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Water electrolysis using cost-effective electrocatalysts offers a promising avenue for cheaper green

hydrogen production, efficient renewable energy storage, and widespread implementation. In recent

years, single-atom catalysts (SACs) supported on acid-stable oxides have emerged as an important class

of electrocatalysts due to their ability to maximize the efficiency of precious metal utilization and create

well-defined single-site materials with unique electronic properties. Tin oxide (SnO2) is a cheap, acid-

stable oxide material with poor OER activity. In this work, we considered 29 SACs corresponding to 3d,

4d, and 5d transition metals with different configurations on SnO2, including surface, subsurface, bulk

SACs, and surface-adatoms, using spin-polarized density functional theory calculations for their OER

activity and stability. We systematically evaluate the electronic structure trends, the adsorption energy of

OER intermediates, OER catalytic activity using both AEM and LOM mechanisms, and the

thermodynamic and aqueous stability of these SnO2-supported transition metal SACs (TM-SACs). From

a subset of stable TM-SACs, Rh and Pt SACs on the SnO2 surface are identified as the most promising

catalysts for experimental validation. Ir-SAC on SnO2(110) also showed comparable activity to state-of-

the-art IrO2(110), suggesting significant cost reductions due to lower Ir-loading requirements. Based on

these theoretical findings, rational catalyst design principles for next-generation oxide-supported TM-

SACs for the OER are established.
1. Introduction

Water electrolysis offers a promising avenue to decarbonize the
global energy and chemical sector by converting renewable
energy into green hydrogen.1,2 Hydrogen is widely used in the
chemical industry for a number of processes, such as ammonia
production, methanol and olen production, and hydrogena-
tion reactions. Water electrolysis consists of two half-cell reac-
tions: the oxygen evolution reaction (OER, 2H2O / O2 + 4e− +
4H+, E0 = 1.23 VRHE) and the hydrogen evolution reaction (HER,
2H+ + 2e− / H2, E

0 = 0 VRHE). Extensive studies have shown
that the OER is the critical half-cell reaction that governs the
overall efficiency of water electrolyzers.1,2 This inefficiency can
be attributed to sluggish kinetics, limited aqueous stability
resulting dissolution of metal atoms under high oxidative
potentials and low pH environments, high cost and scarcity of
state-of-the-art OER catalysts (IrO2 and RuO2) further hindering
their commercial viability.3 To address this challenge, the
rational design and development of stable, active, selective, and
cost-effective OER catalysts is imperative.
and Materials Engineering, University of
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f Chemistry 2025
Single-atom catalysts (SACs), consist of isolated, catalytically
active atoms embedded within supporting materials, have
recently emerged as an important class of electrocatalysts which
can integrate the merits of both homogeneous and heteroge-
neous catalysts.4 SACs have shown great potential for devel-
oping highly efficient, low-cost electrocatalysts due to their
ability to enhance the utilization of precious metals and create
well-dened single-site materials with unique electronic prop-
erties.5 While the performance of SACs can be optimized by
tailoring the metal atoms, adjacent coordinative dopants, and
metal loading, the stability of the support material which host
the SACs is crucial in determining the catalytic performance
under real operating conditions. The highly oxidative and
corrosive reaction environments, especially under OER condi-
tions, signicantly reduce material aqueous stability, making
most of the materials not suitable for oxygen electrochemical
applications and drastically limiting the potential material
space as SAC supports.6 In addition to that, electrical conduc-
tivity of the support material plays a role in achieving efficient
electrochemical reactions.

Tin oxide (SnO2) supported materials have recently attracted
a signicant interest for oxygen electrochemistry due to its high
stability under oxidative conditions and cost effectiveness.7–16

Although SnO2 itself shows poor oxygen electrocatalytic activity,
doping is frequently used to enhance the catalytic activity7–16
J. Mater. Chem. A, 2025, 13, 22093–22108 | 22093
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and electrical conductivity.17,18 For example, Sasaki et al. showed
that Pt nanoparticles supported on SnO2 could be used as
carbon-free supports for oxygen reduction reaction (ORR) pre-
venting the oxidation-induced support corrosion.8 Oh et al.
demonstrated oxidized Ir-nanodendrites supported on anti-
mony doped SnO2 to be more active and highly stable compared
to commercial Ir black and Ir/C catalysts.11 Liu et al. demon-
strated that IrO2 supported on antimony doped SnO2 nanowires
showed superior activity compared to pure IrO2 and good
stability for a period of 646 hours.12 Similarly, Bhanja et al.
showed that IrO2 nanoparticles supported on mesoporous SnO2

resulted in much lower overpotential of 240 mV at 10 mA cm−2

than the state-of-the-art catalyst IrO2/C with an overpotential of
360 mV.13 Recent theoretical studies by Jimenez-Villegas et al.
identied that, out of 16 transition metal (TM) single atoms
supported on SnO2(110), single atoms of Mn, Ti and Fe were
active and selective for 2e− water oxidation reaction while single
atoms of W for 2e− reduction reaction.10 Despite many prom-
ising experimental and theoretical studies, a comprehensive
and systematic evaluation of TM-SACs on SnO2 surfaces for 4e

−

OER activity and stability is yet to be explored.
In this work, we use spin-polarized density functional theory

(DFT) to understand the electronic structure, OER activity, and
thermodynamic and aqueous stability of single atoms of 29
elements corresponding to 3d, 4d, and 5d TMs, supported on
SnO2. First, we identied the thermodynamically stable SnO2

facets, SnO2(110) and SnO2(100), based on a comprehensive
surface energy calculations analysis and Wulff diagram
construction. Ten different congurations of TM-SACs on both
surfaces including surface, subsurface, bulk SCAs and surface
adatoms were considered for the subsequent activity and
stability analysis. Both adsorbate evolving mechanism (AEM)
and lattice oxygen mechanism (LOM) were considered in
determining the OER activity. The electronic structure modi-
cations of TM-SACs on various congurations on SnO2 were
analyzed using density of states (DOS), and Bader charges. We
then performed a systematic stability analysis of TM-SACs on
SnO2 based on the formation energies and segregation energies
to understand the thermodynamic stability and dissolution
potentials to evaluate the aqueous stability under realistic OER
potentials. Based on both stability and activity analysis, we
determined the most promising TM-SAC candidates for exper-
imental validation. Based on these theoretical ndings, rational
catalyst design principles for next-generation TM-SACs based
oxygen electrocatalysts are established.

2. Methods

Periodic spin-polarized DFT calculations were performed using
the revised Perdew–Burke–Ernzerhof (RPBE) exchange correla-
tional functional,19 a plane-wave basis set with a cut-off kinetic
energy of 500/400 eV for bulk/surface structures, and the
projector-augmented wave (PAW) method as implemented in
the Vienna Ab initio Simulation Package (VASP version 5.4.4).20,21

PAW pseudopotentials and Hubbard U correction values of
3.25 eV ‘V’, 3.7 eV ‘Cr’, 3.9 eV ‘Mn’, 5.3 eV ‘Fe’, 3.32 eV ‘Co’,
6.2 eV ‘Ni’, 4.38 eV ‘Mo’, 6.2 eV ‘W’ were selected according to
22094 | J. Mater. Chem. A, 2025, 13, 22093–22108
the Materials Project (MP) database.22 The electronic conver-
gence criterion was 10−4 eV, while the force criterion for
geometry relaxation was 0.05 eV Å−1.

