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Abstract

The difficulty of the oxygen evolution reaction is a fundamental impediment to the sustainable
production of hydrogen, wherein molecular catalysts show the most impressive activity in
terms of turnover frequency for this reaction. In this work, we have interrogated 444
automatically generated molecular water oxidation catalysts composed of well-known ligand
scaffolds and six different transition metals (Cr, Mn, Fe, Ru, Co, and Ni). This data confirms
the method-independent universal scaling relationship for water oxidation catalysts, describes
routes toward circumventing this relationship, and justifies the ascendency of Ru catalysts for
this reaction. Leveraging this information while applying catalyst design principles, we
summarize experimental results, giving credence to our prediction of 9 earth-abundant
molecular catalysts with theoretical overpotentials ranging from 200 to 400 mV as promising
leads for experimental investigation. We also establish insights into spin-dependent scaling
relations for key OER intermediates. Altogether, this work outlines the first steps towards

enabling inverse design for molecular OER catalysts.



Introduction

The transition toward sustainable energy would be greatly facilitated by developing feasible
means to store intermittent energy.! One promising strategy is the production of hydrogen from
renewably-driven water electrolysis, with the ability to use H> as an energy-dense fuel to
decarbonize sectors of industry and transportation. Aside from the merits of using it as a fuel,
hydrogen is essential to fertilizer production, and finds industrial applications from oil
refineries to electronics.? However, this hydrogen is predominantly made via steam reforming

of methane, contributing significantly to CO emissions.?

To date, the anodic oxygen evolution reaction (OER) is the principal challenge preventing
electrochemical hydrogen production at scale. Cheap, efficient and performant catalysts for the
OER would impel green H> production and improve CO; electroreduction, which also occurs

at the cathode concurrently with the anodic reaction shown in Eq. 1.4°
2H,0(y = Oy(g) +4H™ + 4e” E® = 1.23 Vvs.RHE (1)

To evolve oxygen, a variety of mechanisms are possible, including electron and proton transfer
steps, which can be sequential or proton-coupled electron transfers (PCETs). The most
commonly studied mechanisms are the water nucleophilic attack (WNA) mechanism and the

interaction of two metal-oxo units (I2M), as depicted in Figure 1.
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Figure 1. Catalytic cycle depicting the OER mechanisms via water nucleophillic attack (WNA)

and the interaction of two metal-oxo units (I2ZM). Red, white and purple spheres represent

oxygen, hydrogen and metal atoms, respectively and the teal spheres represent a general ligand

skeleton.

Computational studies assuming the WNA mechanism typically describe Gibbs energy

changes associated with each step in the WNA as functions of intermediate binding energies

e.g. AGyo+, as outlined in Eqgs 2-5.°

H,0 + x> HO* + H* + e~
AGl = AGH()* - €U + kBTln aH+

HO* - 0*+H* + e
AG, = MGy — AGyo- — eU + kgTInay+

0*+ H,0 > HOO*+ H" + e
AG3 = AGHOO* - AGo* - GH20 - eU + kBTln aH+

HOO* - 0, +H" + e

AG, = AGg, — AGhpor —eU + kgTInay+ = 4.92 eV — AGygo- — eU + kgT Inay+
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Where U denotes the applied potential, a,+ the activity of the protons, and the Gibbs energy
of the overall reaction has been replaced by 4.92 eV to address the well-documented issues
with modelling the triplet ground state of the O, molecule.” These binding energies allow for

the calculation of the theoretical overpotential, 7¢p.0r, according to Eq. 6.

Ntheor = {Max(AG,_,)/e} —1.23V (6)

Linear scaling relationships have been established between the binding energies of the HO*
and HOO* intermediates using density functional theory (DFT) for heterogeneous and

homogeneous OER catalysts, 34

and can thereby be said to be universal. The essential
consequence of these relations is that AGy+ and AGy oo+ cannot be varied independently, so
when they are not thermodynamically ideal, i.e. AGypo* = AGyo+ + 2.46, they place a
fundamental restriction on catalytic activity, as any catalyst which follows the conventional

WNA mechanism will have a lower limit placed on the possible overpotential, a constraint

often referred to as the “overpotential wall”.

Recently, we highlighted the importance of a one-electron oxidation occurring at the metal-
oxo unit of certain molecular complexes, prior to O—-O bond formation, which must be
considered to correctly describe the impressive activity of the best homogeneous OER
catalysts.'® Furthermore, we showed that this additional step allows for the circumvention of
the restriction imposed by the above scaling relation, leading to the possibility for catalysts to
exhibit near-zero overpotentials provided the energy levels of redox intermediates are
appropriately distributed. The elementary steps involved in this process and their associated
Gibbs energy change are shown in Eqs. 7 and 8. The oxidation state of the oxo intermediates
is given in parenthesis, and each adsorbate binding energy, AG,., is defined in the

Supplementary Note 1.



