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Water oxidation is a bottleneck reaction for the establishment of solar-to-fuel energy conversion systems.
Earth-abundant metal-based polyoxometalates are promising heterogeneous water oxidation catalysts that
can operate in a wide pH range. However, detailed structure—reactivity relationships are not yet
comprehensively understood, hampering the design and synthesis of more effective polyoxometalate-
based oxidation catalysts. Here we report the synthesis of an ordered, mixed-metal cobalt—iron Weakley
archetype [Coi(H,0),Fel(Co"WqO34),1*~ (CosFe,-WS), which unexpectedly highlights the strong
influence of the central, coordinatively saturated metal ions on the catalytic water oxidation
characteristics. The resulting species exhibits catalytic turnover frequencies which are up to 4x higher
than those of the corresponding archetype tetracobalt-oxo species [CoB(H,0),Cob(PWos0O34)5]°~ (Cos-
WS). It is further striking that the system becomes catalytically inactive when one of the central positions
is occupied by a WY ion as demonstrated by [Col(H,0)»Co"WV(Co"WeOs34)51'2~ (CozW-WS).
Importantly, this study demonstrates that coordinatively saturated metal ions in this central position,

Received 1st August 2023 which at first glance appear insignificant, do not solely have a structural role but also impart a distinctive
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structural influence on the reactivity of the polyoxometalate. These results provide unique insights into
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Introduction

The production of clean, sustainable and reliable energy to
meet the growing global energy demand has arguably become
the biggest challenge of the 21st century.” New technologies
and energy-storage concepts are required to establish efficient
and cost-effective alternatives to fossil fuels.* An attractive
proposition to circumvent anthropogenic CO, emissions is
provided by the hydrogen economy,® which conceptionally
mimics the key attributes of natural photosynthesis and
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the structure—reactivity relationships of polyoxometalates with

improved catalytic performance

chemically stores solar energy in the form of a two-electron H,
bond.’ In this scheme, water provides a sustainable source of
hydrogen, forming a green fuel with the highest gravimetric
energy density through the water splitting reaction.® The
resulting O, and H, gases can be stored and re-combined to
release the stored energy on demand. However, the deployment
of this technology is hampered by the lack of a suitable inex-
pensive, robust, and efficient water oxidation catalysts.” The
water oxidation half-reaction, also classified as the oxygen
evolution reaction (OER), is a highly endergonic 4-electron
reaction that requires large overpotentials (n) to attain good O,
evolution rates, rendering it as the limiting step for the
production of H,.*® Therefore, the establishment of stable
earth-abundant water oxidation catalysts (WOC) that provide
satisfactory oxygen evolution rates at low overpotentials, has
become a scientific focus area within the research community.

During the last decades, tremendous efforts have been made
using homogeneous and heterogeneous Ru- and Ir-based WOCs
revealing excellent turnover frequencies at low over-
potentials.'®"* However, the high price associated with the rare
metal ions and stability issues due to ligand oxidations'>*?
prohibit their exploitation in large-scale energy conversion

© 2023 The Author(s). Published by the Royal Society of Chemistry
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systems. Metal oxides containing abundant elements are
promising emerging materials that facilitate high electro-
catalytic current densities in alkaline environments.'*'
However among these, only cobalt oxide derived materials
sustain satisfactory current densities when the pH value of the
reaction media is lowered to neutral conditions.'

During the last decade polyoxometalates (POMs) have
attracted significant interest due to their intrinsic redox
stability, their synthetic molecular amenability, and process-
ability.”® Particularly cobalt-containing POMs (Co-POMs) are
nowadays known to represent genuine molecular catalysts'®>®
that display high catalytic activity and excellent stability in the
solid state as part of modified working electrodes.”*"**

Notably, the group of Galan-Mascaros demonstrated that
modified carbon paste electrodes containing [Coo(H,0)e(-
OH);(HPO,4),(PWo034)3]"®" (Coo) reveal outstanding activity and
stability in acidic media exceeding the WOC performance
characteristics of IrO,-modified electrodes.’® It is noteworthy
that other Co-POMs are active and stable under these acidic
conditions.*”

In this context, the most studied Co-POM is represented by
the Weakley sandwich [Co4(H,0),(PWo034),]'"" (Cos-WS),
whose OER activity was first reported by Hill and co-workers in
2010." Efforts to improve the catalytic properties of Co,-WS and
Coy systems through modification of their components facili-
tated unique insights into to mechanistic aspect that govern the
water oxidation process. For instance, Mo doping at the W
addenda atom positions of Co,-WS reduces the onset over-
potential by 188 mV.*® Regarding the effect of the heteroatom,
the replacement of PV by V¥ induces a metal-to-metal charge
transfer process that decreases the activation energy for the O-O
bond formation of the transition state, leading to an overall
increase of the oxygen evolution kinetics.***' Moreover,
increased negative charge densities of the POMs, e.g. achieved
through the substitution of P¥ heteroatoms by Ge" in Co,, lead
to energetically higher occupied molecular orbital sets, signifi-
cantly improving the OER performance.*” Besides, the OER
activity of the Weakley sandwich is also strongly influenced by
the nature of the four metal ions comprising the central oxo
core belt; thus, showing the following trend Ni, < Mn, < Fe, <
Co,.%%5 Note that these structures contain P¥ as heteroatom.
These structure-reactivity relationships highlight the impact of
molecular modifications, leading to systems with improved
performance characteristics.

