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Abstract

Single Atom Catalysis is relatively new frontier in catalysis with potential application in several
critical chemical processes, such as water splitting reactions. Single atom catalysts (SACs) are
analogues of coordination chemistry compounds, opening the way to the formation of unconventional
intermediates compared to extended metal or oxide catalyst surfaces. In this work we show by means
of density functional theory (DFT) calculations that the formation of unconventional adsorbates on
SAC:s in the oxygen evolution reaction (OER) leads to complex scaling relationships, that differ from
the scaling relations observed on extended surfaces. The evidence of new scaling relations directly
impacts the expected catalytic activity and provides a further example of the importance of including

in the modelling species beyond those that form on classical electrodes.
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Introduction

Single Atom Catalysis (SAC) is a relatively new frontier in the field of catalysis over the last
decade[1-3]. A Single Atom Catalyst (SAC) is a paradigm of single-site catalysts being made by a
transition metal atom dispersed in a matrix [4,5]. The quest for reducing the need of critical raw
materials and improving the activity of existing catalysts is boosting the attention toward these
systems. Indeed, SACs are potential candidates to overcome these problems. A very intense research
is dedicated to critical reactions such as water splitting, nitrogen fixation, CO> electro-reduction,

synthesis of chemicals etc.[6-11].

The activity of SACs can be tailored, ideally designed, by engineering the local coordination of the
metal atoms with atomic precision [10,12,13]. In addition, SACs share some analogies with
coordination chemistry compounds.[12] This evidence manifests itself in a rich and complex
chemistry, opening potential ways to optimize the catalytic activity. These two aspects make the
fundamental understanding of the nature and reactivity of SACs challenging. Experimental
techniques with atomic precision and computational studies are therefore powerful and somewhat

essential tools in this respect [13-17].

Computational studies can model at the quantum mechanical level the structure of SACs, their
properties and reactivity, eventually providing a fundamental rationale. In the last years theory is
trying to address the more ambitious purpose of predicting new potential systems by taking advantage
of general descriptors [18-21]. This goal is motivated by both the success in the field of

heterogeneous catalysis and the increase of computational power.

Descriptors are key-properties, often thermodynamic variables, allowing to predict the catalytic
activity of a specific system [22,23]. Two paradigmatic examples are the Hydrogen evolution (HER)
and the Oxygen evolution (OER) reactions, the two sides of water splitting. Some time ago Norskov
and co-workers proposed seminal works demonstrating that both reactions can be described by the
thermodynamic stability of specific reaction intermediates [24-28]. In particular, universality was
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found in OER on extended catalysts made by metals and oxides [29]. More specifically, it was
demonstrated that the thermodynamic stability of reactions intermediates scales linearly with the
formation energy of the first intermediate. OER is assumed to pass through the following four mono-

electronic steps and consequent formation of OH*, O*, OOH* intermediates [26].

*+H,O - OH* + H + ¢ Eq. 1
OH* > O*+H" +¢ Eqg. 2
O* + H)O —» OOH* + H" + ¢ Eqg. 3
OOH* > 02+ H" + ¢ Eq. 4

It is known that the reaction is limited by a finite overpotential described by a volcano curve with a
minimum value of about 0.4 eV [25]. This evidence is appointed to the existence of scaling relations
between the intermediates, and in particular to the following one: AGoon* = AGon* + 3.2 eV [30].
The minimum overpotential is obtained when the energy difference x between OH* and O* (and

consequently of OOH*) corresponds to X = AGo=* - AGon+ = 1.6 eV [31].

Typically, the reactivity of SACs is assumed to be the same as for classical heterogeneous catalysts,
and therefore the mentioned descriptors are used to provide predictions or perform screenings studies
aimed to discover new SACs. However, SACs can form other unconventional intermediates, as
recently demonstrated for both the HER and OER processes. For instance, once an OH* species
forms, another water molecule can be adsorbed forming a OH*OH* intermediate, that can compete
in stability with O* [32,33]. In our nomenclature the unconventional species, as OH*OH*, are bound
to the same catalytic site, and therefore (OHOH)* should be adopted. However, we prefer to adopt

the previous version to underline that each adsorbate is directly bound to the active site.

