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The dissociative adsorption of O, on SnO; is pivotal for its gas-sensing
performance, yet the underlying mechanisms remain open to debate
and hamper widespread applications. In this study, we introduce a novel
mechanism that advances the understanding of gas adsorption and
activation on metal oxide semiconductor surfaces, coupling O, disso-
ciation and CO oxidation in a unified process that redefines the Mars—
van Krevelen mechanism. Detailed DFT simulations demonstrate that
the electronic and structural properties of the SnO, (110) surface trigger
the spontaneous stabilization of a neutral polaron upon oxygen
vacancy formation, boosting the activation of O, and directly coupling
its dissociation with CO oxidation, resulting in a highly energetically
efficient process. Our findings mark a paradigm shift in the
understanding of O,-driven gas-sensing technology and showcases
how the polaron reduces activation barriers and stabilizes key inter-
mediates, optimizing the catalytic cycle and the sensor activity. This
work paves the way for the development of high-performance SnO,-
based sensors by leveraging defect engineering and polaron dynamics.

1 Introduction

Sn0,, an n-type semiconductor with a broad band gap of 3.6 eV,
is widely recognized for its application in detecting harmful
gases in contemporary gas sensor technology.’™ Its non-toxic
and cost-effective nature, combined with high electron
mobility, chemical stability, and heat resistance, make SnO,
highly sensitive to a variety of hazardous gases and the material
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of choice for numerous applications, particularly in environ-
mental monitoring and safety devices.>™*°

The structural and electronic properties of SnO, are
profoundly influenced by intrinsic defects, especially oxygen
vacancies (Vo), which are commonly formed during synthesis.
These vacancies arise from the reduction of SnO, to SnO,
leading to the formation of Sn>" species. Vo, can exist in various
charge states: neutral (fully occupied by two electrons), singly
positively charged (with one electron), or doubly positively
charged (completely unoccupied by electrons).”™* These
vacancies introduce donor levels that promote n-type semi-
conductor behavior by generating additional electrons, thus
enhancing SnO,'s effectiveness in gas-sensing applications,
especially because these defects extend SnO,'s light absorption
from the ultraviolet into the visible or infrared spectrum.'**®
Excess electrons located within lattice defects such as the Vg
deform the highly polarizable crystal lattice and facilitate the
formation of polarons, which consist of the electrons and an
associated lattice deformation. The local displacement of ions
from their equilibrium positions creates a potential well,
wherein the coupled charge and lattice deformation jointly
contribute to carrier transport, significantly affecting the
material's conductivity and reactivity."** Large polarons form
shallow defect states, allowing carriers to move more freely with
higher mobility and longer lifetimes, whereas small polarons
exhibit phonon-assisted hopping transport, which lowers
carrier mobility and reduces their lifetime.

Although the behavior of bulk Vg is well understood, gas
adsorption—a critical aspect of SnO,-based gas sensing—is
fundamentally a surface phenomenon. Surface Vo are vital in
determining the chemi-resistive sensing performance, acting as
active donor or acceptor sites that enhance interactions with
adsorbate molecules, thus further improving SnO,'s effective-
ness in gas sensing applications."” However, the atomistic
mechanisms governing surface Vo behavior remain unclear,
limiting the optimization of gas sensing performance.* There-
fore, an in-depth investigation into the role of surface V, in gas
adsorption, charge transfer, and redox energetics is necessary to
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gain a more comprehensive understanding of the underlying
physics and to advance SnO,'s efficacy in sensor technologies.

The interaction of O, with semiconductor surfaces is pivotal to
a variety of surface processes, such as the oxidation of O, and
carbon monoxide (CO) molecules. In metal oxide semi-
conductors, this interaction plays a decisive role in governing
their chemiresistive gas sensing behavior, where the adsorption
and activation of oxygen species critically influence the material's
sensing capabilities.”**® The prevailing sensing mechanism is
primarily governed by the oxygen ionosorption model,”~** where
the adsorption and activation of O, depend on electron transfer
from the conduction band (CB) to the O, molecule once the
molecules diffuse toward the SnO, surface, resulting in the
formation of chemisorbed negative oxygen species, such as O,
07, or O°7, depending on the operating temperature.**=** For n-
type semiconductors like SnO,, this electron withdrawal creates
an electron depletion layer, whereas a hole accumulation layer is
formed for p-type semiconductors. These layers directly influence
the material's resistance, which either increases or decreases
depending on the nature of the gas interaction.*”**

Upon exposure to target gases, its adsorbed molecules react
with surface-bound activated oxygen species, either releasing
the trapped electrons to the surface (in the case of reducing
gases) or extracting additional electrons from it (for oxidizing
gases). This interaction directly modulates the width of the
electron depletion or hole accumulation layer, thereby altering
the resistance of the metal oxide semiconductor and deter-
mining its gas sensor sensitivity. Ultimately, the basic sensing
mechanism is related to redox reactions on the surface that
cause electron transfer, leading to a change in resistance.>**

In a landmark study, Sopiha et al.** investigated the stability of
charged oxygen species on pristine SnO, surfaces, and identified
the formation of 0>~ and O~ through the capture of electrons
from the CB. Crucially, they identified O*~ as the key species
driving the chemiresistive sensing response of SnO,. Further-
more, they demonstrated that the surface morphology drives the
generation of Sn*" cations, rather than the typical Sn**, which
plays a pivotal role in stabilizing these oxygen species. Charged
systems were utilized in their simulations to elucidate the effect
of charged oxygen defects on the SnO, sensor mechanism.

