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Abstract

Single-atom catalysts (SACs) are heterogenous catalysts with
elements in common with coordination compounds. We
discuss some fundamental elements required for the suc-
cessful computational modeling of SACs for electrocatalytic
applications. The first two aspects are the role played by the
exchange-correlation functional adopted within a given DFT
approach and the role of the local coordination of the active
transition metal atom. Next, we discuss new intermediates that
can form on SACs and that are not present on extended metal
electrodes and how to model solvation, with particular
emphasis on the fact that on SACs water can not only act as a
solvent but also as a ligand. Finally, we discuss challenges
related to the inclusion of pH and voltage in the models and
some open issue concerning the rational design of new SACs.
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Introduction

Single-atom catalysts (SACs) bridge the fields of ho-
mogeneous and heterogeneous catalysis [1,2]. A SAC
consists of atomically dispersed transition metal (TM)
atoms embedded in a solid matrix [3]. Therefore, SACs
belong to the class of heterogeneous catalysts where the

amount of precious metal used is minimized, and the
local coordination can be controlled at atomistic level, as
in homogenous catalysts. The attention toward SACs is
triggered by various reasons, including the possibility to
increase selectivity by playing with the local environ-
ment of the active sites [4,5].

SACs have been successfully used in electrochemical
processes of interest for the energy transition, such as
the hydrogen evolution reaction (HER), the oxygen
evolution reaction (OER), the CO; reduction reaction
(COzRR), and nitrogen fixation. [6—10]. Ab initio sim-
ulations represent a powerful tool to help
understand and rationalize the reactivity of these sys-
tems, often making use of concepts derived from clas-
sical coordination chemistry [11—13].

In this work, we will briefly discuss some fundamental
aspects that need to be taken into account to perform
reliable simulations of SACs for electrochemical appli-
cations. Some of these aspects, although essential, are
often neglected in many of the simulation studies re-
ported in the literature. The points that we want to
address are: (1) the prediction of catalytic activity of a
SAC can critically depend on the level of theory used,
such as the nature of the exchange-correlation func-
tional. (2) The coordination and structure of the active
site need to be known with atomic precision in order to
be able to compare theory with experiment. Compari-
sons are frequently done for experimental systems that
are not fully characterized, although the chemistry of
SAG:s is very sensitive not only to the TM but also to its
surrounding. (3) All potential intermediates need to be
considered to study the reaction mechanisms; neglect-
ing some intermediates because these do not form on
metal surfaces can lead to completely different reaction
paths. (4) Electrochemical reactions occur in water and
solvation can, in principle, affect the thermodynamics
and the kinetics of the reaction. The solvent can also act
as a ligand, competing with reaction intermediates to
bind to the active site. (5) Finally, we will discuss future
challenges such as the inclusion of important effects in
the simulation of pH and voltage, and the importance to
define reliable descriptors of the catalytic activity for the
rational design of new SACs.
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Role of the method: the exchange-
correlation functional

Simulation of SACs is based on density functional theory
(DFT) and plane waves codes with periodic boundary
conditions. The simulation cells must have an accept-
able size to avoid spurious effects due to lateral inter-
action between reactive species [14], and the choice of
the exchange-correlation functional is crucial [15]. The
large majority of studies are based on the Generalized
Gradient Approximation (GGA), with a clear preference
for the Perdew-Burke-Ernzerhof (PBE) functional [16].
GGA functionals have intrinsic inaccuracies due to the
self-interaction error [17]. The issue can be solved by
using self-interaction corrected functionals, such as the
hybrid functionals, where a given fraction (o) of the
exact Fock exchange is added to the formulation of the
functional. ol can be determined in a self-consistent way
or by fitting some quantities [18]. Three relevant ex-
amples are the B3LYP [19] PBEO [20,21], and HSE06
[22,23]. The latter is a range-separated hybrid, allowing
to further improve the description of the electronic
structure [24]. Hybrid functionals are computationally
more demanding and often this makes the computa-
tional effort out of reach. A pragmatic way to overcome
this limitation is to adopt the DFT+4U scheme, where
an ad hoc correction is added to the GGA functional on
specific orbitals of certain atoms. The critical aspect is
the choice of the U parameter. Nevertheless, often
DFT+U allows to reconcile GGA calculations with hy-
brids with nearly zero-additional costs.

An example of the superiority of hybrid functionals was
reported by Patel et al. [25] who showed that, for Cu-
modified covalent triazine framework catalysts, the
DFT thermochemistry estimates with hybrid func-
tionals are close to those obtained with high-level
Coupled Cluster Single-Double (Triple) reference cal-
culations, Figure 1. On the contrary, GGA-based func-
tionals provide less accurate results [25]. Also, the
PBE+U approach has been tested; although the
predicted errors (up to 0.5 eV) are smaller than those for
GGAs, it was concluded that some care is necessary with
PBE+U since the deviations are not systematic.

