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Abstract

Understanding the stability of TiO2-supported single-atom catalysts (SACs) under Hz reduction
conditions, where hydrogen adsorption on the metal/TiO2 surface influences metal-support
interactions, diffusion, and aggregation, is important for their long-term applications. Using
first-principles  density functional theory (DFT) calculations, we investigate the
thermodynamic and kinetic stability of Rh, Ag, Pt, and Au-based SACs on pristine, oxygen-
defective, and hydroxylated rutile TiO> (110) surfaces with and without H adsorption on the
metal adatom. The thermodynamic driving force for aggregation was assessed by calculating
dimerization energies as proxy, while the kinetic stability was quantified in two ways: (i) the
total activation energy, Eiotal (Ef + Eq), which couples adatom formation (Er) and diffusion (Eq)

energies, serves as a descriptor of ripening kinetics, and (ii) the Eq, used to evaluate diffusion


mailto:shyam.kattel@ucf.edu

rate constants and characteristic diffusion times, 1. The results show that Pt consistently
exhibits the largest Eotal and longest t, reflecting exceptional resistance to sintering, whereas
Ag has the smallest values and is intrinsically unstable. Rh presents a distinctive case: although
dimerization is thermodynamically favoured, its Eiotal is dominated by the formation energy of
two separated Rh atoms on support (*Rh*Rh), giving Rh longer lifetimes than expected from
its low diffusion barrier for dimer (*Rh;) formation. Au is unstable on oxygen-deficient TiO»
but is kinetically stabilized upon hydroxylation, which significantly increases both Eiotal and T.
Hydrogen adsorption further modulates stability in a metal-dependent manner—stabilizing Rh
but accelerating aggregation of Ag and Au. This combined thermodynamic—kinetic framework
provides a quantitative basis for predicting SAC sintering behaviour and guiding strategies for

stabilizing late transition metals under hydrogenation conditions.



1. Introduction

Single-atom catalysts (SACs) have emerged as an innovative class of materials in
heterogeneous catalysis, offering unparalleled atom efficiency, unique electronic properties,
and exceptional catalytic activity and selectivity.'> By anchoring individual metal atoms onto
well-engineered supports, SACs achieve maximum utilization of catalytically active metal
atoms, which is crucial for the development of sustainable and cost-effective catalytic
processes.”® However, maintaining the atomic dispersion in SACs remains a significant
challenge, especially under reaction conditions, as single atoms can easily migrate/aggregate

to form clusters.” 3

Metal oxides-supported SACs have been extensively studied in various thermo-
catalytic processes, such as the water-gas shift reaction (WGS),'* CO oxidation,'> selective
hydrogenation'® and carbon-carbon coupling reactions.!”!8 The stability of supported SACs is
significantly impacted by the metal-support interaction (MSI).!”?2 Thermally stable SACs on
a range of reducible oxides, such as TiO»,!*1"2* Ce0,2>2" Mn0,,?® Fe,03,2% etc., have been
prepared by anchoring isolated metal through M-O bonds, which are stabilized by the transfer
of charge from the metal to the supports through hybridization of O-p orbitals with metal-(d/p)
orbitals.!” Among metal oxides, TiO> has proven to be one of the most effective supports for
SACs due to its robust thermal and chemical stability, high surface area, and ability to form
strong MSIL.3'* These features enable TiO> to stabilize single metal atoms and reduce the
likelihood of clustering.>>® Therefore, TiO, has been widely used as a support material in
numerous catalytic processes, such as hydrogenation, and CO> reduction reactions, making it
a versatile catalytic material.’’*° For example, TiOz-supported SACs containing transition
metal atoms such as Rh, Ag, Pt, and Au have been investigated for water-gas shift reactions,
alkene combustion, and hydrogenation reactions.*'** A recent theoretical study demonstrated
that Rh-, Ag-, and Pt-based SACs promote homolytic splitting of H», thus generating H
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necessary for thermo-catalytic hydrogenation reactions.*’ Similarly, Rh single atoms supported
on TiO» exhibit high efficiency in CO; hydrogenation reaction, delivering excellent selectivity
to CO and stability under reaction environments.>>**%* Previous studies have shown that by
changing the size of Rh metals from nanoparticles to single atoms over TiO», it is possible to
steer the selectivity of CO» hydrogenation from CHs to CO highlighting the unique ability of
SACs to tune selectivity.*”* When compared to the other metal oxides, TiO2-supported Rh is
up to an order of magnitude more active than SiO»- and Al,O3-supported Rh, making it one of

the most active catalysts for CO, methanation.?*

Surface vacancies are not only common, but their presence on TiO; is also found to be
crucial in stabilizing active metal catalyst particles (nanoclusters to single atoms). For instance,
Hu et al. elucidated that oxygen-defective TiOz-supported Ag SAC enhances dissociative Ha
adsorption through a heterolytic mechanism, wherein oxygen vacancies can be advantageously
produced in the presence of Ag single atoms.* Similarly, previous experiments and theory
combined studies have shown an enhanced thermal stability of Pt and Au SACs on the
anatase/rutile TiO2 surface with oxygen vacancies.’>*! Typically, oxygen vacancies (Oyac) on
TiO; surfaces form when bridging oxygen reacts with H atoms of nearby OH groups,
generating H>O. %277 It has been suggested that the TiO; surface is covered by OH groups under
hydrogen-rich conditions (e. g. CO> hydrogenation conditions).’?>” Thus, it is anticipated that
the surface OH groups play a significant role in the thermodynamic and kinetic stability of

SACs formed on Ti0,.38

The stability of TiOz-supported SACs under H, reduction reaction conditions®*!

