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ABSTRACT

The photocatalytic activity for CO2 reduction of a series of Ni-substituted polyoxometalates (POMs) differing in
nuclearity, shape and size, has been investigated under visible light irradiation, with [Ru(bpy)s]** (bpy = 2,2’-
bipyridine) as photosensitizer and triethanolamine as sacrificial donor. The tetrabutylammonium salt of the Nis
tetranuclear species was found to exhibit the highest CO production and its stability under photocatalytic
conditions was demonstrated. The catalytic performance was significantly lower for the alkaline salt due to the
separation of the POM from its counter-ions occurring only for the tetrabutylammonium salt. Photophysical
experiments evidenced a bimolecular electron transfer from the reduced photosensitizer [Ru(bpy)s]* to the Nia
POM, the former arising from the reductive quenching of the [Ru(bpy)s]?* excited state by triethanolamine. This
was further supported by DFT calculations, which also showed that the Nis POM accumulates at least two

electrons and four protons to carry out the CO; reduction catalytic process.

1. Introduction

Polyoxometalates (POMs) are described as molecular
oxides based on high-valent metal (M) centers (W",
MoV, VVV ) that form MOx (x = 5,6) polyhedral
building units. They can incorporate heteroelements
(PY, Si", Ge", etc.) and transition metal centers (Fe, Co,
Ni, Cu, Zn, etc.) in their structure and they can be
further functionalized by organic ligands [1-5]. Besides
their high tunability, they exhibit high thermal stability
and have the ability to carry out multiple electron and
proton transfers, which make them particularly
attractive in the field of multi-electron-proton
catalysis [6]. Furthermore, these molecular objects
may be easily immobilized in various matrices such as
metal-organic frameworks [7-9], leading to efficient
heterogeneous catalysts.

In the field of solar energy conversion, POMs have
been widely studied for photocatalytic proton
reduction and water oxidation [1-5], while there are
notably fewer reports on their use for CO:

photoreduction [15,16] and electroreduction [17-19].
Focusing on CO2 to CO photoconversion, we can
observe a few striking examples. In 2010, Neumann
and coworkers showed for the first time that a POM
substituted by a Ru'"' center can catalyze CO2 reduction
with tertiary amines as sacrificial reducing agents [20].
In 2016, hybrid compounds with Re' complexes
associated to the Keggin-type PW12 polyoxotungstate
were prepared and a reaction pathway involving the
reduced and protonated POM was proposed for the
photoreduction of CO2 [21]. Two years later, a high-
nuclear mixed vanadium and cobalt oxo cluster-
containing POM showed photocatalytic activity for CO2
conversion[22]. This study involved for the first time a
noble-metal-free POM and was followed by three
studies dedicated to the use of homometallic nickel
POMs as catalytic species. In 2021, Li, Zheng, Yang and
coworkers described the photocatalytic activity of
nickel cluster substituted silicotungstates [23]. One
year later, Weinstock and coworkers showed that a
large molecular assembly of ten hexaniobate POMs
encapsulating a {Niso} cluster can act as an efficient



photocatalyst for the reduction of CO>, with water
serving as electron donor [24]. Finally, Fang and
coworkers reported the same year the photocatalytic
reduction of CO2 with catalytic units consisting of self-
assembled molecular cages built from {SiWsNis} units
connected by rigid dicarboxylate linkers using
[Ru(bpy)s]?* (bpy = 2,2’-bipyridine) complexes as
photosensitizers [25]. In addition to these
investigations of the catalytic activity of molecular
POMs under homogeneous conditions, a few POM-
based nanostructures have been studied for
heterogeneous photocatalytic CO2 reduction [26],
often based on reduced polyoxomolybdate (i.e.,
containing MoV ions) structures [27-30]. Composites
with Keggin type POMs encapsulated in Cd-based
MOFs have also been reported as high-efficient CO:
reduction catalysts [31]. However, there is still no clear
evidence of the structural and compositional
parameters that are important for the CO, to CO
conversion catalytic activity of POMs.

As Ni-substituted compounds are among the most
efficient POMs for photocatalytic proton reduction
[32-38], and considering the recent reports of their
activity for CO2 reduction [23-25], we decided to
investigate the catalytic properties of a series of Ni-
based POMs with vacant {SiWs} or {PWs} units

connected to Ni clusters (Fig. 1). The
[(SiW9034)Nia(CH3COO0)3(OH)3]* (NisAc) [39],
[Nia(H20)2(PWs034)2]** (Nia) [32],

W

[{(PWs034)Niz(OH)(H20)2(03sPC(0)(C3HsNHs)PO3)}Ni]*

(Ni7) [40],
[(SiW3034)Ni1aHs(03PC(O)(CsHsNH3)PO3)7(H20)11(OH)7]
12- (Ni1a) [36] and
Ni[{(SiWs034)Nia(OH)3}s(0O0C(CsH20)CO0)6]*>  (Ni17)

