
to drive solar energy conversion into the chemical energy of new
molecular bonds. Noteworthily, a bio-inspired compartmental-
ization of the photosynthetic complexity enables the breakdown
of the overall process into separate modules that can be opti-
mized separately.**** However, the key to success lies on the
engineering of a-solo components that can be then operated
within an integrated function, in order to maximize the
photosynthetic efficiency.*®

A source of inspiration is the natural photosynthetic
system,” consisting of an orchestrated functional architecture,
where each step, from light absorption to electron/proton
transport and multi-redox catalysis, is performed by a highly
specialized unit incorporated in a structure-directing protein
matrix. The great beauty of the natural process has thus
inspired the invention of artificial replica based on novel pho-
toactive molecules and materials, to be combined into an
integrated photosynthetic assembly.

Herein we focus on the central role of photo-assisted water
oxidation, evolving oxygen and liberating reduction equivalents
(protons and electrons) to be used for the cascade production of
solar fuels, including green H, or CO, or N, reduction products
(see eqn (1)-(6)). In this scheme, water activation and cleavage
of what are among the strongest molecular bonds (Bond
Dissociation Free Energy of the O-H bond in liquid H,O,
BDFEoy = 115.8 kcal mol ),'® provides the renewable and
ubiquitous primary vector to drive solar energy conversion and
storage, optimized along billions of years of aerobic life evolu-
tion. Indeed, oxygenic photosynthesis occurs in nature by the
vital function of photosystem II (PSII), a unique membrane
protein complex whose multi-site architecture and dynamics
regulate the photosynthetic efficiency within the thylakoids of
plants, cyanobacteria, and algae. In the same way, the artificial
perspective relies on light-activated materials and molecular
ensembles enabling photocatalytic water oxidation on tailored
photoanodes for regenerative PEC technology, and/or as
components of wireless photocatalytic systems (PC) mimicking
the biological asset.

Since the seminal report in 2009 by Mallouk and co-
workers," research on the oxygenic “artificial leaf” has
exploded, with the last few years witnessing a crescendo of
scientific achievements addressing the complexity of the
photosynthetic design. In particular, new directions can be
traced in the most recent literature regarding:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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- The rapid and continuous progress in the field of water
oxidation catalysis (WOC): T. J. Meyer remarked in 2008 that
“catalysts for water oxidation are so rare that the discovery of
a new family is cause for celebration”;** since then, the number
and type of molecular WOCs have been increasing exponen-
tially** and current state-of-the-art WOC based on a tda-ruthe-
nium complex (tda = 2,2":6',2"-terpyridine-6,6"-dicarboxylate)
reaches turnover frequency up to 50 000 s~ ',*> overarching by
two orders of magnitude the tetra-manganate natural oxygen
evolving centre (TOF = 100-400 s~ '), while showing more than
1 million turnovers when probed under dark electrocatalytic
conditions.*

- The evolution of photosensitizer (PS) structures relative to
their assembly behaviour and related photophysics.** The first
requirement for the PS choice is a broad light absorption in the
visible region spanning the 380-740 nm range, which corre-
sponds to the solar emission peak and accounts for 43% of the
total solar radiation at the Earth surface. While photocatalytic
systems performing in homogeneous solutions have been
dominated by molecular PS operating through long-lived triplet
excited state manifolds, as in the case of Ru(u) polypyridine
complexes, the PS integration within heterogeneous/colloidal
photosynthetic architectures opens novel routes engaging
singlet excited states, as in the case of dye-sensitized
semiconductors.”

- The use of redox-mediators (relays) to decouple light-
induced electron transfer, charge separation and recombina-
tion events.”**” Quinoid electron transfer relays have been
recently exploited by Fukuzumi et al. enabling the combined
water reduction/oxidation under homogeneous conditions
mimicking the native electron/proton transport mechanism.>®

- The use of non-covalent synthetic strategies to engineer the
assembly of the photosynthetic components. This bio-inspired
approach complements the synthetic design of covalent chro-
mophore-catalyst conjugates to engineer photocatalytic dyads
and/or the joint grafting of chromophores and catalysts on
electrode surfaces.” To this end, supramolecular strategies can
include electrostatic assemblies favoured by multi-charge
interactions,**** as in the case of tetravalent cations (such as
Zr", vide infra) binding to carboxylate pendants,**** liposome
membranes,**** polymeric coatings,*® and hierarchical photo-
synthetic architectures with controlled morphology, optimized
for the light-quanta conversion.>”*

- Management of concomitant proton and electron transport
so as to trigger favourable PCET mechanisms that are of
fundamental importance to lower the energy requirement of
photosynthetic reactivity.'®*>*

- Optimization of semiconductor (SC) technologies to boost
charge transport and avoid energy losses. Innovation in the field
is envisaged to control light harvesting, surface areas and
porosity, electronic structures and the excited-state properties.**

Cutting-edge research in artificial photosynthesis builds on
these innovative approaches as will be highlighted in the
following sections addressing the state-of-the-art water splitting
photoanodes from a molecular perspective and including rele-
vant bio-hybrid case-studies based on photosystem II (PSII) as
the natural paradigm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Photosynthetic water oxidation at engineered electrode
surfaces

The design of oxygen evolving photoanodes requires a careful
design and assembly of some minimal components: a semi-
conductor, a photosensitizer and a water oxidation catalyst.
Hence, the compliance of energetic requirements is essential,
but the precise control of the interactions among the compo-
nents and between interfaces is crucial to obtain a perfectly
orchestrated chain of electron transfer events regulated by the
photosynthetic assembly where we can pinpoint diverse roles
and features as follows:

The semiconductor (SC). An n-type nanostructured metal
oxide SC film, such as TiO,, SnO,, ZnO or WO; (ref. 45), with
good electron mobility is used in order to favour charge sepa-
ration and transport: for the PEC cell to achieve overall unas-
sisted water-splitting, the conduction band edge must be higher
in energy (more negative potential) with respect to the H'/H,
couple. The band gap of the semiconductor should be wide
enough to guarantee minimal overlapping with the absorption
range of the photosensitizer. Nanostructuring of the SC, usually
in mesoporous nanocrystalline films, is necessary to increase
the active surface and therefore the dye uptake, resulting in
enhanced light absorption and enhanced light harvesting effi-
ciency (LHE).

The photosensitizer (PS). A light-harvesting chromophore is
used to absorb light and generate oxidizing holes upon injec-
tion of photoexcited electrons into the semiconductor conduc-
tion band: the excited state level should be sufficiently higher in
energy (0.2-0.3 eV) with respect to the semiconductor conduc-
tion band edge for efficient electron injection; the ground-state
level must be lower (more positive potential) than the O,/H,0
couple; the reduction potential of the oxidised PS must be
sufficiently high to oxidise the catalyst to its final active state (E
[PS*/PS] > E[ WOC*"/WOC?"]). In addition, to achieve high solar-
to-oxygen efficiencies, a suitable photosensitizer must have
a broad and intense (¢ > 10* M~ ' cm™") absorption in the visible
and possibly near infrared range, being inert against oxidation
and photobleaching. In order to favour electron injection and
limit the dye leaching, its covalent anchoring to the semi-
conductor surface is typically exploited although with some
drawbacks regarding the tuning of a multi-chromophore
photosystem assembly.*®

The water oxidation catalyst (WOC). The WOC acts as a hole
scavenger upon photo-induced electron transfer to the oxidised
PS: the progressive collection of four oxidizing holes drives the
water oxidation cycle, and the starting state of the WOC is finally
restored by oxidation of water and evolution of oxygen. The WOC
should be able to undergo multiple electron transfers within
a narrow potential range and form sufficiently stable high-valent
intermediates: catalysts that can evolve by regulating proton-
coupled electron transfer (PCET) mechanisms are more likely to
satisfy both criteria, thanks to the charge neutralization deriving
from the loss of one electron and one proton.*

The 4 electrons/4 protons mechanism of light-driven water
oxidation by dye-sensitized/SC photoanodes generally involves
the following steps:

Chem. Sci., 2023, 14, 12402-12429 | 12405
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(i) excitation of the photosensitizer (*PS, eqn (7)), (ii) *PS
electron injection into the SC conduction band and generation
of its oxidized state (PS’, eqn (8)), (iii) WOC sequential hole
scavenging steps generating high valent WOC states (WOC'/
WOC™V* eqn (9) and (9A)), (iv) water oxidation by the tetra-
oxidized WOC*", closing the catalytic cycle by regenerating the
starting WOC state (eqn (10)):

PS + /w — *PS )

SC + *PS — SC(e™) + PS™ (8)

PS™ + WOC — PS + WOC™ 9)

PS* + WOC"™ — PS + WOC"*D* (9A)
WOC* + 2H,0 — WOC + O, + 4H* (10)

Atvariance with homogeneous photocatalysis using terminal
sacrificial oxidants, PEC applications and SC technology suffer
from parallel deactivation routes, deriving from electron-hole
recombination pathways within the SC material and/or
involving the oxidised dye (PS* in eqn (11)), or the high valent
WOC manifold (WOC"" in eqn (12)),

SC(e™) + PS* — SC + PS (11)

SC(e") + WOC™* — SC + woCc—D* (12)

Meanwhile, unproductive quenching of the PS excited state
can also occur, via energy transfer (eqn (13)) or oxidative elec-
tron transfer (eqn (14)) involving the WOC sites:

*PS + WOC"™" — PS + *WOC"" — relax to the ground state (13)

*PS + WOC™" — PS* + wOC" D* (14)

The main key performance indicators typically used to
benchmark photoanodes for water oxidation include:**

(i) The onset potential of the oxygenic photocurrent, i.e. the
minimum potential of the electrode at which a productive
photocurrent response is observed (i.e. photoinduced electron
injection is collected by the circuit); since the thermodynamic
potential for the OER is 1.23 V vs. the reversible hydrogen
electrode (RHE), efficient photoanodes should operate well
below this potential value (underpotential regime), and ideally
without any applied bias to improve the SC electron injection
and counteract recombination pathways.

(if) The photocurrent density plateau and saturation onset,
i.e. the maximum photocurrent density value generally reached
above an applied potential threshold (plateau or saturation
photocurrent and onset). The photocurrent density should be
determined after subtraction of any dark-current component
registered at a given potential, so as to be correlated with the
photo-catalytic reaction occurring at the photoelectrode.

(iif) The faradaic efficiency or yield (FE or FY) associated with
water oxidation is a measure of the photocatalytic yield and
selectivity, being the fraction of the observed photocurrent that

12406 | Chem. Sci, 2023, 14, 12402-12429
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is due to oxygen evolution. Non-unitary faradaic efficiencies are
indicative of competitive processes occurring in concomitance
with water oxidation to oxygen.

(iv) The light harvesting efficiency (LHE) represents the
fraction of light that is absorbed by the photoanode, depending
on the dye surface loading and on the resulting molar extinction
coefficient (absorption cross section); it can be expressed as
a function of the light wavelength namely LHE(2) = 1-10 4",
with A = I'o(2) being the resulting absorbance related to I' (the
number of moles of sensitizer per cm?®) and ¢(1) ie. the
absorption cross-section in cm” per mole.

(v) The incident photon to current efficiency (IPCE) or
external quantum efficiency (EQE) is the fraction of incident
photons that are converted into photocurrent, defined as the
mathematical product of light-harvesting efficiency, electron
injection efficiency (¢), charge collection efficiency (n) of the
photoanode: IPCE = (LHE) x ¢ x n.

(vi) The absorbed photon to current efficiency (APCE) or
internal quantum efficiency (IQE) is defined as the fraction of
absorbed photons that are converted into photocurrent, given
by the ratio between IPCE and LHE.

(vii) The photocurrent stability under operation conditions
(typically controlled potential photoelectrolysis at a given
potential) can be given by the fraction of residual photocurrent
after a certain amount of time, or by the time at which the initial
photocurrent is halved.