OH* + H20 — OH*OH* + H* + ¢ EqQ. 5

Similarly, the OH*O* intermediate competes with the OOH* one [33].



O* + Ho.O —» OOH* + H* + ¢ Eq. 6a

or

O* + HoO —» OH*O* + H* + ¢ Eqg. 6b

Eventually, before molecular oxygen release occurs, another stable oxygen complex can form:

OOH* +H0 —» O, + H + ¢ Eq. 7a
or
OH*O* - O+ H' + ¢ Eqg. 7b

Clearly, neglecting these species from the study of the reaction profile can have serious impact on the
definition of the reaction mechanism and of its kinetics. Moreover, some reports showed that for

specific adsorbates and SACs linear scaling relations can be broken [32,34,35].

In this work we show that the inclusion of unconventional intermediates for the OER leads to scaling
relations that differ substantially from the classical ones derived for standard heterogeneous catalysts.

This evidence directly impacts the predictions of optimal SACs for OER.

We studied a data set of 25 transition metal atoms (reported in Figure 1; Sc and Re were not included
since we encountered convergence problems, while Tc is radioactive and unstable) embedded in two
carbonaceous matrices for a total of 50 SACs. The selected supports are nitrogen-doped graphene
(4N-Gr) and a covalent organic framework obtained through the combination of
metallophthalocyanine and pyrazine (COF). The first one is widely adopted as a template and the
latter is emerging has a suitable support due to its capability to strongly bind metal atoms [36]. Given
the large number of calculations involved, we restrict our study to a standard level of electronic
structure description, i.e. density functional theory (DFT) with correction of the self-interaction error

according to the DFT+U approach.



The main result of this work is that the minimum overpotential predicted from this analysis is slightly
lower than the same quantity derived for heterogeneous catalysts (0.4 eV). This means that it is
possible, at least in principle, to find catalysts based on single sites that can be more active than the
classical extended catalytic surfaces. Furthermore, the search for scaling relationships allows one to
predict what kind of intermediate will be formed as function of a specific descriptor, a fundamental
starting point for screenings of the catalytic activity of unknown systems. This work also highlights
the importance of extending the computational framework to species that on conventional catalysts
would not form. Finally, it must be underlined that the purpose of the study is not to reproduce the

experimental complexity or to predict new catalysts, but only to provide some general rules.
Computational Details

We performed DFT calculations by means of the VASP package (version 6.2) [37—39]. The Perdew-
Burke-Ernzherof (PBE) parametrization has been used for the exchange-correlation functional [40].
The valence electrons were expanded on a set of plane waves with a kinetic cutoff of 400 eV. Core
electrons were treated with Projector Augmented Wave (PAW) pseudopotentials [41,42]. The
following valence electrons were treated explicitly: H (1s), C (2s, 2p), N (2s, 2p), O (2s, 2p), Ti (3s,
3D, 4s, 3d), V (3s, 3p, 4s, 3d), Cr (3p, 4s, 3d), Mn (3p, 4s, 3d), Fe (4s, 3d), Co (4s, 3d), Ni (4s, 3d), Cu
(4s, 3d), Zn (4s, 3d), Zr (4s, 4p, 58, 4d), Nb (4p, 58, 4d), Mo (4p, 5s, 4d), Ru (4p, 5s, 4d), Rh (4p, 5s,
4d), Pd (5s, 4d), Ag (58, 4d), Cd (5s, 4d), Hf (5p, 6s, 5d), Ta (5p, 6s, 5d), W (5p, 6s, 5d), Os (6s, 5d),
Ir (6s, 5d), Pt (6s, 5d), Au (6s, 5d), Hg (6s, 5d). Dispersion forces have been included by the
Grimme’s D3 scheme [43]. The convergence criteria of electronic and ionic loops were 10° eV and
102 eV/A respectively. The Conjugate Gradient algorithm was adopted to search of minimum energy
structures. The sampling of the reciprocal space was adapted to provide converged results. More
precisely, a 4x4x1 Monkhorst—Pack k-point grid was used to sample the reciprocal space when
working with 4N-Gr support, while for COFs, the sampling was reduced to the gamma point because
of the large cell size. Each structure, either SAC and adsorbed intermediate was obtained upon