O(IV)* = O(V)* + e~ (7)

AG3, = AGO(V)* - Aao(”/)* —el

O(V)* + H,0 = HOO* + H* (8)

AG4, = AGHOO* - AGO(V)* + kBTln aH+

With this insight, we proposed a series of catalyst design principles to allow for the discovery
of catalysts based on earth-abundant metals which can stabilize high oxidation states such as
Mn and Fe. Mononuclear first-row transition metal complexes based on Cr," Fe,'¢"'® Mn,"
Co,2%-23 Ni,?* and Cu?>?¢ have been shown to be active towards the OER. Despite these exciting
developments, earth-abundant catalysts have yet to show comparable activity to those based

on single-site Ru in terms of turnover frequency (TOF) and overpotential 2’2

In this study, we have evaluated and refined our design principles by studying intermediates
across metals, ligands and oxidation states. Traditional computational OER studies apply the
conventional OER descriptor, AGy+ — AGyo+ which is thought optimal when it is equal to half
the value of the intercept found in the scaling relationship between AGy o+ and AGy oo+ While
this is effectively a pH-independent descriptor, OER catalyst performance is known to be pH-
dependent, with activity varying significantly in alkaline or acidic conditions. This is especially
relevant due to the exigency of developing catalysts which are active in acid.’® Alterations in
activity due to pH can be attributed to interwoven factors such as catalyst instability, ionic
transport, switching mechanisms or a combination thereof. In this study, we examine distinct
reaction mechanisms by modelling descriptors in differing oxidation states, which is typically
not done in studies utilizing the OER descriptor. Since one can expect more hydrogenated
intermediates in acidic conditions, one would expect the extra oxidation mechanism to be less

favored than in base. A concrete example of this is provided in an experimental Pourbaix



diagram reproduced in Supplementary Figure 1. We believe such a simple consideration could

allow for pH-dependence using simple descriptors.

To test our design principles, herein we report a high-throughput computational screening of
mononuclear complexes with the aim of accelerating the discovery of earth-abundant OER
catalysts by focusing on non-critical elements which can stabilize high-valent M(V)
intermediates and deepening our fundamental understanding of this reaction. In particular, we
present a fully-automated approach to create transition metal complexes with molSimplify?!
via permutation of a selected set of ligands which have been previously seen in experimental
OER catalysts.*?> As shown in Figure 2, five different geometries are generated from these
ligands depending on their denticity, each of them containing one of six metal centers (i.e. Cr,
Mn, Fe, Ru, Co, and Ni), leading to a total of 444 molecular catalysts which are octahedral

upon the addition of the adsorbate. For each catalyst, AGy oy and AGyoory- are evaluated,

with AGy vy AGrooavy > AGouvy* and AGy vy calculated for a subset of these complexes.
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Figure 2. Depiction of the combination of ligands, geometries and transition metals used to
automatically generate the OER complexes investigated in this work, with the label for each
distinct geometry. Monodentate ligands in each of the geometries are represented by squares,
while the adsorbate is placed at the end of the free lines protruding from the metal. Where there
are two monodentate ligands, they can either be cis or trans to each other, leading to labels 31c¢
or 31t, respectively. The dynamic nature of the coordination environment in this catalyst has

been previously studied by Govindarajan et al.*?

Our computational investigations probe the existence of universal, functional-independent
OER scaling relations and re-examine fundamental assumptions of scaling relations between
the HO* and O* intermediates. Our data also provides justifications for intriguing deviations
from prototypical scaling relations that are a result of the spin states observed in the modelled

open-shell systems. In addition, our automated high-throughput screening leads to 9 earth-
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abundant catalysts based on Cr, Mn and Fe exhibiting a predicted OER overpotential lower
than 400 mV. In all, our high-throughput analyses provide new insights on experimental
findings and open new avenues for future research towards the discovery of low cost and

efficient OER catalysts.

Results and Discussion

Insights from Molecular OER Scaling Relations

With the 444 catalysts formed via the automatic structure generation outlined in Figure 2, we
modeled the HO(II)* and HOO(III)* intermediates to investigate the universality and method-
dependence of the OER scaling relation between AGy o+ and AGypo+- To confirm the robust
nature of this relationship, we employed a set of four different density functional theory (DFT)
methods, which include two widely used hybrid meta-generalized gradient approximation (m-
GGA) functionals exhibiting varying degrees of Hartree-Fock exchange, i.e. TPSSh** (10%)
and B3LYP* (20%), as well as the m-GGA functional M06-L3¢ and the pure GGA functional
BEEF-vdW.37 The latter functional also allows for the non-self-consistent evaluation of an
ensemble of 2,000 separately parametrized GGA functionals, which permits the estimation of
errors.” This further demonstrates the functional-independent nature of the OER scaling
relation by showing the results over a vast range of GGAs. Details outlining the application of

