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ABSTRACT

Single-Atom Catalysts (SACs) are a hot topic in catalysis research. Nowadays, there is a growing attention in
modelling the reactivity and activity of SACs towards several electrochemical reactions. The activity of SACs is
strongly sensitive to the local coordination of the transition metal atoms. An aspect less explored is assessing their
stability in electrochemical conditions. In this work, we performed a density functional theory investigation of
SACs based on MoS,, a widely adopted supporting material, by focusing on the role of the local coordination to
the stability. Our results are based on a dataset of fifteen transition metal atoms on four different possible
coordinative sites. The stability of SACs in electrochemical conditions is predicted by using a recently proposed
simple yet practical scheme within the formalism of Pourbaix diagrams [ACS Catal. 14, 45 (2024)]. When
looking at the role of the metal, Pt-SACs are mostly stable, compatible with the large diffusion of these kinds of
systems in experiments. Results show that the local coordination has a dramatic effect on stability. Most often the
simple adsorption of metals on MoS; leads to unstable systems, unless noble atoms are considered. Moreover,
stability improves when metal atoms occupy lattice S sites, but the most stable configurations refer to substi-
tutional doping of Mo atoms. The results provided are validated against selected available experimental data.
These results provide a further example of the crucial role of the local coordination in single-atom catalysis and
may of help for the screening of potential candidates and could be used to help the understanding of the active
phase in promising electrocatalysts.

1. Introduction

supported on MoS; [14-17]. Nowadays, there is vast plethora of suc-
cessful examples of the use of MoSy-based SACs. To name a series of

Single-atom catalysis is a relatively new frontier in catalysis
research, with a broad spectrum of potential applications, ranging from
the activation of stable molecular systems such as carbon dioxide, water
and nitrogen to organic synthesis for pharmaceutics [1-4]. A
single-atom catalyst (SAC) is a material made by transition metal atoms
(TMs) atomically dispersed on the surface of a supporting matrix [5,6].
These objects are particularly interesting as they bridge to a certain
extent the classical worlds of homogeneous and heterogenous catalysis
[7,8].

Two-dimensional materials have emerged as promising supporting
agents due to their layered structure and potential applicability in
electrochemical conditions [9,10]. Among these materials, molybdenum
disulfide (MoSy) has gathered significant attention due to its potential
applications in various fields [11-13].

A series of seminal studies demonstrated the potential of SACs

seminal studies, Lang et al. used Ru single atoms supported on defective
MoS; for HER, reaching a lower overpotential for hydrogen evolution
with respect to commercial MoSy: 107 mV vs 364 mV at 10 mAcm 2
[18]. Deng et al. successfully synthetized Pt-doped MoS; and used in
HER by embedding the metal atom in a molybdenum vacancy [19].
Similarly, Ma et al. designed Ni- and Co-based single atoms in molyb-
denum site with adjacent sulfur vacancy [20]. These electrocatalysts
showed excellent activity for HER and OER in alkaline conditions, with
overpotentials of about 101 and 190 mV at 10 mA cm ™2, respectively.
Other works such as the one of Zou et al. showed also activity for COq
reduction on substitutional sites of MoS, [21].

Quantum chemical simulations are often used not only to provide an
atomistic description of the chemistry behind SACs, but to scrutinize
databases, a step of the so-called rational design of promising candi-
dates. For instance, several studies have examined the ability of SACs
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supported by MoS, to activate inert molecules such as CO2 and Ny
[22-26].