remains poorly understood despite their widespread catalytic applications,’>® It is imperative
to comprehend the stability/durability of SACs under reduction conditions before their
potential technological applications as heterogeneous catalysts. Experimental techniques alone
do not provide the atomistic picture of the structure composition of SACs. First principles
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density functional theory (DFT) calculations provide an accurate description of the formation
and breaking of bonds and thus represent a valuable approach for determining the structure and
composition of SACs supported on metal oxides.®"62:634 In this contribution, we conducted a
systematic DFT study to evaluate the thermodynamic and kinetic stability of Rh, Ag, Pt, and
Au single atoms on oxygen-defective and hydroxylated rutile TiO> (110) surfaces, the

thermodynamically most stable low-index surface of Ti05>%

under reducing (CO»
hydrogenation conditions). Pt shows the highest activation energies and diffusion times,
making it the most stable, while Ag exhibits the lowest values and readily aggregates. Rh
presents a unique case: although mobile once formed, the high cost of adatom formation and
facile cluster fragmentation keep it dispersed. Au is unstable on defective surfaces but becomes
significantly stabilized by hydroxylation, which increases both total activation energy and

diffusion lifetimes. Hydrogen adsorption generally enhances mobility, but its impact is metal-

dependent—stabilizing Rh while promoting aggregation of Ag, Au, and to a lesser extent Pt.
2. Computational Methods

2.1. DFT calculations

All results were obtained by performing spin-polarized periodic DFT computations using the
Vienna Ab initio Simulation Package (VASP).®”*® The projector-augmented wave (PAW)
pseudopotentials®® were employed to account for interactions between atomic cores and
valence electrons. Exchange-correlation energies were calculated using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional.”’ To
accurately describe the on-site Coulombic interactions of the 3d electrons in Ti within TiO»,
we employed the DFT+U formalism, where U represents the Hubbard-type correction.”!’?

Based on previous literature, a U value of 3.5 eV was set for d electrons in Ti.”>””” The plane-

wave energy cutoff was set at 500 eV, and the self-consistent convergence criterion was 1 x 10



5 eV for atomic position relaxation. Due to the large surface models, a Monkhorst-Pack (1 x 1
x 1) I'-centered k-point grid was used for Brillouin zone sampling. The DFT-D3 dispersion
correction scheme developed by Grimme et al. was employed to account for van der Waals
(vdW) interactions.’® Bader charge analysis was performed using the code from the Henkleman
group at the University of Texas at Austin’”® to evaluate the charge transfer from metal to
oxide support for selected SACs. The climbing image nudged elastic band (CI-NEB) method
was employed to locate the transition state of a reaction.®! Six images, including the initial state

(IS) and final state (FS), were used in CI-NEB calculations.
2.2. Structural model of SACs

The rutile TiO> (110) surface was modeled as a periodic slab with 12 atomic layers (four tri-
layers)* with a vacuum of ~20 A between slabs along the z-axis. A 4 x 2 surface cell was
utilized, with the bottom two tri-layers fixed at their bulk positions to mimic the bulk-like
environment. Each tri-layer consists of 16 Ti and 32 O atoms. To assess the feasibility of single-
atom adsorption on TiO> surfaces under oxygen-rich and oxygen-poor conditions, we
calculated the system’s chemical potential (u(System)) using an approach described
elsewhere®® for two different SAC models: TiOz-supported (L) and substituted (@) SACs. In
the former case, the metal single atom (SA) resides on the TiO> surface, while in the latter, the
SA replaces a Ti atom in the topmost tri-layer of the TiO2(110) slab. Unless otherwise stated,
M_LTiO; and M@TiO: represent supported and substituted SACs on TiOz, respectively. To
mimic oxygen-poor conditions, we modeled defective TiO> surfaces by introducing one- and
two-surface oxygen vacancies at the bridging sites of two six-coordinated Ti atoms (Tisc)
through the removal of 2-coordinated oxygen (O2c) atoms from the surface. Previous studies

82.83 and induce localized

have shown that O,c vacancies require relatively low formation energy
electron density on the adjacent Ti atoms, which can facilitate the stabilization of adsorbed

metal species.’*



2.3. Stability assessment parameters

The chemical potential, p(System), for M_LTiO,_,, and M@TiO,_,,, can be determined using
Equations (1) and (2), respectively, where 'n' represents the number of oxygen vacancies,

ranging from 0 to 2.

u(System) = E(M L TiO,_,,) + nu(0) — E(TiO,) — E(Bulk M) ... ....... (1)

u(System) = E(IM@TiO,_,) + u(Ti) + nu(0) — E(TiO,) — E(Bulk M) ..........(2)

Here, E(IM_LTiO2.nx), EIM@TiO2.1x), E(Ti02), and E(Bulk M) are the DFT calculated total
energies of M LTiO2.nx, M@TiO2.nx, bare TiO7 surface, and bulk metals, respectively. u(O) and
L(Ti) represent the chemical potential of the atomic O and Ti. w(O) and E(Bulk Ti) can be

calculated by the following equations

E(O,
n(0) = (2 ) + Ap(0) ..........(3)
u( Ti) = E(Bulk Ti05) — 21(0) v .. .... (4)

where E(O:) and E(Bulk TiO;) are the total energies of isolated O> gas molecule and bulk TiO»,
respectively. Ap(O) is the value of u(O) when using half of E(O») as a zero reference, which

depends on temperature T and oxygen partial pressure pg,, and can be calculated using®

Po
Hoz(T,p)—Hoz(OK,p)—TSoz(T,p)+T502(OK,p)+kBT1n(p—02)

Ap(0) = P (5)

where various terms on the numerator of the right-hand side of Equation (5) represent the
differences in enthalpy (H), entropy (TS) of an O, molecule relative to the T = 0 K limit, and
their pressure dependence. kg is the Boltzmann constant and p® denotes the standard pressure.
Next, to determine the optimal hydroxylated TiO: structures, we have computed the free energy

of various systems with different hydrogen coverages as a function of Au(H):



AG(System) = E(System/mH) — E(System) — m(Ap(H)) — m(E(H;)/2) ... ... ... (6)

where E(System/mH), E(System), and m are energies of hydroxylated, bare TiO: structures,
and the number of H atoms (coverage) attached with bridging O»c atoms, respectively. The
approach for determining Ap(H) follows a similar method to that for Ap(O). A detailed
explanation of the equations used for computing the chemical potential of various systems is

provided in the Supporting Information (SI).