these functionals is provided in the Computational Methods section.
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Figure 3. (a) Plot showing the OER scaling relationship between AGyo )+ and AGyoo i

spanning different DFT methods with lines of best fit for the multiple methods and geometries.
Data points correspond to the calculated TPSSh data. The ideal catalyst binding energies are
indicated with the blue star. Each marker represents a distinct geometry as depicted in Figure
2, with each color representing a distinct metal. (b) Plot showing the OER scaling relationship
across the model space of BEEF-vdW GGA functionals. This plot includes ensemble binding
energies which exhibited a distance from the mean less than the standard deviation of the
ensemble provided by BEEF-vdW. The distributions of individual values from these ensembles
for AGyoy* and AGyoory+ are shown in the secondary axes to illustrate the funtional-
independent nature of the scaling relation using the BEEF ensemble. The inset shows the
datapoints and associated errorbars of the BEEF-vdW data, along with the line of best fit

through those points.

In Figure 3a, the results of TPSSh calculations for individual catalysts are shown as data points,
while the lines of best fit through each functional are also provided, showing each line to be
essentially parallel, with the intercept of the lines being the only appreciable difference.

Notably, we find that this data can be used to begin to rationalize past decades of experimental
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research into monometallic OER catalysts.3> Ru complexes exhibit a tendency to shift below
the line of best fit, meaning these complexes stabilize the HOO* intermediate to a greater extent
than other metals, on average. This phenomenon, which reduces the minimum theoretical
overpotential via the conventional WNA mechanism, was also noted in a computational study
of IrO> and SrIrOs surfaces, and formed part of the rationalization for these materials’
impressive activity in acidic media.*® We note that this effect is seen for each of the investigated
DFT functionals to varying degrees, as displayed in the Supplementary Figure 2. Similar to

Ru, Ni catalysts are found to deviate from the line of best fit, which we will rationalize later.

Figure 3a also reveals that octahedral Ru complexes, shown as purple circles, exhibit a
AGyoqin close to the ideal value of 1.23 eV, leading to a 4Gy 0f 4.5 €V. Notably, this

particular family of Ru catalysts with the 4a ligand are some of the best molecular catalysts

known to date.?”-28

Through direct observations from Figure 3a, we posit that this is because
they are not constrained to follow the conventional WNA pathway. Instead, these catalysts are
known to undergo an extra oxidation step before forming the O-O bond via the 12M

mechanism,?’-28

and we recently showed that both facets must be considered to explain their
favorable activity.!® These complexes, therefore, circumvent the scaling relationship by

sidestepping the HOO* intermediate.

To further confirm the robustness and method-independence of the OER scaling, we applied
the error estimation framework utility from BEEF-vdW to represent that relation for GGA
functionals which are within one standard deviation of the mean value of this ensemble (Figure
3b). This was performed similarly in a study on the functional-dependence of scaling
relations,?® although to the best of our knowledge, this is the first time that the analysis in

Figure 3b has been done for the OER. In the GGA space, we find that the distribution of the
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binding energies for each metal is the same, which reinforces the functional independence of

the OER scaling relation.

Interestingly, Figure 3a also indicates that the AGy o)+ values for Ni(IlI) complexes deviate
from the linear scaling relationship. We posit that this is because the HOO(III)* intermediate
allows for these complexes to be stabilized in the Ni(Il) oxidation state, while the HO(III)*
intermediate cannot. To support this, we inspected the Ni spin densities in HOO(III)* and
HO(II)* intermediates to use them as a proxy for oxidation state, finding values of ca. 1.5 and
0.9, respectively. This makes a further connection to recent experimental findings, wherein it
has been shown that orienting a magnet appropriately to electrocatalysts composed of mixed
Ni, Fe and Zn oxides can significantly enhance the rate of the OER.*’ The authors proposed
that this effect stems from the induced magnetic field which facilitates the parallel spin
alignment along the OER to yield the triplet oxygen product. Furthermore, a recent perspective
has proposed that the magnetic enhancement effect could be related to a deviation from scaling

relationships.*!

This prompted us to investigate this hypothesis by inspecting the spin density in the HOO*

intermediate and the deviation of the AGygo 1)+ values from the scaling shown in Figure 3a.

To do this, we describe the collinearity of oxygen atoms, A, using the Mulliken spin densities,

u, of the individual oxygens in the HOO* intermediate as:

A = o, Mo, )

The result of plotting A along with the corresponding Mulliken spin density on the metal (p,)
in the HOO* intermediate is shown in Figure 4, where we identify a distinct region defined by

A > 0.1 and py > 1 in which Ni catalysts deviating favorably from the OER scaling lie.

