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Mechanistic insights into light-activated catalysis for water

oxidation

Mirco Natali,*® Francesco Nastasi, Fausto Puntoriero,” and Andrea Sartorel*®

Dedicated to Prof. Franco Scandola for his scientific mentorship

Abstract: The development of catalysts for water oxidation to
oxygen has been the subject of intense investigation in the last
decade. In parallel to the search for high catalytic performance,
many works have focused on the mechanistic analysis of the
process. In this perspective, the oxidation of water through light-
assisted cycles composed of an electron acceptor (EA), a
photosensitizer (PS), and a water oxidation catalyst (WOC) can
provide insightful and complementary information with respect to the
use of chemical oxidants or to electrochemical techniques. In this
microreview, we discuss the mechanistic aspects of the EA/PS/WOC
photoactivated cycles, and in particular: (i) the general elementary
steps; (ii) the required features and the nature of the PS employed;
(iii) the electron transfer processes and kinetics from the WOC to
PS" (hole scavenging); (iv) the detrimental quenching of the PS by
the WOC and the alternative mechanistic routes; (v) the identification
of WOC intermediates and, finally, (vi) the transposition of the above
processes into a dye-sensitized photoanode embedding a WOC.

1. Introduction

In the last decade, many efforts have been focused towards the
catalysis for the oxidation of water to dioxygen (eq. 1), since it is
a challenging redox reaction within the context of artificial
photosynthesis. @

2H20—)Oz+4H++4e- (1)
(E° = +1.23 V vs Normal Hydrogen Electrode, NHE)

Although oxygen can be considered a useless by-product in
artificial photosynthesis, water oxidation provides the reducing
equivalents necessary for the synthesis of fuels, typically by
reduction of protons to hydrogen®"*- or by reduction of carbon
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dioxide to carbon monoxide, formic acid, methanol or
methane./"®!! Efforts in this field have been focused on the
development of new and efficient catalysts,***"*? put also on
the mechanistic investigation for the identification of reaction
rates and intermediates involved in breaking and formation of
bonds, in particular the most challenging one related to the
formation of the oxygen-oxygen bond.***4!

The activity of water oxidation catalysts (WOCs) can be
investigated by several methods. (i) The employment of
chemical oxidants, such as cerium ammonium nitrate
(NH4)2Ce(NO3)s (CAN) or sodium periodate, NalO4,"* may allow
to determine key performance indicators (KPI) of the WOC such
as total turnover number (TON, indicative of the robustness of a
catalyst) and turnover frequency (TOF, indicative of the
efficiency of a catalyst). From the mechanistic standpoint, the
employment of chemical oxidants can be useful to determine the
kinetic order in catalyst,®® and to characterize catalyst
intermediates involved in the oxygenic cycle, in particular with
ruthenium  catalysts.F118H202  Brawhacks  of chemical
oxidants may arise from the restricted pH window of stability,
from their specific interactions with the catalyst, and from the
fact that they can actually serve as oxygen source in the
catalytic process.’™ (i) The use of electrochemical
techniques®®2? is a clean route to benchmark the activity of
water oxidation catalysts, and to determine KPI such as TON,
TOF, overpotential, and faradaic yield. These have the
advantage of selecting the desired reaction environment,
possibly spanning the entire pH region in the case of aqueous
solution, and have been also employed for water oxidation
catalysis investigation in non-aqueous media.?*?”? From the
mechanistic perspective, electrochemical tools are exploited to
determine the homogeneous or heterogeneous nature of the
catalytic process,” to assess the role of external agents (such
as the buffer concentration),”'®*? to characterize catalyst
intermediates when combined with spectroscopic tools, and to
have indication of the nature of the rate determining step
through Tafel slope analysis,® especially when the catalyst is
embedded in an electrode (heterogeneous catalysis). Although
some caution should be considered in the view of possible
specific effects of the working electrode, electrochemical tools
are very useful to assess the oxygenic catalytic process, in the
perspective of developing water electrolyzers coupled with
photovoltaic modules, that constitute a possible device design in
artificial photosynthesis.*? (i) Differently from the techniques (i)
and (ii) described above that refer to dark processes, exploiting
light to activate the WOC can be performed by the use of
photogenerated oxidants from a photosensitizer (PS) in the
presence of an electron acceptor (EA), Scheme 1, similarly to
what occurs in natural photosynthesis. In such cycles, besides
the catalyst KPI such as TON and TOF, an important one is the
photochemical quantum yield (®o,), defined as the ratio between
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the number of evolved oxygen molecules and the absorbed
photons by the system.**4 The use of light-activated cycles for
mechanistic investigation is the subject of this microreview. In
particular, we will report mechanistic analysis of photocatalytic
water oxidation cycles employing three-component EA/PS/WOC
systems. Recently, such photoactivation strategy has been
proposed also for the selective oxygenation of organic
substrates aimed at the production of added-value products, a
complementary and promising strategy to overcome the hurdle
of the 4-electron water oxidation cycle.>=7
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Scheme 1. Photocatalytic water oxidation in an EA / PS / WOC system.

We want to underline that the use of such light-activated cycles
by combining the WOC with a PS/EA system can provide
additional and complementary information with respect to the
use of chemical oxidants or electrochemical tools. Moreover, it
should be noticed that in a dye-sensitized photoanode, within a
photoelectrochemical cell technology (considered as the most
promising one in view of a scalable device for artificial
photosynthesis),*? the actual oxidant is the oxidized form of the
dye, generated through a photoactivated process. The review is
organized as follows: paragraph 2 includes general mechanistic
aspects and the discussion of the photosensitizers employed in
such  systems, discussing their  photophysical and
electrochemical properties and related aspects on the
photogeneration of the oxidized form PS*. Paragraph 3 deals
with electron transfer rates from the WOC to PS® (hole
scavenging), a fundamental step in photocatalytic cycles that
may impact the efficiency and the stability of the system. In
paragraph 4, *PS quenching effects from the WOC and
alternative mechanisms are presented. Paragraph 5 reports the
characterization of WOC intermediates within the photocatalytic
cycle. Finally, paragraph 6 reports conclusions and perspectives
related to the transposition of the mechanistic information from
the EA/PS/WOC systems towards the development of
photoanodes.

2. Photochemical mechanism

The photochemical mechanism in a three component
EA/PS/WOC system starts with absorption of light by PS and
generation of an excited state *PS (eq. 2), followed by its
reaction with the EA to give the oxidized form of the
photosensitizer PS™ (oxidative quenching) and the reduced form
of the electron acceptor, EA™ (eq. 3). In order to avoid
detrimental charge recombination between PS® and EA,
suitable EA are those in which the reduced form is unstable and
transforms into decomposition products (eq. 4).