In this context it is essential to underline the main contribution of
this work and the main take-home messages. Typically, the attention of
screening is posed on assessing the reactivity and activity of SACs to-
wards desired reactions. Recently, it is emerging another aspect of key
importance, the stability of SACs in electrochemical conditions. This
aspect is widely known in computational electrochemistry and our work
contributes in underlining the importance of predicting stability in the
field of single-atom catalysis. Stability assessment is somewhat pre-
liminary with respect to reactivity, for a broad spectrum of chemical
processes ranging from the activation of small molecules to the devel-
opment of composite catalytic systems for industrial-scale sustainable
chemistry, an aspect highlighted by Tian et al. [27]. It must be under-
lined that the stability of SACs can strongly differ from the bulk metal
counterpart, as metal atoms are coordinated to ligands. The widespread
reliance on binding energy in DFT studies of SACs reflects a trade-off
between computational tractability and accuracy. While binding en-
ergy provides a useful first-order descriptor for metal-support interac-
tion, it fails to account for environmental effects and support
heterogeneity, which ultimately determine catalyst stability under
realistic conditions. For this reason, Pourbaix Diagrams can play as a
helpful tool in the field of electrocatalysis. Recently, some of us proposed
a very simple yet-practical scheme to predict the stability of SACs in
electrochemical conditions, based on thermodynamics consideration in
the framework of Pourbaix diagrams [28]. Later, Exner, Vines, Illas and
co-workers proposed a similar strategy focused on the stability of cata-
lysts in anodic polarization conditions [29,30]. MoS; is a particularly
interesting case, as transition metal atoms can be incorporated in the
matrix, basically in four different ways, ranging from simple adsorption
on the surface to substitution of the metal or non-metal atom [31,32].
The stability of a given metal atom in such very different environments
is expected to be dramatically affected.

In this work, we assess the stability of MoSy-based SACs by investi-
gating a database of 15 transition metal atoms (V, Cr, Mn, Fe, Co, Ni, Cu,
Ru, Rh, Pd, Ag, Os, Ir, Pt and Au) embedded in MoS, and focusing on
four common adsorption configurations: i) adsorption of the metal atom
on the surface, here denoted as TM@MoS, [15,22,33-35]; ii) substitu-
tional doping by adsorption on sulfur vacancies, here denoted as
TMs@MoS; [17,36,37]; iii) adsorption on a Mo vacancy, here denoted as
TMpo@MoS; [38,39]; iv) Mo substitutional doping in the presence of a
sulfur vacancy, here denoted as TMp;,s@MoS2 [14,20]. Here, we are
interested in evaluating the stability of the system under operating
conditions. In other words, we are not looking synthesis stability, which
is relevant under high-temperature conditions, but rather electro-
chemical stability. This is often referred to as the stability of the system
operating at (most often) room temperature under potential- and
pH-dependent conditions. We simulated the stability of SACs as a
function of applied voltage and pH against dissolution, by considering
the formation of common species in reducing and oxidation reactions in
aqueous environment, such as H*, OH*, O* and OOH*.

Results indicate that the local coordination determines the stability
of the SACs. Importantly, SACs involving simple adsorption or replacing
S vacancies are much less stable than those replacing a Mo atom on the
surface. As a result, the latter systems are most often predicted as stable
in electrochemical conditions. Of course, despite the message is general,
it also depends on the nature of the metal. The results are finally vali-
dated against available experimental results and can be used to
contribute in providing a description of the nature of the active phase in
experimental samples for which the assignment of the active phase is
unclear. This study further underlines the importance of assessing the
stability of SACs besides the reactivity. The study also contributes into
highlighting how essential it is knowing the local coordination of SACs
with atomistic detail.
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2. Computational methods

We performed density functional theory (DFT) calculations as
implemented in VASP simulation package [40-42]. The
Perdew-Burke-Ernzherov (PBE) exchange-correlation functional was
used [43]. All calculations include spin polarization. Dispersion in-
teractions were accounted by means of Grimme’s D3 scheme [44].
Valence electrons were expanded on a set of plane waves with a working
kinetic cutoff equal to 400 eV, whereas core electrons were treated by
Plane Augmented Wave (PAW) pseudopotentials [45,46]. We bench-
marked the cutoff value by performing test calculations with an
increased cutoff of 500 eV, Section S3.2. Even though MoS; is a semi-
conductor, previous studies show that PBE functional is commonly
adopted to compute structural properties, therefore we did not apply the
Hubbard correction on Mo atoms (see Section S3.1) [47,48]. PBEO single
point calculations were performed to account for the self-interaction
error and refine the electronic structure [49]. This strategy avoids en-
ergy intensive optimizations with hybrid functionals and allows at the
same time to improve the description of the electronic structure with
reasonable accuracy [50,51]. It must be underlined that one must we
aware that this is an approximation. However, in the field of SACs, we
extensively and deeply tested the approximation over the last few years,
finding that it represents a suitable and reliable trade-off between ac-
curacy and computational effort, with errors of about 0.1 eV [51].
Another alternative strategy is the adoption of the DFT+U approach,
where an ad-hoc correction is used on d orbital of transition metal
atoms. We performed a few benchmark simulations, Section S3.1,
finding that the use of +U allows to partially reconcile PBE estimates
with PBEO, an aspect that we already reported in previous works [50,
52]. We are aware that novel functionals are now arising in the DFT
panorama, one of them, R2SCAN [53], demonstrated very promising.
We, therefore, performed benchmark calculations of selected cases, as
reported in Section S3.4.

