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Despite substantial advancements in the field of the electrocatalytic oxygen evolution reaction (OER), the
efficiency of earth-abundant electrocatalysts remains far from ideal. The difficulty stems from the
complex nature of the catalytic system, which limits our fundamental understanding of the process and
thus the possibility of a rational improvement of performance. Herein, we shed light on the role played
by the tunable 3d configuration of the metal centers in determining the OER catalytic activity by
combining electrochemical and spectroscopic measurements with an experimentally validated
computational protocol. One-dimensional coordination polymers based on Fe, Co and Ni held together
by an oxonato linker were selected as a case study because of their well-defined electronic and
geometric structure in the active site, which can be straightforwardly correlated with their catalytic
activity. Novel heterobimetallic coordination polymers were also considered, in order to shed light on
the cooperativity effects of different metals. Our results demonstrate the fundamental importance of

electronic structure effects such as metal spin and oxidation state evolutions along the reaction profile
Received 3rd November 2023 . L . . .
Accepted 11th December 2023 to modulate ligand binding energies and increase catalyst efficiency. We demonstrated that these effects

could in principle be exploited to reduce the overpotential of the electrocatalytic OER below its
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1. Introduction

Water electrolysis powered by renewable energies has attracted
increasing interest in recent years as a sustainable source of
molecular hydrogen, which is one of the most promising
alternatives to fossil fuels as an energy carrier.”” This process is
composed of two half-reactions, namely the oxygen evolution
reaction (OER) at the anode and the hydrogen evolution reac-
tion (HER) at the cathode. The sluggish four electron transfer
processes involved in the OER mechanism limit the overall
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theoretical limit, and we provide basic principles for the development of coordination polymers with
a tailored electronic structure and activity.

hydrogen production efficiency, leading to high overpotentials.®
This stimulated intense research efforts towards the develop-
ment of low-cost, efficient and stable OER-electrocatalysts.*™®

Under acidic conditions, precious metal-based oxides such
as IrO, and RuO, can be considered as the state-of-the-art OER
electrocatalysts because of their remarkable activity and
stability;>**> however, their large-scale application is hindered
by the high cost and low abundance of the metals. Conse-
quently, an intense research activity aimed at minimizing the
amount of noble-metal utilization is ongoing.****

Non-precious metal-oxides and hydroxides under oxidative
potentials are only stable under alkaline conditions,* and hence
great efforts have been made to develop earth-abundant
transition-metal-based OER-electrocatalysts with sustained
stability in alkaline solution.**** Nevertheless, despite substan-
tial advancements in the field, the efficiency and stability of such
OER catalysts remain far from ideal. In particular, there seems to
be a lower bound for the overpotential that can be obtained,
which is approximately 0.2-0.4 V. This effect has been attributed
to linear scaling relationships between OOH and OH binding
energies limiting the OER activity.>>*

A major difficulty in the development of new strategies for
breaking such linear scaling relationships is the lack of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Coordinating and bridging mode of the oxonato ligand in the studied CPs (top). Stereochemistry at the metal center (bottom).

fundamental knowledge on the electronic and geometric nature
of the active site for many heterogeneous catalysts.”®***> The
difficulty stems from the complex nature of the OER catalytic
materials and of their interaction with the environment. On the
one hand, such complexity limits the chemical insights that can
be obtained from purely experimental investigations.*® This is
especially evident for metal oxides, for which the geometric and
electronic nature of the active site is still a matter of debate,****
making rational design of new catalysts particularly chal-
lenging. On the other hand, the strong dependence of the
reaction free energies on the exchange-correlation functional
choice together with the limited accuracy of standard compu-
tational methodologies in the calculation of redox potentials,
acidity constants and reaction energies in water limits the
confidence on purely computational predictions.****** Hence,
synergistic computational and experimental studies are crucial
to elucidate the mechanistic underpinnings responsible for the
catalyst activity and stability, and for deriving the rule of
thumbs for new materials with lower overpotentials.

Although the integration of experimental and theoretical
studies has already proven instrumental in this context,*
fundamental questions on the origin of the catalytic activity of
many materials still remain unanswered.** In particular, an in-
depth understanding of the relationship between a material
catalytic activity and its electronic structure is often lacking. For
example, it is well known that the metal spin state has a deep
influence on the OER efficiency.*>** However, the spin state of
metals can change in the course of an electrochemical reac-
tion*® or in response to external stimuli such as an external
potential.*® Therefore, it is somewhat surprising that spin
crossover effects in the heterogeneous electrocatalytic OER have
not been investigated in detail. As a notable exception, Hegner
and coworkers recently suggested on the basis of density

© 2024 The Author(s). Published by the Royal Society of Chemistry

functional theory (DFT) calculations that such spin-crossover
effects might significantly lower the OER overpotential of a co-
hexacyanoferrate electrocatalyst.*” Understanding to what
extent this effect could be exploited in practical applications,
e.g., to break the above-mentioned linear scaling relationships,
would be an important step towards rational design.