[25] POMs were selected for this study. These POMs
exhibit various Ni contents, sizes, charges and shapes
and possess P or Si as heteroelement. These five POMs
crystallize with ammonium and/or alkaline counter-
ions (see experimental section). In order to study the
influence of the nature of the counter-ions, the
tetrabutylammonium (TBA) salt of Nia ((TBA)Nia) [32]
was also studied as well as the
bis(triphenylphosphoranylidene)ammonium (P2N) salt
of Niia ((P2N)Niia) [36]. The photocatalytic proton
reduction properties have been previously reported
for both ((TBA)Nia [32] and (P2N)Niwa [36]) and, as
mentioned above, Nii7 has been proven to be a good
catalyst for the photocatalytic reduction of CO; [25].
Here, it serves as a reference compound. After
optimization of the photocatalytic conditions (solvent,
nature and concentration of the photosensitizer and
the sacrificial donor), the catalytic activities of the
seven aforementioned POM salts were investigated.
Finally, photophysical measurements and DFT

calculations were conducted on the Nia catalyst, which
exhibits the highest catalytic activity amongst the
tested POMs in order to gain insights into the
mechanism that governs the catalytic reaction.
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Fig. 1. Mixed polyhedral and ball-and-stick representation of the Ni-substituted POMs whose photocatalytic activities have
been investigated in this study, with the formula of the organic ligand for the hybrid compounds, the abbreviation of the POM
salts and the nature of the counter-ions in parentheses. Blue octahedra: WQg, orange tetrahedra: SiO4, yellow tetrahedra:
PO,, green spheres: Ni, red spheres: O, black spheres: C, blue spheres: N. Hydrogen atoms have been omitted for clarity.

2. Experimental section
2.1. Materials and instrumentation

All reagents were purchased from commercial
sources and used as received. Infrared (IR) spectra were
recorded on a Nicolet 30 ATR 6700 FT spectrometer.



Thermogravimetry analyses (TGA) were performed on
a Mettler Toledo TGA/DSC 1, STARe System apparatus
under oxygen flow (50 mL min') at a heating rate of 5°C
min! up to 700°C. EDX experiments were performed
with a Jeol JSM-5800LV Scanning Microscope. Dynamic
Light Scattering (DLS) experiments were performed on
a Malvern Zetasizer Nano ZS. Electrospray ionization
(ESI) mass spectra were recorded on a Xevo QT of
WATERS (quadrupole-time-of-flight) instrument. The
temperature of the source block was set to 120 °C, and
the desolvation temperature was set to 200 °C. A
capillary voltage of 1 kV was used in the negative scan
mode, and the cone voltage was set to 10 V to control
the extent of fragmentation of the identified species.
Mass calibration was performed using a solution of
sodium formate in water/acetonitrile (2:8) from m/z =
50 to 3000. Sample solutions were injected via a syringe
pump directly connected to the ESI source at a flow rate
of 20 pL/min.

2.2. Synthesis of POMs

The Ni-substituted polyoxotungstates
Na1s[Na{(SiW90s34)Nis(CH3COO)3(OH)3}2]-4NaCl-36H,0
(NisAc) [39], Na2Ks[Nia(H20)2(PW9034)2]-28H20 (Nia)
[32], (TBA)7H3[Nia(H20)2(PWs034)2].4H20 ((TBA)Nia) [32]
Na7K7[{(PWs034)Niz(OH)(H20)2(03PC(O)(CsHsNH3)PO3)}2
Ni]-34H20 (Ni7) [40], Na12[(SiWs034)Ni1a
Hs(03PC(0)(C3HsNH3)PO3)7(H20)11(0OH)7] = 75H20 (Ni1a)
(36],
(P2NCaeH30)sNaa[(SiW9O3a)Ni1a(AleOH)s(AleO)2(H20)11(0
H)7]-60H20 ((P2N)Niaa) [36] and
(NHa)22NasNi[{(SiW9034)Nia(OH)3}4(O0OC(C4H20)COO0)6]-
155H,0 (Ni17) [25] were synthesized according to
reported procedures. These POMs were characterized
in the solid state by IR spectroscopy and EDX
measurements and the number of crystallization water
molecules was confirmed by TGA measurements (Fig.
S1).

2.3. Photocatalytic experiments

All photocatalytic experiments, except the kinetic and
labelling experiments on Nia (vide infra), were run in a
CH3CN:H20:TEOA (1.5 mL:0.33 mL:0.17 mL; TEOA =
triethanolamine) solution with 0.06 umol of POM and
3.9 umol of [Ru(bpy)s]Cl2, corresponding to the
following concentrations: 30 uM of POM, 0.64 M of
TEOA, 1.95 mM of [Ru(bpy)s]Cl. Photochemical
reactions were performed using a 280 W, high-pressure
Xe arc lamp (Newport Instruments). The beam was
passed through a water infrared filter, a collimating
lens, and a filter holder equipped with a 415 nm band-
pass filter (Asahi Spectra). Samples were saturated with
CO: via directly bubbling CO2 through the solution
mixture for 30 min. During irradiation, the samples
were vigorously stirred at a controlled temperature (20