PS + hv —» *PS 2
*PS + EA > PS" + EA 3)
EA™ — decomposition products 4)

At this stage the WOC may undergo consecutive electron
transfer processes to the photogenerated oxidized species of
the sensitizer PS* (egs. 5-8). After four oxidizing equivalents are
transferred to the WOC, water oxidation to dioxygen may occur
(eq. 9) and the WOC is restored back to its initial state. For the
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sake of simplicity, in egs. 5-9 proton transfer reactions among
the different oxidized form of the WOC are not considered. It
should be noted, however, that the possibility to undergo proton-
coupled electron transfer (PCET)PEM4 events is regarded as
a key feature of a WOC to access redox potential levelling
among subsequent oxidized states and to drive catalysis at low
overpotential.“%? This last feature requires a proper design
and engineering of the WOC;*%** low operating overpotential of
the WOC is of particular relevance in the case of photoactivated
cycles discussed herein, where the feasibility of activation of the
WOC through the stepwise oxidation processes (egs. 5-8)
depends on the potentials of the WOC™/WOC™ couples, with
respect to the potential of the PS*/PS one.

PS* + WOC — PS + WOC* (5)
PS" + WOC* - PS + WOC?*' (6)
PS* + WOC* — PS + WOC** (7
PS* + WOC* — PS + WOC* (8)
WOC* + 2 H,0 - WOC + O, + 4 HY (9)

The quantum yield (®o,) of photochemical oxygen evolution can
be theoretically predicted according to eq 10.1%

Do, = 0.25 (Pox, + Pox, + Pox, + Pox,) X Nwoc (10)
Doy, = Nabs X Mps* X MeT, (11)
Mps* =MQ X Ncs (12)

oy, (with n = 1-4) is described by eq 11 and represents the
efficiency in the photogeneration of the WOC"™ catalytic
intermediate (egs. 5-8) and nwoc is the oxygen evolution yield
(eqg. 9). nabs is the efficiency of light absorption by the PS (eq. 2).
nest represents the quantum yield of oxidant generation by
photoinduced oxidative quenching of the sensitizer (eq. 3) and is
given by the product of the quenching efficiency (ng) and the
cage-escape yield (ncs), according to eq 12. mer, is the
efficiency of the electron transfer from the WOC intermediates to
the oxidized photosensitizer (egs. 5-8). Being such an electron
transfer a bimolecular reaction, its efficiency strictly depends on
the concentration of every intermediates. Accordingly, by
assuming that under steady-state irradiation conditions the
concentration of the WOC resting state is dominating, the
quantum yield of photochemical oxygen evolution can be
approximated according to eq. 13, where ner now represents the
efficiency of the electron transfer process from the resting state
of the WOC to the oxidized sensitizer.
Do, = 0.25 (Mavs X Mps* X NeT X Nwoc) (13)
From eq. 13 it appears immediately clear that a combination of
several parameters related to both light-induced or dark
(thermal) processes is at the basis of the efficiency of the overall
photochemical water oxidation mechanism. Therefore, a
thorough understanding and control of such reaction parameters
is a key point towards efficient light-driven photocatalysis.

Before describing the PSs that have been considered in the
literature for photochemical water oxidation purposes, we
highlight some key features needed to achieve efficient
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photogeneration of PS* according to the reaction sequence in
eqs. 2-4. (i) The PS should absorb light efficiently and possibly
spanning the whole visible region (eq. 2). (ii) The excited state
*PS should have a lifetime long enough to react with the EA (eq.
3), thus limiting competitive ground state decay (desirable
lifetimes should span the ns-us timescale, although this is not a
stringent requirement when the PS is integrated in a sensitized
photoelectrode, where electron injection may occur faster, i.e.
within ps-ns).*! To this respect, PSs displaying high triplet yields
are typically the best candidates, particularly when a bimolecular
reaction is considered. (iii) The potential difference E(EA/EA™) -
E(PS*/*PS) (where the potential E(PS*/*PS) is given by eq.
14" has to be positive enough to provide sufficient
thermodynamic driving force for eq. 3 to occur.
E(PS'*PS) = E(PS'/PS) — E® (14)

iv) The EA should decompose efficiently upon electron transfer
(eq. 4) in order to limit competitive recombination processes with
the oxidized sensitizer (PS"). Accordingly, persulfate anion
S,06° (E = +0.6 V vs NHE for the one-electron oxidation
process)“ ~and  chloropentaamminecobalt(lll)  dichloride
Co(NH3)sCls (E = +0.52 V vs NHE)"“® are EAs typically employed,
due to the fast degradation route of their one-electron reduced
products (eq. 4). In particular, S,0s*" undergoes O-O bond
rupture with formation of SO,% and SO, (eq. 15) with the latter
being a strong oxidant (E between 2.4-3.4 V vs. NHE)*"* and
able to oxidize a second equivalent of PS (eq. 16). Co(NHs)sCI**
on the other hand undergoes ligand dissociation upon Co(lll) to
Co(ll) reduction (eq. 17).1%

*PS + S,05° — PS*" + SO,% + SO,~ (15)
PS + SO, — PS* + SO, (16)
*PS + Co(NH3)sCI** — PS* + Co?* + 5 NH3 + CI” 17)

It is important to point out that, according to the reactions in egs.
15-17, the efficiency of oxidant generation (nes*, €g. 12) may
reach a maximum value of 2 and 1 for the persulfate and
Co(NHs3)sCI** EA, respectively. Therefore, the quantum vyield of
photochemical oxygen evolution (®o,) using the three-
component EA/PS/WOC combination may attain maximum
values up to 0.5 and 0.25 for the S,0s* and Co(NHs)sCI**
systems, respectively. In order to compare the performances in
water oxidation photocatalysis within the two different
photochemical systems it should thus be recommended to refer
to the “quantum efficiency” (QE) defined in eq. 18 as the ratio
between the experimental quantum yield and the theoretical
maximum value (i.e., 0.5 and 0.25 for the S,0¢* and
Co(NH3)sCI?* systems, respectively).¥
QE = (DOZ, exp / (DOZ, theor (18)

Besides the key conditions outlined above concerning the
efficient photogeneration of PS*, the PS must satisfy additional
requirements. As a matter of fact, the PS* form of the
photosensitizer should be oxidizing enough to feed the WOC
with oxidizing equivalents (egs. 5-8, see paragraph 3). Therefore,
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an important parameter to be considered is the ground-state
oxidation potential E(PS*/PS) which should be more positive
than the potentials E(WOC*/WOC*™?') for consecutive one-
electron oxidation of the WOC. This would indeed provide
substantial exergonicity for the reactions in egs. 5-8. Also, PS*
should display enough stability in agueous solution to limit
competitive degradation pathways, generally associated to self-
oxidation  (disproportionation) and/or water nucleophilic
attack [ 50161

Key selected examples of PS employed in photochemical water
oxidation with EA are represented in Figure 1, while their
relevant photophysical and electrochemical properties are
summarized in Table 1.

Ru(bpy)s?*
R
R R
R
ZnNMeTPyP  m=zn() R = 3@%—
ZnTSPP M = Zn(ll)
INTSPP M=In(lll) R= E@sow
PdTSPP M = Pd(ll)
F
ZnTFSPP M=2zn(ll) R = EOSQH
F
cl
ZnTCSPP M=Zn(ll) R= é@sow
cl
PtTCPP M= Pll) R= EQCOOH

Figure 1. Molecular structure of the PSs employed in photochemical water
oxidation studies.