The low-index (110) and (100) terminations of tetragonal-SnO2

(mp-856) were selected to model oxide surfaces as these surfaces
corresponded to the lowest surface energies (see Section 3.1).
SnO2(110) oxide surface was modelled with (2 × 1) with a 4-layer
slab while SnO2(100) was modelled with (2 × 2) unit cell with 6-
layer slab. In all the slabs, bottom half of the slab in vertical z
direction were constrained at the bulk positions, while the top
half of the slab and the adsorbed species were fully relaxed. The
slabs were separated in the perpendicular z-direction by 15 Å of
vacuum, and a dipole correction was applied. To obtain numer-
ically converged results, the Brillouin zone was sampled with (3
× 3 × 1) and (3 × 2 × 1) G-centered k-point grids for (110) and
(100) surfaces, respectively. All crystal structure manipulations
and data analysis were carried out using the Python Materials
Genomics package23 and Atomic Simulation Environment
(ASE).24 Atomic charges were calculated using Bader analysis as
implemented by Henkelman et al.25 Similar to our previous
studies,26,27 effective Bader charges were dened as q = Zval −
qBader, where Zval is the number of valence electrons and qBader is
the computed Bader charge. Crystal orbital Hamiltonian Pop-
ulations (COHP) calculations were conducted using the Lobster
and LobsterPy packages.28 Surface Pourbaix diagrams which
show the thermodynamically most favorable surface coverage
state as a function of the potential (USHE) and pH, were developed
based on the method highlighted by Hansen et al.29

OER catalytic activities of the different surfaces were evalu-
ated based on the theoretical overpotential (h) and limiting
potential (UL) based on adsorbate evolving mechanism (AEM)
and lattice oxygen mechanism (LOM). The four proton-coupled
electron transfer (PCET) reactions under acidic conditions for
the 4e− AEM OER mechanism are:

H2O(l) + * / OH* + (H+ + e−) (1)

OH* / O* + (H+ + e−) (2)

H2O + O* / OOH* + (H+ + e−) (3)

OOH* / O2(g) + * + (H+ + e−) (4)

The reaction (1) and (2) are similar for the LOM, while
reaction (3) and (4) involve a near-by lattice oxygen according to
the following reactions.

O* + Olattice / O2(g) + Vo (5)

Vo þ H2O/H*
lattice-O þ ðHþ þ e�Þ (6)

H*
lattice-O/* þ ðHþ þ e�Þ (7)

Here, Vo represents an oxygen vacancy adjacent to the active
metal site on the surface.

The computational hydrogen electrode (CHE) was used to
express the chemical potential of the proton–electron pair (H+ +
e−), which relates chemical potential of the proton–electron
This journal is © The Royal Society of Chemistry 2025
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pair with chemical potential of gas-phase H2 molecule based on
the equilibrium m[H+] + m[e−]= 1/2m[H2(g)] at 0 VRHE (where RHE
is the reversible hydrogen electrode).30 The effect of electrode
applied potential (URHE) on the free energy of adsorption of the
reaction intermediates was then taken into account by shiing
the −neURHE term. The free energy of adsorption at a given
potential U vs. RHE is given by:

DGCHE(URHE) = DGCHE(URHE = 0 V) − neURHE (8)

where n is the number of electrons involved in the reaction and e
is the elementary charge. To avoid using O2 electronic energy,
which is difficult to determine accurately within standard GGA-
DFT, the experimental free energy of 2H2O / O2 + 2H2, DG =

4.92 eV was used. Therefore, the Gibbs free energies of reaction
(1)–(4) depend on the adsorption free energies of the reaction
intermediates (DGO*, DGOH*, and DGOOH*). The adsorption free
energies of these reaction intermediates are calculated as

DGadsorption ¼ DEDFT þ DEZPE þ Ð 298:15
0 CpdT � TDS with

respect to the catalyst surface, relative to H2O(g) and H2(g) at U =

0 V and standard conditions (T= 298.15 K, P= 1 bar, and pH= 0).
In this equation, DEDFT is the difference in DFT calculated elec-
tronic energy, DEZPE is the difference in zero-point energies,Ð 298:15
0 CpdT is the difference in integrated heat capacity from 0 to
298.15 K,DS is the change in entropy of the adsorbed species. The
values for the current analysis were taken from a previous study by
Gunasooriya and Nørskov.6

The theoretical thermodynamic OER overpotential (hOER),
which is a measure of the activity of a catalyst is then dened
from Gibbs free energies of reaction (1)–(4) for AEMmechanism
(hOER-AEM):

hOER-AEM (V)=max[DGOH*,DGO*−DGOH*,

DGOOH* − DGO*; 4.92 − DGOOH*]/e − 1.23 V (9)
Fig. 1 Aqueous stability of P42/mnm-SnO2. (a) Computational Pourbaix
for the Sn–O–H2O phases. Color bar on the right of the figure indicates th
Dashed red lines are the equilibrium potentials for oxygen (EO2/H2O = 1.2
plots showing the stable phases over 0–2 V vs. RHE at pH = 0, 7, and 13

This journal is © The Royal Society of Chemistry 2025
While the Gibbs free energies of reactions (1), (2), (5)–(7) are
used to dene the LOM mechanism (hOER-LOM)

hOER-LOM (V)=max[DGOH*,DGO*−DGOH*,

4.92 + DGH* − DGO*, −DGH*]/e − 1.23 V (10)

The step with the largest value in eqn (9) for AEM (eqn (10)
for LOM) is referred to as the potential-determining step (PDS)
for OER. It is important to note that h should not be compared
directly with a measured overpotential, since the measured
overpotential depends on the current density.1

3. Results and discussion
3.1 Analysis of SnO2 oxide support aqueous stability, surface
energy, surface Pourbaix and OER activity

For our analysis, we selected the most stable phase of SnO2 with
the P42/mnm space group as the bulk structure (Fig. S1a†) and
our DFT optimized lattice parameters (a = b = 4.80 Å and c =
3.24 Å) are in good agreement with experimental literature.17 To
determine the aqueous stability of SnO2 under harsh OER
operating conditions we constructed a Pourbaix diagram
(Fig. 1a) for SnO2 using DFT as implemented in Pymatgen.23,31

Pourbaix diagrams are an invaluable tool for exploring the
corrosion proles of materials as these diagrams show the most
stable species as a function of pH and applied electrochemical
potential.32 This potential-dependent analysis of materials
stability is particularly relevant for understanding how material
transformations, such as conversion to other solid species or
dissolution, and how stability affects the electrochemical
activity and selectivity observed over the potential range. It is
worth mentioning that materials aqueous stability is an
important yet oen overlooked criteria in material design. In
addition to the Pourbaix diagrams, we also plotted the most
stable phases (Fig. 1b) based on the decomposition free energy
diagram constructed with aqueous ion concentrations 10−6 M at 25 °C
e relative stability of the SnO2 (green=more stable, gray= less stable).
3 VRHE) and hydrogen (EH+/H2

= 0.00 VRHE) electrochemistry. (b) DGpbx

.

J. Mater. Chem. A, 2025, 13, 22093–22108 | 22095
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(DGpbx) of the SnO2 under the potential range of 0–2 V vs. RHE at
pH = 0, 7, and 13 representing acidic, neutral and alkaline
conditions, respectively. DGpbx of SnO2 is 0 above 0.1 V vs. RHE
at pH= 0 and within the considered complete potential range at
pH = 7 and 13 indicating SnO2 does not undergo dissolution.
On the basis of this analysis, we determined that SnO2 is stable
in wide range of pH conditions under OER potentials.