Recently, we showed that PBE+U allows to improve the
PBE Gibbs free energies of HER and OER in-
termediates compared with the PBEO ones [26]. This is
true, in particular, for SACs exhibiting a magnetic
ground state with unpaired electrons localized on the
TM atom. As an example, we discuss the cases of Mn
and Ni atoms embedded in nitrogen-doped graphene
(4N-Gr) and their activity in HER. Here, the quantity
of interest is the H adsorption free energy, AGy. For
Ni@4N-Gr, AGy is virtually the same at PBE (1.72 V),
PBE+U (1.70 eV), PBEO (1.73 eV), and HSE06
(1.73 eV). This is due to the fact that Ni in this coor-
dination assumes a closed shell configuration. Mn@4N-

Figure 1
a
Cu/CTF(6N)
b
3.0 I BEEF-vdW
= RPBE-D3(BJ)
= 25 1 PBE-D3(BJ)
L 20 B B3LYP-D3(BJ)
P I PBEO0-D3(BJ)
g = EEE HSE06-D3(BJ)
G 1.0 EEE DLPNO-CCSD(T)
()]
£ 05
2
& 0.0
-0.5
-1.0
*OOH "0 *OH *H,0
(o]
07
> -
Los6
(@]
-
505
Q
5 04
?
203
<
£02
(0]
= 0.1
o N N N N N N
~G 8 @ ) ® S\
e Sy ENGPS ) B} 9] by
o 3?36 oe° o ° 9660 \,\5?,06
Current Opinion in Electrochemistry

(a) Structure of the catalyst; (b) and (c) the performance of different DFT
functionals against the reference CCDS(T) calculations. Reproduced with
permission from Ref. [25].

Gr, on the contrary, with a magnetic ground state, ex-
hibits substantially different AGy values going from
PBE (0.45 ¢V) to PBE+U (0.97 eV), as well as hybrid
functionals PBEO (1.00 eV) and HSE06 (1.01 eV).
Needless to say, a AGyy of 0.5 eV or of 1 €V corresponds

Current Opinion in Electrochemistry 2023, 40:101343

www.sciencedirect.com


www.sciencedirect.com/science/journal/24519103

to completely different predictions in terms of cata-
lyst activity.

The message is that if predictions have to be made
about a new catalyst, these need to be verified against
different types of exchange-correlation functionals, in
particular, using hybrid or DFT+U approaches when
higher-level treatments (coupled cluster, configuration
interaction, etc.) are not possible.

Role of the local structure

The local coordination around the metal atom is of
primary importance in determining the reactivity of
SAGCs. The paradox is that the surrounding of the 'TM
atom (the active site) can be as important as the nature
of the metal. This has been shown recently in a simple,
yet convincing computational experiment [27]. A
nitrogen-doped graphene scaffold has been chosen to
embed 24 TM atoms. These ideal systems have been
checked toward the HER, where a common proxy of the
reactivity is the free energy of H adsorption, AGy:

H +e 4+ % - H* (1)

This is a part of the Computational Hydrogen Electrode
(CHE) approach [28—30]. If AGy is close to zero, the
catalyst is expected to have high activity; when AGyy is
too low (AGy << 0) or too high (AGy >> 0), the
catalyst is predicted to be inactive. Not surprisingly, by
changing the TM atom, one obtains a broad spectrum of

Figure 2
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H adsorption free energies from —1.14 eV (Hf)
to +2.17 eV (Au), with Co exhibiting the highest ac-
tivity, AGyy = 0.1 €V, as shown in Figure 2. Interestingly,
a qualitatively similar result can be obtained by keeping
fix the metal atom, for example, Pt, and changing the
neighboring atoms. The first neighbors to the TM have
been replaced by C or O atoms, and all possible per-
mutations of the four neighboring N, C, and O species
have been generated. With these sets of model catalysts,
AGYy varies from —1.60 €V to +1.54 eV, with a change of
about 3 eV, and the same range is obtained by varying the
TM atom, as shown in Figure 2 [27].

Besides the local coordination, the oxidation state of the
SAC is a key aspect for the catalytic activity. Lopez and
co-workers showed that the reactivity of a Pt@CeO;
SAC is driven by the coexistence and interconnection of
different possible charge states of the metal [31].

The main techniques to identify the nature of a SAC are
X-ray adsorption spectroscopy for the determination of
the charge state of the metal, as well as extended X-ray
absorption fine structure (EXAFS) spectroscopy for the
identification of the coordination of the metal atom
[32]. Combining infrared spectroscopy and thermal
desorption spectroscopy of adsorbed probe molecules
with DFT calculations provides a powerful tool to
identify the actual coordination of a SAC [32,33].

The computational results reported above show that the
atomistic identification of the structure of the active
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Top: Gibbs free energy (AGp) of H adsorbed on transition metal (TM) atoms stabilized in N-doped graphene, TM@4N-Gr. Bottom: Gibbs free energy of H
adsorbed on Pt stabilized in N-doped graphene where C and O atoms are replacing some of the N atoms, Pt@XCYNZO-Gr. Adapted from Ref. [27].
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phase of SACs is of primary importance to compare
theory with experiment. Changing also a single neigh-
boring atom can produce substantial changes
in reactivity.

