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Oxygen evolution on metal-oxy-hydroxides: beneficial role of
mixing Fe, Co, Ni explained via bifunctional edge/acceptor route

Matthias Vandichel,®?<l* Michael Busch,® Kari Laasonen(®

Abstract: Oxygen evolution (OER) via mixed metal oxy hydroxides
[M(O)(OH)] may take place on a large variety of possible active sites
on the actual catalyst. A single site computational description
assumes a 4-step electrochemical mechanism with coupled H*/e’
transfers between 4 intermediates (M-*, M-OH, M=0O, M-OCH). We
also consider bifunctional routes, in which an unstable M-OOH
species converts via a proton shutting pathway to a
thermodynamically more favourable bare M-* site, O, and a
hydrogenated acceptor site; the acceptor site takes up the proton
forming a hydrogenated acceptor site after recombination with an
electron from the catalyst material. Here, we combine pure metal y-
M(O)(OH) edge sites (M = Fe, Co, Ni) with as proton-acceptor sites
different threefold coordinated oxygens on 3-(M,M’)(O)(OH) terraces
(M,M’ = Fe, Co, Ni). The acceptor sites on these terraces have of a
M’,MO motif. Our combinatorial study results in a ranking of their
bifunctional OER activity on a 3D-volcano plot. Via various bi- and
tri-metallic oxy hydroxide combinations, we show that their excellent
experimental OER activity results from bifunctionality and provide a
roadmap to construct innovative low overpotential OER catalysts.

Introduction

Because of recent political choices made, sustainable energy
demand is expected to increase substantially by 2050, which
endorses us to constantly look for alternative renewable, cheap
and environmentally friendly energy resources. Amongst other
future technologies, hydrogen generation® and the reduction of
CO:; to alcohols®! are expected to play an important role in this
context. Splitting water into hydrogen and oxygen is one of many
promising ways to effectively store excess wind, solar or other
renewable energy during peak hours in the form of chemical
bonds. These reactions are, however, unavoidably coupled with
the generation of oxygen at the anode. While the reduction of
water to hydrogen at the cathode is efficiently catalyzed by
numerous cathode materials such as Pt or MoS,Pl the
oxidation of water to O, at the anode, presents the main
bottleneck due to a significant overpotential that has to be paid.
[4c.61 The oxygen evolution reaction (OER) or generation of O, at
the anode represents therefore the main challenge in the
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integration of an overall water splitting system [. Currently,
water oxidation is catalyzed by Dimensional Stable Anodes
(DSAs) at an industrial scale.l®® & These consist of a mixture of
scarce and expensive (Ru,Ir)O; mixed onto Ti.l® & RuO, and
IrO2, when loaded onto Ti and Ir respectively, result in measured
overpotentials of about 240 mV (RuO./Ti) and 270 mV (IrO/Ir) at
1mA/cm2.® However, to avoid the use of scarce metals,
alternative catalysts based on Co, Cu, Mn, Fe, and Ni have been
studied within the heterogeneous % and homogeneous
electrocatalysis  communities.!¥ In alkaline solutions, the
application of Co-, Ni-, Fe- and Mn-based transition metal oxides
or hydroxides as OER electrocatalysts has been studied since
1950.12%. 121 Also the promotion effect of Fe on Ni(O)(OH) is
known for more than three decades,*?* 124 however, still actively
investigated today.™?9 331 In alkaline solutions, bimetallic oxides,
such as CoFeOx and NiFeOy are low overpotential candidates.
[100, 132, 141 Moreover, Co-phosphate based catalysts (CoPi) have
been promising self-healing catalysts that can stand proton-
corrosion also at neutral pH.[% 1 The next generation OER
catalysts may thus contain trimetallic oxides and phosphide-
based pre-catalysts, which have been shown to vyield low
overpotentials of 200 mV at 10 mA/cm? for a mixed metal
FeCoNiP ink impregnated on a glassy carbon electrode (GCE).
11681 This trimetallic FeCoNiP-based catalyst resulted in an even
better OER behavior than the bimetallic analogues.
Experimentally, the optimal Fe, Co, Ni trimetallic combination
has been studied, with an optimal Ni:Fe ratio of 4 for the most
active OER-catalyst.!”l Furthermore, a mixed FeCoWOy has
also shown an astonishing low overpotential of 191 mV at 10
mA/cm? on a gold plated Ni-foam, and 223 mV on a standard
GCE.['® |t thus seems that these catalysts contain a high
amount of highly active OER sites. Even for bimetallic oxides,
such as NiFeO,, the debate of the possible active sites is still
ongoing with contradictory statements in computational literature
onto the role of Ni and Fe.[*32 3¢ 191 Within mixed Fe, Co and Ni-
oxy hydroxides, there is a broad variety of active site
possibilities, making it seemingly difficult to calculate the OER
activity computationally.