To determine the most stable surfaces of SnO2, we calculated
surface energy for facets up to Miller index of 2. It is important
to note that we preserved the SnO2 stoichiometry and used the
DFT-optimized lattice parameters while generating surfaces.
We considered all the surfaces for a given Miller index (Sn-
terminated, O-terminated, combined Sn- & O-terminated) and
all the considered surfaces are shown in Fig. S1b†). Surface
energy (J m−2) for a given surface was calculated based on
eqn (11),

Surface energy ¼ Esurface � n � Ebulk

ð2 � SA Þ � 16:01 (11)

where, Esurface and Ebulk represent DFT electronic energies of the
considered surface and bulk unit cell of SnO2 while n is the ratio
of number of atoms in the surface cell to the bulk unit cell. SA is
the calculated surface area of the surface unit cell. Fig. 2a shows
the calculated surface energy of the most stable surface for
a given Miller index. A lower surface energy indicates a higher
propensity for the formation of chemical bonds, thus suggest-
ing a thermodynamic preference for crystal growth along that
specic plane. According to our analysis, surface energy values
of (110) and (100) surfaces are 0.65 J m−2 and 0.67 J m−2,
respectively. Surface energies of SnO2(201) and SnO2(101) are
almost identical with 0.99 J m−2 making these facets the third
and fourth among highly stable facets. Interestingly, SnO2(001)
and SnO2(111) showed relatively higher surface energies of 1.40
J m−2 and 1.48 J m−2, respectively, making them less stable
among surfaces up to Miller index 1.

Based on our calculations of surface energies, we con-
structed a Wulff diagram to represent the thermodynamically
stable crystal shape of SnO2 nanoparticles. As shown in Fig. 2b,
nearly the entire surface area of the nanoparticle is comprised
of the SnO2(110), SnO2(100) and SnO2(101) surfaces with area
fractions of 0.38, 0.28 and 0.34, respectively. The average
surface energy of the particle is 0.77 J m−2, and the shape factor
of the particle is 5.39. This calculated shape factor serves as
a general measure of anisotropy under equilibrium conditions.
Based on our surface energy analysis and Wulff construction,
we selected the SnO2(110) and SnO2(100) surfaces for OER
activity analysis, as these surfaces are the most stable facets
with signicant surface area fractions.

As shown in Fig. 2c and d, the SnO2(110) surface features two
different surface Sn sites: a coordinatively unsaturated (CUS)
site with ve-coordinated oxygen atoms (5c-M) and a bridge
surface site with six-coordinated oxygen atoms (6c-M) and
SnO2(100) surface with identical Sn sites. As the coverage of
reaction intermediates plays a signicant role in inuencing the
local environment of the active site,33,34 it is important to
establish the most relevant surface coverage under the OER
reaction conditions to accurately calculate the electrocatalytic
22096 | J. Mater. Chem. A, 2025, 13, 22093–22108
activity. Therefore, surface Pourbaix diagrams29 were con-
structed, considering three extreme coverages – pristine (*),
OH*-terminated, and O*-terminated. Our surface Pourbaix
diagrams for SnO2(110) and SnO2(100) (Fig. 2e and f) reveal that
at standard OER potentials (U= 1.23–1.6 V vs. RHE), the surface
coverages were predominantly at the pristine state, indicating
that both surfaces weakly adsorb OER intermediates.

Free energy diagrams for OER on both SnO2(110) and
SnO2(100) surfaces is shown in Fig. S2a and b.† For SnO2(110),
OH*, O* and OOH* exhibit free energies of 1.95, 4.45 and
4.81 eV, respectively, while on the SnO2(100), these values are
2.18, 4.49 and 4.95 eV, respectively. The relatively weak
adsorption of OER intermediates leads to signicantly high
OER overpotentials of 1.26 V for SnO2(110) and 1.08 V for
SnO2(100), with limiting potentials of 2.49 V and 2.31 V,
respectively. The formation of O* from OH* is the potential
determining step for both surfaces. Although O* adsorption
strength on both surfaces is nearly same, OH* adsorption is
relatively weaker on the SnO2(100) compared to the SnO2(110)
resulting lower DGO* − DGOH* and lower overpotential on
SnO2(100). Our results clearly indicate that pristine SnO2 does
not exhibit reasonable catalytic activity for OER on both
SnO2(110) and SnO2(100) surfaces, despite its highly stable
nature under the operating conditions of these reactions. In this
context, single-atom catalysis (SACs) presents a promising
avenue for introducing isolated active sites for OER, potentially
leading to electrocatalysts with lower overpotentials while
taking advantage of the superior stability of SnO2 and mini-
mizing the use of transition metals.
3.2 Computational workow for designing SACs on SnO2

oxide support

Fig. 3 illustrates our computational workow for evaluating the
activity and stability of single transition metal (TM) atom cata-
lysts supported on SnO2. We selected 29 elements correspond-
ing to 3d, 4d, and 5d TMs in the periodic table to serve as our
SACs. For each TM, we considered a total of ten different SAC
congurations, including surface, subsurface, bulk SACs and
surface-adatom arrangements. Specically, for SnO2(110), we
replaced a Sn atom in surface CUS, surface bridge, subsurface
(2nd layer), and bulk (3rd layer) with a TM atom while for
SnO2(100), we replaced a surface, subsurface and bulk atom
with a TM atom. For the surface-adatom congurations, we
examined several adsorption sites for single TM atoms on both
the SnO2(100) and SnO2(110) surfaces, as shown in Fig. S3 and
S4.† Most favorable TM adatom conguration was considered
for the subsequent OER intermediates adsorption. The TM
atom served as the adsorption site for OER reaction interme-
diates for all the adatom congurations, surface CUS congu-
ration for SnO2(110) and surface conguration for SnO2(100).
For the surface bridge conguration on SnO2(110), a nearby
surface Sn-CUS atom was selected as the adsorption site. In the
subsurface and bulk SAC congurations, reaction intermediates
adsorption on surface Sn sites were considered. Furthermore,
we examined the adsorption of reaction intermediates on the
Sn-CUS site adjacent to the TM-CUS atom on the SnO2(110)
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Surface energy analysis of tetragonal-SnO2 (P42/mnm) and surface Pourbaix diagrams (a) surface energies of the facets up to Miller index
2 and (b) Wulff diagram constructed based on the surface energy analysis. Top view and side view of the (c) SnO2(110) and (d) SnO2(100) surfaces
considered in this study. Black dash lines denote the surface unit cells. Color code: Sn-gray, O-red. Calculated surface Pourbaix diagrams of (e)
SnO2(110), (f) SnO2(100) showing themost stable surface coverage on the surface at specific potentials and pH values. All the considered surfaces
adsorb OER adsorbates weakly.
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surface to assess the impact of TM SAC on the activity of the
surrounding Sn environment.