In this work, our aim is to provide a fundamental insight into
the electronic effects that influence a catalyst activity towards the
OER using a combined experimental and computational
strategy. Among the numerous families of OER catalysts studied
and optimized over the years, we selected coordination polymers
(CPs)*2 as a prototype case study. These systems are crystalline
solids with well-defined periodic structures extending in 1, 2, or
3 dimensions, in which metal “nodes” (clusters or ions) are
linked by organic and/or inorganic ligands through coordination
bonds. Hence, these materials can be seen as heterogeneous
assemblies of transition metal complexes, featuring active sites
with well-defined structural and electronic properties, which can
be readily correlated with their electrocatalytic activity.>***

In the present case, we consider a series of one-dimensional
CPs containing the versatile oxonato linker (oxo), a bianionic
multidentate ligand, exhibiting many coordinating and
bridging possibilities, which in the materials synthetized in this
study shows only the bidentate chelating and bridging modality
illustrated in Scheme 1 (top).

Homometallic CPs based on oxonato linkers have been
already reported in the literature for manganese, nickel, cobalt,
zinc and iron.***® Depending on the nature of the metal ion, two
different structures can be obtained. For M = Ni,* the asym-
metric unit contains two metal ions, one with the nitrogen atoms
of oxonato in the trans relative position, whereas in the other one
they are in the cis relative position and the metal center has a 4
chirality (Scheme 1, bottom left). For M = Co and Mn,* the

Chem. Sci., 2024, 15, 1348-1363 | 1349
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asymmetric unit contains one metal ion exhibiting a slightly ()
distorted, /4 octahedral stereochemistry with the nitrogen atom
in the cis relative position (Scheme 1, bottom right). M® + OH™ — M“"V-OH + ¢~
Heterobimetallic oxonato CPs have never been reported to
the best of our knowledge. In addition, oxonato CPs, in general,
have never been applied as OER catalysts.
Herein we describe the synthesis and detailed characteriza-

M® +OH — M"” 'OH + ¢~

tion of homometallic and heterobimetallic CPs constituted by (i1

the [M(0x0),(H,0),] (Mn**, Fe**, Co**, Ni**) coordination unit, M@_OH + OH™ — M®™?—0 + H,0 + ¢
and their utilization as electrocatalysts. They were designed to

provide insight into cooperative effects between different metal M®VD_OH + OH™ - M"Y 'O + H,0 + e~
nodes that might lower the overpotential.***” All systems were

synthesized and their electronic and catalytic properties were M®™* *OH + OH™ —» M“*Y"_'0 + H,0 + ¢~

characterized combining in-depth computational analyses with
experimental spectroscopic and cyclic voltammetry measure-

ments. The large number of systems investigated and the inte- (iii)
gration of theory and experiments allowed us to obtain clear-cut

insights into the electronic and geometric effects that influence

the oxygen evolution electrocatalytic activity of a material.

M“*?—=0 + OH™ —» M“*P-0-OH + ¢~
M"*Y"—0 + OH™ — M™" "O-OH + ¢~

2. Methods

L (iv)
2.1 Mechanistic aspects
The commonly accepted mechanism for the electrocatalytic M®™P_0-OH + OH™ - M® + O, + H,O + ¢~
OER under alkaline conditions involves four electron transfer
steps:2%:5® M@ *0-OH + OH™ —» M™” + 0, + H,0 + e~
a) (trans,cis)-M1M1 / (trans,cis)-M1M2 (cis)-M1M1 / (cis)-M1M2
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~
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Fig. 1 (a) 3D atomic representation of the CP structures for the systems considered in this work. (b) PXRD patterns of (trans,cis)-NiNi (black),
(trans,cis)-NiCo (red), (trans,cis)-NiMn (blue), and (trans,cis)-NiFe (green). (c) PXRD patterns of (cis)-CoCo (black), (cis)-FeMn (red), (cis)-CoFe
(blue), and (cis)-CoNi (green) samples.
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in which M denotes the metal active center of the catalyst and n
its formal oxidation state. For each oxidative step, an electron
can be removed from either the metal or the oxygenated moiety.
In the latter case, this process does not lead to a change in the
formal oxidation state at the metal center (vide infra). In the
present example, M features a single uncoordinated site that
can be occupied by the incoming OH ™. Computational analysis
(vide infra) revealed that dissociation of a single water molecule
requires a minimum energy penalty (see Tables S14-S247).
Herein, we do not consider the alternative mechanism in which
the O-O bond formation involves the coupling of two separate
metal-oxo moieties due to the large distance between the metal
nodes in the CP studied in the present work. The procedure
used to obtain the reaction free energies of these steps from the
free energies of the intermediates is described in ref. 26 and 58
(see eqn (S1)-(517)1).

To elucidate the electronic structure effects on the catalytic
activity, it is necessary to compute the energies and properties
of CPs for all possible spin states [low-spin (LS), intermediate-
spin (IS), and high-spin (HS)] and for all reaction intermedi-
ates. Only the spin state with the lowest energy for each inter-
mediate should be considered when drawing reaction free
energy profiles. This procedure should be carried out for all the
systems investigated in this work in order to draw useful
(electronic)structure-activity correlations. Clearly, this requires
the accurate calculation of hundreds of relative energies in
alkaline solution, which is difficult to achieve with standard
computational methodologies.

To address this challenge, we developed a cost-effective yet
accurate computational protocol that relies on an “embedded”
cluster model approach. A molecular cluster model* was
defined with two metal centers fully coordinated by water and
oxonato ligands. The environment, i.e., the remaining of the
polymer system and (if present) the water solvent, was treated
using an implicit solvation approach. The cluster model
geometry was obtained from the experimental crystal structure
and then optimized at the DFT level. When needed, a series of
cluster models were generated for the same polymer to mimic
different coordination environment combinations (vide infra).
For each of these models, the energy and the optical properties
were computed for various spin states at the Density Functional
Theory (DFT) level using various exchange correlation func-
tionals and computational settings. The resulting absorption
spectra were compared with those measured experimentally in
the solid state, which served as a calibration point for our
computational protocol (see Fig. S12-514%).