12



— 0.4
(s ’ ® Cr V3ic
e, ||o ru a3t
41/ @ L [[® co e ot 0.3
: i Fe 432
i Mn e 41 o .
Ni  —TPSSh
z |y 02 3
> 31 . =
7 0.1 O
5 g
a 00 2
£ 24 HS Fe(lll), Mn(lll) & Cr(Ill) : .
7 e 2
............ » | _ =
T wee ® 4,0 | 0.1 3
[} S TN e ()]
2 1 Ni(lll) 00
i 0.3
LS Fe(Ill), Ru(lll) & Co(lll) '
O_
I I 1 I I I _04
0.00 0.05 010 0415 0.20 0.25

Product of Oxygen Spin Densities, A

Figure 4. Graphical representation of the A parameter against the metal spin density, py,, to
rationalize the scaling deviation of the HOO* intermediate for Ni catalysts. The colorbar
represents the deviation from the TPSSh line of best fit from Figure 3a (inset). The rectangle
and parallelogram are used to illustrate the essence of the relationship found. We note there is
not a one-to-one correspondence between the data points in each shape, that is, not all points

in the rectangle are in the parallelogram.

The remaining catalysts in Figure 4 are grouped into two regions. The upper left region denotes
Fe(Ill), Mn(Ill) and Cr(Ill) complexes with high-spin (HS) d°, d* and d* electronic
configurations, respectively. These catalysts tend to lie above the line of best fit, with the
exception of an Oct-Fe complex which shows a seven-coordinated HOO* intermediate. This
geometry has been shown to be important in Ru OER catalysts.*? On the other hand, in the
lower left region, we find Fe(IIT), Ru(IlI) and Co(III) catalysts with low-spin (LS) d°, d* and d°
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configurations, respectively, which tend to lie below or close to the scaling line. Additionally,
our calculations indicate that the ligand scaffold is not responsible for the deviation from the
scaling, as H-bonding does not lead to the same decisive effect, as depicted in Supplementary
Figure 3. Hence, we conclude that the magnetic enhancement effect can also be leveraged in
the WNA mechanism to facilitate O—O bond formation via the stabilization of the HOO*

intermediate relative to the established scaling.

The theoretical basis for spin-dependent oxygen electrochemistry has been developed and
examined by Gracia and co-workers.**#° In those works, this effect was claimed to be
exchange-mediated, which is borne out by our analysis as we only observe this effect when
using DFT functionals which include Hartree-Fock exchange, as shown in Supplementary
Figure 4. Our contribution effectively cements the importance of this approach by revealing
the connection between spin conservation and circumventing well-established scaling
relations, which we envisage to be of paramount importance in identifying cost-effective OER

materials.

Rational Screening of Molecular Catalysts
We next sought to test the possibility of near-zero overpotential catalysts via an extra-oxidation

mechanism.'? With this aim, we computed the conventional OER descriptor, AGo vy —
AGyoqiny:, for catalysts in Figure 3a which exhibit a value of 4Gy < 1.5 €V, leading to

the volcano plot presented in Figure 5a. Use of this volcano representation has found useful
application across OER research.*%*7 This upper limit was chosen to place a lower limit on the

overpotential due to AGyo(yy*, Where our aim is to find catalysts with overpotentials that

circumvent the “overpotential wall”.
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Figure 5. Two-dimensional volcano plots using (a) the conventional OER descriptor
representing a PCET between oxidation states M(III) and M(IV), (b) the extra one-electron

oxidation descriptor, in AGg )< — AGo(vy+, With dashed line denoting the cutoff point of 400

mV overpotential and (c) the OER descriptor representing a PCET between oxidation states
M(IV) and M(V). In a) and c) we present the presumed limiting step based on the scaling
relations. The points with a black outline denote experimentally known OER catalysts, where
we use a square to represent catalysts with pentadentate ligands, since this geometry is not
represented in the set of catalysts generated as in Figure 2. d) Metal-specific, cross-oxidation
state scaling relations with lines of best fit for each set of metal-specific relations. Outlines of
points denote the oxidation state of the HO*, O* pair. Two scaling relations are shown for Cr
as the oxidation-state specific scaling relations differ considerably, which is not the case for
the other metals. The shaded region represents the 95% confidence interval of the learned linear
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model, which is not included in the case of the Cr(IV) relation due to the large span of this

interval, shown in Supplementary Figure 9.