geometry optimization of the atomic coordinates. PBE is a widespread and efficient functional but it
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has limitations to describe systems with a certain degree of electron localization. A possible way to
improve the picture is to adopt hybrid functionals. For instance, a previous study suggested that PBEQ
or HSEO6 calculations are sufficient to reproduce benchmark calculations beyond DFT of hydrogen
adsorption on a SAC taken as test case [44]. However, hybrid functional calculations are
computationally demanding. A possible trade-off is represented by the DFT+U approach. In this case,
a correction term is added to the functional to account for the self-interaction error. Table 1 reports
the U parameters used in this work for the atoms of interest. They have been already tested in previous
studies, including a discussion of their origin [45]. PBE+U calculated quantities are in much better

agreement with the PBEO hybrid functional that with the semi-local PBE one [46].

We adsorbed 25 TM atoms on two different supports, nitrogen-doped graphene (4N-Gr) and a
covalent organic framework (COF). 4N-Gr is a typical support for SACs [47—49]. COFs are emerging
as good templates for SACs because of their ability to strongly bind the metal atoms and thanks to
the possibility to control the size and shape of the hosting cavities [50-52]. Figure 1 shows the local
structure of the available cavities. They are similar to the bonding environment of metal-porphyrins,
largely used in homogeneous catalysts. The 4N-Gr model was generated by fully optimizing a
graphene nanosheet, creating a carbon-divacancy, and replacing four carbon atoms with nitrogen (4N-
Gr). The atomic coordinates of the resulting structure have been fully reoptimized. This kind of cavity

is a common anchoring site for SACs. In the case of COFs, we considered a recently established

framework [51]. The structural parameters of both models are reported in Table S1.
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Figure 1: Structure of the available cavities of COF (a) and 4N-Gr (b). (c) reports the transition metal atoms
studied in this work.

The stability of the reaction intermediates was calculated by adopting the classical thermodynamic

approach [24,26]. The Gibbs free energy was estimated as:
AG = AE - TAS + AEzre Eq. 8

where AE is the calculated DFT energy, TAS is the entropic contribution and AEzpe is the zero-point
energy correction. In each case we let to vibrate the atoms of the intermediate and the metal single
atom [ACS Catalysis Jamon, J. Catal.]. TAS of solid-state species was neglected, and that of gas-
phase molecules was taken from International Tables. This approximation can be improved by
evaluating vibrational entropy from the partition function. Since the scope of the study is not to
provide absolute predictions, we restrict to the inclusion of the entropy of gas-phase species only.
The zero-point energy of the species were determined in a harmonic fashion allowing to vibrate the
metal atoms and those of the adsorbed intermediates. Tables S2 and S3 report the related quantities.
Last, it is well known that DFT has issues in reproducing the O-O binding energy

[10.1063/1.2819245]. A typical way to tame this problem is to use the experimental energy for OER



(4.92 eV) [10.1021/jp047349j]. We also mention that other approaches have been proposed recently

to face this problem [10.1016/j.jelechem.2021.115178].
Results and Discussion
Intermediates of OER on SACs

Figure S1 shows some examples of atomic structure of each catalyst consisting of one of the 25 TM
atoms anchored to the two supports. Table 1 reports some key properties such as relevant bond
distances, adhesion energy and atomic magnetization. One can see that both supports strongly bind
the TM atoms, but on average COF binds stronger than 4N-Gr [53]. Also, the metal atoms often

display some residual atomic magnetization, typical of the atomic like character of several SACs [54].

These catalysts show different similarities with their organometallic counterparts, in particular with
porphyrins. As an example, Yuriy A. Zhabanov et al. (https://doi.org/10.3390/ijms23020939)
recently reported the DFT study of a porphyrin bonded to Zn. The structure obtained is very similar
to what we observed for Zn@COF and Zn@4N-Gr. Indeed, they found a distance M-N of 2.06 A,
which is very similar to the value founded by us in this study. Another example was given by R. J.
Needs and co-workers (https://doi.org/10.1063/1.2966003). They investigated metal porphyrin (with
M= Ni, Cu, Zn) by using Quantum Monte Carlo method. They obtained structures that are structurally
in agreement with our results. In fact, the M-N distances were found to be 1.96 A for Ni, 2.01A for
Cu and 2.04 A for Zn which are in agreement with our results for both the supports considered.
Moreover, in another recent study (https://doi.org/10.1002/ejic.202100667), a Pt based porphyrin was
synthesised and characterized by single crystal X-Ray diffraction founding a M-N bond length of

about 2.01-2.02 A, again in line with our structures.