°C) and aliquots of the headspace were analyzed in two
gas chromatographs (GCs). H2 measurements (aliquots
of 50 uL of the headspace) were performed by gas
chromatography on a Shimadzu GC-2014 equipped
with a Quadrex column and a Thermal Conductivity
Detector and using N2 as a carrier gas. CO was
measured using a Shimadzu GC-2010 Plus carried by
helium and with a S9 Restek ShinCarbon column and a
flame ionization (FID) detector with a methanizer.
Aliquots of gas were removed with a gas-tight syringe.
Formate in the liquid phase was also analyzed using a
Metrohm 883 Basic IC plus ionic exchange
chromatography instrument, using a Metrosep A Supp
5 column and a conductivity detector. The sample was
100-fold diluted in deionized 18 MQ water and 20 puL
were injected into the IC chromatograph. No significant
formate production was detected in all experiments.
Calibration curves for H2 and CO in a CO2 matrix (O-
70000 ppm) and for HCOOH in water (0-30 uM) were
performed before analysis.

Kinetic measurements during photocatalysis were
performed with blue LED irradiation (SugarCube LED
lamp, emission at 463 nm with FWHM of 50 nm, 100 W
m2 irradiation). Gaseous products were detected by
automatic injection into a Micro GC Fusion Gas
Analyzer, equipped with PLOT molecular sieve column,
Ar carrier gas, and TCD detector. Mass spectrometry
coupled to GC (Trace GC Ultra/ISQ, Thermo Scientific)
was used for labelling experiments with 3C0..

2.4. Photophysical experiments

Transient absorption and emission experiments were
performed on an Edinburgh Instruments LP920 Laser
Flash ~ Photolysis  Spectrometer. The system
incorporated a Continuum Q-switched Nd:YAG laser
operating at 355 nm and a Continuum Surelite OPO for
sample excitation at 460 nm (5 ns pulse duration,
typical energy 7-10 mJ). The LP920 system is equipped
with a 450 W Xenon lamp as the probe for the transient
absorption measurements. Detection in the LP920
system is performed either via a Czerny-Turner blazed
500 nm monochromator (bandwidth: 1-5 nm) coupled
with a Hamamatsu R928 photomultiplier tube (kinetics
mode), or via a 500 nm blazed spectrograph
(bandwidth: 5 nm) coupled with a water-cooled ICCD
camera (Andor DH720; (spectral mode). Samples,
having absorbances of 0.6 at the excitation wavelength,
were purged with argon prior to each experiment. The
turnover number (TON) is defined as :

TON = Total mole number of product / Total mole
number of catalyst.

2.5. Computational details

DFT calculations were carried out at the wB97X-D level
using Gaussianl6 (rev C.02) quantum chemistry
package [41]. The LANL2DZ basis set and associated



pseudopotentials [42] were used to describe Ni and W
atoms. These were supplemented by a Frenking’s f-
type polarization function [43]. The remaining atoms
were described with the all-electron 6-31g(d,p) basis
set [44-46]. As the POM catalyst was experimentally
found to remain in the aqueous phase during
photocatalytic experiments (vide infra), solvent effects
of water were included by means of the IEF-PCM
implicit solvent model [47] as implemented in
Gaussian16. Geometry optimizations were carried out
without any symmetry restriction. The nature of all
stationary points on the potential energy surface was
confirmed by frequency calculations. The standard-
state correction of +1.9 kcal mol?! (from the 1 atm
reference state assumed in Gaussian calculations to the
standard state of 1 mol L in solution at 25 °C) was
applied to the free energy of all the species with the
exception of water molecules. For the latter, which are
part of the solvent, the standard-state correction
accounts for +4.3 kcal mol? according to their
concentration of 55.3 mol L. A data set collection of
the optimized structures for the most relevant species
is available in the ioChem-BD repository [48] and can be
accessed via 10.19061/iochem-bd-6-293.

3. Results and discussion

3.1. Photocatalytic reduction of CO>

Photocatalytic experiments were performed in
CH3CN:H20:TEOA solutions, with TEOA as sacrificial
electron donor (SED), H20 as proton source and
[Ru(bpy)s]?** as photosensitizer (PS). The solutions were
saturated with COz and irradiated with a 280 W Xe lamp
(A > 415 nm) and both gas and liquid phases were
analyzed after 2 h. For all the POMs, only negligible
amount of formate was detected in the liquid phase
while CO and H: were present and quantified in the gas
phase. The experimental conditions were optimized on
(TBA)Nis that proved to be the most efficient catalyst
(see below). We considered first the solvent
composition ratios. There was an optimum CO
production (2.89 umol, Table S1, entry 2) for a
CH3CN:H20:TEOA ratio equal to 8.8:2:1 which
corresponds to a mixture of 1.5 mL of CHsCN, 0.33 mL
of H20 and 0.17 mL of TEOA. When lower or higher
TEOA volumes were added, the CO production
decreased (Table S1, entries 1 and 3). The presence of
water was found to be beneficial for the production of
CO, with a significant decrease from 2.89 to 0.74 umol
in absence of water (Table S1, entry 4). We then studied
the influence of the nature and concentration of the
photosensitizer. With 1.95 mM PS concentration, the
CO production was higher with [Ru(bpy)s]** (2.89 umol)
when compared to [Ru(phen)s]?* (1.61 umol) while only
traces were detected with [Ir(dtbbpy)(ppy)2]* (Table S2,
entries 1-3). Furthermore, an optimum condition was

found with [Ru(bpy)2]** concentration of 1.95 mM, with
lower CO productions observed when higher or lower
concentrations were used (Table S2, entries 1, 4-6).
Control experiments indicated that (TBA)Nis was
inactive with negligible CO production in the absence of
COy, light, PS, sacrificial electron donor, or catalyst
(Table S3, entries 1-6).

