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Visible-light-induced oxidation of water to dioxygen, catalyzed by a
newly synthesized NiP-Ru dyad consisting of a ruthenium tris(bipyridyl),
[Ru(bpy)s]?* as a photosensitizer, and a low-cost nickel porphyrin, NiP as
a water oxidation catalyst is reported.

Photocatalytic water splitting into H, and O, has attracted
significant scientific interest for solar energy conversion appli-
cations during the last two decades." One of the half-reactions
of this process, water oxidation, is known to be the key step in
natural and artificial photosynthesis to convert and store solar
energy.>’ Although plenty of material-based catalysts have been
applied as water oxidation catalysts (WOCs), molecular catalysts
have recently gained greater attention.® Their versatile proper-
ties allow the rational design of chemical structures to optimize
catalytic activity.* While plenty of molecular catalysts based on
noble metals such as Ru or Ir have been employed as WOCs and
exhibited high performances,’® there is a need to switch to low-
cost and earth-abundant first-row transition metals.”'® Porphyr-
ins have been extensively investigated for water oxidation due to
their high chemical stability during catalysis, which is an
important advantage among other molecular catalysts.'* ™
Moreover, porphyrins can accommodate any first-row transition
metal, which can serve as a catalytic center for water oxidation."*

Noteworthy, the examples of electrocatalytic water oxidation
systems which utilize porphyrinoids as catalysts are numerous™*>°
compared to the photocatalytic systems where no external bias is
applied.>*** Recently, Bonnet and co-workers prepared a series of
water-soluble nickel porphyrin photocatalysts for water oxidation
using [Ru(bpy);]** as photosensitizer (PS) and [S,0s]~ as sacrificial
electron acceptor.> To the best of our knowledge, there is no report
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on a covalently linked Ni** porphyrin-ruthenium complex dyad that
has been investigated towards photocatalytic water oxidation.
Furthermore, in most of the reported photocatalytic systems utilizing
porphyrins and ruthenium complexes for this application, the
porphyrin was playing the role of a PS and not that of a water
oxidation catalyst.>’

One common drawback of photocatalytic systems is the need for
a sacrificial agent, which is unavoidable for the completion of the
catalytic cycle.>**> One very promising approach to overcome this
issue is the development of photoelectrochemical cells (PECs),
where the catalyst and the PS are adsorbed onto an inorganic
semiconductor electrode.”® In these devices, the adsorbed PS har-
vests solar energy and injects an electron into the conduction band
of the semiconductor. Subsequently, the generated radical cation
PS" is reduced from the WOC, while repeating cycles of this process
results in a highly oxidized catalytic moiety, able to convert water
molecules into protons and molecular oxygen.>

Herein we synthesized a catalyst-photosensitizer dyad NiP-Ru
(Scheme S1, ESIt), comprised of nickel porphyrin and ruthenium
tris-bipyridine covalently linked via an amide bond, and investigated
their ability to produce oxygen via water oxidation under visible light
irradiation. The dyad was found active in organic solvent and
demonstrated higher photocatalytic performance compared to the
non-covalent two-component system. A simplified photocatalytic
mechanism for the oxidation of water can be derived from the
energy diagram shown in Scheme 1a (vide supra for additional
details). In this system, the ruthenium complex acts as PS absorbing
a photon and undergoes an intramolecular reductive electron
transfer (or hole transfer) involving the NiP and intermolecular
electron transfer involving the electron acceptor (EA), methyl violo-
gen. Repetitions of the same sequence afford higher oxidation states
of the NiP catalyst that can oxidize water, producing molecular
oxygen and protons (see the ESIf for more detailed catalytic
mechanism). It's worth mentioning that the homogeneous photo-
catalytic experiments described here, conducted in an organic
solvent, could be helpful to couple this system with CO, reduction
catalysts for future tandem photocatalytic devices. Furthermore, for
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Scheme 1 (a) Energy diagram of the NiP-Ru-bpy dyad derived photo-
induced electron transfer process resulting in water oxidation. (b) Sche-
matic diagram of the visible light-driven water oxidation by the NiP-Ru
dyad modified TiO,/FTO photoanode.