CO is a toxic gas with severe environmental and health risks,
requiring highly efficient detection methods.*** On SnO,
surfaces, CO sensing is intimately linked to the surface compo-
sition and the presence of Vo, which enhance interactions with
atmospheric oxygen, forming electron-trapping, activated oxygen
species. Upon CO adsorption, it is oxidized by O~ or 07,
producing CO,. This process releases the previously trapped
electrons back into the CB of SnO,, which modulates the mate-
rial's conductivity and triggers the sensor's response.**™**

Recent studies have investigated the direct oxidation of CO
by lattice oxygen on SnO, surfaces. Lu et al.*’ revealed that CO
oxidation on the reduced SnO,_, (110) surface proceeds via the
Mars-van Krevelen mechanism, wherein lattice oxygen acts as
oxidizing agent following O, adsorption and dissociation.
However, this model neglects the inherent instability of reduced
SnO, surfaces under the oxygen-rich conditions typical of
atmospheric exposure.*

This journal is © The Royal Society of Chemistry 2025
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Despite significant advancements in the understanding of
metal oxide semiconductor gas sensors, the mechanisms
underlying CO detection on SnO, remain a topic of active
debate. Both the ionosorption and direct lattice oxidation
models hinge on the prior dissociation of the O, molecule—
a process that demands substantial energy input—thereby
fueling ongoing controversy regarding the precise nature of
oxygen species and their role in gas sensing. Our findings shed
light on these mechanisms and offer a foundation for guiding
surface engineering strategies aimed at enhancing gas-sensing
performance. By tailoring surface composition and electronic
properties, interactions with target gases can be strengthened,
enabling improved toxic gas capture with faster response and
recovery times. This approach optimizes the availability and
reactivity of surface sites, providing a pathway for developing
sensors with superior sensitivity and selectivity.

In this work, we rigorously model and analyze the sensing
mechanisms associated with Vo on the SnO, (110) surface
through advanced theoretical simulations. Our approach
tackles two critical challenges: first, we accurately characterize
Vo, revealing its pivotal role in modulating the energetics of
redox reactions central to CO sensing. Second, we demonstrate
that the Mars-van Krevelen mechanism arises naturally, as the
dissociation of chemisorbed O, occurs simultaneously with CO
oxidation to CO,, in an energetically favorable process. These
findings reveal a synergistic interplay between Vg and electron
polarons, which couples O, dissociation and CO oxidation.
This interplay not only enhances our understanding of the
structural and electronic factors governing SnO,'s gas-sensing
properties but also provides crucial insights into the relation-
ship between material defects and sensing performance,
paving the way for the design of more efficient, high-
performance sensors.

2 Results and discussion

We demonstrate that Vo on the SnO, (110) surface plays
a crucial role in enhancing gas sensing performance. Our
computational analysis reveals that Vo induces spontaneous
polaron formation, which localizes charge, thereby promoting
0O, adsorption and activation. This, in turn, drives O, dissocia-
tion, directly coupling with CO oxidation in a novel variation of
the Mars-van Krevelen mechanism. The result is a highly effi-
cient reaction pathway that regenerates the system's polaron
and significantly enhances surface reactivity. Detailed charac-
terization of the transition states involved in this mechanism is
provided in the ESI,i with the methodology of our first-
principles calculations outlined in Section 4.

2.1 Crystal structure

SnO, crystallizes in the rutile structure with a tetragonal unit
cell (P4,/mnm space group), where each Sn*" cation is octahe-
drally coordinated to six 0>~ anions (Sne.), and each O*~ anion
is bonded to three Sn*" cations in a trigonal planar configura-
tion (Oszc). The unit cell contains two SnO, formula units
(Fig. SM-1af). The calculated lattice parameters (@ = b = 4.748
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A, ¢ = 3.208 A) are in excellent agreement with experimental
data (Table SM-17).**

The calculated band gap energy (E,) is 2.78 eV, correspond-
ing to a direct I' — T transition (Fig. SM-2}). While slightly
underestimated compared to experimental values,* this result
significantly improves upon those obtained using the GGA
functional (Table SM-17}). Additionally, Mulliken charge anal-
ysis shows that O3, ions carry a charge of —1.05|e| and Sng. ions
are charged 2.09|e|, reflecting their nominal oxidation states of
—2 and +4, respectively. These values serve as benchmarks for
evaluating oxidation states in the surface models.