The binding energy of the metal atoms (E},) was calculated by taking
as a reference the support (Es) and the free metal atom, Ey, Eq. (1). This
property is used as a proxy to assess the stability of SACs [54-56].

Ey = Eyas — (Em +Es) @

The Gibbs free energy of chemical intermediates (H*, OH*, O*,
OOH*) was evaluated by using the Computational Hydrogen Electrode
(CHE) approach [57,58], calculating the binding energy from DFT re-
action energies (AE), and considering thermodynamic corrections as
entropic (TAS) and zero-point energy contributions (AEzpg), as reported
in Eq. (2). The effect of pH and voltage was approximated as reported
below. The Gibbs free energy of a species x is calculated as:

AGy = AE, — TAS, + AEzgr — ny+0.0592pH — n.E 2)

ny-and n, are the number of protons and electrons exchanged,
respectively, and E is the applied voltage with respect to the Standard
Hydrogen Electrode (SHE). The working quantities are reported in
Table S1. We considered in this work the formation of H*, OH*, O* and
OOH*. All calculated Gibbs free energies are reported in Table S2.

The vibrational entropy of solid-state species was computed through
the formalism of the partition function within the harmonic approxi-
mation [59]. The zero-point energy contribution was estimated in a
harmonic fashion, allowing to vibrate the atoms of the chemical inter-
mediate of interest and the metal atom [60,61]. The treatment of sol-
vation goes beyond the specific purpose of the study. Nevertheless,
solvent effects can be added to the calculation of stability diagrams. If
the solvent is treated with implicit solvation schemes usually the effect is
small [28], although it is certainly system dependent. We tested selected
systems with implicit solvation by using the VASPsol implementation
[62,63] and dielectric constant of water. The results show energy
changes with respect to within 0.2 eV, see Section S3.3. Based on this
result we performed the rest of the study neglecting implicit solvation. It
must be emphasized that the treatment of water would imply the use of
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complicated and often demanding approaches, to account for its
dynamical and fluxional nature [52,64-67].

We started from the fully optimized unit cell of bulk crystal structure
of 2H-MoS, (a =b = 3.19 108, c=13.38 Aand y = 120°). We focus on the
2H-phase of MoS,, which is the one used in a series of studies on SACs
[16,18,19,68]. We modelled a monolayer and optimized a 3 x 3 x 1
supercell. A vacuum layer of about 3 nm thick was added to avoid
spurious effects due to interaction between periodic replica along the
non-periodic direction. The optimized lattice parameters are: a = b =
9.498 A, and y = 120° The use of such a supercell allows to model SACs
with a reasonable concentration of metal atoms, compatible with real
samples. The SAC models were created as follows. In one case, metal
atoms were adsorbed on the surface, Fig. la. In a second case, we
generated a sulfur vacancy and replaced it with the dopant metal atom,
Fig. 1b In the third case, the transition metal atom was put in place of
Mo, Fig. 1c. Finally, the metal atom replaced Mo in the proximity of a
sulfur vacancy, Fig. 1d

As mentioned above, we do not explicitly consider the direct effects
of applied potential and pH in this work. This could be done by invoking
Grand Canonical approaches, where the role of extra electrons and
protons is taken under consideration [69-71]. This aspect would go
beyond the specific purpose of the study, and for this reason we restrict
our computational scheme to the commonly adopted indirect effect of
both pH and applied voltage, Eq. (1).

3. Results and discussion
3.1. Calculating Pourbaix diagrams of SACs
We start by recalling the main steps to determine the stability dia-

grams of SACs in electrochemical reactions. As mentioned above, a
suitable approach is based on Pourbaix diagrams [72,73] where the

(@) (b)

Electrochimica Acta 563 (2026) 148733

most stable species is identified for a given value of pH and applied
potential (E). In the general formulation of Pourbaix diagrams of bulk
materials, one must consider a series of possible dissolution processes
and calculate the Gibbs free energy of the different species under
consideration. In the case of SACs, it is necessary also to account for the
interaction between the metal and supporting matrix. Recently, we
suggested a simple, yet practical scheme reported in Fig. 2 [28]. We see
that the Gibbs free energy for a given dissolution process can be
described by summing three different contributions.