In spite of these efforts the relations between the POM
structure and reactivity are yet to be comprehensively under-
stood. Under this purview, it is somewhat surprising that the
role of the at first glance unremarkable inner, coordinatively
saturated metal ions that are located in the central oxo-belt of
the Weakley sandwich remains unclear and their influence on
the catalytic activity is yet to be determined. In this regard, Hill
and co-workers reported the structure of a mixed-metal Co,Ni,-
WS, analogous to the parent Co,-WS in which the two internal,
coordinatively saturated Co ions placed at the central belt have
been replaced by two Ni ions.* Electrochemical measurements,
and DFT calculations show a superior OER activity for the
mixed-metal Co,Ni,-WS compared to that of Co,-WS (see ESI
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Section 27 for a more detailed information on the structure-
reactivity relationships of Co-based POMs and their analogous
structures).

Here we report the synthesis, characterisation, and hetero-
geneous OER activity of a novel mixed-metal Co-Fe Weakley
POM [CoY(H,0),Fe}(B-0-Co"™Wo034),]"*~ (Co,Fe,-WS). This
novel Co-POM readily assembles and crystalises from its
components. Single crystal X-ray diffraction and magnetic
measurements are in support of an ordered atom arrangement
within the crystal structure. The study of the heterogeneous
electrocatalytic OER activity at neutral pH highlights the
remarkably improved catalytic performance of this POM that
contains central d* high-spin Fe™ ions when compared with
that of Cos-WS. Both, a reduction of ca. 80 mV in the over-
potential at 1 mA cm ™2, and up to 4x faster kinetics demon-
strate the success of the alteration of the molecular structure of
this POM archetype.

The strong influence of the coordinatively saturated metal
ions in central belt on the OER activity is demonstrated. The
underlying  principle is  further  exemplified by
[CoY(H,0),Co" WY (Co"W4034),]"*~  (CosW-WS)  containing
a central d® W' ion and which drastically decreases the catalytic
activity of the POM. The experimental results are supported by
DFT calculations, showing that the central, saturated metal ions
impart distorted geometries on the external metal centres
strongly modulating the OER activity of the POM. These
insights can provide the basis for future catalyst design with
increased activities.

Results and discussion
Crystal structure of Na[Co,Fe,-WS]

The synthesis of Na[Co,Fe,-WS] was achieved through
a condensation reaction involving Co-, Fe- and W- reagents at
a 1:12.9:9.4 mol ratio at 80 °C in aqueous solution (see ESI
Section 47). The resulting reaction mixture yields olive green
crystals. Single-crystal analysis suggests that the crystals are
composed of an ordered heterometallic Weakley-type poly-
oxometalate in which two Co™ and two Fe" ions are sandwiched
between two B-o-tri-lacunary {Co"Wo} Keggin moieties (Fig. 1
and ESI Section 51). The latter {Co"Ws} moieties can concep-
tionally be derived from the classical a-Keggin structure in
which one of the four {W;0;;} triads which are connected to one
another through corner-sharing O-atoms, has been removed to
form the tri-lacunary species. The heteroatom positions within
the two B-o-tri-lacunary Keggin units are occupied by tetrahe-
drally coordinated Co" ions. The central rhombic tetranuclear
oxo-bridged butterfly moiety is composed of two partially
hydrated outer octahedral Co™ ions located at the wing-tips, and
two inner octahedral, coordinatively saturated Fe™ ions. The
14— charge of the polyoxoanion is balanced by Na* counterions
which together with constitutional water molecules surround
the cluster entity. The compound can crystallise as rod-shaped
(Na[Co,Fe,-WS]_rods) or twinned, plate-shaped crystals (Na
[Co,Fe,-WS]_plates). Mixture of both crystals can further be
recrystallized (Na[Co,Fe,-WS]_recrystallised) from aqueous

Chem. Sci., 2023, 14,13722-13733 | 13723
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Fig. 1
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(a) Polyhedral representation of the structure of [Co,Fe,-WSI]. (b) Connectivity within the rhombic cobalt—iron-oxo belt and cobalt

heteroatoms. (c) Top view of the cobalt—iron-oxo core structure. Colour code: pink: Co' in octahedral geometry; green: Co' in tetrahedral

geometry; yellow: Fe™; red: O; white: H; grey polyhedra: {WOg} units.

solutions. All crystal morphologies were analysed by single-
crystal X-ray diffraction (see ESIT).

Bond valence sum analyses and charge balance consider-
ations are indicative of the Fe"" and Co" oxidation states. The
arrangement within the {(H,0)Co"Fe}"Co"(H,0)} butterfly
moiety is consistent with the observed geometrical parameters
whereby Co™™-O bond distances range between 2.005(8)-2.160(8)
A and the Fe™-0 bond lengths vary between 2.009(8)-2.141(9) A
(for Na[Co,Fe,-WS]_rods). Computationally optimized struc-
tures of [Co,Fe,-WS] and the hypothetical structure [Fe,Co,-WS]
with the two Fe'™ ions occupying the external sites in the
butterfly arrangement show larger thermodynamic stability of
the former (by 10.8 kcal mol™") as well as better agreement with
the crystal structure (RMSD crystal vs. computational is 0.18 for
[Co,Fe,-WS] and 0.28 for [Fe,Co,-WS]) further supporting the
experimental assignment.