Table 1: Adsorption energy, atomic magnetization, and M-N bond distances of TMs adsorbed in the cavity
of COF and 4N-Gr. The U parameter used in the calculations is also reported.

Catalyst | Ea/eV | ws | aMN/A | UV
Li@COF | -1046 | 105 | 202 | 258




V@COF
Cr@COF

Mn@COF

Fe@COF
Co@COF
Ni@COF
Cu@COF
Zn@COF
Zr@COF
Nb@COF
Mo@COF
Ru@COF
Rh@COF
Pd@COF
Ag@COF
CdwCOF

Hf@COF

Ta@COF
W@COF
Os@COF
Ir@COF
Pt@COF
Au@COF
Hg@COF

Ti@4N-GR

V@4N-GR
Cr@4N-GR
Mn@4N-GR
Fe@4N-GR
Co@4N-GR
Ni@4N-GR
Cu@4N-GR
Zn@4N-GR
Zr@4N-GR
Nb@4N-GR

-10.13
-9.36

-8.24

-8.93
-9.27
-9.46
-7.74
-6.80
-11.20
-11.12
-9.27
-9.51
-9.26
-8.39
-5.33
-4.60

-11.52

-11.98
-11.17
-9.98
-10.34
-10.58
-5.91
-2.10

-7.41

-7.03
-6.22
-5.41
-6.26
-6.67
-7.07
-5.17
-4.05
-8.35
-1.79

2.37
3.55

3.44

2.02
1.05
0.00
0.61
0.00
0.53
1.28
2.86
1.66
0.90
0.00
0.46
0.00

0.50

1.04
2.33
1.54
0.73
0.00
0.01
0.00

1.06

2.40
3.57
3.29
2.02
1.03
0.00
0.57
0.00
0.40
0.96

2.01
2.00

1.98
1.96

1.96
1.95
1.94
1.97
1.99
2.14
2.04
2.05
2.01
2.01
1.99
2.05
2.08

2.11
2.12

2.03
2.03
2.00
1.99
1.99
2.01
2.11

2.08
2.00

2.00
1.96
1.93
1.92
1.90
1.89
1.93
1.94
2.13
1.99

2.72
2.93

3.06

3.29
342
3.40
4.20
4.40
1.76
2.02
2.30
2.79
3.04
3.33
3.60
3.80

1.65

1.87
2.08
2.51
2.74
2.95
3.20
3.40

2.58

2.72
2.93
3.06
3.29
342
3.40
4.20
4.40
1.76
2.02



Mo@4N-GR -5.28 2.98 1.99 2.30
Ru@4N-GR -6.14 1.63 1.96 2.79
Rh@4N-GR -6.15 0.68 1.95 3.04
Pd@4N-GR -5.43 0.00 1.95 3.33
Ag@4N-GR -2.13 0.40 2.00 3.60
Cd@4N-GR -0.99 0.00 2.03 3.80
Hf@4N-GR -8.59 0.43 2.11 1.65
Ta@4N-GR -8.58 0.85 5(1)(1) 1.87
W@4N-GR -7.31 1.96 2.02 2.08
Os@4N-GR -6.30 1.93 1.97 2.51
Ir@4N-GR -7.17 0.73 1.95 2.74
Pt@4N-GR -7.40 0.00 1.95 2.95
Au@4N-GR -2.94 0.00 1.96 3.20
Hg@4N-GR -0.31 0.00 3.18 3.40

We used these catalysts to simulate the OER by computing the formation energy of various
intermediates. We first considered the three classical OH*, O*, and OOH™* species that are assumed
to form in the course of the reaction. Then, we included also the OH*OH* and OH*O* intermediates,
since it has been shown that SACs can bind the two adsorbates on the same side as well as on opposite
sides of the single layer catalyst [33]. However, if the intermediates form on the opposite sides of the
catalyst this result in high barriers for the OER and catalyst poisoning since diffusion of the

intermediates on the same side is required for the reaction to occur.

