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mismatch, defect landscape, and the oxide-metal interfacial coupling, properties
that often have no direct counterpart in bulk oxides. Separating these effects
requires an atomistic characterization of structure, composition, and defect
populations under increasingly realistic conditions. In this review, we survey the
structural and electronic features of ultrathin oxide films, with particular emphasis
on point defects, extended defects, and interfacial charge transfer, and connect each
to representative catalytic behavior. Given the scope of this review, we limit our
discussion to 3d transition metal oxides, wide band gap oxides, and charge transfer
insulator type main group oxides. Finally, we outline the remaining experimental
challenges and highlight emerging operando, time-resolved, and tip-enhanced
techniques that deliver the spatial and chemical resolution needed to probe oxide
surfaces under reaction-relevant conditions.
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1. Introduction

Oxide films play a central role in a wide range of modern technologies, from microelectronics and catalysis
to energy conversion and storage. Well-ordered ultrathin oxide films grown on single-crystal metal supports have
emerged as a model system for studying heterogeneous catalysis at the atomic scale using advanced surface-
sensitive techniques such as scanning probe microscopy and spectroscopy [1]. In the context of model catalyst
supports and metal/oxide interface, ultrathin oxide films consist of a few monolayers (typically 1-5 ML) of oxide
grown on a single-crystal metal substrate and are generally no more than ~1 nm in thickness [2,3]. These films
serve as well-defined templates for metal nanoparticles, allowing precise control over particle nucleation, size, and
spatial distribution [3—5]. Fundamentally, however, they constitute a distinct class of materials in their own right.
Their properties are governed not only by the oxide itself, but also by strong electronic and geometric coupling to
the underlying metal substrate [6,7]. This metal-oxide coupling modifies the electronic structure, work function,
and charge-transfer behavior of the system in ways that have no analog in bulk oxides and introduces film thickness
as a continuously tunable parameter that can even shift the thermodynamic stability of the oxide phase relative to
bulk [8]. When prepared under ultrahigh vacuum and controlled growth conditions, ultrathin oxide films thus offer
a uniquely tractable platform for connecting geometric structure, electronic structure, and reaction kinetics.

A particularly important aspect of these films is the presence of structural features such as point defects,
extended defects (including step edges and domain boundaries), and moiré superlattices arising from lattice
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mismatch with the substrate [9-13]. Such features introduce localized electronic states and modify adsorption
energies, often acting as preferential nucleation sites for metal clusters and as active centers for catalytic reactions.
Understanding how such defects form, evolve, and influence surface chemistry is therefore central to interpreting,
and ultimately controlling, the reactivity of ultrathin oxide films.

Beyond their role as conventional catalyst supports, ultrathin oxide films on metal substrates can also adopt
an inverse catalyst configuration, in which oxide nanoparticles or few-monolayer-thick films are deposited directly
onto a metal surface, the structural mirror image of the conventional metal-on-oxide geometry [14]. This inverted
architecture generates a high density of coordinatively unsaturated cation sites at the oxide-metal interface
perimeter, which are stabilized by strong oxide-metal interactions and drive reactions that surpass those of
conventional counterparts. In this review, we examine the structural and electronic features of ultrathin oxide films
and link them to catalytic functions. Section 2 establishes how lattice mismatch, growth morphology, and substrate
symmetry govern the structure of supported oxide films. Section 3 analyzes how point and extended defects govern
catalytic behavior, illustrated through CO oxidation, water dissociation, and the oxygen evolution reaction. Section
4 discusses interfacial charge transfer and how it reshapes adsorbate states, cluster morphology, and reactivity.
Section 5 closes with current challenges in atomic-scale defect characterization and an outlook on emerging
operando, time-resolved, and tip-enhanced techniques that offer new opportunities to probe oxide surfaces under
reaction-relevant conditions. In this review, we mainly discuss 3d transition metal, wide band gap oxides , and
charge transfer insulator-type main group oxides. Owing to the breadth of oxide systems investigated in
heterogeneous catalysis and the scope of the present review, a comprehensive discussion of all relevant oxide
materials is beyond the scope of this article. Therefore, selected oxide systems that are not discussed in detail are
summarized in Table 1, together with representative references for further reading.