AGdiss =—E, —E .+ AGredox (3)

At first, one must spend energy to separate the metal by the sup-
porting materials; this corresponds to the opposite of the binding energy
of the metal, - Ep,. Here we defined the binding energy as the difference
between the total energy of the single-atom catalyst system and the
energies of the defective support and the reference isolated metal atom
(Eq. (1)). Then, the second term is the opposite of cohesive energy, - E.
Cohesive energy is the energy gain to move from metal bulk to an iso-
lated metal atom. The remaining term is the classical oxidation Nerns-
tian process describing the dissolution of a metal, AGy.4,x. The reference
state for Gibbs free energy of the oxidation process is the bulk metal,
with final state metal ions in water, hydroxides, oxides, or anion with
the metal in a high-oxidation number. It is computed as AGgx =
N FE,.qx- We assume that all species are at standard concentration. It is
known that the binding energy can be used as a proxy for stability for
SACs. Indeed, in this framework, two quantities can be taken from
experimental values [74], and the binding energy only must be evalu-
ated from first principles [28]. The experimental cohesive energies and
redox processes of all metals are reported in section S2. The more
negative the energy is, the more stable the SAC will be, as dissolution
processes will have higher Gibbs free energy. At the same time, it is also
possible to observe that the dissolution free energy of a single atom in a

(d)
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Fig. 1. Panels(a)-(d) show the four different configurations assumed by metal atoms studied in this work. Panel (e) sketches the chemical species considered H*,
OH*, O*, OOH* that could form in electrochemical conditions of applied pH and voltage. Panel (f) reports the TM atoms considered in this work.
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—E
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Fig. 2. Thermodynamic cycle to determine dissolution Gibbs free energy. The SAC can undergo dissolution and form metal ions in water, hydroxide, oxides, or anion

with the metal in a high-oxidation number.

matrix, AGgs, and the corresponding counterpart of the bulk metal,
AGheqox, differ, as both binding energy and cohesive energy are involved.
This explains the observed stability of transition metal atoms atomically
dispersed in matrices [75], such as Fe, that would be unstable electro-
chemically otherwise. This strategy allows to reduce the complexity of
the framework to a single calculated quantity, which can be considered
the descriptor for the stability; the binding energy of the metal atom to
the support. It must be considered, that this is an approximation, espe-
cially since cohesive energies and redox potentials are equally impor-
tant, and they are taken from experimental values, as done for
equilibrium potentials of reactions in CHE. This introduces unavoidable
approximations. For instance, in the case of cohesive energies, Illas and
co-workers reported that the calculation of bulk cohesive energies is a
quest with density functional theory [74]. For this reason, we preferred
to adopt, when available, experimental values.

Before discussing stability diagrams of SACs, we first analyze the
binding energies of metal atoms in different coordination, Fig. 3. In the
case the metal atom is embedded in a vacancy, we assume that the
support has available vacancies, which is a reasonable assumption. In
general, binding energies depend on both the nature the metal atom and
its local coordination. The calculated values are reported in Table 1. In
the case of MoSz-based SACs, the coordination is extremely important.
When the metal atom is adsorbed to the surface of MoS,, it corresponds
to least stable configuration. Except for Pt, which shows E, = —4.1 eV, E},

V Cr Mn Fe Co Ni Cu

6 4

Binding Energy | eV

TM@MoS, M TMs@MoS,

. TMMO@MOSZ

Table 1
Binding energies of transition metal atoms in different sites.
Ey /eV
TM@MoS, TMs@MoS, TMyo@MoS, TMpos@Mo0S;
\4 -1.95 —4.92 -13.23 -12.79
Cr -1.31 -3.91 —10.55 —9.96
Mn —0.60 -3.84 —8.57 —7.96
Fe -1.35 —3.86 —8.35 ~7.83
Co —1.65 -3.97 —7.87 -7.70
Ni —2.78 —4.64 -8.16 -7.90
Cu -1.81 -3.93 —6.32 —5.97
Ru —3.64 —6.53 —13.00 —13.01
Rh -3.70 —6.45 -11.31 -10.87
Pd —2.67 —5.11 —7.53 —7.30
Ag —1.44 -3.49 —4.74 —4.67
Os —2.18 —5.47 —-13.63 —-13.61
Ir —2.62 —6.02 -11.71 -11.78
Pt —4.07 —7.59 —10.92 —10.63
Au —-1.94 —4.30 -5.70 —5.34

is always as low as —3 eV. Such high values can be explained in the light
of the relative undercoordinated nature of the metal atom, which is
characterized by three contacts with S atoms, Figure Sla. If the metal
atom is instead replacing a sulfur vacancy, the binding energies are in
general more negative, ranging from —3.5 eV (Ag) to —7.6 eV (Pt). In