the first time, a photoelectrochemical cell utilizing a Ni** porphyrin
moiety as a WOC and ruthenium complex as a PS is fabricated and
applied for water oxidation in aqueous media. Scheme 1b illustrates
the electron transfer processes on the photoanode of the PEC device.
After the photoexcitation of the Ru moiety, an electron is injected
into the conduction band of the TiO, and travels through the
external circuit to the Pt cathode. The holes are then moved from
the ruthenium to the nickel porphyrin catalytic moiety, which gains
the appropriate oxidation state to perform water oxidation. In a more
appealing approach, the injected on the photoanode electrons can
be transferred to an appropriately functionalized cathode containing
a water reduction catalyst.>”*® This would result to the construction
of a tandem photoelectrochemical system for overall water spliting.>’

The synthetic procedure for the preparation of NiP-Ru dyad, is
illustrated in Scheme S2 (ESIT) and the details are given the ESL+
The bis-pyridine intermediates, bpy-COOH>® and bpy(COOMe),,*!
were synthesized according to published procedures starting from
commercially available 4,4’-dimethyl-2,2"-bipyridine and [2,2'-
bipyridine]-4,4’-dicarboxylic acid, respectively. The next step was
the amide coupling of TPP-NH, and bpy-COOH via refluxing the
carboxylic acid substituted bipyridine in SOCI, and then introducing
the amino porphyrin to afford TPP-bpy porphyrin derivative. Sub-
sequently, the free-base H,P-Ru dyad was synthesized via a com-
plexation reaction between the previous two intermediates, namely
TPP-bpy and Ru(bpy(COOMe),), following known experimental
procedures.® The final step was a metalation reaction to insert
Ni(n) inside the porphyrin core affording the NiP-Ru dyad. The
hydrolyzed dyad derivative NiP-Ru-COOH, bearing four carboxylic
anchoring groups was obtained via basic hydrolysis. Moreover, the
reference, nickel tetra-toluene porphyrin NiP and the ruthenium
tris(bipyridyl) Ru-bpy and Ru-bpy-OOH were synthesized according
to literature procedures.®** The synthesis of all the final and
intermediate compounds was verified via 'H and *C NMR
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spectroscopies (Fig. S1-S13, ESIT) and MALDI-TOF mass spectro-
metry. The assignment of the corresponding peaks was achieved
through 2D COSY, HMBC and HSQC NMR spectra analysis.

The porphyrin and ruthenium complexes investigated in this
work were initially studied by UV-Vis absorption spectroscopy in
dimethylformamide (DMF). NiP and NiP-Ru dyad exhibited typical
porphyrin absorbance features in solution. NiP displays a Soret
band at 416 nm and one Q band at 527 nm with a shoulder peak
around 560 nm. Ru-bpy with a broad spectrum with peak maxima
centered around 464 nm, attributed to MLCT transition.*® As
depicted in Fig. 1a, the absorption spectrum of NiP-Ru was a
superposition of the NiP and Ru-bpy spectra. Nickel porphyrins
are not emissive and therefore only the ruthenium-based emission
in the region 570-800 nm with peak maxima at 658 nm was
observed. Fig. 1b illustrates the almost quantitative quenching of
the ruthenium-based emission (~98%) in the dyad due to the
covalent attachment of the nickel porphyrin. This observation
provides additional evidence of the interaction between the Ru
complex and Ni porphyrin moieties in the excited state.

The electrochemical properties of NiP, Ru-bpy, and NiP-Ru dyad
were studied using cyclic (CV) and differential pulse voltammetry
(DPV) measurements in PhCN containing 0.1 M (TBA)ClO, as the
supporting electrolyte. Representative voltammograms are shown in
Fig. S14 in ESL{ The NiP revealed two oxidations at 1.03 and 1.29 V
and one reduction at —1.31 vs. Ag/AgCl. On the other hand, one
oxidation at 1.56 V and three reductions at —1.03, —1.23 and —1.47 V
vs. Ag/AgCl were observed for Ru-bpy. The NiP-Ru dyad exhibited three
oxidation waves at 1.04, 1.31 and 1.50 V, and three reduction peaks at
—1.02, —1.29, and —1.46 V vs. Ag/AgCl. By comparison with the NiP
and Ru-bpy reference compounds, it was possible to assign all the
redox waves in the NiP-Ru dyad. The first (—1.02 V) and the third
(—1.46) reduction peaks correspond to the ruthenium part, while the
wave at —1.23 V includes the porphyrin reduction and the ruthenium
based reduction as well. On the other hand, to the cathodic side the
two first oxidations (1.04 and 1.31 V) can be attributed to the
porphyrin based oxidation and the third oxidation wave at 1.50 V
can be assigned to the ruthenium oxidation. All the above results
suggest that the covalent connection between the two components
has little effect in the redox properties of the dyad. The CV studies
revealed that the porphyrin macrocycle is oxidized more easily
compared to the ruthenium chromophore. Importantly, the hole shift
from the oxidized ruthenium complex to the porphyrin catalyst is
thermodynamically favorable, as the calculated Gibbs free energy
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Fig. 1 (a) Absorption spectrum of NiP-Ru dyad, NiP and Ru-bpy in DMF,

