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Ligand Controls the Activity of Light-Driven Water Oxidation
Catalyzed by Nickel(II) Porphyrin Complexes in Neutral

Homogeneous Aqueous Solutions
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Ashok Ramakrishnan, and Sylvestre Bonnet*

Abstract: Finding photostable, first-row transition metal-based
molecular systems for photocatalytic water oxidation is a step
towards sustainable solar fuel production. Herein, we discov-
ered that nickel(Il) hydrophilic porphyrins are molecular
catalysts for photocatalytic water oxidation in neutral to acidic
aqueous solutions using [Ru(bpy);** as photosensitizer and
[S,04]*~ as sacrificial electron acceptor. Electron-poorer Ni-
porphyrins bearing 8 fluorine or 4 methylpyridinium substitu-
ents as electron-poorer porphyrins afforded 6-fold higher
turnover frequencies (TOFs; ca. 0.65 min™') than electron-
richer analogues. However, the electron-poorest Ni-porphyrin
bearing 16 fluorine substituents was photocatalytically inactive
under such conditions, because the potential at which catalytic
O, evolution starts was too high (+1.23V vs. NHE) to be
driven by the photochemically generated [Ru(bpy);J*". Crit-
ically, these Ni-porphyrin catalysts showed excellent stability in
photocatalytic conditions, as a second photocatalytic run
replenished with a new dose of photosensitizer, afforded only
1-3 % less O, than during the first photocatalytic run.

Introduction

Photochemical water oxidation plays a critical role for
artificial photosynthesis and solar fuel production, as water
represents the most sustainable source of electrons for CO,
and proton reduction.™ In particular, molecular water
oxidation catalysts capable of generating O, in homogeneous
conditions and under the action of light, have generated great
attention because they form the basis for integrated supra-
molecular solar fuel-generated devices. In principle, such
complexes offer fascinating possibilities of varying the ligands
with atomic precision, which allows for fine-tuning the
coordination sphere and electron density of the metal-based
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catalyst, to optimize catalytic efficacy."""'? However, many
molecular catalysts initially thought to act as molecules in
photocatalytic water oxidation systems, were later shown to
decompose, in the harsh conditions of photocatalytic water
oxidation, into metal oxides, which are themselves catalyti-
cally active in the oxygen evolution reaction (OER). It is
hence critical, before claiming that a molecular catalyst is
catalytically active as a molecule, to demonstrate its stability
in photocatalytic conditions.

Although molecular catalysts based on ruthenium or
iridium still offer the highest stabilities and activities for
photocatalytic water oxidation to date,*™® those made of
first-row transition metals such as V,['7181 Mp, 511 Fe [20:21]
Co,”31 and CuP*7 have received increased attention
recently because of their lower cost and greater abundance
on Earth. However, most of them are only active in alkaline
environment, which is sub-optimal for photocatalytic solar
fuel generation systems combining water oxidation and either
proton or CO, reduction, which typically require more
neutral or even acidic (CO,-saturated) conditions. Nickel is
earth-abundant as well, and a few Ni" complexes have been
recently proposed as molecular catalysts for electrocatalytic
OER !l where they showed high activities in pH-neutral
aqueous solutions. However, molecular nickel-based water
oxidation catalysts remain rare in artificial photosynthesis.!'!!
There is to our knowledge no demonstration of the use of Ni"
complexes for the OER in photocatalytic conditions, with the
exception of a report from Chen et al*’ showing photo-
catalytic water oxidation with Ni-based precursor complexes
that clearly serve as pre-catalysts that become active only
after decomposition into Ni oxide.

Herein, we report a series of four tetraanionic Ni'-
porphyrin complexes bearing either electron-donating (Ni-
OMe, Ni-Me) or electron-withdrawing (Ni-F8, Ni-F16) sub-
stituents (Figure 1). These catalysts were found active for the
photocatalytic OER in homogeneous aqueous solutions in
presence of [Ru(bpy);]Cl, as photosensitizer (PS), Na,S,04 as
sacrificial electron acceptor (EA), blue light (450 nm), and at
neutral to acidic pH. The four substitution patterns, from
electron-rich Ni-OMe to the electron poor Ni-F16, were
designed based on the simplified photocatalytic mechanism
for water oxidation shown in Figure2. In Step 1, the
photosensitizer PS absorb a photon and is excited to an
excited state that transfers an electron to [S,04]*" to afford
PS*™ ([Ru™(bpy);]*"), [SO,*", and a [SO,]" radical that
further oxidizes a second equivalent of PS to PS* (Fig-
ure S3).1*! Tn Step 2, PS* oxidizes with an electron-transfer
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Figure 1. Chemical structures of water soluble Ni'-porphyrin com-
plexes used in this work, isolated with Na* counter ions.
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Figure 2. Simplified photocatalytic mechanism and energy scheme of
a three-component molecular homogeneous photocatalytic water oxi-
dation system. EA: sacrificial electron acceptor; PS: photosensitizer;
Cat: water oxidation catalyst; E(T): triplet exited state energy; 1:
overpotential of Cat; Eg: driving force of the electron transfer from the
catalyst to the oxidized photosensitizer.