Magnetic properties

The magnetic properties of Na[Co,Fe,-WS] exhibit a continuous
decrease of the xr product from room temperature (12.4 emu K
mol ) to a smooth plateau at 22.0 K (see Fig. 2). Below this
temperature, a faster decrease is observed until 4.2 emu K
mol ' at 2 K. The decrease in xr can be attributed to a combi-
nation of different contributions such as the dominance of
antiferromagnetic interactions, the presence of spin frustration,
and the first-order spin-orbit coupling of Co™ ions in octahedral
coordination.

A study of these properties has been made considering an
effective anisotropic Hamiltonian for both Fe™/Co™ distribu-
tions in the central rhombic butterfly moiety, i.e. either with the
Co™ ions occupying the partially hydrated outer octahedral
positions and the Fe™ ions placed at the two inner octahedral,
coordinatively saturated positions, or vice versa, in order to see
if the magnetic properties can distinguish between them. Given

13724 | Chem. Sci., 2023, 14, 13722-13733

the large number of independent parameters, some of them
have been fixed to well-known values (in sign and magnitude)
from previous studies on similar polyanion families. Thus,
exchange interactions between two octahedral and between
octahedral and tetrahedral Co" ions have been obtained from
previous studies extracted from inelastic neutron scattering
measurements performed in cobalt based
polyoxometalates.***®* On the other hand, the value for the
isotropic interaction between two Fe'™ ions was obtained from
the results reported on a similar polyanion in which cobalt sites
were replaced by diamagnetic ions.* Therefore, only the two
exchange parameters between the iron ions and between
tetrahedral and octahedral cobalt ions would remain as vari-
ables. In addition, all anisotropy axes have been assumed
parallel and proportional to the Landé g-factors of both centers
(see ESI Section 67).
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Fig. 2 Thermal behavior of x1 for Na[Co,Fe,-WS] at 0.1 T field in the
range 2-300 K.
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A systematic exploration of the parameters and of the
anisotropy shows that in the case where the two iron ions are
within the short distance of the central rhombus, some solu-
tions compatible with the magnetic behavior are possible. In
particular, these situations occur when the two exchange
interactions between iron and each type of cobalt are antifer-
romagnetic and meet the following conditions: (a) the interac-
tion Fe"-Coy,, is more negative than —10 cm™ ', while the Fe'-
CoYq interaction is around —1.2 cm™?, or (b) the interaction
Fe™-Coly, is around —3.2 cm ™!, while the Fe'-Coly interaction
is more negative than —6 cm . Other regions of parameters
cannot reproduce the shape of the experimental curve, giving
rise to a maximum in the xrvs. T plot, or simply to a continuous
drop unable to reproduce the abrupt drop observed below 20 K.

On the other hand, for the other structural isomer with the
two cobalt ions placed in the short diagonal of the rhombus,
there are no significant regions of parameters that give
compatible solutions.

In conclusion, the magnetic properties are more compatible
with the presence of the two iron ions placed in the short
diagonal of the rhombus.

Heterogeneous OER performance

Solid-state electrochemical studies were performed in a phos-
phate buffer at pH = 7.2 employing the water-insoluble Ba*" salt
of the POM (Ba[Co,Fe,-WS]), which was obtained through
a common metathesis reaction.

Initially, the redox behaviour and OER activity was investi-
gated by cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) under N, atmosphere. A Nafion ink containing
Ba[Co,Fe,-WS] was deposited on the surface of a glassy carbon
working electrode and the setup was completed by a Ag/AgCl
reference electrode and a Pt wire counter electrode. All recor-
ded potentials are given versus NHE, unless otherwise stated.

The resulting voltammogram of Ba[Co,Fe,-WS] shows four
reversible two-electron redox processes in the —0.80 to +1.20 V
potential range (Fig. 3a). In the anodic part, an ill-defined redox
pair at E;;, = +1.010 V can be assigned to the oxidation of the
tetrahedral Co™ heteroatom to Co™.* The reduction of Fe' to
Fe' can be observed at E;;, = —0.040 V,** whereas two different
redox pairs associated with the reduction of W' to W" appear at
—0.218 V and —0.584 V.** The observed Fe""" and W*"" redox
pairs are fully reversible with peak differences AE varying
between 13 and 49 mV (Table 1). Interestingly, no O, to the
superoxide O, °, reduction peak at ca. —0.33 V (ref. 53) is
observed within this potential range. However, when the anodic
potential window is increased to +1.60 V, this reduction feature
occurs only after the 1st initial cycle when the potential is
scanned in the cathodic direction (Fig. 3b).

This behaviour confirms O, evolution from water oxidation
catalysis and is consistent with the observed oxidative waves at
positive potentials. That data is consistent with the literature,
whereby the oxidation of terminal, water-bonded Co" to Co™
within the central belt of the POM occurs > +1.20 V.* It is
further noteworthy that the O, reduction wave does not appear
in the absence of the Ba[Co,Fe,-WS] POM that acts as catalyst.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical behavior of Ba[Co,Fe,-WSI]/Nafion ink (a)
CVinthe —0.8to +1.2 V potential range. (b) CV, initial scan direction
towards cathodic potentials as indicated by the arrow. The pres-
ence of O, due to OER catalysis is confirmed by the reduction peak
appearing at —0.33 V during the second cycle. Note that the blank
measurement shown corresponds to the second cycle in which the
O, reduction peak is absent. (c) Differential pulse voltammetry
measurement. The experiments were conducted in a single-cell
under N, atmosphere at pH 7.2, 50 mM KP; buffer, using KNO3z (1 M)
as electrolyte. The scan rate for the CV was 100 mV s~ %,
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Table 1 Redox pair potentials (E;/») and anodic peak potentials (E,) for
Co (heteroatom), Fe and W centres determined by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV), respectively

cv DPV
Metal centre Eqpp* (V) AE (mV) E“ (V)
Co"/co™ +1.010 — +1.055
Fe''/Fe™ —0.040 13 —0.028
wYwY! —0.218 35 —0.196
—0.584 49 —0.544

“ Potentials are given in V vs. NHE.