While catalysts which are close to the peak of the volcano in Figure 5a demand a considerable
overpotential, they evolve oxygen via PCETs exclusively, thereby avoiding the building up of
positive charge and fostering redox potential levelling.*® The best leads for future experiments
which exhibit a PCET-only mechanism are chosen so that < 0.55, (since this is close to the

lower limit of 0.5V imposed by the scaling in Figure 3a) AGoyy < AGyogyy+, and
AGhooumy < AGoy+, since we do not want to perform the extra oxidation in this case. This

identifies a 32-Fe catalyst composed of the 3a tridentate and 2a bidentate ligands as seen in
the labelled catalysts from Figure 2. The 32-Fe catalyst is particularly interesting as we expect
that the bipyrimidine ligand (labelled 2a in Figure 2) could be used to immobilize the catalyst
onto a solid support.** Also included in this plot as black-outlined datapoints are catalysts

which are experimentally known to catalyze the OER.

We note that the volcano peak at (1.7 eV, 0.47 V) in Figure 5a is larger than the overpotential
wall previously reported by our group, which we attribute to the fact that individual metals
have slightly different scaling relationships and intercepts, as seen in Supplementary Figure 5.
This difference leads directly to a difference in overpotential walls. In a recent work, we
reported a scaling relationship with an intercept of 3.26 eV, where the dataset of molecular
catalysts contained 9 Ru catalysts out of a set of 17, which led to the scaling relation being

overly representative of complexes with this metal.

We next investigated whether the complexes with AGg yys — 4Gy < 1.5 €V can undergo

the extra oxidation prior to O—O bond formation by inspecting the one-electron oxidation

descriptor 4Gy — AGovy+, leading to the volcano plot shown in Figure 5b. This step is

reasoned to be crucial in finding low-overpotential earth-abundant catalysts for this reactioPG



and we note that it is required to justify the activity of the Fe and Mn mononuclear catalysts of
the same geometry as the set of catalysts examined in this study. In particular, we correctly
predict near-zero overpotential at pH = 0 for an amidate-ligated iron complex via the extra-
oxidation mechanism, conferring with the experimental Pourbaix diagram which showed that
this step occurred at ca. 1.25 V,3° while correctly describing the Mn complex with an anionic
N-donor ligand as low overpotential (< 0.4 V), and within the redox potential of the chemical
oxidant used.'” This agreement with experiment is not possible without considering the extra
oxidation, which affords greater confidence in our predictions of the OER activity. Also
noteworthy is the fact that multiple earth-abundant catalysts lie within the region of low
overpotential with n < 0.4 V, although we detail how to further filter catalysts before

ultimately suggesting promising leads.

Implicit in the extra-oxidation mechanism is the assumption that the one-electron transfer
occurs immediately prior to the formation of what we assume to be the site for the water
nucleophilic attack, the M(V)-O intermediate. However, this M(IV)-O to M(V)-O oxidation
could occur at any point before this, leading to the M(IV)—-OH intermediate, which would be
subject to the same constraints on the overpotential inherent in the scaling relation in Figure 3,
as evidenced in the oxidation-state independent scaling in Supplementary Figure 6. As a result,
the OER descriptor can be applied in the same way at a higher oxidation state, although because
pairs of HO(III)/HO(IV) and O(IV)/O(V) binding energies are uncorrelated, the OER
descriptors at varying oxidation states are also uncorrelated, as shown in Supplementary
Figure 7. This stresses the importance of sampling the correct oxidation states when using this

descriptor.

The volcano plot for this higher oxidation OER descriptor is shown in Figure 5Sc. Interestingly,
we find that Ru and Cr catalysts predominate in the left leg of the volcano, implying a relative
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ease in the formation of the M(V) oxidation state, while Fe candidates lie on either side, and
Mn and Co exclusively lying to the right leg of the volcano. In calculating the overpotential for
Fig. 5¢, we calculated the Gibbs energy changes associated with going between the most stable
intermediate for a given oxidation state, an approach which our group has applied to molecular
OER catalysts with two active sites.’! Note that in doing this, there are points which deviate
significantly from the faces of the volcano, since the reaction intermediate we are considering

does not necessarily determine the overpotential.

Taking the data presented in Figures 5a-c, we establish metal-specific scaling relations between

AGyoqivy: and AGoy vy+, shown in Figure 5d. Notably, Co and Cr exhibit different slopes

to the set of Mn, Fe and Ru catalysts, while two scaling relations are shown for Cr as the linear
fit for oxidation-state specific scaling relations differ considerably for Cr, which is not the case
for the other metals. Another interesting facet of these linear fits is the difference in the
intercepts of the Mn, Fe and Ru set of metals, wherein the oxo-formation energy of Ru at a
given binding energy, for either oxidation state, is ca. 0.2 eV lower than for Fe and Mn for
either oxidation state, thus indicating that forming high-valent intermediates is comparatively