The thermodynamic stability of metal single atoms on TiO2.n/mH can be assessed

86,87

through binding energy (BE) and formation energy (Er) calculations, as described below:

BE = E(M L TiO,_/mH) — E(TiO,_x/mH) — E(Migg) e ere oo (7)
Ef = E(M L TiO,_,,/mH) — E(Ti0,_n/mH) — EMpyii) wer ver ooe - (8)

In Equations (7)-(8), E(M_LTiO2.nx/mH), E(TiO2.nx/mH), E(Miso), and E(Msuix) are the energies
of TiO2.n/mH with metal single atom, bare TiO»-.nx/mH surface, isolated metal, and bulk metal
atoms, respectively. Here, n and m denote the number of oxygen vacancies (0-2) and hydrogen
coverage (1-8). Finally, to evaluate the kinetic stability of metal atoms at various sites, we
calculated the diffusion energy for metal dimerization (E4) and total activation energy
(Etotal)- 28 Using E4, we also calculated the diffusion rate constant (k) and the corresponding

characteristic diffusion time (1) at 500 K temperature according to the following equation**-*°

1 KkgT E
k= == Lexp (——d) S )

As highlighted by Li and co-workers,*” ripening kinetics are governed not by diffusion
alone but by the combined cost of adatom formation and migration. The resulting total
activation energy (Ewtl = Er + Eq) provides a more realistic descriptor of single-atom stability.

Thus, a higher Ewwm exponentially suppresses the probability of single atoms detaching,



migrating, and encountering each other to form a dimer, thereby ensuring longer single-atom
lifetimes. This E;y¢) €nergy is defined as the sum of the formation energy (Er) of two separated
metal atoms on support (*M*M) and the diffusion barrier (Eq) required for dimer formation

(*M-M) and is expressed as Eiytq= Er+ Ed. The Efof *M*M can be calculated by using:

E E(* M+M 1 TiOZ—nx/mH) - E(Tioz—nx/mH) - 2E(MBulk)
f = e
2

. (10)

To assess the influence of H adsorption on metal dimerization, we extended the definition of
total activation energy by including the Gibbs free energy of H adsorption (AG(H)). In this
case, Eotal 1s expressed as: Eiowl = Er+ Eq + AG(H), where AG(H) is the Gibbs free energy of

H adsorption on the metal atom, which can be calculated as:
AGH)=E} — (mXAp(H)) covvenees (11)

In equation (11), E3® denotes the binding energy of H on the metal, m is the total number of H
atoms coordinated to the metal adatom, and Au(H) is the chemical potential of H, typically
taken as -0.35 eV, corresponding to H» pressure of 0.1 atm at 500 K.* The expression for Ef_‘[d in

the * MH * MH L TiO,_,/mH system is given by:
Eid = E(+ MH * MH L TiO,_p,/mH) — E(* M * M L TiO,_,,/mH) — E(H,).....(12)

In equation (12), E(*M*M_LTiO2.nx/mH) and E(*MH*MH_LTiO2..x/mH) are the total energies
of TiO2nx/mH surface with two metal atoms adsorbed at distinct sites, in the absence and
presence of H adsorption on each metal, respectively, and E(H2) is the energy of the H»

molecule.®¢



3. Results and Discussion

MLTiO,
(Supported)

MLTiO,,
0y

MLTiO, ,,
(20,)

M@Tio, .
(Substitutec
M@TiO,.
0,)

M@TiO, ,
(20,)

Figure 1. Plausible adsorption sites for TiO2-supported (L) and substituted (@) SACs are
illustrated. Sites 1 to 4 indicate the possible adsorption locations for the metal atoms on the
TiO2(110) surface. TiO2, TiO2x, and TiOz-2x refer to pristine, one oxygen-deficient, and two
oxygen-deficient TiOz surfaces, respectively. O—Red, Ti-Cyan, and M—Brown.

We first identified the most favourable adsorption sites for single-metal atoms on
stoichiometric and oxygen vacancy-enriched TiO; surfaces. For M LTiO», only one adsorption
site was found, where the metal interacts with both Oxc and Osc oxygen atoms (Figure 1). In
contrast, for M@TiO2, two possible adsorption sites were identified, which correspond to the
substitution of either six-coordinated Ti (Tisc) or four-coordinated Ti (Tisc) atoms by the metal
atom. On the oxygen-deficient surfaces: MLTiO>x and M1TiO22x, we considered three
potential adsorption sites: directly at the vacancy site, near the vacancy, or slightly away from
the Oxc vacancy (Figure 1). Similarly, for M@TiO2x and M@TiO:-2«, four adsorption sites
were examined by removing nearby and distant Oxc atoms from two different pristine M@TiO>
configurations. The various adsorption sites are illustrated in Figure 1. For the M@TiO», we
found that Rh and Pt preferentially replace six-coordinated Tisc, whereas Ag and Au favour

substitution at the Tisc site (Figures S1-S4). On the ML TiO> systems with one or two oxygen
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vacancies, all metals, except Rh, prefer to occupy the oxygen vacancy site. However, Rh
favours a nearby position (Site 1), which is consistent with previous research.’® On the
M@TiO2x and M@TiO2-2« systems, Site 4 and Site 1 were found to be the most stable
adsorption sites for all metal atoms, respectively. The optimized geometries and relative

energies of various adsorption sites for all metals are presented in Figures S1-S4.