Further, the redox behaviour of Ba[Co,Fe,-WS] was investi-
gated by DPV (Fig. 3c), giving rise to peak potentials, Epcax, at
+1.055 V for the tetrahedral Co"/Co™ pair, —0.028 V for Fe"'/
Fe™, and —0.196 and —0.544 V for the 1st and 2nd WY/W"!
redox pair, respectively. The rapid increase of the current
intensity observed after oxidation of the tetrahedral Co™ atom is
characteristic of a catalytic process.

The electrocatalytic O, evolution was also confirmed using
a rotating ring disk electrode (RRDE), which is composed of
a glassy carbon disk and a Pt ring facilitating O, collection. For
this, the Ba[Co,Fe,-WS] Nafion ink composite was drop casted
on the glassy carbon disk and the potential was scanned from
+0.50 to +1.80 V at a scan rate of 1 mV s~ ' at a rotation speed of
700 rpm. A constant potential of —0.33 V was applied at the Pt
ring which is sufficient to reduce the O, that results from the
H,0 oxidation process to the superoxide, as described by the
following redox equations:

Disk: 2H,0 — O, + 4H" + de™ (1)
Ring: O, +e~ — Oy (2)

As shown in Fig. 4, O, evolution due to catalytic water
oxidation is demonstrated by an increasing ring current that
occurs as soon as the current at the modified glassy carbon
electrode starts to deviate from linearity. This behaviour is
indeed in sharp contrast to the control conditions employing
bare Nafion ink without catalyst and under which no evidence
of O, evolution is observed. Under these conditions, the OER
process using Ba[Co,Fe,-WS] as a catalyst commences at an
onset overpotential (7onset) Of 580 mV.

The kinetics of the electrocatalytic reaction and stability of
Ba[Co,Fe,-WS] under turnover conditions were studied
employing modified-carbon paste (CP) electrodes in LSV
experiments. The Ba[Co,Fe,-WS]/CP electrodes were used in
order to attain higher current densities owing to the increased
electric conductivity of CP over Nafion inks. As can be seen in
Fig. 5a, the electrodes show best performances at 30-40 wt%
catalyst loadings, giving rise to 7onse = 502 mV and an over-
potential required to reach 1 mA cm 2 of 625 mV (see Fig. S127).
Higher catalyst content resulted in brittle Ba[Co,Fe,-WS]/CP
blends that were difficult to handle. Hence, electrodes with
catalyst loadings >40 wt% were not used. LSV data was analysed
to deduce the Tafel plots of the catalyst (Fig. 5b). The Tafel

13726 | Chem. Sci, 2023, 14, 13722-13733
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Fig. 4 Rotating ring disk electrode (RRDE) experiment allowing the
detection of electrocatalytic O;; blue line: Ba[Co,Fe,-WS]/Nafion ink;
intersected black line: Nafion ink in the absence of the catalyst. The
applied potential at the glassy carbon disk is scanned to positive values.
The applied potential at the Pt ring is held constant at —0.33 V to detect
the O, evolved (red line). No O, could be detected in the absence of
catalyst under these conditions. The experiments were conducted in
a single-cell under N, atmosphere using a pH 7.2, 50 mM KP; buffer
and KNOs (1 M) as electrolyte. The scan rate was 1 mV s~* and the
rotation speed was 700 rpm.

slopes for all examined blend compositions are consistent
varying closely between 94 mV dec™ " and 99 mV dec ™. It is well
known that the Tafel slopes are exclusively dependent on the
rate-determining step (RDS) of an electrochemical process. The
obtained Tafel values are in-line with other Co-based POMs and
are indicative of competing rate-determining chemical and
electron-transfer processes.**?*%*

Bulk water electrolysis was performed to test the hydrolytic
and oxidative stability under electrocatalytic working condi-
tions (Fig. 6). Chronopotentiometry experiments were con-
ducted at a constant current density of 1 mA cm™> employing an
H-tube with cathode and anode compartments separated by
a glass frit. During these experiments the measured over-
potential remains stable for >18 hours. A minor increase of the
overpotential over time is caused by the accumulation of gas
bubbles on the electrode surface, thus decreasing the number
of actives sites at the electrode (Fig. S131).** Indeed, the removal
of the O, bubbles recovers the initial activity of Ba[Co,Fe,-WS]
underlining the excellent long-term stability of the catalyst
under heterogeneous conditions. In addition, we quantified the
amount of O, which evolved during chronopotentiometric
experiments at a current density of 1 mA cm > for 4 hours using
a fluorescence probe. We observe a faradaic efficiency of >95%
compared with the expected theoretical O, amount considering
a stoichiometric 4e™ reaction (see Fig. S147).