Classical reactions intermediates vs
unconventional adducts

SACs form intermediates that do not commonly exist on
extended metal electrodes. The formation of these
“non-classical” intermediates, which are not considered
in the classical reaction paths of HER, OER, CO;RR,
etc., has been highlighted only recently [34,35] and can
be considered a direct consequence of the similarity of
SACs with TM complexes. Their formation can radically
change the reaction path and profile.

A relevant example is that of HER. As we mentioned
above, a simple descriptor to model HER on a catalyst is
the Gibbs free energy of an adsorbed hydrogen atom
(H*). According to this model, a good catalyst of HER,
as Pt, binds H* not too strongly nor too weakly to the
catalyst (AGy = 0.1 eV) [28]. Based on this assump-
tion, hundreds of theoretical papers have been
published in recent years where the screening of optimal
catalysts for HER has been performed. However, the
assumption is correct if the HER occurs on the surface
of a metal electrode, where only H atoms, and not
dihydrogen complexes, exist. Things on SAGCs
may differ.

Back in the 1980’s, Kubas and Crabtree demonstrated
that some metal complexes are able to bind two
hydrogen atoms, forming dihydrogen complexes [36,37].
The distance between the two hydrogen atoms is an
indicator of the residual strength of the H—H bond, and
one can identify two families, dihydrogen
complexes (H,*), where an activated H,; molecule is
coordinated to the metal center, and dihydride ones,
H*H*, characterized by a complete H—-H
bond breaking.

In a similar way, dihydrogen complexes can form on
SACs, Figure 3, and they should be accounted for in
order to provide reliable estimates of the catalytic ac-
tivity [34]. In fact, when these species form, the ki-
netics of the reaction is affected. This has direct
implications on screening studies of new SACs, since
neglecting the formation of a stable species can alter
completely the prediction of the catalyst activity.
Similar results have been shown for the OER [12,13].

Role of solvent

Electrochemical processes occur in water. Solvation is
challenging for computational chemistry, because this
implies an additional computational effort and an in-
crease in complexity of the model used. The formation

Figure 3
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Classical H* and unconventional H,* intermediates of HER on Co-based
SACs: (a) a nitrogen-doped graphene; (b) MoS, [34].

of a solid/water interface and the intrinsic fluxional
behavior of water are not trivial to model.

Several possible schemes have been proposed to mimic
solvation. The simplest approach consists in including
the solvent implicitly, as in the polarizable continuum
model [38]. This method offers a handy way to account
for solvation effects, but at the same time, it misses
important aspects, such as the local interactions and the
directionality of hydrogen bonding.

Solvent molecules can be treated explicitly at the DFT
level in the simulation box. In this case, one can adopt
different frames to mimic the behavior of water. A
widespread approximation is to use a static water bilayer
as a representative structure of the solvent [39]. This
requires only static calculations and implies the inclu-
sion of a number of water molecules without large
computational costs [40]. However, the model is quite
rigid, and one needs to adapt it to the simulation cell,
implying some strain that could lead to spurious effects.
Despite some limitations, this method has been rather
successful and often very insightful [40,41]. Recently, a
related scheme was proposed that approximates solva-
tion by just a few water molecules surrounding the
reactive species of interest. This approach, named
microsolvation, often provides estimates of solvation
energies close to those obtained using the static water
bilayer. It is remarkable that this can be obtained by
using only three water molecules, thus with a small
computational cost [42].

Current Opinion in Electrochemistry 2023, 40:101343
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To include statistical effects and to sample the solvent
configurational space, ab initio molecular dynamics
simulations are needed. This provides a more complete
treatment of the complex picture of solvation but is also
computationally very intensive [43,44].

When dealing with SACs, one must consider another
important role played by the solvent. Water molecules
can not only solvate the system but also act as ligands
that bind directly to the SAC and compete in bond
strength with the reactive species of interest. It is
important to underline that these adducts are not
characterized by a weak bonding between the solvent
and the catalyst, as they have specific chemical in-
teractions. This effect is typical of SACs and directly
arises from their capability to form coordination com-
pounds. In homogenous catalysis, it is rather common
that, in a catalytic cycle, labile ligands leave the active
site and are replaced by a solvent molecule and that
water can play the role of a ligand. Needless to say, the
neglection of this effect can  significantly
affect theoretical predictions.

Recently, we found that water competes with CO;
molecules in binding single metal atoms embedded in
nitrogen-doped graphene, as shown in Figure 4. In some
cases, the adsorption of solvent molecules to the catalyst
prevents the adsorption of CO;, [45]. Also, such a coor-
dination/solvation effect has consequences on the

Figure 4
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(a) Solvation effect on CO, adsorption on Mo and Ru SACs supported on
nitrogen-doped graphene. (b) Examples of water that coordinates and
binds to the catalyst center. Adapted with permission from Ref. [45].
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stability of reaction intermediates in CO; electro-
reduction, and it may change the preferred reac-
tion channels.