The oxygen complexes were modelled by considering the formation of both superoxo and peroxo
complexes. These are characterized by a different elongation of the O-O bond length, 1.25 A - 1.35
A superoxo, 1.35 A - 1.45 A peroxo [55-57]. We finally considered dioxo complexes where the O-
O bond is completely broken resulting in large O-O distances [58,59]. The Gibbs free energy profiles
reported in Figure S2 were obtained by neglecting any reaction barriers different from those of
thermochemistry according to Norskov approach [24,26,60]. The preferred reaction path is defined

by the most stable reaction intermediates.
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We notice that in 37 cases out of the total (50) the most stable path includes the presence of at least
one unconventional intermediate, providing strong evidence of the importance of going beyond the
classical OH*/O*/OO0OH* path when modelling OER on SACs. Table 2 reports all the calculated Gibbs
free energies. Figure 3 reports some selected examples of Gibbs free energy profiles of two SACs
based on 4N-Gr and two on COFs. In particular, the profile of W@COF and Mo@4N-Gr shows that
the SACs bind the intermediates too strongly, leading to very high barriers, while Fe@COF and

Ir@4N-Gr lead to profiles with much smaller barriers and the formation of a superoxo complex.
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Figure 2: Selected example of Gibbs free energy profile of Fe@COF, Ir@4N-Gr, W@COF and
Mo@4N-Gr. The conventional and unconventional intermediates are represented in green and
blue, respectively. In red the intermediates common to both pathways are showed.

While the importance of accounting for unconventional intermediates is clear, it is not obvious to
rationalize a priori when a specific intermediate is stable or not. The picture is very complex. There
are cases such as Mo@COF, W@COF, Mo@4N-Gr and W@4N-Gr where the OH* O* intermediate

is more stable than the OOH* one, and others (Rh@COF, Fe@COF and Co@COF and Rh@4N-Gr
11



and Ir@4N-Gr) where the opposite is true. In some SACs, a dioxo complex forms (Mo and W on

both supports); in some other a superoxo complex is more stable (Rh@ both 4N-Gr and COF).

Clearly, the rationalization of the results is hard without finding a suitable descriptor. Furthermore,

the calculated overpotential (v) does not follow any simple general rule. There are SACs that appear

promising for OER with small n, between 0.49 eV and 0.60 eV (Ir@4N-Gr, Co@COF, Rh@4N-Gr,

Fe@COF and Rh@COF). Conversely, W@COF, Mo@COF, Mo@4N-Gr and W@4N-Gr overbind

some species and therefore are predicted to be inactive catalysts, Table 2.

Table 2: Calculated Gibbs free energy of various OER steps on TMs adsorbed in the cavity of COF and 4N-

Gr.