Based on the adsorption free energies of OER intermediates,
scaling relations between DGOOH* vs. DGOH* andDGO* vs. DGOH*
This journal is © The Royal Society of Chemistry 2025
were evaluated. Next, we performed a careful electronic struc-
ture analysis of oxide supported SACs by evaluating the density
of states (DOS) and Bader charge analysis. This enabled us to
understand the adsorption trends of OER reaction
J. Mater. Chem. A, 2025, 13, 22093–22108 | 22097
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Fig. 3 (A) Selected SnO2 bulk structure, facets and transition metals considered as SACs. (B) Various SAC configurations on SnO2 and 4e− OER
intermediates based on AME and LOM mechanisms. (C) Summary of activity, electronic properties and stability analysis performed in this study.
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intermediates on SACs. Subsequently, thermodynamic stability
of SACs was evaluated by using formation energies and surface
segregation energies to investigate the synthesizability of SACs
supported on SnO2. Additionally, dissolution potentials were
calculated to determine the aqueous stability of the SACs at OER
potentials. This systematic approach allowed us to analyze both
the thermodynamic and the aqueous stability, as well as the
catalytic activity of the SACs on SnO2(110) and SnO2(100)
surfaces.
3.3 Analysis of adsorption energy trends on oxide supported
SACs

The trends in adsorption free energies of OER intermediates
(OH*, O*, and OOH*) for surface and adatom congurations of
SACs on SnO2(100) and SnO2(110) are reported in Fig. S5a–c.† As
expected, adatoms adsorb reaction intermediates more strongly
than the surface SACs on both surfaces. This can be attributed
to the lower coordinated oxygen environment where each ada-
toms bond with 2 or 3 surface oxygen atoms, compared to
surface SACs that bond to 4 or 5 oxygen atoms. It is important to
22098 | J. Mater. Chem. A, 2025, 13, 22093–22108
note that this increased reactivity of oxide supported adatoms
resulted in dissociation of OOH* intermediates and signicant
structural deformations in some surface-adatom SACs. We
observed this behavior for adatoms such as Sc, Ti, Zr, Nb, Tc, Hf,
Ta, W, Re, Os and Ir on SnO2(110) and Zr, Nb, Tc, Hf, Ta, W and
Re on SnO2(100) which were excluded from our analysis.
Considering the trends of OER intermediate adsorption on
surface SAC and surface-adatom TMs, it can be identied that
free energies of adsorption of OH* and O* go through
a minimum as one progresses along each period. This charac-
teristic is evident for both SnO2(100) and SnO2(110) surfaces
and has been generally shown for pure metal oxide surfaces.35,36

Fig. S6† shows the trends of adsorption of OER intermediates
on the surface Sn site when the SAC is on SnO2(100): subsurface,
SnO2(110): subsurface, SnO2(110): surface bridge and
SnO2(110): surface CUS congurations. Interestingly, the elec-
tronic effect of SAC on neighboring Sn atom is less resulting in
a narrow range of adsorption free energies. For instance, DGO*

is in the range of 3.08–4.86 eV for adsorption of Sn site on
SnO2(110): surface CUS compared to the adsorption on SACs
(0.24–5.25 eV) on the same surface conguration.
This journal is © The Royal Society of Chemistry 2025
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Fig. 4(a) and (b) show the linear scaling relationships for
DGOOH* vs. DGOH* and DGO* vs. DGOH* on TM on surface and
adatom sites of SnO2(100) and SnO2(110) surfaces. These SACs
adsorb OH* in a wide range of adsorption energies ranging from
−3.23 to 3.18 eV, highlighting the diversity of the activity of the
SAC TMs on SnO2. As expected, it was observed that the adatoms
Fig. 4 Adsorption trends of oxygen electrochemistry intermediates.
Linear scaling relations of (a) DGOOH* vs. DGOH* and (b) DGO* vs.
DGOH*. Black color center dashed line in (a) represents the universal
scaling between DGOOH* and DGOH* (DGOOH* = DGOH* + 3.2) and
dotted lines represent ±0.4 eV deviation from the universal scaling.
Green color dashed line in (b) represents the fitted relationship
between DGO* and DGOH*. (c) Relation of free energy of adsorption of
H on lattice O (DGH*-lattice O) vs. free energy of oxygen vacancy
formation (DGO-vacancy) on surface SAC configurations of SnO2(100)
and SnO2(110). Red dashed line in (c) represents the fitted relationship
between DGH*-lattice O and DGO-vacancy.

This journal is © The Royal Society of Chemistry 2025
of early transition metals, Ti, Y, Zr, Nb, Hf, Ta, W, and Re, exhibit
strong adsorption energies with DGOH* <−1 eV on both surfaces.
On the other hand, themajority of weak adsorbing SACs (DGOH* >
2 eV), include surface SACs of Sc, Ti, Fe, Co, Ni, Cu, Y, Ag, and the
group 12 (Zn, Cd, and Hg) on both surfaces. The scaling relation
of DGOOH* vs. DGOH* follows the universal scaling of DGOOH* =

DGOH* + 3.2± 0.4 eV, in agreement with previous studies.1,6,33 The
scaling relationship of DGO* vs. DGOH* shows noticeable scat-
tering when compared to DGOOH* vs. DGOH* and similar behav-
iors haven been previously observed onmetal oxide surfaces.6 The
observed scaling relationship between DGO* and DGOH* on oxide
supported SACs can be expressed as DGO* = 1.29DGOH* + 1.41 eV,
with the R2 value of 0.86. When the slope was xed at 2, corre-
sponding to the oxygen double bond according to the bond order
conservation, a scaling relationship of DGO* = 2DGOH* + 1.10 was
obtained. This intercept (1.10 eV) is considerably higher than the
previously observed intercepts of 0.28 and 0.46 eV for metal oxide
surfaces indicating O* intermediates adsorb weakly on oxide
supported SACs compared to bulk metal oxides.6,33 Considering
the scaling relations of individual SAC congurations, as shown
in Fig. S7,† all the congurations generally followed the universal
scaling of DGOOH* vs. DGOH*, although slight deviations were
noted at very weak DGOH* surfaces. Interestingly, the DGO* vs.
DGOH* scaling of individual congurations showed a wide range
of values, with the intercepts ranging from 0.12 to 2.02, when the
slope is xed at 2 for the surface and adatom congurations with
TM SAC as the adsorption site.

Fig. 4(c) shows the correlation between the free energy of
adsorption of H on lattice oxygen (DGH*-lattice O) and the free
energy of oxygen vacancy formation (DGO-vacancy) on the oxide
supported SAC surface. Individual DGH*-lattice O and DGO-vacancy

trends with TMs on SnO2(110): surface CUS, and SnO2(100):
surface are shown in Fig. S8.† It is important to note that the
lattice oxygen atom on which hydrogen is adsorbed and the
oxygen atom that is removed to create an oxygen vacancy is the
same and located adjacent to the surface SAC (see Fig. S8a and
b†). DGO-vacancy is much higher on pristine SnO2(110) surface
(0.34 eV) compared to SnO2(100) surface (−0.32 eV) due to the
presence of highly coordinated oxygen atoms on the (110)
surfaces. When comparing the DGO-vacancy of surface SAC
systems with that of pristine SnO2 surfaces, it is evident that
substituting single TM atoms results in a signicant variation of
DGO-vacancy up to 5 eV. This leads to signicant differences in
TM–O bond strength and oxygen reactivity. Additionally, it can
be observed that DGH*-lattice O increases with DGO-vacancy on both
surfaces in agreement with literature.37 A more positive DGO-

vacancy indicates a stronger TM–O bond and a more unfavorable
O-vacancy formation, requiring higher energy to remove an
oxygen atom adjacent to a single TM single atom. Based on the
bond conservation, H adsorption on that lattice oxygen will be
weaker resulting in higher DGH*-lattice O.
3.4 Analysis of electronic structure trends on oxide
supported SACs