Post-catalytic characterisation

After the bulk water electrolysis experiments, Ba[Co,Fe,-WS]
was recovered from the carbon blend and subjected to
a detailed characterisation protocol to confirm the structural
stability and to identify of the true catalytic species. Depending

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Rotating disk electrode linear sweep voltammetry (RDE-LSV)

of Ba[Co,Fe,-WS]/CP electrodes at increasing catalyst loading in the
CP blend. (b) Tafel plots obtained from the RDE-LSV data. The dashed
lines indicate the Tafel regions. The experiments were conducted in
a single-cell using a pH 7.2, 50 mM KP; buffer and KNOz (1 M) as
electrolyte. The scan rate was 1 mV s~ at a rotation speed of
1600 rpm.

on the applied conditions, dissolved Co-containing POMs can
undergo hydrolytic decomposition associated with [Co(aq.)]**
leaching to form electrode-bound CoO,. The latter can act as
a competing OER catalyst, thus hampering a detailed charac-
terisation of the Co-POM as a true catalytic species (vide supra).
In heterogeneous, solid-state phases, POM-based catalysts have
shown high hydrolytic stability, from which several Co-POMs,
including Co,-WS, have been undoubtedly identified as the
true WOC active species.”**

FT-IR spectra of recovered post-catalytic Ba[Co,Fe,-WS]
samples show identical features to those of the freshly prepared
samples (Fig. S151). Raman spectroscopy and X-ray photoelec-
tron spectroscopy (XPS) are excellent surface characterisation
techniques that permit the identification of possible additional
species formed during electrocatalytic experiments.>® Using
these spectroscopic techniques, we could not identify any trace
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Fig. 6 Long-term stability of Ba[Co,Fe,-WS]/CP electrodes. Chro-
nopotentiometry at 1 mA cm™2 employing a 30 wt% Ba[Co,Fe,-WS]/
CP electrode. The arrows indicate the removal of the O, gas bubbles
trapped on the electrode surface. The experiments were conducted in
an H-cell using a pH 7.2, 50 mM KP; buffer and KNOs (1 M) as
electrolyte.

quantities of CoO, in any of the examined samples. The pre- and
post-operando Raman spectra are indeed indistinguishable
(Fig. S167). XPS spectra of post-catalytic Ba[Co,Fe,-WS] samples
reveal slightly increased binding energies for all examined
elements (Fig. S177) which is characteristic for the oxidation of
the catalyst during O, evolution.*” The binding energy increase
mainly stems from the Co" to Co™ oxidation at the tetrahedral
sites of the B-u-trilacunary {CoW,} Keggin moieties prior to
catalytic O, evolution. This oxidative process is consistent with
the electrochemical analysis. Due to the significant overlap of
the Ba 3d and Co 2p XPS absorption bands, Co 2s peaks were
analysed in detail (Fig. S171). The latter experiences an overall
binding energy increase of ~3 eV, whereas the binding energies
of the bands of the remaining elements appear increased by
~1 eV in post-catalytic samples. Further, the edge signals and
the number of bands that derive from the Co, Fe and W atoms
are identical to those observed in freshly prepared Ba[Co,Fe,-
WS] samples. Importantly, all the O1s derived bands appear
>530 eV, prohibiting the presence of lattice oxygen atoms that
stem form cobalt oxide species.*

These spectroscopic fingerprints are consistent with the re-
ported analyses for Co,-WS,*” confirming that the activity arises
from Ba[Co,Fe,-WS] or a closely related molecular structure.
This conclusion was further substantiated by elemental anal-
yses which were performed by XPS and energy-dispersive X-ray
(EDX) spectroscopy techniques, confirming the expected
elemental ratios and stability of Ba[Co,Fe,-WS] after the O,
evolution experiments.

It is noteworthy that the recovered solid samples did not
contain detectable residual quantities of Na' countercations.
This is expected, as the oxidation of the tetrahedral Co"
heteroatoms to Co™ prior to OER catalysis decreases the overall
negative charge of the cluster entity from 14- to 12- (see Fig. 3),
whereby trace quantities of the associated smaller Na* ions are
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expected to be expelled from the structure. Additionally,
elemental analyses (ICP-MS) of the buffer employed during the
long-term chronopotentiometry experiment, do no detect Co or
Fe species (<1 ppm) that could be a source of competing OER
catalysts.

Comparison of the OER activity of Ba[Co,Fe,-WS] with the
benchmark Ba[Co,-WS] and Ba[Co;W-WS] systems

In order to evaluate the role of the inner coordinatively, satu-
rated metal ions of the central core of the POM, we compared
the activity of Ba[Co,Fe,-WS] with that of the isostructural
polyanion [Cojy(H,0),Co" WY (B-0-C0o"W503,),]">~ (Co;W-WS)
(Fig. 7a), in which Co™ and W' ions equally occupy the two
central positions of the rhombic, butterfly moiety of the
weakley-type POM. Importantly, the results were also compared
with the catalytic performance of the parent benchmark system
[CoY(H,0),Co5 (B-0-PWo03,4),]'°~ (Cos-WS) (Fig. 7b). These
experiments were carried out employing modified carbon paste
electrodes containing 30 wt% of the barium salts of the POMs.

LSV measurements reveal remarkable differences of the
electrocatalytic OER activities despite the similarities of the
structures (Fig. 8a). It is striking that the title compound Ba
[Co,Fe,-WS] shows a significantly higher catalytic activity than
the other two POMs. Ba[Co;W-WS] displays very poor or almost
neglectable catalytic activity, whereas Ba[Co,-WS] only
surpasses the activity of Ba[Co,Fe,-WS] at very high over-
potentials (n > 770 mV).