Water oxidation proceeds via a complex mechanism which
requires the subsequent removal of 4 protons and 4 electrons
and the formation of an O-O bond.?% The mononuclear
mechanismPY or single site mechanism proceeds through a
series of four intermediates; M-*, M-OH, M=O and M-OOH. Of
these species the M=0O species has both the character of the
M=0O double bond and the M-Oe radical, as verified within earlier
studies.t1o 19, 221 This mesomeric M=0/M-Oe species is a
challenging electronic structure and significant contributions
from static correlation can be expected. Furthermore, such
mesomeric structures have also been found for several
transition metal complexes.?® Throughout this manuscript, we
will refer to the M=O/M-Oe species as M=0O. Universal scaling
relationships exist between the four intermediates M-*, M-OH,
M=0O and M-OOH, meaning that their energies are linearly
dependent.l®>: 213 Dye to these scaling relations, a constant
difference of 3.2 eV needs, independent of the choice of
catalyst, to be paid for the 2 e/H* oxidation of M-OH to M-OOH.
This results in a minimal overpotential of 0.4 eV for this
mononuclear mechanism.? A short discussion on scaling
relationships is presented in Supporting Information to provide
additional background information to the reader.
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Besides the mononuclear mechanism, there are however
alternative routes that might lead to lower overpotentials, such
as the binuclear(*!e. 21d.241 and the bifunctional®'® 25! mechanism.
In the bi-nuclear mechanism, the formation of M-OOH is
replaced by a recombination of 2 M=O surface species to form a
p-peroxo bridge which then desorbs through replacement of the
M-O bonds by water. The bi-functional mechanism on the other
hand is mechanistically similar to the mononuclear mechanism
in the sense that the O-O bond is formed through a nucleophilic
attack of water or HO™ at a M=O oxo species. In contrast to the
mono-nuclear path, however, the proton is transferred
immediately to an adjacent H-acceptor unit. This step may either
occur as a concerted 2H*/1e" oxidation or render the M-OOH
group so short-lived that it does not contribute significantly to the
overall thermodynamic reaction profile.'d These alternative
reaction mechanisms in principle allow for water oxidation at
negligible overpotential [ 132 21d. 25-26] This paper elaborates on
the on-going debate for mixed metal oxy hydroxides by
considering also the dual site or bifunctional mechanisms
besides the standard single site or mononuclear mechanism. A
detailed discussion about the generality of the bifunctional
mechanism can be found in the perspective written by Busch.?”]

2 extr.

a explicit H,0

K* intercalation

Benchmark

Figure 1. Model systems for (a) y-M(O)(OH) edge model systems with explicit
H20 solvation versus benchmark model systems for edge sites, remark the 3
geometrically different active sites *1, *2 and *3; water and K* intercalation
[Bader charge K: +0.89 + 0.01], in the benchmark system *1, *2 and *3 are
more similar (b) hydrogenated acceptor and acceptor sites (Acc-H, Acc) of
types M'M20 and M’:MO are available at the B-(M’,M)(O)(OH)/M(O)(OH)
terraces with explicit H20, denoted further as (M’,M)/MOOH. Black lines
represent unit cell box. Color codes: metals M, M’ (green, brown), K (purple),
O (red), H (white).
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Here, we present an edge/acceptor screening process to study
the thermodynamics of the oxygen evolution reaction under
alkaline conditions according to the bifunctional route postulated
recently for y-(Fe,Ni)(O)(OH).*% This screening study presents
a ‘best case’ scenario based on DFT calculations of neutral
reaction intermediates discussed above, and other factors such
as the electrical conductivity and activation energy barriers are
neglected. As models systems, we use existing edge model
systems for y-M(O)(OH) (Figure 1a) where hierarchical, alkali-
and water intercalation as well as structural features of stacked
nanosheets are present since these models are representative
at alkaline OER-conditions. [0 28]

