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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).

Andrea Sartorel is Associate
Professor of Organic Chemistry
at the University of Padova,
Department  of  Chemical
Sciences. His research interests
deal with photoelectrochemical
processes exploiting molecular
based systems for applications
in small molecules activation
and selective organic synthesis.

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

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.
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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
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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).
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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