easier for Ru in complexes with the same AGy o (y17,1v)+-

The sensitivity of the slope to separating by metal in the scaling relations requires further
discussion. On the basis of the d-band model,>? which is the bedrock of scaling relations, these
slopes should equal 2. However, there are often deviations from this behavior in studies of both
heterogeneous and homogeneous catalysts.!43 The seminal justification for predicting a slope
of 2 was predicated upon assumptions derived from effective medium theory that less electron
density is required to stabilize metal active sites upon the addition of a hydrogen atom to an O
adsorbate.’* Yet, we note that this would not be the case in radical metal-oxyl (M—O¢)

fragments since the electron which forms the bond with H would not have been associated to
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the electron density of the complex, but only with the adsorbate. In fact, we observe this for
Co, wherein the spin density on the metal centre remains the same in going from HO to O
despite the d-electron count varying from d* to d®. This is enabled by the oxyl moiety (along
with the organic ligand at Co(V)-O* and Co(IV)-OH) hosting spin density to allow for the
reduction of cobalt to a LS-Co(I1I) with a d° electronic configuration. For this reason, the bonds
between the Co—O(IV, V)* and Co(IlIl, IV)-HO* species are of similar order (Supplementary
Table S1), leading to a slope of ca. 1 in the scaling plot depicted in Figure 5d. A similar effect
is observed in Mn(IV)-0O, Fe(IV, V)-O, Ru(IV, V)-0, with the metal only slightly oxidised in
going from HO* to O* complexes. From these observations, we can approximate the expected

slope for these metals as:

A(spin on 0)yo*_,0*

(10)

m =2-
pred.(11) A(spin on M-0) o+ 0*

where the numerator denotes the average spin density change (for a given metal) occurring on
the oxygen in the adsorbate in going from the HO* to O* intermediate, and the denominator
denotes the average total spin density change in both the metal and the bound oxygen. Using
Eq. 10, we note a remarkable agreement between the observed slopes in Ru(IV, V)-O, Fe(1V,
V)-0 and Mn(IV)-O which further confer with the general trend from Wiberg bond orders>>
for the M—O and M—OH intermediates, seen in Supplementary Table 1. However, we note that
this equation falters in the case of Mn and Cr as the metal-oxygen spin pairing is
antiferromagnetic in nature for Cr(V)-O and a mix of both ferromagnetic and
antiferromagnetic for Mn(V)-O species. Indeed, spin-based non-linear d-band model
refinements have been proposed for ammonia adsorption on heterogeneous catalysts.3
Creating lines of best fit through the antiferromagnetic complexes in Supplementary Figure 7,

we observe a slope less than 1. In these cases, the slope can be predicted by using Eq. 11.
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A(spin on 0)yo*_,0*

(In

m =1-
pred.(1l) A(spin on M-0) o+ 0*

The results of using Eq. 11 to predict the slopes of lines of best in Figure 5d are also outlined
in Table 1, wherein we see an impressive agreement in predicting the slopes for Mn(V)—-O and
Cr(V)-0O. We can now see that the slope of the combined Mn(IV, V)-O scaling relation is the
combination of the ferromagnetically and antiferromagnetically coupled species, which leads
to different slopes when separately fitted. Finally, while there is an interesting predictive ability
in using these equations, we note that Cr(IV)—O intermediates behave as Cr-oxo species, which
can also be confirmed from the calculated Wiberg bond orders in Supplementary Table 1. As
such, one would expect them to exhibit a slope of 2 since this is the expected value for precisely
this type of bond, based on the bond order conservation principle, which our equations do not
predict well. However, we note that the cluster of Cr(IV)-O points (black circles with yellow
outlines in Figure 5d) are the most closely-packed subset of data, which may obscure the true
scaling relation due to the sensitivity of the lines of best fit to new points that lie outside the

bounds of the considered points.

Table 1. Predicted slopes using the spin-based descriptors from Eqs. 10 and 11. The slope m

was found by fitting the line of best fit to the relevant subset.

Catalyst Set m Myreq. (11 Myreq (1))
Co(IV, V) 0.96 1.06 -
Ru(1V, V) 1.27 1.25 -
Fe(IV, V) 1.18 1.24 -
Mn(IV, V)? 1.66 1.43 -
Mn(V)P 0.92 - 0.76
Cr(IV) 1.33 1.96 0.96
Cr(V) 0.88 - 0.85
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2 Slope fitted by including only Mn(V) species which are ferromagnetically spin-coupled, of
which there were four, shown in Supplementary Figure 8.

> Mn(V)-O species with antiferromagnetic spin coupling, seen in Supplementary Figure 8.

Hence, it is clear that altering adsorbates does not affect all metal active sites in a uniform way,
an implicit assumption of cross-metal scaling relations. These results highlight the value of
studying the effect of fitting subset-specific scaling relations and make a compelling case for
revisiting scaling relations involving O* and HO* binding energies and using magnetism to

guide deviations away from these relations towards optimum activity.