Ru Rh Pd Ag Os Ir Pt Au

. TMMOS@MOSZ

Fig. 3. Calculated binding energies of transition metal atoms on different possible sites of MoS,; adsorbed metal atoms (yellow), metal atoms replacing a S atom
(red), metal atom replacing a Mo atom (light blue), the same but having a S vacancy in the proximity too (green).
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this case, the metal atom displays three contacts with Mo atoms,
Figure S1b. The situation improves further when considering the metal
atoms in place of Mo sites. This is expected as the most favorable con-
dition as the dopant atom replaces a metal atom of the matrix and as-
sumes its coordination site. Indeed, the calculated binding energies span
from —4.8 (Ag) to —13.2 eV (V). Finally, the coordination of the metal
atom is only weakly affected by the presence of an S vacancy in its
proximity, resulting in small changes of the binding energies.

In this work, we focus on a strategy to extract stability diagrams and
on the implications of stability. Therefore, we do not focus on the origin
of different binding energies with electronic structure descriptors.
Nevertheless, electronic structure descriptors can provide additional
information to the origin of different binding energies. Examples are
atomic charges and d-band center. In the first case, it has been reported
that electron counting is problematic in solids, but it allows to extract
qualitative information [76]. At the same time, in SACs the concept of
d-band center needs to be reconsidered close to d-orbital one, due to the
single-site character of the metal atom. Therefore, the rationalization of
electronic structure descriptors is not trivial in single-atom catalysis [51,
77].

As representative example we discuss the Pourbaix diagrams of Fe

a) Fe@MoS,

Electrochimica Acta 563 (2026) 148733

and Ni in two different situations, when the metals are adsorbed on the
surface, Figs. 4a-b, and when they are substituted in place of Mo,
Figs. 4c-d. If we start from Fe@MoS, (Fig. 4a), we see that the metal
atom is expected to dissolve in any condition investigated in this study,
0 <pH< 14and —1 V (vs SHE) < E < 2V (vs SHE). Moving to Ni@MoS,,
we observed that in acidic and reducing conditions the SAC is stable,
identified by a * in Fig. 4b, but it tends to dissolve when either increasing
the potential in oxidation or increasing the pH. The higher stability of
Ni@MoS; with respect to Fe@MoS; can be understood by values of Ey,
E., and the redox potentials of couples involving the two metals [28].
The picture changes completely when considering Fey;,@MoS, and
Nipo@MoS;. Indeed, the iron atom is expected to be significantly more
stable, undergoing dissolution only at moderate to high values of
applied potential and pH, Fig. 4c. As a reference, we report with dashed
lines the equilibrium values of the redox curves of Hy and Oy water
splitting semi-reactions. We see that the Fe atom is expected to be
covered by H* in reducing conditions, and it will gradually become
uncovered and then bound to OH* when increasing the potential. At
high oxidation potential the metal will dissolve leading to Fe>* or highly
oxidized states. A similar discussion applies to Niyj,@MoS,, where the
stability window is even larger, Fig. 4d In this case, the SAC is predicted

b) Ni@MoS,

10 12

d) Niy,,@MoS,

6 8
pH

Fig. 4. Simulated Pourbaix diagrams of (a) Fe@MoS,, (b) Ni@MoS,, (c) Fey,,@MoS, and (d) Niyes@MoS,.
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stable is all the thermodynamic window of water splitting reaction. If we
compare the same metal atom in different coordination, such as
Fe@MoS; vs Feyo@MoS; or Ni@MoS, vs Niy,@MoS, the different
stability arises from changes in its binding energy. In the case of Fe, Ej,
moves from —1.35 eV to —8.35 eV for Fe@MoS, and Fey,@MoS,
respectively, a dramatic change. Similarly, E}, is —2.78 eV in Ni@MoS,,
that becomes —8.16 eV when taking Niy,,@MoS;.