Table 1. Additional relevant ultrathin oxide films grown on metal single-crystal supports.

Oxide  Substrate  Thickness Structural Properties Citation
. 2D network of corner-sharing [SiOs] tetrahedra; one O per tetrahedron
SiO: Mo(112) I ML bonds to protruding Mo; chemically anchored. [15]
Crystalline <> vitreous transition, Crystalline bilayer shows antiphase,
rotational and domain boundaries; Stone-Wales-type defects.
Monolayer adopts a lepidocrocite-like TiOz structure, a 2D polymorph

Si0»  Ru(0001)  Bilayer [16]

Ti0: Ag(100) I ML with no bulk counterpart. [17]
STM images resolve stripy and square defect patterns within MnO(100)
MnO Au(l11) | ML islands; the stripy pattern is attributed to 1D vacancy rows; the square [18]

pattern is attributed to an ordered point vacancy superstructure on
MnO(100) terraces.

Atmosphere-driven phase transformation defects: monolayer-to-bilayer
stacking faults at Mn3Os—MnO(111) transition; domain boundaries
between coexisting Mn3O4 and MnO(111) phases; interfacial disorder at
MnO/Au(111) contact layer.

Multiple CoOx phases are resolved at the atomistic level by STM, LEED,
Pd(100) 1-2 ML and XPS; phase boundaries between CoO and Co30s domains act as [20]
primary extended defects.

Monolayer adopts honeycomb Cu20(111)-type structure; O vacancies
and Cu_U vacancies are primary point defects; vacancy formation energy
is strongly negative for Cu vacancies (DFT), making them the
thermodynamically dominant defect species.

Oxidation in Oz at 80-260 °C yields missing-row reconstruction (MRR)
at self-limiting 1 ML; annealing in UHV converts MRR to Cu(110)-
facets coated with ¢(6%2) oxygen reconstruction; step-bunching and facet
formation are the dominant structural defects.

Ordered Cu-vacancy superstructures within Cu20 monolayer islands;
Cu20 Au(111) 1-2 ML vacancy ordering lowers surface energy and stabilizes the (111) polar [23]
termination.

Temperature-driven phase evolution: 1D oxide stripes at 450-550 K;
planar (2 x 2) Cu3O2 honeycomb network at higher T; structurally well-
defined domain boundaries between triangular, elongated, and stripe-like
domains driven by strain minimization.

MnO  Au(l11) 1-2 ML

CoO and
Co304

CwO  Cu(lll) 1-2 ML

Cu0  Cu(100) 1 ML [22]

Cu20 Au(111) 1-2 ML [24]

2. Structural Features of Ultrathin Oxide Films

The structural and electronic properties of ultrathin oxide films differ markedly from those of their bulk
counterparts owing to reduced dimensionality and interfacial charge transfer between thin oxide film and substrate.
Among the systems considered here, MgO films are the most closely related to their bulk analog. Their structural quality
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is primarily determined by the lattice mismatch with the underlying support, which introduces strain that is relieved
through structural distortions within the oxide layer. MgO(100) films grown on Ag(100) and Mo(100) preserve the rock-
salt structure of bulk MgO and display atomic geometries that closely resemble those of the bulk (100) surface. On
Ag(100), with a lattice mismatch of only ~3%, the films are notably smooth and homogeneous [25,26]. Annealing
followed by slow cooling can further enhance their structural quality [27,28]; in a systematic study spanning growth
temperatures from 373 to 673 K, Bourguignon and co-workers reported the formation of larger MgO islands upon
annealing at 573 K [29]. However, the MgO/Mo(100) film has a larger mismatch (~5%) that is accommodated by a
network of dislocations in the oxide layer, and the resulting morphology depends strongly on film thickness [30].