2.2 Surface models

The SnO, (110) surface was chosen for adsorption studies due to
its stability among low-index surfaces.**** A (2 x 2) periodic slab
model, with an 18 A vacuum in the z-direction, was used. This
model consists of three symmetric O-Sn,0,-O trilayers, totaling
72 atoms. The bottom trilayer was fixed to simulate bulk effects,
and a dipole correction was applied to eliminate spurious
electrostatic interactions. The surface energy converged at 1.706
J m~? (Fig. SM-3}).

The surface's exposed layer contains two distinct sites:
octahedral Sng. and distorted square pyramidal Sns. (Fig. 1).
Mulliken charges for Sne. and Sns. were 2.05 and 2.10|e],
respectively. O anions also adopt two configurations: trigonal
planar Oz, and bent O,., with Mulliken charges of —1.01 and
—1.07le|, respectively. Thus, the charge distribution of surface
cations and anions closely mirrors that of the bulk.

The Vo in the SnO, (110) surface was then modeled by
selectively removing one oxygen atom from the pristine slab.
Two symmetrically distinct configurations of Vo were consid-
ered: the trigonal planar O;. and the bent O, sites. The relative
stability of these vacancies, denoted as Vo7 where ¢ is the charge
state, was evaluated based on their respective Gibbs formation
energies Gg>*

1
Gi(Vo') = Gi(Vo?) — G(SnO,) + EGm(Oz) + po + qer + A7 (1)

Sn

Particle types
R |
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Gy(Vo7) represents the total energy of the supercell containing
an Vo in charge state ¢, while G(SnO,) corresponds to the total
energy of the pristine surface using the same supercell. The
oxygen anion removed from the crystal is assumed to enter an
oxygen reservoir, with its chemical potential referenced to half
of the total energy of an isolated O, molecule, G(O,). The Fermi
level, ey, is referenced to the valence band (VB) maximum. The
term A? serves as a correction, ensuring the proper alignment of
the electrostatic potentials between the defect and pristine
supercells, while also accounting for finite-size effects that
influence the total energies of charged defects.

Oxygen's chemical potential uq is a variable that must satisfy
the stability condition of SnO,, namely: us, + 210 = AH{SnO,),
where ug, is the chemical potential of Sn (referenced to bulk
Sn). In the extreme O-rich limit, uo = 0. In the extreme O-poor
limit, o is bounded by the formation of SnO: us, + po < AHg-
Sn0), and thus: po = AH{SnO,) - AHSnO). The phase diagram
of allowed values is depicted in Fig. SM-4.} The calculations for
neutral charge states revealed that the vacancy is more favorable
on bent O, anions (Table SM-2), and the resulting structure is
depicted in Fig. 1c.

Upon comparison with the pristine system, the introduction
of a Vg, resulting from the removal of an O,. anion, leads to
a pronounced localization of charge density at the Vo site
(Fig. 2a). This behavior contrasts with the delocalized CB and
VB edges observed in the pristine structure. The presence of the
Vo defect reduces the nominal charge of the adjacent cations
from Sn*" to Sn>", as reflected in a Mulliken charge decrease
from 2.10 to 1.87|e|.

The formation of Sn>* cations induces local lattice distor-
tions (Fig. 2b), which stabilize the electron localization through
electron-lattice coupling. The two nearest-neighbor Sn cations
exhibit an outward relaxation, moving away from the V, site to
strengthen bonding with the surrounding lattice. This relaxa-
tion reduces the overlap between the Sn dangling bonds,
shifting the V defect state to a higher energy. The stability of
the Sn cation in this more reduced form accommodates the

(o]

Fig. 1 (a) Structure of the pristine SnO, (110) surface, showing three O-Sn,0,-0 trilayers. (b) Detailed view of the Sn clusters, with notation
indicating the different coordination states of Sn ions used in this work. (c) Structure of the defective SnO, (110) surface featuring the most stable
Vo. The prime symbol denotes the change in coordination of Sn cations brought about by the defect.
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[001]

(b) 0.942 q, T—-»[100]

Fig. 2 (a) Charge density distribution of the A; state associated with
the neutral Vo. The isosurface represents 10% of the maximum charge
density. (b) Local structural relaxations around the Vo, showing devi-
ations in bond distances (dg) and charges (qgo) relative to the pristine
structure.

localized excess charge effectively, facilitating polaron stabili-
zation at the surface.

The introduction of a Vg generates a highly localized state
approximately 0.33 eV below the conduction band minimum
(CBM), which is occupied by two electrons (Fig. 3). This local-
ized state resides well below the CB edge, effectively preventing
thermal excitation and electron transfer to the CB. This electron
localization and associated lattice rearrangement results in the
formation of an electron polaron, confined between two
neighboring Snj, cations and constituted primarily of the 5s
orbitals of these cations. This tight confinement and orbital
occupation reflect the classic characteristics of a small electron
polaron, where the electron's spatial localization and associated
lattice distortion collectively stabilize the polaronic state.