Besides the photoanode performance metrics, parameters
associated with the WOC performance are also considered,
including the turnover frequency and number (TOF and TON).
These parameters are generally estimated by correlating the
oxygenic photocurrent density with the WOC loading, and/or
with the resulting electroactive surface catalyst. However, the
precise identification of the active WOC concentration is often
elusive so that performance benchmarking via TOF and TON
metrics might be misleading.*

In the next paragraphs, we will showcase the progress in the
last 15 years (2009-2023) in the development of strategies for
integrating the molecular photosensitizers, multi-redox water
oxidation catalysts and semiconductor materials building
blocks, highlighting how additional components such as redox
mediators, hydrophilic/hydrophobic pendants, and protective
layers can impact on the overall photosynthetic performance.
We have chosen to group the literature reports in separate
paragraphs, starting from the photosystem II machinery, and
then collecting the artificial examples based on the photosen-
sitizer nature, as its characteristics (absorption range, band
levels, lifetime of the excited state, aggregation, proton-coupled
electron transfer reactivity) often dictate the overall design of
the device.

Finally, emerging directions in the field will be presented,
exploiting the modular tuning of the multi-component device to
target a diversity of photocatalytic oxidations, thus enhancing
the added-value of the oxidation product beyond oxygen: the
selective photooxidation of organic substrates incorporates the
green chemistry vision with circular economy policies and is
expected to explode in the near future.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The native photosystem II (PSITI) machinery and PSII wired
bio-hybrid photoanodes

More than 3 billion years ago oxygenic photosynthesis triggered
our aerobic life, originating at the PSII protein within thylakoid
membranes of photosynthetic organisms such as bacteria,
algae and higher plants.

The crystal structure of PSII from Thermosynechococcus vul-
canus was reported at 1.95 A resolution by Suga et al.;** PSII
exists in a dimeric form with 700 kDa molecular mass®*?, where
each subunit contains the functional components enabling
light absorption, energy transfer, and electron and proton
separation, ultimately leading to oxygen evolution.>

The process occurs at the reaction centre RC, composed of D1
and D2 subunits, and initiates at a Pp./Pp, porphyrin dimer,
characterized by weak electronic coupling (85-150 em™"; for
comparison in the anoxygenic purple bacterial reaction centre the
coupling between Py and Py, is 500-1000 cm'). This weak
coupling enables Pp; and Pp, to maintain properties typical of
monomers: in particular, generation of the first excited state *P
with 1.83 eV energy is possible through direct excitation of P or via
energy transfer from the internal or external PSII antennas (CP47
and CP43 are the inner antennas in D1 and D2, respectively, while
LHC1 and LHC?2 are the outer antennas).* *P is considered the
primary electron donor in PSII: as represented in Fig. 1 for Pp,, the
excited state transfers one electron in a few ps to a neighbouring
pheophytin Phy,, with the assistance of a chlorophyll Chlp;. The
Pp:"'/Php,"~ secondary radical pair represents thus the first
charge separated state. The ground state of Pp, is restored upon
electron transfer to Pp,"" from a tyrosine residue; the process is
proton-coupled with the assistance of a proximal histidine residue
acting as a base, and allowing the generation of a neutral tyrosine
radical; this step occurs within 50 to 250 ns, depending on the
oxidation state of the oxygen evolving centre. Finally, the Tyr-O"
actsasa le  oxidant towards the Mn, oxygen evolving centre, Mn,-
OEC (30-200 ps, depending on the oxidation state of the OEC); the
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Fig. 1 Energy scheme and schematic representation of the photoin-
duced charge separation in photosystem Il (red arrows represent the
electron transfer steps, the blue numbers represent the order in the
sequence of electron transfer events). Reprinted from ref. 54 with
permission from Elsevier, copyright 2012.
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stepwise hole accumulation at the Mn,-OEC is represented by the
Joliot-Kok cycle, finally releasing O, from the highest oxidized
state S, (the subscripts 0-4 indicate the oxidation level of oxidation
of the Mn,-OEC, with the S; being the dark stable state), and
operating with a turnover frequency of the order of 10* s~ . From
the acceptor side, the electron chain continues with a subsequent
electron transfer from Phy,"~ to a quinone Q, (within 400 ps), and
from Q," to a quinone Qg in 0.2 to 0.8 ms, depending on the
redox state of Qg.

Indeed, Qg can be reduced twice through a proton coupled
process and transforms into the two-electron reduced form
QgH,, which is released from PSII (and replaced by a Qg present
in the membrane) and transfers the reducing equivalents to
a membrane heme-cofactor Cyt bef. The concomitant transfer of
electrons and protons is assisted by “water channels” that
connect the protein bulk surface with the protein interior.>

Clearly, the possibility of transferring reducing equivalents
outside the PSII enzyme opens the possibility of engineering
bio-hybrid interfaces with artificial systems, in particular by
exploiting protein film photo-electrochemistry.’”*® Strategies
for PSII wiring on photoelectrodes resulting in bio-hybrid PEC
devices applied to water splitting have been recently reviewed;*
current state-of-the art performances of PSII based photo-
electrodes reach photocurrent densities of ca. 1 mA cm™>.%®

Reisner and co-workers reported several studies on PSII pho-
toelectrodes, with PSII extracted from particular cyanobacteria and
immobilised onto nanostructured indium tin oxide (ITO).**%-
Since photo-instability is a major issue for isolated PSII that
cannot benefit from the continuous “self-healing” machinery of
the in vivo system,*® a recent strategy is to wire the cyanobacterium
Synechocystis sp. PCC 6803 live cells on ITO electrodes.****

Bio-hybrid PSII/ITO photoelectrodes are capable of oxidizing
water using red-light low-energy photons (680 nm) with a low
onset potential of 0.6 V vs. RHE at pH 6.5, reaching the photo-
current saturation below the OER thermodynamic limit, and
therefore behaving as ideal photoanodes (Table 1).

To address one major limitation due to the low PSII loading
on mesoporous ITO (mesoITO) (ca. 20 pmol cm™2), limiting the
photocurrent density to the sub-microampere range,*® ITO
substrates with hierarchical porosity and the inverse opal (I0)
morphology were used to allow higher PSII loading increasing
the effective surface area and favouring a stable anchoring of
the enzyme.* The optimized I0-mesoITO|PSII photoanodes can
reach up to 20 pA em ™2 photocurrent density in the absence of
redox mediators, which highlights the challenge to improve the
electrical communication between PSII and the electron-
collecting ITO (entry 1, Table 1). This issue was later
addressed through co-adsorption of PSII with an osmium-based
redox active polymer (Po;), allowing the collection of electrons
from PSII, regardless of the relative orientation and proximity of
the natural enzyme to the ITO surface (Fig. 2).®* Under irradia-
tion with monochromatic red light, the improved IO-
mesoITO|Pqs-PSII photoanodes showed an outstanding 50-fold
increase of the saturation photocurrent (ca. 400 pA cm™2) and
15-fold increase of IPCE (4.4%), with a 90% faradaic efficiency
for oxygen evolution and TOF,,, of 4 s~' per PSII center (entry
2, Table 1).
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Table 1 Performances and experimental conditions of hybrid protein-film photoanodes; pH = 6.5; source of PSII: Cyanobacterium

Light intensity E (V) vs.
Entry and photoanode  (mW cm™?) RHE J (MA em™?) and IPCE F.E.(O,) (%) TOF (s 1) Ref.
1, 10-mesoITO|PSII 679 nm; 10 mW cm > 0.88 20 (direct electron transfer, 75+ 4 —(DET) 59
DET) no IPCE
930 + 30 (mediated electron transfer, 129 £ 0.4
MET via DCBQ) (MET via DCBQ)
(IPCE 17.0 + 0.5% at 679 nm)
2, I0-mesoITO[Pog|PSII 685 nm; 10 mW cm ™2 0.88 381 + 31 (DET) (IPCE 6.9 + 0.9% 85+ 9 4.0 + 0.4 (DET) 62
at 685 nm)
513 + 29 (MET via DCBQ) (IPCE 9.3 + 6.7 £ 0.7
1.2% at 685 nm) (MET via DCBQ)
3, I0-TiO,|dpp|Pos—PSII  AM 1.5G, 0.68° 130-140 (DET) (IPCE 2.7% at 560 nm, 88 + 12 — 65
100 mW cm 2, In =6 mW cm ?) and 66
A > 420 nm 0.78” 99 + 4 (DET) 70 (formate)

“ Coupled to a hydrogenase cathode. ? Coupled to a formate dehydrogenase cathode.

More recently, a further advancement was the integration of
a diketopyrrolopyrrole dye (dpp) as a green light absorbing unit,
integrated into inverse opal mesoporous titanium oxide (IO-
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Fig. 2 (a) PSIl wired via a redox polymer to 10-ITO electrodes (SEM

image of |O-ITO is also shown), and (b) energy diagram of electron
transfer events among PSII, redox polymer and |O-ITO electrode.
Reprinted from ref. 62 with permission from the Royal Society of
Chemistry, copyright 2016.

12408 | Chem. Sci, 2023, 14, 12402-12429

TiO,) electrodes, functionalized with PSII and with the co-
immobilized osmium polymer mediator (Pos). In the IO-TiO,-
|dpp|Pos—PSII photoanodes, an artificial Z-scheme takes place
by simultaneous excitation of PSII and of the dpp dye; this latter
is responsible for light induced electron injection into TiO,
from its excited state dpp* with formation of the oxidized dpp",
which is further restored to the neutral state by the electron
chain photo-promoted by PSII, with the assistance of the Pog
redox mediator (Fig. 3). The photoelectrochemical process
leading to water oxidation is associated with a photocurrent
density of ca. 80 pA ecm ™ 2.% The association of the photocurrent
with the simultaneous excitation of the diverse chromophores
was confirmed by the action spectrum response, which turns
out to be consistent with the spectral overlap of PSII with dpp,
peaking at 560 nm and characterized by an external quantum

(a Photoanode Cathode

FTO|IO-TiO,|dpp|Pos—PSIl &5 . &, FTO|I0-TIO,|FDH
o

———
hv, H% hV:%S‘
680 nm +496:nm
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,, & ER TWSel § o
_ (‘ 2
CO,+H
PSil 10-TiO,|dpp 10-TiO, FDH
(b)
-16 10-TiO,|dpp|Pos—PSI = |0-TiO,|FDH
pp* &
-12 } —rincB |l cB
_0st hvi P680~€ v | % 18 55l reus 2 HCO,
W, J 880 066 X || 496nm ~0.557*-0.55 ;_\‘)[WSe]C
) 2 e e -0.36
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Fig. 3 (a) Representation of the photoelectrochemical cell developed

by Reisner and co-workers for bias-free water oxidation and carbon
dioxide reduction to formate. The photoanode is an |O-TiO,|dpp|Pos—
PSII photoelectrode, while the cathode is an IO-TiO,|FDH. (b) Energy
diagram. Reprinted from ref. 65 with permission from the American
Chemical Society, copyright 2018.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance and experimental conditions of ruthenium polypyridine photosensitizer based photoanodes

Light intensity

Entry and photoanode (mW em™?) E(V)vs. RHEandpH ] (uA cm™?) F.E.(0,) (%) Ref.
1, TiO,|Ru(bpy)-IrO; 450 nm, 7.77 mW em 2 0.55, pH 5.75 30-10 (IPCE 0.9% at 450 20 70
nm)
2, TiO,|3P-Ru-2-Ir0,* White light AM 1.5G, 0.75, pH 5.8 100 (2.3% internal >85 72-74
>410 nm quantum yield)
TiO,|RuP|IrO, 0.70, pH 6.8 Up to 225 (IPCE up to 98
6.75% when integrated
from 410 to 700 nm)
3, TiO,|RuP|Co30, AM 1.5G, 100 mW 0.90, pH 6.8 135 (IPCE not reported) — 78
cm™2, A > 400 nm
4, TiO,|-RuPNa,-Ru,POM 450 nm (LED), 33 mW 0.55 (pH = 5.8) 54.8 (IPCE 0.392% at 450 86 84
em™? nm)
0.63 (pH = 7.2) 34.2 (IPCE 0.228% at 450 80
nm)
5, SnO,/TiO,|(PAA/PS-Ru)s/ White light 100 mW 0.85,pH =7 18 (IPCE not reported) 22 86
(PAA/RuC)s em™?, A > 400 nm
6, TiO,|RuP/Ru(bda)” White light, 300 mW 0.60, pH = 6.8 1700 (IPCE 14% at 450 nm) 83 88
cm™?, A > 400 nm
7,1n1anoSn0,|TiO, (3 nm)|-RuP-  White light, 100 mW 1.05,pH=7 400 (IPCE 3.75% at 430 nm) 22 89
Ru(bda)‘ ecm 2, 1> 400 nm
8,Sn0, (5.5 um)/TiO, (4.3 nm)| 100 mW cm 2 0.64, pH = 5.7 1500/, 1440° (IPCE not 88/, 97¢ 90
RuP-R*'/Ru(bda)” reported)
Sno, (5.5 pm)/Ti0, (4.3 nm) 1450 (IPCE not reported) 74
RuP;*"-Zr(v)-Ru(bda)°
9, nanoSnO,|TiO, (3 nm))| White light, 100 mW 0.7, pH = 4.65 800 (IPCE17.1% at440 nm)  80-90 91
RuP,*" ALD SnO,-1 cm™?, A > 400 nm
10, SnO,|Ti0,|-RuP-Lo.c1o- White light, 100 mW 0.82, pH = 7 1400 (IPCE 24.8% at 440 83 92
Ru(bda) ecm 2, A > 400 nm nm)
11, TiO,|-(RuP*")s-Ru(bda) White light, 100 mW 0.75, pH = 5.8 1700 (IPCE 25% at 450 nm) 90 93
cm™?, A > 400 nm
12, nanoITO}-MV?*-S-Fe(u)- White light, 100 mW 0.77, pH = 4.65 250 (IPCE 2.3% at 440 nm) 67 94