Unlike MgO, many ultrathin oxide films adopt novel structures with no counterpart in the bulk. A classic
example is alumina grown on NiAl(110) [12,31-33]. Scanning tunneling microscopy (STM) images reveal a
network of bright lines attributed to grain boundaries between two reflection domains (A and B) and to anti-phase
domain boundaries (A—A, B—B) within each domain. These line defects arise from the incommensurate registry
between the alumina film and the NiAlI(110) substrate [12,33] and serve as preferential nucleation sites for metal
clusters at room temperature [11,34,35]. The system has been extensively studied as a support for catalyzed
reactions such as the hydrogenation of unsaturated hydrocarbons [36—38], the dissociation of nitrous oxide [39,40],
and the oxidation of carbon monoxide and methanol [41-43].

While metal oxides are frequently employed as support for metal nanoparticles, transition-metal ultrathin
oxide films constitute an alternative class of well-defined model catalysts in their own right. Among these,
vanadium oxides have been extensively investigated across a wide range of coverages and thicknesses [42,44-47].
Single-layer V,Os adopts the same in-plane structure as a single sheet of bulk V,0s, which is itself a layered
material in which V-O sheets stack via weak van der Waals interactions [48].

Another well-studied transition-metal oxide is FeO [13,49-54]. On noble metal surfaces, FeO forms ordered
ultrathin films with moiré superstructures driven by lattice mismatch. On Pt(111), the FeO bilayer has a surface
lattice constant of 3.09 A and forms a long-range moiré superstructure with a period of 26.4 A [50,53]. Annealing
a Pt-supported Fe;04(111) film to 800 K in vacuum yields a single FeO(111) layer; although bulk wiistite (FeO)
is itself rock-salt, the supported single layer instead adopts a hexagonal bilayer geometry stabilized by the Pt(111)
substrate [52]. This underscores the crucial role of the substrate in stabilizing oxide phases that are inaccessible in
the bulk. Extending these studies to gold, our group has demonstrated that FeO undergoes substrate symmetry-
driven structural evolution on both Au(111) and Au(100) [13,54]. On Au(100), FeO forms coexisting embedded
and stepped islands with a twofold-symmetric moiré pattern, in contrast to the hexagonal moiré observed on
Au(111) (Figure 1). Despite these morphological differences, FeO retains its chemical identity, as confirmed by a
characteristic Raman mode at 985 cm™' (Figure 1b,d) measured by tip-enhanced Raman spectroscopy (TERS) [54].
The moiré superlattices partition the films into spatially inequivalent regions and create distinct adsorption
environments that are expected to modulate surface reactivity and catalytic behavior, as discussed in later sections.

Beyond morphology, the polarity and orientation of ultrathin oxide films can also differ markedly from those
of their bulk counterparts. A representative example is provided by NiO, in which the polar NiO(111) surface
termination, which is unstable in the bulk owing to its uncompensated electrostatic dipole, can be stabilized in
ultrathin film form [55]. On Au(111), NiO preferentially grows in the nonpolar (100) orientation at room temperature,
but annealing to ~573 K yields a well-ordered NiO(111) monolayer with a p(2 % 2) reconstruction. This reconstruction
is consistent with the theoretically predicted octopolar stabilization mechanism [55,56]. A similar temperature-
dependent structural evolution is observed for NiO on Ag(100), where the thermodynamically favored (1 x 1) phase
replaces the metastable (2 x 1) structure upon heating. In this system, strain is relaxed through the incorporation of
bilayer NiO patches, which constitute ~30% of the coverage. At these bilayer rims, the first NiO layer in direct contact
with Ag becomes partially metallized through hybridization with the substrate, while the second layer retains a more
insulating, bulk-like character with a reduced density of states (DOS) near the Fermi level [57,58]. Ultrathin TiOy
films on metal substrates likewise display structural diversity that is absent in bulk TiO,. These films nucleate as
small islands with multiple coexisting orientations and reduced stoichiometries, reflecting the combined influence of
substrate symmetry and the oxygen chemical potential during growth [59—62]. Taken together, these examples
illustrate how substrate—oxide interactions can stabilize structural motifs that have no direct counterpart in the
corresponding bulk oxides, including polar terminations, surface reconstructions, and reduced polymorphs. The
electronic consequences of this structural diversity, and the role of defects in governing catalytic reactions, are
discussed in the following section.
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Figure 1. STM and TERS characterization of FeO/Au(111). (a) STM topography of FeO/Au(111) displaying a
hexagonal moiré superlattice. (b) STM image of FeO/Au(100), where FeO nanoislands are highlighted by blue
polygons, and the wrinkled surface region with the white strips. (¢,d) Corresponding TERS spectra acquired from
FeO/Au(111) surface and FeO/Au(100), respectively, collected from the regions shown in the STM images above.
Reprinted with permission from [54] (CCBY4.0).