driving force E the water oxidation catalyst (Cat) into Cat™,
which, after several repetitions of the same process, affords
higher oxidation states of the catalyst capable to oxidize water
catalytically, which corresponds to Step 3. The driving force
for this last step, usually referred to as the overpotential 7,
corresponds to the potential at which the catalyst turns over
significantly, to afford O, and 4 protons. The exceptional
stability of the nickel(II) catalysts presented here enabled us
to study the influence of the electron-donating and -with-
drawing substituents of the nickel complexes on its redox
properties,* on the interplay between E,; and #, and to relate
these redox properties to the overall performances of the
photocatalytic system (Figure 2). Since the charge of the
catalyst may affect the electron transfer rate of Step 2, two
known positively charged Ni"-porphyrin complexes Ni-MPy
and Ni-TMA were included in this study as well, the chemical
structures of which are shown in Figure S4. By interrogating
the mechanism shown in Figure 2, we established design
principle on how 7 and E4 should be balanced to develop
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molecular catalysts that maximize the performances of
photocatalytic water oxidation.

Results and Discussion

The tetrasulfonated porphyrin ligands H2-Me, H2-F8, and
H2-F16 were synthesized according to reported proce-
dures,[1 while H2-OMe was synthesized by sulfonation
using chlorosulfonic acid in anhydrous CH,Cl, at room
temperature. All four Ni' complexes were obtained by
refluxing the free-base tetrasulfonatoporphyrin ligands with
Ni'" acetate in Milli-Q water for 12 h under N,. Na*-loaded
ion exchange resin was used to enforce Na* counter ions, and
the complexes were finally purified by size-exclusion chro-
matography in order to remove the excess inorganic salts. The
analytical purity of H2-OMe, Ni-OMe, Ni-Me, Ni-F8 and Ni-
F16, was established by NMR (Figure S5-12), high-resolution
MS, and elemental analysis.