Fig. 5(a) shows the variation in the projected d-band of 5d TM
surface SACs and the p-band of the adjacent surface lattice
J. Mater. Chem. A, 2025, 13, 22093–22108 | 22099
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Fig. 5 Density of states (DOS) and Bader charge trends in SnO2 supported SACs. (a) Projected d-band of the 5d TM SACs and p-band of the
adjacent surface lattice oxygen on the SnO2(110): surface CUS (b) Bader charge trends of the surface SAC and surface-adatoms of 5d TMs on
both SnO2(110) and SnO2(100) (c) the correlation of free energy of OH* adsorption (DGOH*) on surface SACs vs.O2p band center of the adjacent
surface lattice oxygen on the pristine surfaces of SnO2(110) and SnO2(100).
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oxygen on the SnO2(110) surface. Generally, the projected d-
band center of the TM SACs shis to more negative values
when moving from the le to right along the period similar to
the variation of the d-band centers of the pure metals.38

Fig. S9a† shows the projected d-band center of the TM SACs in
SnO2(110) and SnO2(100) surface and adatom congurations.
The d-band center generally decreases when moving from the
le to right along a period and this trend can be observed for all
3d, 4d, and 5d TM SACs for all congurations shown.39 Inter-
estingly, the d-band centers of group 3 (Sc and Y) and group 4
(Ti, Zr and Hf) SACs on SnO2(110): surface CUS and SnO2(100):
surface show much higher values compared to the those of
adatoms of aforementioned elements on these surfaces. This is
a deviation from generally expected trend of having higher d-
band center for low-coordinated metal atoms compared to
highly coordinated metal atoms. In contrast to the variation
observed in the projected d-band center for 5d SACs on
SnO2(110): surface CUS, O2p band center of the surface lattice
oxygen adjacent to the SAC on SnO2(110) goes through
a minimum (Fig. 5a) which is located at the position of Re in 5d
indicating a change in bond strengths between the lattice
oxygen and the surface SACs. Fig. S10† reveals a similar trend of
O2p band center reaching a minimum for surface SACs on
SnO2(110) and SnO2(100). Moreover, it is evident that the
22100 | J. Mater. Chem. A, 2025, 13, 22093–22108
minimum of O2p band center shis to more negative values
when moving across the 3d, 4d and 5d periods. It is important
to note that the similarity in the observed trends for the d-band
of the surface SACs and the p-band of the adjacent surface
lattice oxygen verify that these trends are broadly applicable to
SnO2(100) and SnO2(110).

When analyzing the Bader charge variations of surface SAC
and surface-adatom congurations of 5d TMs on both SnO2

surfaces (Fig. 5b), we nd that the Bader charges for surface
SACs are higher than those for surface-adatoms. Surface-
adatoms form fewer oxygen bonds with the surface compared
to surface SACs resulting in a low-coordinated oxygen environ-
ment surrounding the SAC adatom. This leads to lower oxida-
tion states for the surface-adatoms, which in-turn results in
reduced Bader charges (more metallic). Fig. S9b† shows similar
Bader charge variations for the 3d and 4d TMs. When consid-
ering the Bader charge variations for surface SACs, the Bader
charge of the TM atom reaches a maximum at group 4 (Ti, Zr
and Hf) or group 5 (V, Nb and Ta) SACs (neglecting W), before
decreasing as we move further from le to right across a period.
A similar trend is observed for surface-adatom TM SACs on both
surfaces, where the Bader charge of TM adatom reaches the
maximum at group 3 for 3d and group 4 for 4d and 5d. This
pattern signies a decrease in the oxidation state of the TM
This journal is © The Royal Society of Chemistry 2025
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SACs, which can be generally explained using electronegativity
trends. As we move from le to right across a period in the
periodic table, the electronegativity of the TM atoms increases.
Consequently, the later transition metals are more electroneg-
ative, resulting in relatively lower oxidation states for them
compared to the earlier transition metals within equivalent
oxygen coordination environments.

Fig. 5c shows the correlation between the free energy of OH*

adsorption (DGOH*) on surface SACs and the O2p band center of
the adjacent surface lattice oxygen on the pristine surfaces of
SnO2(110) and SnO2(100). The DGOH* values on both surfaces
correlate well with the O2p band center as demonstrated by an
R2 value of∼0.8 and with a positive gradient. This indicates that
an increase in the O2p band center of the adjacent surface lattice
oxygen corresponds to a weakening of the OH* adsorption on
the TM SAC. Different TM SACs exhibit varying bond strengths
between the TM atom and adjacent lattice oxygen on the
surface. An increase in O2p band center of the adjacent surface
lattice oxygen suggests increased reactivity of that oxygen,
resulting in a weaker TM–O bond. Consequently, the adsorption
of OH* would also be weaker if the TM–O bond of the surface is
already weaker. Furthermore, the O2p band center of adjacent
surface lattice oxygen negatively correlates with the free energy
of H* adsorption on the same oxygen, as shown in Fig. S11.†
The free energies of adsorption of H* on lattice O increase with
decreasing O2p band center of adjacent surface lattice oxygen.
Similar correlations of adsorption energy of OH* on TM atoms
and also H* on lattice oxygen with O2p band center were
observed in previous studies.40
3.5 Analysis of OER activities of SnO2 supported SACs

Fig. 6a shows a 2D map of calculated theoretical OER over-
potentials (h) based on AEM as a function of DGO* − DGOH* and
DGOH* descriptors. It is important to note that the DGO* −
Fig. 6 OER activity of the configurations considered in the current study
active SACs for OER. (a) Two-dimensional (2D) OER activity plot of the
explored in this study as a function of DGO* − DGOH* and DGOH*. Note t
and subsequent activity plots were constructed based on the scaling re
energy diagrams for (b) Rh SAC on SnO2(110): surface CUS, (c) Rh SAC on
on SnO2(110): surface CUS.

This journal is © The Royal Society of Chemistry 2025
DGOH*, which acts as a measure of the ability of surface
adsorbed O* to create and break bonds with hydrogen and
oxygen atoms, is widely used as a OER activity descriptor.1,6

Moreover, due to the universal scaling relationship between
DGOOH* and DGOH*, the optimum value for DGO* − DGOH*

descriptor is in the range of 1.5–1.7 eV.1,41 IrO2(110), the current
state-of-the-art catalyst for acidic OER1 is indicated in the Fig. 6.
Under OER conditions, the surfaces of IrO2 are covered with O*
and the IrO2(110) which is the most stable facet, records
a theoretical overpotential of 0.57 V under high O* coverage.6

