Downloaded via 158.47.219.193 on January 18, 2025 at 20:33:53 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis

Ho®

Superoxo and Peroxo Complexes on Single-Atom Catalysts: Impact
on the Oxygen Evolution Reaction

Luis A. Cipriano, Giovanni Di Liberto,* and Gianfranco Pacchioni

I: I Read Online

Article Recommendations |

0.8{ =Normal path OER
= SUpEroxo @
0.6 ———

Cite This: ACS Catal. 2022, 12, 11682-11691

ACCESS |

ABSTRACT: In this work, we demonstrate the essential role of
the formation of superoxo and peroxo complexes on single-atom
catalysts (SACs), an aspect that is often neglected in the study of
these systems. By means of density functional theory calculations,
we consider a representative set of 11 transition metal atoms (Sc,
V, Ti, Cr, Mn, Fe, Co, Ni, Cu, Pd, Pt) anchored on nitrogen-doped
graphene, and we show that most of them form stable superoxo
and peroxo intermediates when they react with molecular oxygen.
Their formation has a direct impact on the oxygen evolution
reaction (OER), and we develop the corresponding microkinetic
models showing that this step of the reaction cannot be neglected.
Depending on the transition metal atom, the inclusion of the
superoxo/peroxo complexes in the analysis of the reaction profile
can change the kinetics by several orders of magnitude. This work reveals the important role of dioxygen complexes species in the
OER and reinforces the notion of SACs as analogs of coordination compounds.

KEYWORDS: OER, superoxo, peroxo, complexes, DFT, SACs

[l Metrics & More | @ Supporting Information

Reaction coordinate

1. INTRODUCTION

Water splitting is probably one of the most studied catalytic
reactions in recent years. ' With this reaction, water can be
converted into molecular oxygen and hydrogen, that, in turn,
can be used as an energy vector. The thermodynamic cost of
the 2H,O — 2H, + O, process is 4.92 eV. At the cathodic site

of HER is equal to O eV in standard conditions, and
consequently, the cost for OER is 4.92 eV, which is also the
cost for the entire water splitting reaction. Unfortunately, the
energy effectively required for the reaction is higher due to the
presence of overpotentials.

Among the best catalysts for this reaction is platinum.'’ It

of an electrolyzer, the hydrogen evolution reaction (HER)
occurs, 4H" + 4e” — 2H,, while at the anodic site, the oxygen
evolution reaction (OER) takes place, 2H,0 — O, + 4H" +
4e”. HER usually occurs on metals via the formation of an
intermediate characterized by a hydrogen atom adsorbed on
the catalytic site.”® The mechanism of OER is much more
complex and involves the formation of several intermediates.
Usually, it is assumed that OER starts from the formation of an
adsorbed OH group on the catalytic site *; this converts into O
and further to OOH, which finally releases O,” ™’

*+H,0 > OH* + H" + ¢~ (1)
OH" - 0" + H' + ¢~ (2)
0" + H,0 - OOH" + H" + ¢~ (3)
OOH" - O, + *+ H' + ¢~ (4)

Notice that in these reaction steps, adsorbed O, species
(peroxo, 0,>, or superoxo, O,”) are not present, as it is
usually assumed that the above reactions take place at a metal
electrode where these species do not form. The Gibbs energy
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has a nearly zero overpotential for HER and a moderate
overpotential for OER, making the reaction slow. Heard and
Lennox reported an overpotential of 0.46 V measured at 1
mA/cmz!!

A possible explanation for this experimental observation is
based on the fact that the calculated Gibbs energy of the OER
intermediates differs from the ideal value. For instance, the
calculated Gibbs energy cost to form OOH from OH is about
3.2 eV, around 0.8 €V higher than the ideal value (2.46 ev).?

