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Abstract

Complexes of cobalt(ll) stabilised by lacunary polyoxometalates (CoPOMSs) are highly dis-
cussed water oxidation catalysts (WOC). While their activity and stability in the oxygen evolu-
tion reaction (OER) have been widely explored, there is still no consensus between those
claiming that CoPOMs are active and stable OER catalysts and those suggesting that they
rather act as pre-catalysts, which degrade into OER-active heterogeneous CoOy catalysts. In
this work, we use operando X-Ray Absorption Spectroscopy along with electrochemical meth-
ods (cyclic voltammetry, chronoamperometry) to assess the activity and stability of
[Cog(H20)6(OH)3(HPO4)2(PWs034)3]'®~ (CogPOM) under chemical and electrochemical operat-
ing conditions. First, we demonstrate that CooPOM dissolved in a phosphate buffer quickly
degrades during an electrochemical OER, leaving a Co(lll)/Co(ll)-containing layer on the elec-
trode surface that acts as a heterogeneous OER catalyst. This degradation is detected using
both post mortem and operando X-Ray absorption near edge structure/extended X-Ray ab-
sorption fine structure. Then, the electrochemical OER is studied in the presence of 2,2’-bi-

pyridine, which is used to eliminate Co?' aqua-complexes resulting from the CosPOM
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dissociation equilibrium. Yet, this does not avoid the formation of a Co-containing precipitate,
albeit of a different composition. Finally, to differentiate between degradation associated with
the catalytic cycle itself and the one provoked by local pH changes in the vicinity of the elec-
trode during the OER, the CosPOM is studied as a homogeneous WOC with NaCIlO as a
chemical oxidant. An irreversible loss of Co from the CooPOM is detected after the addition of
two NaClO equivalents per Co ion. These combined insights provide clear operando evidence
of the CoosPOM instability under either electrochemical OER or chemical WOC operating con-

ditions.
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1. Introduction

Aiming to deal with greenhouse gas emission and global warming, green hydrogen produced
by water electrolysis is seen as a way to store and transport energy produced from renewable
sources. The sluggish oxygen evolution reaction (OER) is responsible for a significant part of
energy losses during water electrolysis. To this end, worldwide efforts are devoted to the de-
velopment of efficient, stable and inexpensive OER catalysts. Transition metal (Co, Ni, Fe)—ox-
ide-based heterogeneous electrocatalysts are widely studied as OER catalysts, mainly in al-
kaline media. Despite numerous studies, the OER mechanism is still not fully understood.[1]
Contrary to heterogeneous catalysts, which comprise of a variety of active sites hindering the
OER mechanistic understanding,[2,3] transition metal complexes benefit from a well-defined
chemical environment around the metal centre, making them attractive model WOC (term fur-
therly used for water oxidation through chemical oxidation) and OER (term furtherly used for

water oxidation through electrochemical oxidation) catalysts.[4]

CoPOMs, notably [Co4(H20)2(PWsO3a4)2] " (CosPOM) and
[Cog(H20)6(OH)3(HPO4)2(PWs034)3]'®~ (CosPOM), were proposed as catalysts for the OER in



neutral pH conditions by Hill et al. [5] and Galan-Mascaros et al. [6] (cf. Figure 1.A,B), and
since then have been studied by several research groups, provoking significant controversies.
Contrary to heterogeneous electrocatalysts, which are usually deposited on the surface of an
inert (e.g. glassy carbon) working electrode, CoPOM are molecular water-soluble species and
were studied being dissolved in the electrolyte in the first place. They were investigated either
under chemical water oxidation conditions using [Ru(bpy)s]** or NaCIO as oxidants or OER
conditions by dissolving them in phosphate or borate buffer electrolytes and using glassy car-
bon (GC) as a working electrode. While the activity of CoPOMs as a homogeneous WOC
under chemical water oxidation conditions has been widely recognised,[7] studies of the OER
quickly revealed their degradation and formation of a CoOy layer (detected with post mortem
analyses, Figure 1.C) on the working electrode.[6,8—10] The degradation has been attributed
to an unavoidable Co?*4q leaching from the CoPOM complexes due to their hydrolytic dissoci-
ation in aqueous media (cf. equation 1), followed by formation of a CoOx layer during the
OER.[11,12] The deposition of the CoOy layer on the electrode surface and its high electrocat-
alytic activity were confirmed by performing the OER in a Co?*,q— containing solution.[13,14]
Hence, the formation of the CoOx layer, which is highly active towards the OER, in CoPOM-
containing systems, quickly lead to the question: “Are CoPOMs true OER electrocatalysts or

only pre-catalysts?” that is debated ever since.
Co,POM + y.H,0 = [Co(H,0),] + Co,_,POM (Eq.1)