10 —=—RLITiO, ———Rh@TiO, 8§ —=AgITiO, ——Ag@Tio,
—RLITiO, ———Rb@TiO, , J=—AglTi0, | ——Ag@TiO, |

8 ~|—~RwiTiO, , | ——RuN@TIO, ,_ 6 |48l Ti0y 5 ——ag@Tio,

~ 6 — _

2

— 4 -

4]

g i 4

z. 2 — 2 —

2

=1

0 1—
Supported (1) 0 —{ Supported (1)

7| substituted (@) Substituted (@)
_2'I'I'I'I'I'I'I LA L LR L L DL DL

-35 3.0 -25 -20 -1.5 -1.0 -0.5 0.0 -35 -3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0
8 1 ——PtTiO, ——Pt@Tio, 8 5 —AWTiO, —— Au@TiO,

| ——PLTio, —Pi@Tio, b =——AulTiO = Au@TiO,
6 o ——rutio, 5, ——Pi@TiO, 5, 6 = ST AuITIO) ), ——Au@TiO, 5,

)
|

w(System) (eV)
=
L
=
]

- 2 =

0 < -1 /
_| Supported (1) 0 - Supported (1)

5 Substituted (@) Substituted (@)

L L IR BN BN N B B | L L L BN L B LI |
35 3.0 -25 20 -1.5 -1.0 -05 00 -3.5 -3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0
Ap(O) (eV) Ap(0) (eV)

Figure 2. The relative stability of various single-atom catalysts (SACs) as a function of oxygen
chemical potential Ap(O).

Figure 2 presents the relative stability of SACs on pure and oxygen-deficient TiO>
surfaces as a function of oxygen chemical potential (Ap(O)). The stability of SACs is
determined by both their chemical potential, which correlates with the escaping tendency®!+”2
of metal atoms, and their binding energy (BE), which quantifies the strength of metal-support

interactions. A higher chemical potential of the SACs (values in the y-axis in Figure 2)
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corresponds to a greater escaping tendency, while a lower chemical potential suggests stronger
thermodynamic stability. Figure 2 demonstrates that the thermodynamic stability of SACs also
depends on oxygen chemical potential, which dictates whether a metal atom prefers a M@TiO-
or ML TiO; configuration. Under oxygen-rich conditions (high p of oxygen, -1.0 eV < Au(O)
<0 eV), the M@TiO> configuration is thermodynamically the most favourable for all metals.
This is because the TiO; lattice remains fully oxidized, at the same time, the O-rich condition
indicates the Ti-poor conditions, which allow metal atoms to integrate into substitutional sites
with strong metal-oxygen coordination, resulting in lower chemical potential (of the system)
and enhanced stability. However, as the oxygen chemical potential decreases (oxygen-poor
conditions), oxygen vacancies (Ovac) begin to form, destabilizing the M@TiO> and favouring
the supported MLTiO> configuration. This transition is metal single atom-dependent and
occurs at different Ap(O) thresholds for each metal: For Rh on TiO2, RhLSAC is favourable
until Ap(O) < -3.2 eV, indicating that Rh remains stable in substitutional sites even under
moderately reducing conditions but eventually transitions to a Rh.LTiO, configuration at very
low oxygen chemical potential. This trend is consistent with, but quantitatively shifted from,

1%, who found that substitutional Rh remains stable only until

the results reported by Tang et a
Ap(O) = -2.6 eV, with a supported configuration becoming favourable at more reducing
conditions. The slight discrepancy is likely due to the different Hubbard U parameters applied
to the Ti 3d states, which affect both oxygen-vacancy formation energies and the relative
energetics of metal incorporation. For Ag, the Ag1TiO> model becomes favourable up to the
range of Ap(O) < -1.5 eV, meaning Ag prefers surface adsorption much earlier than Rh as
oxygen vacancies start to form. The results (Figure 2) show that Pt1TiO; is favourable below
until Ap(O) < -2.3 eV, showing that Pt follows a stability trend between Rh and Ag, favouring

M@TiO; under mildly reducing conditions but transitioning to ML TiO> configurations at more

negative Ap(O). For Au on TiO2, AulTiO2, becomes favourable until Ap(O) < -1.25 eV,
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indicating that Au among all metals has the least potential to move from M@TiO; to MLTiO>
configuration, with decreasing oxygen availability. As a result, metal atoms migrate to the
surface, where they interact more favourably with exposed Ti atoms and oxygen vacancy sites,
forming stabilized M LTiO>«. This effect is further corroborated by the computed binding
energy (BE) trends in Figure 3; BE increases for ML TiO2 SACs in oxygen-deficient conditions,
confirming that vacancies provide stronger anchoring sites for single-metal atoms. While Rh
and Pt exhibit strong MSI in both M1TiO; and M@TiO: configurations, they require highly
reducing conditions (lower Ap(O)) before transitioning from the lattice/substitutional site to
the surface site. In contrast, Ag and Au, which have inherently weaker metal-oxygen
interactions, are much more destabilized by oxygen vacancies and migrate to M.LTiO2

configurations at higher oxygen chemical potentials (less negative Ap(O)).