Another instructive example is that of cobalt, Fig. 5. When the metal
is adsorbed to the surface of MoS,, Fig. 5a, it is expected that it will
dissolve, similar to Fe@MoS,. The situation improves when having
Mos@MoS; (Fig. 5b), as we have seen before that the binding energy
becomes more negative. In this case, the SAC is stable in reducing
conditions, but it will tend to dissolve when increasing the pH and when
going to E > 0 V (vs SHE). Again, the picture changes when considering
the metal in place of Mo, Fig. 5c. In this case, the SAC is stable against
dissolution; it is expected to dissolve only at very high pH values and
strong oxidizing conditions. The presence of a sulfur vacancy in prox-
imity of the cobalt atom has a small effect (0.17 eV) on the binding
energy (Table 1), as discussed before. This is reflected in small changes
in the stability diagram, Fig. 5d

All calculated Pourbaix diagrams are reported in Figures S2-S61. We

a) Co@MoS,

10
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summarize the overall trends as reported in Fig. 6. We defined a grid of
pH values for two representative and arbitrary potential regimes, where
we extracted if the SAC would tend to dissolve or not. To evaluate the
stability of the system in HER conditions we selected E = 0 V vs RHE, and
for HER/OER conditions 0 < E < 1.23 V vs RHE. It is evident that when
the majority of metals (among those investigated in this work) are
adsorbed on MoS,, they will dissolve in any condition. Only a few ex-
ceptions survive, represented by noble metals. Moving to other co-
ordinations where the metal is replacing S atom, there is an
improvement, although it is dependent on the specific nature of the
metal. Then, if the single atom is replacing Mo, there is a more general
and systematic picture, where the SACs will be stable against dissolu-
tion. This result is consistent with previous works showing that typi-
cally, the binding energy of a TM resulting in stable SACs must be more
negative than 4 eV, i.e. E, < - 4 eV [28,60]. These results indicate that in
real samples, it could be unlikely that transition metal atoms will simply
adsorb on MoS,, while they will tend to occupy coordination sites, left
by S vacancies, or most probably by replacing Mo atom. It should be
noted that the stability map presented in Fig. 6 is based on a thermo-
dynamic criterion and therefore provides a binary classification of stable
versus unstable configurations according to the chosen stability

b) Cos@MoS,

d) Coyos@MoS;

Fig. 5. Simulated Pourbaix diagrams of (a) Co@MoS,, (b) Cos@MoS,, (c) Cope@MoS, and (d) Copos@MoS;.
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stable in HER
[ unstable (] 0V vs RHE)

TM@MoS,
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. stable in HER/OER
(from 0 to 1.23 V vs RHE)

TMs@MoS,

pH

10 1

12 1

13 1

14 1

T T T T T

QG@QQOOQ\O\)

pH
© O N OO O s W N

NN PR ISR P

CEPPE P

T™,,@MoS,

N T R

TMys@MoS,

NSNS R WP

Fig. 6. Predicted stability of all simulated single-atom systems at different pH values. Grey stands for dissolved catalytic systems, in blue stable systems in HER
conditions, where we selected the value of applied potential equal to 0 V vs SHE. In red we report stable systems from 0 V to 1.23 V vs SHE, referred as stable in HER/

OER conditions.

threshold. Systems located close to this boundary should be interpreted
with caution, as their persistence under electrochemical conditions may
depend on kinetic barriers to dissolution or restructuring that are not
captured within the present thermodynamic framework.

In this work we focused our attention on the basal plane structure of
MoS,. However, in the literature are reported examples of MoS; edge
planes that show activity without the need of a dopant metal [78,79].
We decided to perform a few additional calculations to extend our re-
sults to selected edge sites. We focused on Pt-based SACs. The details of
the calculations are reported in Section S4. Interestingly, Pt embedded in
edge sites lead to very stable adsorbate, which provide very stable SACs
in a broad pH-E window. Motivated by this result, we aim at performing

a future study devoted to investigation of SACs supported on edge sites
to provide also some insight into the role of different local coordination
between basal and edge sites of MoS,.