The production of CO and Hz was measured for the
seven salts of Ni-substituted POMs using the optimized
conditions (Fig. 2a, Table S4). As shown in Fig. 2a, the
lowest CO production was observed for Ni7 (0.65 pumol)
and NisAc (1.08 umol) while (TBA)Nis exhibited the
highest CO production (2.89 umol), showing a higher
activity than Niiz under similar conditions used in this
study. However, the CO production of this Nia POM was
far lower (1.70 umol, Fig. 2a, Table S4) when used as a
mixed Na* and K* salt instead of a TBA salt. The same
trend, although less pronounced, was observed for Niia,
for which the CO production was equal to 1.63 umol as
a sodium salt and 1.94 umol as an organic soluble salt
(P2N salt). For all the POMs, the CO selectivity lies
between 73 % (for NisAc) and 89 % (for (P2N)Ni1a) (Table
S4). Furthermore, the production of CO and H: of the
NagH[PWs034] precursor measured using the same
conditions (Table S4) is very low, evidencing that the Ni
ions play a crucial role in the catalytic process.

As (TBA)Nia exhibits the best performance, all further
studies were performed on it. The CO and H:
productions were studied for catalyst’s concentration
ranging from 5 to 30 uM (Fig. 2b, Table S1, entries 7, 6
and 2). The CO production increases from 1.06 to 2.89
pmol with a selectivity equal to 93% for the lowest
concentration. As usually observed, the CO turnover
number (TON) is higher at lower catalyst
concentrations (105 for 5 pM and 48 for 30 uM
solutions). Finally, kinetic measurements were
performed on (TBA)Nis using an automatized set-up
with blue LED irradiation (Fig. 2c, Table S5). The CO
production increased linearly for the first 2 h but
leveled off after 4 h. This plateau was attributed to the
deactivation of the [Ru(bpy)s]>** photosensitizer,
following the loss of a bipyridine linker [49-51]. The
production restarted after addition of 8.1 mg (10.8
pumol) of [Ru(bpy)s]Cl2. Four consecutive cycles have
been done confirming that the plateau is not due to the
degradation of the catalyst but to that of the
photosensitizer. The CO production amounts to 14.6
pumol after 16 h. In addition, an isotope tracer
experiment was performed to determine the origin of
CO. The peak at m/z = 29 observed in the mass
spectrum (GC-MS) analysis of the gas generated from
the photocatalytic reduction of 3CO, was assigned to
13CO, providing experimental proof that CO originates
from COz reduction (Fig. S2).

Strikingly, for all these photocatalytic experiments, a
phase separation was observed (Fig. 3a), with a denser
orange-colored phase (S2 solution) and a lighter



colored phase at the top (S1 solution). This phase
separation appears only after CO2 bubbling. Salt-
induced liquid-liquid phase separation in water-
acetonitrile mixtures is a phenomenon commonly
observed [52]. In the photocatalytic medium, ionic
species are formed by CO: bubbling, such as
zwitterionic TEOA-CO: adducts [53], carbamate,
HTEOA* and HCOs" species [44]. The presence of these
ions alters the hydrogen-bond interactions between
water and acetonitrile molecules, which contribute to
the miscibility of these two solvents. Indeed, water

molecules surround the ions, becoming unavailable for
the organic solvent that becomes “salted out” from the
aqueous phase [54]. The orange color of the S1 and S2
solutions indicates the presence of [Ru(bpy)3]?* in both
phases. Furthermore, after separation of S1 and S2,
addition of a large excess of [Ru(bpy):]Cl2 in S2 leads to
the formation of a precipitate for which the vibrational
bands of the POM can clearly be identified (Fig. S3). On
the contrary, no precipitate was observed after
addition of [Ru(bpy)s]Clz in S1. It can be deduced that
the POM is mainly present in the S2 phase.
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Fig. 2. CO (gray) and H; (yellow) production after 2 h for a CO,-saturated solution of CH3CN:H,O:TEOA (1.5 mL:0.33 mL:0.17
mL) in the presence of 1.95 mM [Ru(bpy)s]Cl; under visible light irradiation (280 W Xe lamp, A > 415 nm) with (a) the various
salts of Ni-substituted POMs (30 uM) and (b) with various concentrations of the (TBA)Nis POM (number labels indicate TONs);
(c) time evolution of CO (gray line) and H. (orange line) production of (TBA)Nis (30 M) under blue LED (463 nm) irradiation;
additional 8.1 mg (10.8 umol) of [Ru(bpy)s].Cl, were added after 240, 480 and 720 min showing the recovery of activity.