Ru(u) cm 2, A > 400 nm

“ 2-1r0, = benzimidazole-phenol (BIP) and 2-carboxyethylphosphonic acid (CEPA) capped Ir NPs. ? Catalyst with silatrane-terminated anchoring
roup. ° RuP and Ru(bda) are vinyl terminated.  Electrode synthesized via co-loading. ° Electrode prepared by layer-by-layer deposition.
Photosensitizer functionalized with R = H. ¢ Photosensitizer functionalized with R = Me.

efficiency of 2.7%. Besides broadening the absorption spectrum
of the electrode, a benefit of using the dpp dye is also an
anticipation of the photoanodic current onset potential (—0.5 V
vs. SHE, ca. 0.5 V more favourable than sole PSII photo-
electrodes), which allows the bias-free application of I0-TiO,-
|dpp|Pos—PSII electrodes.

Indeed, the IO-TiO,|dpp|Pos—PSII electrodes have been
successfully employed in a bias-free photoelectrochemical cell
combining [NiFeSe] hydrogenase® or W-dependent formate
dehydrogenase (FDH)* photocathodes (Fig. 3 and entry 3, Table

1).

Ruthenium polypyridine photosensitizers for PEC technology
applied to water oxidation

The established properties of Ru(u) polypyridine complexes as
photosensitizers®” lead to an extensive investigation of this class
of compounds in light driven water oxidation. The long lived
triplet excited state of such species allowed their investigation
for homogeneous photocatalysis, in water, in the presence of
a sacrificial electron acceptor.”

© 2023 The Author(s). Published by the Royal Society of Chemistry

Moreover, ultrafast photoinduced electron injection is
observed when these Ru-based sensitizers are anchored onto
semiconductors, occurring in a timescale of pico-seconds
(hundreds of fs to ps).1*** This behaviour has been exploited
to design a fully integrated photoanode for photo-
electrochemical water oxidation in combination with suitable
WOCs.

In 2009, the first water splitting dye-sensitized PEC (DS-PEC)
was assembled by T. E. Mallouk,” with a Ru trisbipyridine
photosensitizer-IrO, NPs catalyst covalent dyad anchored onto
a nanostructured TiO, photoanode (entry 1, Table 2). This
ground-breaking result was the forerunner of further tech-
nology development including many diverse and increasingly
sophisticated strategies to optimize both the overall stability
and efficiency of the resulting DS-PEC.”

1 Ru(u) trisbipyridine chromophores have also been found to be capable of
injecting electrons into TiO, semiconductors from their reduced form, in an
“anti-biomimetic pathway”, where the excited state of the dye is first reductively
quenched by electron acceptors in solution (i.e. ascorbate) (see ref. 69).

Chem. Sci., 2023, 14, 12402-12429 | 12409
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Fig. 4 Schematic representation of the photosynthetic system
proposed by Mallouk and co-workers, constituted by a Ru polypyridine
photosensitizer, IrO, WOC and a benzimidazole-phenol (BIP) based
redox mediator, embedded onto a TiO, surface. Reprinted from ref. 72
with permission from the Proceedings of the National Academy of
Sciences (PNAS), copyright 2012.

One major issue of the [Ru(bpy);]-IrO, assembly was indeed
the slow electron transfer from IrO, to the oxidized form of the
Ru photosensitizer (hole scavenging), occurring in a ms time-
scale. The introduction of a benzimidazole-phenol based redox
mediator grafted on the IrO, nanoparticles did not significantly
alter the ET rate domain, although an increase of the internal
quantum efficiency up to 2.3% was observed (Fig. 4: in this case
both the ruthenium polypyridyl complex and the IrO, were
independently anchored onto TiO, via covalent phosphonate
binding, entry 2, Table 2), and the photoelectrode’s resulting
charge transport dynamics was indeed affected by the choice of
the deposition solvent.””7*

Slow hole scavenging processes seem to be a common
feature characterizing also other metal oxide nanoparticles,
including very active Co30,4;”>7® in this case the transfer of one
electron is accompanied by transfer of one proton (proton
coupled electron transfer, PCET), and the nature of the aqueous
medium and in particular the presence of bases can impact the
overall PCET rate, through general base catalysis (Fig. 5).”” This
pathway is likely occurring also in the photoanode developed by
Na and coworkers, combining a Ru(u) trisbipyridine photosen-
sitizer and Co3;0, nanoparticles anchored to a TiO, semi-
conductor through a 3-amino-propyltriethoxysilane linker,
providing photocurrent densities up to 135 pA cm™> (entry 3,
Table 2).7

These results lead other groups to further investigate the
dynamics of the hole scavenging process, in order to identify
WOCs possibly capable of fast electron transfer.

In 2010, in collaboration with Franco Scandola and Sebas-
tiano Campagna, we reported the application of a robust inor-
ganic tetraruthenate Ru,POM WOC on a Ru(u) polypyridine DS-
photoanode, providing evidence of fast hole-scavenging
(Fig. 6).” The Ru,POM WOC, {Ruy(p-OH),(p-0)4(H,0)4(y-
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Fig. 5 Representation of photoinduced proton coupled electron
transfer occurring at the surface of CozO4 nanoparticles WOC, where
the electron is transferred to Ru'”(bpy)33+ and the proton to borate;
below is reported the dependence on the rate constant on the pH and
on the concentration of the borate base, indicative of a general base
catalysis. Reprinted from ref. 77 with permission from the Royal Society
of Chemistry, copyright 2018.

SiW10036)2}'0 7,7 features a tetraruthenate catalytic core
embedded within two oxidatively stable polyoxotungstate
ligands; since the four ruthenium atoms at the WOC core are

5 plo g —‘w
3 o} o -
'-‘-6 - /N\ 2+
2 Ru(bpy),
[}
© Z°N
\P . !
o 0
e TiO;
. hv .
TiO,-Ru(Il) —  TiO,-*Ru(Il)
TiO,-*Ru(ll) —  TiOy(¢)-Ru(llN)
TiOy(¢)-Ru(lll) ——  TiO,-Ru(Il)
TiO,(¢)-Ru(Ill) + 1 — TiO,(e)-Ru(il) + 17

Fig. 6 Representation of a Ru trisbipyridine sensitized TiO, photo-
anode with a Ru4POM catalyst assembled by electrostatic interactions,
and schematic view of the photoinduced electron transfer events (1 is
the RusPOM catalyst). Reprinted from ref. 79 with permission from the
Royal Society of Chemistry, copyright 2010.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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connected through p-oxo and p-hydroxo bridges, Ru,POM is
capable of undergoing consecutive one-electron oxidations
through PCET within a narrow potential range, resulting in
oxygen evolution at overpotentials between 200 and 300 mV,
depending on the pH.* Ru,POM readily adsorbs on TiO, pho-
toanodes sensitized with Ru(bpy),(dpbpy) (dpbpy = [4,4"-(PO;-
H,),bpy]) through electrostatic interaction with the positively
charged dye, and exhibits very fast hole scavenging in the sub-ns
timescale, as evidenced by laser flash photolysis studies.”

A later study by Hill and co-workers®® aimed at the
enhancement of the dye-catalyst coupling by functionalization
of a Ru-polypyridyl dye with two crown ether moieties capable of
binding Na" or Mg>" cations, and acting as a tweezer-like
recognition group for Ru,POM; they reported an almost three-
fold increase of photocurrent and APCE between the pristine
and the crown ether-functionalized dye (entry 4, Table 2). The
assembly of catalyst/sensitizer through complementary charge
was also exploited by Meyer and Schanze, via a layer-by-layer
deposition onto FTO|SnO,/TiO, core shell structures of
a cationic polystyrene-based Ru polypyridine chromophore and
a  [Ru(tpy)(2-pyridyl-N-methylbenzimidazole)(OH,)]**  water
oxidation catalyst codeposited with a poly(acrylic acid) poly-
anion; the resulting device provided limited photocurrent
densities lower than 20 pA cm ™2 (0.4 V vs. NHE applied bias,
phosphate buffer pH 7) and a modest faradaic yield for oxygen
evolution of 22% (entry 5, Table 2).%

Besides the fast electron transfer to the oxidised dye, another
important feature required for the WOC is the high turnover
frequency of oxygen evolution. Concerning this point, state-of-
the-art catalysts are Ru(n) derivatives with the 2,2"-bipyridine-
6,6"-dicarboxylate ligand (bda)®” or [2,2":6',2"-terpyridine]-6,6’
"-dicarboxylate (tda) ligands.>* These coordination complexes
operate with turnover frequency up to 50 000 s~ ', operating
through high valent Ru(v) or Ru(v)-oxo intermediates.

In 2013, Sun and co-workers® reported one of the currently top-
performing molecular photoanodes by co-absorbing on TiO, the
ruthenium trisbipyridine dye through phosphonate linkers and
[Ru"(bda)] catalyst functionalized with a long insulating silatrane-
terminated anchoring group (Fig. 7). Photocurrent densities as
high as 1.7 mA cm > and 80% faradaic efficiency were obtained at
pH 6.8 with a low applied bias (0.6 V vs. RHE), though under 3 sun
irradiation, resulting in a 14% IPCE at the 450 nm absorption
maximum (entry 6, Table 2).

Meyer and co-workers tried then to improve the performance
of this system through an engineered design.** The RuP
photosensitizer and WOC components were integrated in
a covalent dyad: both photosensitizer and catalyst were func-
tionalized with vinyl groups, and the dyad was then electro-
assembled directly on the sensitized electrode, through
a layer-by-layer method. Secondly, core-shell SnO,|TiO, photo-
anodes were engineered by depositing a thin (3 nm) TiO,
overlayer on 8 um thick mesoporous SnO, film by the atomic
layer deposition technique (ALD). A photocurrent density of 400
nA cm 2 was achieved at 1 V vs. RHE in pH 7 phosphate buffer,
almost doubled with respect to SnO,|TiO, (3 nm)|RuP and ten-
fold higher with respect to the photocurrent registered for the
same electro-assembly on TiO, photoanodes, confirming the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photoanode reported by Sun and co-workers, based on the
ruthenium trisbipyridine dye anchored to TiO, through phosphonate
linkers and a Ru'(bda) WOC functionalized with a long insulating
silatrane-terminated anchoring group. Reprinted from ref. 88 with
permission from the American Chemical Society, copyright 2013.

successful effect of the core-shell design in limiting back-
electron transfer. However, a marked instability of the electro-
assembly was evidenced by the low faradaic efficiency for
oxygen evolution of 22% (entry 7, Table 2).

An alternative approach to synthetically demanding PS/WOC
covalent binding was based on the use of Zr(w) linkers,
exploiting phosphonate binders both at the PS and WOC
(Fig. 8).°° The PS/WOC layer-by-layer zirconate assembly was
compared to the co-loaded approach (Fig. 8) on SnO,/TiO, core-
shell electrodes under 1 sun illumination in pH 5.7, 0.1 M
acetate buffer solutions. Under the optimized conditions, the
two approaches displayed similar performance, reaching
photocurrent densities of 1.44 and 1.45 mA cm 2 for the co-
loaded and LBL assembly, respectively, associated with fara-
daic efficiencies for O, evolution of 97 and 74% for the co-
loaded and LBL assembly, respectively. An advantage of the
Zr(wv) based assembly appeared to be the stability under oper-
ating conditions, for up to 20 minutes (entry 8, Table 2).