While it appeared to be difficult to totally deny CoPOMs as homogeneous OER electrocata-
lysts, some studies proved that a small concentration of leached Co?*(.q) could account for the
OER activity of CoPOM in the electrolyte.[11] In an attempt to delineate the OER currents
arising either from CoPOM or from the CoOx catalysts, 2,2’-bipyridine (bpy) was used as a
chelating agent, complexing Co?*,q into an OER-inactive [Co(bpy)s]** species. Several studies
reported that despite an addition of the bpy ligand, a certain OER activity was still retained
suggesting that CoPOM itself could be OER-active.[5,6,15]

In this work, we apply X-ray absorption spectroscopy (X-ray absorption near edge structure,
XANES and extended X-ray absorption fine structure, EXAFS) to study CosPOM first post
mortem and then operando under water oxidation conditions, in order to assess its (in)stability.
The experiments are performed with CosPOM dissolved in an aqueous electrolyte to clarify its
ability to act as a homogeneous molecular catalyst. Measurements are carried out in highly
concentrated phosphate buffer (pH=6.0), to mitigate the local pH modification as much as pos-
sible.[6,7,9,10,16] Indeed, the OER (cf. equation 2):

2H,0 = 0, + 4H* + 4~ (Eq. 2)



can lead to a decrease of the local pH in the vicinity of the working electrode. Meanwhile,
lacunary polyoxometalates are known to lose their propensity to complex Co?* at low pH due

to their condensation into various degradation products. [17]

In order to distinguish between the CosPOM degradation induced by either local electrolyte
acidification or changes in the Co coordination and oxidation state during the catalytic cycle,
measurements are performed either in the electrochemical (OER with GC as an anode) or in
a chemical mode (WOC with NaCIO as a sacrificial oxidant). Furthermore, measurements are
also performed with the addition of bpy as a chelating agent to delineate degradation due to

the oxidation of either Co?*,q or CogPOM itself.

2. Experimental
Electrochemistry

Sodium phosphate buffer (NaPi) was prepared by dilution of a 85 wt. % HsPO4 solution in ultrapure
water (18.2 MQ) followed by neutralisation with 50 wt. % NaOH to reach pH=6.0, which was controlled
with a calibrated pH-meter. Concentrations were calculated considering the dilution effect. CoPOM so-

lutions were freshly prepared before each experiment.

The electrochemical cell (SVC-2 BioLogic electrochemical cell setup) used was a single-wall one-com-
partment ~10 mL glass cell carefully washed my immersion in caroic acid, and rinsed in ultrapure-water
prior to electrolyte addition. The system was immersed in thermostated bath at 25°C and degassed with
N2 during t > 10 min prior to each measurement. The cell was equipped with three electrodes. A5 mm
diameter-rod glassy carbon (GC) electrode, polished by alumina (1 ym — 0.3 pym — 0.05 ym) and
sequentially sonicated for 5 minutes in acetone, absolute ethanol, and water was used as a working
electrode (WE). The WE-rod was wrapped in a Teflon tape to avoid electrolyte contact with its sides. A
flame-annealed Pt wire served as a counter electrode (CE), and a K2SOs-saturated mercury/mercurous
sulphate electrode, Hg/HgO/K2SO4 (saturated aqueous solution) was used as a reference electrode
(RE). The RE was calibrated against reversible hydrogen electrode (RHE) in the same electrolyte batch
and temperature conditions, using a platinised Pt reference hydrogen electrode under direct H2 bubbling,
prior to experiment. Electrochemical measurements (chronoamperometry and cyclic voltammetry) were

performed using Gamry Ref 600 potentiostat.

Blank CVs (i.e. catalyst-free) were systematically carried out prior to catalyst addition to the system,
using the same electrolyte batch, in order to verify system’s cleanliness and to compare the activity with
and without CoxPOM catalyst.