The observed behaviour is maintained when the current
densities are normalised by the mole quantities of the POMs
(Fig. S1871), which is expected considering the similar molecular
weights of the three POMs. Additionally, Ba[Co,Fe,-WS]
displays an OER onset overpotential of 528 mV, which is 34 mV
lower than that of Ba[Co,-WS] (Fig. S197). This difference is even
more pronounced at a current density of 1 mA em 2, for which
overpotentials of 632 mV and 710 mV are required for Ba
[Co,Fe,-WS] and Ba[Co,-WS], respectively.

Fig. 7 Polyhedral representation of (a) [CoL(H,0),Co"WY'(B-a-
Co"Wg034),]"*~  (CosW-WS) and  (b)  [CoB(H,0),Cob(B-a-
PW9034)2]1°* (Co4-WS). Colour code: pink: Co" in octahedral geom-
etry; green: Co" in tetrahedral geometry; grey: W; orange: P; red: O;
white: H; grey polyhedra: {WOg} units. Note that the internal belt
positions of CozsW-WS have a 50 : 50 Co: W equal occupancy.
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Fig. 8 Comparative OER electrocatalytic activity of 30 wt% POM/CP
electrodes. Ba[Co,Fe,-WS] (blue), Ba[CosW-WS] (green), Ba[Co4-WS]
(purple). (a) Rotating disk electrode linear sweep voltammetry (RDE-
LSV). (b) Tafel plots, as derived from the RDE-LSV data. The experi-
ments were conducted in a single-cell using a pH = 7.2, 50 mM KP;
buffer and KNOs (1 M) as aqueous electrolyte. The scan rate was 1 mV
s~ at a rotation speed of 1600 rpm.

The active surface areas of the electrodes were considered in
order to potentially rationalise the observed activity differences.
Although the respective electrocatalytic surface areas (ECSA)
cannot directly be assessed due to the unknown parameters of
the composite electrodes, the double-layer capacitance (Cq),
which is proportional to the ECSA, can be compared (Fig. S207t).
The data clearly demonstrates that Ba[Co,Fe,-WS]/CP possesses
the lowest C4; when compared to Ba[Co,-WS]/CP and Ba[Co;W-
WS]/CP. This highlights that the activity differences do not arise
form variable electrocatalytic areas but moreover stem from the
kinetic profiles that are intrinsic to the individual POMs under
OER conditions. Particularly the diminished catalytic activity of
Ba[Coz;W-WS] directly highlights the influence of the central
metal ions on the kinetics of the catalytic OER reaction.

The Tafel plot of Ba[Co,Fe,-WS] further highlights its supe-
rior catalytic performance when compared to Ba[Co,-WS]
(Fig. 8b). Although both POMs share the same active {Co"~OH,}

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sites, the different Tafel slopes suggest that their rate-
determining step may be governed by their different elec-
tronic structures. In the case of Ba[Co,-WS], two well defined
Tafel slope regions with 78 mV dec " and 80 mV dec™ ', are
apparent. Differently, Ba[Co,Fe,-WS] exhibits only one single
Tafel region with a slope of 94 mV dec™'. Moreover, Ba[Co,Fe,-
WS] has an exchange current density (i,) of 1.01 x 107 '° mA
ecm 2, which is two orders of magnitude higher than i, for Ba
[Cos-WS] (3.64 x 10" mA cm ?). This difference can be
attributed to a higher electrical conductivity of Ba[Co,Fe,-WS]
due to its larger negative charge (14— vs. 10—). The electron
charge density has a direct influence on the redox properties of
the POMs. Indeed, the g/m ratio, also known as the anion-
charge effect (where g is the overall negative charge of the
POM and m is the total number of metal centres),”>*® has been
used as a chemical descriptor to predict the reactivity of
POMs.*”*>*” Due to its higher negative charge, Ba[Co,Fe,-WS]
has a g/m ratio of 0.58, whereas Ba[Co,-WS] has a gq/m value of
0.45. Hence, the increased anion-charge effect renders a more
facile electron transfer within the POM.

The current at the working electrode during RDE-LSV
experiments can be described according to the Koutecky-Lev-
ich equation,® from which the kinetics of the catalytic process
can be analysed. As water oxidation reactions are known to
exhibit sluggish electron transfer processes and as the limiting
current is independent of rotational speed of the catalyst-
supported electrode within the aqueous system, the current at
the electrode can be defined as:

i= nFAchal(n) (3)

where n equates to the number of electrons transferred in the
reaction, F is the Faraday constant, A is the electrode surface
area, I' is the surface loading of the catalyst, and k..(n) is
defined as the turnover frequency of the catalyst at the applied
overpotential.

Fig. 9 shows the determined turnover frequencies as a func-
tion of the applied overpotential for Ba[Co,Fe,-WS] and Ba[Co,-
WS] (see ESI Section 3t). These results quantify the improved
kinetics of the catalytic OER for Ba[Co,Fe,-WS] compared to Ba
[Co,-WS]. At an applied overpotential of 600 mV, Ba[Co,Fe,-WS]
displays a TOF of 3.8 x 107> s~ ', whereas Ba[C0,-WS] shows
a TOF of 1.3 x 1072 s~'. This difference is even more
pronounced at an overpotential of 700 mV, giving a TOF = 2.4 X
10~* s~ for Ba[Co,Fe,-WS], which is 4x higher than that of Ba
[Cos-WS] (TOF = 5.9 x 107 % s71).