In photocatalytic conditions using [Ru(bpy);]Cl, as the PS,
Na,S,05 as EA, and blue light irradiation (450 nm), most
molecular nickel catalysts tested in this study were found to
produce O,, but the oxygen evolution performances of the
electron-poor nickel complexes Ni-F8 and Ni-MPy were
found significantly better than that of the electron-richer
complexes Ni-OMe and Ni-Me (Figure 3). Quite surprisingly,
the electron-poorest complex, Ni-F16, showed no photo-
catalytic activity at all in these conditions, while nickel(II)
acetate (Ni-Ac), used as control, showed very low photo-
catalytic activity. This last result suggests either that the
homogeneous [Ni(OH,).]*" ions, or the nickel oxide nano-
particles deriving from decomposition of these ions in photo-
catalytic conditions, were not active.
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=== Ni-F 16
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Figure 3. Dioxygen evolution during water photocatalytic oxidation in
presence of 0.05 mM catalyst Ni-OMe, Ni-Me, Ni-F8, Ni-F16, Ni-MPy,
Ni-TMA, and Ni" acetate (Ni-Ac), using 0.67 mM [Ru(bpy);]Cl, as
photosensitizer, 50 mM Na,S,0; in 0.1 M pH 7.0 sodium phosphate
buffer, and LED lamp (450 nm, 15.8 mW) for irradiation. T=298 K.
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Considering the interesting photocatalytic activity of
some of these Ni-porphyrin complexes, it was essential to
test whether these compounds were catalytically active as
homogeneous molecular species, or simply pre-catalysts
decomposing into nickel oxide nanoparticles, which have
been shown repeatedly to catalyze the OER.*Y Several
experiments were realized to investigate this question. First,
phosphate-buffered solutions of each Ni-porphyrin complex
at pH 7.0 was irradiated with blue light (450 nm, 15.8 mW)
and their UV-vis spectrum followed in time during 3 h. The
spectra did not change during irradiation (Figure S13-18),
showing the intrinsic photostability of these molecules in
absence of electron acceptor and photosensitizer. Second,
dynamic light scattering (DLS) analysis was performed for
full photocatalytic mixtures containing, next to PS and
Na,S,0s, either a Ni-porphyrin complexes or NiOAc,. These
measurements concluded that when photocatalysis was real-
ized at an initial neutral pH (7.0) and run for 0.5, 1.0, 1.5,2.0 h,
no NiO, nanoparticles were formed. As a positive control,
photocatalytic experiments performed using NiOAc, as the
catalyst but realized at an initial basic pH (8.5), did show
significant NiO, nanoparticles formation (Figure 4a). Hence,
in the photocatalytic conditions of Figure 3 none of the Ni
porphyrin catalysts decomposed into nickel oxide nanopar-
ticles. In a third experiment, after a first 2.75 h photocatalytic
run with Ni-F8 for example, the photocatalytic mixture was
clearly deactivated and did not produce O, anymore; the final
pH was significantly reduced (typically ~2.8) and the TON
was 36.5. When such a solution was neutralized by addition of
NaOH, re-filled with a new batch of photosensitizer and of
Na,S,0q, and irradiated further in the same conditions, O,
production resumed with very similar rates as during the first
photocatalytic run (Figure 4b). After 2.25 h light irradiation
the final O, evolution for Ni-MPy was only 7% lower
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Figure 4. a) Dynamic light scattering analysis after various times of
photocatalytic water oxidation with different catalysts. Conditions:
50 mM Na,S,04, 0.67 mM [Ru(bpy);]Cl, and 0.05 mM water oxidation
catalyst Ni-OMe, Ni-Me, Ni-F8, Ni-F16, Ni-MPy, Ni-TMA, or Ni"
acetate (Ni-Ac) in 0.1 M pH 7.0 phosphate buffer, and 50 mM
Na,S,0;, 0.67 mM [Ru(bpy);]Cl, and 0.05 mM Ni-Ac in 0.1 M pH 8.5
phosphate buffer. Conditions: blue light (450 nm, 15.8 mW), T=298 K.
b) Repetitive photocatalytic water oxidation using a homogeneous
mixture containing 0.05 mM Ni-F8 with 0.67 mM [Ru(bpy);]Cl, and
50 mM Na,S,05 in 0.1 M sodium phosphate buffer (initial pH 7.0),
using blue light (450 nm, 15.8 mW), T=298 K. Between the two
irradiation experiments, neutralization was realized by adding NaOH
solid by checking pH, 0.67 mM fresh [Ru(bpy);]Cl, and 50 mM
Na,S,0;5 as solids were added.
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compared to the first run, and for Ni-OMe, Ni-Me, Ni-F8, and
Ni-TMA the loss was only 1-3% (see Figure 4b for Ni-F8,
and Figure S19 for Ni-OMe, Ni-Me, Ni-MPy and Ni-TMA).

As a side note, the pH change during Ni-catalyzed
photocatalytic water oxidation is remarkable, but it was
reported before.¥ Actually, the pH change from 7.0 to 2.8
was also observed when irradiating, in the same conditions as
above, a solution containing the Ru photosensitizer and
Na,S,04 but deprived of Ni catalyst (Figure S20). The pH
change in photocatalytic conditions can hence essentially be
explained by photosensitizer decomposition. Ghosh et al.
reported that formic acid may form by oxidation of the
bipyridine ligands when [Ru(bpy);]*" is dissolved in aqueous
solutions.”? We indeed found both acetic and formic acid by
'HNMR analysis of a D,O solution containing 0.67 mM
[Ru(bpy);]Cl, and 50 mM Na,S,Oy irradiated for 2.25 h with
blue light (450 nm, 15.8 mW, Figure S21), which suggested
that the reasons causing the pH decrease was at least partly
due to the formation of small organic acids deriving from
oxidation of the bipyridine ligands of the photosensitizer. It
was repeatedly reported that [Ru(bpy);]Cl, was not photo-
stable in aqueous photocatalytic conditions.*’! Such instability
obviously explains the limited TON observed in Figure 3; one
should note, however, that another possible consequence of
alowered pH could be catalyst inactivation, because for some
WOC the onset oxidation potential of the catalyst may shift
upwards at lower pH.'"®! Here the CV and DPV of Ni-F8 at
pH 2.8 (Figure S22) showed that OER indeed started at
a higher potential at pH 2.8 (+ 1.24 V vs. NHE) than at pH 7.0
(+1.12 V vs.NHE), but that the catalyst was still active for the
OER, even in such acidic conditions.