CoPOM synthesis and characterisation

Co4POM and CosPOM used in this work were synthesised at the Institut Parisien de Chimie Moléculaire
(Sorbonne Université, Paris, France) following an optimised method inspired by Refs. [18,19] and de-
scribed in the supplementary information (SI). The purity of each product was verified using IR-spec-

troscopy and 3'P-NMR spectroscopy before use (see Figure $1-3). Since recording and analysis of
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NMR data of paramagnetic compounds is less common than for diamagnetic ones,[20] the challenges

and experimental methods employed are presented in the SI.

X-Ray Absorption spectro-electrochemical cell

Ex situ, in situ and operando XANES measurements shown in the main text of this article were per-
formed at the LUCIA beamline [21] of synchrotron SOLEIL, with a ring current of 500 mA and a nominal
energy of 2.3 GeV. The beamline energy is selected by means of a Si(111) double-crystal monochrom-
ator and the beam size is 2 x 2 mm2. The data were collected in fluorescence yield mode with a single-
channel silicon drift detector from Bruker. Data reduction, normalisation, and Fourier-Transforms were
performed with the Athena software.[22] All data were normalised to the intensity of the incident beam.
The spectroelectrochemical cell, described elsewhere,[23] and shown in Figure S6 is composed of a
0.06 mm x 6 mm x 2 mm GC working electrode, a Pt plate CE and a silver wire floating RE. Electrodes
were carefully washed by successive sonication in acetone, absolute ethanol and water, 5 min each.
The potential calibration was performed using the quinone/hydroquinone (Q/HQ, redox couple present
on the natively oxidized glassy carbon electrode) peak as an internal reference (E(Q/HQ)=0.657 V vs.
RHE at pH=6.0).[24] As this method of calibration can result in some uncertainties, the potential cor-
rected with this method will be referred as “vs. RHE*”.During the measurements, the electrolyte was
continuously circulated in a closed loop with a peristaltic pump, to and from an electrolyte container of
5 mL. XANES spectra of reference compounds were collected as boron nitride pellets with a 10 wt.%
dilution. The acquisition parameters of the “stepscan” mode were defined depending on the spectral
region following the Table 1 acquisition time. “Quick” spectra were recorded in “flyscan mode” i.e. con-
tinuous scan of the incident beam energy. Spectra were recorded in the [7620,7900] eV range, 1 point

every 0.3 eV, with a collection time of 200 ms per point.

Table 1: “Stepscan” mode acquisition parameters used in the work

Energy range / eV | [7620,7700] | [7700,7740] | [7740,7800] | [7800,7900] | [7900,8100]
Step size / eV 2 0.2 0.5 1 2
Acquisition time /s | 2 2 5 4 8

CoPOM chemical oxidation

A1 mM CogPOM solution in 0.72 M NaPi at pH=7.0 was obtained by direct dilution of CogPOM into the
desired electrolyte. In parallel, a 100 mM NaClO solution in 0.72 M NaPi at pH=7.0 was prepared by: (i)
neutralisation of a 50 wt. % NaClIO solution with NaPi (pH=4.0), up to pH=7.0 and (ii) dilution of the
obtained intermediate solution by 0.72 M NaPi with pH=7.0. Operando chemical oxidation analysis was
performed by successive addition of the desired amount of the solution containing 100 mM of NaCIO
into the 1 mM CogsPOM in NaPi 0.72 M solution. XANES spectra were recorded in the “quick” mode

immediately after each addition of the NaCIO solution aliquot (3 scans, 3'30” per scan), and then in the



“stepscan” mode (2 scans; 40 minutes per scan). The difference of pH between the chemical oxidation
and the electrochemical oxidation experiments was chosen to match the pH conditions used in Galan-
Mascaros et al. work [6]. As the pH stability range of CosPOM is estimated between pH 5.5 and 11.0,
this slight pH increase is not expected to cause a problem.[25,26] Further discussion on pH=7 system

is brought in S| section SI-6.