(110) SnO, (110) SnO,.V,
CBM 0.37 eV ; I =
Vo 3 3
3 R
8. -~
|0.26 ev
VBM

Fig. 3 Calculated position of the single-particle A; state of the neutral
Vo in the SnO, (110) surface. The pristine and defect band structures
are aligned to the vacuum potential. The composition of the band
edges is discussed in the text.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

By allowing the system to relax without any charge
constraints, we identified this neutral oxygen vacancy as the
most stable defect configuration. This aligns with Agoston's
seminal findings,* which indicate that singly charged vacancies
are inherently unstable. Additionally, doubly charged vacancies
would be ineffective in facilitating oxygen activation as it relies
on electron availability.

The polaron state primarily arises from the adjacent Sn;,_ 5s
orbitals, with a minor contribution from the O;. 2pz orbital
beneath the vacancy. The electronic structure can be qualita-
tively explained by molecular orbital theory. Removal of an O,
atom, which is coordinated to two Sne. atoms and positioned
above an Oj. site, creates two Sn dangling bonds with 5s char-
acter. These 5s orbitals (a; symmetry) combine into symmetric
(A;) and antisymmetric (B,) orbitals. The A; orbital interacts
with the O3, 2pz orbital (b, symmetry), retaining predominantly
A; character. This interaction reduces the point-group
symmetry from D,y, (pristine) to C,, around the vacancy.

Density of states (DOS) projections onto the top two trilayers
show that the composition of the band edges is delocalized: the
VB is mainly composed of O(2p) states with minor Sn(5p) and
Sn(4d) contributions, while Sn(5s) states dominate the CB, with
notable O(2p) contributions (Fig. SM-5%). The CB's delocalized
Sn(5s) states provide a low density of states near the CB edge,
which combined with a sufficient wide band gap, favoring the
polaron localization in the mid-gap region.

The creation of Vg raises both the VB maximum and CB
minimum by 0.26 and 0.37 eV, respectively, widening the band
gap. The formation of Vo, as discussed in the Introduction
section, extends the light absorption range by introducing
localized states within the band gap, shifting the initial
absorption from the visible in the pristine surface to the
infrared region in the defect system.

2.3 Oxygen ionosorption

Extensive screening of O, adsorption sites on the pristine SnO,
(110) surface (Fig SM-6 and Table SM-3}) reveals that O,
predominantly interacts through physisorption atop Sn**
cations in [SnOs.] clusters, consistent with previous findings.**
The most stable configuration involves triplet O, (*0,, p =
2.00ug), which forms a weak dipole interaction with the surface
(A.qG = —0.23 eV). Singlet O, (*O,, & = 0.00u5) can also form at
the same site by coordinating additionally with a neighboring
bent O,. anion, but it is energetically unfavorable (A,4G = 0.21
eV) and separated by a 0.16 eV energy barrier from the more
stable triplet form (Fig. SM-71}). Thus, singlet O, formation on
the pristine surface is unlikely.

The electronic properties of adsorbed *0, exhibit distinct
features in the projected density of states (PDOS) (Fig. 4a)
compared to 'O, (Fig. 4b). The triplet state shows two unoccu-
pied peaks in the spin-down channel corresponding to its 27*
antibonding orbitals, which are filled in the spin-up channel,
reflecting a parallel spin configuration. Conversely, singlet O,
has one unoccupied peak in the spin-up channel and one
occupied peak in the spin-down channel, reflecting opposite
spins in one 27* orbital.

J. Mater. Chem. A, 2025, 13, 918-927 | 921
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Fig. 4 Projected density of states (PDOS) for O, adsorbed on (a and b)
pristine and (c and d) defective SnO, (110) surface. Insets depict charge
densities projected on defect states, at 10% of maximum charge
density. PDOS of the first surface trilayer (Sn: green, O: red) and the
adsorbed molecule (orange) are shown, excluding population densi-
ties below 0.1 eV~ Band edges were aligned to the vacuum.

The 0,/SnO, interaction is weak, as indicated by minimal
changes in the E, and VB/CB edges upon adsorption, relative to
the clean surface PDOS (Fig SM5af). This suggests that O, on
the pristine SnO, (110) surface is unlikely to significantly
influence sensor performance. The primary interaction arises
from repulsion between the partially filled 27t* orbitals of O,
and the fully occupied VB maximum (VBM), where the VBM
orbitals, primarily the 2p orbitals of bent O, atoms, lie too deep
for stable hybridization, resulting in repulsion.

On the defective SnO, (110) surface, O, adsorption at the V,
site yields significantly different outcomes depending on the
orientation of the adsorbed molecule. The defect site acts as
a reduction center by utilizing trapped electrons in the shallow
localized state created by the vacancy. The O, molecule can
adsorb either vertically (Fig. 4c) or horizontally (Fig. 4d) over the
vacancy, leading to the formation of a superoxide radical ("0, ",
w = 0.80uz) or a peroxide anion (0,>”, u = 0.00ug), respectively.
The adsorption energies are highly favorable, with A,4G values

922 | J Mater. Chem. A, 2025, 13, 918-927
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of —1.10 eV for the superoxide radical and —1.99 eV for the
peroxide anion. These stable chemisorption states arise from
strong electrostatic interactions due to charge transfer from the
surface to the adsorbate, unlike the weak dipole interactions
observed on the defect-free surface.