Results and Discussion

The M(O)(OH) edges are combined with acceptor terraces, i.e.
B-(M,M’)(O)(OH)/(M)(O)(OH) or shorter (M,M’)/(M)(O)(OH)
(Figure 1b), which allows for the evaluation of different active
edge site / acceptor combinations. Scheme 1 represents both
the mononuclear and bifunctional pathway on an active y-
M(O)(OH) edge site. The intermediates on the y-M(O)(OH) edge
site in the mononuclear mechanism are M-*, M-OH, M=0 and M-
OOH. Due to the addition of two explicit water molecules (in
gray, Scheme 1), the M=0O species is in equilibrium with an
M=0O/eq species which is a mesomeric structure in which the
oxo-species gets hydrogenated. Within the bifunctional
mechanism an additional M’2MO hydrogen acceptor site is
present. This mechanism takes place if the critical M-OOH
intermediate is unstable and converts back in a bare metal site
M-*,"O, and a hydrogenated acceptor site via an immediate H-
transfer from the M-OOH species to an adjacent H-acceptor
unit.?528 In solvent, this reaction takes place via a proton
shuttling mechanism, the acceptor site takes up the proton
forming a hydrogenated acceptor site after recombination with
an electron from the catalyst material. Thus, within the
bifunctional mechanism, the M-OOH species can be seen as an
unstable transitory intermediate.

Avoiding the universal scaling relations for OER catalysts is only
possible if there are additional stabilizing factors (intercalation,
van der Waals stabilization) ! or if there are alternative reaction
routes.?l Within the bifunctional mechanism, the universal
scaling relationship AGwm-oon - AGwm-on = 3.2 still holds, however,
since M-OOH is an unstable transitory intermediate, we can
replace its free energy by that of the subsequently formed more
stable state; i.e. AGo2 + AGacc-H + AGm+ - AGacc - AGmon and
then the scaling relation does probably not hold any longer and
can be avoided. To assess the likelihood of a bifunctional
pathway, we define the descriptor DFBF (driving force
bifunctional route). Because the global water splitting process,
i.e. 2H,O0 > O, + 2 Hp, requires 4.92 eV and involves 4
proton/electron oxidation steps, an ideal catalyst would spend
1.23 eV per H*/e" step. Therefore, the difference in free energy
level of step 3 within a step plot with respect to an ideal OER
catalyst is defined as the driving force for the bifunctional route
(DFBF). DFBF is defined as GS¢P! + G2 + GSP° — 3,69 eV,
and can also be calculated from GSteP*, DFBF = 1.23 — G4. Thus
if a mononuclear scaling relationship can be avoided, we can
unravel the design criteria for optimal edge/acceptor
combinations, which is highly interesting for the development of
the next-generation bifunctional OER catalysts.

This article is protected by copyright. All rights reserved.
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Scheme 1. Single site and dual site mechanism. Step 1, 2, 3 and 4
represent the electrochemical mononuclear OER mechanism under alkaline
conditions on edge site *2 (purple) while step 1, 2, 3" and 4’ represent the
electrochemical bifunctional OER mechanism. The intermediate M=O is in
equilibrium with the M=0O/eq. Hydrogenated acceptors sites (Acc-H) and
acceptor sites (Acc) are required for the dual site mechanism.

Previously, the active phase of mixed (Ni,Fe)(O)(OH) systems
was identified as y-Ni(O)(OH)-like with a mixed formal oxidation
state of +3.6 for the transiton metal elements 1% 39 and
representative potassium and water intercalated M(O)(OH)
systems have been used to describe electrocatalytic cycles
computationally.**®! Here, similar models for the pure metal edge
sites are used 1% while for the acceptor sites, layered oxy
hydroxides are constructed (Figure la-b). Within the edge
model systems, we investigated the mononuclear OER behavior
of the three geometrically different active sites, indicated with *1,
*2 and *3 (Figure 1a). For the acceptor sites considered in the
bifunctional mechanism, variations of M’ and M (Fe, Co, Ni)
within B-(M’,M)(O)(OH) unit cells. Besides three mono-metallic
unit cells, there are six mixed metal unit cells, which have two
types of three-fold coordinated acceptor sites (M'2MO or M,M’O).
The system size of the acceptors is like these that were used in
literature.**d However, here two parallel layers of metal oxy
hydroxides are considered. It should be noted that solvation with
two explicit water molecules within the acceptor systems is
important. With only one H2O or no H,O, the behavior of the
acceptor systems for the reaction displayed in Figure 1b, i.e.
Acc-H - Acc + H*/e is different. We refer to Table S7 for the
acceptor behavior for the pure metal B-(M,M)/M(O)(OH)
systems with less explicit solvation. Under alkaline pH, it is
expected that the bifunctional mechanism will be more abundant
than the mononuclear mechanism because of more available
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proton acceptor sites, i.e. a lower proton coverage on the metal-
oxy-hydroxides. In the following, we simplify the notations of the
edge system y-M(O)(OH) and M(O)(OH) to y-MOOH and MOOH
respectively.