3. Results and Discussion
3.1.  Electrochemical study of the CoPOM'’s stability
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Figure 1: (A) and (B) Ball and stick model of CosPOM and CosPOM respective representations, Co(ll)
is red, with pending sticks showing coordination sites where H20 molecules bind, PO4 - yellow tetrahedra
(with P in the center), WOs— blue octahedra (with W in the center). Adapted with permission from Ref.[11]
Copyright 2024 American Chemical Society. (C) lllustration of the CoPOM electrocatalytic system that
moves from an homogeneous catalytic reaction, through an heterogeneous catalytic reaction through
the formation of CoOx layer on the working electrode. (D, E, F) CVs recorded of a GC electrode in a
0.72 M NaPi buffer solution (pH=6.0) in the presence (D, E) or in the absence (F) of 1 mM CogPOM in
the electrolyte in the potential interval from 0.7 to 1.7 V vs. RHE (D) or 0.7 to 1.725 V vs. RHE (E,F).
CVs in panel (F) shows the electrochemical behaviour of the GC working electrode in CoPOM-free
electrolyte (0.72 M NaPi buffer at pH=6) after a 1200 s chronoamperometry at 1.6 V vs. RHE in 1 mM
CogPOM electrolyte (cf. Figure S4.A). Similar analyses are carried out for Co4sPOM and shown on Fig-
ure S4.

The stability of the CosPOM and CogsPOM (displayed on Figure 1.A,B) during the electrochem-
ical OER was studied with cyclic voltammetry (CV) and chronoamperometry (CA) followed by
post mortem XANES characterisation of the working electrode (WE) to detect possible Co-
containing precipitates. Figure 1.D,E shows sequential CV cycles applied to a GC electrode

in a 1 mM CoosPOM solution in different potential intervals: first between 0.7 and 1.7 V vs. RHE



(C), and then between 0.7 and 1.725 V vs. RHE (D). The OER manifests itself by the current
increase above ~1.5 V vs. RHE, and the CVs in Figure 1.D are reproducible, thus testifying in
favour of the CosPOM stability at potentials below 1.7 V vs. RHE. However, even a slight in-
crease of the electrode potential to 1.725 V vs. RHE (Figure 1.E) results in a qualitative change
of the behaviour: the anodic currents increase in sequential CV cycles, and a cathodic peak at
1.45 V vs. RHE appears in the negative scan, that can be attributed to Co(IV)/Co(lll) redox
transition [14,27,28] suggesting precipitation of a Co-containing layer on the GC surface. To
verify whether the CoPOM stability is related to the applied potential or rather to the number
of imposed catalytic cycles (and hence the amount of transferred charge), constant-potential
CA measurements were performed at 1.6 V vs. RHE (i.e., lower potential) for 20 min (see
Figure S4.A). The analysis reveals an increase in the current for CogPOM as early as after
~10 sec of electrolysis suggesting degradation of the complex and eventually formation of a
heterogeneous Co-containing layer on the electrode surface as confirmed in what follows. The
WE was then transferred in an electrochemical cell filled with a CosPOM-free NaPi buffer so-
lution. The significantly higher anodic currents (compared to the pristine GC electrode, see
Figure 1.F) along with the appearance of the anodic and cathodic peaks typical for redox
processes of Co oxides, both testify in favour of a Co oxide layer deposition during the OER in
a CogPOM solution, and prove that the degradation is not directly related to the electrode po-
tential but rather to the amount of charge transferred (and thus number of catalytic cycles).
Note that continuous decrease of the currents revealed by repetitive CV cycles in the CogPOM-
free NaPi buffer is in agreement with the Pourbaix diagram of Co pointing to solubility of Co(ll)
(hydr)oxide at pH<6.[29] Similar results were observed for CosPOM, albeit current increase

during the CA was less abrupt (see Figure S4).

Post mortem analyses of a GC electrode exposed to similar operational conditions by trans-
mission electron microscopy-energy dispersive X-ray spectroscopy (TEM-EDX), XANES at the
Co L-edge and X-ray photoelectron spectroscopy, XPS (see Figure S5 and associated dis-
cussion) reveal an amorphous, inhomogeneous Co- and O-containing layer on the surface.
The extremely low tungsten fraction in this layer let us conclude that electrolysis of CoPOM
solution leads to the formation of a CoOx degradation layer. This conclusion agrees with that
of Stracke et al. who studied CosPOM albeit under much harsher conditions (1.9 V vs. RHE).[8]
This CoOy degradation layer could result either from (i) CoPOM metal-ligand dissociation equi-
librium (Eq. 1) and hence non-zero concentration of Co?*(aq) leached in solution, or (ii) CoPOM
degradation due to the local acidification resulting from the OER, or (iii) CoPOM instability
resulting from the cobalt oxidation and change of coordination as part of the catalytic cycle. To

differentiate between these options and eventually shed light on the changes of the oxidation



state and local chemical environment of Co during the catalytic cycle, operando XANES meas-

urements were performed under different operation conditions.
3.2. Operando XANES study of CoPOMs during the electrochemical OER