(-3.92) (-1.64) (4.18) (2.71)

Rh.LTiO, , /6H AgLTiO, /4H PtLTiO, /7TH AulTiO, /5H
(-3.62) (-1.97) (-4.39) (-2.82)

Figure 3. Thermodynamically most stable structures of Rh, Ag, Pt, and Au SACs on perfect,

oxygen-defective, and hydroxylated TiO> surfaces. The values given in parentheses correspond
to the binding energies (in eV) of metal atoms.
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35 3.0 25 20 -1.5 -1.0 -05 0.0 35 3.0 25 20 -15 -1.0 -0.5 0.0
6 ] ——PtITiOy/7H 6 ] — AULTiOy/TH
J | —PuTio, y7H 1 | —awmio, sH
4o | —PUTIOy yH 4 | —auTioy,6H
E 0 _- \ ) —-
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-4 | —P@TiO25/6H 1 | —Au@Ti0; /60
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Ap(0) (eV) Ap(0) (eV)
M= Rh Ag Pt Au
M_LTiO:2 7H (1.40) 8H (0.03) 7H (0.27) 7H (-0.27)
ML_LTiO2-x 3H (1.92) 4H (-0.01) 7H (0.12) SH (-0.74)
ML_LTiO2-2x 6H (1.64) 6H (0.36) SH (0.37) 6H (-0.18)
M@TiO2 6H (1.65) 8H (0.69) 7H (2.80) 7H (1.92)
M@TiO2x 7H (1.64) 7H (0.96) 7H (2.00) 6H (1.70)
M@TiO2-2x SH (1.35) 3H (0.50) 6H (1.31) 6H (0.79)

Figure 4. Relative stability of MLTiO2 and M@TiO2 (with hydroxylation) as a function of
Ap(O) under a typical condition of H; reduction (Hz pressure of 0.1 atm at 500 K, 1.e. Au(H) =
-0.35 V). The dashed line represents the specific condition corresponding to water formation
equilibrium (Ap(H) = -0.35 eV and Ap(O) = -3.23 eV for 0.01% conversion). The DFT
predicted optimal H coverages and total system chemical potential (Usystem) under above
mentioned reduction condition have been supplied in the attached table.

The attached table in Figure 4 provides the DFT-optimized H coverage on various SACs
formed on TiO2 under hydrogen reduction conditions. The results illustrate how the H coverage

on M1TiO> and M@TiO; SACs varies depending on the metal species and the presence of
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oxygen vacancies. The optimal H coverages on TiO; for various systems were obtained from
free energy changes of different coverages vs. Aw(H) plots, as shown in Figures S5-S8.
Understanding these variations is important, as H coverage (presence of surface OH groups)
influences the thermodynamic and kinetic stability of SACs by modifying the surface
electronic properties, which also affects metal dispersion and MSI. Hydroxyl groups can
stabilize isolated atoms and alter the catalytic performance of SACs compared to those
supported on TiO; without surface OH groups. On the other hand, the presence of surface OH
groups may also weaken metal binding, facilitating the migration of metal atoms to form larger
metal clusters. The results in Figure 4 indicate that for both pristine M LTiO2 and M@TiO2
configurations, Ag shows the maximum coverage of 8H, while Rh and Pt prefer an H coverage
of 7H. When an oxygen vacancy is introduced, the optimal H coverage decreases for Rh L TiO»-
x and Ag1TiO,., drastically to 3H and 4H, respectively. This sharp reduction suggests that
vacancy formation significantly alters the adsorption environment and electronic structure of
the Rh and Ag metals, likely due to charge redistribution and the rearrangement of hydrogen
binding sites. For the M@TiO»x configuration, almost all bridging O atoms are prone to

hydroxylation, indicating a near-complete saturation of available sites.

DFT-based thermodynamic analysis on the stability of SACs was performed under a
typical hydrogen reduction condition (Hz pressure of 0.1 atm at 500 K, corresponding to Ap(H)
=-0.35 eV).® Figure 4 plots the relative stability of SACs as a function of Ap(O). A crucial
benchmark in this analysis is Ap(O) =-3.23 eV, which corresponds to the equilibrium condition
for water formation. This value allows us to pinpoint the most favourable SAC structures under
realistic catalytic conditions. At Ap(O) = -3.23 eV, Pt stabilizes in the Pt LTiO2.x/7H structure,
where a single oxygen vacancy and seven hydroxyl groups contribute to the strongest MSI
among all studied metals (BE = -4.39 eV). Compared to PtLTiO>x (BE = -4.18 eV), the

increase in BE of PtLTiO,.x/7H suggests that hydroxylation stabilizes Pt by modifying charge
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transfer dynamics between the metal and the support. Ag prefers the AglTiO,./4H
configuration (BE = -1.97 eV), and Au stabilizes in the AuLlTiO,.«/5H structure (BE = -2.82
eV). The increase in BE compared to their non-hydroxylated counterparts (AgLTiO2x: BE = -
1.64 eV, and AulTiOxx: BE = -2.71 eV) suggests that hydroxyl groups act as additional
anchoring sites, compensating for the inherently weaker metal-TiO, interaction of these noble
metals. Interestingly, Rh follows a different stability trend. At Au(O) =-3.23 eV, the Rh@TiO»-
x/5SH remains more stable than the Rh.1TiO22«/6H configuration. This suggests that under
mildly reducing conditions, Rh prefers to remain incorporated into the TiO> lattice rather than
migrate to surface O vacancy sites. However, as the environment becomes more reducing
(Ap(O) < -3.4 eV), RhLTiO2.2x/6H emerges as the most favourable structure, with a binding
energy of -3.62 eV. This transition highlights that substitutional Rh possesses greater
thermodynamic stability in moderate reducing environments. Its transition to a supported SAC
structure at lower Ap(O) suggests a potential activation mechanism where Rh atoms gradually
migrate to surface sites under highly reducing conditions. Overall, the results in Figure 4, in
conjunction with Figure 3, establish that hydroxylation plays a crucial role in stabilizing Ag,
Pt, and Au on TiO; support. Furthermore, our results predict that the presence of surface OH
groups greatly influences the Rh single atom’s transition from a substitutional to supported

configuration in strongly reducing environments.
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Figure 5. Dimerization energetics of Rh, Pt, Ag, and Au single atoms on hydroxylated and
oxygen-deficient TiO2(110). (a-b) Example of the dimerization pathway for Rh on TiO2-2x/6H,
modeled in a supercell doubled along the x direction, in the absence and presence of hydrogen
ligands, where two *MH; units combine to form an *M;H4 dimer. (c) Calculated reaction
energies (AE, eV) for dimerization of Rh, Pt, Ag, and Au in the absence (black) and presence
(red) of H adsorption. (d) Optimized geometries of the most stable *MH>*MH> species with
the corresponding H»> binding energies, BE(H>).