The prototype PS used in light-driven water oxidation studies is
the well-known Ru(bpy)s** (where bpy = 2,2"-bipyridine) that
combines all the key requirements, namely high absorption in
the visible range, unitary triplet yield, and long excited state
lifetime to promote bimolecular electron transfer processes,
suitable excited state reduction potential and ground-state
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oxidation potential to favor oxidative quenching by the EA and
activation of the WOC, respectively.® Importantly,
photoinduced oxidative quenching of *Ru(bpy)s*" by both S;04*
and Co(NHs)sCI** sacrificial reagents turns out to be also
kinetically favored and efficient. Although the experimental
conditions play an important role in the quenching
processes,®2%! quantitative yields for PS* photogeneration
(nest) are potentially achievable wusing such a metal
complex.P4® Even if the stability of the Ruglll) species is limited
particularly at neutral to basic pH,**% this peculiar
photophysical and electrochemical properties made Ru(bpy)s**
the PS of choice for most of the photocatalytic water oxidation
studies accomplished by far. Also, simple functionalization of the
bipyridine ligands may easily allow for a convenient adjustment
of the redox potentials while keeping comparable photophysical
properties. For  instance, the ruthenium  complex
Ru(bpy)(bpyCOOEY),** (where bpyCOOEt = 4,4-ethyl ester
dicarboxylate-2,2’-bypyridine) was used as a photosensitizer in
some photochemical water oxidation studies in order to exploit a
more powerful oxidizing Ru(lll) species than attainable with
Ru(bpy)s®* (E = +1.62 V vs NHE).®®*" This, however, occurs at
the expenses of a loss in terms of PS* photogeneration yield
(es*).

Other types of dyes employed for photocatalytic water oxidation
belong to the class of water-soluble metalloporphyrins. These
chromophores generally possess some advantages over
Ru(bpy)s** combining good absorption properties throughout the
visible spectrum until 600 nm with high extinction coefficients.
Also, triplet yields are almost close to unity and related excited
state lifetime substantially long to favor oxidative quenching by
the EA. However, metalloporphyrins present several drawbacks
that prevent the widespread exploitation of such chromophores
with respect to the ruthenium-based counterpart. The potential
of the PS*/PS couple is in general less positive than that of
Ru(bpy)s*?* thus hampering, in some cases, activation of
WOCs operating at high potentials; in these cases, working
under alkaline conditions may allow to reach the suitable driving
force to activate the catalytic process, as in the case of ZnTSPP
(Eyp2 for ZnTSPP*/ZnTSPP = +0.87 V vs NHE, used as the PS
with colloidal iridium oxides as the WOC, at pH 11).58 A similar
Zn-porphyrin was also used with iridium oxide colloids WOC,
when templated in genetically engineered virus scaffolds.®
Besides this low oxidative power, as a consequence of the low
energy of the triplet excited state (ca 1.6 eV for the Zn(ll), In(ll1)
regular porphyrins, ca 1.8 eV in the case of the Pt(ll), Pd(Il)
hypso-type analogs),®®®Y the reduction potential of the triplet
excited state is more positive than that of *Ru(bpy)s**, resulting
in typically reduced reactivity towards EA and consequent low
PS* photogeneration yields.®®®? As a representative case, the
low reducing ability of the triplet excited state of ZnNMeTPyP (E
= -0.45 V vs NHE) with respect to *Ru(bpy)s** (E = -0.84 V vs
NHE) leads to a decrease by two orders of magnitude of the
bimolecular rate constant for persulfate quenching of the former
with respect to the latter.® Finally, porphyrin photosensitizers
and their radical cations are favorably prone to degradation
routes. In particular, using persulfate as the sacrificial agent,
dark (thermal) degradation of the macrocycle is observed in
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some cases, thus additionally limiting their applicability in
photochemical water oxidation studies.®®? |nterestingly, a
particular case to this respect is represented by the platinum
porphyrin (PtTCPP) featuring peripheral benzoic acid groups
(and thus deprotonated in neutral aqueous media) for which
efficient water oxidation ability in an EA/PS/WOC system was
recently reported.®® The PS* species of this chromophore
displays indeed a substantially high oxidation power, even better
than Ru(bpy)s>* (E = +1.42 V vs NHE, see Table 1), while
keeping enhanced stability via charge compensation by the
benzoate moieties.®® This is indeed the only case where
photochemical water oxidation using a metalloporphyrin as PS
was found to compare well with that driven by Ru(bpy)s*".

Table 1. Photophysical and electrochemical properties of photosensitizers
considered for water oxidation within sacrificial cycles with electron acceptors.

Ps Abs 2, nm E®,  Triplet Lifetime, E (PS'/PS), V
(e, Mem™) eV yield ps® vs NHE
Ru(bpy)s> @ 450 (1.4x10%  2.12 1 0.58 +1.26
436 (1.8x10°), 1300
[d]
ZnTMePyP 562 (1.6><104) 1.63 0.9 (650)[9] +1.18
395 (2.1x10°%),
PtTCPP 511 (1.7x10%), 1.82 1 9 +1.42
542 (2.7x10%)
412 (1.3x10°)
[dl s
PATSPP 520 (1.0x10% 1.86 1 350 +1.09
421 (6.8x10°), 1400
znTsPPY 555 (2.1x10%, 1.61  0.84 (210)" +0.87
594 (9.6x10°)
419 (5.8x10°),
znTFSPP? 552 (1.8x10%, 157 0.88 60 +1.00
589 (3.4x10°%)
423 (6.9x10°),
znTcsPP 556 (2.4x10%), 158  0.92 165 +1.02
590 (2.1x10°)
418 (6.4x10°),
3:
InTSPP! 516 36x10). 164 095 90 +1.16

557 (2.3x10%),
594 (1.1x10%

[a] triplet excited state energy; [b] measured in deoxygenated aqueous
solution; [c] taken from ref. [64]; [d] taken from ref. [65]; [e] taken from ref. [63];
[f] taken from ref. [58]; [g] taken from ref. [66].

3. Electron transfer rate from WOC to PS*

As described in paragraph 2, the quantum vyield of
photochemical water oxidation (®o,) is determined, in first
approximation, by the product of different contributions (eq. 13),
namely the light-absorption efficiency (navs), the yield of oxidized
photosensitizer (nes*), the electron transfer efficiency (ner), and
the oxygen evolution yield (nwoc). In general, nas can be kept
constant by working under comparable light intensities and close
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to unity by raising the PS concentration. nps+ strictly depends on
the experimental conditions adopted. For instance, within the
Ru(bpy)s®*/S,06>" sactificial system, its value depends on the
persulfate concentration, on the ionic strength of the solution,
and on the presence (and content) of organic co-solvents.®21%%
Under comparable experimental conditions, however, nps+ can
be confidently regarded as a constant regardless of the WOC
employed. Also, nwoc can be considered close to unity for active
WOCs, this parameter being closely related to the Faradaic
efficiency under electrochemically-driven catalysis.®”? Hence,
under these assumptions and according to eq. 13, the efficiency
of the electron transfer from the WOC to the oxidized sensitizer
(ner) plays a key role in the overall photocatalytic efficiency. Its
value can be described according to eq. 19, where ket is the
bimolecular rate constant for the electron transfer reaction (hole
scavenging) and ko is related to deactivation routes of the
oxidized sensitizer.