Operando XANES spectra at the Co K-Edge were collected for a CosPOM solution with differ-
ent potentials applied to the GC working electrode. We note that the shape of the CV (Figure
2.A) collected in the spectroelectrochemical cell is similar to the one obtained in a three-elec-
trode electrochemical cell, albeit with higher intensity of the quinone/hydroquinone redox tran-
sition around ~0.66 V vs. RHE* arising from the glassy carbon foil (cathodic peak position:
Eca= 0.645 V, anodic peak position: Ean= 0.685 V).[24] This redox peak was used to calculate
the potential of the reference electrode of the system, a floating Ag wire. Hence, the conversion

of the potential into the RHE scale may not be precise and will be referred as RHE™.
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Figure 2: A) CVs in the spectro-electrochemical cell with 1 mM CogsPOM in 0.72 M NaPi buffer (pH=6.0),
at 100 mV/s. The counter electrode is a Pt foil, the working electrode is a glassy carbon foil, also acting
as a window for the spectra recording, and a Ag wire is used as a floating reference electrode. The
potentials 1: 0.98 V, 2: 1.58 V, 3: 1.63 V, and 4: back at 0.98V vs. RHE, at which the operando spectro-
scopic data were recorded are reported directly on the curve. B) Operando Co K-Edge XANES spectra
and the C) corresponding FT-EXAFS spectra collected at the specified potentials. The spectra of the
Co(Il)3(POa4)2 and LiCo(lll)Oz references are shown for comparison. Post mortem designates the signal
collected after the replacement of the electrolyte in the spectroelectrochemical cell by ultra-pure water
without opening the cell.

Co K-Edge spectra were recorded at the open-circuit potential (OCP~0.98 V vs. RHE"), at the
OER ‘onset’ at 1.58 V, during the OER at 1.63 V (as illustrated by Figure 2.A) as well as Post
mortem after flushing the spectro-electrochemical cell with ultra-pure water. The spectra are
shown in Figure 2.B, and the associated FT-EXAFS spectra in Figure 2.C.
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Neither K-Edge Co spectra in Figure 2.B nor FT-EXAFS spectra in Figure 2.C show noticeable
changes when the potential of the WE is increased from 0.98 V to 1.58 V. This implies that no

degradation of the CogPOM is observed under these conditions.

When the electrode potential is increased to 1.63 V, a strong shift in the Co K-edge white line
is observed (Figure 2.B). While the XAS Co K-edge spectra taken at the OCP and at the OER
onset are similar to the Co(ll) reference (Cos(PQO.)2), the spectrum taken at 1.63 V is closer to
the Co(lll) reference (LiCoO-), as confirmed by the white line position and the half-edge jump
energy position (Figure 2.B inset window), suggesting that Co(ll) is oxidised into Co(lll) in the
OER potential range. These changes are accompanied by shortening of the Co-O (from 1.45
A to 1.25 A) and Co-Co (from 2.67 A to 2.25 A) apparent distances highlighted from the FT-
EXAFS spectra (Figure 2.C) which is consistent with the reduction of the bond length and/or
modifications in the Co coordination sphere due to the oxidation of Co(ll).[30] These changes
are irreversible since stepping back to the OCP does not allow one to restore the initial spec-

trum.