Catalyst AGon /eV |AGo /eV | AGoon /eV | AGonon /eV | AGono /eV | AGn' /eV | AGy? /eV | AGoo /eV
Ti@COF -1.51 -1.46 / -1.02 0.81 1.27 1.25 /
V@COF -0.60 -0.76 / 0.86 1.47 / / /
Cr@COF 1.62 1.89 4.88 3.11 4.46 4.53 4.87 /
Mn@COF 1.27 2.15 4.96 3.16 4.96 4.71 4.76 /
Fe@COF 1.54 2.53 4.36 3.72 5.47 5.12 / /
Co@COF 1.70 3.44 4.75 5.00 6.65 4.99 / /
Ni@COF 2.40 4.60 5.45 / / / / /
Cu@COF 2.73 5.00 5.54 5.95 7.57 / / /
Zn@COF 212 4.57 4.98 4.85 / / / /
Zr@COF -2.37 -1.87 1.07 -2.66 -0.35 / 0.49 2.14
Nb@COF -2.03 2.30 / -1.78 -1.97 0.96 / -0.02
Mo@COF -0.05 -0.86 3.09 0.41 0.54 3.69 / 0.76
Ru@COF 0.62 131 3.79 291 4.29 4.38 / 5.73
Rh@COF 1.14 2.97 4.49 4.24 5.88 4.63 / 7.76
Pd@wCOF 2.73 4.94 / / / / / /
Ag@COF 2.78 5.09 / 5.25 7.14 / 6.84 /
Cd@COF 1.61 4.09 4.59 4.61 6.32 / / /
HfwCOF -2.60 -1.84 0.90 -2.76 -0.52 / 0.41 1.88
Ta@COF -1.92 -2.28 / -2.23 -2.08 0.46 / -0.19
W@ COF -0.81 -1.68 / -0.48 -0.45 1.95 / -0.43
Os@COF 0.49 0.90 3.64 2.38 3.05 4.24 / 4.10
Ir@COF 1.04 2.16 4.38 3.79 5.20 4.61 / 6.83
Pt@COF 2.63 4.84 / / / / / /
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Au@COF / / / 4.50 6.88 / / 9.02
Hg@COF 1.44 3.96 4.59 4.32 6.29 / / /
Ti@4N-GR | -1.95 | -1.87 -0.64 -1.59 / 2.34 0.72 /
V@4N-GR | -097 | -1.29 0.31 0.02 0.67 2.91 2.08 /
Cr@4N-GR | 0.36 1.18 3.71 2.19 3.20 411 4.15 /
Mn@4N-GR | 1.02 1.86 3.89 2.02 3.73 4.19 4.03 /
Fe@4N-GR | 1.29 2.22 4.46 2.61 421 4.69 4.86 /
Co@4N-GR | 1.43 2.64 458 3.67 5.21 471 5.47 /
Ni@4N-GR | 2.16 3.98 5.07 / / / / /
Cu@4N-GR | 2.01 4.35 4.98 4.16 6.26 / / /
Zn@4N-GR | 0.94 3.49 4.27 3.47 4.14 473 / 6.76
Zr@4N-GR | 252 | -1.99 0.86 -2.89 122 / 0.31 1.04
Nb@4N-GR | -3.22 351 / -3.37 -3.46 -0.61 / -1.88
Mo@4N-GR | -1.29 2.16 / -1.29 -1.16 1.44 / -0.86
Ru@4N-GR | 0.35 1.04 / 1.98 2.66 3.95 4.08 /
Rh@4N-GR | 0.94 2.68 4.03 3.59 4.72 4.47 5.37 /
Pd@4N-GR | 252 4.78 5.22 / / / / /
Ag@4N-GR | 1.30 3.50 4.27 3.05 5.15 4.91 / 4.62
Cd@4N-GR | -0.44 2.11 2.95 1.61 2.85 3.49 / 5.41
Hf@4N-GR | -2.70 | -1.96 0.74 -3.02 -1.36 / 0.19 1.02
Tu@4N-GR | -2.46 -2.86 / -3.08 -2.98 -0.25 / -1.45
W@4N-GR | -1.64 2.73 / 215 217 0.67 / -1.74
Os@4N-GR | 0.1 0.39 / 1.20 1.40 3.62 3.55 /
Ir@4N-GR 1.05 2.43 4.16 3.69 4.17 4.65 5.43 /
P{@4N-GR 2.49 457 5.26 / / / /
Au@4N-GR | 2.19 3.94 4.93 3.03 5.03 4.86 / 7.34
Heg@4N-GR | 1.01 3.47 4.39 / / 4.95 /

Scaling relations

In this section we discuss the possibility to gain understanding on the stability of OER intermediates
on SACs based on the analysis of scaling relations. Scaling relations are correlations (often linear)
that allow one to predict the free energies of all the remaining reaction intermediates in the catalytic
cycle. They allow to reduce the complexity of the problem to the determination the activity of a few
or even a single species, while the others are deduced from the scaling relations. Figure 3 shows that
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the formation free energy of the O* and OH*OH* intermediates scale linearly with that of the OH*
species. Interestingly, the plot clearly indicates that the OH*OH* species is metastable with respect
to O*. This becomes more evident when comparing the two correlation curves in Figure S2. OH*OH*
becomes more stable only when the catalyst binds OH* very strongly, i.e. AGon~ < -3.5eV. Of course,
this energy window is not of catalytic interest since the intermediate is too stable and poisons the
catalyst. Figure 4 compares how the Gibbs free energies of formation of OOH* and OH*O* scale
with that of OH*. In this case we see two possible solutions. When AGon= < - 0.5 eV, the O*OH*
species is preferred, while when the binding of OH* becomes weaker, OOH* becomes the most
favourable intermediate, Figure S3. This simple analysis allows one to predict which adsorbate will

form looking at the stability of the first OER intermediate, i.e. the OH* species.