We note that the Co data in Figure 5d also agrees with our recent studies of Co-based
polyoxometalates (POMs), which found that these catalysts cannot show overpotentials less
than 0.8 V due to the restriction placed on oxygen evolution by the AGyox)* vS. AGox+1)
scaling relation,'* while also predicting that all Co catalysts will always have AGqqy vy —
AGuoamwy > AGuoouivy — AGouv,vy+- This implies that Co-based molecular catalysts
have poor activity and that they cannot benefit from the extra oxidation step. These findings
stress the need for future reports of Co-based homogeneous catalysts to rule out the presence
of Co-oxide nanoparticles which can form in solution, giving the false impression of molecular

catalytic activity.®’

With all the knowledge acquired above and using the data from Figure 5b, we can now propose
catalysts for experimental realization on the basis of predicted overpotentials less than 400 mV
and consisting of earth-abundant metals. For this, we filter candidates by enforcing that

AGowy < AGhoomny* SO the extra oxidation is possible, and that the Gibbs energy change
associated with the atom-proton transfer (APT), AGyooy- — 4Govy+» be less than 1€V, as

this is the largest value exhibited by the set of transition metal complexes known

experimentally to catalyze the OER (in particular, the red square in Figure 5b). This leads to 9,
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predominantly Cr-based, low overpotential catalysts, shown in Figure 6. While the low
overpotentials in these catalysts are very encouraging, we also need to consider the conditions
under which the extra oxidation mechanism is expected occur. In particular, to properly
determine which mechanism is expected to occur, the pK, for the HO(IV)*/O(IV)* pair needs
to be calculated. Doing this using only the Gibbs energy differences of the transition metal
species involved has proven challenging in protic environments such as water.’® However, we
provide a novel descriptor for the pK,, created by reproducing hypothetical Pourbaix diagrams
and described in Supplementary Note 2. This is only possible if the OER descriptors are
sampled at the correct oxidation states, leading to the ability to assess the resting state of the
catalyst prior to the formation of the high-valent M(V)-O species. Filtering on the basis of the

pK, leads to 3 promising Cr-based catalysts, highlighted within the red rectangle in Figure 6.
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Figure 6. Catalysts found from the computational screening with overpotentials less than 0.4
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V, which have 4Gy vy < AGyooumy and AGuooumny — AGow)- <1 €V. The Cr catalysts

highlighted in the red box are most promising having been further filtered on the basis that

these catalysts can perform the extra oxidation at low pH. The theoretical overpotential for
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each catalyst at pH = 0 is provided alongside each catalyst. The monodentate pyridine ligand

is represented as py.

Each of the tailored catalysts shown in Figure 6 is based on a ligand which has been previously
seen in molecular Ru OER catalysts.*?> Assuming these catalysts can be made, experimental
investigation will lead either to a refinement of our understanding of OER by rebutting our
model, in the worst case, or novel low-cost catalysts with high activity in the best case.
The primary issue foreseen for these catalysts would be the APT, and it must be noted that low
overpotential does not guarantee a panacea, as kinetic limitations can present themselves by
inhibiting O—O bond formation. Engineering ligand functionalizations near the active site to
address this has shown encouraging results in Ru catalysts, with carboxylate and phosphonate

ligands enabling an enhancement of the WNA by orders of magnitude.>%%°

In summary, this study presents the first automated approach to rational computational design
of molecular OER catalysts based on earth-abundant elements. Through the application of key
design principles and the fastidious choice of ligand scaffolds, we have solidified method-
independent scaling relations and provided fundamental insights into molecular water
oxidation catalysts and the OER generally. We then proposed a link between deviations from
our scaling relation in nickel catalysts to recent experimental OER observations. Further
screening led us to develop metal-specific scaling relations between O* and HO* intermediates
that did not exhibit typical behavior in expected slope, which we justified on the basis of a
straightforward spin-based heuristic. As a result of the computational screening, we identified
9 low-overpotential, earth-abundant catalysts with theoretical overpotentials below 400 mV.
We further filtered these catalysts based on their ability to evolve oxygen by the assumed
mechanism in acid, leading to 3 promising Cr-based catalysts. Our data also has the potential

to be used as the springboard for the machine learning-driven discovery of OER catalysts,
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further boosted by the scaling relations presented in Figures 3 and 5d. If the full potential of
such ML models were realized they would help to avoid explorations of the chemical landscape
that are not fruitful, while allowing researchers to trawl this space more effectively. The set of
ligands used for this study were chosen due to their presence in other oxygen evolving
complexes, therefore, it is inherently restricted by what mononuclear OER catalysts already
exist. This could be overcome when generative models, which have been used to faithfully
reproduce organic molecules,®' are applied to transition metal complexes. Then, machine
learning approaches will become even more powerful, with the ability to amplify the effects of
high-speed predictions while testing catalysts over a much broader region of chemical space.
Future work will focus on studying the stability of these complexes against ligand oxidation or

replacement.