Several studies have been dedicated to the search for novel
catalysts beyond bulk metals, with the aim of minimizing the
overpotential of OER.">™" In particular, great attention has
been dedicated to catalysts with reaction profiles different from
the conventional one, where nonelectrochemical reaction steps
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take place. For instance, the lattice oxygens of perovskite
(ABO,) oxides can take part in the reaction lowering the
overpotential.'®™'® The participation of lattice oxygens with
the formation of oxygen vacancies in the catalytic processes is
common in catalysis, as in the Mars—van Krevelen
mechanism.'”*° Also, surface oxygen atoms can stabilize the
conventional OER intermediates by promoting some rear-
rangement, as demonstrated on RuO, (110) surfaces.”' ~>*

Metal single atoms stably anchored on a support are among
the most studied alternatives to extended metal surfaces for
water splitting.'”**™*” Single-atom catalysts (SACs) are the
bridge between heterogeneous and homogeneous catalysis,
makint it possible to fully exploit the amount of catalytic
sites.”® ! Furthermore, the chemistry of a metal single atom
differs from that of a bulk metal’** and can be tailored by
engineering the local coordination, opening in principle several
possibilities to improve the catalytic activity. The chemistry of
SACs is usually complex and reminiscent of that of
coordination chemistry compounds. Indeed, reaction inter-
mediates that would be unstable on metal electrodes may be
stable on a SAC, with direct consequences on the efficiency of
the process.”* For instance, we recently showed that stable
dihydrogen intermediates form on SACs, at variance with
metal surfaces, with an important impact on the kinetics of the
HER.” Similarly, dioxygen species can form on SACs, giving
rise to superoxo/peroxo complexes. The existence of these
species is well known in coordination chemistry.’*™** It is
enough to mention the formation of the heme—superoxo
complex, responsible for the oxygen transport in the blood.*”*’
On SACs, complexes have been experimentally observed in a
few studies devoted to the oxygen reduction process*"** and
also emerged from computational studies” " where the
elongation of the O—O bond distance was shown to boost the
0, reduction kinetics.** For OER, a common strategy is to
transfer the knowledge from metal and oxides, assuming that
the reaction occurs on SACs via the well-known path OH¥,
O*, and OOH*. Consequently, the formation, importance,
and impact on the kinetics of the process of superoxo and
peroxo complexes have not been emphasized so far and
represent the main messages of this work. It is important to
mention that such species have also been observed on some
heterogeneous catalysts or mixed homogeneous/heteroge-
neous catalysts through the formation of intramolecular oxygen
coupling between two adjacent metal sites.

We will show that (i) the formation of superoxo/peroxo
species on SACs is a thermodynamically favorable event on
several transition metals (TMs), and (ii) when superoxo/
peroxo complexes form, this has relevant implications on the
OER performance so that they must be included in the analysis
of the reaction mechanism. In particular, this second aspect is
of key importance for the correct screening of potentially
interesting catalytic systems based on computational studies.
For this purpose, we performed density functional theory
(DFT) calculations on metal single atoms embedded in
nitrogen-doped graphene, a widely studied catalytic sys-
tem.””*’7>° We have investigated the OER including the
new superoxo/peroxo intermediate on first-row transition
metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu), stabilized in N-
doped graphene, with the addition of Pd and Pt as these are
among the most studied SACs.>"*7 %% Of course, when the
goal of the simulation becomes the experimental design of new
catalysts, one should also consider the relative stability of the
carbonaceous support in operative conditions.

The work is organized as follows. After a brief description of
the computational details, we show that in 7 cases out of 11,
stable superoxo/peroxo complexes form when O, is added to
the system, and we discuss the nature and structure of these
species. Next, we discuss the Gibbs energy profiles for OER
including the new intermediate to demonstrate its importance.
Last, based on a simple microkinetic model, we provide
quantitative estimates of the impact that the formation of the
superoxo/peroxo complexes has on the kinetics of OER. We
finally mention our purpose is not to predict the catalytic
performances of specific SACs but rather to highlight the
importance of the superoxo/peroxo complexes when modeling
OER on SACs.

2. COMPUTATIONAL DETAILS

Spin-polarized DFT calculations have been performed with the
VASP 6.2°'7>° code using the generalized gradient approx-
imation (Perdew—Burke—Ernzerhof (PBE) functional).’*
Dispersion terms have been introduced using the D3 Grimme’s
parametrization.55

The valence electrons treated explicitly are: H (1s), C
(2s,2p), N (2s, 2p), O (2s, 2p), Sc (3p, 4s, 3d), Ti (3p, 4s, 3d),
V (3p, 4s, 3d), Cr (3p, 4s, 3d), Mn (3p, 4s, 3d), Fe (4s, 3d),
Co (4s, 3d), Ni (4s, 3d), Cu (4s, 3d), Pd (Ss, 4d), and Pt (6s,
5d). They have been expanded by a set of plane waves with a
kinetic energy cutoff of 400 eV, whereas the core electrons
were treated with the projector augmented wave approach.”*’
The convergence criteria for electronic and ionic loops were
set to 107° eV and 1073 eV/A, respectively. A S X § X 1
Monkhorst—Pack k-point grid was used.”®