Although a majority of SAC congurations result in higher
theoretical overpotentials, interestingly, there are few potential
candidates which shows similar or less overpotentials than the
IrO2(110) indicating more efficient conversion of H2O to O2.
Table S7† shows the summary of highly active SACs which show
theoretical AEM overpotentials lower than 0.7 V. Overall, Pd
adatom on SnO2(110) shows the highest activity among all the
SACs considered in this study with an AEM overpotential of
0.27 V and the OH*/ O* + (H+ + e−) step (2nd step) of the OER
is the potential determining step. Surface CUS Rh SAC on
SnO2(110) (Fig. 6b) shows the lowest theoretical AEM over-
potential, 0.32 V, among surface SAC congurations. The
potential determining step is the 2nd step similar to Pd adatom
on SnO2(110). Rh and Pt SACs of SnO2(100): surface (Fig. 6c and
d) result in AEM overpotentials of 0.35 and 0.45, respectively,
being next lowest among surface SAC congurations. Rh SAC on
SnO2(100): surface shows that H2O + O* / OOH* + (H+ + e−)
(3rd step) is the potential determining step while for Pt SAC on
SnO2(100): surface, it is the 2nd step. All these highly active
SACs resulted in DGO* − DGOH* values in the range of 1.45–
1.70 eV. Additionally, Pt SAC on SnO2(110): surface CUS and also
the Pt adatom on SnO2(100) indicate considerably high activi-
ties with AEM overpotential values of 0.49 and 0.51 V, respec-
tively. Interestingly, the AEM overpotential of Ir SAC on
except for the bulk configurations, and free energy diagrams of highly
oretical overpotentials (h) based on the AEM for TM adsorption sites
hat OER overpotentials were calculated explicitly based on the eqn (9)
lation of DGOOH* = 0.77 DGOH* +3.36 eV for OER. AEM and LOM free
SnO2(100): surface and (d) Pt SAC on SnO2(100): surface and (e) Ir SAC

J. Mater. Chem. A, 2025, 13, 22093–22108 | 22101
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SnO2(110): surface CUS (Fig. 6e) is 0.64 V indicating a slight
activity drop due to the change in the surrounding environment
as SAC compared to pristine IrO2(110). It is important to note
that the OER intermediates adsorb relatively stronger on Ir SAC
on SnO2(110): surface CUS compared to other highly active SACs
(Fig. 6b–e and Table S7†).

In addition to evaluating the OER activity through AEM
mechanism, we also evaluated the OER activity through LOM
mechanism (see Methods) for the surface CUS SACs on
SnO2(110) and surface SACs on SnO2(100) (Fig. S12 and Table
S8†). Our LOM mechanism activity calculations on adatom
structures resulted in signicant surface modications and
therefore did not include in our analysis. All the aforemen-
tioned surface SACs that showed AEM overpotentials of less
than 0.7 V were found to be LOM active, with the exception of
the Ir on SnO2(110): surface CUS. The LOM overpotential for Ir
on SnO2(110): surface CUS was calculated as 1.89 V, which is
signicantly higher than its AEM overpotential of 0.64 V. This
can be attributed to the potential determining step of the Ir on
SnO2(110): surface CUS being the 3rd step, which is sensitive to
the free energy of adsorption of H on lattice oxygen in the LOM
mechanism. Moreover, H adsorbs relatively weakly on the
oxygen atoms adjacent to Ir on SnO2(110) compared to OER
intermediates on Ir (see Fig. 6e) resulting an increased over-
potential. In contrast, the LOM overpotential for Rh on
SnO2(110): surface CUS was 0.42 V, which is only 0.11 V higher
than the AEM overpotentials. Only the Rh SAC on SnO2(100):
surface showed an improved activity with an LOM overpotential
of 0.24 V compared to AEM overpotential of 0.35 V. For all other
surface SACs that exhibited AEM overpotentials below 0.7 V, the
LOM overpotential remained similar. Based on this analysis, we
identied SACs that are highly active for OER, and we will
determine the most promising candidate SACs by considering
their stabilities.

3.6 Analysis of SACs thermodynamic and aqueous stability

In addition to electrocatalytic activity, both the thermodynamic
stability and the aqueous stability of a TM-SAC on SnO2 surface
are an essential criterion in developing an OER catalyst. In this
study, thermodynamic stability was evaluated by calculating
formation and segregation energies while aqueous stability was
evaluated by determining dissolution potentials under high
OER oxidizing potentials.

Formation energies for surface TM-SAC congurations were
calculated considering a surface Sn vacancy site on SnO2(100)
and SnO2(110) as the initial state according to the reaction (12)
while formation energies of surface adatoms were calculated
using reaction (13).

MðbulkÞ þ SnN�1O2NðsurfaceÞ �!DEf
Mðsurface SACÞSnN�1O2NðsurfaceÞ

(12)

MðbulkÞ þ SnNO2NðsurfaceÞ �!DEf
Mðsurface-adatomÞSnNO2NðsurfaceÞ (13)

M(bulk) represents the TM SAC bulk atom and SnN−1O2N

(surface) indicates the SnO2 surface with a surface Sn vacancy. The
22102 | J. Mater. Chem. A, 2025, 13, 22093–22108
bulk materials tabulated in Table S10† were considered as the
references for the TM atoms. We used an arbitrary formation
energy tolerance value of 0.5 eV accounting for the accuracy of
DFT calculations and surface models used.27 Fig. S13 and Table
S9† report the formation energies of surface SAC and surface-
adatoms on SnO2(100) and SnO2(110) which follow a similar
trend for both SnO2 surfaces. Formation energies of surface
SACs are considerably negative and more stable than surface-
adatom SACs for all the 29 elements considered. Both, surface
bridge and surface CUS congurations on SnO2(110) surface
showed similar formation energies. Considering the formation
energies of surface-adatom SACs, the early-TMs of group 3 (Sc
and Y) and group 4 (Ti, Zr and Hf) form relatively stable ada-
toms. Formation energies of surface adatoms on both surfaces
go through amaximum and decrease whenmoving from the le
to right along 3d, 4d and 5d periods. Group 5–10 TM SACs form
unstable surface adatoms on both surfaces with the exception
of Ta adatom on SnO2(110) while group 12 (Zn, cd and Hg) TM
SACs form stable surface adatoms on both surfaces. Addition-
ally, group 11 TM SACs of Cu and Ag form marginally stable
surface adatoms only on SnO2(100). We performed a similar
analysis considering the most stable oxide bulk materials
tabulated in Table S12† as the references for the TM atoms and
a similar trend for relative stabilities between different cong-
urations was observed (see Fig. S14 and Table S11†).

Segregation energies of surface and subsurface SAC cong-
urations were evaluated by calculating the energy requirement
for a bulk SAC to migrate to the surface or subsurface according
to the following equations.

Segregation energy(surface-bulk) = EM(surface SAC)SnN−1O2N

− EM(bulk SAC)SnN−1O2N
(14)

Segregation energy(subsurface-bulk) = EM(subsurface SAC)SnN−1O2N

− EM(bulk SAC)SnN−1O2N
(15)