For all y-NiOOH-edge systems, the M=0O intermediate was also
found to be thermodynamically unstable, equilibrating back to a
significantly more stable intermediate M=0O/eq state (shown in
Scheme 1). By allowing this more stable M=O/eq the required
potential for step 2 decreases. This creates an auspicious
behavior in step 1 and 2 for the y-NiOOH-edges (Figure 2c).
However, it should be emphasized, that eventually during the
formation of the M-OOH intermediate from M=0O/eq and "OH,
there will be a higher transition state barrier. In the following, y-
MOOH-edges reacting via M=0O/eq will be referred to as y-
MOOH/eq edges.

The benchmark models are model systems without K* and water
intercalation (Figure 1a). These yield overpotentials of 0.65 V
(FeEOOH edge), 0.35 V (CoOOH edge) and 0.58 V (NiOOH
edge). The calculated overpotential for NIOOH on the
benchmark edge is in good agreement with overpotentials from
literature on similar edge systems; 0.52 V3 and 0.61 V
obtained using PBE+U and RPBE, respectively.B Only the
overpotential value of Goddard and co-workers,*? j.e. 1.22 V
(y-NiOOH) is significantly different from these values because it
was obtained with the hybrid functional B3PW91 instead of a
regular GGA or GGA+U. However, for Fe-doped y-NiOOH an
overpotential of 0.45 V can be achieved, and further Co-, Rh-, or
Ir-doping makes it possible to achieve even lower overpotentials
of 0.27, 0.25 and 0.02 V, respectively.?8 For y-FeOOH-edges,
there is a reported overpotential of 0.45 V.13 Furthermore, to
investigate the sensitivity of our BEEF-vdW results to the
computational method used, we have performed benchmark
calculations (Table S1) onto our y-NiOOH-2* system using a
regular GGA (PBE+U) functional as well as a hybrid functional
with 25% exact exchange (HSEO06). The overpotentials for the
pathways proceeding via the M=O/eq species are similar
between PBE+U and BEEF-vdW, although the free energy
differences between the steps vary (Table S1). At the HSEO06-
level, we obtain an overpotential of 1.09 eV, in line with the
overpotential of 1.22 V obtained with a hybrid functional onto a
system without two explicit waters.!*%°! Such large overpotentials
are a huge overestimation compared to experiments performed
on pure NiOOH, with overpotentials of 0.4-0.5 V around
1mA.cm2129. 321 However, it is clear that both GGA+U and
hybrid functionals are far off the experimental result. The charge
localization in the single reference description with both GGA+U
and hybrid functionals results in a destabilization of the M=0O
species with respect to M-*.

Considering y-edges, the most favorable mononuclear pathway
has overpotentials of 0.95 V (y-FeOOH-1*), 0.23 V (y-CoOOH-
2*) and 0.65 V (y-NiOOH-1*), see Table S2, which also shows
the large differences in OER performances among different
active sites. These overpotentials are qualitatively in agreement
with the benchmark edges. Although y-NiOOH-1* has the lowest
overpotential amongst all OER pathways studied on y-NiOOH,
the y-NiOOH-2*/eq is selected for the further study, as this edge
site can produce the most active edge/acceptor combinations
according to a bifunctional reaction mechanism. Within Figure 2,
the OER behavior of the three pure metal y-M(O)(OH) systems
is represented in comparison with the ideal OER catalyst, where
an H*/e  transfer would cost 1.23 eV. Compare the full black
lines for y-FeOOH-*3, y-CoOOH-*2 and y-NiOOH-*2/eq edges
with the dashed lines ( — —) representing ideal OER catalyst
behavior.