Going beyond trial-and-error catalyst discovery for renewable energy technologies will require
different approaches. This work emphasizes that large-scale computational analyses are one

such approach in homogeneous OER catalysis.

Computational Methods

DFT calculations were performed at the TPSSh, M06-L and B3LYP level using the Gaussian09
software, while BEEF-vdW calculations were performed using the Vienna Ab Initio
Simulation Package (VASP) code, version 5.4.4.96 The results of the M06-L, B3LYP and

BEEF-vdW calculations are presented in Supplementary Figure 2.

To describe the Ru, Mn, Fe, Cr, Co and Ni metals using Gaussian09, the Lanl2dz effective core
potential was used along with f-polarization functions with exponents 1.235, 2.195, 2.462,
1.941, 2.78 and 3.13, respectively.®® The more electronegative O, N, F, and Cl atoms were
described using the 6-31+G(d) basis set, while the 6-31g(d,p) basis set was employed for C

and H atoms. Molecular structures were optimized in water using the TPSSh functional and
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the implicit SMD solvation model (¢ = 78.3553).67 We confirmed that TPSSh geometries are
satisfactory in comparison to experimental bond lengths and ensured they correspond to
minima on the potential energy surface via vibrational frequency calculations, while a recent
investigation found this functional to provide the lowest error in reproducing experimental
redox potentials.! These geometries were used to generate the data with the B3LYP and MO06-
L functionals via single point calculations. Gibbs energy corrections obtained from the TPSSh
frequency calculations were then added to the potential energies computed with B3LYP and
MO6-L. Gibbs energies were calculated at the temperature of 298.15 K and pressure of 1 atm,
except for the isolated H2O molecule that was computed at the temperature and pressure at
which both the liquid and gas phases are in equilibrium, i.e. 300 K and 0.035 atm. Relative
Gibbs energies are referenced to HoO and H> in solution, to avoid introducing the error
associated with the modelling of O, with DFT methods, and the global reaction Gibbs energy
was fixed to the experimental value of 4.92 eV. To ensure sound geometries, we inspect any
intermediate if atoms coordinated to the metal change, or if a bond distance changes by 20%
or more. Grimme D3 dispersion corrections®® were added via single point calculations at the
optimized geometries, except for the results of MO6-L calculations, as this Minnesota

functional was partly fit to noncovalent interactions.

BEEF-vdW calculations in VASP-5.4.4 were performed using projector-augmented wave
pseudopotentials®® and plane waves with a kinetic energy cutoff of 500 eV. Molecular catalysts
were modelled in a unit cell with a vacuum spacing of at least 15 A in each direction and at the
I'-point. A self-consistent evaluation of the wavefunction was stopped once the electronic
energy changed by less than 1x10° eV, while geometry optimization completed when all
forces on atoms were within 0.02 eV/A. Gibbs energy corrections — using the same conditions
outlined in the previous paragraph — of 0.31 eV and 0.4 eV were added to AE o+ and AE 0+

to arrive at AGyo+ and AGyo+, respectively. These corrections were obtained by taking the
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average of the Gibbs corrections of a Ru and Fe catalyst, which only varied by at most 0.02
eV. These values were derived for individual adsorbates using the ideal gas approximation,
deriving the zero-point energy, translational, rotational, vibrational and electronic inputs to the
heat capacity at fixed pressure at 298.15 K, 1 atm along with the entropic contributions via the

Thermochemistry module provided by the Atomic Simulation Environment.”

The set of ligands seen in Figure 2 were chosen as they had seen application in experimentally
realized catalysts. The charges of these ligands were pre-assigned and used to define the total
charge of the catalyst. The spin state of metals in each reaction intermediate was determined
by investigating which multiplicity was the most stable for a representative set of molecules.
In particular, if for every metal in a certain oxidation state a specific multiplicity was always
lower in energy by 0.3 eV, that spin state was assigned throughout for all calculations.
Following this criterion, all Mn oxidation states, Fe(Il), Co(II), Cr(IT) were assigned to be high-
spin, while all Ru oxidation states, Co(IIl), Ni(Il), were assigned low-spin. For Fe(III)
complexes, both high and low-spin structures were modelled as no prevalent spin-state was
determined. The results of this investigation are shown in Supplementary Table S2. The spin-
states exhibiting the lowest energy were subsequently modelled using the M06-L and B3LYP
exchange-correlation functionals, while the low-spin state was modelled regardless of the

lowest energy spin state from TPSSh as GGA functionals are known to favor low-spin states.”!
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