Bulk and subsurface SACs refer to TM atoms located in the
third layer and second layer of a slab, respectively. Based on the
above equations, negative segregation energy for surface-bulk
indicates that surface SACs are more favorable to remain in
the surface position compared to migrating to the bulk while
a negative segregation energy for subsurface-bulk indicate that
SACs are more favorable to remain in the subsurface position
compared to migrating to the bulk. Fig. S15a and b† show the
negative segregation energies of surface and subsurface SACs
on SnO2(110) and SnO2(100) without any adsorbates on the
surfaces. Overall, the surface CUS or surface bridge congura-
tions are more stable than the bulk or subsurface SAC cong-
urations on SnO2(110), while there is no clear trend on
SnO2(100). Additionally, for majority of elements on both
surfaces, the subsurface SAC congurations are slightly more
stable than the bulk SAC. Specic trends indicate that Co, Ni,
Cu and Zn (group 9, 10, 11 and 12) in 3d, Ag, Cd (group 11 and
12) in 4d and Au, Hg (group 11 and 12) in 5d elements are highly
stable on SnO2(100): surface and SnO2(110): surface CUS
congurations. This result can be explained by the fact that
these late transition metal atoms are more noble in nature and
This journal is © The Royal Society of Chemistry 2025
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prefer to have less oxygen bonds to maintain a lower oxidation
state. Consequently, the number of oxygen atoms bonded to
these SACs are lower on SnO2(100): surface and SnO2(110):
surface CUS congurations compared to subsurface and bulk
SACs, reinforcing their stability. For Cr in 3d, Mo, Ru, Rh, Pd in
4d and Os, Ir, Pt in 5d, subsurface SAC conguration is the most
stable on SnO2(100) although only subsurface SAC congura-
tions of Mo in 4d and Hf in 5d shows the highest stability on
SnO2(110). However, this observation can be signicantly
altered in the presence of adsorbates due to adsorbate-induced
segregation.42 Additionally, it was shown that it is possible to
segregate Ir towards CUS position on IrxRu1−xO2(110) systems
under the presence of OER intermediates.42 We further calcu-
lated the adsorbate induced surface segregation of SACs on
SnO2(100) and SnO2(110) to determine the most stable cong-
uration of SACs under the reaction conditions. Fig. S16 and
Table S14† show the negative surface segregation energies for
both surfaces in the presence of a single OH* on the surface
clearly indicating that the surface SAC congurations
(SnO2(100): surface and SnO2(110): surface CUS) are the most
stable congurations for both surfaces except for Hf on
SnO2(100) with a slight tendency to be in the bulk. Based on the
current analysis, it can be concluded that surface SAC cong-
urations of TMs on SnO2(100) and SnO2(110) are thermody-
namically stable under OER reaction conditions.

Dissolution potentials play a critical role in determining the
aqueous stability of SACs. SACs with low dissolution potentials
Fig. 7 Dissolution potentials vs. formation energies of SACs supported o
considered as 1.23 V vs. RHEwhich the equilibrium potential for water oxi
axis denotes the stability threshold under which all SACs are considered t
region, satisfy both stability criteria indicating their suitability in terms of

This journal is © The Royal Society of Chemistry 2025
would dissolve under reaction conditions, leading to a complete
loss of active sites rendering the current strategy of making
catalytically active single sites, totally ineffective. The dissolu-
tion potential (Udiss) of SACs is calculated based on eqn (16),
while the concentration-dependent reduction potential (UM(CM

))
is given by eqn (17).43

Udiss ¼ UMðCMÞ � DEf

eNe

(16)

UMðCMÞ ¼ U0
M � kBT

eNe

ln

�
CM

C0

�
(17)

DEf is the formation energy calculated according to the eqn (12)
and (13), Ne is the number of electrons involved in the disso-
lution of the metal (based on the oxidation state of the ion
produced due to dissolution), U0

M is the standard dissolution
potential of the metal bulk, C0 is the standard concentration
(1 mol l−1), kB is the Boltzmann constant and T is the temper-
ature (298.15 K). CM is the concentration of metal ions, and it
was set to 10−6 mol l−1 for all the metals similar to other
studies.44

Fig. 7 presents the dissolution potentials of SACs and their
corresponding formation energies. A dissolution threshold of
1.23 V vs. RHE was selected as the primary criterion, based on
the standard equilibrium potential of the OER reaction. SACs
with dissolution potentials below 1.23 V vs. RHE will undergo
dissolution and will not withstand under OER conditions. It is
n SnO2(100) and SnO2(110). The cutoff for the dissolution potential was
dation at pH= 0. The vertical dashed line at 0.5 eV on formation energy
o be potentially stable. The SACs that are located inside the green color
stability.
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important to note that the dissolution potential of SACs must
exceed their limiting potential to ensure stability operating
conditions. We did not perform dissolution potentials analysis
for subsurface and bulk congurations of both surfaces since
TM SACs are directly not exposed to the harsh aqueous envi-
ronment. The dissolution potential analysis reveals that all
surface adatom congurations on both SnO2(100) and
SnO2(110) fall below the dissolution potential threshold of
1.23 V vs. RHE, with the exception of the Cd and Hg on both
surfaces. Conversely, all the surface CUS, surface bridge SACs
on SnO2(110) are above the dissolution threshold, except for the
Ni SAC on both surface congurations and Mn on SnO2(110):
surface CUS. Moreover, all the surface SACs on SnO2(100) are
stable except for Ni SAC. All the dissolution data are reported in
Tables S15 and S16.† These ndings indicate that the adatoms
are generally unstable under operating conditions due to their
dissolution.

Table 1 shows the most promising SAC candidates with
overpotentials less than 0.7 V and are thermodynamic and
aqueous stable under OER conditions. Specically, the forma-
tion energies of all these materials are considerably negative
and lower than −5 eV indicating that the formation is very
favorable. Moreover, dissolution potentials are above 2 V vs.
RHE for all the SACs and signicantly higher than the lowest
limiting potential of either AEM or LOM. This indicates that
these materials are stable under OER high operating potentials.
Cr on SnO2(110): surface bridge and Re on SnO2(100): subsur-
face which also showed high activities, (see Table S7†) were
excluded since these congurations were not stable based on
the segregation analysis. Among most promising SAC candi-
dates, majority of SACs (Rh, Pt and Ir) belong to noble metals
while only V and Cr belong to the non-noble metals category.
Interestingly, both surface congurations of Rh and Pt are
among the most promising SACs having both OER AEM and
LOM overpotentials below the state-of-the-art IrO2(110) over-
potential value of 0.57 V.6 Additionally, V, Ir and Cr SACs on
SnO2(110): surface CUS show AEM overpotentials of 0.61, 0.64
and 0.66 V, respectively. To determine the effect of solvation on
OER intermediates and AEM and LOM overpotentials, we
further modeled solvation for a selected number of promising
TM-SAC candidates using VASPsol45 implicit solvent method.
Table S17† summarizes the free energies of O*, OH*, OOH*,
and H*-lattice O in the presence of the implicit solvation.
Overall, the inclusion of solvation effects resulted in
Table 1 The most promising SAC candidates, their configuration, adsorp
and LOM overpotentials (V)

SAC Conguration
Adsorption
site

Formation
energy (eV)

Diss
(V v

Rh SnO2(110): surface CUS Rh −5.94 6.18
Rh SnO2(100): surface Rh −6.18 6.43
Pt SnO2(100): surface Pt −5.41 3.71
Pt SnO2(110): surface CUS Pt −5.17 3.59
V SnO2(110): surface CUS V −8.66 2.97
Ir SnO2(110): surface CUS Ir −5.56 2.90
Cr SnO2(110): surface CUS Cr −6.84 2.33

22104 | J. Mater. Chem. A, 2025, 13, 22093–22108
a maximum of 0.14 V stabilization or destabilization of the OER
intermediates. Additionally, Table S18† shows the effect of
solvation on overpotential based on AEM and LOM pathways.
Depending on the potential determining step of the OER,
overpotentials on selected SACs were shied ∼0.08 and ∼0.13 V
at the maximum due to solvation for AEM and LOM pathways,
respectively. For most of the systems, the change in over-
potentials was less than 0.1 V.