This article is protected by copyright. All rights reserved.
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To identify the most active edge/acceptor combinations, all edge
acceptor combinations are tested for the bifunctional mechanism
(Scheme 1). A schematic representation for both single site
(mononuclear) and dual site (bifunctional) mechanism is
available in Schemes S1-5, full screening results with Gibbs
free energy differences for each of the four electrochemical
steps are given in Tables S2-6. While the combination of edge
acceptor sites results in various of possible oxygen evolution
routes; there is a lot of possible routes that are equally good. A
selection of such good results obtained from combining three
different y-M(O)(OH) edges with 3 different acceptors is
presented in Table 1 and Figure 2. If the descriptor DFBF is
larger than 0.0 eV or if the traditional G2 is larger than 1.23
eV, there is a driving force for the bifunctional mechanism; this is
the case pathway with the FeOOH-3* and NiOOH-2* edge, for
which the standard mononuclear pathway has a very unstable
M-OOH intermediate (see Table 1 and Figure 1). For the
CoOOH-2* edge, the stability of the M-OOH intermediate is
close to ideal, which is visible in a small value for DFBF (see
Table 1). For the y-FeOOH-*3, y-CoOOH-*2 and y-NiOOH-*2/eq
edges, we found bifunctional routes resulting in a significant
lowering of the third step in a typical OER step plot (see
intermitted dotted lines (= — —), Figure 2). Figures 2a-c
show the steps if the monometallic edges are combined with a
favorable acceptor site with also other metals. In particular, we
obtain overpotentials of 0.16 V (FeOOH-*3//(Ni,Co)/NIOOH-
Ni.CoO), 0.12 V (CoOOH)-*2//(Fe,Ni)/FeOOH-Fe,NiO and
NiOOH-*2/eq//(Fe,Co)/FeOOH-Fe,CoO edges) (Table 1 and
Figure 2).

Interestingly, for some trimetallic edge/acceptor combinations,
we find very low overpotentials (Figure 3). This emphasizes why
trimetallic (Fe, Co, Ni) catalysts can outperform bimetallic OER
catalysts [°. However, within an OER catalyst only the most
active sites and thus most active edge/acceptor combinations
will eventually determine at which overpotential the catalytic
cycle can light off, while the thermodynamic abundance of such
active edge/acceptor combinations will determine the current
density. In other words, only these edge/acceptor combinations
that are close to the top of the bifunctional 3D volcano (Figure
3).

Consistent with previous studies, we find that in the best
acceptor sites the presence of Fe is essential.’? Fe-containing
acceptor sites are favored, as G(Acc-H) — G(Acc) = GS*P¥ in
Table S3-6 is typically around 1.23 eV for most of these. Thus,
pathways proceeding via the bifunctional mechanism containing
such Fe-containing acceptor sites result automatically in a closer
to ideal OER behavior, and thus lower overpotential. For
example, the lowest overpotentials are found when combining
the highly active y-CoOOH and y-NiOOH edges with mixed
metal acceptors of high Fe-content (Table 1, Table S2-3).
Ultimately, the bifunctional mechanism is most likely to happen
at the y-NiOOH-edges, as they display the highest driving force
for bifunctional mechanism (DFBF, Table 1, S2-4). If a
bifunctional mechanism is operative, then in particular the
Fe,NiO and NiFeO acceptors of the (Fe,Ni)/FeOOH acceptor
systems are amongst the acceptors that yield the lowest
overpotentials (Table S3-4), around 0.12 V in case of a y-
NiOOH-*2/eq edge and around 0.17 V in case of a y-FeOOH-*3
edge. To guarantee a high abundance of the very active sites,
new generations of materials based on y- and B-mixed metal oxy
hydroxides should contain all three metals from the iron triad
(Fe, Co, Ni) with relatively high concentrations with Ni at the
outer edge. The synthesis of such new morphologies of OER
catalysts can be made by combining and modifying metal oxy
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hydroxides or MOOH B3 or via the engineering porous
coordination frameworks with a 2D-metal oxy hydroxide part 54,
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Figure 2. Beneficial behavior of MMO acceptors site within (-

(M,M’)(O)(OH)/MOOH terraces on different edges; (a) y-FeOOH-*3, (b) y-
CoOOH-*2 and (c) y-NiOOH-*2. Electrochemical step plots for the
mononuclear and bifunctional pathways. The bifunctional pathways are also
shown in Table 2 and Figure 3.

Table 1. Screening of different edge/acceptor combinations, with their
respective minimum overpotential according to a bifunctional reaction
mechanism n in eV. DFBF represent the driving force for the bifunctional
edge/acceptor OER route.