The DOS analysis reveals that ‘O, formation is marked by
a single unoccupied spin-down peak corresponding to one of
the 27* antibonding orbitals (inset Fig. 4c), accompanied by
the emergence of an occupied spin-down peak, absent in *O.,.
In contrast, O, formation is indicated by the full occupation
of both 27* antibonding orbitals, as evidenced by occupied
states in both spin-up and spin-down channels below the
Fermi level, with no corresponding states above it (inset
Fig. 4d). This fully occupied state signifies the complete
reduction of O, to 0.

The adsorption of "O, notably alters the surface's conduction
properties, as seen by the reduced E, compared to the clean
defective surface (Fig. SM5b). This effect can be attributed to the
reduction of O,, which forms a V" state. As previously reported,!
the Vo' state in SnO, is unstable and quickly collapses, leading to
its delocalization into the CB. This process is accompanied by
a downward shift in the unoccupied energy levels.

2.4 Sensor mechanism

In agreement with previous findings,* our study confirmed that
the dissociation of the O, molecule on the pristine, ie., fully
oxidized, SnO, surface is highly unfavorable. In all cases
considered, the dissociative reaction was always endergonic and
demanded a high energy input.

The most promising dissociative reaction pathway starts
with the physisorbed triplet oxygen on the SnO, (110) surface
(Fig. SM-87) and culminates in the formation of two adsorbed
O~ anions after the homolytic dissociation. However, this
process demands a significant high energy input of 2.40 eV and
results in an unstable product that is 2.34 eV higher in energy.
Additionally, the reverse reaction barrier of 0.06 eV is negligible,
therefore O, dissociation is not feasible following this pathway
on the fully oxidized surface at ambient conditions.

Previously, we demonstrated that the coadsorption of
molecules on a metal oxide semiconductor surface—specifically
those that induce opposite and complementary charge transfer
processes between the substrate and adsorbate (e.g., a reducing
agent alongside an oxidizing agent)—can result in a synergistic
activation of both molecules.”® Given that the sensor activity of
CO on SnO, hinges on the interaction between an oxidizing
molecule (O,) and a reducing species (CO) to generate CO,, we
hypothesized that a similar synergistic effect could be replicated
in our system and the coupling of O, dissociation with CO,
formation would diminish the energy barriers involved.

With the 0, molecule pre-adsorbed on the surface (inter-
mediate 2 in Fig. 5a), the CO coadsorption is more favorable
when both molecules have parallel bond axes. In this configu-
ration, the oxygen atoms of each species are physisorbed onto
adjacent Sn®" cations within neighboring [SnOs.] clusters
(intermediate 3). The coadsorption shifts the initial adsorption
energy to higher values, increasing from —0.23 to —0.10 eV,

This journal is © The Royal Society of Chemistry 2025
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primarily due to steric hindrance and electron repulsion
between the oxygen atoms of the fully oxidized surface and CO.
Despite this shift, coadsorption remains energetically favorable.

The crucial step of this reaction pathway involves the
simultaneous cleavage of O,'s double bond with the formation
of a carbon-oxygen bond between one oxygen atom and CO
(TS1), resulting in physisorbed CO, and an adsorbed O™ anion
(intermediate 4). The forbidding 2.40 eV of energy previously
required for the homolytic dissociation of *0, alone is signifi-
cantly offset by its coupling with CO oxidation, reducing the
energy input to 0.67 eV. This results in a product configuration
that is 1.86 eV more stable. Since O, dissociation is kinetically
controlled, it is expected that this reaction will be facilitated at
temperatures above ambient, lowering the activation barrier to
a more accessible energy range.

These findings reveal a critical shift in understanding the
Mars-van Krevelen mechanism. Whereas O, dissociation and
CO oxidation were previously thought to occur sequentially—
with lattice oxygen being provided only after O, dissociation—
our results show that these steps should instead be considered
simultaneous. This not only enhances reaction efficiency but
also results in a more stable product, in contrast to the unstable
products observed when O, dissociation was considered in
isolation.

The resultant CO, molecule is weakly physisorbed to the
surface via van der Waals interactions, requiring only 0.15 eV
for its desorption, a process that proceeds without a significant
energy barrier or transition state since no chemical bonds are
formed or broken. Once CO, desorbs (intermediate 5), the
remaining O~ anion remains bound to a surface Sn cation,
offering a favorable site for a subsequent CO molecule to adsorb
(intermediate 6).