Nner = ket [WOC] / (ker [WOC] + ko) (29)

It appears immediately clear that the faster the electron transfer
from the WOC to the oxidized chromophore, the higher the ner,
with positive impact on the efficiency and stability of the
photocatalytic system. Moreover, fast electron transfer rates
from WOC to PS* are crucial in regenerative systems (namely
dye-sensitized photoanodes based on wide band-gap n-type
semiconductors) where the WOC must be able to transfer the
electron to the oxidized photosensitizer in competition with
charge recombination (see paragraph 6). Therefore, according
to these considerations, the determination of the bimolecular
rate constant of the electron transfer process from the WOC to
the oxidized dye turns out to be an important task towards the
identification and optimization of suitable catalysts capable of
efficient water oxidation.

Nanosecond laser flash photolysis can be conveniently exploited
for the determination of the bimolecular rate constant for the
primary electron transfer from the WOC to PS'. In these
experiments a given concentration of oxidized photosensitizer is
generated within few ns with a laser pulse that triggers the
bimolecular oxidative quenching of the excited chromophore *PS
by the EA (eq. 3). The reduction of the oxidized sensitizer by the
WOC (eqg. 5) can be then followed over a relatively wide time-
window (ca 100 ms). In the Ru(bpy)s*'/S;0s*" system typically
employed, the formation of the oxidized Ru(lll) sensitizer is
detected as a bleach (negative AOD signal) of the metal-to-
ligand charge-transfer (MLCT) transition of the chromophore
centered at 450 nm. Using persulfate as sacrificial acceptor, this
formation is in fact biphasic with a first, prompt contribution
arising from direct photochemical quenching (eq 15) and a
second, delayed contribution (typically few ps) deriving from the
thermal reaction of the photogenerated sulfate radical with other
(ground-state) Ru(bpy)s>* molecules in solution (eq 16).5% In the
absence of any catalyst, the photogenerated oxidized Ru(lll)
species does not evolve to an appreciable extent within the time-
window of the flash photolysis experiment. This can be clearly
observed from the apparent persistence of the bleaching at 450
nm over the whole time-scale examined (see as an example the
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black trace in Figure 2A). In the presence of the WOC, the
increase of the AOD signal at 450 nm observed overtime (i.e.,
bleach recovery of the MLCT absorption) is indicative of the
occurrence of the Ru(lll)>Ru(ll) reduction by the WOC, that
concomitantly gets oxidized (eg. 5). This is the situation typically
encountered in the laser flash photolysis experiments since the
difference in molar extinction coefficient (Ag) at 450 nm between
the WOC and WOC" is in general lower than that of Ru(bpy)s®*
(Ae = 13,000 M*cm™ at 450).°7 In most cases, this difference is
even negligible and the negative AOD signal is thus recovered
until a AOD = 0 is reached (colored traces in Figure 2A). In some
cases, however, positive or negative permanent AOD values
may be observed upon Ru(lll) bleach recovery and are
indicative of the formation of the WOC" intermediate upon hole
scavenging (see below, paragraph 5). Importantly, the kinetics of
bleach recovery are dependent on the concentration of the WOC,
with faster rates paralleling higher catalyst amounts (Figure 2A).
The bimolecular rate constant for the electron transfer (ket) can
be then estimated under pseudo-first order kinetic conditions
(i.e., [WOC] >> [Ru(lll)]), where the rates of bleach recovery (Kops,
estimated from exponential fitting of the kinetic traces) are
linearly dependent on the WOC concentration (Figure 2B).

0.05
0.00
e
S _0.051
B wocC
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Figure 2. (A) Kinetic traces at 450 nm obtained by laser flash photolysis
(excitation at 355 nm) of 20 mM phosphate buffer (pH 8) solutions containing
50 uM Ru(bpy)sCl-6H,0, 5 mM Na;S,0s, and 0-100 uM Co;POM as the
WOC. (B) Plot of the rates of bleach recovery (obtained from single
exponential fitting of the kinetic traces) vs. WOC concentration, the slope of
the linear correlation gives the bimolecular rate constant ker. Adapted from
reference [68] with permission from Elsevier.
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The bimolecular rate constant for a series of WOCs (selected
examples are represented in Figure 3) involving photogenerated
Ru(bpy)s®* as the electron transfer acceptor are collected in

Table 2.

Table 2. Bimolecular rate constants of electron transfer from the WOC to
photogenerated Ru(bpy)s>". Experimental conditions and references are also

indicated.
WOC ker [Ms™] Conditions @ Reference
IrOx 1.3 x 10° SBB, pH 5.7 [
Ale@C030, ~6 x 10* PB, pH 8 8!
Cos0,4 5.3 x 10° PB, pH 8 e
Ru,POM 3.6 (x0.1) x 10° PB, pH 7 [68.70]
Co;POM 9.4 (+0.3) x 10° PB, pH 8 (s8]
C0oPOM 2.1 (x0.3) x 10° PB, pH 8 tr
Co15POM 5.0 (+0.4) x 10° PB, pH 8 e
Co1POM 45 (+0.4) x 10° PB, pH 8 e
Mn,POM 4.6 (£0.6) x 10° SBB, pH 5.2 2
V607(OCHa)12” 25 (x0.2) x 10°  ACN/PB, pH 7™ 7
€040, -H 1.2 (+0.4) x 10” PB, pH 7 4
C040, -H 1.6 (+0.4) x 10” BB, pH 8 4
C0404 -H 2.1(x0.1) x 10°  ACN/BB, pH8 ™ sl
C040, -Me 2.7 (x0.1) x 10°  ACN/BB, pHag ™ 9l
C0,40, -OMe 3.7 (x0.3) x10°  ACN/BB, pH8 ! sl
C040, -tBu 2.3(x0.1) x 10°  ACN/BB, pH8 ™ 9
C040, -Br 9.6 (+0.7) x 10°  ACN/BB, pH8 ™ 9

Co40,4 -COOMe

6.0 (+0.3) x 10"

ACN/BB, pH8

[75]

[75]

C0,404 -CN 2.3(+0.2) x 10"  ACN/BB, pH8 ™
C0404 ¢ 2.4 (x0.1) x 10°  ACN/PB, pH8 ™ el
CoSlp 1.1 x 10° PB, pH 8 17
Rul 2.4 % 10° PB, pH 7 el
Ru2 ~1x10° ACN/BB, pH 8 el
Ru3 1.4 x 107 PB, pH 7 571

@ pg = phosphate buffer, BB = borate buffer, SBB = hexafluorosilicate/
bicarbonate buffer, ACN = acetonitrile, for the exact concentration of buffers
the reader is referred to the original reference; ™ 1/1 ratio; © Ru(bpy)2(bpyp)**
(where bpyp = 2,2":4’,4”-terpyridine) was used as a photosensitizer; /9
ratio; ™ Ru(bpy)(bpyCOOEt),>" (where bpyCOOEt = 44'-ethyl ester
dicarboxylate-2,2’-bypyridine) was used as a photosensitizer, the electron
transfer rate is related to a Ru(lV)=0 intermediate of the WOC.
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V6O7(OCH3)12™

Figure 3. Representation of selected WOCs discussed in this paragraph. Colour code for the POM complexes: green, Ru; red, O; sky blue, W; light yellow, Si;
dark blue, Co; orange, P; purple, Mn; dark grey, C; light grey, V; white, H (additional hydrogen atoms have been omitted for clarity reasons).