Finally, 'H NMR measurements performed on both
phases of a CD3sCN:D20:TEOA catalytic medium indicate
that TEOA is present in both phases (two peaks at 3.40
and 2.69 ppm in S2 and 3.49 and 2.56 ppm in S1) and
that the TBA cations are only present in the S1 phase
(Fig. S4). We can further note that while the signals
related to the TBA protons of the homogeneous
catalytic solution obtained before bubbling CO2 are
broadened, indicating the presence of the
paramagnetic POMs, they are well-defined in the H

NMR spectrum of S1, confirming that the POMs are
only in the S2 phase. Moreover, we have noticed that
the addition of a few drops of DMF to the biphasic
mixture also restores a homogeneous phase which is
maintained upon further CO2 bubbling (S3 solution, Fig.
3b). It can be proposed that such addition of DMF
regenerates the interactions between solvent
molecules, preventing the liquid-liquid separation.
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Fig. 3. Pictures of a) a 30 mL catalytic solution before and after
bubbling CO,; b) a 2 mL catalytic solution before and after
bubbling CO, and after addition of DMF; c) normalized CO
production of the various solutions. Catalytic conditions: 2 mL
of CO,-saturated solution irradiated during 2 h (280 W Xe
lamp, A > 415 nm).

All these observations prompted us to further
investigate the respective photocatalytic activity of
each solution. The photocatalytic activity of 2 mL of the
S(1+2) solution vigorously agitated (usual conditions)
have been compared to that of 2 mL of S1 and 2 mL of
S2 separately and of 2 mL of S3 (Fig. 3c). As expected,
the activity of the S1 solution is far lower than that of
S(1+2) because the POM is mainly in the S2 solution.
Even if all the components of the catalytic reaction are
present in the S2 and S3 solutions, the catalytic activity
of these two solutions is also lower than that of the
S(1+2) solution. This can be expected for S2, knowing
that the solubility of CO2 is lower in H20 than in CH3CN,
but is more surprising for S3. We also carried out two
complementary experiments, one with just water and
TEOA as the catalytic medium and the other with two
drops of DMF added to the CHsCN:H20:TEOA mixture,
that thus remains biphasic (Fig. S5). The CO production
dramatically drops when the catalysis is performed in
the H,O/TEOA mixture (-71%) whereas it is maintained
when only two drops of DMF are added, in the
CH3CN:H20:TEOA mixture, which is still biphasic. These
experiments show that DMF does not inhibit the
catalytic reaction and that the formation of a phase
separation is essential. It can be proposed that the
catalytic reaction takes place in the water phase at its
interface with the CHsCN phase and that the separation
of the POM (in the S2 solution) from its TBA counter-
ions (in the S1 solution) has a beneficial impact on the
photocatalytic activity. This hypothesis is in line with

the observation that the catalytic activity of the alkaline
salt of Nis is lower than that of (TBA)Nis (Fig. 2a).
Indeed, with the alkaline salt, the sodium and
potassium counter-ions interact strongly with the Nia
POM and must remain close to it in the aqueous phase
[55] and might hinder the catalytic process. The
solutions after photocatalysis were analyzed by
electrospray ionization mass spectrometry (ESI-MS).
The peak attributed to the oxidized product of TEOA
(aldehyde) was clearly visible on the mass spectrum of
the aqueous phase S2 (Fig. S6), confirming the
oxidation of TEOA during the catalytic process and its
role as a sacrificial electron donor. We can note that
such oxidation product of TEOA has been previously
observed [56,57].

The stability of the catalyst is obviously an important
parameter in photocatalytic CO2 reduction. The IR
spectrum of the precipitate obtained by addition of
[Ru(bpy)s]Cl2 in S2 after photocatalysis is identical to
that of the precipitate obtained before catalysis and
also very similar to the IR spectrum of the pristine POM
in the W-O, W=0 and P-O vibrations regions (Fig. S3).
EDX measurements performed on the precipitate
obtained by addition of [Ru(bpy)s]Cl> in S2 after
photocatalysis have shown that the Ni/P and P/Ni ratio
are the ones expected for a [Nis(H20)2(PWs034)2]**
POM (Ni/W ratio calc =0.22, exp = 0.28; P/Ni ratio calc
= 0.50, exp = 0.47). Furthermore, as mentioned above,
the addition of [Ru(bpy)s]Cl2 allows to restore the CO
production (Fig. 2c). Finally, dynamic light scattering
(DLS) experiments indicate the absence of particles
having a diameter higher than 1 nm, suggesting that no
nickel oxide nanoparticle was formed during the
catalytic event. All these observations support that
(TBA)Nia is stable under the described -catalytic
conditions.