We considered a nitrogen-doped graphene layer where a C
divacancy has been created, four C atoms have been replaced
by four N atoms, and a TM atom has been embedded in this
coordination site, TM@4N-Gr (pyridine coordination). The
supercell of 4N-Gr contains 32 atoms and has lattice
parameters a, b, and y equal to 9.87 A, 9.87 A, and 120°,
respectively.””*” The atomic coordinates have been fully
relaxed for each of the SACs considered.

One problem related to the theoretical description with
DFT of TM atoms with localized orbitals is the self-interaction
error inherent to standard GGA functionals. One possible way
to reduce this problem is to adopt hybrid functionals,”’
although this may imply an increase in the computational
burden. A cheaper alternative consists in the adoption of the
Dudarev’s GGA + U approach,(’l’62 which, however, has the
problem that the results depend on the choice of the U
parameter. In addition, tuning U also implies other effects
related to charge localization. Therefore, the origin of the U
term should be justified. Usually, it can be tuned to fit a
relevant quantity. In the semiconductors’ field, it is possible to
determine U to better reproduce the band gap of the
material.®> In the field of SACs, we found several literature
works"**® adopting U values derived from a study of
Anisimov and co-workers.”® This aspect was discussed in more
detail elsewhere.”” We decided to adopt the same values (see
the SI for the U values). Despite these limitations, besides the
main set of GGA results that will be presented below, we also
performed some test calculations with GGA + U to evaluate
the impact on the stability of superoxo/peroxo species. The
GGA + U results are qualitatively in agreement with the GGA
ones. Some relevant quantitative differences are found in
specific cases, which points to the importance of the choice of
the correct DFT approach for accurate predictions of the
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catalytic activity of SACs. This depends on the number of
unpaired electrons associated with a specific SAC. This is an
important warning when screenings of potential candidates for
OER are done based on large sets of systems investigated at
the GGA level.”” The conclusions could be substantially
different using hybrid functionals or the GGA + U approach.
Nevertheless, for the purpose of this work, i.e., demonstrating
the importance of the formation of the superoxo/peroxo
complexes, the use of GGA or GGA + U methods is less
relevant as this impacts the absolute values of the energy terms,
not the general trends, see Table S1. Addressing this aspect
goes beyond the purpose of this study, and for this reason, the
discussion reported below is based on GGA results only,
keeping in mind that a comparison of different approaches is
needed for a quantitative study of SACs in OER.

3. RESULTS AND DISCUSSION

3.1. Structure and Stability of Superoxo/Peroxo
Complexes. The formation of superoxo and peroxo
complexes on SACs is not a rare event. We adsorbed
molecular oxygen on the 11 SACs described above, and we
considered two possible isomers, “end-on” (1') or “side-on”
(7%), according to classical inorganic chemistry textbooks,
Figure 1.5

R> R,

R4

(a) TM-n1-O2@4N-Gr (b) TM-n2-O2@4N-Gr

Figure 1. Oxygen complexes on TM atoms embedded in N-doped
graphene, TM@4N-Gr. (a) “end-on” and (b) “side-on” oxygen
complexes.

The adsorption Gibbs energy has been computed with
respect to molecular oxygen (O,) and the free catalyst (TM@
4N-Gr, labeled as *)

*+0,- 0" )
AE,_o, = Eq» — (Ex + Eoz) (6)
AZPE,;_o = ZPEq+ — (ZPE, + ZPE, ) )
TAS,»_o, = T(So,* = (Sx + So,)) = =TSy, = —0.64 €V

(8)

AGVI"—OZ = AE;]“—OZ + AZPE,,n_O2 - TASW"—OZ (9)

Full details related to entropic and zero-point energy terms can
be found in the SI Please note that the vibrational entropy of
solid-state species is neglected, and this leads to uncertainties
in the Gibbs energies as high as 0.2 eV, see the SI, which is
comparable with the typical error of DFT energies.