2.2 Computational details

All calculations were carried out using the ORCA quantum
chemistry program package based on a development version of
ORCA 5.0.3.% Due the complex electronic structure of the open
shell transition metal systems investigated in this work, the
trust-region augmented Hessian approach (TRAH-SCF) was
used to facilitate the convergence of the SCF iterations in
unrestricted Kohn-Sham calculations. Geometry optimization
was carried out using the B3LYP functional together with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Grimme's D3 dispersion correction and Becke-Johnson damp-
ing.**%* The Ahlrichs def2-TZVP(-f) basis set was used for all the
calculations, unless otherwise specified.®® The role of the envi-
ronment was modeled using an implicit solvation scheme (C-
PCM).** The dielectric constant of water was used as a model.
Thermal and entropy corrections were computed at 298 K. This
computational protocol is denoted hereafter as B3LYP-D3+C-
PCM(Water)/def2-TZVP(-f). Excited states were calculated at
the same level of theory within the TDDFT framework. Unless
otherwise specified, the Tamm-Dancoff Approximation (TDA)
was used in all TDDFT calculations.

2.3 Synthesis, characterization, electrochemical and
stability measurements

The synthesis of homometallic [M1M1(0x0),(H,0),] CPs was
carried out as discussed in ref. 55 and is detailed in Section S3
in the ESLt Novel heterobimetallic [M1M2(0x0),(H,0),] CPs
were synthesized analogously, adjusting the relative amounts of
the two metal precursors, as described in the ESL.{ The crystal
structure of representative samples was refined using powder X-
ray diffraction (PXRD) data with the Rietveld method, on the
basis of literature crystallographic data.*®*® UV-Vis spectro-
scopic measurements of the solid samples were recorded using
a Cary4000 (Varian Inc., Palo Alto, California, USA) spectro-
photometer, equipped with a 150 mm integration sphere, which
uses a barium sulphate tablet as a reference. The spectra are
processed with the Kubelka-Munk function.

The electrocatalytic properties of these materials for the OER
were investigated in a three-electrode cell containing 1 M KOH
solution at room temperature (see Section S4+). A glassy carbon
surface was modified with catalysts via the drop-casting method
and used as the working electrode. Carbon nanotubes (CNTs)
were introduced to mix with the electrocatalysts to improve
conductivity. Tafel slopes were obtained from linear sweep
voltammetry (LSV) curves recorded at a scan rate of 5 mV st
(Fig. S47). The stability of CPs under catalytic conditions was
tested by continuously cycling the potential from 0.918 to
1.918 V vs. RHE at a 100 mV s~ ' scan rate (Fig. S51). These
findings are corroborated by Raman, SEM, and EDX character-
ization, as discussed in the following.

3. Results and discussion
3.1 Geometric and electronic structure of the catalysts

The structures and labels of the synthesized CPs are shown in
Fig. 1a. Depending on the metals used in the synthesis, two
different CP families were identified through X-ray character-
ization featuring slightly different coordination environments
for the metal ions, in which the nitrogen atoms of the oxonato
ligands are placed in the relative trans or cis position.

In the trans environment, the two nitrogen atoms (blue) are
on opposite faces of the octahedron, while in the cis environ-
ment the two nitrogen atoms are coordinated 90° apart from
one another with respect to the metal center. Henceforth, we
will denote as (tranms,cis)-M1M1 the homometallic polymers
where the trans and the (A)-cis coordination environments

Chem. Sci., 2024, 15, 1348-1363 | 1351
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alternate along the structure, and as (cis)-M1M1 the ones where
the nodes show only the (4)-cis coordination environment (M =
Mn, Fe, Co, Ni). For the heterobimetallic polymers, we will use
the notation (trans,cis)-M1M2 and (cis)-M1M2. These two
families were easily identified by powder X-ray diffraction
(PXRD) characterization, because they showed different
patterns (Fig. 1b and c¢). Within each family, the powder
patterns are only slightly affected by the nature of metal centers,
thus indicating that the introduction of a second metal ion does
not lead to any significant structural variation with respect to
the homometallic counterparts. Rietveld refinements of the
structure of (cis)-CoCo, (trans,cis)-NiNi, and (trans,cis)-NiMn
using PXRD data from a conventional diffractometer provided
results in close agreement with the reference structural data.>*>>®

The experimental absorption spectra of the solid samples
were compared with those obtained at the DFT level (Fig. 2a and
b). For all systems, computational analysis (see Fig. S25-S307)
revealed that the band at the highest energy (below 400 nm) is
characterized by electronic transitions from delocalized metal-
ligand orbitals to the * orbital of the oxonato ligand (= ). In
all Fe-containing systems, ie., (trans,cis)-NiFe, (cis)-CoFe, and
(cis)-MnFe, additional intense absorption features are observed
in the 400-600 nm range and they all correspond to Fe-ligand

View Article Online
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— m,, excitations. For the other samples ((trans,cis)-NiCo,
(trans,cis)-NiMn, (cis)-NiCo, (trans,cis)-NiNi and (cis)-CoCo),
visible features with lower intensity are observed which can all
be attributed to localized d-d transitions. For the Co-containing
CPs, such features appear with higher intensity in the experi-
mental spectra compared to the computed spectra.