Y-M(O)(OH) B-(M‘,M)/M(O)(OH) Z,Z0 DFBF
(vl EGDE TERRACE ACCEPTOR [eV]
0.12 y-NiOOH-2*/eq (Fe,Co)/FeOCH Fe,CoO 0.64
0.12  y-CoOOH-2* (Fe,Ni)/FeOOH Fe,NiO -0.01
0.12 y-NiOOH-2*/eq (Fe,Ni)/FeOOH Fe,NiO 0.64
0.16  y-CoOOH-2* (Ni,Co)/NiOOH Ni.CoO -0.01
0.16  y-FeOOH-3* (Ni,Co)/NiOOH Ni.CoO 0.73
0.16 y-NiOOH-2*/eq (Ni,Co)/NiOOH Ni.CoO 0.64
0.18  y-FeOOH-3* (Fe,Ni)/FeOOH Fe:NiO 0.73
0.23  y-CoOOH-2* (Fe,Co)/FeOOH Fe,CoO -0.01
0.29  y-FeOOH-3* (Fe,Co)/FeOOH Fe,CoO 0.73
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Figure 3. 3D volcano plot constructed from eq. 1, 2 and 4, with on the x-axis
AG(M=0) = GS®L + G2 [or G(M=0) — G(M-*) — 0.5*G(H2)] for the active
edge sites and on the y-axis AG(Acc-H) = E** [or G(M3(OH)) - G(M3(0)) —
0.5*G(H2)]. Most active edge sites are combined with the best acceptor sites.
Dotted lines separate regions with different rate determining steps. Crossing
points between vertical lines (edges) and horizontal lines (acceptors) in the
regions in which step 3’, 4’ and the triangular step 2 region are potential
determining, and where the bifunctional mechanism leads to a lower
overpotential pathway.

Conclusions

Summarizing, we have shown why mixed metal oxy hydroxides
contain the best bifunctional edge/acceptor sites for OER,
lowering the overpotential significantly compared to traditionally
considered single site OER pathways. In a single site
mechanism, an "OH attack on a M=O species of a y-MOOH
edge produces an M-OOH species. If this species is unstable,
there is a large driving force to react via the bifunctional
pathway, whereby the proton transfers to a neighboring acceptor
site, generating O; already in the third step. In case of mixed
metal-oxo (M3O) acceptor sites on B-MOOH sheets, there is a
higher likelihood to have an optimal acceptor site, resulting in
very low overpotentials. However, also other factors within
mixed oxy hydroxides matter in OER performance assessments,
such as the composition dependent conductivity, and reaction
barriers which both increase the required overpotential. While
reaction barriers can be computed, %391 electronic conductivity
is composition dependent and can be measured
experimentally[*?9. 32,

Computational Section

To study the bifunctional mechanism for oxygen evolution
reactions systematically, periodic DFT calculations are
performed with the Vienna Ab Initio Simulation Package (VASP
5.4.4).881 Within transition metal catalysis, there are several
examples where single reference calculations are not sufficient
and multireference calculations are required.B A similar
multireference nature of the wavefunction has also been
observed for molecular mononuclear OER catalysts.?® From this
point of view, it is insufficient to correct only for the self-
interaction error as done by using a DFT+U ansatz or hybrid
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functionals. However, the MO6L meta-GGA functional has been
found to perform as well as many global hybrid functionals. In
other words, M06 for mononuclear molecular OER catalysts?!
and GGA functionals have been found to reproduce
experimental overpotentials at solid-state OER catalysts
accurately.['32 381 Therefore, we opted for a semi-local gradient
corrected (GGA) exchange-correlation functional in this study.
The BEEF-vdW functional is employed to also account for van
der Waals interactions for all reaction intermediates 9. The
effect of water solvation is investigated by placing explicit water
molecules around the intermediates. The one-electron Kohn-
Sham orbitals were expanded in a plane wave basis set with a
kinetic energy cut-off of 550 eV for all calculations. Furthermore,
the projector augmented wave approximation (PAW) is used 17,
A Gaussian smearing % of 0.1 eV is applied to improve
convergence. Additionally, the convergence criterion for the
electric self-consistent field (SCF) problem is set to 10 eV for
cell optimizations. For Co and Ni, low spin states are assumed
and for Fe high spin states. The total magnetization of each
system is calculated according to the ligand field theory for
octahedrally coordinated metals, in agreement with previous
studies. [0 110,13, 19%] Free energy corrections are relative to the
M-* state and water in liquid phase as determined by Man et
al.?'a The edge and acceptors systems were structurally relaxed
with 2x2x1 and 4x4x1 k-point grids respectively.
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