The layer-by-layer strategy for cation mediated self-assembly
of the photosensitizer and catalyst was further tuned in 2017,
employing an atomic layer deposition for derivatizing phos-
phonate linkers in the gas phase, embedding Al(m), Ti(wv), Zr(v)
or Sn(v) ions.”* The same core-shell SnO,|TiO, (3 nm) photo-
anodes were used, and the best performance was achieved by
the photoanode with the SnO,-bridged dyad, delivering ca. 800
pA cm ™2 at pH 4.6 with an applied bias of 0.7 V vs. RHE (1 sun, A
> 400 nm), with 90% faradaic yield and 17% IPCE at 440 nm
(entry 9, Table 2). The same approach was also extended to
embed a nickel hydrogen evolving catalyst.

Nevertheless, Sun, Meyer and co-workers recently achieved
record-breaking efficiencies upon improvement of the former
co-loaded design.®>* In the first case,” a simpler synthetic
strategy was exploited for the covalent anchoring of the Ru(bda)
WOC: in particular, the MO, surface was pre-functionalized by

Chem. Sci., 2023, 14, 12402-12429 | 1241
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Fig. 8 Top: Covalent approach to anchor the Ru trisbipyridine photo-
sensitizer and Ru(bda) WOC. Reprinted from ref. 89 with permission from
the American Chemical Society, copyright 2015. Bottom: Co-loaded and
Zr(v) assembly approaches. Adapted from ref. 90 with permission from
the American Chemical Society, copyright 2016.

anchoring through a phosphonate bridge a long pyridine-
terminated alkyl linker (Lo.c1) that was exploited to coordi-
nate and anchor the WOC (Fig. 9, top). In pH 7 phosphate
buffer, the resulting SnO,|TiO,|-RuP-Lg.c1o-Ru(bda) photo-
anodes achieved a photocurrent of 1.4 mA cm™ > under an
applied bias of 0.8 V vs. RHE, with 83% faradaic efficiency and
a 24.8% IPCE at 440 nm.

The hydrophobic alkyl chain showed a protecting effect
towards hydrolysis of the phosphonate bridges of both the Ru
photosensitizer and Ru(bda) catalyst (entry 10, Table 2). Recently,
superior performances and increased stability were found when
employing an unprecedented pyridine anchor for the immobili-
zation of Ru(bda) (Fig. 9 bottom):* the pyridyl-derivatized Ru(bda)
displayed an increased hydrolytic stability at near neutral pH;
upon stepwise loading of RuP and Ru(bda) on TiO,, a 5:1 chro-
mophore to catalyst ratio was obtained, and the resulting
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Fig. 9 Top: Coordination of a Ru(bda) WOC at MOx surfaces
exploiting a long pyridine-terminated alkyl linker; the Ru trisbipyridine
photosensitizer is anchored through phosphonate linkers at the bpy.
Bottom: Immobilization of a Ru(bda) WOC on TiO, through a pyridine
based anchoring group. Reprinted from ref. 92 with permission from
the American Chemical Society, copyright 2018 and from ref. 93 with
permission from the Nature Publishing Group, copyright 2020.

photoanodes achieved a photocurrent of 1.7 mA cm ™2 under an
applied bias of 0.55 V vs. RHE at pH 5.8, with a faradaic efficiency
over 90% for 2 hours and a record-breaking IPCE of 25% at
440 nm (entry 11, Table 2).To conclude this section, it is worth
mentioning the promising performances obtained by a truly
biomimetic molecular photoanode, recently published by Meyer
and co-workers:** the photoanode is based on a molecular
assembly which can autonomously achieve photoinduced charge
separation, supported on mesoporous ITO, similarly to the hybrid
PSII photoelectrodes. In close parallelism with the main compo-
nents of PSII, the photoanode (Fig. 10) is structured as follows: the
mesoITO collector plays a role as acceptor of the plastoquinone
Qa; a methyl viologen (MV**) mediator, anchored to ITO through

Photoanode Structure Diagram

20nm ~7nm

Conducting Oxide My Ru(ll) Sensitzer Fe(l) Donor Ru(ll) Catalyst
F R Sensitizer Electron Donor Catalyst
Plastoquinone, Q Pheophytin P680 Dimer Tyrosine Mn Cluster
i )\
) 5
N

Photosystem Il Reaction Center

Fig.10 The bioinspired assembly proposed by Meyer and co-workers,
exploiting MV and Fe(i) redox mediators combined with a Ru trisbi-
pyridine photosensitizer and a Ru(bda) WOC, mimicking the natural
architecture in PSII. Reprinted from ref. 94 with permission from the
American Chemical Society, copyright 2019.
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a phosphonate bridge, acts as the pheophytin primary electron
acceptor; a [Ru(bpy)(dpbpy),] sensitizer (S) acts as the primary
donor P680, transferring the photoexcited electron to MV>"; an
Fe(u)-terpyridine (Fe) acts as the tyrosine mediator, regenerating
the sensitizer and slowly withdrawing electrons from a [Ru"(bda)]
WOC (Ru). Noteworthily, the assembly is easily generated on the
ITO surface through a layer-by-layer method, exploiting the
methodology of Zr(v)-phosphonate bridges. The introduction of
MV** significantly hinders back electron-transfer from ITO to the
oxidized sensitizer or WOC: indeed, ITO|MV-S-Ru shows an 8-fold
increase in photocurrent with respect to ITO|-S-Ru. A maximum
photocurrent of ca. 250 uA cm™ > was obtained by the complete
ITO|-MV-S-Fe-Ru photoanode at 0.77 V vs. RHE in pH 4.65 buffer
(AM 1.5G light, A > 400 nm), coupled with a 67% faradaic efficiency
and a 2.3% IPCE at 440 nm (entry 12, Table 2).*

The potential of totally organic photosensitizers

Despite the unique photophysical properties which make
ruthenium trisbipyridine derivatives the most investigated
family of sensitizers, this class of dyes is definitely not suitable
for a sustainable DS-PEC technology, due to the high cost and
narrow blue-centered absorption range: moreover, the photo-
generated Ru(m)bpy derivatives are susceptible to attack by
water and buffer anions, leading to irreversible degradation
under photocatalytic conditions.*” However, SC-based photo-
anodes where electron injection occurs from the photosensi-
tizer excited state in the ultrafast (fs-to-ps) regime can work with
totally organic photosensitizers displaying short-lived singlet
excited states. This behaviour shows a marked difference from
homogeneous systems, where long lived excited states are
typically required to promote diffusion-controlled electron
transfer events.

Indeed, the potential of dye chemistry for photosynthetic
processes has been recently demonstrated in several case-
studies. Moreover, the complex supramolecular systems that
can originate from the dye self-assembly in solution and on
electrodic surfaces open new possibilities in terms of the elec-
trochemical and photochemical properties, since these can be
dependent on the molecular aggregation state.** These aspects
will be highlighted for representative classes of organic photo-
sensitizers that are receiving a great deal of attention for PEC
technology.

Bioinspired photosensitizers: the class of porphyrinoid
chromophores

Taking direct inspiration from biological photosystems and
building on recent progress in the dye-sensitized solar cells
(DSSC) research,” porphyrinoid chromophores have been
considered for PEC technology applied to artificial photosyn-
thesis. Brudvig and co-workers reported in 2011 the first
example of a DS-PEC displaying a fluorinated Zn-porphyrin with
a high oxidation potential (ZnPor, 1.35 V vs. NHE for the first
reversible one-electron oxidation) in combination with
a molecular Cp*Ir precatalyst (Cp* = pentam-
ethylcyclopentadienyl). Both photosensitizer and Ir-based WOC
were functionalized with terminal carboxylates in order to be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Pioneer examples of porphyrinoid derivatives coupled to Ir
precatalysts. Reprinted from ref. 96 and 97 with permission from the
Royal Society of Chemistry copyright 2011 and 2015.

covalently anchored onto TiO, (Fig. 11, top).*® In this first case-
study, the photocurrent density reached up to 30 uA cm ™2 albeit
no oxygen measurement was performed (entry 1, Table 3).

In another pioneering work, van der Est and co-workers
exploited highly oxidizing P(v) porphyrin sensitizers (oxidation
potential in the range 1.62-1.65 V vs. NHE), bound to an SnO,
semiconductor through benzoate-like pendants in the axial
coordination of the hexavalent P(v) center (Fig. 11, bottom) so as
to avoid aggregation of the porphyrin dyes on the electrode
surface.”” By combining time-resolved tetrahertz spectroscopy
and electron paramagnetic resonance measurements, the
authors demonstrated the occurrence of electron injection into
SnO, from the S; and S, excited states of the P-porphyrins in
a 3-30 ps timescale and generated the oxidized radical cation,
PPor"", followed by electron transfer to PPor"" from an iridiu-
m(m) phenylpyridine derivative co-deposited as a precatalyst
onto the SnO, surface. This was supported by the abatement of
a photoinduced EPR signal at g = 2 attributed to the oxidized
PPor'" when the Ir-species was co-anchored onto SnO,, while
a new rhombic EPR spectrum arises (g-values g = 2.57, g, =
2.09 and g; = 1.83), attributable to an Ir(iv) species. For this
system, photocurrent densities of the order of 20-30 pA cm™>
were registered, although oxygen measurement and quantifi-
cation was not reported (entry 2, Table 3). Mallouk and co-
workers considered free base porphyrins for sensitizing meso-
porous TiO, (Fig. 12).°® Typically, free base porphyrins are ca.
200 mV more oxidizing than the corresponding Zn(u)

Chem. Sci., 2023, 14, 12402-12429 | 12413
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Table 3 Performances and experimental conditions of porphyrinoid photosensitizer based photoanodes

Light intensity

Entry and photoanode (mW cm?) E (V) vs. RHE and pH J (nA ecm™?) F.E. (0,) (%) Ref.
(1) TiO,|ZnPor-Cp*Ir White light, 200 mW 091, pH=7 30 (IPCE not reported) — 96
cm™2, A > 400 nm
(2) TiO,|PPor/Cplr White light, 200 mW 0.91, pH = 7 20-30 (IPCE not — 97
cm™?, A > 400 nm reported)
(3) TiO,-IrO,/Por A > 410 nm (power not 0.70, pH = 6.8 =50 (IPCE 0.014- 100 £ 2 98
reported) 0.032% integrating the
photon flux from 410
nm to 700 nm)
(4) SnO,|P/Ir White light, =100 mW 1.15,pH =6 50 for the 2 :1 material 80 £ 10 101
cm ™2, 1> 420 nm 60 for the 8:1 material
(IPCE 0.9% at 520 nm)
(5) SnO,/Ti0,/ZNTPPF,, CN/ White light, 100 mW 1,pH=1 100 (IPCE not reported)  >95 102
Ir'woC cm™?, A > 450 nm
(6) TiO,|ZnP-Ru Halogen lamp 100 W, 0.24, pH =7.3 100 (IPCE 17 + 1% at 33 104
35 mW cm 2, 1 > 380 424 nm)
nm
(7) TiO,/SP-Ru(bda) White light, 100 mW 0.63, pH = 7.3 60 (IPCE 6% at 400 nm) 64 105
cm™?, A > 420 nm
(8) TiO,/BODIPY-Ru(bda) White light, 200 mW 0.55, pH = 5.8 80 (IPCE 4% in the 400- 77 106

cm ™2, 2 > 400 nm

counterparts.® This property enables access to a suitable
oxidizing porphyrin radical cation from the free base systems
even in the absence of electron-withdrawing groups: in partic-
ular in this study a potential in the range 1.02-1.29 Vvs. Ag/AgCl
was measured in a series of seven free-porphyrins chemisorbed
to TiO, through benzoic acid linkers.”® These dye sensitized
photoelectrodes generated photocurrent densities of ca. 50 pA
cm 2 with quantitative faradaic yield for oxygen evolution,

Tio,

Fig. 12 Free base porphyrins considered by Mallouk and co-workers
for sensitization of TiO,, in combination with an Ir oxide WOC.
Reprinted from ref. 98 with permission from the Proceedings of the
National Academy of Sciences (PNAS), copyright 2015.

12414 | Chem. Sci, 2023, 14, 12402-12429

700 nm range)

when combined with a co-deposited IrO, catalyst (entry 3, Table
3).