(b) Emission intensity of Ru-bpy (blue line) and NiP-Ru dyad (red line) after

excitation at 480 nm, recorded in DMF solutions with a concentration of

0.01 mM of individual compounds.
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(AGp:s)*® for this reaction is —0.46 eV. Further, to assist in spectral
characterization of the electron transfer products, spectroelectrochem-
ical studies of NiP and Ru-bpy were performed, as shown in Fig. S15
(ESIT). One-electron oxidized product of NiP was characterized by a
new peak at 620 nm while the reduced productd of Ru-bpy revealed
increased absorption covering the visible range.

In order to establish the excited state electron transfer in the NiP-
Ru dyad, femtosecond transient absorption (fs-TA) spectral studies
were performed. Fig. S16a (ESIT) shows the fs-TA spectra at the
indicated delay times of Ru-bpy in benzonitrile. In agreement with
the literature report,”’® in the visible region, the instanteneously
formed excited state involving metal-to-ligand charge transfer revealed
an excited state absorption (ESA) peak at 590 nm (see spectrum at
0.92 ps) and a negative signal at 658 nm. The peak maxima of the
negative signal matched that of the emission of Ru-bpy (see inverted
emission spectrum shown in green dash line) suggesting that it is due
to stimulated emission (SE). With time this peak experienced a 6 nm
blue-shift while the decay of the ESA peak was accompanied by a new
broad signal in the 715 nm attributable to long-lived triplet state.

Although non-emissive, the fs-TA spectra of NiP was also
recorded at the Soret band excitation to capture transient spectral
details as shown in Fig. S16b (ESIT). ESA peaks at 553 and 584 nm,
and a ground state bleach (GSB) at 525 nm was observed. As
expected, no signal corresponding to SE was observed. Decay of
the ESA and recovery of GSB peak did not result in any new peaks
corresponding to *NiP* within the monitoring time window of 3 ns.

The fs-TA spectra of NiP-Ru dyad was drastically different from
that of Ru-bpy monomer, as shown in Fig. S16c (ESIf). Spectrum
recorded at the earlier delay time (0.92 ps) revealed a broad ESA peak
covering the 550-660 nm region with a maxima around 615 nm,
expected for the NiP*-Ru~ charge separated state from the earlier
discussed spectroelectrochemical studies. Decay of this signal was
fast, which resulted in a much less intense, new peak at 620 nm. In
addition, a ESA peak at 553 nm and a GSB peak 525 were observed.
The time constants for these signals were close to that of NiP
suggesting this is due to simulteneous excitation of a small fraction
of NiP of the dyad. From decay kinetics, a lifetime of 25 ps the NiP"-
Ru~ charge separated state (fast decay component) was possible to
arrive. These results unequivocally provide charge separation in the
NiP-Ru dyad.

In order to prove electron/hole migration from the initial NiP*-
Ru~ charge separated state, photocatalytic electron pooling experi-
ments using methyl viologen (MV>*) as terminal electron acceptor
and water as electron donor was performed. Here, the UV-Vis spectra
of a mixture of NiP-Ru dyad, MV?', in Ar-saturated DMF containing
trace amounts of water, before and after irradiation was monitored,
as shown in Fig. S17 (ESI{). The characteristic peak of MV**
appeared at 608 nm accompanied by absorption bands in the region
of 370 nm-410 nm which were also attributed to the accumulation
of MV**.* This result suggests that the NiP+ of the charge separated
product can indeed oxidize water and the electron from reduced
ruthenium moiety is effectively shifting to MV>*, The final result is
regeneration of the NiP-Ru photocatalyst, release of water oxidation
product, viz. O, and H', and accumulation of reduced methyl
viologen, MV'. The absorption changes of MV" at 608 nm was
plotted versus the irradiation time for NiP-Ru photocatalystanda1:1
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mixture of NiP and Ru-bpy (see Fig. S18, ESIT for spectral data) with
same amounts of MV>* and H,O. Both systems were photocatalyti-
cally active and showed that the activity reached a plateau after about
one hour of irradiation, and that the performance of the NiP-Ru dyad
system was much superior than the non-covalent system.