In presence of all four components of the photocatalytic
system (Ni-F8), a second photocatalytic run realized after
adding fresh PS showed good activity (Figure S23). This
experiment suggested that photosensitizer decomposition was
the main reason for the loss of photocatalytic activity, while
the Ni-F8 catalyst could indeed cope with the lower pH 2.8
obtained in the end of the first photocatalytic run. In addition,
the second photocatalytic run was limited by the low
concentration of Na,S,0g remaining in the solution after the
first photocatalytic run. Indeed, adding only a new batch of
fresh PS to the deactivated solution, did not reactivate the
system, while after adding another batch of fresh Na,S,0y4 as
well, the system evolved O, a third time, demonstrating the
good stability of the catalyst. In this photocatalytic system, the
depletion of photosensitizer and electron acceptor were the
main reasons that limited the turnover numbers. Overall, this
series of Ni-porphyrin complexes showed great photostability
not only in absence of photosensitizer and electron acceptor,
but also in full photocatalytic conditions. Such stability comes
in great contrast with [Ru(bda)(isoq),] for example (H,bda =
2,2"-bipyridine-6,6’-dicarboxylic acid; isoq=isoquinoline),
which decomposed in parallel to the [Ru(bpy);]*" photo-
sensitizer.”® These results also demonstrate that the catalytic
activity of the Ni-porphyrin complexes is indeed due to the
presence of molecular species dissolved in a homogeneous
solution, rather than nickel oxide nanoparticles.

As photocatalysis seemed to be run by molecular species,
it should be possible to correlate the molecular formulae of
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these complexes and the electron density of their metal
center, to their (photo)catalytic activities. Their redox proper-
ties were hence determined by a combination of cyclic
voltammetry (CV) and differential pulse voltammetry (DPV)
in 0.1 M pH 7.0 phosphate buffer using a glassy-carbon (GC)
electrode (Figure S24). According to CV, the electron-richer
complexes Ni-OMe and Ni-Me showed slower kinetics for the
electrocatalytic OER than the electron-poorer Ni-F8 and Ni-
F16, as demonstrated by their lower catalytic current density
compared with the blanks. Second, while Ni-OMe showed
a single DPV waves, all other complexes showed two of them,
with electron-poorer Ni-porphyrin complexes having higher
DPYV oxidation wave potentials. The second DPV wave is
usually proposed as the potential at which electrocatalytic O,
production actually starts.'l To check this hypothesis, a con-
trolled potential electrolysis (CPE) experiment was realized
in a pH7.0 phosphate-buffered solution using a system
equipped with a Clark electrode for O, quantification. With
Ni-F8 (2 mM), a CPE experiment run at the potential of the
first DPV wave (+0.98V vs. NHE) did not evolve any
oxygen. However, at the potential of the second DPV wave
(+1.12 V vs. NHE) the solution indeed produced O, signifi-
cantly and the current was stable (Figure S25a,b). This
observation suggested that the first oxidation of Ni-F8 formed
oxidized species Ni"-por" or Ni"-por that is not able to
catalyze water oxidation and hence can be reduced back to
Ni"-por, thus explaining the quasi-reversible redox process at
E,,=+0.98 V vs. NHE. Upon a second electron transfer at
the second DPV wave potential, a catalytically active species
was formed, which may be either Ni'¥-por or Ni'-por=~.[:-3
When the GC electrode used in a first electrolytic run, was
rinsed by Milli-Q water and used in a second electrocatalytic
run using fresh buffer, no OER activity was observed
(Figure S25c¢). In addition, the UV-vis spectra of the solution
before and after CPE showed no difference (Figure S25d).
Finally, the faradaic yield of the CPE system was 95+£5%.
Opverall, Ni-F8 was hence stable in electrocatalytic conditions,
and the oxygen evolution from the CPE system was actually
catalyzed by the molecular Ni-F8 complex, at the potential of
the second DPV wave.