Sno, (110)
(@) ‘200 +0, -> 2CO,,

@ 5 O @®
ﬁﬁ%ﬁﬁ&

. 8 )
. /Q_Qf
O
®
M)\ +{ | AG (3=TS1)=0.68 eV /
co,, 2] AG (6-TSZ 0.06 eV
Et\, /ﬁ
® COZ@)

@
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This newly adsorbed CO molecule is oxidised by the O™
anion with a mild energy input of 0.06 eV (TS2). The oxidation
results in the formation of another weakly physisorbed CO,
molecule, in a highly exergonic reaction that lowers the system's
energy by 4.97 eV (intermediate 7). As with the first CO,, its
desorption involves the low energy of 0.09 eV, completing the
catalytic cycle of CO oxidation on the pristine SnO, (110)
surface.

Nevertheless, the energy required to trigger the sensor
mechanism via the proposed reaction pathway should still be
prohibitively high for practical applications. However, our
previous analysis into the effects of Vo on the surface's func-
tional activity has shown that the presence of these vacancies
significantly alters the O, adsorption process, shifting its
character from physisorption, dominated by weak dipole
interactions, to chemisorption, where reactive oxygen species
form due to charge transfer from the surface to the adsorbate.
This charge transfer is facilitated by the availability of trapped
electrons in the electron polaron shallow states formed by the
vacancy. This spontaneous prior activation of O, upon adsorp-
tion is expected to facilitate the subsequent dissociation
process, benefiting the entire CO oxidation mechanism.

We then selected the pathway for CO, formation beginning
with the adsorption of O, onto the V, site leading to the
generation of the "0, precursor. Initiating the mechanism with
the more stable peroxide anion would require the prior
breaking of the stable bond it forms with the surface Sn cation
in the [SnOs] cluster in addition to the molecular bond itself.
This additional step would likely introduce an extra energy
barrier or, at the very least, complicate the oxidative mechanism
without altering the final products of the reaction. In contrast,
the superoxide state circumvents this issue since one of its

$no, (110). V,,
(b) 2COy, + O,, "™ 2002@J

AG,(3=TS1)

@
@ b
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Fig. 5 Energy profiles and catalytic cycles along with the optimized structures of intermediates and transition states for CO oxidation catalyzed
by the SnO, (110) (a) and SnO,, (110) -V surfaces (b). Gibbs free activation energies (AG,) for the relevant reaction steps are highlighted. The white
and olive spheres represent O in O,, CO, and CO,, and C in CO and CO,, respectively.
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oxygen atoms remains unbound to the surface, and thus readily
available to coordinate the CO molecule. By instead starting
with the superoxide pathway, we avoid these complications and
directly focus on the relevant processes, making this approach
more suitable for assessing the emergence of any potential
synergistic effects. We anticipate that, as observed in the
previous catalytic cycle, this process occurs simultaneously with
the weakening and breaking of the O, double bond, effectively
offsetting the energy required for its dissociation. This reaction
mechanism is illustrated in Fig. 5b.

The initial adsorption of O, at the V, site generates the
precursor of ‘O,  via electron transfer from the surface's
polaron A; state to the molecule's partially filled HOMO 27*
(intermediate 2 in Fig. 5b). ‘O,” and surface now establish
a strong electrostatic interaction, which is reflected by the high
adsorption free energy (A,4G) of —1.10 eV. The subsequent
physisorption of a CO molecule, akin to its behavior observed
previously on an Vp-free surface, is slightly unfavorable,
reducing the total A,4G to —1.05 eV. In this configuration, both
molecular axes are roughly parallel to each other: O, adsorbed
vertically on the vacancy site and the CO physisorbed through
its oxygen atom to the adjacent cation of the [SnOs] site (inter-
mediate 3). Even the slightest tilt of the CO axis towards the O,
triggers the immediate oxidative reaction, hinting at an ener-
getically favorable process. Indeed, the transition state is
formed by a virtually negligible energy input of 0.11 eV (TS1).
The reaction culminates in the formation of CO, by the
concomitant rupture of the O, double bond and binding with
the CO. Distinctively from the vacancy-free scenario, now an
0°" anion remains bound to the surface along with a phys-
isorbed CO,, through a highly exergonic process with A,G of
—4.71 eV (intermediate 4). The O ion occupies the V,, site and is
reduced by its electron polaron to O*.

This finding aligns with the study by Sopiha et al.,** which
reported that O>~ ions are found to be exclusively stable on
SnO, surfaces of n-type character, whose availability of electrons
from the CB is crucial to stabilize the O>~. Furthermore, this
species was linked to the enhanced sensitivity of SnO,-based
sensors. In summary, the CO adsorption is enhanced by the
presence of an electron polaron, where the charge carrier is
attracted to the surface, and the carrier lifetime increases.