While laser flash photolysis experiments conducted under
pseudo-first order conditions can give information on the
electron transfer rate from the initial state of the WOC to the
photogenerated oxidant, further details on the kinetics of the
subsequent electron transfer processes (i.e., to those
intermediates involved in the overall water oxidation mechanism)
can be obtained by working under slightly different experimental
conditions. For_instance, in the Ru(bpy)s®'/S,0s°" system, by
following the bleach recovery at 450 nm in the presence of a
sub-stoichiometric (with respect to the photogenerated oxidant)
amount of catalyst, it is in principle possible to determine the
number of electron transfer processes performed by the WOC
during a sufficiently long time-window (up to ca 100 ms).870-"2
Although pure kinetic constants cannot be extracted from this
investigation, this experiment sets a lower limiting value for the

kinetics of the subsequent (if any) electron transfer processes
from the WOC to the photogenerated oxidant.

One of the first WOC examined in a mechanistic perspective
was the colloidal iridium oxide (IrOy) reported by Mallouk and
coworkers." A bimolecular rate constant ker = 1.3x10° M™s™
was measured for the oxidation of Ir(IV) sites by the
photogenerated Ru(lll) oxidant. The small value of ket estimated
for such an electron transfer (bimolecular ket is more than three
orders of magnitude lower than diffusion controlled reactions)
was such that this oxidation process was recognized as the rate
determining step in photoinduced water oxidation catalysis by
IrOx nanoparticles.* As expected, this apparent inertness has
profound implications on the stability of the photocatalytic
system during photoirradiation. Enhanced dye degradation was
indeed observed upon photolysis in phosphate buffer solution,
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while an improved stability was only attained using a non-
coordinating  buffer based on the Na;SiFs/NaHCO3;
combination.®” Interestingly, this slow response towards
electron transfer to Ru(lll) was preserved even upon grafting of
the sensitizer onto the IrO, surface,’® and was indeed identified
as a major source of inefficiency in the operation of a dye-
sensitized photoanode coupling mesoporous TiO, with such
PS/WOC system.® Slow bimolecular electron transfer rates to
photogenerated Ru(bpy)s>" were also measured for other metal
oxides such as Cos0O4 nanoparticles both “as prepared” (i.e.,
with no stabilizing ligands) and when capped with organic
alendronate pendants (Ale@Co030.).*® Similarly slow kinetics
were observed for core-shell nanoparticles featuring a Coz04
core embedded with a thin silica layer.®®

If slow electron transfer appears as an intrinsic characteristic of
metal oxide phases, fast kinetics towards photogenerated Ru(lll)
were, on the other hand, typically encountered using the
molecular “metal-oxide” analogs, namely polyoxometalate
(POM) metal-oxo clusters. Bimolecular rate constants close to
the diffusion-controlled regime were experimentally measured
for the tetraruthenium POM {Rus(u-O)a(u-OH)2(H20)4[y-
SiW10s6]'%, RuPOM, (ker = 3.6x10° MisH®®7 gngd
polynuclear cobalt POMs [{(B-a-
PWgO34)CO3(OH)(H20)2(03PC(O)(C3H6NH3)PO3)}2C0]14_
(CO7POM), [COQ(HZO)G(OH)3(PW9034)3]16- (COgPOM),
[COe(H2O)30{C09C|2(0H)3(H20)9(SiW3O31)3}]5_ (C015POM), and
[{CO4(OH)3P04}4(PW9O34)4]28_ (COlePOM), with kET =09 -50
x10° Ms™?, see Table 2.°®"™ This enhanced electron transfer
ability turns out to be a peculiar figure of merit of this class of
molecular WOCs enabling sustained oxygen evolution, e.g., with
quantum yields up to 4.5% and 5.5% for RusPOM and Co;15POM,
respectively (corresponding to 9% and 11% overall quantum
efficiency,  respectively)."®1  Furthermore, = experiments
conducted under sub-stoichiometric WOC concentrations point
towards the occurrence of a very fast multi-hole accumulation
upon sequential electron transfer processes at the basis of the
efficient water oxidation catalysis."® " While these features well
apply to the ruthenium and cobalt POMs, a substantially low
second-order rate constant was measured for the electron
transfer to Ru(bpy)s®* from the mixed-valent tetra-manganese
complex [Mn"sMn"O3(CH3;CO0)s(A-0-SiWe034)]" MnsPOM (Ker
= 4.6x10° M™s™),™ an artificial WOC designed to mimic the
active site of the natural OEC."***" Possible reasons accounting
for this evidence were ascribed to the large reorganization
energy accompanying the Mn(lll)>Mn(IV) oxidation which, in
the present case, very likely involves a partial displacement of
the pendent acetate ligands. Consistently, the water oxidation
activity within the photochemical Ru(bpy)s**/S,0s>" cycle was
indeed relatively modest, with a quantum efficiency for oxygen
production of 1.7%.["2

Moderate electron transfer rates were measured in aqueous
solutions for the cubane complex C0404-H (ker = 1.2-1.6 x10” M
1s1) 88 ysed as molecular model of the CoPi electrocatalyst
designed by Kanan and Nocera.®¥*! An important enhancement
of these rates (by ca one order of magnitude) was then made
possible by simply changing the solvent to an acetonitrile/water
mixture (see Table 2),*8 mainly ascribable to the increased
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driving force for the oxidation process in the new conditions.
More interestingly, alteration of the electron transfer rates within
the same Co40,4 system was achieved by suitable substitutions
in the para position of the pyridine ligands (C04O4-X in Figure
3)."1 A linear free-energy relationship (LFER) was attained by
plotting the log (kx/kn) vs. the Hammett parameter of the
substituents providing a negative slope indicating that electron
transfer to Ru(lll) is favored by the presence of electron donating
groups on the pyridine (Figure 4).

08
log(kx/kp)
0.6

Co,0,-H
Co,0,-Me
Co,0,-OMe
Co,0,-tBu
Co,0,-COOMe
0.4 Co0,0,-Br
Co0,0,-CN

Figure 4. Hammett plot of the electron transfer rate from Co,04,-X to
photogenerated Ru(lll) oxidant. Adapted with permission from reference [75].
Copyright 2012 American Chemical Society.