Similarly to what was observed in the conventional electrochemical cell (Figure 1.C,D), one
may assume that CosPOM degrades during the electrolysis leaving behind a Co-containing
precipitate on the GCE surface. To prove this, a XANES Co K-Edge spectrum was measured
post mortem after removing the electrolyte from the spectro-electrochemical cell and filling the
latter with ultra-pure water without opening the cell and exposing it to the ambient atmosphere.
The post mortem spectrum confirms formation of an oxide layer consisting of Co(lll) (Figure
2.B,C) in agreement with ex situ findings reported in the literature.[6,11] Furthermore, an in-
crease of the Co K-Edge intensity is observed on the non-normalised XANES spectra shown
in Figure S7.A. Specifically, at 1.63 V, the edge absorbance intensity is increasing, which sup-
ports accumulation of a CoOx layer on the electrode. Back at 0.98 V, the edge absorbance
intensity decreases, i.e. the CoOy layer dissolves, similarly to what was observed in Figure
1.E and S4.D. Those changes are both observable on the overall spectra intensity, and the
spectra background (>7800 eV region), as the electrodeposition/dissolution of the CoOy layer
on the GC electrode is a time-dependent process, and each spectrum took about 20 minutes

to be recorded.

Considering the similarities between the post mortem XANES spectrum and the one taken
under OER conditions (at 1.63 V vs. RHE), we conclude that the CosPOM is degrading under
the OER conditions, (despite the OER current being relatively small) and that the Co(lll) deg-

radation product deposited on the WE dominates the spectrum.
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3.3. Operando XANES study of CoPOMs during the electrochemical OER in
the presence of bpy

As mentioned in the introduction, previous studies suggested that the Co(lll)Oy layer during
the OER could arise from the electrooxidation of Co?*,q leached in solution due to CoPOM
dissociation equilibria (potentially impacted by the local pH modification during the OER).[11]
To check this hypothesis, we followed an approach previously described in the literature, which
consists in the addition of 2,2’-bipyridine (bpy) to a CoPOM solution.[5,6] The idea is to shift
the equilibrium and transform any Co?*,4 present in solution into [Co(bpy)s]?*, which is believed
to be inactive towards the OER.[5] To this end, the conditions of the experiment described in
section 3.2 and presented in Figure 2 were modified by adding three bpy equivalents per Co
atom (27 eq. per CogPOM). The two sets of data were then compared (see Figure 3) to deter-
mine if the cobalt oxidation can be observed without degradation as a proof of the CoPOM

stability and reactivity under the OER conditions.
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Figure 3: Operando measurements of 1 mM CosPOM in 0.72 M NaPi buffer (pH=6.0) in the presence
of 27 mM bipyridine (3 eq. per Co). A) comparison of XANES Co K-Edge spectra at the open circuit
potential, OCP (1.20 V vs. RHE) in the presence and in the absence of bpy. B) Co K-Edge XANES
spectra and C) corresponding FT-EXAFS spectra collected in the presence of bpy at potentials indicated
in the legend. D) Difference XANES spectra obtained by subtraction of the initial spectrum at 0.98 V vs.
RHE from spectra shown in figure B) at 1.63 V, 0.98 V back and post mortem. The post mortem spectrum
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was measured after the replacement of the electrolyte in the spectroelectrochemical cell by ultra-pure
water without opening the cell.

Firstly, the XANES fingerprints between the CogPOM solution alone and CogPOM+bpy solu-
tions are compared at 0.98 V vs. RHE* (Figure 3.A). While the general shape of the XANES
spectra is retained and does not highlight any change in the cobalt oxidation degree, the white
line and the maximum at 7743 eV evolved, suggesting that bpy influences the local environ-
ment of cobalt cations. This can be explained by the expected formation of Co(ll)-bpy com-
plexes, presumably [Co(bpy)s]>*. Changes in the spectra can also be explained by a shift in
Co-POM hydrolytic dissociation equilibria, due to the bpy present in excess, which is complex-

ing Co?* ).