Interestingly, porphyrin and Ru-polypyridine sensitizers
supported on photoelectrodes have been compared in terms of
electron injection, hole transport and charge recombination
behaviour. Electron injection from a porphyrin-type dye is 3-10
times less efficient with respect to the performance of Ru-
polypyridine analogs, as determined by the resulting photon-
to-current efficiency (APCE). Concerning the hole transport,
and considering the cross-surface electron diffusion coeffi-
cients, Dyp,pp, Ru-polypyridine sensitizers outperform porphyrins
by two-orders of magnitude (D,pp, = 107°-10"' cm® s™' and
10" em? s~ respectively for Ru-polypyridine and porphyrin-
type dyes). Besides these negative aspects, porphyrin sensi-
tized electrodes generally display a more favourable, slower
back electron transfer recombination with respect to the Ru-
polypyridine analogs.®® Progress in this field by Brudvig and
co-workers includes a redesign of porphyrin sensitized photo-
electrodes by addressing various aspects: (i) a -CF; meso-
substituted free-base tetraphenyl porphyrin to increase the
sensitizer stability against photo-oxidation; (ii) the installation
of the oxidatively robust 2-(2’-pyridyl)-2-propanoate (pyalc)
ligand on the Cp*Ir WOC, further stabilizing the high-valent Ir
states by electron-donating effects;'* (iii) the engineering of the
covalent anchoring of both the porphyrin sensitizer and the Ir
WOC, using a conjugated hydroxamic acid-terminated anchor
to increase the electronic coupling of the dye with the SnO,
surface, while a long insulating silatrane anchor was used for
the Cp*Ir(pyalc) WOC in order to favour hole accumulation, by
decreasing the probability of unproductive back-electron
transfer; (iv) the tuning of the dye/WOC ratio to maximize the
rate of hole accumulation at the WOC. Improved photocurrents
up to 50-60 uA cm > and faradaic yield up to 80% were achieved

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by the 2:1 and 8:1 SnO,|ZnPor|Cp*Ir(pyalk) photoanodes at
1.16 V vs. RHE; however, recombination and long-term photo-
degradation remain one major issue (entry 4, Table 3).'**

In a recent work by Tessore and co-workers,'* perfluorinated
ZnPor dyes bearing a conjugated electron-acceptor linker,
terminating with a cyanoacrylic anchor (ZnPor-CN), were
combined with the bridged p-oxo dimer of Ir(pyalc) (Ir-blue
catalyst):'* the two components were co-loaded on SnO,|TiO,
photoanodes, which were engineered both to reduce recombi-
nation and to favour the dye absorption. This system achieved
a photocurrent density of 100 pA cm ™2 and 95% faradaic yield in
PpH 1 electrolyte at 1.0 V vs. RHE: however, transient absorption
spectroscopy evidenced an incomplete recovery of the ground
state of the dye, due to limited electronic communication
between the dye and the Ir-WOC (entry 5, Table 3).

In 2016 the groups of Sun and Imahori reported a TiO,
photoanode sensitized by a photocatalytic covalent dyad,
formed by a pegylated zinc porphyrin (ZnP) connected to
a Ru(bda) WOC through a m-conjugated linker (Fig. 13).***

Photocurrents higher than 100 pA cm™ and outstanding
IPCE of 17% were achieved at neutral pH with just 0.24 V vs.
RHE applied bias at A > 380 nm (which does not exclude direct
excitation of the TiO,). However, a low faradaic efficiency for
oxygen evolution of 33% was reported in contrast with the high
IPCE record value, thus suggesting that a competitive oxidative
degradation of the ancillary PEG moiety was occurring (entry 6,
Table 3).

Interestingly, the same authors have reported a novel push-
pull dye resulting from a sub-porphyrin (SubPor) dye, decorated
with two triphenylamine electron-donating groups while a car-
boxyphenyl electron-acceptor terminal serves as an anchoring
group to the semiconductor (Fig. 14, top). Indeed, the molecular
LUMO turns out to be conveniently localized on the carbox-
yphenyl terminal unit, thus favouring electron injection into the
semiconductor, while the HOMO is located on the triphenyl-
amine moiety, far from the semiconductor surface, thus

Cathode

Photoanode

|
6% ‘

00 500 600 700 800
Wavelength / nm

Fig. 13 A Zn-porphyrin/Ru(bda) photosensitizer/WOC dyad cova-
lently bound to TiO,. Reprinted from ref. 104 with permission from the
Royal Society of Chemistry, copyright 2016. We thank Prof. Hiroshi
Imahori for providing the figure in high resolution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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preventing back recombination (Fig. 14, top). When co-
anchored on TiO, with the Ru(bda) WOC, at neutral pH with
an applied bias of 0.6 V vs. RHE, the resulting photoanodes
showed photocurrents of 60 pA cm 2, 6% IPCE at 400 nm and
2% at 520 nm, though a 64% faradaic yield for oxygen evolution
was obtained due to the concomitant degradation of the dye
(entry 7, Table 3).**

A somehow related boron-dibenzopyrromethene dye (BOD-
IPY) was later applied for the first time to DSPECs by Kubo and
co-workers.'® The m-conjugated skeleton of BODIPYs can be
considered as a porphyrinoid fragment, displaying similar
photophysical properties, i.e. broad absorption in the visible
reaching the near IR regions (400-500 nm and 600-750 nm),
with molar extinction coefficients as high as 10° M~ " em ™', and
showing an excellent photostability. The Kubo group specifi-
cally aimed at the development of a water oxidizing DSPEC
exploiting low-energy radiation, and therefore successfully
synthesized a -extended BODIPY absorbing up to 800 nm, with
a strong absorption maximum at ca. 690 nm (e = 1.09 x 10° M~
em™ ). Upon co-anchoring with Ru(bda) on TiO, with a 5:1
ratio (Fig. 14 bottom), the cell achieved anodic photocurrents of
80 pA cm ™2 in neutral medium at 0.6 V vs. RHE, coupled with
a 77% and 66% faradaic yield for oxygen and hydrogen,

Photoanode Cathode

CB|r

Fig. 14 Photosynthetic systems combining a Ru(bda) WOC and
a subporphyrin (top) or BODIPY (bottom) photosensitizer, anchored
onto a TiO, semiconductor. Reprinted from ref. 105 and 106 with
permission from the Royal Society of Chemistry, copyright 2016 and
2017.
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Fig. 15 Perylene bisimide (PBI) photosensitizers combined with
a cobalt oxide WOC onto ITO or mesoporous SnO,, developed by
Finke and co-workers. Reprinted from ref. 111 and 112 with permission
from the American Chemical Society, copyright 2017 and 2022.

respectively, with an IPCE at 400 nm up to 4%, extending up to
700 nm (entry 8, Table 3).

Perylene bisimide, when aggregation matters

Perylene bisimide (PBI) dyes are characterized by strong and
broad absorption in the visible region (400-700 nm) due to -
7* transitions, with easily tunable HOMO and LUMO levels,
and are conveniently obtained via low-cost synthetic protocols,
featuring high thermal and oxidative stability.’” In addition,
PBIs show a vast supramolecular chemistry, arising from
directional 7-stacking interactions (H- and J-aggregates) that
regulate the collective optical and photophysical properties of
these multichromophoric supramolecular polymers.

Another important feature of PBI dyes is that the energy of
the singlet excited state S; (optical band gap, estimated from the
intersection of normalized absorption and emission spectra)
matches the electrochemical band gap (estimated from the
difference of the oxidation and reduction potentials). This

View Article Online
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means that an excited state in aggregates (consider a PBI*|PBI
dimer for simplicity) can evolve almost isoergonically into
a radical ion pair state PBI'|PBI, through a symmetry-breaking
charge separation event (SBCS).'*****° The SBCS typically occurs
in a ps timescale, being competitive to other relaxation path-
ways, and more energetically favourable in high polar solvents.
These characteristics make PBI-based materials excellent n-type
organic semiconductors (OSC) with high electron affinity and
mobility. For these reasons PBI-based OSCs have been exploited
in the field of organic field-effect transistors and as electron
acceptor layers in organic photovoltaics.

Noteworthily, a bis-phosphonate PBI
employed by Finke in combination with cobalt oxide/phosphate
catalyst Co-P; for the fabrication of an oxygen evolving photo-
anode (Fig. 15)."" In particular, a thin film of bis(phosphono-
methyl)PBI (PMPBI) was spin-coated onto an ITO substrate, and
the Co-P; catalyst was then photoelectrochemically grown on
the PBI film. Thanks to the strong phosphonate bridges
installing the PBI-thin film between the ITO substrate and Co-P;
and to the optimal film thickness (50 nm, ie. lower than the
exciton diffusion length), the ITO|PMPBI|Co-P; photoanode
exhibited photocurrents as high as 150 pA ecm > and faradaic
efficiency for oxygen evolution of ca. 80% at 1.6 V vs. RHE
despite a light harvesting efficiency (LHE) as low as 12% (entry
1, Table 4). Attempts to increase the efficiency of PMPBI-based
photoanodes™? aimed at substituting the flat ITO with a high
surface area SnO, substrate. SnO, also has a lower energy
conduction band with respect to other n-type semiconductors,
thus making the electron injection from the excited state of the
dye more energetically favourable. However, despite a nearly
quantitative LHE, SnO,|PMPBI|Co-P; photoanodes systemati-
cally showed lower photocurrent densities in the order of 20 pA
cm 2 at 0.86 V vs. RHE in pH 7 phosphate buffer, and a low
faradaic yield for oxygen evolution of ca. 30% (entry 2, Table 4).
These results were ascribed to a so-called “anti-catalyst” effect of
the cobalt oxide, due to major recombination issues and likely
dependent on adventitious carbon impurities in the SnO,
material, originating from the organic precursor employed in
the synthesis."™

The first application of PBI-based non-covalent aggregates
deposited onto conventional DS-photoanodes was reported by
Prato, Caramori and Bignozzi'** using the dicationic [N,N"-bis(2-
(trimethyl-ammonium)-ethylene)-3,4,9,10-perylenebisimide]
(PBI*") displaying a favourable electrostatic adhesion on the
negatively charged metal oxide surface (Fig. 16). In fact, this
approach was effective with mesoporous nanocrystalline films
of WO3, SnO, and TiO,, in combination with IrO, nanoparticles

sensitizer was

Table 4 Performances and experimental conditions of perylene bisimide derivative based photoanodes

Entry and photoanode Light intensity (mW c¢cm™?)

E (V) vs. RHE and pH J (1A cm ?)

F.E.(0,) (%) Ref.

1, ITO[PMPDI|CoO, 100 mW cm 2, A = 315-700 nm 1.62,pH =7 150 (IPCE 0.12% at 480 nm) 80 £ 15 111
2, SnO,|PMPDI|C0O, 100 mW cm 2, A = 400-700 nm 0.86,pH =7 20 (IPCE not reported) 31+7 112
3, WO;|PBI**-IrO, AM 1.5G light, A > 435 nm 0.93, pH =3 70 (IPCE 0.9% at 450 nm) — 114
4, nanoWO;|{[PBI];Ru,POM},, AM 1.5G, 100 mW cm %, A > 450 nm 0.91, pH =3 44 (IPCE 0.5% at 490 nm) >97 117
5, 10-ITO|QS AM 1.5G, 850 mW cm 2, A > 450 nm  1.52, pH = 7 290 + 40 >95 39

IO-ITO|QS-TEGiocx

12416 | Chem. Sci., 2023, 14, 12402-12429

370 £ 30 (IPCE 1.2% at 500 nm)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 A cationic perylene bisimide derivative, PBI?*, absorbed on
a nanostructured WOz semiconductor and coupled to an IrO, nano-
particle WOC, developed by Prato, Caramori and Bignozzi. Reprinted
from ref. 114 with permission from the American Chemical Society,
copyright 2015.

as the water oxidation catalyst. According to transient absorp-
tion spectroscopy experiments electron injection was most
effective on WOj;, due to the higher driving force for injection
and to the enhanced electronic coupling with the dye, deter-
mined by the low isoelectric point of WO;. The combined use of
a PBI-based photogenerated oxidant with high oxidation
potential (1.9 V vs. NHE) suitable for water oxidation and the co-
deposition of IrO, NPs resulted in a six-fold enhancement of the
photocurrent density in 0.1 M NaClO, pH 3 (AM 1.5G light, 2 >
435 nm), reaching 70 pA ecm™> at 0.93 V vs. RHE (entry 3,
Table 4).