Comparable bimolecular electron transfer rates approaching the
diffusion limit were measured for a series of other molecular
WOCs. These include single-site molecular catalysts such as
the ruthenium(ll) complexes Rul and Ru2 (ker = 2.4x10% Ms™
and ~1x10° M*s?, respectively)"®"® and the cobalt(ll) complex
CoSIp (ker = 1.1x10° M?s™)."1 Interestingly, in the latter system,
flash photolysis experiments performed under sub-stoichiometric
conditions ([CoSIp] << [Ru(lll)]) clearly reveal that both
Co(Il)>Co(lll) and Co(lll)>Co(lV) oxidations are relatively fast
(within the ms time-scale) and the kinetic bottleneck in water
oxidation catalysis by CoSlp is most likely the O-O bond
formation."”? A similar rate constant (ker = 2.5x10° M?’s™) was
also recorded for the electron transfer to Ru(lll) from the first
WOC ever reported containing vanadium as the active metal
center (VsO7(OCHa)12”, see Figure 3).1%

A lower rate (ker = 1.4x10° M?s™) was measured for the
oxidation of the Ru(IV)=0 resting state of a highly active single-
site ruthenium complex Ru3.®*” Due to the appreciably high
value for such an electron transfer process the authors
concluded that the overall quantum yield of oxygen evolution by
Ru3 is actually limited by the photogeneration of the Ru(lll)
oxidant.®”In this case, however, a different sensitizer was used,
namely Ru(bpy)(bpyCOOEL),** (where bpyCOOEt = 4,4’-ethyl
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ester  dicarboxylate-2,2’-bypyridine), which makes the
comparison with other reported systems not so straightforward.
The bimolecular rate constants for the WOCs collected in Table
2 were always determined under experimental conditions (i.e,
buffer type, concentration, and pH) in which photocatalysis by
the WOC is efficient. Although the absolute value of the rate
constant is important, for the reasons outlined above, little is
known about the actual mechanism involving the electron
transfer from the WOC to the photogenerated oxidant.
Interestingly, a detailed investigation of the electron transfer
process from Co3s04 nanoparticles to photogenerated Ru(lll) was
recently accomplished by suitably changing the experimental
conditions. It was demonstrated that the primary electron
transfer process from Co0sz04 to Ru(bpy)s>* in borate buffer
solution displays a strong dependence on the buffer
concentration and pH."°¥ This is attributed to the involvement of
a proton-coupled oxidation of Co(lll)-OH surface sites to
Co(IV)=0 assisted by a general base catalysis by the B(OH),"
base (Figure 5) with a kinetic law expressed by egs. 20 and 21,
yielding ks = ~7x10* M™'s™, kon = 5.5x10° M's™, and ku,0 = 1.7
s™,

kobs = k' + kg x [Base] (20)
K’ = Ku,o + kon X [OH] (21)

o
301 }/’ +

~— .-

7 L

2 w0l g * pH8

S ® pHS8S5

=< 10/ PO, pH 8.9
. ..( ® pH95
000 001 002 003 004

[Base] (M)

Figure 5. Plot of the electron transfer rate (kons) from CozO4 nanoparticles to
Ru(bpy)s> vs. base concentration measured at different pH and borate buffer
concentrations (base stands for B(OH), and the concentrations are given by
[Base] = fg x [buffer], where fg is the fraction of the basic form of the buffer in
solution, estimated considering a pK, = 8.6 for the H3BO3/B(OH), couple, and
[buffer] is the total buffer concentration). Adapted from reference [92] with
permission from the Royal Society of Chemistry.

Additionally, inhibition of the proton-coupled electron-transfer
process was observed at high borate buffer concentrations,
likely due to coordination of HzBOs; to cobalt surface sites,
supporting previous observations on electrocatalysis by cobalt
oxides.”®! Consistently, a decrease of photoinduced oxygen
evolution was observed at high buffer concentrations. This work
thus exemplifies how, in view of photocatalysis optimization, the
determination of the rate of the electron transfer from the WOC
to the photogenerated oxidant is an important task as it is (at
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almost the same level of importance) the understanding of the
mechanism at the basis of such charge transfer reaction.

It is worth mentioning that strategies have been pursued in order
to overcome the slow electron transfer from CozO4 nanopatrticles.
In particular, Frei and coworkers designed the covalent
anchoring of molecular wires to the oxide surface, based on
redox-active p-oligo(phenylenevinylene) with three aryl units
(PV3). In the presence of photogenerated Ru(lll) polypyridine
species in solution, —electron transfer from the Co30,
nanoparticle to Ru(lll) occurs within 1 ps and is proposed to be
mediated by the surface anchored PV3® radical cation of the
linker. Further engineering of the system involved the use of a 2-
nm thin silica layer covering the Co30O4 nanopatrticles, to act as
gas impermeable physical barrier, while maintaining electron
conductivity through the molecular wires.®®! In this asset,
photoinduced electron transfer from the Co304 surface to the
excited state of an electrostatically adsorbed porphyrin dye
occurs in 255+23 ps (Figure 6).1°® Sala and coworkers proposed
the design of 3-nm sized Cos;O, nanoparticles decorated with
Ru(ll) polypyridine based photoactive pendants.®® This hybrid
system is active in photochemical water oxidation in the
presence of S;0s>", while the non-linked components are not.
Fast electron transfer from Co3O4 to anchored photogenerated
Ru(lll) was thus proposed, although the rate could not be
measured through flash photolysis.

00304
core shell

sio,

Figure 6. Structure and photoinduced electron transfer processes of C030,-
SiO, core-shell nanoparticles embedding PV3 units and electrostatically
absorbed cationic porphyrins. Adapted with permission from reference [95].
Copyright 2017 American Chemical Society.

4. Quenching and side-processes, alternative
mechanisms

Besides the recognized photoactivated mechanism represented
in egs. 2-9, other processes may compete and impact on the
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overall efficiency of the system. First of all, light absorption by
the WOC, competing with PS, could lower the overall quantum
yield. This process is however scarcely relevant due to the high
extinction coefficient of the PS, and to the low WOC
concentration typically employed. More important are
degradation routes of the PS, often associated to self-bleaching
from the oxidized form PS* (eq. 22), caused by its high oxidizing
power.

PS* — degradation products (22)
These routes have been extensively investigated for the
Ru(bpy)s** photosensitizer, since the oxidized form Ru(bpy)s®*
has a relatively high oxidation power (E = +1.26 V vs NHE for
the 3+/2+ couple, see paragraph 2) and is unstable in neutral or
basic aqueous solutions, partly undergoing irreversible
decomposition following a first-order decaying kinetics, with
overall rates depending on the solution pH and buffer
nature.***” The degradation process involves hydroxylation of
the bpy ligands and consequent loss of photochemical activity;
indeed, oxygen production usually stops due to Ru(bpy)s®*
decomposition.