The physisorbed CO, is weakly bound via van der Waals
interactions, requiring just 0.11 eV for complete desorption,
a process that occurs without any bond dissociation (interme-
diate 5). Subsequent physisorption of a CO molecule at the Sn;.
site, adjacent to the adsorbed O*~, proceeds in a similar fashion
to the pristine surface, necessitating an energy input of 0.11 eV
to overcome steric and electronic hindrances (intermediate 6).
The oxidation reaction that follows decreases the total energy by
0.63 eV, surmounting a modest barrier of 0.14 eV (TS2). The
resulting CO, remains weakly physisorbed (intermediate 7), and
its desorption further lowers the system energy by 0.31 eV, fully
restoring the catalytic surface, including the electron polaron.
This restoration of the polaron plays a critical role in stabilizing
the system and ensuring the surface remains catalytically active
for subsequent reactions. This step completes the catalytic cycle
of CO oxidation on the SnO, (110)-V, surface.
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This pathway is not only energetically favorable but also
represents a paradigm shift in how we understand the Mars-van
Krevelen mechanism. The previously accepted sequential steps of
O, dissociation and CO oxidation are superseded by a more
efficient process where both events occur simultaneously, leading
to a reduction in activation barriers and a stabilization of inter-
mediate species. Crucially, this shift is strongly supported by the
coupling with the electron polaron, which enhances charge
transfer and stabilizes reactive oxygen species such as ‘O, and
0. This spontaneous activation by the polaron facilitates the
entire catalytic cycle, reinforcing the role of polarons as pivotal in
optimizing sensor activity and catalytic performance on the SnO,
surface. This mechanism—combining two independent
processes, the polaron's role in enhancing O, activation and the
synergistic interaction between O, dissociation and CO oxidation
facilitated by the co-adsorption configuration—defines a novel
and energetically favorable pathway for CO oxidation, paving the
way for advanced applications.

3 Conclusions

Understanding the behavior of adsorbed O, on the SnO, surface
is critical to unveiling the reaction mechanisms underpinning
gas sensing. Our work reveals a critical advancement in
understanding the gas-sensing mechanisms on the SnO, (110)
surface, driven by the synergistic interplay between Vo and
electron polarons. Through detailed DFT simulations, we
demonstrate that polaron formation at Vo sites spontaneously
activates O,, directly coupling its dissociation with CO oxida-
tion. This finding marks a critical shift in the Mars-van Kreve-
len mechanism, where O, dissociation and CO, formation are
no longer treated as sequential steps but rather as simultaneous
processes. This synergy drastically reduces energy barriers while
stabilizing key reactive intermediates, making the overall reac-
tion pathway more efficient.

Our findings underscore the polaron's pivotal role in driving
the entire catalytic cycle, where its charge-stabilizing effect
boosts the formation of reactive oxygen species such as "‘O,~
and O>". This polaron-mediated activation facilitates the CO
oxidation pathway, resulting in an energetically optimized
process that enhances sensor reactivity and performance. These
insights highlight the importance of defect engineering and
polaron formation in designing more efficient SnO,-based
sensors for real-world applications. Our main conclusions are
as follows:

(i) We identified the Mars-van Krevelen mechanism as the
most thermodynamically favorable pathway, where the disso-
ciation of chemisorbed O, and the simultaneous formation of
CO, are driven by V.

(ii) The spatial and electronic structure of the SnO, (110)
surface, particularly Vo and the formation of electron polarons,
significantly influence charge mobility and reactivity, thus
facilitating efficient CO oxidation.

(iii) New states in the band gap and the shift in Fermi energy,
induced by polaron formation and O, adsorption, favor the
formation of "0,”, O~, and O,>” species, critical to the gas-
sensing mechanism.

This journal is © The Royal Society of Chemistry 2025
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(iv) A strong correlation is established between sensor
activity and defect state energy levels, providing deeper insights
into the redox processes involving O, and CO.

(v) DFT calculations reveal that sensor performance is governed
by the intricate balance of adsorption intermediate stability,
electron transfer process, and intermolecular interactions between
the SnO, (110) surface an oxygen species adsorbed at this surface.

Future experimental validation of these findings will further
clarify their practical implications. In particular, the current model
of interaction between SnO, and oxygen species offers valuable
insight into the mechanisms that prevent sintering in this semi-
conductor. Specifically, the decomposition of SnO, at elevated
temperatures (300-800 °C), governed by the reaction 2 SnO, — 2
SnO + O,, promotes the formation of oxygen vacancies (Vo), which
in turn suppresses sintering. This work provides foundational
knowledge for improving gas sensor designs through strategic
defect manipulation, with potential applications extending across
various metal oxide semiconductor technologies.

4 Computational methods
4.1 Structural relaxation

We performed a series of first-principles calculations based on
density functional theory (DFT) as implemented in the Vienna
Ab initio Simulation Package (VASP).***” The generalized
gradient approximation (GGA) by Perdew-Burke-Ernzerhof
revised for solids (PBEsol)*” was used to model the exchange-
correlation functional, and the projector augmented wave
(PAW) method®** was employed to account for the core elec-
trons. Dispersion interactions were included through Grimme's
D3 method with Becke-Johnson damping.*®® All calculations
were spin-polarized, a crucial step in accurately describing
molecular adsorption and activation.