Future challenges

Electrochemical processes not only occur in solution but
also occur under an applied voltage and at variable pH
conditions. Most of the calculations reported in the
literature account for these effects indirectly, that is, by
including terms in the working equations of the CHE.
In some cases, pH and voltage can have a dramatic
impact on specific electrochemical reactions [46]. Oper
and co-workers showed that the HER activity undergoes
a dramatic drop by modulating the pH; furthermore,
they showed that by increasing the electrolyte pH (pH
10—13), one can tune the local field strength and indi-
rectly enhance the HER activity by changing the near-
surface cation concentration [46]. Atanassov et al.
demonstrated the pH effect in oxygen reduction reac-
tion and, in particular, that this is limited by the proton-
coupled electron transfer at pH values below 10.5 [47].
From a theoretical perspective, the effect of applied
voltage and pH can be included by explicitly adding in
the simulation model excess charges in a grand-
canonical fashion, as done by Goddard III and co-
workers [48].

Furthermore, voltage and pH can have other important
effects, related to the acid-base equilibria at the surface
of the catalysts, as demonstrated by Pasquarello and co-
workers by means of an approach based on the Grand-
Canonical formulation of species in solution [49—51].

A further ingredient in electrochemical experiments is
the role of the electrolytes. Recent works demonstrated
that dissolved ions, usually assumed to be inert, have in
reality a dramatic impact on the catalytic activity
[43,52]. The description of these aspects will consid-
erably reinforce the predicting power of ab initio simu-
lations of the chemical activity of SACs in
clectrocatalytic reactions.

Universal descriptors and scaling relations

Computational electrocatalysis is an important com-
plement to experimental activities both for a better
understanding of the underlying principles and for the
design of novel catalysts. The identification of de-
scriptors, simple quantities directly related to the ac-
tivity of a catalyst, and of scaling relations is particularly
relevant. Descriptors are. For instance, we have seen
above that the free energies of reaction intermediates in
a catalytic cycle are often used as descriptors. De-
scriptors are then used to develop scaling relationships,
which are correlations (often linear) that allow one to
predict the free energies of all the remaining reaction
intermediates in the catalytic cycle. Thus, descriptors
not only allow a better rationalization of the chemistry of
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a catalyst but also, the more general (or “universal”)
they are, the better their predictions of novel promising
candidates [53,54].

Thanks to the increased computing power and to the
relative simplicity of SACs embedded in carbon-based
supports or on other 2D materials, it has become
possible to screen hundreds or even thousands of
structures using DFT calculations [55,56]. This has
stimulated several high-throughput studies aiming at
providing new descriptors (sometimes complex ones) or
novel SACs. However, SACs are not as simple as they
appear, and their chemistry is rather rich and complex.
We have seen above that several new intermediates can
form besides the usual ones, and also the stability of the
adsorbates is affected by the nature of metal, the li-
gands, and the coordination. Not surprisingly, this
complexity may lead to break the scaling relations,
which  complicates the rationalization of the
processes but, at the same time, opens new opportu-
nities for the catalyst optimization [57,58]. This does
not mean that scaling relations do not exist for SACs, but
most often they are restricted to a specific class of
compounds or even to specific kinds of coordination
[12,13]. From this perspective, the discovery of uni-
versal descriptors of the activity of SACs, often claimed
in the literature, remains the holy grail of the theoretical
research on SACs [59].

Conclusions

We discussed some fundamental aspects related to the
modeling of SACs for electrocatalytic applications. For
state-of-the-art DF'T calculations, the choice of the
functional is essential for the accuracy of the results. For
a direct comparison with the experiment, a one-to-one
correspondence between the computed structure and
that of the real catalyst is required, as even small
changes in the environment of the TM atom can result
in large changes in reactivity. In determining reaction
mechanisms and energy profiles of catalytic reactions on
SACs, all intermediates need to be considered, and not
only those that are usually assumed to form for the same
reaction on a metal electrode. In treating solvent effects,
it is important not only to consider the molecular char-
acter of water via more or less sophisticated solvation
approaches but also the capability of water to bind to the
metal center in a stable way, acting as a ligand rather
than as a solvent. Finally, we discussed future challenges
related to the inclusion of important effects, such as pH
and applied voltage, and the problem to identify proper
descriptors that can help the rational design of
novel SACs.

Author information
The manuscript was written through contributions of
all authors.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in
this paper.

Data availability
No data was used for the research described in
the article.

Acknowledgements

Access to the CINECA supercomputing resources was granted via
ISCRAB. We also thank the COST Action 18234 supported by COST
(European Cooperation in Science and Technology).

References

1. Copéret C, Chabanas M, Petroff Saint-Arroman R, Basset J-M:
Homogeneous and heterogeneous catalysis: bridging the
gap through surface organometallic chemistry. Angew Chem
Int Ed 20083, 42:156—-181, https://doi.org/10.1002/
anie.200390072.

2. Cui X, Li W, Ryabchuk P, Junge K, Beller M: Bridging homo-
geneous and heterogeneous catalysis by heterogeneous
single-metal-site catalysts. Nat Catal 2018, 1:385—397, https:/
doi.org/10.1038/541929-018-0090-9.

3. Qiao B, Wang A, Yang X, Allard LF, Jiang Z, Cui Y, Liu J, Li J,
Zhang T: Single-atom catalysis of CO oxidation using Pt1/
FeOx. Nat Chem 2011, 3:634—641, https://doi.org/10.1038/
nchem.1095.