R. E. Berry demonstrated that several transition metals form
complexes with O,, and many of these complexes form
reversibly.”® The structure of these compounds is usually
evaluated by single-crystal X-ray crystallography. Moving to
our results, in seven cases, energetically stable complexes form,
see Table 1. The binding energies show a great variability; Sc,
Ti, V, and Cr form extremely stable complexes, with a Gibbs
energy of more than 1 eV; Mn, Fe, and Co bind O, more
weakly. Interestingly, the reactivity of Fe@4N-Gr reminds that
of porphyrin-based adducts.””~”" Transition metal atoms at the
right of the periodic table (Ni, Cu, Pd, and Pt) do not form
adducts with O,.

The relative stability of #' and 7> complexes varies
substantially depending on the TM atom, Table 1. On Sc,
only the side-on (17*) complex forms; side-on is also the
preferred form for Ti and V. On Cr and Mn, the #' and #*
complexes are nearly isoenergetic, while the end-on (')
complex becomes the ground state structure on Fe and Co.
This trend is well illustrated in Figure 2 where the energy
difference between the two possible configurations,
AE(n*—n'), is plotted versus the TM atom.

1.5
1.0:
0.5:
_ 0.01
& J
= -0.54
LLI -
< -1.04
-1.54
-2.0

/eV

Ti \ Cr Mn Fe Co

Figure 2. Energy difference between the two possible superoxo/
peroxo configurations, AE(* — '), formed on TM@4N-Gr (TM =
Ti, V, Cr, Mn, Fe, and Co).

Moving to structural aspects, Table 1, the O—O bond
distance is elongated by 5—6.5% with respect to O, (1.23 A) in
1'=0, complexes and by about 10—20% in 7*—0, complexes.
Our values can be compared with available data for other
dioxygen adducts. Armillotta et al. characterized dioxygen

Table 1. Structural Parameters of #'-O, and 7°-O, Complexes on TM@4N-Gr*?

TM-5'—0,@4N-Gr

TM-1*—0,@4N-Gr

™ dnm R, R, a AE AG
Sc

Ti 2.06 1.73 1.31 178.95 -3.14 —-2.50
\' 2.02 1.69 1.30 179.03 —-2.93 —-2.29
Cr 1.97 1.77 1.31 126.07 —1.64 —1.00
Mn 1.95 1.82 1.30 118.62 —0.91 —-0.27
Fe 1.92 1.77 1.29 120.66 —1.01 -0.37
Co 1.91 1.87 1.29 118.07 —-0.85 —-0.21

™ dnorm R, R, a AE AG
Sc 2.18 2.02 1.41 40.66 —3.20 —2.56
Ti 2.08 1.84 1.46 46.66 —4.80 —4.16
\% 2.06 1.82 1.48 47.97 —3.68 —3.04
Cr 2.02 1.84 143 45.79 -1.77 -1.13
Mn 2.01 1.84 1.41 45.04 —0.98 —0.34
Fe 2.00 1.85 1.39 44.14 —0.61 0.03
Co 1.97 1.90 135 41.67 0.27 0.91

“R, and R, correspond to the TM—0, O—O bond distances (in A) in the complexes and a to the angle, see also Figure 1. bAdsorption energies and

free energies, AE and AG, are reported in eV.

11684

https://doi.org/10.1021/acscatal.2c03020
ACS Catal. 2022, 12, 11682-11691


https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03020/suppl_file/cs2c03020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03020/suppl_file/cs2c03020_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.2c03020/suppl_file/cs2c03020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.2c03020?fig=fig2&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.2c03020?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

wociorn apeion

(a) TM-OH@4N-Gr

(b) TM-O@4N-Gr

(c) TM-OOH@4N-Gr

woclonn asscoms

(d)TM-n1-O2@4N-Gr

€)TM-n2-02@4N-Gr

(HTM@4N-Gr + O2

Figure 3. Structures of OER intermediates on a TM atom embedded in N-doped graphene (TM@4N-Gr). (a) OH, (b) O, (c) OOH, (d) n'-0,,

(e) 7*=0,, and (f) O, release.