A further side process is the quenching of *PS by the WOC, that
may compete with the expected *PS quenching by the EA (eq.
3). However, considering the high EA concentrations (with
respect to the WOC) typically employed in photocatalytic water
oxidation experiments, oxidative quenching of *PS by EA is
generally highly efficient and thus *PS quenching by the WOC is
often negligible. On the other hand, quenching of *PS by the
catalyst may become potentially competitive when specific
interactions between the PS and the WOC are present.
Quenching of the excited state of the PS is observed in
chromophore-catalyst dyads obtained by combination of a
Ru(bpy)s**-type PS and both Ru(tpy)(bpy)(H.O) (where tpy =
2,2:6',2"-terpyridine) and Ru(Mebimpy)(bpy)(H20) (where
Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)pyridine) WOCs,
either covalently linked or supramolecularly assembled.®" |n
these systems, quenching of the Ru(ll) PS excited state takes
place through electronic energy transfer to the Ru-WOC (eq. 23)
and competes with the expected photoinduced electron transfer
to the acceptor.’" *pS quenching was also observed within a
covalent dyad based on a Ru(bpy):**-type PS and a Co-
salophen WOC.*%

*PS + WOC — PS +*WOC
(observed when PS = Ru(bpy)s**-type,
Ru(tpy)(bpy)(H20) or Ru(Mebimpy)(bpy)(H20))

(23)
and WOC =

Another example of *PS quenching by the WOC is typically
observed when polyoxometalate clusters are used as catalysts
in combination with Ru(bpy)s>* as the PS. In these systems,
efficient electrostatic association between the polyanionic WOCs
and the positively charged Ru(bpy)s®>* occurs in aqueous media
at moderate ionic strength.®®*’®" |n particular, the mechanism
of the quenching process was investigated in details in the case
of the tetranuclear ruthenium POM (RusPOM) as the WOC,
where efficient excited state quenching within such ionic adducts
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was observed in a timescale of few ps, and shown to involve
reduction of the RusPOM with concurrent oxidation of the PS (eq.
24)."

*PS + WOC — PS* + WOC~
(observed with PS = Ru(bpy)s®* and WOC = Ru,POM)

(24)

Hence, the formation of ion pairs results in an energy wasting
process which is detrimental towards photocatalytic water
oxidation. Indeed, this process competes effectively with the
oxidative quenching of *PS by the EA thus appreciably
decreasing the PS® formation yield (npst) and eventually the
overall oxygen quantum yield (®o,). Accordingly, the
minimization of the ion-pair association between Ru;POM and
Ru(bpy)s?*, by increasing the ionic strength and/or lowering the
WOC-to-PS ratio, turns out to be an important requirement to
promote efficient light-driven water oxidation.

If ground-state association between the Ru(bpy)s** PS and the
RusPOM WOC leads to undesired, detrimental quenching
pathways, a different situation is encountered when a
tetranuclear ruthenium dendrimer [Ru{(u-2,3-dpp)Ru(bpy)a}s]®*
(n-2,3-dpp = 2,3-bis(2-pyridyl)pyrazine), hereafter Ru4, is used
as the PS (Figure 7).1°%%%% |n this compound, the excited state
redox potentials (for Ru4: Epstsps = —0.03 V vs NHE; Espsps- =
+1.38 V vs NHE; for Ru(bpy)s*": Epstwps = —0.86 V vs NHE;
E«psips- = +0.84 V vs NHE)™® are indeed suitably unbalanced in
order to make reductive quenching thermodynamically more
favored than a potentially competing oxidative one. As a matter
of fact, the primary photochemical event in photoinduced water
oxidation within the S,0s* /Ru4/Ru;POM system is a reductive
photoinduced electron transfer from the RusPOM WOC to the
triplet excited state of Ru4 (eqg. 25) followed by electron
scavenging by the persulfate sacrificial acceptor (eq. 26).2°

*PS + WOC — PS™ + WOC”* (25)
PS™ + EA > PS + EA” (26)
(observed with PS = Ru4, WOC = Ru;POM, EA = S;05%)

In short, in the case of RusPOM as the WOC, while ionic
association with Ru(bpy)s** PS leads to oxidative, unproductive
guenching of *PS (eq. 24), ionic association with Ru4 leads to
reductive, productive quenching of *PS (eq. 25). To this respect,
ground-state electrostatic association between the reactants™ %
turns out to be an important requisite in order to speed up the
electron transfer processes needed to drive the overall
photoreaction. Also, the possibility of the photochemical system
to cycle through the reduced state of the PS (rather than through
the oxidized state, as in the case of Ru(bpy)s**) may pose some
benefits as far as stability issues are concerned.**%
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Figure 7. Top: ball-and-stick representation and molecular formula of the
tetranuclear ruthenium dendrimer Ru4 [Ru{(u—2,3—dpp)Ru(bpy)z}g]E+ (where p-
2,3-dpp = 2,3-bis(2-pyridyl)pyrazine and bpy = 2,2’-bipyridine). Bottom: redox
potential of ground (black filled rectangles) and excited states (empty
rectangles) of Ru(bpy)f* and Ru4.

5. Photogenerated WOC intermediates

The results presented in previous paragraphs 3 and 4 are based
on techniques that follow spectral features of the PS.
Complementary mechanistic information can be obtained by
characterization of WOC intermediates, by means of transient
spectroscopies combined to flash photolysis experiments. It is
worth recalling that the fast generation and characterization of

reactive intermediates can be performed also by pulse radiolysis,

a field that has been recently reviewed by Fuijita et al.**®!

In a flash photolysis experiments, the transient spectrum
recorded after the occurrence of the electron transfer from the
WOC to PS” (i.e., after the recovery of the bleach when using
Ru(bpy)s** as the PS) can be diagnostic for the formation of an
oxidized species of the catalyst. This was the case for the
[RU"(NPM)(H-0)(pic)]**  (NPM =  4-tert-butyl-2,6-di-(1’,8'-
naphtyrid-2’-yl)-pyridine, pic = 4-picoline) WOC reported by
Thummel and Fujita and described above,” where the AOD of
the transient spectrum obtained after a proton coupled ET to
Ru(bpy)s> revealed a positive AOD centered at 450 nm and a
negative AOD centered at 610 nm, diagnostic for the one-
electron oxidized form of the catalyst, [Ru"(NPM)(OH)(pic)2]*".
Similarly, the electron transfer to photogenerated Ru(lll) from the
vanadium-based WOC VO7(OCHzs)12” reported by Campagna
and coworkers!™ was followed not only through the recovery of
the Ru(lll)-related bleaching at 450 nm, but also via the
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formation of the featuring inter-valence charge-transfer (IVCT)
transition at 405 nm ascribable to the Vs"'V0,(OCHa)s, one-
electron oxidized WOC species.

Recently a very appealing approach for the characterization of
Co304 nanoparticles intermediates, has been proposed by Frei
and coworkers,**” by exploiting time-resolved Fourier-transform
infrared spectroscopy. In particular, upon photoirradiation of a
Ru(bpy)s®/S:0¢% aqueous suspension (pH 8) in the presence of
4-nm sized Coz04 nanoparticles, the rising of two absorption
peaks at 1013 and 840 cm™ was attributed to a three-electron
oxidized Co(ll)OO superoxide intermediate and to a one-
electron oxidized Co(IV)=0 intermediate, respectively.’*”? The
different kinetic behavior of the two features suggests that the
two intermediates originate from different surface sites. Indeed,
the Co(ll1)OO superoxide intermediate was proposed to form at
fast sites, wherein an adjacent Co(lll)-OH moiety helps in
stabilizing the superoxide species, that needs a further hole
accumulation before oxygen evolution (Figure 8A). Conversely,
the Co(lV)=0O intermediate is formed by one-electron oxidation
coupled to proton removal of a Co(lll)-OH group at slow sites,
characterized by the absence of an adjacent Co(lll)-OH group.
In this case, the Co(IV)=0 group is proposed to undergo a water

nucleophilic' attack, coupled to proton removal, forming a
Co(ll)OOH hydroperoxide (Figure 8B).
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Figure 8. Proposed water oxidation catalytic mechanism by CozO,4 at A) fast
surface sites and B) slow surface sites. Adapted from reference [107] with
permission from Springer Nature.