We then compared the XANES spectra and the associated FT-EXAFS under operando condi-
tions, shown on Figure 3.B and C. Similarly to the protocol applied in section 3.2, the potential
is first set at the OCP (0.98 V), then increased up to 1.63 V and decreased back to 0.98 V to
determine the reversibility of the system. A post mortem characterisation of the WE surface by
the replacement of the electrolyte by ultrapure water is also performed. One can observe that
regardless of the potential applied on the system, the white line position is slightly increasing
towards higher energies (7726 eV to 7727 V), while its intensity slightly decreased as well as
the maximum intensity of the 7773 eV peak (Figure 3.D). Those observations are hinting at
an irreversible change in the structure of the Co-containing species and is further supported
by the visual observation of the formation of a beige precipitate in the solution. The intense Co
K-edge signal in the post mortem spectra (Figure S7.A) confirms the presence of an insoluble
Co-containing species on the electrode surface. Therefore, we can conclude that an insoluble
species is formed during the measurements and eventually dominates the Co-K edge signal.
[Co(bpy)s]?* has good solubility in water [31] and no precipitation was reported in the literature
following the addition of bpy in CoPOM solutions.[5,6] Hence, the precipitate was not ascribed
to [Co(bpy)s]**. However, it was reported in literature that the bpy ligands can link to Co(ll)
directly from cobalt-polyoxometalates complexes to form new complexes or organic-inorganic
polymers,[32,33] which is consistent with the lack of strong changes in relative intensity of the
EXAFS peak corresponding to a Co-Co interaction (i.e., this indicates that CoPOM-derivatives
are present in the precipitate). This assumption is confirmed by XPS elemental analysis post
mortem (figure S7.C), which indicates the precipitate is composed of N (16 %), Co (6 %) and
W (8 %). As the Co/W ratio does not match the CogPOM theoretical composition (Figure $5.C),
the precipitate is therefore a solid formed from bpy and CoPOM degradation products. From
these observations, it appears that bpy greatly impacts the CooPOM transformations during
the OER. It does prevent the formation of the cobalt(lll) oxide layer on the working electrode,

instead leading to the precipitation of a Co(ll)-bpy-POM species. This indicates that the bpy

12



addition does not avoid the degradation process, but rather changes the chemistry of the final
degradation product. But the question still remains, ‘Does the Co-POM degradation arise from
the local pH variation during the OER or is it induced by an intrinsic instability of the Co-POM

during the catalytic cycle?’. We attempt to answer this question in the next section.
3.4. Operando XANES study of the CoPOM during the chemical OER

Local pH changes are strongly tied to the OER, where the reaction occurs close the elec-
trode/electrolyte interface, where the charge transfer from Co-POM to the GC occurs.[34,35]
Hence, in this section we study the homogeneous WOC in the presence of CogPOM and a
sacrificial chemical oxidant. As the WOC is occurring in the solution bulk rather than being
localised near the electrode/electrolyte interface, the pH modification resulting from the water
oxidation is mitigated more efficiently by the buffer. To this end, we used NaClO as an oxidant,
similarly to previous studies addressing the CosPOM activity for the chemical oxidation of water
[6,36]. Here, operando XANES is used to assess the stability of CooPOM depending on the
number of oxidising equivalents (i.e., 0, 1, 2, 4 and 8) of NaClO per Co atom (which corre-
sponds to 0, 9, 18, 36 and 72 mM of NaCIlO added in total). Two types of spectral acquisitions
were used: ‘quick’ XANES, to detect Co oxidation immediately after the addition of NaCIO (i.e.
3 scans of 3.5 min each), followed by a ‘stepscan’ XANES (i.e. 2 scans of 40 min each) to
obtain more precise information regarding the oxidation state and local environment of Co after

the catalytic cycle.

The results are presented in Figure 4. Regardless the number of NaClO equivalents, no shift
in the Co K-Edge is observed during the ‘quick’ XANES measurements performed right after
the addition of NaCIO (Figure 4.A), i.e. no Co(lll) or Co(IV) was observed, the latter degrading
or reacting fast with water to produce O and Co(ll). The ‘stepscan’ spectra (Figure 4.B) ob-
tained 30 min after the addition of NaCIO show a slight change in the main Co K-Edge peak.
This indicates a modification in the Co chemical environment upon addition of as little as two
NaClO equivalents. The resulting FT-EXAFS (Figure 4.C) shows a strong decrease of the FT-
EXAFS features with the increasing number of NaClO equivalents, highlighting the global loss
of organisation around the cobalt cations. In addition, one may observe a slight increase of the
Co K-pre-edge absorption. These changes may be tentatively attributed to the increase of the
probability of a Co1s — Coaqup transition with the NaClO addition, due to the loss of the octa-
hedral chemical environment around cobalt. The higher probability of transition would result
from a stronger dipole transition character to the 3d orbital, due to a stronger 3d-4p mixing
compared to pure quadripolar transition to the 3d orbitals in non-deformed octahedral environ-
ment.[37,38]
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Figure 4: Operando XANES Co K-edge analysis after 0, 9, 18, 36 and 72 mM of NaCIO added in 1mM
CogPOM solution, in phosphate buffer 0.72 M pH = 7. A) “Quick” XANES Co K-edge acquisition, “im-
mediately” after the NaCIO addition. B) “Stepscan” XANES spectra 30 min after the last NaCIO addition.
C) EXAFS Fourier Transform of the spectra presented in panel B). D) Differential Co-K edge spectra
between the spectra shown on panel B) after 18 eq. and 72 eq. of NaClO added, and the initial spectrum
at 1.2V vs. RHE.