species in a cobalt 2D metal-organic frameworks,”” finding that
a 7'=0, complex has a Co—O distance of 2.2 A, an O-0
bond of 1.27 A, and a Co—0-0 angle of 118°. These values
are consistent with our findings for Co, see Table 1. As already
mentioned, the Fe—O, complex has been widely studied in the
past, in particular the Fe-porphyrin derivatives,”' myhoglo-
bin,*7° _heme—and—homo—proteins,73’74 tetra-N-heterocyclic-
carbene,”® and tetraamido macro-cyclic ligands.”® In these
studies, the Fe—O bond distance spans from 1.80 A to 1.87 A,
the O—O one from 1.24 A to 1.34 A, and the Fe—O—O angle
from 118° to 125°. These values are in line with our findings
for Fe@4N-Gr, Table 1, and Figures S1, S2. Therefore, stable
superoxo/peroxo species can form on SACs with structural
characteristics similar to those of the corresponding inorganic
complexes. 7' and 7> complexes display relevant differences.
The analysis of O—O bond distance (R, in Table 1) indicates
that n' complexes have a superoxo character, and 7n*
compounds are peroxo species. This is further corroborated
by the analysis of spin density and states, see Figure S4, where,
as expected, peroxo species do not have unpaired electrons,
differently from superoxo ones having residual spin density
associated with approximately one unpaired electron.

3.2. Implications of Superoxo and Peroxo Complexes
for OER. In this section, we discuss the implications that the
formation of superoxo/peroxo intermediates has on the OER.
We evaluate the Gibbs energy reaction profiles assuming that
the OER reaction proceeds via the three monoelectronic steps
reported in eqs 1—3; then, we introduce the additional
electrochemical step corresponding to the formation of the
superoxo/peroxo complex (O,*), eq 10, followed by O,
release (nonelectrochemical), eq 11

OOH* - O, + H' + &~ (10)

0, =™ +0, (11)

It is worth mentioning that other paths are possible for OER
on SACs. These imply the formation of other intermediates
than those reported in eqs 1—3, like for instance a TM(OH),
complex where two hydroxyl groups are simultaneously bound
to the active center.”” However, for the purpose of this work,
considering the most common path is sufficient; Figure 3
shows the side view of the atomistic structure of the
intermediates involved in the OER. The computed Gibbs
energy for each intermediate, Table 2, has been obtained using
the set of equations reported in Section 2 of the SI. Given that
the bond strength of O, is not properly reproduced at the PBE

Table 2. Adsorption Gibbs Energy of OH, O, OOH, and O,
Complexes on TM Atoms Embedded in N-Doped
Graphene, TM@4N-Gr (AG, in eV)“

TM  AGoyw AGo  AGoow AGjo, AGpo  AG,
Sc —318  —200  -226 292 0.00
Ti —3.33 —4.59 —4.66 —-2.86 —4.53 0.00
\% —262  —439  —452 —2.65 341 0.00
Cr —-1.27 —2.54 —0.41 —1.36 —-1.50 0.00
Mn  —060 —141 0.4 —0.63 -0.71 0.00
Fe —056 =097 005 -0.73 —0.34 0.00
Co —0.15 018 0.64 —0.57 0.54 0.00
Ni 0.87 1.59 1.31 0.00
Cu 0.73 1.70 1.28 0.00
Pd 1.20 223 1.65 0.00
Pt 131 2.04 1.56 0.00

“Values are calculated at V = 1.23 V (see text).