Next, to assess the thermodynamic stability of metal atoms on hydroxylated, oxygen-
deficient TiO; surfaces, we investigated the energy change associated with metal dimerization
both in the absence and in the presence of H» ligands. Figure Sa illustrates the dimerization
process for Rh on TiO2x/6H. To model this, we used a supercell doubled along the x direction,
which allowed two isolated monomers (RhL1TiO2.x/6H, PtLTiO>.x/7H, AglTiO2«/4H, and
AulTiO>x/5H) to be placed in proximity and then transformed into their corresponding
dimeric structures, denoted as *M*M and *M-M in the figure (i.e., dimers without H
adsorption). Figure 5b shows the analogous pathways with H adsorbed on the metal atoms,
where *MH>*MH> transitions to *M>H4 dimer. The computed dimerization energies AE are
summarized in Figure 5c, and the optimized *MH>*MH; geometries and H» binding energies

(BE(H>)) are displayed in Figure 5d. In the absence of Hy-adsorption on metal, dimerization is

exothermic only for Rh (AE =-1.40 eV), indicating a strong thermodynamic driving force for
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Rh aggregation on the TiO,.x/6H surface. In contrast, Pt and Au dimerization are highly
endothermic (AE = +1.50 to +1.65 e¢V), showing these metals are thermodynamically favoured
to remain dispersed; Ag is moderately endothermic (AE = +0.61 eV). Introducing H ligands
dramatically alters these trends. For Rh, dimerization of the H»-ligated species becomes
strongly endothermic (AE = +1.81 eV): H> adsorption therefore stabilizes the *RhH>*RhH>
monomer relative to the *Rh,Hs dimer and suppresses aggregation. We would like to note that
H coverage was maintained while comparing the energetics of *RhH>*RhH> vs. *RhoHy, even
though the optimal number of H on Rh> may change once the Rh-Rh bond is formed. Pt changes
sign and becomes marginally favourable for clustering upon Hz coordination (AE =-0.11 eV),
implying that H ligation slightly promotes Pt dimerization. Ag and Au become notably
exothermic in the H»-ligated case (AE = -0.65 eV and -2.77 eV, respectively), indicating that
hydrogen-related surface chemistry strongly facilitates aggregation for these two metals. The
BE(H:) values given in Figure 5d rationalize these behaviors: Hz binds most strongly to Rh (-
4.09 eV), moderately to Pt (-1.44 eV), and is unfavourable for Ag and Au (+1.71 eV and +3.53
eV, respectively). The strong H binding on Rh explains why H ligation flips Rh dimerization
from exothermic to endothermic. In the case of Pt, the moderate H binding — together with
the H-induced displacement of Pt from its preferred vacancy site (see Figure 5d) — weakens
the metal-support anchoring and increases Pt mobility, which helps clustering. For Ag and Au,
the positive BE(Hz) values indicate that direct H> adsorption on isolated atoms is not
favourable. Nevertheless, when H is present on the hydrogenated support or when H-assisted
surface chemistry occurs, the computed energetics show aggregation is favoured, suggesting
indirect/cooperative H effects (e.g., H-assisted weakening of metal-support bonds or
stabilization of metal-metal bonding) promoting the dimer formation. Overall, these results
indicate that H» ligation stabilizes Rh single atoms but accelerates aggregation of Ag and Au

and, to a lesser extent to Pt — a trend consistent with the dynamic, adsorbate-dependent site
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stability reported for Rh/TiO, by Tang et al.*> The additional optimized structures are shown in

Figures S9-S10.
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Figure 6. (a) Optimized geometries of isolated metal atoms (*M*M), dimer (*M-M), and (b)
potential energy diagrams of metal dimerization on oxygen defective TiO2 surface (2MLTiO».
x» M= Rh, Ag, Pt and Au). The inset figure represents the global minimum structure of two
separated Rh atoms on TiO2.2x.

While Figure 5 establishes the thermodynamic driving forces for metal dimerization, it
is equally important to evaluate the kinetic stability of isolated atoms, as sintering is governed
by both thermodynamics and diffusion barriers. To this end, we computed the activation
energies for metal migration leading to dimer formation (Figure 6). Because NEB calculations
are computationally prohibitive for the large (doubled) supercell used in the thermodynamic
analysis, the kinetic barriers were instead evaluated using a smaller 4x2 surface cell, where two
metal atoms were placed at distinct adsorption sites. This approach allows us to probe the

kinetic hurdles for dimerization on defective, hydroxylated, and H-liganded TiO> surfaces,

providing a complementary picture to the thermodynamic results. In Figure 6, the initial state
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(*M*M) consists of two isolated metal atoms placed at distinct positions: one at an oxygen
vacancy site (defect site) and the other on a four-coordinate Ti atom. The optimized geometries
of the initial, final, and intermediate structures of the metal dimerization process on defective
TiO, surfaces are presented in Figures S11-S14. The choice of this configuration allows us to
specifically probe the kinetic stability of metal atoms at defective sites before H exposure. The
relative energy diagrams in Figure 6(b) reveal distinct trends in the kinetic stability of various
SACs. Among all SACs, Pt exhibits the highest Eq (1.94 eV), followed by Au (1.16 eV), Ag
(0.89 eV), and Rh (0.25 eV). The high Eq of Pt suggests strong MSI, making it kinetically stable
and resistant to potential sintering. Rh exhibits the lowest Eq, suggesting high mobility and an