Figure 5 reports a similar comparison. The Gibbs formation energy of the OH* intermediate is plotted
against that of the last step in the reaction, where n! (superoxo), n? (peroxo), and O* O* (di-0xo)
species can form. Figure S4 compares the three correlation curves. When AGowx < - 0.75 eV the most
stable adsorbate is a di-oxo O* O* compound. As the interaction becomes weaker the superoxo
configuration becomes favourable. All adducts are less stable than the separate O> molecule when
AGon= > 1.25 eV. Superoxo and peroxo complexes are always nearly isoenergetic. We observe that
the data are sparse for the O* O* case (R? = 0.69), probably because this adduct shows the largest

structural changes when comparing different SACs.
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Figure 3: Scaling relationship obtained comparing the mono- (OH*) and bi-electronic (O*, OH* OH*) steps

of the OER.
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Figure 4: Scaling relationship obtained comparing the mono- (OH*) and tri-electronic (OOH*, OH*O*) steps

of the OER.
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Figure 5: Scaling relationship obtained comparing the monoelectronic step (OH*) and the oxygen complexes
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Once the analytical functions describing the stability of all intermediates with respect to a specific
one, OH* in this case, have been obtained, it is possible to calculate the reaction barriers assuming to
work at a given applied voltage. Typically, barriers are evaluated at V = 1.23 V, corresponding to the
ideal OER equilibrium potential. The highest barrier corresponds to the overpotential. We repeat that
reaction barriers are evaluated solely considering the thermodynamic stability of the intermediates,

not the transition states, a common approach.

For extended metal or oxide catalytic surfaces, the existence of linear relations makes it possible to
calculate the reaction barriers of each monoelectronic step (*—OH*, OH*—0*, O*—>00H*,
OOH*—0y) as a function of a simple descriptor. The typical descriptor is taken as x = AGox - AGon*
[25]. For each value of x, the highest barrier defines the overpotential (if one assumes to work at V =
1.23 V). Based on the classical scaling relation AGoon* = AGon+ + 3.2 eV [30], two electrons are
needed to pass from OH* to OOH*; the optimal condition corresponds into having an overpotential
equal to (3.2 eV — 1.23V*2e) / 2e = 0.37 V [30]. The potential corresponding to the minimum
overpotential is 3.2 eV / 2e = 1.6 V [30]. The left hand of the volcano occurs when the limiting step
is the desorption of O; from OOH, OOH*—O0>. The right branch is found when *—OH* is the

limiting process.

We did a similar analysis on our database of SACs considering the formation of all intermediates
discussed above. Figure 6 shows the calculated overpotential based on the raw data (solid circles) and
the same obtained from the analytical linear functions extrapolated from the correlations reported in
Figures 2-4. We’ve chosen a descriptor in Figure 6 that can be considered as a generalization of the
common one in conventional catalysts [25,61], i.e. X = AGo*on+on* - AGon+. We have seen above
that the formation of unconventional intermediates leads to new scaling relations, and that they direct
impact the shape of the Gibbs free energy profiles. These, in turn, affect that predicted overpotential.
As expected, the increased number of intermediates and the emerging of new relations leads to a more