3.2. Mechanistic study of the (TBA)Nia POM

photocatalytic system
Photophysical studies

During photocatalysis, photon absorption creates the
excited state of the photosensitizer that either interacts
with the SED to form the long-lived reduced form
[Ru(bpy)s]* (reductive quenching) which is then
activating the catalyst, or reduces the catalyst
(oxidative quenching) leading to formation of the
strong oxidant [Ru(bpy)s]3* that is then reduced by the
SED. To obtain more insight into the photocatalytic
mechanism at work, we performed time-resolved
photophysical studies. First, the interaction of the
sacrificial electron donor TEOA with the [Ru(bpy)s]*
photosensitizer was studied. Addition of increasing
amounts of TEOA up to 3 M hardly affects the kinetics
of the [Ru(bpy)s]?* excited state (Fig. S7A) although the
small bleaching of the MLCT absorption persisting after
decay of the excited state indicated formation of the



reduced form of the photosensitizer (Fig. S7B). This was
confirmed by the observation of formation of a long-
lived (» ms) species with absorption features
characteristic of the reduced photosensitizer,
[Ru(bpy)s]* (Fig. S8). Due to the low rate constant for
quenching of the excited state by TEOA (kteoa= 4-10* M~
1s1) the quantum yield of formation of [Ru(bpy)s]* is
low and amounts to around 3% for the concentrations
of SED (0.64 M) typically used in the photocatalytic
reactions (Fig. S9).

We then investigated the interaction between the
excited state of the photosensitizer and the catalyst.
When 10 uM of (TBA)Nia POM were added to a solution
of 40 uM [Ru(bpy)s]?*, the emission of the latter was
nearly completely quenched (Fig. S10). This is strong
indication for formation of ion-pairing adducts between
the highly negatively charged POM and the double
positively charged photosensitizer. As the quenching of
emission was much weaker in presence of only 3 uM
POM it can be concluded that one POM can fix around
four photosensitizer complexes. This electrostatic
interaction is also detectable as a redshift in the
emission and absorption spectra of the photosensitizer
(Fig. S11). The most likely pathway for deactivation of
the excited state of the photosensitizer is via a fast and
reversible electron transfer to the POM. However, this
electron transfer does not lead to the formation of a
charge-separated state sufficiently stable to be
detectable on a nanoseconds time scale. The main
reason could be that the [Ru(bpy)s]** species formed
after electron injection into the POM is even more
strongly bound to the POM and unable to escape the
association complex before charge recombination. This
makes a photocatalytic reaction mechanism involving
POM reduction from the photosensitizer excited state
unlikely. However, it should be noted that with the
large excess of photosensitizer over POM employed in
the photocatalytic experiments (1.85 mM [Ru(bpy)s]**
for 10 uM POM) only a negligible fraction of
photosensitizer activity is lost due to scavenging by the
POMs. The grand majority of PS molecules should show
a long-lived excited state able to interact with the SED,
forming the more reducing [Ru(bpy)s]* species with an
efficiency as described above. This long-lived
[Ru(bpy)s]* species is then the reductant for the
catalyst.

Photophysical characterization was also performed
on a three-component system comprising the
photosensitizer, POM, and TEOA. It appears that the
presence of TEOA at high concentration weakens the
electrostatic interaction between the photosensitizer
and the POM to some extent as in the presence of
TEOA less static quenching of the photosensitizer
excited state is observed (compare Fig. S12 and Fig.
$10). Analysis of the amount of long-lived excited state
as a function of concentration of POM (Figs. S12, S13)
allows to estimate that the POM can bind up to four

equivalents of [Ru(bpy)s]** complexes. Fig. 4 shows the
kinetics of the reduced state of the (free)
photosensitizer, recorded at 510 nm on a long-time
scale, for different concentrations of POM. The traces

0.020
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—— [Ru(bpy),**, 2.2 M TEOA
=) +5 M (TBA)Ni, POM
o 0.010 .
<<(] +10 pM (TBAJNi, POM
0.005
0.000
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Fig. 4. Kinetics of transient absorption at 510 nm of
[Ru(bpy)s]?* (40 uM) upon excitation with nanosecond laser
flashes at 460 nm in Ar-saturated MeCN/H,0 (9/1), 2.2 M
TEOA solution containing increasing concentrations of
(TBA)Nis POM.

show the fast formation of the [Ru(bpy)s]* state
followed by its decay that is accelerated with
increasing concentration of POM. This finding is a
strong indication for the occurrence of bimolecular
electron transfer from the reduced photosensitizer to
the POM, with a rate of about 6 x 10’ M%s™.

DFT calculations

To further investigate the interactions between the Nis
POM catalyst and the other components of the
photocatalytic system under light irradiation, we next
conducted theoretical DFT calculations. As the redox
properties of POMs are strongly dependent on their
protonation state [58], we firstly examined the ability
of Nis to associate protons under photocatalytic
conditions. To this end, we considered the N-
protonated form of TEOA (HTEOA*) as the source of
protons. With a pKa of 7.8 [59], the latter is expected to
exist in equilibrium with TEOA in the reaction mixture,
but it is also generated through the spontaneous
deprotonation of TEOA** radical cations that arise from
the reductive quenching of the photoexcited
[Ru(bpy)s]?*, by a second TEOA molecule [57,60-62].
Under photocatalytic conditions, the Nis catalyst was
found to spontaneously abstract up to two protons
from HTEOA* molecules, the reaction Gibbs free-
energies for the first and the second proton transfer
events being -6.8 and -5.1 kcal mol?, respectively (Fig.
S14). The protons in the doubly-protonated anion,
labeled as H:Nis, are accommodated on two p2-(Ni-O-
W) bridging oxygen sites in an antisymmetric