It is important to emphasize here that the metal center spin
state has a huge influence on the CP photophysical properties,
influencing both the intensity and the energy of the key elec-
tronic transitions (see Fig. S15-S187). However, the absorption
spectra computed for the DFT ground state match well with
those experimentally measured. This remarkable agreement
between theory and experiment served as a first validation of
our computational protocol and allowed us to establish the
most likely spin state at the metal centers for all the CPs
considered in this work.

3.2 Electrochemical measurements

Having established the geometric and electronic structures of
the catalysts in their ground state, we moved to the character-
ization of their electrocatalytic properties through cyclic vol-
tammetry experiments under alkaline conditions (Fig. 3). It is

a) HETEROBIMETALLIC
12 12 e 1.2 ——
o (trans,cis)-NiCo  Exp. © (trans,cis)-NiMn  Exp. — | o (trans,cis)-NiFe Exp. —
£ 1 Theory s 1 Theory {E 1 Theory ——
£ N2 £ Ni2* Zos Ni#*
g 0. 3 2038 r 1 .
5@’08 + 42 + + |2 + +
506 H H H 506 HoH 06 HoH
N N N g
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EOZ > = 502 -t | E02 et
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— b F /T PO |
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(@) Computed (red) vs. experimental (black) UV/Vis spectra for the heterobimetallic CPs, together with an illustrative scheme of the

electronic configuration of the d orbitals at the metal centers. For the (trans,cis)-M1M2 case, the computed spectrum is the convolution of the
spectra obtained considering both possible cluster environment configurations, i.e., M1(trans)M2(cis) and M1(cis)M2(trans). (b) Computed (red) vs.
experimental (black) UV/Vis spectra for the homometallic CPs, together with an illustrative scheme of the electronic configuration of the

d orbitals in their pseudo-octahedral ligand field.
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important to emphasize that the incorporation of a second
metal in the CP-backbone did not result in any change of its
structure, both in terms of the coordination surrounding of the
metal center and in the topological structure of the CP, as
confirmed by UV-Vis and PXRD data. Thus, the electrocatalytic
performances of CPs can be attributed, to a large extent, to the
intrinsic activity of the active site, which depends on the specific
electronic properties of the metal ion (see the note for Fig. S6
and S71).

The electrocatalytic performance of CPs was compared by
evaluating their overpotential at a current density of 10 mA
em ™2 (5y0). The 7,4 for each catalytic system was obtained by
averaging the values recorded from the first CV of four inde-
pendently prepared working electrodes (WEs). As shown in Fig.
S3,T the excellent overlapping of the CVs of different working
electrodes demonstrates the good reproducibility of the cata-
lytic system and the accuracy of the results. The stability of CPs
under catalytic conditions was tested by continuously cycling
the potential from 0.918 t0 1.918 Vvs. RHE at 2 100 mV s~ ' scan

- (trans,cis)-NiFe - (cis)-CoFe
[ (cis)-NiCo | |(trans,cis)-NiCo

a) 100

j (mA cm™2)

j=10 mA cm?

1.6 1.65 1.7

E (V vs. RHE)

175 1.8 1.85

c) 05

0.45¢

1N
IS

n (V vs. RHE)
e
w
w

0.3F

0.25¢

-5.5 -5 -4.5 -4 -3.5 -3

log[j (mA cm™2)]

-2.5
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rate (Fig. S51). The gradual decrease in catalytic current indi-
cates the limited stability of CPs under OER electrocatalytic
conditions. However, since the 7,, is taken from the first cycle,
where no degradation has occurred, the electrocatalytic
performances can be directly related to the electronic structure
of the as-synthesized CPs.

Both the measured overpotentials and the Tafel slopes show
a clear catalytic trend, highlighting the direct dependence of the
CP activity on the metal nature. Remarkably enough, the most
efficient CPs (i.e., those with a lower overpotential) contain Fe
ions. In particular, the catalyst with the lowest overpotential is
(trans,cis)-NiFe (303 mV), which is closely followed by (cis)-CoFe
(350 mV). These figures well compare with that of the bench-
mark IrO, (289 mV) electrocatalyst. The excellent OER kinetics
of Fe-containing CPs, approaching that of the best performing
materials,* was further highlighted by their smaller Tafel slope.
For instance, extremely low Tafel slopes of 37.3 and 34.7 mV
dec™" were obtained for (trams,cis)-NiFe and (cis)-CoFe,
respectively. These results suggest that the Fe centers, which are

\:| (cis)-CoCo E (cis)-MnFe
[ |(transcis)-NiMn || (trans,cis)-NiNi
b) 600

500
488
5007 460

424 424 428

400+
350

303

n (V vs. RHE)
w
(=}
(=]

200

100+

d) 100

807 72.9
64.9 64.4

60+ 55.8

a0t 373 347

Tafel slope (mV dec™!)

201

Fig.3 (a) Cyclic voltammetry curves for all synthesized CPs in 1 M KOH with a scan rate of 100 mV s~ (the reverse scan was omitted for clarity).