Building on the supramolecular chemistry of the bis-cationic
PBI, in 2019, we designed a novel approach towards artificial
photosystems resulting in the synthesis and characterization of
the first PSIl-inspired artificial “quantasome” evolving oxygen
under visible light irradiation. The quantasome concept, firstly
reported in 1932 and then reprised in 1964, describes the
minimal photosynthetic unit responsible for ‘quantum’ solar
energy conversion in natural photosystems (PSI and PSII), as an
integrated “body” composed of light-harvesting antennas,
reaction centers and catalytic cofactors.">'*® Following natural
guidelines, the artificial quantasome is designed as a supra-
molecular photosynthetic material in which a dicationic per-
ylene bisimide derivative (PBI*") is shaped to a core-shell
architecture embedding a tetraruthenium polyoxometalate
(RuyPOM) as the oxygen evolving center. These two organic-
inorganic molecular building blocks self-assemble in water,
through complementary electrostatic interactions, with a defi-
nite charge-balanced stoichiometry of 5: 1 (Fig. 17).

The supramolecular assembly consists of a POM-
encapsulated structure in which the inorganic polyanion
templates a corolla-like arrangement of five surrounding PBIs,
yielding a [PBI**]sRu,POM unit that evolves oxygen with a multi-
photon/electron/proton mechanism'® thus behaving as
a natural quantasome (Fig. 17). Moreover, the core-shell
organic-inorganic ~ amphiphiles = undergo  hierarchical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Self-assembly in water of artificial quantasomes (QS) from
a dicationic perylene bisimide PBI>* and a decaanionic Ru,POM WOC.
Reprinted from ref. 117 with permission from the Nature Publishing
Group, copyright 2019.

aggregation in water forming 2D lamellae nano-stacks with
a striking resemblance to the appressed chloroplast
membranes. When wired to a tungsten oxide substrate
(nanoWO; |{[PBI**];Ru,POM},)), the photoanodic device re-
ported a quantitative faradaic yield for oxygen production
(>97%, A > 455 nm), with photocurrents up to 44 pA cm 2 at
0.91 V vs. RHE at pH 3 thus anticipating the thermodynamic
barrier of 1.23 V vs. RHE, incident photon to current efficiency
of IPCE = 0.5% and APCE = 1.30% (at A = 490 nm) that exceeds
by 1 order of magnitude the nanoTiO,|[Ru(dpbpy)(Li).]|
Ru,POM photoanode using Ru(bpy) as sensitizer (entry 4, Table
4).'” A second-generation improved quantasome structure was
reported in 2022, by installing cross-linked hydrophilic tetra-
ethylene glycol chains (TEG) on the PBI terminals via click-
chemistry (Fig. 18).** This modification is inspired by the
natural water channels in PSII'*® while yielding an inter-locked
assembly of the quantasome units with improved water access
and reinforced proximity of the photocatalytic units, paired by
the TEG cross-linkers (QS-TEGjock, Fig. 18). PSII pairing in the
natural membrane, being reinforced by the overlap of periph-
eral antennas, is instrumental to its oxygenic efficiency.** Along
these lines, the second-generation QS-TEG, performs as
a supramolecular photosynthetic material with increased water

A

C)  hydrophilic domains D)
21 v \

e

g G

H,0,pH7.0
A> 500 nm

Paired PSII

Time (s)

Fig. 18 Second-generation quantasomes, exploiting an inter-locked
multi-chromophoric antenna system based on PBI photosensitizers
bearing hydrophilic tetraethylene glycol chains (TEG). Reprinted from
ref. 39 with permission from the American Chemical Society, copyright
2022.
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Fig. 19 Anchoring of KuQ dye onto a mesoporous SnO, surface,
coupled with embedding of a RusPOM WOC in a Nafion membrane.
Energy levels of the photosynthetic assembly are shown on the right.
Reprinted from ref. 123 with permission from the Royal Society of
Chemistry, copyright 2020.

solvation properties, controlled colloidal growth (particles with
diameters of ca. 20 nm, estimated by dynamic light scattering)
and up to 340% (at 1.12 Vvs. RHE applied bias) enhancement of
the oxygenic photocurrent compared to the parent QS, as pro-
bed on 3D-Inverse Opal Indium Tin Oxide (IO-ITO) electrodes
under analogous conditions. The highest photocurrent densi-
ties are J(QS-TEGyei) = 370 = 30 pA cm™ > and J(QS) = 290 + 40
HA ecm~? at 1.52 V vs. RHE, respectively, associated with FEo, >
95% (Fig. 18 and entry 5, Table 4).* Indeed, the TEG-ylated
quantasome displays the specific formation of TEG-templated
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hydration shells, probed by Raman microscopy, where water
molecules undergo a structural “ordering” by effect of a H-
bonding chain, as it results from the Raman peak (band area
<3350 cm ™" compared to the disordered water region observed
above 3350 cm ™ ").** This behaviour confirm the importance of
water transport and harvesting in the proximity of the OEC, and
sets a key parallelism with the water channel function of the
natural PSII.

Moving electrons and protons with dyes enabling PCET

The Z-scheme photosynthetic chain transports electron AND
protons. In some cases, the electrons and the proton take
different routes, in a multiple site proton coupled electron
transfer (MS-PCET)."®*?> This is the case of the oxidation of the
tyrosine to tyrosine radical (Tyr-OH — Tyr-O°) where the elec-
tron is transferred to the oxidized Pgg,'", and the proton to
a histidine residue. In other cases, electrons and protons convey
to a single acceptor, as the quinone Qg that is twice reduced to
H,Qg (see previous discussion in the “The Native Photosystem II
(PSII) machinery and PSII wired bio-hybrid photoanodes”
paragraph).

In 2020, Sartorel, Galloni et al. reported the unprecedented
application of KuQuinone (KuQ) dyes for dye-sensitized OER
photoanodes.™® KuQuinones are biomimetic polyquinoid dyes,
characterized by broad and intense absorption in the visible
region (400-600 nm, ¢ up to 1.5 x 10* M~' ecm ™) owing to the

Table 5 Performances and experimental conditions of literature relevant examples of recent classes of organic dyes employed in oxygenic

photoanodes

Light intensity

Entry and photoanode (mW em™?) E(V)vs. RHEandpH ] (pA cm?) F.E.(0,) (%) Ref.
1, mesoSnO,|KuQ|Ru,POM White light, 100 mW 1.14, pH = 5.8 20 (IPCE 0.09% at 490 nm) 70 £ 15 123
cm 2, 1> 400 nm
2, TiO,|LO + Rul White light, 100 mW 0.62, pH = 7° 300 (IPCE 25% at 380 nm) 73 124 and
em ™%, A > 400 nm 0,pH =7" 70 (in the overall PEC 55 (Hy FY 125
configuration) yield)
3, SnO,|TiO,|[P-A-w-D]- White light, 100 mW 0.85,pH =7 1400 to 100 (decay in 60 s) 8 126
Ru(bda), cm™ 2, A > 400 nm (IPCE 17% at 420 nm with
a hydroquinone donor)
4, SnO,/TiO,|dye(Al,0;)- White light, 100 mW 0.68, pH = 4.8 500 (IPCE 33% at 400 nm) 82 127
Ru(bda)-(PyP), ecm ™2, A > 400 nm
5, Sn0,/Ti0,/Org1-/1.1 nm White light, 100 mW 0.87, pH = 4.65 500-800° (IPCE 32% at 400 100 128
Al,O3/-RuP**-WOC° cm™ 2, 2> 400 nm nm)
6, TiO,|D1-CoF Xenon arc lamp 300 W, 1,pH=7 100 (IPCE not reported) 77 129
100 mW cm ™2, 1 > 400
nm
7, TiO,/[CoFe-]G] White light, 100 mW 1.23, pH =7 50 (IPCE 0.6% at 430 nm) 83 130
cm ™2, 2> 420 nm
8, Sn0,/TiO,|[T2-BTD}/ White light, 100 mW 0.63, pH = 3.9 38 pA cm™2 (IPCE 20% at 12 131
Ru(bda) cm %, A > 400 nm 360 nm with
a hydroquinone donor)
9, TiO,|QAP- White light, 100 mW 0.71, pH =7 253 pA em~2 (IPCE 6% at 27 132
C16|Zr**|RUOEC em ™%, A > 400 nm 520 nm)
10, TiO,/PH/CoO(OH), White light, A > 420 nm  1.12, pH =7 400 pA ecm™2 (IPCE 7% at 34 133

420 nm)

“ Photoanode tested in a standard three electrode photoelectrochemical cell set-up. ? Photoanode tested in a two-electrode set-up. ¢ The two data
points refer to different lengths of the spacer in the WOC Ru(bda)(py(CH,),P(OsH),), (bda is 2,2-bipyridine-6,6-dicarboxylate with x = 3 or 10).
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Fig. 20 Example of an entire photoelectrochemical cell for water
splitting, where the photoanode is designed from a triphenylamine
photosensitizer and a Ru WOC. Reprinted from ref. 124 with permis-
sion from the American Chemical Society, copyright 2015.

fully conjugated pentacyclic core: furthermore, due to their
quinoid nature, their redox behaviour follows a proton-coupled
electron transfer mechanism, which is an unprecedented
feature among dyes sensitized photoanodes (Fig. 19).
Combining the electrochemical properties of the ground state
and the E° energy of the excited state, this latter turns out to be
highly oxidizing with a redox potential for the
"KuQ(0),0H/KuQ(0),(0H); couple of 2.5 V vs. RHE, where
KuQ(0),(OH);, indicates the reduced form of the dye upon
addition of one electron and one proton. This species was
indeed characterized by transient absorption spectroscopy on
mesoporous SnO,|KuQ electrodes in ascorbate aqueous solu-
tion, with the dye anchored on the semiconductor through
a carboxylate bridge. This evidence speaks in favour of
a reductive quenching mechanism, where the excited KuQ dye
oxidizes ascorbate, and the generated, reduced KuQ(0O),(OH),
injects electrons into the SnO, semiconductor, thus causing the
photocurrent response. When integrated with a Ru,POM WOC
embedded in a Nafion matrix (see Fig. 19), the resulting
mesoSnO,|KuQ|Ru,POM photoanodes showed a remarkable
light harvesting efficiency of 90% at 530 nm, and, under irra-
diation in pH 5.8 buffer, exhibited a low potential onset of
0.64 V vs. RHE and a photocurrent of 20 nA cm™ > at 1.14 V vs.
RHE, coupled with a 70 &+ 15% faradaic yield for O,. Conversely,
no O, was detected for mesoSnO,|KuQ, confirming the funda-
mental role of the Ru,POM catalyst in evolving oxygen.
However, the mesoSnO,|KuQ|Ru,POM photoanodes showed
a maximum IPCE of 0.09% at 490 nm, which was ascribed to the
negative effect of the Nafion matrix, and a limited stability
under operation (entry 1, Table 5).

Triarylamine-based push-pull sensitizers

In 2015 Sun and co-workers introduced the use of push-pull
sensitizers and demonstrated the versatility of such organic
dyes developing a p/n tandem DSPEC capable of unassisted
water splitting under irradiation with visible light."** The pho-
toanode was composed of a simple triarylamine dye (electron-
donor) adsorbed on TiO, through an electron-accepting
cyanoacrylate anchor and a co-loaded [Ru(pda)] WOC (pda =
2,6-pyridinedicarboxylate ligand) (Fig. 20). When irradiated

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 21 Photosynthetic electrode by co-adsorbing a triarylamine
photosensitizer and a Ru(bda) WOC through phosphonate linkers.
Reprinted from ref. 126 with permission from the Royal Society of
Chemistry, copyright 2016.

with visible light in neutral buffer at 0.6 V vs. RHE, the photo-
anode delivered an initial photocurrent of 300 pA cm ™2 (though
a decay of 70% was observed over 1 h) with a 70% faradaic
efficiency for oxygen evolution. The system was further associ-
ated with a NiO based molecular photocathode sensitized by
a similar push-pull triarylamine dye and employing a co-loaded
Co cobaloxime as a hydrogen evolving catalyst.””® The fully
assembled cell, limited by the photocathode performance,
delivered a photocurrent of 70 uA cm ™2 with no applied bias,
associated with a 55% faradaic efficiency for H, production,
corresponding to a 0.05% solar-to-hydrogen efficiency (entry 2,
Table 5).