Ni-F16 behaved quite differently. This electron-poorer
complex had, as expected from its higher number of electron-
withdrawing substituents, higher DPV oxidation wave poten-
tials (+1.23 and +1.42V vs. NHE) compared to Ni-FS8.
However, in a 30 min CPE experiment, a 2mM Ni-F16
solution electrocatalytically catalyzed the OER already at the
first DVP wave potential (+ 1.23 V vs. NHE, see Figure S26)
with a high Faradic yield (83 +3%) showing Ni-F16 could
form an OER-active species upon 1-electron oxidation. We
speculate that this electron-poor species may catalyze water
oxidation via a binuclear radical coupling mechanism,*!
and that the second DPV wave, which corresponds to further
1-electron oxidation to Ni"-por or Ni"-por"", may catalyze
water oxidation via a water nucleophilic attack, potentially
with a higher energy barrier than the species formed by the
first oxidation.*! As a note, Ni-F16 was also stable during
electrocatalytic OER according to UV-vis spectroscopy (Fig-
ure S26d). In photocatalytic conditions the photo-oxidized
sensitizer PS™ ([Ru(bpy),]*") has only a very low driving force
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E4=30mV to trigger hole transfer from PS* (+1.26 V vs.
NHE) to the catalyst (4 1.23 V vs. NHE), and photocatalysis
does not take place. Thus, photocatalytic water oxidation can
be driven by Ni'-porphyrin complexes provided the redox
properties of the catalyst find an optimum: the complex
should have a DPV oxidation wave potential that is high
enough to be able to drive water oxidation (Step 3 in Figure 2)
at appreciable overpotential #, but it should be low enough to
keep an appreciable driving force E4; for the photosensitizer
to drive Step 2. In this photocatalytic system, an electron
transfer driving force E4 =30 mV (with Ni-F16) was not high
enough to drive photocatalysis, while E4 =140 mV (with Ni-
F8) was close to the optimum.

Interestingly, the relative sign of the charge of the
molecular catalyst and of that of the photosensitizer, were
found to play a limited role in the relation between redox
potentials and photocatalytic rates. Replacing a tetraanionic
Ni-porphyrin catalyst by a tetracationic Ni-porphyrin com-
plexes such as Ni-MPy or Ni-TMA, did not introduce outliers
in the trend discussed above (Figure 5). The second DPV
oxidation wave potential of Ni-MPy is slightly higher (0.12 V)
than that of Ni-F8, but still lower than the redox potential of
the [Ru(bpy);]**/[Ru(bpy);]*" couple, and indeed a slightly
higher TOF was found in photocatalytic conditions for this
complex. On the other hand, the second DPV oxidation wave
potential of Ni-TMA was lower than that of Ni-Me, and
indeed a slightly lower TOF was found in photocatalysis.
Hence it seems that in the series of nickel water oxidation
catalysts Ni-OMe, Ni-Me, Ni-F8, Ni-F16, Ni-TMA and Ni-
MPy, the electron-donating and -withdrawing nature of the
porphyrin substituents is the main variable responsible for the
evolution of the photocatalytic efficiency, while the charge of
the complex plays a minor role. Overall, Ni-F8 and Ni-MPy
were found the most active catalysts of this series of nickel
complexes for photocatalytic OER. They offer the best
compromise in terms of redox potential, i.e., an electro-
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Figure 5. DPV oxidation wave potentials (left axis, first and second
oxidation shown by circles and squares, respectively) for Ni-OMe, Ni-
Me, Ni-F8, Ni-F16, Ni-MPy, Ni-TMA, and maximum TOF (right axis,
red diamonds, min™') obtained in the photocatalytic water oxidation
experiments described in Figure 3.
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catalytically active DPV oxidation wave potential that is high
enough to maximizes 1 and the rate of Step 3, but low enough
for fast electron transfer in Step 2 to occur (Table S1).

As Ni-F8 ended up as an optimum for the series of new
anionic complexes presented here, the mechanism of the
photocatalytic OER in pH 7.0 phosphate buffer solution was
further investigated. First, a first-order dependence of the O,
evolution rate on catalyst concentration was observed using
a fixed PS concentration of 0.67 mM (Figure 6a,b and Fig-
ure S27a), suggesting that the rate-determining step of the
reaction involved one nickel center. Second, a first-order
dependence of the O, evolution rate on PS concentration was
found using a fixed Ni-F8 catalyst concentration of 50 uM
(Figure 6¢,d and Figure S27b), which showed that the rate-
determining step of the photocatalytic system also involved
one molecule of PS. Third, the TOF of the system was not
significantly influenced by the photons flux when the light
power was higher than 11 mW (Figure S28), showing that the
photon density was in excess in such conditions, and that Step
1 did not limit the reaction rate. This last result was confirmed
by an experiment showing that there was very limited change
of the rate of O, production when the concentration of
Na,S,05 was varied in the range 25-100 mM (Figure S29).
Finally, when [Ru(bpy);](ClO,); was used as chemical oxi-
dant, the maximum O, evolution rate of the catalytic system
was found linearly dependent on both the concentrations of
[Ru(bpy);]*" and that of the Ni-F8 catalyst (Figure S30),
suggesting that the role of the sulfate radical liberated by 1-
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Figure 6. Photocatalytic oxygen evolution vs. irradiation time with