4. Wang A, Li J, Zhang T: Heterogeneous single-atom catalysis.
Nat Rev Chem 2018, 2:65-81, https://doi.org/10.1038/s41570-
018-0010-1.

5. Zhu C, Shi Q, Feng S, Du D, Lin Y: Single-atom catalysts for
electrochemical water splitting. ACS Energy Lett 2018, 3:
1713-1721, https://doi.org/10.1021/acsenergylett.8b00640.

6. Ling C, Ouyang Y, Li Q, Bai X, Mao X, Du A, Wang J: A general
two-step strategy—based high-throughput screening of
single atom catalysts for nitrogen fixation. Small Methods
2019, 3, 1800376, https://doi.org/10.1002/smtd.201800376.

7. Cheng N, Stambula S, Wang D, Banis MN, Liu J, Riese A, Xiao B,
Li R, Sham T-K, Liu L-M, Botton GA, Sun X: Platinum single-
atom and cluster catalysis of the hydrogen evolution reac-
tion. Nat Commun 2016, 7, 13638, https://doi.org/10.1038/
ncomms13638.

8. Chen Z, Vorobyeva E, Mitchell S, Fako E, Ortuiio MA, Lépez N,
Collins SM, Midgley PA, Richard S, Vilé G, Pérez-Ramirez J:
A heterogeneous single-atom palladium catalyst surpassing
homogeneous systems for Suzuki coupling. Nat Nanotechnol
2018, 13:702-707, https://doi.org/10.1038/s41565-018-0167-2.

9. Exner KS, Lim T, Joo SH: Circumventing the OCI versus OOH
scaling relation in the chlorine evolution reaction: beyond
dimensionally stable anodes. Curr Opin Electrochem 2022, 34,
100979, https://doi.org/10.1016/j.coelec.2022.100979.

10. Exner KS: Beyond dimensionally stable anodes: single-atom
catalysts with superior chlorine selectivity. Chemelectrochem
2020, 7:1528—-1530, https://doi.org/10.1002/celc.202000224.

11. Li X, Rong H, Zhang J, Wang D, Li Y: Modulating the local
coordination environment of single-atom catalysts for
enhanced catalytic performance. Nano Res 2020, 13:
1842-1855, https://doi.org/10.1007/s12274-020-2755-3.

12. Zhong L, Li S: Unconventional oxygen reduction reaction
mechanism and scaling relation on single-atom catalysts.
ACS Catal 2020, 10:4313—-4318, https://doi.org/10.1021/
acscatal.0c00815.

13. Cipriano LA, Di Liberto G, Pacchioni G: Superoxo and peroxo
complexes on single-atom catalysts: impact on the oxygen

Current Opinion in Electrochemistry 2023, 40:101343

www.sciencedirect.com


https://doi.org/10.1002/anie.200390072
https://doi.org/10.1002/anie.200390072
https://doi.org/10.1038/s41929-018-0090-9
https://doi.org/10.1038/s41929-018-0090-9
https://doi.org/10.1038/nchem.1095
https://doi.org/10.1038/nchem.1095
https://doi.org/10.1038/s41570-018-0010-1
https://doi.org/10.1038/s41570-018-0010-1
https://doi.org/10.1021/acsenergylett.8b00640
https://doi.org/10.1002/smtd.201800376
https://doi.org/10.1038/ncomms13638
https://doi.org/10.1038/ncomms13638
https://doi.org/10.1038/s41565-018-0167-2
https://doi.org/10.1016/j.coelec.2022.100979
https://doi.org/10.1002/celc.202000224
https://doi.org/10.1007/s12274-020-2755-3
https://doi.org/10.1021/acscatal.0c00815
https://doi.org/10.1021/acscatal.0c00815
www.sciencedirect.com/science/journal/24519103

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

evolution reaction. ACS Catal 2022:11682—11691, https:/
doi.org/10.1021/acscatal.2c03020.

Di Liberto G, Morales-Garcia A, Bromley ST: An unconstrained
approach to systematic structural and energetic screening of
materials interfaces. Nat Commun 2022, 13:6236, https://
doi.org/10.1038/s41467-022-33414-6.

Becke AD: Perspective: fifty years of density-functional
theory in chemical physics. J Chem Phys 2014, 140:18A301,
https://doi.org/10.1063/1.4869598.

Perdew JP, Burke K, Ernzerhof M: Generalized gradient
approximation made simple. Phys Rev Lett 1996, 77:
3865—-3868, https:/doi.org/10.1103/PhysRevLett.77.3865.

Bao JL, Gagliardi L, Truhlar DG: Self-interaction error in den-
sity functional theory: an appraisal. J Phys Chem Lett 2018, 9:
2353-2358, https://doi.org/10.1021/acs.jpclett.8000242.

Kulik HJ, Cococcioni M, Scherlis DA, Marzari N: Density func-
tional theory in transition-metal chemistry: a self-consistent
hubbard U approach. Phys Rev Lett 2006, 97, 103001, hitps://
doi.org/10.1103/PhysRevLett.97.103001.