increased likelihood of aggregation under reaction conditions.
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Figure 7. (a) Optimized geometries of isolated metal atoms (*M*M), dimer (*M-M), and (b)
potential energy diagrams of metal dimerization on oxygen-defective hydroxylated TiO»
surface (2MLTiO>x/nH, M= Rh, Ag, Pt and Au). The Inset figure represents the global
minimum structure of two Rh atoms on TiO2.2x/6H surface along the reaction coordinate of Rh
migration.
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The introduction of surface OH groups modifies both the kinetic stability and
thermodynamic preference for metal aggregation by influencing the MSI and altering the
adsorption environment. The most striking difference between Figures 6 and 7 is the increase
in Eq especially for Au, upon hydroxylation, indicating that -OH groups serve as additional
anchoring sites that further restrict metal mobility. For Ag, however, hydroxylation does not
enhance kinetic stability as effectively—its Eq remains relatively low, indicating that Ag atoms
can still migrate and potentially aggregate even in the presence of OH groups. While for Au,
dimerization becomes more energy-demanding (1.63 eV) and less exothermic, indicating that
hydroxylation introduces a stabilizing effect. In contrast, Pt dimerization remains endothermic,
but with an even greater energetic penalty compared to configurations without surface OH
groups (Figure 6), further reinforcing their preference for remaining as a single atomic state.
The comparison between Figures 6 and 7 highlights that hydroxylation plays a dual role: for
Pt, and Au, it enhances both kinetic and thermodynamic stability, reducing their tendency to
migrate and aggregate. However, for Rh and Ag, hydroxylation provides limited kinetic
stabilization and no significant thermodynamic benefit, meaning Rh and Ag remain highly
prone to sintering even on a hydroxylated TiO; surface. From the comparison of Figures 5 and
7, we observe a consistent clustering behavior across both the large and small supercells under
hydroxylated conditions. As in Figure 5, Pt and Au dimerization remains thermodynamically
unfavourable, and Figure 7 further shows that their dimer formation requires substantial
activation energy. In contrast, Ag and Rh dimerization follow the same tendencies on both
small and extended surfaces, confirming that their aggregation pathways are intrinsic to the
system rather than artifacts of cell size. These consistent results indicate that the present model
reliably captures the aggregation behavior of late transition metals on oxygen-defective,

hydroxylated TiOz surfaces.
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Table 1. Characteristic diffusion times (1, sec) for Rh, Ag, Pt, and Au on defective (M_LTiO»-
nx), hydroxylated (M_LTiO2.nx/mH) and H-liganded (MH_LTiO2../mH) TiO> surfaces.

M=Rh M=Ag M=Pt M=Au

n=2 n=1 n=1 n=1

m=6 m=4 m=7 m=5
M_LTiO2-nx 3.18x10°""  8.93x10”° 3.40x10° 4.69x107
MLTiOznvmH  1.61x101° 2.11x10% 1.69x10° 2.56x10°
MHLTiO2n/mH  1.67x10%  2.07x10° 3.79x10"!' 2.07x10
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Figure 8. (a) Formation energies (Er), diffusion barriers (Eq), and total activation energies

(Etotal), (b-c) Correlation between Eioal (€V) and binding energy (BE) for Rh, Ag, Pt, and Au
metals on defective (M_LTiO2.nx) and hydroxylated (M_LTiO2.nx/mH) surfaces..

Table 1 presents the calculated characteristic diffusion times (t) of Rh, Ag, Pt, and Au
atoms on oxygen-deficient and hydroxylated TiO: surfaces. The results highlight the different

kinetic regimes that govern single-atom stability. Rh shows the lowest t values among the four
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metals, consistent with its small diffusion barrier (Eq = 0.25 eV, Fig. 6). However, Rh
simultaneously exhibits a relatively large total activation energy (Eotal), because the formation
of mobile Rh adatoms is energetically costly. This indicates that the short T of Rh mainly
reflects its easy mobility once formed, while the high E underscores that the rate-limiting
step is adatom formation rather than diffusion. In contrast, Au exhibits very short t values on
defective TiO, but hydroxylation substantially increases t by up to three orders of magnitude
(10° s), showing that surface hydroxyls kinetically stabilize Au atoms against clustering. Pt
consistently displays the largest T values, on the order of 10° s, confirming its exceptional
kinetic resistance to aggregation. Ag, on the other hand, shows 1 values that remain short under
both defective and hydroxylated conditions, underscoring its intrinsic instability. These

findings align with the analysis of Wan et al.®®

, where the total activation energy was identified
as the decisive descriptor of sintering kinetics: although t differs markedly for Rh and Au but
Etotal 1s dominated by the formation energy contribution in the case of Rh. Overall, Figures 8a
emphasize that both Eq and Er must be considered simultaneously, as their relative magnitudes
dictate whether diffusion or formation controls the sintering process. Figure 8b-c establishes a
moderate to strong correlation between Etworl and the BE of SAC on TiO2, highlighting how
MSI governs the kinetic stability. For oxygen-defective surfaces (Figure 8b), the Pearson
correlation coefficient (PCC) is obtained as -0.71, indicates moderately strong negative
correlation, where metals with higher BE, such as Pt and Rh, exhibit higher Etotal, making them
more resistant to aggregation. Conversely, Ag, with lower BE, has a significantly lower
activation barrier, indicating higher mobility and a greater tendency to sinter and form a cluster.
This correlation suggests that thermodynamic stability is a key predictor of kinetic resistance
to migration. However, when hydroxylation is introduced (Figure 8c), the correlation becomes

stronger. For Au, Ewr increases, reflecting enhanced kinetic stability, whereas for Ag it

decreases, consistent with its weak anchoring. The relative order of Ewtw before and after
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hydroxylation is Pt (3.82 ¢eV) > Rh (2.25eV) > Au (2.16 eV) > Ag (1.97 eV) and Pt (3.73 eV)
>Rh (2.33 eV) = Au (2.32 eV) > Ag (1.61 eV), respectively. This comparison indicates that
hydroxylation enhances the kinetic stability of Au, has only a minor effect on Rh and Pt, and

does not stabilize Ag, while Pt remains the most stable metal irrespective of surface

hydroxylation.
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Figure 9. (a) Optimized geometries of isolated metal atoms (*M*M), dimer (*M-M), and (b)
potential energy diagrams of metal dimerization on oxygen defective hydroxylated TiO>
surface in presence of H-adsorption on metal 2MH_LTiO>.x/nH, M = Rh, Ag, Pt and Au)).