(b) Experimental overpotentials of CPs obtained atj = 10 mA cm™2

Fig. S3t) and (d) histogram of Tafel slopes.
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. (c) Tafel plots obtained from LSV curves recorded at a 5 mV st scan rate (see
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present in both systems, feature an intrinsic catalytic activity
that is only slightly modulated by ion mixing with different
metals. The fact that homometallic (cis,trans)-NiNi (n,, =
500 mV and Tafel slope = 83.8 mV dec™ ') and (cis)-CoCo (1 =
424 mV and Tafel slope = 64.9 mV dec ') feature widely
different catalytic activity provides further evidence of the
special role of the Fe centers in this context. This finding is
especially interesting considering that, in most cases of the
electrocatalytic OER on CPs, it is generally assumed that the
reaction occurs at the Ni sites whenever Ni ions are present.**
Interestingly, recent computational studies®**"*® suggested
a significant activity for the Fe centers in 1D coordination
polymers, MOFs and metal oxides, which would be consistent
with the experimental findings presented in this work. These
intriguing results deserve a more detailed discussion and
computational analysis.

3.3 Stability analysis

In this section, our aim is to assess the stability of the CPs under
catalytic conditions in order to establish a solid foundation
upon which the exploration of their structure-activity relation-
ship is initiated. Hence, Raman spectra, SEM images and EDX
analysis were carried out in order to characterize the (trans,cis)-
NiFe sample structurally and morphologically.

Initially, matrix effects on the Raman signals were evaluated,
and no changes in the band structure were identified once the
polymer is embedded in the carbon nanotube, as shown in Fig.
S8.1 The comparison between the computed Raman spectrum
for our cluster model and the experimental spectrum associated
with the embedded polymer is reported in Fig. 4a. Strikingly,
the computed and experimental spectra exhibit remarkable
similarity, with all experimental features accurately replicated.
The characteristic signals of Ni-O bonding®®® (474.5 and
544.6 cm™') and Fe-O/N vibrations®” (599.8 cm™') are
observed. The band centred at 628.7 and 700.5 cm ™" could be
assigned to the displacement of the C-N bond connected to the
Fe atom.”

To assess the stability of the catalyst under operando
conditions, these analyses were repeated on the material under
three different experimental conditions: (i) after treatment with
a 1 M KOH solution; (ii) after 1 CV; (iii) after 50 CVs (Fig. 4b, top
panel).

An obvious change in the structure of the Raman signals was
observed upon treatment with 1 M KOH solution at zero
potential, with several signals showing a remarkable increase in
intensity. This effect could be attributed to the change in the
polarization of the bonds following treatment with KOH, e.g.,
due to partial deprotonation of the H,O molecules coordinated
to the metal centres. To verify this hypothesis, calculations were
run to assess the origin of the change in the shape and intensity
of the Raman peaks after treatment with KOH. Specifically,
Raman spectra were computed by gradually deprotonating the
water molecules coordinated to the two metals. Fig. 4b (lower
panel) shows the results obtained for the cluster model where
Fe is coordinated by two OH . The remarkable agreement
between theory and experiment in this case provides strong
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evidence that the changes observed in the Raman features upon
treatment with KOH are associated with water deprotonation.
This has a strong influence on the Fe-Oyg, vibrations, which
are drastically affected in both energy and intensity.

It is important to emphasize here that no further changes in
the band shape of the signals are noticeable after the material
has been subjected to 50 CVs, indicating that the catalyst
remains stable under catalytic potentials. Indeed, elemental
EDX analysis (Fig. 5 and Table S31) and SEM images (Fig. S9 and
S107t) provide further evidence for the stability of the catalysts,

o
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Raman shift (cm™)

b)
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Fig. 4 (a) Experimental Raman spectrum of embedded (trans,cis)-
NiFe (solid black) and the computed one. (b) Top: experimental Raman
spectra of embedded (trans,cis)-NiFe (solid grey), after KOH treatment
(solid red), after 1 CV (solid blue) and after 50 CV (solid green). Bottom:
computed Raman spectra for (trans,cis)-NiFe (dashed grey) and
(trans,cis)-NiFe with two OH™ coordinated to Fe (dashed red).
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Fig. 5 EDX elemental analysis of Fe (al)—(d1) and Ni (a2)—(d2). (@) NTC matrix + (trans,cis)-NiFe untreated; (b) NTC matrix + (trans,cis)-NiFe
treated with KOH; (c) NTC matrix + (trans,cis)-NiFe treated with KOH after 1CV; (d) NTC matrix + (trans,cis)-NiFe treated with KOH after 50 CVs.

demonstrating that there are no particular morphological or
compositional changes in the analysed samples under oper-
ando conditions.

Overall, the combination of experimental and computational
results provides compelling evidence for catalyst stability under
the experimental conditions.

3.4 Identification of the active metal centers

For CPs featuring different metals (heterobimetallic) and/or
coordination environments (cis or trans), the OER mechanism
was investigated computationally by considering all possible
metal/coordination environment combinations. The combina-
tion leading to the lower computed overpotential was identified
as the active site of the reaction. The computed and experi-
mental overpotentials for all the systems investigated in this
work are compared in Table 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry

While the computed overpotentials are shifted to higher
values than the experimental ones, the overall catalytic trend is
retained, which provides another validation of our computa-
tional protocol as well as further evidence for the structural
stability of CPs. This is especially remarkable considering the
drastically different electronic properties of the metal centers
(vide infra) and the complex nature of the systems investigated
in this work. Again, the most active catalysts contain Fe** ions,
followed by those incorporating Co>* and finally by Ni*".