level, this would lead to an incorrect estimate of the overall
OER Gibbs energy. A possible strategy to overcome this
problem is to adopt the experimental reference value, 4.92 eV.
Values are reported assuming to apply a voltage V = 1.23 V.
Figure 4 shows the Gibbs energy profiles for the OER, where
the most stable complex (side-on or end-on) is reported for
each SAC. In some cases, Cr, Mn, Fe, and Co, the inclusion of
the step in eq 10 implies the appearance of an additional
reaction barrier. The release of O, from the OOH intermediate
is exergonic for Fe, Mn, and Co, and nearly exergonic for Cr, if
one neglects the superoxo/peroxo complex formation, but this
is no longer the case if one includes superoxo/peroxo
formation. For Sc@4N-Gr, the formation of the complex
implies an increase in the reaction barrier for O, release, while
for Ti@4N-Gr and V@4N-Gr, the formation of the complex
results in an intermediate with Gibbs energy between that of
the OOH complex and the O, desorption step. This shows
that the energy profiles can change substantially when the
formation of the superoxo and peroxo species is considered
explicitly. A further proof of the large changes in the reaction
Gibbs energy profiles can be obtained by evaluating the
maximum reaction barrier (77) as a function of the applied
voltage V. In reactions characterized only by electrochemical
steps, the value of V at which # = 0 corresponds to the limiting
potential. It is important to mention that, when considering
superoxo/peroxo complexes, the last step (eq 11) does not
involve electron exchange and thus is voltage-independent. If
the complex is more stable than the free oxygen molecule, a
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Figure 4. Gibbs energy profiles for the OER (a) Sc@4N-Gr, (b) Ti@4N-Gr, (c) V@4N-Gr, (d) Cr@4N-Gr, (e) Mn@4N-Gr, (f) Fe@4N-Gr, and
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Figure 5. (a) Two-dimensional volcano plot for the OER reaction (at V = 1.23 V) based on the formation of the MOH intermediate (simple
microkinetic model, see text); the solid line corresponds to the analytic solution of eq 16; the DFT computed values for Cr, Mn, Fe, and Co are
reported and lie along this analytical curve; (b) three-dimensional volcano plot for the OER reaction assuming the formation of a superoxo/peroxo
complex (new microkinetic model proposed here), eq 17. Color meaning: red, high activity; blue, low activity. When log(v/v,,.,) <—30 (extremely
low activity), the color is black. In the two plots, we reported intermediates with AG, and AG, between —2.0 and 2.0 eV.

positive barrier will always be present. Table S6 reports the
maximum applied voltage at which the inclusion of superoxo/
peroxo complexes implies reaction barriers lower than or equal
to those obtained neglecting the formation of the complexes.

The analysis of the Gibbs energy diagrams allows us to draw
some qualitative conclusions in terms of limiting steps,
favorable or unfavorable process, etc. However, quantitative
estimates can be provided only by accounting for microkinetic
models including the formation of the additional intermediate.
In the last section, we address this aspect by providing a
comparison of two simple kinetic models, with and without the
presence of superoxo/peroxo complexes.

3.3. Microkinetic Modeling. In this section, we construct
a simple microkinetic model based on the Butler—Volmer
formalism to take into account the formation of the superoxo
and peroxo complex. We would like to stress that the main
purpose is simply to demonstrate the impact of considering
superoxo/peroxo complexes on the kinetics of the reaction. Of
course, modeling the reaction kinetics requires more accurate
models that include the kinetic barriers. Here, we adopt the
Norskov approach in which the reaction barriers different from

those of thermochemistry are neglected. This model was very
successful over the years.”®” The typical OER pathway
implies the formation of three intermediates (OH, O, OOH)
and follows eqs 1—4. This gives rise to three equations to
describe the respective reaction rates

—pAG,/k -p#)AG,/k
v = k@ PAGRT ) =k @pe RGBT ()

VZ — kz@OH*e_ﬂAGZ/ka V_Z — k_2®o*e(l_ﬂ)AG2/ka
(13)

V3 — k3®0*e_ﬂAG3/ka V_3 — k_3®00H*e(1_/j)AG3/ka
(14)
Here AG,, AG,, and AG; are the free energies associated with

the steps reported in eqs 1—3. The velocity of the overall
reaction is

b, = k4®OOH*e(1—ﬂ)(AG1+AGZ+AG3)/ka (15)
assuming to work at the ideal applied potential V' = 1.23 V and

pH = 0. The problem depends on three different variables (see
the SI) associated with the stability of OH, O, and OOH
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Table 3. Calculated Activities of SACs Obtained Without and With Inclusion of the Formation of a Superoxo/Peroxo Complex

in the Kinetic Model™?

without superoxo/peroxo

with superoxo/peroxo

log(vy)
Sc@4N-Gr —79.83
Ti@4N-Gr —83.63
V@4N-Gr —65.63
Cr@4N-Gr —31.41
Mn@4N-Gr —14.43
Fe@4N-Gr —-13.42
Co@4N-Gr -3.03

1°g(V2) v/ vy
—74.55 1.91 x 10°
—85.03 3.98 x 1072
—-75.31 2.09 x 1071°
—22.50 8.13 x 10®
—8.69 5.50 x 10°
—8.59 6.76 x 10*
—-0.79 1.74 X 10*