The impact of H-ligands on the dimerization behavior/kinetic stability of SACs
supported on oxygen-defective hydroxylated TiO, surfaces is shown in Figure 9a. Figure 9b
shows the Eact for metal dimerization on hydroxylated TiO: surfaces in the presence of one H
atom bound to each metal center. The corresponding optimized geometries of initial, final, and
intermediate structures are presented in Figures S19-S22. The introduction of H-ligands on M
provides insight into how H adsorption on metal further modifies metal mobility, electronic
structure, and aggregation behavior. Compared with the H-free case (Figure 7), the diffusion
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barriers change from 0.32 (Rh), 0.53 (Ag), 1.91 (Pt), and 1.63 eV (Au) to 0.52 (Rh), 0.43 (Ag),
1.25 (Pt), and 0.43 eV (Au) upon H adsorption. This indicates that, except for Rh, hydrogen
ligation substantially decreases the kinetic barriers and facilitates dimerization. The effect is
particularly strong for Au, where the barrier drops from 1.63 to 0.43 eV, making dimerization
both kinetically and thermodynamically favourable. Ag also shows an appreciable reduction in
barrier height, reinforcing its intrinsic tendency to sinter. For Pt, the barrier remains the highest
among the four metals but is still reduced by ~0.7 eV relative to the H-free case. Interestingly,
Rh behaves differently: its barrier increases slightly upon H adsorption, consistent with the
thermodynamic results from the large supercell (Figure 5), where H» ligation stabilizes isolated
Rh atoms. Overall, these findings confirm that H ligation accelerates aggregation of Ag and

Au, and to a lesser extent Pt, while providing a stabilizing effect for Rh.
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Figure 10. (a) Relative energy for Rh dimerization on oxygen-defective hydroxylated TiO:
surface in presence of Hz-adsorption on metal (2*RhH>L1TiO2./6H) (b) Variation of total
activation energy (Ewtal, €V, in black) and characteristic diffusion time (t, sec’’, in red) with
increasing hydrogen concentration, from the H-free surface to hydroxylated TiO2 and one- and
two-H adsorbed Rh species.
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Figure 10 highlights the unique behavior of Rh single atoms under increasing hydrogen
coverage. In Figure 10(a), the Eacc for Rh dimerization increases by nearly 1.0 eV upon H>
adsorption, indicating that higher H-dosage progressively suppresses Rh mobility and
disfavours aggregation. To further quantify this effect, Figure 10(b) presents the variation of
total activation energy (Eiwtwi) and the corresponding characteristic diffusion time (1) as a
function of H» concentration. Interestingly, t increases exponentially with hydrogen dosage,
reflecting the strong kinetic stabilization of Rh under H-rich conditions. At the same time, Eotal
decreases because, for exothermic adsorption (AG(H2) < 0), the concentration of mobile
adatoms increases exponentially and the effective activation energy is reduced, as predicted in
the atomistic ripening framework by Li and co-workers.®® This contrasting trend underscores
the dual role of hydrogen: while it enhances the apparent diffusion probability by lowering
Etotal, it simultaneously prolongs the atomic residence time, thereby kinetically stabilizing
isolated Rh atoms. Together with the thermodynamic insights from the large supercell, these
results reveal that Rh maintains remarkable dispersion in H-rich environments, in sharp

contrast to Ag, Au, and Pt, which tend to agglomerate when ligated with hydrogen (Figure 9).
4. Conclusions

Using first-principles density functional theory (DFT) calculations, we systematically studied
the role of oxygen vacancies, hydroxylation, and H adsorption on the thermodynamic and
kinetic stability of Pt, Rh, Ag, and Au SACs on TiO,. Two descriptors were employed: (i) the
total activation energy (Eiotl), Which reflects the combined cost of adatom formation and
diffusion and is likely the driving force of Ostwald ripening kinetics, and (ii) the activation
barrier (Eact), obtained from NEB calculations, which directly determines diffusion rate
constants and characteristic diffusion times (t). The Eiwl analysis shows the stability in the
order Pt > Rh = Au > Ag, with hydroxylation markedly enhancing the kinetic protection of Au.
Pt’s large Eiotal indicates exceptional resistance to ripening, while Ag’s low Eioal highlights its
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inherent instability. Rh represents a unique case where dimerization is thermodynamically
favourable, yet Eioral s dominated by a high formation energy; hence, Rh is kinetically hindered
from sintering despite a low diffusion barrier. The t results derived from E.. provide a
complementary perspective on kinetic stability. Pt exhibits the longest diffusion times, Rh the
shortest due to its small diffusion barrier, while Ag and Au show intermediate values that
decrease rapidly with temperature. Importantly, hydroxylation extends the diffusion times of
Au by several orders of magnitude, making it significantly more stable than on defective TiO».
Hydrogen ligation modifies these trends in a metal-specific fashion: stabilizing Rh but
accelerating aggregation for Ag and Au, with Pt remaining comparatively resilient. Together,
these insights highlight that the long-term stability of SACs on TiO> arises from the interplay
of formation energetics, diffusion barriers, and adsorbate effects. Pt and hydroxylated Rh/Au
emerge as the most promising candidates under hydrogen-rich conditions, whereas Ag may

require alternative stabilization strategies such as dopants, alloying, or ligand coordination.
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