Of course, intermediates with enough stability and lifetime can
be photochemically generated with conventional methods and
characterized with classical spectroscopy. Electron
paramagnetic resonance (EPR) spectroscopy provides a
pertinent case. By irradiation of a Ru(bpy)s®*/S,0s?" solution, in
the presence of an iridium(lll) complex carrying a di-carbene
ligand as the WOC ([IrCICp*(di-NHC)]*, with Cp* =
pentamethylcyclopentadienyl and di-NHC = 1,1-dimethyl-3,3'-
ethylenediimidazole-2,2’-diylidene), an Ir-centered rhombic EPR
signal arises, with g values = 2.4, 2.2 and 1.85.%% This is
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consistent with an Ir(IV) intermediate, characterized by a low-
spin S=1/2 state,’* likely involved in the photoinduced oxygen
evolution cycle observed for this class of compounds.® A
similar EPR signal (g values= 2.57, 2.09 and 1.83), diagnostic
for an Ir(IV) intermediate formation was observed to originate
upon photoirradiation of phosphorous porphyrin sensitized SnO.
photoelectrode with a surface anchored Ir(llI)Cp*Cl complex
bearing a phenylpyridine based ligand.*% Similar Ir(IV)
photogenerated intermediates have been shown to form in
covalent dyads with perylene bisimide photosensitizers.M" EPR
spectroscopy was employed also to identify a photogenerated
intermediate  form of the tetracobalt(lll) cubane species
described above. In particular, irradiation of a Ru(bpy)s>/S,0s*
solution in the presence of the initially diamagnetic cubane (all
cobalt centers in oxidation state IIl), induces the rising of a signal
with axial line shape (g. = 2.33 and g = 2.07).%% This is
ascribed to the one-electron oxidized form of the cubane (known
also as “cubium”),**? characterized by a S = % and a formal
Co(ll)3Co(lV)-oxo core, although the spin character is equally
distributed among the four metal centers.***'* This evidence
complements the kinetic information obtained by flash photolysis,
and discussed in paragraph 3, on electron transfer from cubane
to Ru(lll). Although the “cubium” is not itself fast in reacting with
water,!*¥ it quantitatively generates oxygen in the presence of
OH™ either in alkaline aqueous solution or in organic
solvents.""2%¢ The |oss of an acetate bridging ligand and the
consequent opening of the coordination sphere of the cobalt
centers seem pivotal for the oxygenic activity.®® It is also worth
mentioning that such intermediate was proposed as a molecular
model of a Co(lV) active site of the Co-Pi heterogeneous
catalyst.!?

6. Conclusion and perspectives

In this microreview, we have aimed at presenting mechanistic
insights related to light driven catalysis for water oxidation in
EA/PS/WOC sacrificial cycles, trying to highlight the critical steps
that may compromise the oxygenic performance. It is worth
considering that the nature of the EA/PS/WOC sacrificial cycles
is intrinsically different than the condition occurring in a dye-
sensitized photoanode embedding a WOC. Therefore, caution
should be taken in evaluating and transferring the information
obtained from sacrificial cycles into the design of a photoanode.
In table 3, we highlight the main differences to be considered
between such systems.

First of all, photogeneration of PS* in a sacrificial cycle occurs
through oxidative quenching by the EA (eq. 3), typically through
bimolecular routes. For an efficient photoreaction triplet PS are
thus required. Under diffusional control, even operating at high
EA concentration, the timescale of PS* generation stands in the
ns timescale. Conversely, in a dye-sensitized photoanode PS*
generation occurs through *PS injection into the conduction
band (CB) of the semiconductor, a process that can occur within
hundreds fs.:**”) This guarantees efficient injection also from
singlet excited states, as has been demonstrated with recent
reports employing subporphyrins®™® or bodipy™® PS in
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photoelectrodes for water oxidation purposes. Electron injection
from *PS can be also promoted by applying a positive bias to the
semiconductor.

Table 3. Overview of the events occurring in photochemical water oxidation in
EA/PS/WOC cycles or in a dye-sensitized photoanode embedding the WOC.

Event EA/PS/WOC PS/WO_C_ dye-
sacrificial cycle sensitized
photoanode
Photogeneration Bimolecular; may May occur in
of PS* occur in ns at high hundreds fs. Singlet

[EA]. Triplet *PS are
needed.

*PS are also suitable.

Hole scavenging Bimolecular; ps — ms Unimolecular; ps-ns

timescale timescale
Unproductive/ Relevant only in Highly relevant,
productive *PS case of PS/\WOC dependent on PS-to-
quenching by the association; ps-ns WOC ratio; ps-ns
wocC timescale timescale

Concerning electron transfer from the WOC to PS* (hole
scavenging), this is also expected to be accelerated in a
photoelectrode, since it shifts from a bimolecular event in the
EA/PS/WOC system (us-ms timescale, see paragraph 3) to
unimolecular ones, expected in ps-ns timescale. Nonetheless,
the investigation of the hole scavenging process in the
EA/PS/WOC system may reveal if significant activation barriers
are associated to the WOC activation (as in the case of IrOy,
where slow ET to photogenerated Ru(lll) oxidant occurs both in
the sacrificial system® and at a photoanode®?)), or if external
additives may enhance the electron transfer rate (as in the case
of CozO4 nanoparticles, where a base from the buffer enhances
the rate of a proton coupled electron transfer to Ru(lll)
oxidant).®¥ Other associated information from the ET in the
EA/PS/WOC system deal with the number of ET from the WOC
in a fixed timescale (typically ca 100 ms), and in the ET kinetic
analysis of active intermediates of the WOC.""]

As discussed in paragraph 4, quenching of *PS by the WOC (eq.
23) is detrimental towards the photoactivated oxygen evolution
cycle. Although this event may be limited in EA/PS/WOC
systems, either by lowering the WOC concentration or by limiting
WOC/PS association,"™ this may become a serious issue in a
dye-sensitized photoanode embedding the WOC. One relevant
case is the RusPOM acting as a very efficient WOC in
photoactivated cycles with Ru(bpy)s>*/S:0s°~,4 but displaying
low performance in Ru polypyridine sensitized
photoelectrodes.®™!  Ry,POM was indeed shown to
oxidatively quench the *Ru(bpy)s?* when associated in ion pairs.
In this sense, playing accurately with the PS-to-WOC ratio on
the photoanode as well as on the anchoring groups and motif of
both PS and WOC on the semiconducting surface may actually
improve the efficiency.'???® Also, a promising strategy to
overcome this issue could be the employment of PS that favour
the productive, reductive quenching by the WOC (eq. 24) rather
than the unproductive oxidative quenching (eq. 23). This implies
the use of PS being strong electron acceptors in the excited
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state, such as the tetranuclear ruthenium dendrimer®®¥ or

perylene bisiimides chromophores, 124125H1261(127]
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