A plane-wave cut-off energy of 500 eV was applied to expand
the valence electrons: Sn (4d'°5s®5p®), O (2s*2p?*), and C
(2s*2p®). The Gaussian smearing method with a smearing width
of 0.01 eV was used for the occupancy of one-electron states,
and the total energies of all static calculations were corrected
using the tetrahedron method®* for Brillouin zone integrations.

Total energy and geometry optimization calculations were
performed using automatically generated Monkhorst-Pack I™-
centered k-point grids®* with dimensions of 7 x 7 x 10 for bulk
models and 5 x 3 x 1 for surface models. The convergence
criterion for geometry optimization was set to 10~° eV for energy
and 0.1 x 10 ev A~* for forces in bulk models, and 10~° eV for
energy and 0.1 x 10~ " eV A~ for surface models. Isolated CO and
0, gas molecules were modeled in a 20 x 30 x 25 A® simulation
box, with the same convergence criteria used for bulk SnO,, and
the I" point was used to integrate the Brillouin zone.

4.2 Electronic calculations

In addition to the PBEsol functional, we employed the HSE06
hybrid screened functional® for the calculation of density of
states (DOS), Mulliken charges, and band structure. It was
found that the PBEsol functional provided an inadequate elec-
tronic description of the localized states arising from the
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formation of Vg in the SnO, surface. This functional's inability
to fully cancel the electron self-interaction resulted in artificial
delocalization of the wavefunction, leading to the localized
single-particle state merging with the conduction band. This
effect mirrors previously reported findings for similar systems,**
which prompted us to adopt the same workaround.

The HSE06 functional, by offering partial cancellation of the
self-interaction error, was therefore employed for the geometric
optimization of the defective surface. This calculation utilized
a plane-wave cutoff energy of 400 eV, and Brillouin zone inte-
grations were performed using the I'-point (0, 0, 0) and a high-
symmetry k-point (1/4, 1/4, 0). This approach allowed for the
correct description of the localized single-particle state created
by the V.

4.3 Reaction pathways and transition states

Transition states for the elementary steps of the reactions were
located using either the climbing-image nudged elastic band
(CI-NEB) method® or the improved dimer method.*® The force
convergence criterion was set to 0.5 x 10~* eV A™*, and all
transition states were verified as true saddle points by con-
firming a single imaginary frequency mode along the reaction
coordinate. The vibrational frequencies were calculated using
a finite difference approach with a 0.015 A displacement for
each degree of freedom. For NEB calculations, nine interme-
diate images were initially generated using the image depen-
dent pair potential method.”” In cases where CI-NEB failed to
converge to the exact saddle point according to vibrational
calculations, the dimer method was employed to refine the
transition state structures on the potential energy surface.

4.4 Calculation of Gibbs free energies

The relative Gibbs free energy values (AG) reported in this work,
whether for reaction energy (A,G), activation energy (A,G), or
adsorption energy (A,qG), were evaluated using the following
expression:

T
G = Eprr + ZPE + J Cp dT — TAS )
0

The necessary values for zero-point energy (ZPE), entropy (AS),
and heat capacity (Cp) were derived from the normal vibrational
modes of the surface or adsorbed systems and gas-phase mole-
cules, assuming a temperature of 298.15 K and a pressure of 101.3
kPa when not explicitly stated. Therefore, the energy values ob-
tained by DFT calculations at 0 K with electronic smearing
extrapolated to zero (Epgr) were corrected accordingly.®® These
corrections were applied using the post-processing tool VASP-
KIT,” and only the vibrational modes from the ions of the first
trilayer of the slab and the adsorbed molecules were considered.

4.5 Adsorption configurations

The adsorption energies (A,4G) were used to assess the stability
of the adsorption configurations and are defined as:

AadG = Gadsorb/surf - Gsurf - Gadsorb (3)

J. Mater. Chem. A, 2025, 13, 918-927 | 925


https://doi.org/10.1039/d4ta07615j

Published on 28 November 2024. Downloaded by Universitat Jaume | on 2/25/2025 1:30:05 PM.

Journal of Materials Chemistry A

where Gadsorbssurfy Gsurt, and Gagsorp represent the DFT total
energies, corrected by eqn (2), for the slab with adsorbate(s), the
clean slab, and the isolated adsorbate(s), respectively.

An extensive screening for potential adsorption configura-
tions of one O, molecule on the pristine SnO, (110) surface was
conducted using XSORB (version 2.0), a Python-based code that
integrates ab initio calculations and two well-established Python
libraries (ASE and Pymatgen) to generate the structures.” The
program automatically samples the potential energy surface
(PES) describing the molecule-surface interaction by generating
several adsorption configurations through symmetry opera-
tions. The set of most stable configurations is identified via
a fast pre-optimization scheme, and the PES global minimum is
determined through a full structural optimization process. The
generated symmetry-distinct adsorption sites (Fig. SM6}), the
energy values from both the pre- and full-optimization schemes
(Table SM31), as well as the input data for the code, are available
in the ESL.]
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