“In both cases, the maximum corresponds to log(v) = 0. “The last colon reports the ratio of the two velocities and provides a measure of the

increase or decrease in the predicted activity.

intermediates. If we impose the scaling relationships for O*
and OOH*,>”* everything becomes dependent on the Gibbs
energy of the OH intermediate, and the problem reduces to
one dimension. The scaling equations have been taken from
seminal works of Koper’s and Calle-Vallejo’s groups (see the SI
for full details).””*” Some evidence has been reported recently
for SACs as well.”" Similar results are obtained with only minor
numerical changes by imposing the coeficients from the
scaling relationships obtained from our dataset, see Table S8.
Also, the shape of the volcano curves and the position of the
maxima remain the same. Applying the steady state
approximation for each intermediate, one can solve a system
of four equations and obtain the following solution at the
applied voltage V = 123 V

Yy = [e14.23+0.5AG1/ka]/[1 4 22846 | 5 1423+AG /KT

1423+2AG, /k,T 28.46+AG, /k,T 28.46—AG, /k,T

+ e + 2e + e
+ e28.46+2AG1/ka] (16)

This allows us to obtain the volcano plot reported in Figure 5a,
where the ideal situation corresponds to AGoy =0 eV at V =
1.23 V. One must consider that we are assuming to work under
an applied voltage of 1.23 V; therefore, the optimum OH*
Gibbs energy is AGoy = 1.23 eV, which is rather similar to the
1.4 eV value reported by Zhang et al that used experimentally
fitted binding energies to study the kinetic problem.*” If one
takes into account the superoxo and peroxo complex
formation, an additional intermediate must be included in
the set of equations, with a Gibbs energy AG, (eq 10), giving
rise to the following solution

— el4.23+O.SAGl/ka+0.5AG4/ka/(1 + eAG4/ka

2846—AG,/T+AG/kT | 2846+AG,/kT

+

+
42.69-0.5AG, /k,T+AG,/k,T

2846+AG /K T+AG /T | 1423+05AG /kT+AG,/k,T

4 (BA6TOSAG, /KT

+ 2e
4 28A6HAG/ I T+0SAG, /KT

+

1423+2AG,/k,T+0.5AG, /k,T 1423+AG,/k,T+0.5AG, /k,T

42.69+0.5AG,/k,T+AG,/k,T

+ e
+ e
+ e
+ e
+ e
+ 28464206,/ T+0.5AG, /k,T

e42,69+1,5AG1/ka+AG4/ka)

(17)

The full derivation of both models can be found in section S3
of the SI. Interestingly, also this equation results in a volcano
plot, which, however, is now three-dimensional (3D) since it
depends on two variables, AG; and AG,. The maximum is
characterized on one hand by the same AG, of the previous
model (AG, = 1.23 eV at V = 0V), implying that the optimum

stability of OH, O, and OOH is the same. On the other hand,
the superoxo/peroxo complex should be slightly more stable
than a free O, molecule but not too strongly bound to avoid
the necessity to overcome a large barrier for O, desorption, see
Figure SS. According to eq 17, the optimum condition
(corresponding to the apex of the volcano plot) is located
sharply in one direction, AG; = AGgy = 0 eV at V=123V
(Figure Sb), and the other direction of the plot shows a large
range of AG, values around = —1.0/—1.2 eV. Considering that
a value of AG, = —0.74 eV would imply a superoxo/peroxo
complex isoenergetic to an isolated O, molecule, the top of the
3D volcano plot corresponds to have a superoxo/peroxo
complex weakly bound to the catalyst. The more negative is
AG,, the more strongly bound is the superoxo/peroxo adduct,
with consequent negative effects on the kinetics. It must be
said that the kinetic models have the purpose of providing an
indication of the impact of superoxo and peroxo species given
the number of approximations intrinsic to the approach, while
for quantitative estimates, one should include several other
effects such as solvent and pH.