disposition, which grant the formation of stabilizing
intramolecular hydrogen bonds with neighboring O
sites of the POM framework, as shown in Fig. 5a.
Further protonation of Hz2Nis by HTEOA* was predicted
to be thermodynamically unfavorable, by 4.2 kcal mol?
(Fig. S14). Thus, we next analyzed the feasibility of
electron transfer events from the photosensitizer to
H2Nia.

Fig. 5b compares the calculated Gibbs free energies
associated to the reduction of the catalyst via single
electron transfer (SET) following either oxidative
quenching (red arrows) or reductive quenching (blue
arrows) mechanisms. As anticipated above, the
oxidative quenching pathway involves a SET from the
triplet MLCT state of the photoexcited photosensitizer,
(labeled as [Ru(bpy)s]*"*) to H2Nis, which was
calculated to be endergonic by 15.3 kcal mol™. Even
though this might be accessible at room temperature,
the charge recombination between the reduced POM
and the oxidized PS was found to be strongly favorable
(by 64.5 kcal mol?), thus preventing the efficient
formation of the reduced POM, as observed
experimentally. Conversely, the one-electron reduced
form of the photosensitizer, [Ru(bpy)s]*, formed in the
reaction mixture via reductive quenching of
[Ru(bpy)s]*** by TEOA as evidenced experimentally
(see above), can more efficiently reduce Hz2Nis through
a SET process that was estimated to be ergoneutral.
Therefore, these results strongly indicate that the
Nia/[Ru(bpy)s]?*/TEOA photocatalytic system operates
through a reductive quenching mechanism (Fig. 5b,
blue arrows), further supporting the mechanistic
picture inferred from photophysical studies. It is worth
noting that protonation of the Nias is essential to allow
efficient charge accumulation in the catalyst. As a
matter of fact, the SET from [Ru(bpy)s]* to the non-
protonated Nis, which bears an overall charge of -10, is
much less favorable compared to that to the doubly-
protonated [Hz2Nis]®~ anion, with a reaction free-energy
of +16.9 kcal mol? (vs. 0.0 kcal mol?). This can be
ascribed to the polyanionic nature of the POM, as
reducing its overall negative charge via protonation
lowers the energy of its unoccupied Molecular Orbitals
(MOs), favoring in turn reduction events [58]. It is also
worth noting that possible ion-pairing effects involving
the POM, which are not explicitly captured in our
models, are expected to ease SET processes due to the
same principle, although to a lesser extent than
protonation [58]. Hence, it cannot be ruled out that the
SET processes from the PS to the POM are actually
somewhat more exergonic than what computed values
suggest.

As shown in Fig. 5c, reduction of the catalyst by
[Ru(bpy)]* generates species [H2Nia(1e)]®, in which the
extra electron is accommodated in a d-type MO
centered on a W atom of the polyoxotungstate
framework, in line with previous studies on the redox

properties of Ni(ll)-substituted POMs [33]. Under
photocatalytic conditions, [H2Nis(1e)]°" can then accept
a second one-electron from a [Ru(bpy)]* molecule to
yield [H2Nia(2e)]'°". Despite this process was computed
to be slightly endergonic (AGser = +7.2 kcal mol?, Fig.
S14), the subsequent, spontaneous association of two
more protons to p2-(Ni-O-W) sites (AG of -15.0 and -7.9
kcal mol?! for the protonation of [HzNia(2e)]** and
[HsNis(2e)]°>~ by HTEOA*, respectively) provides the
thermodynamic driving force to the second SET event
and prevents undesired back electron transfer from the
reduced POM to the PS. This sequence of reduction and
protonation processes is highlighted with bold blue
arrows in Fig. S14 and leads to species [HaNia(2e)]®, for
which the optimized structure and spin density
distribution are represented in Fig. S15. Overall, our
calculations indicate that the photoaccumulation in the
Niz catalyst of the two electrons required for
subsequent CO2 to CO reduction is feasible following a
reductive quenching mechanism. Moreover, the fact
that the reduction of the catalyst triggers its
protonation suggests that the POM might not only play
the role of an electron reservoir but also that of a
proton reservoir, making protons readily available for
the protonation of key reaction intermediates.