Becke AD: A new mixing of Hartree—Fock and local density-
functional theories. J Chem Phys 1993, 98:1372—-1377, https:/
doi.org/10.1063/1.464304.

Perdew JP, Ernzerhof M, Burke K: Rationale for mixing exact
exchange with density functional approximations. J Chem
Phys 1996, 105:9982—-9985, https://doi.org/10.1063/1.472933.

Adamo C, Barone V: Toward reliable density functional
methods without adjustable parameters: the PBEO model.
J Chem Phys 1999, 110:6158-6170, https://doi.org/10.1063/
1.478522.

Heyd J, Scuseria GE, Ernzerhof M: Hybrid functionals based on
a screened Coulomb potential. J Chem Phys 2003, 118:
8207-8215, https://doi.org/10.1063/1.1564060.

Heyd J, Scuseria GE, Ernzerhof M: Erratum: “Hybrid func-
tionals based on a screened Coulomb potential” [J. Chem.
Phys. 118, 8207 (2003)]. J Chem Phys 2006, 124, 219906,
https://doi.org/10.1063/1.2204597.

Garza AJ, Scuseria GE: Predicting band gaps with hybrid
density functionals. J Phys Chem Lett 2016, 7:4165—-4170,
https://doi.org/10.1021/acs.jpclett.6b01807.

Patel AM, Ringe S, Siahrostami S, Bajdich M, Ngrskov JK,
Kulkarni AR: Theoretical approaches to describing the oxygen
reduction reaction activity of single-atom catalysts. J Phys
Chem C 2018, 122:29307-29318, https://doi.org/10.1021/
acs.jpcc.8b09430.

Barlocco |, Cipriano LA, Di Liberto G, Pacchioni G: Modeling
hydrogen and oxygen evolution reactions on single atom
catalysts with density functional theory: role of the func-
tional. Adv Theory Simul 2022, 2200513, https://doi.org/10.1002/
adts.202200513.

Di Liberto G, Cipriano LA, Pacchioni G: Single atom catalysts:
what matters most, the active site or the surrounding?
ChemCatChem 2022, 14, https://doi.org/10.1002/
cctc.202200611.

Narskov JK, Bligaard T, Logadottir A, Kitchin JR, Chen JG,
Pandelov S, Stimming U: Trends in the exchange current for
hydrogen evolution. J Electrochem Soc 2005, 152:J23, https:/
doi.org/10.1149/1.1856988.

Norskov JK, Christensen CH: Toward efficient hydrogen pro-
duction at surfaces. Science 2006:312, https://doi.org/10.1126/
science.1127180. 1322 LP — 1323.

Narskov JK, Bligaard T, Rossmeisl J, Christensen CH: Towards
the computational design of solid catalysts. Nat Chem 2009,
1:37-46, https://doi.org/10.1038/nchem.121.

Daelman N, Capdevila-Cortada M, Lépez N: Dynamic charge
and oxidation state of Pt/Ce0O2 single-atom catalysts. Nat
Mater 2019, 18:1215—-1221, https://doi.org/10.1038/s41563-019-
0444-y.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Electro-catalysis from first principles Di Liberto et al. 7

Bajada MA, Sanjosé-Orduna J, Di Liberto G, Tosoni S,
Pacchioni G, Noél T, Vilé G: Interfacing single-atom catalysis
with continuous-flow organic electrosynthesis. Chem Soc
Rev 2022, 51:3898-3925, https://doi.org/10.1039/D2CS00100D.

DeRita L, Resasco J, Dai S, Boubnov A, Thang HV, Hoffman AS,
Ro |, Graham GW, Bare SR, Pacchioni G, Pan X, Christopher P:
Structural evolution of atomically dispersed Pt catalysts
dictates reactivity. Nat Mater 2019, 18:746—751, https://doi.org/
10.1038/s41563-019-0349-9.

Di Liberto G, Cipriano LA, Pacchioni G: Role of dihydride and
dihydrogen complexes in hydrogen evolution reaction on
single-atom catalysts. J Am Chem Soc 2021, 143:
20431-20441, https://doi.org/10.1021/jacs.1c10470.

Barlocco |, Cipriano LA, Di Liberto G, Pacchioni G: Does the
Oxygen Evolution Reaction follow the classical OH*, O*,
OOH* path on single atom catalysts? J Catal 2023, 417:
351-359, https://doi.org/10.1016/j.jcat.2022.12.014.

Kubas GJ: Molecular hydrogen complexes: coordination of a
.sigma. bond to transition metals. Acc Chem Res 1988, 21:
120-128, https://doi.org/10.1021/ar00147a005.

Crabtree RH: Dihydrogen complexation. Chem Rev 2016, 116:
8750-8769, hitps://doi.org/10.1021/acs.chemrev.6b00037.

Mennucci B: Polarizable continuum model. WIREs Computa-
tional Molecular Science 2012, 2:386—404, https://doi.org/
10.1002/wcms.1086.

Feibelman PJ: Partial dissociation of water on Ru(0001). Sci-
ence 2002, 295:99—-102, https://doi.org/10.1126/
science.1065483.