In all cases, the rate determining step of the reaction is MOH
— MO. The only exceptions were found for (cis)-CoFe and (cis)-
MnFe, for which the MOH — MO and MO — MOOH steps
feature essentially the same energy. As it will be discussed in the
following sections in greater detail, this effect originates from
the peculiar electronic properties of the Fe centers.

Remarkably enough, spin effects play a fundamental role in
these systems. Enforcing the same spin configuration at the
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Table1 Experimental (neyp) and computed (neory) Overpotentials and
rate determining step (RDS) for the OER on CPs. The active metal is
emphasized in red. Unless otherwise specified, the active metal was
placed in the cis coordination environment

Nexp TNtheory
cp (eV) (ev) RDS
(trans,cis)-NiFe 0.30 0.56 MOH — MO
(cis)-CoFe 0.35 0.52 MO — MOOH
(cis)-MnFe 0.42 0.59 MO — MOOH
(cis)-CoCo 0.42 0.60” MOH — MO
(cis)-NiCo 0.43 0.69 MOH — MO
(trans,cis)-NiCo 0.46 0.68 MOH — MO
(trans,cis)-NiMn 0.49 0.86 MOH — MO
0.50 0.94° MOH — MO

(trans,cis)-NiNi

“ For the OER on the Fe site Neory = 0.56 eV for both cis and trans
coordination environments. For the OER on the Ni site, Neory =
0.95 eV. ? If the electronic structure of the active site is constrained to
“Co(u), Ntheory = 0.92 eV. © If the electronic structure of the active site
is constrained to *Ni(u), ftheory = 1.27 €V.

metal center along the reaction profile introduces a huge error
in the overpotential estimate, which amounts to ca. 0.3 eV for
both (trans,cis)-NiNi and (cis)-CoCo. In the former, neglecting
spin transitions even leads to a change in the estimated rate
determining step of the reaction from MOH — MO to M —
MOH. Importantly, (trans,cis)-NiFe and (trans,cis)-NiNi feature
almost identical overpotentials when the reaction takes place at
the Ni(cis) site. This provides further evidence that cooperativity
effects between different metal centers are, to a large extent,
either independent from the metal nature or negligible for the
CPs considered in this work, consistent with the experimental
findings discussed above. In addition, the results obtained for
(trans,cis)-NiFe for different metal sites suggest that the Fe
nodes (in either cis or trans configurations) are indeed the active
sites of the reaction, which is again consistent with experi-
mental observations. Interestingly, the cis/trans nature of the
coordination environment has a negligible effect on the over-
potential (therefore, unless otherwise specified, only the cis
coordination environment is considered in the subsequent
calculations). It can thus be concluded that in heterobimetallic
CPs one transition metal acts as the main active site while the
other has a structural role.

3.5 Metal electronic structure evolution along the reaction
profile

The free energy diagrams for the OER on (cis)-CoCo, (trans,cis)-
NiFe and (trans,cis)-NiNi are shown in Fig. 6, together with
a graphical representation of the corresponding variations in
the metal electronic structure along the reaction profile. For the
sake of clarity, the formal oxidation state and the estimated spin
multiplicity at the metal centers are shown in Fig. 6. However,
since electrons are typically removed from orbitals that are
delocalized between the metal and the ligand, such
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assignments should be taken with caution. During the OER, the
actual oxidation state of the metal centers is best described in
a continuum that ranges from +2 (the electron is removed from
the ligand) to +3 (the electron is removed from the metal), as
discussed in Section 2.1.

Importantly, our computational results indicate that, once
the active metal node is oxidized, the oxidation of the neigh-
boring metal nodes is disfavored. For example, the potential
required to oxidize nickel(u) to nickel(m) in (tranms,cis)-NiFe
increases by ca. 0.2 V after step (i) on Fe. These results are
consistent with prior experimental studies from the group of
Prof. Peter Strasser,”” which demonstrated the presence of
a large fraction of reduced Ni(u) in Ni-Fe catalysts at catalytic
potential. For this reason, in the OER profiles shown in Fig. 6,
the oxidation state of the neighboring metal nodes was kept
constant thorough the reaction at the value it has in the catalyst
ground state (+2).

For these systems, the rate determining step is the PCET
leading to the formation of the MO intermediate. This is the
most common situation among the catalysts studied in this
work. Importantly, different metals show different evolution of
the electronic configuration along the reaction path.

The OER on (cis)-CoCo is characterized by multiple spin
transitions along the reaction path (see Fig. 6a). Step (i) leads to
a change in both the formal oxidation state and the spin
configuration of the active metal, which goes from Co(d”)/HS in
Co(m) to Co(d®)/LS in Co(m)-OH. After the subsequent rate
determining step (ii), the metal assumes a Co(d®)/IS configura-
tion with two unpaired electrons, while one additional unpaired
electron is located at the oxygen [Co(mr)'-"O]. Importantly, this
step is associated with a significant shortening of the key Co-O
bond distance from 1.86 A [Co(m)-OH] to 1.63 A [Co(m)-"0O],
which is accompanied by a corresponding increase in the Co-O
Mayer bond order from 0.91 to 1.71. These results suggest that
for (cis)-CoCo the adsorption energy of the oxygen containing
ligand increases from MOH to MO. To a large extent, this effect
is responsible for the low overpotential computed for this
system, consistent with the experimental findings. The subse-
quent step (iii) leads to a Co(d®)/LS metal with no unpaired
electrons [Co(m)-OOH]. Both the Co-O distance and the Mayer
bond order in Co(m)-OOH are similar to those obtained for
Co(m)-OH, being 1.88 A and 0.89, respectively. Finally, step (iv)
regenerates the catalyst and releases O,.