From a thermodynamic point of view, the reduction
of CO to CO promoted by [HaNis(2e)]®, giving a water
molecule as a byproduct and regenerating the fully-
oxidized [HzNis]®~ anion was computed to be slightly
endergonic by 4.5 kcal mol?, although still affordable,
while the reduction and protonation of [H2Nia]®~ to
[HaNia(2e)]®, which is strongly exergonic (AG = -27.6
kcal mol?, Fig. S14), might be expected to provide the
thermodynamic driving force to the overall process.
However, additional DFT calculations showed that the
reduction of [HaNis(2e)]® by a third electron is still
accessible (AGser = +3.5 kcal mol?, Fig. S15), thus
implying that the latter process may be faster than the
formation of CO catalyzed by [HaNis(2e)]®". Therefore,
it cannot be ruled out that higher reduction states of
the POM are formed during the course of the reaction
and that they may also act as active species of the
catalyst. In this regard, further computational and
experimental efforts would be required to more
precisely identify and characterize the active species
responsible for the CO2RR activity of Ni-POMs which is,
however, beyond the scope of the present study.
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Fig. 5. (a) Combined polyhedral and balls-and-sticks representation of the optimized structure of HaNis. Protonated p,-(Ni-O-
W) bridging oxygens are highlighted with semi-transparent yellow spheres. Red-dashed lines highlight intramolecular
hydrogen bonds, for which a selected distance is given in A. (b) Comparison of the reaction free-energies (kcal mol-t) for the
single electron transfer (SET) processes governing the reduction of the catalyst via oxidative quenching (left, red arrows) and
reductive quenching (right, blue arrows) mechanisms (see main text for details). (c) Spin density distribution represented on

the optimized structure of HaNis(1e), showing the reduction of the polyoxotungstate framework.

Still, with the gained knowledge about the
Nia/[Ru(bpy)s]?*/TEOA photocatalytic system and on
the basis of previously reported reaction mechanisms
for CO2 reduction by transition-metal based
compounds bearing redox-active ligands [63-71], we
propose the following reaction mechanism illustrated
in Fig. 6. Upon reduction and protonation of the
catalyst by “n” electrons and “m” protons, respectively,
the coordination of CO2 through the C atom to a Ni(ll)
ion replacing an aqua ligand generates a Ni(ll)-COO*~
species, in which one electron migrates from the POM
to the CO: moiety. Up next, the protonation of a
terminal O atom in the latter intermediate triggers the
migration of a second electron from the POM to the
reactive center leading to a Ni(ll)-COOH species, which
then evolves via concomitant C—O(H) bond cleavage
and protonation of the leaving group to generate a
water molecule. Finally, the replacement of the CO
product by a water molecule, along with the reduction
and protonation of the catalyst by [Ru(bpy)s]* and
HTEOQAY, respectively, which are generated through the
light-induced reductive quenching of the PS by TEOA, as
detailed in Fig. 5b (and simplified in Fig. 6 with a small
blue cycle), regenerates the active species of the
catalyst, closing the catalytic cycle.
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Fig. 6. Proposed reaction mechanism for the photocatalytic
reduction of CO; into CO catalyzed by Nis in the presence of
[Ru(bpy)s]?* and TEOA acting as an external photosensitizer
and sacrificial donor, respectively (see Fig. 5b for details).

4. Conclusions

In this work, the photocatalytic activities for visible-
light driven CO2 to CO conversion of seven POM salts
with vacant {SiWs} or {PWs} units connected to Ni
clusters have been investigated in CH3CN:H20:TEOA
solutions. This study confirms that Ni-based POMs are



efficient catalysts and shows that the
tetrabutylammonium salt of the POM containing four
Ni(ll) ions sandwiched between two {PWs} units,
TBA(Nia), was the most active, with a high selectivity
and a good stability. While no clear trend was observed
for the impact of the number of Ni ions or the nature
and number of vacant POMs bound to these Ni ions,
this study highlights the influence of the nature of the
counter-ions on the catalytic activity of POMs, the TBA
salt of Nia being much more active than the alkaline salt.
This observation was correlated with a phase
separation that occurs after CO2 bubbling into the
catalytic medium. NMR and IR measurements indeed
showed that the POM (in the aqueous phase) is
separated from its TBA counter-ions (in the organic
phase), which improves the catalytic activity. This
opens perspectives for photocatalytic studies of POM
compounds, as alkaline salts of POMs can often be
easily converted to TBA ones. Focusing on the most
active Nis system, both transient absorption
spectroscopy and DFT calculations support that the
reduction of the catalyst by the [Ru(bpy)s]?*/TEOA
photochemical system proceeds via a reductive
quenching pathway, whereby the excited triplet MLCT
state of the PS is quenched by TEOA to generate the
one-electron reduced [Ru(bpy)s]* species, which acts as
the reducing agent of the Nia catalyst. DFT calculations
also indicate that the Nis catalyst is spontaneously
protonated by the HTEOA® cations that are generated
during the reductive quenching of the PS. Such
protonation events are essential, enabling the
reduction of the catalyst via electron transfer from
[Ru(bpy)s]* by lowering the energy of the unoccupied
molecular orbitals of the POM. Moreover, our
calculations demonstrate that Nis is capable of
undergoing  multiple redox processes under
photocatalytic conditions, which lead to the
accumulation of electrons in the POM for subsequent
CO:2 reduction. These results allowed proposing a
reaction mechanism in which the Ni(ll) centers act as
catalytically active sites and the polyoxotungstate
framework acts as a reservoir of the electrons and
protons needed for the reduction of CO2 to CO.
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