3.2. Implications in experiments

In this last section we assess the reliability of our predictions against
experimental data. It must be said that this part is not straightforward, as
quantum chemical data can be predicted only if the model is sufficiently
close to what is present experimentally [80,81]. We have seen that
Pt-SACs are particularly stable, especially when the metal atom occupies
Mo substitutional sites, Figure S45. This is in line with a recent work
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[19]. by Deng et al. The authors successfully prepared Pt atoms atomi-
cally dispersed on MoSy, where Pt atoms preferentially substitute Mo
atoms. The system was applied in HER at pH = 1 operating from 0.2 to
—0.7 V vs RHE. In addition, Han et al. [82]. prepared MoS,-based SACs
by depositing Co, Ru, and Ni atoms in Mo vacancies and used them for
HER at pH=10. Based on our results, only substitutional models for Co,
Ru and Ni are compatible with experiments, as one could expect the
metal to dissolve otherwise, Figures S36-37 and S39. It must be said that
these considerations neglect kinetic effects, as they rely on thermody-
namic considerations only. Another example is Ru@MoS;. In a recent
study, Lang et al. [18]. prepared Ru@MoS; and used it for HER in a pH =
14 solution from 0 to —0.5 V vs RHE. The authors observed the simul-
taneous presence of Ru atoms substituting Mo ones, and a small amount
of Ru atoms occupying S sites. Our calculated diagrams agree with this
interpretation, as the most likely configurations consist of substitutional
Mo, and Rug@MoS; is possible in HER conditions, Figures S24 and S39.
On the other hand, adsorption of Ru is not possible both experimentally
and theoretically, Figure S9. Furthermore, the synthesis of Ni and Co
single atoms embedded in a Mo site near a S vacancy has also been
experimentally verified by Ma et al. [20], with which HER and OER were
performed in a pH = 14 solution from 0 to —0.4 V vs RHE ad from 1.2 to
1.8 V vs RHE, respectively. Our simulated diagrams demonstrate the
stability of these systems under alkaline HER and OER conditions,
Figures S51-52 .

Besides testing the reliability of the calculations, the results could be
used, in principle, to assist the understanding of the nature of the local
coordination of the SACs. Furthermore, our results indicate that simple
adsorption of transition metal atoms is in general unlikely. These find-
ings may have implications in computational screening studies of big
databases. Finally, further work will be devoted in extending the study
to other possible configurations, involving for instance edge defects.

4. Conclusions

We performed quantum chemical density functional theory (DFT)
calculations to predict the stability of single-atom catalysts (SACs)
supported on MoS; in electrochemical conditions. We investigated a
dataset of 15 (V, Cr, Mn, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt and Au)
transition metal atoms, and considered four possible and widely inves-
tigated coordination sites. We considered i) the adsorption of metal
atoms on the surface of materials, ii) the occupation of lattice sites left by
S-vacancies, iii) the occupation of Mo sites, and iv) the same but in the
proximity of a S vacancy. The stability was assessed by evaluating
Pourbaix diagrams of SACs by using a recently proposed simple strategy,
which accounts for the binding energy of the metal atoms, i.e. how
strong is the interaction with the matrix. In the case of MoS,, the very
different coordination of the metal atom reflects dramatic changes in
adhesion energies, which influences the stability in electrochemical
condition. The results provided are validated against available experi-
mental data. Except for some noble metals, the simple adsorption is
predicted as unlikely, due to the insufficient interaction of the metal
atoms with the matrix. This suggests that in real samples simple
adsorption may be complex to achieve, an important aspect when
aiming at performing screenings to find promising candidates. The sta-
bility can be improved by incorporating the metal in S vacancies, while
the results are still dependent on the nature of the metal atom. The
situation changes when investigating metal atoms occupying Mo sites. In
this case, there is always a strong interaction between the metal atoms
and the matrix, which results in always electrochemically stable objects
in both reducing and oxidation conditions. The simultaneous presence of
S vacancies in the proximity of metal atoms has a small but not negli-
gible effect. The results of this study not only provide further insight into
the understanding of MoSy-based SACs, but they can be used as an
example of the key importance of considering the local coordination of
the metal atoms. Understanding how the coordinative environment in-
fluences the electronic properties of the metal site, such as the oxidation
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state, is crucial for the description of the performance of a catalyst under
operating conditions [83]. The prediction of stability of SACs demon-
strates a prerequisite to investigating prior assessing the activity and
reactivity of SACs. Future work will be devoted to the full and detailed
assessment in the field of single-atom catalysis of novel DFT functionals
that demonstrated promising results.
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