Next, photocatalytic irradiation experiments for O, evolution
were performed in DMF using methyl viologen as sacrificial
electron acceptor and oxygen was detected via an optical oxygen
sensor.’ In agreement with the electron pooling experiments,
the NiP-Ru dyad exhibited significantly higher O, evolution
compared to the non-covalent system comprised of NiP and Ru-
bpy as PS (Fig. 2a). The overall activity of NiP-Ru dyad reached a
turn over number (TON) of 18 after one hour of continuous
irradiation. The later system was additionally used to examine
the impact of the PS concentration. After increasing PS concen-
tration by a factor 10, no impact on the photocatalytic activity
was observed. Control experiments with no catalyst, or no
sacrificial agent or no water failed to reveal any photocatalytic
O, production. Varying the concentration of the of NiP-Ru dyad
(Fig. 2b and c) showed a first order dependence of the oxygen
evolution rate on the dyad concentration. Since the previous
experiment showed no dependence on the PS concentration,
the later result suggests that the rate-determining step of the
water oxidation reaction involves one nickel center.

Further investigation in aqueous media was also performed,
since water is the greenest solvent and the ideal oxygen source for
our photocatalytic system. In detail we conducted photoelectrochem-
ical (PEC) studies in an aqueous phosphate buffer solution (pH = 7)
and in the absence of any sacrificial agents. For these experiments, a
450 W Xe lamp equipped with a 400 nm cut-off filter was used as a
light source. The photoelectrochemical performance of the hydro-
lyzed dyad was studied by using a standard three-electrode PEC
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Fig. 2 (a) Oxygen evolution during photocatalytic H,O oxidation after irradia-
tion with a 450 W xenon lamp (cut-off filter 2 > 400 nm). All solutions
contained 50 mM of Methy!l Viologen in DMF and 4% H,O. (b) O, evolution
rate as a function of the dyad concentration. Conditions: 50 mM of Methyl
Viologen in DMF and 4% H,O, (c) Photocatalytic oxygen evolution plots versus
irradiation time using NiP-Ru dyad under different concentrations, (d) PEC
performance illustrated by light on and off experiments from TiO, (1 cm?) on
FTO sensitized with NiP-Ru dyad, and Ru-bpy reference after applying 0 V
versus Ag/AgCL reference electrode in phosphate buffer of pH = 7.
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system. The NiP-Ru-COOH/TiO,/FTO was utilized as photoanode
while Pt mesh and Ag/AgCl were used as counter and reference
electrodes, respectively. The photoelectrochemical responses were
recorded at an applied bias potential of 0.0 V (Fig. 2d). The light
switching experiments displayed that the photocurrent produced by
the NiP-Ruw/TiO,/FTO electrode was much higher than that com-
pared to the reference anode where no NiP catalyst moiety was
present. As it is observed in Fig. 2d the intensity of the photocurrent
decreases over time. This can be attributed to the partial disorption
of the dyad from the TiO, electrode due to the hydrolysis in aqueous
media (the color of the sensitized electrode faded during the
catalysis). In order to suppress this effect, more appropriate anchor-
ing groups must be applied (e.g. pyridyl) or different buffer electro-
lyte (e.g borate buffer). The above results demonstrates a proof of
concept, where the PEC device fabricated from a NiP-Ru dyad is able
to perform light induced water oxidation in neutral aqueous media.
Noteworthy, to the best of our knowledge, this is the first PEC device
utilizing nickel porphyrin WOC and ruthenium PS.

In summary, successful utilization of a nickel(u) porphyrin-
ruthenium tris(bipyridine), NiP-Ru dyad in photocatalytic water
oxidation under visible light irradiation has been accomplished.
Nickel porphyrin moiety was utilized as the water oxidation catalyst
while the ruthenium complex had the role of the light-harvesting
sensitizer. Initial photocatalytic experiments in organic solutions
showed that the covalently connected dyad displayed improved
performance compared to the non-covalent two-component system.
This was verified both in an electron pooling experiment followed
by UV-Vis spectral detection of electron transfer products as well as
direct detection of generated dioxygen using an optical oxygen
sensor. The overall activity of NiP-Ru dyad reached a TON of 18
after one hour of continuous irradiation. For the first time, a
photoelectrochemical cell was fabricated using the NiP-Ru dyad
anchored on TiO, as a photoanode and was shown to perform water
oxidation at neutral pH conditions. It may be mentioned here that
the employment of organic solvent could serve a dual role of placing
water oxidation and CO, reduction catalysts in the same cell for CO,
conversion. Currently, we are in the process of designing such
tandem catalytic devices.
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