The OER on (trans,cis)-NiFe shows a different evolution of
the electronic structure of the metal center along the reaction
path. As discussed above, the active site in this case is the Fe
center, which invariably assumes the highest possible spin
configuration (Fig. 6b). Step (i) in this case does not change
significantly either the oxidation state or the electronic struc-
ture of the metal, which can be described as Fe(d®)/HS for both
M [Fe(u)] and MOH [Fe(u)’ "OH]. In contrast, the rate deter-
mining step (ii) oxidizes the metal to Fe(d®)/HS [Fe(m)-"O].
Consistent with the (cis)-CoCo case, this step is associated with
a significant shortening of the Fe-O bond (1.86 A — 1.63 A) and
with an increase in the Fe-O Mayer bond order (1.0 — 1.8).
Again, these results are consistent with an increase in the ligand
adsorption energy in the rate determining step of the reaction,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and hence with the low overpotential experimentally measured.
Step (iii) gives back Fe(d®)/HS [Fe(u)-OOH], a M-O bond
distance of 1.90 A and a Mayer bond order of 0.93. The last step
regenerates the catalysts and releases O,.

The variations in the electronic structure of Ni during the
OER on (trans,cis)-NiNi are especially interesting (Fig. 6¢). Step
(i) in this case removes one electron from the metal center,
leading to a Ni(d”) metal with a single unpaired electron [Ni(m)-
OH]. The free reaction energy for this step amounts to 1.97 V,
indicating that ligand absorption in this system is compara-
tively less favorable than in (cis)-Co and (t¢rans,cis)-NiFe. The
subsequent rate determining step (ii) oxidizes the axial ligand,
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leaving the metal center largely unaltered in its Ni(d”)/LS state
[Ni(m)'-"0O]. These results differ from those just discussed for
different active metals, in which the metal is either oxidized or
promoted to a different spin state in the rate determining step.
Remarkably enough, only slight variations in the Ni-O
distances and bond orders were observed in this case; the Ni-O
bond decreases from 1.84 A in MOH to 1.78 A in MO, which is
accompanied by a minor increase in the Ni-O Mayer bond order
(0.89 — 0.92). These results suggest that for (trans,cis)-NiNi the
ligand adsorption energy does not increase significantly on
going from MOH to MO, in striking contrast to the other cases
discussed above. This observation is consistent with the larger
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Fig. 6 OER free energy profile (left) and spin density evolution along the reaction path (right) for (a) (cis)-CoCo, (b) (trans,cis)-NiFe and (c)
(trans,cis)-NiNi. To facilitate the chemical interpretation of the results, the metal oxidation state and local spin configuration are also reported.
They were determined using Mulliken spin populations (they were rounded up to the nearest integer). The free energies for the other catalysts

considered in this work can be found in Tables S14-S24.}
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computed and experimental overpotentials for (¢trans,cis)-NiNi.
Finally, the Ni center in MOOH can be described as Ni(d®) with
two unpaired electrons [Ni(un)* “O-OH]. Interestingly, the Ni-O
distance in MOOH amounts to 2.22 A, while the corresponding
Mayer bond order is just 0.26. These results suggest an
extremely weak ligand adsorption energy in MOOH for this
system, which is consistent with the computed free energy
variation for step (iv).

3.6 Breaking linear scaling relationships

The results just described emphasize that variations in the
electronic structure of the metal center have a huge impact on
the intermediate adsorption energies and hence on the catalyst
efficiency. We believe that this effect can be exploited in prac-
tical applications.

For example, it has been shown®**” that the energies of the
MOH and MOOH intermediates are strongly related, displaying
a linear correlation over a large number of systems with
different nature and properties. The chemical origin of this
effect has been attributed to the bond order conservation
principle.” The linear correlation implies that the free energy
difference between those intermediates is roughly constant,
and in fact it typically amounts to ca. 3.2 eV (the exact value
might change depending on the specific exchange correlation
functional employed for the calculations).>**” As each step in
the OER mechanism has a thermodynamic limit of 1.23 eV, it
poses a theoretical limit of 0.3-0.4 V (3.2-1.23 x 2 eV) to the
minimal overpotential that can be obtained for the OER. Our
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Fig. 7 Free energy difference between the MOOH and MOH inter-
mediates as well as its decomposition into the MOH — MO (orange
bar) and MO — MOOH (blue bar) reaction free energies. The hori-
zontal black lines represent the ideal case in which both steps have the
same energy. The dashed violet horizontal line represents the theo-
retical value for the energy difference between MOOH and MOH
obtained from linear scaling relationships. The active metal is
emphasized in red.
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hypothesis is that inducing a change in the electronic structure
of the metal along the energy profile, e.g., through appropriate
ligand design strategies, could in principle influence the rela-
tive adsorption energies of the oxygen-containing ligands, thus
breaking the relationship between the free energies of the
intermediates along the reaction profile.