Recent studies have shown that the LOMmechanism in OER
tends to weaken the material stability due to the formation of
lattice oxygen vacancies.46 As previously mentioned, all these
SAC materials in Table 1 are LOM active except for Ir on
SnO2(110): surface CUS. For Ir on SnO2(110): surface CUS, LOM
limiting potential is 3.12 V vs. RHE which is signicantly higher
than its AEM limiting potential of 1.87 V vs. RHE. Hence, Ir on
SnO2(110): surface CUS also remains one of the promising
catalysts among all analyzed SACs. Summarizing the mecha-
nistic behaviors of promising materials, AEM mechanism
dominates well on Ir on SnO2(110): surface CUS while both LOM
and AEM are equally active on other SACs supported SnO2.
3.7 Analysis of OER activity on IrO2(110) and Ir on SnO2(110)
surface CUS

We further compared the activity and electronic properties of Ir
SAC on SnO2(110): surface CUS site and rutile IrO2(110) surface.
Fig. 8a and b shows the free energy diagrams for OER on
IrO2(110) and Ir SAC supported on SnO2(110): surface CUS.
Considering the adsorption free energies, OH*, O* and OOH*

intermediates adsorb on IrO2(110) with adsorption strengths of
0.22 eV, 1.51 eV and 3.34 eV at low coverage, respectively,
resulting an overpotential of 0.60 V in agreement with previ-
ously reported values.47,48 Interestingly, the OER intermediates
adsorb slightly stronger on Ir SAC supported on SnO2(110):
surface CUS with adsorption strengths of 0.15 eV, 1.45 eV and
3.32 eV for OH*, O* and OOH*, respectively, resulting an
overpotential of 0.64 V. Our COHP analysis incorporating all
orbital contributions of the 5 Ir–O bonds of Ir CUS active site,
resulted in a mean integrated crystal orbital Hamiltonian pop-
ulation (ICOHP) of −3.31 eV and −3.44 eV for IrO2(110) and Ir
SAC supported on SnO2(110): surface CUS, respectively. A more
negative value of mean ICOHP of Ir SAC supported on
SnO2(110): surface CUS indicates that the Ir (SAC)–O bonds are
stronger and is in agreement with the relatively stronger
tion site, formation energy (eV), dissolution potential (V vs. RHE), AEM

olution potential
s. RHE)

AEM/LOM
overpotential (V)

AEM/LOM limiting potential
(V vs. RHE)

0.32/0.42 1.55/1.65
0.35/0.24 1.58/1.47
0.45/0.45 1.68/1.68
0.49/0.49 1.72/1.72
0.61/0.61 1.84/1.84
0.64/1.89 1.87/3.12
0.66/0.66 1.89/1.89

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Comparison of pristine IrO2(110) and Ir SAC supported on SnO2(110) CUS. OER free energy diagrams for (a) IrO2(110) and (b) Ir SAC
supported on SnO2(110): surface CUS. Crystal orbital Hamiltonian populations (COHP) of Ir t2g–O2p and Ir eg–O2p for (c) IrO2(110) and (d) Ir SAC
supported on SnO2(110): surface CUS. The inset shows the atomic figures of respective structures. Ir adsorption site is shown by an orange circle.
COHP shows the summed COHP of 5 individual Ir–O bonds of the Ir CUS active site (without adsorbates) on the IrO2(110) and SnO2(110)
respectively. The absolute spin up and down states were summed and shown as spin up.
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adsorption of OER intermediates on the Ir SAC site. Further-
more, the current COHP analysis was extended to analyze t2g
and eg resolved COHP of the Ir 5d–O 2p orbital since both
bonding and antibonding contributions are highest for the
selected orbital. Fig. 8c and d shows the COHP plots of Ir t2g–O
2p and Ir eg–O 2p for IrO2(110) and Ir SAC supported on
SnO2(110): surface CUS, respectively. The calculated mean
ICOHP of Ir t2g–O 2p are −1.04 eV and −1.12 eV for IrO2(110)
and Ir SAC supported on SnO2(110): surface CUS. Considering
the Ir eg–O 2p, mean ICOHP are −0.65 eV in IrO2(110) and
−0.79 eV Ir SAC supported on SnO2(110): surface CUS. These
results show that Ir 5d–O 2p contribution of Ir SAC supported
on SnO2(110): surface CUS is slightly stronger compared to
IrO2(110). A Bader charge analysis reveals that the oxidation
state of Ir is slightly higher in Ir SAC supported on SnO2(110):
surface CUS (+1.58 e) compared to IrO2(110) (+1.48 e).
Combining the adsorption of OER intermediates and electronic
properties of IrO2(110) and Ir SAC supported on SnO2(110):
surface CUS, though Ir–O bonds in Ir SAC supported on
SnO2(110): surface CUS is slightly stronger and results in
slightly lower adsorption free energies of OER intermediates,
activity remains almost the same with an increase of AEM
overpotential by only 0.04 V compared to pristine IrO2(110).
This journal is © The Royal Society of Chemistry 2025
Practical utilization of such Ir SAC supported on SnO2 would
result in efficient utilization of precious Ir atoms and therefore,
signicantly reducing the cost for OER electrocatalysts.
4. Conclusions

In summary, we conducted a systematic analysis of SnO2-sup-
ported SACs to determine their OER performance by evaluating
adsorption of key OER surface intermediates, electronic trends
of the OER adsorbates and the surfaces, OER reactivity, ther-
modynamic stability, and aqueous stability. Our selection of
rutile SnO2 as an acid-stable oxide host material was validated
through a DFT-constructed aqueous Pourbaix diagram,
demonstrating its stability under high potentials across a wide
range of pH. Based on our comprehensive surface energy
calculations analysis and Wulff diagram construction, we
selected both SnO2(110) and (100) surfaces due to their high
surface area fractions. This indicates the importance of
studying multiple stable facets and not limiting to the most
stable facet. Both SnO2 facets were OER inactive with signicant
overpotentials greater than 1 V. A wide range of DGOH*

adsorption strengths ranging from −3.2 to 3.2 eV was observed
highlighting the diversity of the activity of SnO2-supported
J. Mater. Chem. A, 2025, 13, 22093–22108 | 22105
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SACs. We observed that the DGOOH* and DGOH* scaling relation
remained universal across the SACs considered in this study.
We further observed linear scaling relations between DGO* vs.
DGOH* and the correlation between DGH*-lattice O vs. DGO-vacancy.
We further established that O2p band center of the adjacent
surface lattice oxygen on the pristine surfaces correlates linearly
with the DGOH* values on SnO2-supported SACs indicating that
the O2p band center can be used as an alternative descriptor for
estimating the adsorption energies of the OER intermediates.
As expected, a negative correlation between DGH*-lattice O and
O2p band center of the adjacent surface lattice oxygen on the
pristine surfaces was observed. Our formation energy analysis
indicated that only surface-doped SAC congurations are always
stable on the SnO2 surfaces and most of the SAC adatoms are
unstable. At the same time, all the adatoms except for Cd and
Hg undergo dissolution since the dissolution potentials are
lower than the standard equilibrium potential of OER.
Conversely, surface congurations of SACs are aqueous stable
except for Ni on all surface congurations and Mn on
SnO2(110): surface CUS. Based on our activity and stability
analysis, we identied Rh and Pt SACs on both SnO2(110) and
SnO2(100) surfaces with remarkable OER activity enhancement
in theoretical AEM and LOM overpotentials. Furthermore, Ir
SAC on SnO2(110): surface CUS also showed comparable activity
to IrO2(110), suggesting signicant cost reductions due to lower
Ir-loading requirements. Overall, our ndings provide crucial
theoretical insights into the design and development of next-
generation stable and active OER catalysts for commercial-
scale water-splitting.
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