He Z-D, Hanselman S, Chen Y-X, Koper MTM, Calle-Vallejo F:
Importance of solvation for the accurate prediction of oxygen
reduction activities of Pt-based electrocatalysts. J Phys Chem
Lett 2017, 8:2243—-2246, https://doi.org/10.1021/
acs.jpclett.7b01018.

Norskov JK, Rossmeisl J, Logadottir A, Lindgvist L, Kitchin JR,
Bligaard T, Jonsson H: Origin of the overpotential for oxygen
reduction at a fuel-cell cathode. J Phys Chem B 2004, 108:
17886—17892, https://doi.org/10.1021/jp047349.

Calle-Vallejo F, de Morais RF, lllas F, Loffreda D, Sautet P:
Affordable estimation of solvation contributions to the
adsorption energies of oxygenates on metal nanoparticles.
J Phys Chem C 2019, 123:5578—-5582, https://doi.org/10.1021/
acs.jpcc.9b01211.

Monteiro MCO, Dattila F, Hagedoorn B, Garcia-Muelas R,
Lépez N, Koper MTM: Absence of CO2 electroreduction on
copper, gold and silver electrodes without metal cations in
solution. Nat Catal 2021, 4:654—662, https://doi.org/10.1038/
$41929-021-00655-5.

Di Liberto G, Giordano L: Role of solvation model on the sta-
bility of oxygenates on Pt(111): a comparison between
microsolvation, extended bilayer, and extended metal/water
interface. Electrochemical Science Advances 2023, https://
doi.org/10.1002/elsa.202100204.

Misra D, Di Liberto G, Pacchioni G: CO2 electroreduction on
single atom catalysts: is water just a solvent? J Catal 2023,
422:1-11, https://doi.org/10.1016/j.jcat.2023.04.002.

Goyal A, Koper MTM: The interrelated effect of cations and
electrolyte pH on the hydrogen evolution reaction on gold
electrodes in alkaline media. Angew Chem Int Ed 2021, 60:
13452-13462, https://doi.org/10.1002/anie.202102803.

Rojas-Carbonell S, Artyushkova K, Serov A, Santoro C,
Matanovic |, Atanassov P: Effect of pH on the activity of plat-
inum group metal-free catalysts in oxygen reduction reac-
tion. ACS Catal 2018, 8:3041-3053, https://doi.org/10.1021/
acscatal.7b03991.

Cheng T, Wang L, Merinov BV, Goddard WA: Explanation of
dramatic pH-dependence of hydrogen binding on noble metal
electrode: greatly weakened water adsorption at high pH.

J Am Chem Soc 2018, 140:7787—7790, https://doi.org/10.1021/
jacs.8b04006.

www.sciencedirect.com

Current Opinion in Electrochemistry 2023, 40:101343


https://doi.org/10.1021/acscatal.2c03020
https://doi.org/10.1021/acscatal.2c03020
https://doi.org/10.1038/s41467-022-33414-6
https://doi.org/10.1038/s41467-022-33414-6
https://doi.org/10.1063/1.4869598
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/acs.jpclett.8b00242
https://doi.org/10.1103/PhysRevLett.97.103001
https://doi.org/10.1103/PhysRevLett.97.103001
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.464304
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.1564060
https://doi.org/10.1063/1.2204597
https://doi.org/10.1021/acs.jpclett.6b01807
https://doi.org/10.1021/acs.jpcc.8b09430
https://doi.org/10.1021/acs.jpcc.8b09430
https://doi.org/10.1002/adts.202200513
https://doi.org/10.1002/adts.202200513
https://doi.org/10.1002/cctc.202200611
https://doi.org/10.1002/cctc.202200611
https://doi.org/10.1149/1.1856988
https://doi.org/10.1149/1.1856988
https://doi.org/10.1126/science.1127180
https://doi.org/10.1126/science.1127180
https://doi.org/10.1038/nchem.121
https://doi.org/10.1038/s41563-019-0444-y
https://doi.org/10.1038/s41563-019-0444-y
https://doi.org/10.1039/D2CS00100D
https://doi.org/10.1038/s41563-019-0349-9
https://doi.org/10.1038/s41563-019-0349-9
https://doi.org/10.1021/jacs.1c10470
https://doi.org/10.1016/j.jcat.2022.12.014
https://doi.org/10.1021/ar00147a005
https://doi.org/10.1021/acs.chemrev.6b00037
https://doi.org/10.1002/wcms.1086
https://doi.org/10.1002/wcms.1086
https://doi.org/10.1126/science.1065483
https://doi.org/10.1126/science.1065483
https://doi.org/10.1021/acs.jpclett.7b01018
https://doi.org/10.1021/acs.jpclett.7b01018
https://doi.org/10.1021/jp047349j
https://doi.org/10.1021/acs.jpcc.9b01211
https://doi.org/10.1021/acs.jpcc.9b01211
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1038/s41929-021-00655-5
https://doi.org/10.1002/elsa.202100204
https://doi.org/10.1002/elsa.202100204
https://doi.org/10.1016/j.jcat.2023.04.002
https://doi.org/10.1002/anie.202102803
https://doi.org/10.1021/acscatal.7b03991
https://doi.org/10.1021/acscatal.7b03991
https://doi.org/10.1021/jacs.8b04006
https://doi.org/10.1021/jacs.8b04006
www.sciencedirect.com/science/journal/24519103

8 Fundamental and Theoretical Electrochemistry (2024)

49.