Computational study of the Co,Fe,-WS and Co;W-WS systems

We have performed a computational study (B3LYP/6-31g(d,p),
LANL2DZ PCM,; see ESI Section 87) to analyse the structures and
electrochemical properties of the polyanions
[CoY(H,0),Co"WY(Co"Ws054),]"*~ (A, Cos;W-WS) and
[CoY(H,0),Fey(Co"Wys034),]**~ (Co,Fe,-WS) with the aim of
understanding the sharp differences observed on their OER
activities. Additionally, these results are compared with our
previously reported computational analysis on the OER prop-
erties of [CoY(H,0),(PWo034),]"° " (Cox-WS).*
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Fig. 9 Comparison of the calculated TOFs of Ba[Co,Fe,-WS] and Ba
[Co4-WS] at different overpotentials during RDE-LSV measurements.
The experiments were conducted using 30 wt% Ba[POM]/CP elec-
trodes at pH = 7.2 using 50 mM KP; buffer and KNO3 (1 M) as aqueous
electrolyte. The scan rate was 1 mV s~ and the rotational speed was
1600 rpm.

We firstly focused on the CozW-WS species to unravel the
origin of the absence of OER activity observed experimentally.
Thus, calculations on the Co;W-WS system support that the
aqua complex A would rapidly be protonated at two oxygen sites
of the POM forming [Co} (H,0),Co"W"(Co"W,0;,H),]'°~ (B) in
a water solution at neutral pH. The protonation sites in the POM
can be diverse and even though we have not performed an
exhaustive analysis of the protonation sites, it was found that
the double protonation is computationally spontaneous by
more than —0.8 eV (see Fig. 10 and S21t1). Afterwards, the two
internal tetrahedral Co™ heteroatoms in B can be electro-
chemically oxidized to Co™ at low potentials (<1 V) via two
proton coupled electron transfer (PCET) events, leading to
[CoY(H,0),Co" WY (Co™W40;4),]"° ", D. As shown in Fig. 10, the
same product D could also be achieved from A species via two
electron transfer (ET) processes with even lower potentials
(=0.71 V). However, this seems unlikely to occur in solution due
to the high pK, of the POM.

Next, we studied the initial steps of the water oxidation
reaction mechanism in which, starting from species D (Co"-
OH,), two PCET events yield the oxo radical active species F
(Co™-0"), similar to that observed in the isostructural Co,-WS.*
We have previously demonstrated that one of these two PCET
events are the potential-limiting steps of the reaction. There-
fore, we can use the computed energy of these two PCET events
as a chemical descriptor to obtain a reasonably accurate
prediction of the OER activity of Co-POMs. Our calculations
show that the first PCET from D (Co"-OH,) takes the electron
from the most reactive external cobalt atom leading to species E
(Co™-OH). This step requires an applied potential of 1.82 V
(Fig. 11, top). Note that E is computationally found to have an
overall multiplicity of 19, with the reactive Co™ atom being
a quintet in the ground state. The computed structures with
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Fig. 11 Schematic representation of the first two PCET events of the
water oxidation reaction for the CozW-WS (top), Co4-WS (middle), and
Co,Fe,-WS (bottom) systems. Potential energies are givenin V vs. NHE
at pH = 7. Values for the Co4-WS system are extracted from ref. 44.

a lower multiplicity are less stable. The second PCET event from
E (Co"™-OH) to reach the oxo radical species F (Co™-0") would
need an applied potential of 1.37 V. In this case, the ground
state of the oxidised external Co™ atom is a triplet and has
a marked radical character on the oxygen (1.023e~ Mulliken
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spin density). These results are in good agreement with our
experimental results and indicate that the Co;W-WS system
would need an overpotential higher than 1 V to catalytically
oxidise water.

It is interesting to see that despite the structural similarity
between the Co;W-WS system and the previously studied Co,-
WS,* they display remarkably different reactivity. The structural
differences stem from: the replacement of one internal, coor-
dinatively saturated Co atom in the central belt of Co,-WS by
a W atom, and two tetrahedral Co heteroatoms instead of the
two P heteroatoms. Additionally, the overall charge of the
system is the same (10—) once the internal Co™ heteroatoms are
oxidised to Co™ in Co,W-WS. Whilst the calculations show that
the structures of D and G are overall similar, they exhibit some
distinct geometrical differences (see Fig. 11). The distances
between both externally-located Co atoms located at the wing-
tips is 5.587 A in D and 5.610 A in G, whereas the distance
between the two inner octahedral, coordinatively saturated
atoms of the belt is 3.297 A in D (dw-co) and 3.347 AinG (dco-
co)- These values indicate that the replacement of the internal
Co atom by a W atom induces a change in the geometry of the
central rhombic tetranuclear oxo-bridged butterfly moiety of the
POM, thus breaking the symmetry of the system. Taking a closer
look at the bond distances of the two water-bounded, external
octahedral Co atoms in the CozW-WS system, we can see that
the W atom creates a compressive axial strain that distorts the
octahedral symmetry of the external Co atoms (see Fig. S227).
This strain effect strengthens the Co-OH, bond leading to an
increase in the oxidation potential of the metal centre, i.e. the
strain effect reduces the OER catalytic activity of the Co;W-WS
system.