For (cis)-CoCo and (trans,cis)-NiFe, this is not the case. The
metal centers in these systems feature the same electronic
structure in both MOH and MOOH, i.e., Co(d®)/LS and Fe(d®)/
HS for (cis)-CoCo and (trans,cis)-NiFe, respectively. In addi-
tion, no significant variations were observed in the metal-
ligand distance and bond order between these two intermedi-
ates. Consistent with the discussion above, the free energy
difference between these intermediates is indeed fairly close to
3.2 eV for both catalysts, being 3.27 eV and 3.52 eV for (cis)-
CoCo and (trans,cis)-NiFe, respectively. The excellent perfor-
mance of (trans,cis)-NiFe originates from the fact that the free
energy of the MO intermediate lies exactly halfway between
those of MOH and MOOH, and hence the two MOH — MO and
MO — MOOH steps require exactly the same energy.

In contrast, (trans,cis)-NiNi shows a different metal elec-
tronic structure for MOH [Ni(d”) with one unpaired electron]
and MOOH [Ni(d®) with two unpaired electrons]. Remarkably
enough, the energy difference between the MOH and MOOH
intermediates in this case is just 2.90 eV, which is lower than
that computed for all the other systems investigated in this
work. In this case, this partial breaking in the linear scaling
relationships does not lead to a lower overpotential due to the
large reaction free energies associated with steps (i) and (ii). For
step (ii), this effect originates from the peculiar electronic
structure of the MO intermediate in this system (see the
discussion above), which is closer in energy to MOOH than to
MOH. However, these results confirm our assumption that
variations in the electronic structure of the metal center can in
principle be exploited to break the linear scaling relationships
between the OER intermediates.

To explore the validity of these findings over a broader set of
systems, we report in Fig. 7 the relative energy between the
MOOH and MOH intermediates, as well as its decomposition
into the free energy associated with the MOH — MO and MO —
MOOH steps for all the CPs investigated in this work.

Based on these data, three main considerations can be
drawn concerning the relationship between the metal electronic
structure in coordination polymers and their catalytic activity:

(i) The electronic interaction between different metal centers
has a weak influence on the free energy profiles and hence on
the catalytic activity, consistent with the experimental results
discussed above. Thus, ion mixing has mainly a structural effect
in the systems considered here. However, the use of ligands
with different electronic and geometric properties could have
a deep impact on metal-metal cooperativity, and hence
different ligand/metal combinations should be explored in
future studies.

(ii) When the active site is Fe, the MOH — MO and MO —
MOOH steps always feature essentially the same energy, as in
the ideal catalyst case. This effect originates from electronic
structure effects modulating the ligand adsorption energies in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these systems. This seems to be the main effect responsible for
the greater efficiency for the electrocatalytic OER on Fe-
containing CPs, consistent with the experimental observation.

(iii) The only system featuring a free energy difference
between the MOOH and MOH intermediates that is lower than
the 3.2 eV limit is (¢rans,cis)-NiNi, which is also the only system
for which the electronic structure of the metal center changes
on going from MOH to MOOH. Hopefully, the electronic
structure effects of this kind could be exploited in practical
applications to circumvent the theoretical limit for the electro-
catalytic OER. Novel design strategies should be explored to
selectively stabilize specific reaction intermediates along the
reaction profile, e.g.,, by modulating the electron-donating
ability of the ligand. Efforts to exploit such electronic structure
effects are currently underway in our laboratory.

4. Conclusions

This work provides evidence for the notion that electronic
structure effects, such as spin transitions or variations in the
transition metal oxidation state during the electrocatalytic OER,
play a fundamental role in determining the reaction efficiency;
manipulating the electronic structure of the reaction interme-
diates with appropriate design strategies could pave the way for
the development of new catalysts with lower overpotentials. A
systematic exploitation of (electronic) structure-property rela-
tionships in hydrogen production technologies is hampered by
the complexity of the catalytic system, which limits the ability of
current experimental and computational methodologies to
provide detailed information into the evolution of the metal
electronic structure during the reaction.

In the case study presented here, we discussed one-
dimensional coordination polymers of earth-abundant metals,
which are characterized by active sites with well-defined
geometric and electronic properties that can be readily corre-
lated with their oxygen evolution electrocatalytic activity. In
particular, we focused on one-dimensional coordination poly-
mers in which metal ions (Ni**, Co®>*, and Fe**), in a pseudo-
octahedral environment, bearing two oxonato bridging
ligands and two water molecules in the first coordination
sphere. Both homometallic and novel heterobimetallic CPs
were synthesized and their oxygen evolution electrocatalytic
activity under alkaline conditions was determined experimen-
tally. The electronic structure of catalysts and reaction inter-
mediates characterized combining spectroscopic
measurements with an experimentally validated computational
protocol.

The acquired mechanistic information suggests that in this
case the OER involves a single metal center. The most active
centers are Fe*" ions, followed by Co>* and finally by Ni**. Ton
mixing has a secondary effect, indicating that the cooperativity
effects of different metals play a secondary role in these
systems. The greater efficiency of the Fe centers was attributed
to their ability to provide almost identical free energies for the
MOH — MO and MO — MOOH steps, consistent with the ideal
catalyst case. In all cases, the variations of the metal electronic
structure during the OER were correlated with the catalyst

was
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activity. It was found that spin transitions lower the over-
potential by as much as 0.3 eV and that electronic structure
effects modulating the ligand adsorption energy are crucial to
increase catalyst efficiency. Finally, we demonstrated that
a change in the electronic structure of the metal along the
energy profile can be used to break the linear scaling relation-
ship between the energies of the MOH and MOOH intermedi-
ates, which currently poses a theoretical lower bound to the
experimental overpotential. We believe that our study provides
the basis to exploit such electronic structure effects in water
splitting technologies through appropriate ligands.
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