complex shape of the volcano curve. Interestingly, if one restricts the analysis to the region close to
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the optimal conditions, i.e. minimum overpotential, the classical scaling relations works in an
acceptable way. This can explain the reason why often classical scaling relations are used to solve
problems of OER on SACs [62-64]. Nevertheless, if one considers a broader window, the picture
changes dramatically. This is particularly evident by analysing the left branch of the plot, where
several systems have a calculated overpotential considerably larger than that obtained from classical
scaling relations. This is due to the fact that this part of the plot is characterized by a determining step
consisting in the release of oxygen from a di-oxo complex, a species that is typically not considered.
Interestingly, at x = 0.35 eV there is a change in the slope due to a change in the limiting process,
from O*0*—02 to n’-0,—0,. We recall that in the classical scheme, the left branch of the plot is
characterized by the release of oxygen from OOH*. This picture is retrieved only when 1.3 eV < x <
1. 5 eV, and not surprisingly the slope of the curve is the same of the classical OOH*—O2 relation.
The right branch of the plot shows a situation where the formation of OH* is the rate determining
step of the reaction. The extrapolation of the minimum value corresponds to x = 1.5 eV, which is not
too different from the minimum value that one obtains from scaling relations of the extended catalysts
(1.6 eV). This small reduction of x results in a reduction of the minimum overpotential to about 0.2

eV, i.e. 0.2 eV lower that the generally accepted value of 0.4 of eV of classical electrocatalysts.

It must be mentioned that some numerical differences could originate from the inherent
approximations adopted. At the same time, the emerging of new scaling relations is clear, and it is
mainly due to the formation of unconventional intermediates, with the consequence that for some
catalysts the expected catalytic activity can be higher. The results also show that the chemistry of
SACs is rather rich and that it is important to include the formation all intermediates if one wants to
describe the reaction profile. We have also seen that changes to the nature of the limiting step of the
reaction leads to linear curves with different slopes, defining specific branches of the volcano.
Therefore, all unconventional intermediates must be included when treating OER on SACs, since

neglecting some species can affect the predictions.
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Further work will be dedicated in future studies to investigate i) the role of the computational setup,
and in particular of hybrid functionals, ii) the generality of the message to other relevant supports

beside N-doped graphene and COFs.
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Figure 6: Calculated overpotential based on the raw data (solid circles, see Table 2) and the same obtained
from analytical functions extrapolated from the correlations found, see Fig.s 3-5 (dashed line). The results for
any extended catalyst obtained by using universal scaling relations considering only the classical OH*, O*,
OOH* species is reported with dotted lines. Different colors correspond to the formation of different
intermediates. The inset shows an enlargement of the region corresponding to the apex of the volcano curve,

which indicates the minimum overpotential required for the reaction.

Conclusions

In this work we performed a computational study of the Oxygen Evolution Reaction on a set of 50
Single Atom Catalysts, consisting of 25 transition metal atoms embedded in two supports, nitrogen-
doped graphene and a covalent organic framework. Based on the calculated stability of both classical
(OH*, O*, OOH*) and unconventional (OH*OH*, O*OH*, n!-0*, 1n%-0.*, and O*0O%)
intermediates we have found a set of linear scaling relations. As a simple descriptor we used the Gibbs
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formation energy of the first species that forms in OER, OH*. This allows one to indirectly predict
stable adsorbates even without performing explicit DFT calculations. Importantly, we found that the
formation of unconventional intermediates leads to classical relations different from those known for
extended heterogeneous catalysts. This results into a different shape of the volcano overpotential
curve, associated with a small reduction of the optimal overpotential by about 0.2 eV from the

classically accepted value of 0.4 eV.

These results not only demonstrate once more the importance of including unconventional
intermediates in the modelling of OER on SACs, but they suggest that it is possible to improve the
catalytic activity thanks to the rich chemistry of SACs. Future studies will be devoted to establish the
role of more demanding computational frameworks to improve the accuracy of the calculated Gibbs
free energies and to investigate the generality of the conclusions by extending the analysis to other
supports. Finally, the findings of this study could be of help for screening studies aiming at identifying
new promising candidates, but for quantitative estimates many other effects should be included in the
simulation framework, such as solvation, applied voltage and pH. Further work will be dedicated to
the calculation of transition state energy for the formation of unconventional intermediates on SACs
to check for the existence of Bronsted-Evans-Polanyi (BEP) relationships. A recent study on Single

Atom Alloys (SAAs) demonstrated that BEP relations can be broken [10.1021/acs.jpclett.8001888].
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