Following our study, we also computationally explored the
initial electrochemical steps of the water oxidation reaction
catalysed by the Co,Fe,-WS system. We optimised the structure
of the aqua complex [Coj(H,0),Fes (Co"Wy034),]"*" (Co,Fe,-
WS) as well as the corresponding species with the two Co"
heteroatoms oxidised to co™,
[CoY(H,0),Fe) (Co™W,y0;4),]'>~ species J. The difference in
energy between both species is just 0.19 V, highlighting an
increased ability of Co,Fe,-WS to be oxidised in comparison to
Co;W-WS. This process very likely occurs upon protonation of
the POM followed by two PCET events, as detailed above for the
Co;W-WS system (see Fig. 10). Hence, we consider J as the
resting state species in the reaction mechanism, from which the
hydroxyl species K (Co™-OH) and the oxo radical species L
(Co™- 0O") are obtained through the first and second PCET
events with associated potentials of 1.65 V and 1.31 V, respec-
tively. As observed for the Co;W-WS system, the Co™ atom in
the hydroxyl species K (Co™-OH) of Co,Fe,-WS also displays
a high spin configuration, whereby the quintuplet and the
triplet are almost degenerated. The experimentally observed
OER overpotential displayed by the Ba[Co,Fe,-WS] salt is
slightly smaller than that for Ba[Co,-WS], whereas our calcula-
tions show similar values with the Co,Fe,-WS system requiring
a slightly larger potential for the first PCET event. This small
disagreement may arise from the different overall charge of the
systems at the resting state, ie. 10— vs. 12—, which can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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influence the outcome of the calculations; thus it will modify
the effect of the countercations or the potential protonation of J
before its oxidation; which in turn, could result in a small
variation of the oxidation mechanism. Overall, two contrary
effects can be pointed out as the responsible for the observed
similar reactivity: (i) the 12— charge of the Co,Fe,-WS system in
front of the 10— charge of the Co,-WS one, which favours the
oxidation of the POM and, hence, reduce the OER over-
potential;** and (ii) electron configuration processes going from
high to low spin are expected to be advantageous towards OER
thanks to the electron reorganization energies. In our calcula-
tions we have seen that the presence of the tetrahedral Co
heteroatom in Co,Fe,-WS and Coz;W-WS generates a structural
framework that favours high spin configurations (triplet or
quintet) in the external Co™ active centres, such as the hydroxyl
(Co™-OH) and oxo radical (Co™-0") species. On the contrary,
this advantage is present within the Co,-WS system in which an
electron configuration reorganization from high to low spin
occurs in the external, active Co atom after the first PCET event.

Conclusions

In summary, we report a successful strategy to synthesise
a mixed-metal cobalt-iron Weakley archetype [Cob(H,0),-
Fe} (B-0-Co"Wy034),]"* ™ (Co,Fe,-WS) POM that forms in good
yields in a one-pot, condensation reaction. Single crystal X-ray
diffraction and magnetic measurements unambiguously iden-
tify the ordered nature of the metal ions within the POM
structure. Importantly, the magnetic behaviour could only be
reproduced with the proposed structure, whereas the other
structural isomer with the two cobalt ions placed in the short
diagonal of the rhombus and the iron atoms located in the
partially hydrated outer octahedral positions did not find any
regions of parameters that yield compatible solutions with the
experimental results.

The insoluble Ba*' salt of Co,Fe,-WS was used to study its
redox properties and the electrocatalytic water oxidation activity
in the solid-state under neutral pH conditions. The novel POM
displays high OER activity giving rise to an onset overpotential
of 502 mV. The long-term stability under turnover conditions is
remarkable. Signs of decomposition could not be detected
during the O, evolution experiments; post-catalytic character-
isation identify Ba[Co,Fe,-WS] as the singular active species.

The electrocatalytic performance of Ba[Co,Fe,-WS] was
compared to that of two isostructural POMs, namely [Coj(H,-
0),(PWo034),]"~ (Co,-WS) and
[CoY(H,0),Co" WY (Co"Wy0,4),]"*~ (CosW-WS). Interestingly,
Ba[Co,Fe,-WS] displays a significantly better OER catalytic
activity than Ba[Co,-WS], whereas Ba[Co;W-WS] shows negli-
gible catalytic currents, demonstrating that the coordinatively
saturated, central metal ion plays an essential role for the
reactivity of the archetype POM-type.

DFT calculations show that the presence of a W atom in the
coordinatively saturated central position of the tetraoxo-belt
of the Co;W-WS system breaks the symmetry of the POM.
This results in a compressive strain effect that distorts the
octahedral coordination of the outer Co" ions located at the
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wing-tips, thus strengthening the Co-OH, bond and
decreasing its OER catalytic activity. Moreover, we have also
observed that the presence of the tetrahedral Co heteroatom
in Co,Fe,-WS and Co;W-WS generates a structural framework
that favours high spin configurations (triplet or quintet) in
the external Co™ active centres, contrary to the observed in the
Co4-WS system-with PV as heteroatom-in which an electron
configuration processes going from high to low spin occurs
after the first PCET event. We plan to further investigate these
systems to study in detail the kinetic steps associated with the
oxygen—oxygen bond formation within the catalytic cycle in
the close future to completely assess the role of the central,
coordinatively saturated metal atoms in the overall reactivity
of this type of POMs.

Data availability

CCDC Na[Co,Fe,-WS]_rods: 2068500; Na[Co,Fe,-WS]_plates:
2068501; Na[Co,Fe,-WS]_recrystalized: 2068065; Na[Co;W-WS]:
2068502 contain the supplementary crystallographic data for
this paper.
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