A similar triarylamine dye was exploited in combination with
a Ru(bda) catalyst in a photosynthetic system proposed by
Meyer et al. assembled onto FTO|SnO,/TiO, (3 nm) electrodes
with a core/shell SnO,/TiO, (Fig. 21)."** Gaining inspiration
from the DSSC field, the triarylamine dye was covalently bound
to a dithiophene unit that integrated the phosphonate
anchoring group for the semiconductor. Upon photoexcitation,
the triarylamine donor transfers an electron to the dithiophene
unit, which further injects the electron into TiO,. The core/shell
Sn0,/TiO, junction is beneficial for retarding back electron
transfer, which was observed to occur in 170 ns on TiO,, and in
1.02 ps on the core/shell oxide through transient absorption
spectroscopy. This retarded recombination was instrumental
for enhancing the photocurrent response of the photo-
electrodes, when probed for the oxidation of hydroquinone.
However, when investigating the water oxidation process
through the combination of the Ru(bda) catalyst (co-anchored
in a 1:5 ratio with respect to the dye), the photoelectrodes
provided fast decreasing photocurrents associated with a very
low faradaic yield for oxygen evolution of ca. 8%, due to the
competitive oxidation of the dye under photoelectrolysis
conditions (entry 3, Table 5).

Despite these discouraging results, the combination of a tri-
arylamine dye and a Ru(bda) catalyst onto core shell SnO,/TiO,
was then successfully exploited for water oxidation by adding an
Al O3 layer as a further element of the electrode (Fig. 22). The
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Fig. 22 4.5 nm SnO,/TiO, particles sensitized with a triphenylamine
photosensitizer, embedding a 7-10 A Al,Os protecting layer, exploited
to anchor a Ru(bda) WOC. Reprinted from ref. 127 with permission
from the American Chemical Society, copyright 2017.

role of the Al,O; layer is twofold: protecting the triarylamine
from hydrolysis and allowing sufficient loading of the Ru(bda)
catalyst; the thickness of the Al,O; layer is crucial for the
oxygenic performance of the system. Under the optimized
conditions (4 pm thickness of 4.5 nm SnO,/TiO,, 7-10 AA1203),
the photocurrent density was ca. 100 uA cm ™2 over one hour,
with 80% faradaic efficiency in oxygen evolution (entry 4, Table
5).127

Further development of photoanodes employing these
molecular components envisaged the use of Ru trisbipyridine
derivatives as electron transfer mediators between the oxidized
triphenylamine dye and the Ru(bda) catalyst; the optimized
assembly is shown in Fig. 23.**® In the postulated mechanism,
corroborated by transient absorption spectroscopy measure-
ments, photoinduced electron injection into the semiconductor
is promoted by excitation of the triphenylamine dye (its
absorption dominates with respect to the Ru polypyridine in the
high energy portion of the visible spectrum, with a maximum
around 400 nm), while there is no evidence of photoinduced
electron injection from the Ru polypyridine chromophore
(absorption maximum around 450 nm), prevented by a 1.1 nm
thick Al,O; insulating layer (by atomic layer deposition, ALD in
Fig. 23). The role of the Ru trisbipyridine is instead to transfer
an electron to the oxidized triphenylamine dye, with the
generated Ru(m) trisbipyridine (E = 1.28 V vs. NHE) able to
subsequently oxidize the Ru(bda) WOC, thus acting as an elec-
tron transfer mediator. In the optimized setup the

12420 | Chem. Sci, 2023, 14, 12402-12429
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Fig. 23 Photoanodes employing a triphenylamine photosensitizer
(green ball) bound to the semiconductor, a protective ALD layer used
to anchor a Ru(bda) WOC (red ball) and a Ru(i) trisbipyridine redox
mediator (purple ball). Reprinted from ref. 128 with permission from
the Proceedings of the National Academy of Sciences (PNAS), copy-
right 2018.

electron transfer

@ O i .
~ SR | S
: [o]
007}
) R \\‘\
e . o 0O
injection I | » L ° W
oy
N / recombination 'I

TiO,

Fig. 24 Representation of the photosynthetic assembly proposed by
Meyer and co-workers based on a triphenylamine photosensitizer and
a tetracobalt cubane WOC. Reprinted from ref. 129 with permission
from the Royal Society of Chemistry, copyright 2022.

photoelectrodes reach photocurrents of ~500 pA cm > and

quantitative O, evolution at pH 4.65, with IPCE of 32% at
400 nm (entry 5, Table 5). The IPCE profile resembles the
absorption of the TPA chromophore, supporting the postulated
mechanism.

Still exploiting triphenylamine push-pull dyes, Meyer, Sun
et al. recently reported the first example of a molecular catalyst
based, noble metal-free, dye-sensitized photoanode."” In
particular, the catalyst takes advantage of a bioinspired tetra-
cobalt cubane, stabilized by pyridine and carboxylate ligands.
These latter bear hydrophobic fluorinated aliphatic chains that
help in stabilizing the organic dye on the TiO, electrode surface
(Fig. 24). Besides the performance of the optimized system,
reaching photocurrent densities around 100 pA cm > and
associated with a faradaic yield of 77% (pH 7 phosphate buffer,
entry 6, Table 5), it is interesting to mention the mechanistic
analysis, performed by transient spectroscopic measurements,
which confirmed injection efficiencies for the dyes in the range
86-90%, and subsequent electron transfer from the cubane
catalyst to the oxidized dye, as confirmed by a shortening of the
lifetime of the oxidized dye from 169 to 60.4 us in the presence
of the cubane.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 25 Structure of the photoanode reported by Karadas and co-
workers, based on the incorporation of a Prussian blue structure for
the sensitization of TiO,, acting as an electron shuttle between a Co
based catalytic centre and a phenazine-based Janus green B dye with
a quaternized nitrogen. Reprinted from ref. 130 with permission from
Wiley, copyright 2020.

Novel, recent classes of organic dyes employed in oxygenic
photoanodes

Ghobadi et al. reported a dye-sensitized TiO,/[CoFe-JG] photo-
anode, where the molecular components constitute a triad
composed of a Janus Green B dye (JG, i.e. a phenazine based dye
with a quaternized N atom), a pentacyano ferrate group (Prus-
sian blue analog) acting as an electron shuttle between the JG
dye and a cobalt catalytic center (Fig. 25)."*° The TiO,/[CoFe-]G]
photoanode performs photoelectrochemical water oxidation
with a stable photocurrent of 50 pA em™> along two hours of
electrolysis at 1.23 Vvs. RHE in aqueous phosphate buffer pH 7,
associated with an 83% faradaic yield for oxygen evolution
(entry 7, Table 5). Surprisingly, the IPCE of the system was
found to be around 0.6% at 430 nm, while flattening off at
500 nm, thus not matching with the absorption spectrum of the
[CoFe-]JG] triad (reaching a maximum at around 650 nm). The
authors attributed this mismatch to an improper alignment of
the conduction band of TiO, and the LUMO of the dye, which
limits photoconversion efficiencies; nevertheless, fast injection
into TiO, was claimed based on the absence of ground state
bleaching in femtosecond transient absorption experiments.

A low faradaic yield of 12% was obtained employing the
Sn0,/Ti0, core shell structure with a 2,2-(benzo[c][1,2,5]-
thiadiazole-4,7-diyl)bis(thiophene-3-carboxylic acid) dye
combined with a Ru(bda) catalyst derivative (giving 38 uA cm >
in acetate buffer, pH 3.9, entry 8, Table 5).***

Hua and co-workers have recently reported the use of a qui-
nacridone dye derivative in a bias-free photoelectrochemical
cell for water splitting (Fig. 26)."*> Quinacridone (pigment violet
19) is a commercially available dye used in paints; in their work,
Hua et al. exploited a derivative of QNC embedding pyridine

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 26 A bias free photoelectrochemical cell for water splitting into
hydrogen and oxygen, based on a quinacridone dye both at the
photoanode and at the photocathode. In particular, a Ru WOC is
assembled at the photoanode exploiting carboxylic pendants through
Zr(v) bridges. Reprinted from ref. 132 with permission from the Royal
Society of Chemistry, copyright 2021.

dicarboxylic acid pendants to anchor the dye to TiO, and to NiO
semiconductors in the anodic and cathodic compartments,
respectively. Long alkyl chain substituents (C4-C16) at the
nitrogen atom prevent flopping down of the dye to the

cocatalyst
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Fig. 27 (a) Hybrid photoelectrodes based on nanocrystalline TiO,

sensitized with polyheptazine and loaded with a CoO, WOC, and (b)
energy levels evidencing the direct optical charge-transfer excitation
of an electron from the polyheptazine HOMO into the conduction
band of TiO,. Reprinted from ref. 134 with permission from Springer,
copyright 2013.
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hydrophilic TiO, surface. In the photoanode, the pyridine
dicarboxylic acid pendant was exploited also to anchor the dye
to a Ru single site catalyst bearing the same linker, by exploiting
Zr(wv) bridges. Concerning the photoanode, the QNC dye has
sufficient oxidizing power (E in the range 1.59-1.77 Vvs. RHE) to
feed the water oxidation by the Ru catalyst (ca. 1.61 V vs. RHE)
working at pH 7. Indeed, a photocurrent response was observed
at an onset potential of —0.13 V vs. RHE, reaching a plateau
photocurrent density of up to 250 pA cm ™2, IPCE up to 6% at
520 nm, but a limited faradaic efficiency for oxygen evolution of
ca. 30% (entry 9, Table 5). Nevertheless, the photoanode was
combined with a photocathode based on the same dye (the
photocathode was assembled by co-adsorbing a Co-cobaloxyme
hydrogen evolving catalyst through phosphonate linkers) to
achieve bias free hydrogen evolution with a photocurrent
density of ca. 110 pA em™?, a faradaic efficiency of 89% and
a solar to hydrogen efficiency of 0.11% when irradiating both
the photoanode and the photocathode.

Despite the many reports on photoanodes based on rare
metal-free sensitizers, very few “fully rare metal-free” systems
have been published to date. The first example was developed
by Beranek and co-workers in 2012 and is based on a rather
uncommon polyheptazine (PH, or graphitic carbon nitride, g-
C3N,) sensitizer, coupled to photoelectrodeposited Co-P;
(Fig. 27):****% noteworthily, polyheptazine has an optical band
gap of 430 nm, but, when directly grown on TiO,, the resulting
TiO,|g-C;N, composite shows broad light absorption up to
540 nm, suggesting a direct photoinduced electron transfer
from the HOMO of g-C3N, to the TiO, conduction band
(Fig. 27). Under irradiation with visible light (4 > 420 nm) in pH
7 phosphate buffer, the TiO,|g-C3N,|Co-P; photoanodes showed
a 2-fold increase in photocurrent (50 pA cm™> at 1 V vs. RHE)
with respect to TiO,|g-CsN,: O, was only detected for the
complete photoanode, though the faradaic efficiency was not
reported; a maximum IPCE of 12% was registered at 350 nm,
but ca. 1.7% IPCE was still obtained at 450 nm.'**

The system was subsequently implemented by replacing the
electrodeposited CoPi catalyst with ultrasmall (1-2 nm)
CoO(OH), nanoparticles via a two-step impregnation method."**
The ultrasmall nanoparticles provide the advantage of being
highly transparent, thus allowing to reach high levels of loading
without impacting on the g-C;N, light absorption. The opti-
mized TiO,|g-C;N,|CoO(OH), photoanodes provided up to 400
BA cm™? in borate buffer at 1.12 V vs. RHE, although with
a limited faradaic efficiency of 34% (entry 10, Table 5).

Beyond the oxygen evolution reaction: selective organic
photosynthesis at engineered photoanodes

The four-photon/four-electron manifold to accomplish water
oxidation to dioxygen represents a huge kinetic bottleneck, for
either natural or artificial photosystems. This is evident from
the severe efficiency limitations shown by the current state-of-
the-art photoanodes applied to water-oxidation as reported in
the previous sections (Tables 1-5). In Fig. 28, we graphically
represent the performance of these systems depending on the
wavelength. We selected IPCE (circles; only maximum values
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Fig. 28 Plot of IPCE (circles; only the maximum values are reported)
and FE (empty squares) depending on the wavelength for the systems
described in Tables 1-5.

are reported for the sake of simplicity, although some of the
systems display activity in a broad range of the spectrum) and
FY (empty squares) as the key performance parameters repre-
senting the photon-to-current and current-to-oxygen perfor-
mance, respectively. From this plot, it is evident that: (i) best
performing systems exploit high energy radiation (A < 475 nm),
as in the case of Ru-polypyridine chromophores; (ii) porphyr-
inoids and organic dyes overstepping this barrier (A between
475 and 550 nm) are still associated with low IPCE values; (iii)
the “green region” above 550 nm where the PSII operates is
almost unexploited in artificial systems.