It is then possible to compare the calculated velocities with
the two models, without and with the formation of the
complex. To do so, each volcano plot is constructed by
plotting log(v/V,,,,), where v, corresponds to the apex of the
volcano plot. In this way, the maximum of the function is equal
to zero, and the more negative is log(v/vn,,), the lower the
catalyst activity. Using the classical model (no superoxo/
peroxo complex), Co@4N-Gr is expected to be active, Mn and
Fe show weak activities, and the remaining SACs, Sc, Ti, V,
and Cr are predicted to be inactive, due to the high stability of
some intermediates, Table 3. When the complex is included in
the model, the most active SAC is still Co@4N-Gr, and the
predicted activity increases by about a hundred times, see
Table 3. Even larger is the effect of the formation of the
superoxo/peroxo complex for Sc@4N-Gr, Cr@4N-Gr, Mn@
4N-Gr, and Fe@4N-Gr catalysts since the activity increases by
four to eight orders of magnitude. On the contrary, for Ti@
4N-Gr and V@4N-Gr, the activity is expected to deteriorate
(by two and ten orders of magnitude, respectively). Thus, great
changes are expected in the kinetics of the process when the
formation of the new intermediate is considered. Let us
mention once more that the goal of this work is not to provide
an accurate estimate of the best catalyst for OER but simply to
establish the impact of the formation of a superoxo/peroxo
complex. Several effects are not considered here (solvent effect,
role of the functional, role of pH, etc.),*** so the values
reported in Table 3 should be considered as crude estimates.
Neglecting the formation of these species is yet another
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approximation that can lead to highly inaccurate predictions of
the activity of a given SAC. One last consideration is the effect
of the adopted functional. Table S7 reports the same values
obtained with the PBE + U functional. As expected, there are
sizeable changes in the reaction rates when comparing PBE
and PBE + U, but most importantly, there are very large
differences in the predicted rates if one neglects the formation
of superoxo and peroxo complexes at both levels of theory.
This corroborates the findings on the importance of superoxo/
peroxo complexes, and suggests that one should adopt self-
interaction corrected functionals, such as hybrid functionals, to
provide accurate data to be compared with experiments.

4. CONCLUSIONS

We have studied the OER on single-atom catalysts consisting
of TM atoms incorporated in nitrogen-doped graphene (TM@
4N-Gr) by means of density functional theory. The novelty of
the study lies in the fact that we explicitly considered the
possible formation of end-on (superoxo) or side-on (peroxo)
complexes before the O, molecule desorbs from the catalyst.
Surprisingly, this step is neglected in the commonly reported
theoretical analyses and screenings of reactivity of SACs in
OER based on the fact that this species is not observed on
metal surfaces, and the classical mechanism for OER,
formulated for metal electrodes, does not include this
possibility. However, the fact that stable superoxo/peroxo
complexes form on coordination compounds is well known,
and it is described in detail in coordination chemistry
textbooks.

Studying the structure, stability, and electronic properties of
the complexes on a series of SACs, we found that they form in
most of the cases examined, providing another evidence of the
strong analogies existing between SACs and transition metal
complexes. The next step has been the analysis of the impact
that the formation of this new intermediate has on the kinetic
of the process.

To this end, we first determined the Gibbs energy profiles
for the various SACs where a superoxo or peroxo complex
forms, and then we developed a new microkinetic model to
account for this additional step in the reaction. The results
show that the complexes affect the predicted activity in a non-
negligible way; the effect can be beneficial or detrimental
depending on the nature of the transition metal, but it can
result in changes of several orders of magnitude in the expected
reaction rate (both increase and decrease are possible with
respect to the classical model where superoxo is not
considered). Once established the important role of superoxo
and peroxo species, further work will be dedicated in the future
to understand if the Gibbs energy can be rationalized in terms
of scaling relations with the Gibbs energy of conventional
intermediates. Indeed, some interesting correlation seems to
exist between superoxo/peroxo complexes and OH* inter-
mediates but with different features, as reported in Figure S6.
The understanding and unveiling of such relations could help
to simplify the problem. This requires searching for general
rules and exploring a sufficiently large set of data.

The scope of the work is thus not to provide predictions for
particularly active SACs for OER but just to underline the fact
that the classical model that works well for metal electrodes
should be used with care when transferred to the study of
SACs. Our analysis clearly shows that studies of new catalysts
that do not include the possible formation of superoxo and
peroxo species could result in largely inaccurate predictions of

the catalytic activity. This is just another contribution showing
that the chemistry of SACs is closer to that of coordination
compounds than of conventional solid catalysts. Finally, we
remark that the presented results are obtained by neglecting
other parallel reactions that under working reactions could
involve the supporting matrix. In addition to pH and solvent
effects, one should also consider this effect to improve the
modeling approach.
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