a) different concentrations of Ni-F8 with 0.67 mM [Ru(bpy);]Cl, as
photosensitizer, and c) different concentrations of PS with 50 uM Ni-
F8 as WOC. b) and d) maximum O, evolution rate during photo-
catalytic O, evolution plotted as a function of b) the concentration of
Ni-F8 and d) the concentration of [Ru(bpy);]Cl,. Conditions: 50 mM
Na,S,0q in 0.1 M sodium phosphate buffer (initial pH 7.0), blue light
(450 nm, 15.8 mW), T=298 K.
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electron transfer from PS* to S,0,’", is minimal, i.e., that the
photocatalytic O,-evolution reaction is indeed driven by the
photochemical generation of [Ru(bpy);]*". Altogether, these
results strongly suggest that under such photocatalytic con-
ditions, it is the electron transfer from the catalyst to the
photo-oxidized photosensitizer PS™, that is, Step 2 in Figure 1,
that is the rate-determining step of the photocatalytic system.
This result, which is reminiscent of a study published by our
group using Sun’s catalyst [Ru(bda)(isoq),],5 is not only
important mechanistically speaking; it also demonstrates that
the Ni-F8 catalyst is fast enough, at least for homogeneous
photocatalytic water oxidation. Such a result is important
because the catalytic activity of molecular water oxidation
catalysts (hence the rate of Step 3) is often presented as the
most important parameter to improve for achieving efficient
production of solar fuels, while we see here that the rate of
electron transfer can also be the bottleneck of the reaction.
Assuming that only two photons are needed to produce four
[Ru(bpy);]** that can further evolve one O, molecule, the
quantum yield for O, production using 0.05 mM Ni-F8 as the
catalyst, 0.67 mM [Ru(bpy);]Cl, as PS, 50 mM Na,S,05 as EA
and 15.8 mW of blue light (450 nm), was 0.29 +0.05 %. This
modest value should be considered as strongly encouraging,
as it is accompanied by an exceptional stability of the nickel
catalysts in photocatalytic conditions, where it is the decom-
position of the photosensitizer, and the depletion of perox-
odisulfate, that limit the turnover number of the system.

Conclusion

Here, a series of four anionic Ni-porphyrin complexes
were prepared that showed promising catalytic properties for
electrocatalytic and photocatalytic water oxidation in neutral
to acidic phosphate-buffered homogeneous aqueous solu-
tions. Electrochemical studies revealed that modifications of
the tetrasulfonatoporphyrin ligand with more electron-with-
drawing substituents increased the DPV oxidation wave
potentials, which in turn strongly influenced the rate of the
OER in photocatalytic conditions. A balance has to be found
between increasing these oxidation potentials, which provide
a higher driving force (1) for the nickel-catalyzed OER
reaction itself, and lowering it, to keep the driving force for
electron transfer from the catalyst to the oxidized photo-
sensitizer PS™ (Ey), high enough. Ni-F16, for example, was
too electron-poor, which inactivated photocatalysis by block-
ing Step 2. A photosensitizer with a higher oxidation potential
than [Ru(bpy),;]*"/[Ru(bpy);]*" may be able to alleviate this
problem and unravel the otherwise excellent electrocatalytic
OER properties of this complex. By contrast, Ni-F8 and Ni-
MPy were found close to the optimum, at least for [Ru-
(bpy),]*" as photosensitizer, and offered excellent properties
for the photocatalytic OER. Ceritically, these first-row tran-
sition metal complexes showed great stability both in photo-
catalytic and electrocatalytic conditions, and with Ni-F8 the
TON of the photocatalytic system was limited solely by
decomposition of the ruthenium photosensitizer. This work
represents a significant advance in the field of solar fuel since
it provides a rare example of homogeneous light-driven water
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oxidation catalyzed by Ni-based molecular catalyst, and this
in neutral to acidic aqueous solutions. Last but not least, it
provides a clear framework to design molecular catalysts for
photocatalysis: the electron-richness of the catalytic center
should be fine-tuned with appropriate substituents, to balance
the driving forces of catalytic water oxidation vs. electron
transfer from the catalyst to PS*.
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