Overall, the changes of the XANES spectra are attributed to both (i) the loss of cobalt in
CogPOM complexes (i.e., CosPOM — Co(e.,)POM) and (ii) the loss of the octahedral environ-
ment. The absence of modification in the Co-O bond indicates that no bonds were formed (e.g.,
Co-Cl — 1.94 A apparent distance) to the detriment of the Co-O (1.61 A apparent distance)
bonds, ruling out a possible POM/chloride competition as Co complexation ligands [39]. Con-
sequently, the CosPOM degradation and the Co leaching arise not only from the local pH
changes and hydrolytic dissociation (as discussed in section 3.2) but also from the water oxi-
dation catalytic cycle itself. The results indicate that NaClO must have effectively oxidised Co-
POM, but that this oxidation, or the following reduction during the H>O oxidation is leading to
an irreversible degradation of the CogPOM structure, resulting into the formation of Co.xPOM

and leached Co?*4,.

Further information is provided in supporting information (Section SI-7, Figure S9) on other

degradation mitigation strategies, e.g., use of the CoPOM in a crystalline form. Indeed, recent
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works argued that CoPOMs in a solid crystalline form are more stable against pH changes and
oxidation conditions.[40—43] Hence, we also investigated the CosPOM and CogPOM in a crys-
talline form in an oxidative gaseous environment, using XANES Co L-Edge in-situ measure-
ments to assess changes of the oxidation state of Co and a possible degradation of the Co-

POMSs. The results are discussed in the supporting information.
Conclusions

To the best of our knowledge, this work is the first operando study of the cobalt substituted
polyoxometalate CogPOM as an OER electrocatalyst or a WOC catalyst using operando X-
Ray Absorption Spectroscopy at the Co K-Edge. The catalyst is studied in homogeneous me-
dia under different oxidation conditions, firstly using OER without bpy, then in the presence of
bpy in order to mitigate the influence of Co?*4q) on the system’s stability and, finally, using WOC

with NaClO as a sacrificial oxidant. Our main findings can be summarised as follows:

(i) An irreversible degradation of CogPOM in solution, into a solid Co(lll)/Co(ll) oxide
layer on the anode occurs during the OER. This oxide layer arises from CoPOM
hydrolytic dissociation to Co?*aq) (Which may be enhanced by local pH modifications
at the electrode vicinity during the OER) followed by its precipitation on the elec-
trode surface in the form of Co(ll) oxide/hydroxide and eventual oxidation to Co(lll)
oxide/hydroxide in the potential interval of the OER. As this newly formed cobalt
oxide layer is OER-active, the electrocatalytic system transforms from a homoge-
neous to a heterogeneous one.

(i) The role of Co?*(aq) in the system’s stability can be supressed by complexation with
an excess of bpy. The formation of the oxide layer is therefore avoided but another
degradation product is formed under oxidation conditions, identified as a
bpy-Co—-POM containing solid. This indicates that addition of bpy does not avoid
CoPOM degradation but rather changes the chemistry of the final degradation prod-
uct;

(iii) To minimize the influence of the pH modification due to the OER at the elec-
trode/electrolyte interface, chemical oxidation of water is attempted in the CosPOM
solution using successive additions of NaClO. The complex degrades upon the ad-
dition of as little as two NaClO equivalents per Co ion, evidenced by a global loss

of organisation around Co cation.

CogPOM is therefore shown to be unstable when exposed to oxidation conditions either in a
homogeneous system (WOC) or in a heterogenous system (OER) and therefore should not be

considered as a model chemical or electrochemical catalyst for the water oxidation.
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