50.

51.

52.

53.

54.

Ambrosio F, Guo Z, Pasquarello A: Absolute energy levels of
liquid water. J Phys Chem Lett 2018, 9:3212—32186, https://
doi.org/10.1021/acs.jpclett.8b00891.

Guo Z, Ambrosio F, Chen W, Gono P, Pasquarello A: Alignment
of redox levels at semiconductor—water interfaces. Chem
Mater 2018, 30:94—111, https://doi.org/10.1021/
acs.chemmater.7b02619.

Maleki F, Di Liberto G, Pacchioni G: pH- and facet-dependent
surface chemistry of TiO 5 in aqueous environment from first
principles. ACS Appl Mater Interfaces 2023, 15:11216—11224,
https://doi.org/10.1021/acsami.2c19273.

Bender JT, Petersen AS, QOstergaard FC, Wood MA,

Heffernan SMJ, Milliron DJ, Rossmeisl J, Resasco J: Under-
standing cation effects on the hydrogen evolution reaction.
ACS Energy Lett 2023, 8:657-665, https://doi.org/10.1021/
acsenergylett.2c02500.

Man IC, Su H, Calle-Vallejo F, Hansen HA, Martinez JI,
Inoglu NG, Kitchin J, Jaramillo TF, Nerskov JK, Rossmeisl J:
Universality in oxygen evolution electrocatalysis on oxide
surfaces. ChemCatChem 2011, 3:1159-1165, https://doi.org/
10.1002/cctc.201000397.

Seh ZW, Kibsgaard J, Dickens CF, Chorkendorff I, Nerskov JK,
Jaramillo TF: Combining theory and experiment in

55.

56.

57.

58.

59.

electrocatalysis: insights into materials design. Science 2017,
355, eaad4998, https://doi.org/10.1126/science.aad4998.

Zafari M, Kumar D, Umer M, Kim KS: Machine learning-based
high throughput screening for nitrogen fixation on boron-
doped single atom catalysts. J Mater Chem A Mater 2020, 8:
5209-5216, https://doi.org/10.1039/C9TA12608B.

Chen Z, Zhao J, Cabrera CR, Chen Z: Computational screening
of efficient single-atom catalysts based on graphitic carbon
nitride (g-C3N4) for nitrogen electroreduction. Small Methods
2019, 3, 1800368, https://doi.org/10.1002/smtd.201800368.

Darby MT, Stamatakis M, Michaelides A, Charles E, Sykes H:
Lonely atoms with special gifts: breaking linear scaling re-
lationships in heterogeneous catalysis with single-atom
alloys. J Phys Chem Lett 2018, 9:5636—5646, https://doi.org/
10.1021/acs.jpclett.8b01888.

Ouyang Y, Shi L, Bai X, Li Q, Wang J: Breaking scaling re-
lations for efficient CO , electrochemical reduction through
dual-atom catalysts. Chem Sci 2020, 11:1807—-1813, https:/
doi.org/10.1039/C9SC05236D.

Di Liberto G, Cipriano LA, Pacchioni G: Universal principles for
the rational design of single atom electrocatalysts? Handle

with care. ACS Catal 2022:5846—-5856, https://doi.org/10.1021/
acscatal.2c01011.

Current Opinion in Electrochemistry 2023, 40:101343

www.sciencedirect.com


https://doi.org/10.1021/acs.jpclett.8b00891
https://doi.org/10.1021/acs.jpclett.8b00891
https://doi.org/10.1021/acs.chemmater.7b02619
https://doi.org/10.1021/acs.chemmater.7b02619
https://doi.org/10.1021/acsami.2c19273
https://doi.org/10.1021/acsenergylett.2c02500
https://doi.org/10.1021/acsenergylett.2c02500
https://doi.org/10.1002/cctc.201000397
https://doi.org/10.1002/cctc.201000397
https://doi.org/10.1126/science.aad4998
https://doi.org/10.1039/C9TA12608B
https://doi.org/10.1002/smtd.201800368
https://doi.org/10.1021/acs.jpclett.8b01888
https://doi.org/10.1021/acs.jpclett.8b01888
https://doi.org/10.1039/C9SC05236D
https://doi.org/10.1039/C9SC05236D
https://doi.org/10.1021/acscatal.2c01011
https://doi.org/10.1021/acscatal.2c01011
www.sciencedirect.com/science/journal/24519103

	Single-atom electrocatalysis from first principles: Current status and open challenges
	Introduction
	Role of the method: the exchange-correlation functional
	Role of the local structure
	Classical reactions intermediates vs unconventional adducts
	Role of solvent
	Future challenges
	Universal descriptors and scaling relations
	Conclusions
	Author information
	Declaration of competing interest
	Declaration of competing interest
	Acknowledgements
	References