Despite the strong photocatalytic challenge, biological
photosynthesis has evolved by using water as the primary, vast
and abundant source of reducing equivalents (electron and
protons) necessary to feed large scale (ie. terrestrial and
oceanic) photosynthetic machineries. In this process, O, is
generated as a side-product by the water oxidation semi-
reaction, that, while being of paramount importance for
a circular processing of our aerobic atmosphere, retains scarce
commercial interest per se.”**'** Considering these economic
and sustainability factors, man-made photosynthetic devices
have been reconfigured to bypass water oxidation while engi-
neering the photoanodic process with diverse aims: (i) to lower
the energy-barrier of the oxidative transformation, (ii)
address relevant sustainability goals via advanced oxidation
processes (AOP) and/or (iii) to direct the photocatalytic oxida-
tion towards valuable synthetic targets.

As a simple and practical example, the low-energy bromide
photo-oxidation can be used to efficiently store energy, since the
Br /Br, or Br /Brz~ couples can be readily interconverted by
electrochemical means.**®**” This principle is valid for halides
in general, especially considering the high concentration of C1~
and Br~ in the most abundant water source, ie. seawater.'*>'3#

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition, a few examples of PECs performing H, evolution in
tandem with the oxidative degradation of organic pollutants
have been reported.**®

Increasing attention is being dedicated to selective photo-
synthesis by the photoelectrochemical oxidation of organic
reagents to afford value-added chemicals using visible light.
Moreover, the electro-oxidation of organic compounds (elec-
trochemical reforming), by tailored electrocatalysts and/or
redox mediators, has been proven also in tandem with the
cathodic hydrogen evolving reaction (HER) or CO,-reduction
reaction (CO,RR).!3*:140

To this end, the oxidation of alcohols is one of the most
investigated strategies,"' that is often accomplished by inte-
grating a photoanodic process with an aminoxyl radical cata-
lyst,’*> added in solution or chemically anchored to the
photoelectrode. Primary and benzylic alcohols are generally
oxidised between 0.7 and 1.5 V vs. NHE"*'* to afford the cor-
responding aldehyde as a two-electron oxidation product,
eventually undergoing a sequential oxidation step to the cor-
responding carboxylic acid. The oxidation of hydrox-
ymethylfurfural (HMF, easily derived from biomass) to 2,5-
furandicarboxylic acid (FDCA) provides a valuable synthetic
target for the polymer industry.*?***°

The photoelectrochemical oxidation of HMF or of other
benzyl alcohol derivatives was reported with BiVO, (ref. 145 and
146) and with a graphitic carbon-coated TiO, nanowire photo-
anode." In recent years the development of dye sensitized
photoanodes has been considered for this application, and the
subject has been recently reviewed.'** The subject was pio-
neered by T. J. Meyer and co-workers,"*® who reported the
dehydrogenation of benzyl alcohol (BnOH) to benzaldehyde,
with concomitant cathodic production of H,, with a DSPEC
based on a core-shell nanoITO|TiO, photoanode co-derivatized
with the classical [Ru(bpy),(dpbpy)] sensitizer and a Ru(u)-pol-
ypyridyl catalyst, for which the Ru'V=0 active intermediate
responsible for BnOH oxidation to benzaldehyde is generated
by a two-photon/two-electron oxidation. A 5-fold photocurrent
increase, up to 250 pA, was indeed obtained upon addition of
0.1 M BnOH, and a 37% faradaic efficiency for benzaldehyde
was registered over 3 h photoelectrolysis at 0.87 V vs. RHE in pH
4.6 aqueous buffer under monochromatic irradiation (3.7%
APCE at 445 nm, 60 mW), with a concomitant 87% faradaic
efficiency for H, evolution at the cathode.*®* Among the exam-
ples of noble-metal-free or organic photosensitizers employed
in these systems are zinc porphyrins,* thienopyrroledione,**®
diketopyrroles,** perylenes,*** and polyquinoids.” The same
concept was recently employed for the photoelectrochemical
oxidation of glycerol, an archetypical biobased compound for
which oxidation to glyceraldehyde or dihydroxyacetone is an
extremely appealing target reaction."*****

Bruggeman et al. reported a mesoporous TiO, electrode
sensitized with a thienopyrroledione based organic dye (E =
1.8 V vs. NHE for the D'/D couple) and integrated with TEMPO
catalyst for glycerol oxidation (Fig. 29).*° Interestingly, both the
sensitizer and the catalyst are integrated in a 3 mm thick
acetonitrile based gel at the surface of the TiO, semiconductor,
thus creating a biphasic system with the aqueous solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 Photoelectrochemical cell for glycerol oxidation and simul-
taneous H, evolution proposed by Reek and co-workers. At the
photoanode, the yellow and azure colours represent the redox-gel
layer and the aqueous solution, respectively, while oxidation of glyc-
erol by oxoammonium TEMPO™ occurs at the interface (green area).
Reprinted from ref. 156 with permission from Wiley, copyright 2022.

When irradiated with one sun in a 0.1 M glycerol aqueous
solution (saturated NaCl, NaHCO; pH 8.3) the photocurrent
density approached 200 pA cm ™, remaining stable for up to 48
hours, with an almost quantitative faradaic efficiency for the
production of glyceraldehyde. The acetonitrile gel was pivotal in
protecting and stabilizing the photoanode components from
delamination under the alkaline conditions required for glyc-
erol oxidation (pH 8.5; under a purely aqueous system the
photocurrent density rapidly fell to tens of uA cm™>); crucial to
the system is the diffusion and transport of the photogenerated
TEMPO' and related intermediates within the gel and crossing
the solution interface.

Noteworthily, engineered photoanodes have been consid-
ered also for the oxidative activation of C-H bonds, the holy
grail for selective photosynthesis.'>'** Activation of a C-H bond
is regulated by the C-H bond dissociation free energy, which is
associated with the homolytic breaking of the bond via
a hydrogen atom transfer (HAT) mechanism. In nature, this
mechanism occurs typically by a high valent Fe-oxo species in
cytochrome P450;'°°"** artificial systems for photogenerating
bio-inspired metal-oxo species capable of C-H activation have
been pioneered by Nam and Fukuzumi.'®*** Alternative strat-
egies to promote photochemical HAT mechanisms include: (i)
the use of photocatalysts enabling HAT by a radical-type excited
state, with examples being aromatic ketones'®>'*” or the inor-
ganic decatungstate (W;,05,") species;**** (ii) the use of
a multiple site proton coupled electron transfer mechanism
(MS-PCET),*®*** as the removal of the hydrogen atom is formally
equivalent to the removal of an electron and a proton that can
be promoted by a photogenerated oxidant (Ox") and by a coop-
erative base function (B). For this case, ]J. Mayer*® and R. R.
Knowles* pioneered the identification of a formal effective
Bond Dissociation Free Energy (BDFE.g) for the Ox'/B system
regulated by the redox potential and by the pK, of the Ox"/Ox
and BH'/B couples, respectively.

Photoelectrochemical C-H activation at photoanode
surfaces has been proposed by direct irradiation of metal-oxide

Chem. Sci., 2023, 14, 12402-12429 | 12423
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Fig. 30 Left: Schematic representation of quinacridone sensitized
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shown, in terms of the Jg,,/Jg parameter depending on the BDFE of
the C—H bond. Reprinted from ref. 171 with permission from Wiley,
copyright 2023.

semiconductors such as WO; (cyclohexane photooxidation
cyclohexanol/cyclohexanone, i.e. KA 0il),"*® BivO, (benzylic/
allylic photo-oxygenation of tetralin and cyclohexene to the
corresponding carbonyl products)'*® and Fe,O; (arene C-H
amination)."” In these cases, irradiation of the semiconductor
promotes the photoexcitation of electrons from the valence to
the conduction band, accompanied by the formation of holes
at the valence band, mainly localized on the oxygen atoms of
the semiconductor, which results in the photogeneration of
metal-oxyl radicals thus enabling a photo-induced HAT
mechanism.

More recently, a proof of concept for photoelectrochemical
C-H activation was reported with dye-sensitized photoanodes,
exploiting a quinacridone dye (QNC) sublimated under vacuum
onto TiO, or SnO, semiconductors (Fig. 30). As demonstrated by
cyclic voltammetry and the Pourbaix diagram, the key feature of
QNC is its oxidative reactivity through a proton-coupled elec-
tron transfer, which implies the generation of a nitrogen-based
radical. A BDFE of 80.5 & 2.3 kcal mol™ ' was estimated for the
N-H bond in QNC by combining the redox potential of the
QNC(N")/QNC(N-H) and H'/H, couples and the AG® of forma-
tion of H,.'”*

When embedded onto the surface of semiconductors, exci-
tation of QNC promotes ultrafast electron injection in a ps
timescale, likely accompanied by proton transfer from the dye
to the metal-oxide surface. The photogenerated QNC(N') can
react with C-H bonds, as demonstrated in the case of y-terpi-
nene where the photocurrent density is enhanced by a factor of
2.4 £ 0.7, while photoelectrolysis produces p-cymene through
a radical chain mechanism involving dissolved oxygen. Inter-
estingly, the photocurrent density associated with the C-H
bond photooxidation (measured as Jsw/Jo photocurrent
enhancement in the presence of the organic reagent) depends
on the BDFE values of the allylic or benzylic C-H bond exam-
ined and of the N-H bond in the QNC photosensitizer. Specif-
ically, a photoelectrochemical response was observed for
substrates below the 80.5 kcal mol™* BDFE threshold of QNC
(xanthene, y-terpinene, dihydroanthracene), while more chal-
lenging substrates (BDFE > 80.5 kcal mol " threshold) provided
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a null photocurrent enhancement (Jsup/Jo ca. 1). This result
combined with control experiments (negligible photocurrent
enhancement with alkylated QNC derivatives or for electron
rich substrates lacking C-H functionalities) enabled the authors
to propose a hydrogen atom abstraction from the oxidized form
of the dye QNC(N") as the primary step activating the C-H bond.
This elegant strategy highlights the potential for the design of
novel photoanodes with a tailored photo-induced HAT driving
force.

Conclusions and perspectives

We have discussed herein a collection of case-studies that shed
light on the key interplay of molecular and supramolecular
chemistry with materials science to engineer functional pho-
toelectrodic surfaces for oxygenic photosynthesis, which still
remains a fundamental hurdle for solar fuel production via PEC
technology. A survey of the major achievements reached in the
last 15 years put under the spotlight the conceptual and
experimental efforts in integrating components and functions
to shape the light-phase machinery of the oxygenic engine. This
is not trivial, since the single molecular components, such as
the photosensitizer (PS), the water oxidation catalyst (WOC), or
any redox-manifold relays, are optimized separately, according
to their a-solo performance, and mostly under very diverse
solution/environment homogeneous conditions that are not
operative on the final photoelectrodic surface. This observation
calls for a change of paradigm in the photosystem design,
aiming at addressing the system complexity while targeting
possible emerging properties related to the cooperative
domains as a whole. In particular, orchestration of the multi-
functional assembly requires the engineering of several inter-
faces by the introduction of mediators, hydrophilic/
hydrophobic residues, and transport/protective layers, which
can play a fundamental role in implementing the overall
efficiency.

Nowadays, the performances achieved with PEC devices
based on molecular interfaces are still far from the ones tar-
geted for real applications, both in terms of photocurrent
density and stability: this suggests that there is much room for
improvement.” In this respect, the fundamental knowledge
achieved in fabricating supramolecular polymers and materials
controlled at the molecular level is expected to have a major
impact on the development of novel and more efficient photo-
synthetic materials that can rival the best features of the bio-
logical machinery.

Finally, we expect that the possibility of designing and fine-
tuning molecular components and their assembly will find
space in photoelectrochemical devices targeting selective
oxidation catalysis for new and light-powered processing of
organic molecules.
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