3. Defect Engineering and Catalytic Activity in Ultrathin Oxide Films
3.1. Point Defects

Point defects play a crucial role in the catalytic activity of ultrathin oxide films. Among them, oxygen
vacancies, commonly referred to as color centers, have been studied most extensively. These vacancies act as
electron-trapping centers and mediate surface electron transfer by donating charge from the oxide to adsorbates.
They also serve as preferential sites for the nucleation of metal atoms and clusters through strong local metal-oxide
interactions [63,64]. The density and chemical nature of oxygen vacancies vary significantly among oxides.
Reducible oxides, such as TiO», typically exhibit relatively high surface-vacancy concentrations [65], while non-
reducible oxides such as MgO support far fewer such vacancies [66,67].

To systematically investigate defect-mediated reactivity, oxygen vacancies in ultrathin oxide films can be
introduced in a controlled manner through treatments such as electron bombardment. As-grown MgO/Ag(100) films
possess very few intrinsic defects, providing a clean baseline for such measurements. By combining low-temperature
STM and scanning tunneling spectroscopy (STS) with ultrahigh vacuum electron paramagnetic resonance (UHV-
EPR), individual color centers have been unambiguously identified and characterized on these films. As shown in
Figure 2a, paramagnetic F* vacancies form preferentially at island edges and corners rather than on terraces, in
agreement with the lower defect formation energies predicted for low-coordinated sites [68]. Complementary STS
measurements further identified diamagnetic neutral F centers through their distinctive in-gap electronic states; the
assignments are corroborated by density functional theory (DFT) calculations. Notably, the charge state of individual
vacancies can be tuned via interaction with the STM tip, establishing low-coordinated oxygen vacancies in ultrathin
MgO films as electronically distinct and catalytically relevant surface defects [66,67].

Point defects exert a strong influence on metal nucleation and catalytic behavior. STM studies of Au
deposited on MgO/Mo(100) demonstrate that Au atoms nucleate preferentially at defect sites, which act as strong
anchoring points for cluster formation [69]. This defect-dominated nucleation mechanism is further supported by
embedded-cluster calculations, which show that metal nucleation on MgO is governed by surface F (anionic
vacancy) and V (hole) centers rather than by regular terrace sites. These findings illustrate how the charge state
and electron affinity of a vacancy directly control both metal-oxide bond strength and resultant charge on metal
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adatoms, which can range from neutral to M" or to lattice-incorporated cations such as Pd*" and Ag?" at Mg-
vacancy sites [70]. As a result, defect-free MgO surfaces are essentially inert, whereas defect-rich MgO films
exhibit significantly higher and more complex reactivity. Theoretical work further suggests that oxygen vacancies
can directly participate in reaction pathways rather than acting solely as passive anchoring sites [9,71]. The
electronic consequences of point defects can be directly probed using vibrational spectroscopy of probe molecules
such as CO. On regular, non-defective MgO films, CO adsorbed on metallic Au clusters exhibits a stretching
frequency near 2120 cm™'; after the creation of oxygen vacancies and subsequent Au deposition, the stretching
frequency shifts to 2070 cm™! [72]. This red shift for clusters on defect-rich films indicates that Au atoms bound
to oxygen vacancies acquire a negative charge (Au®"), in agreement with DFT calculations [73].
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Figure 2. (a) Schematic illustration of oxygen vacancy defects in MgO/Ag(100). (b) STM images at different bias
voltages showing the distribution of charged defects on the surface of MgO(001) thin films. (¢) dz/dVs spectrum
acquired at an F center (type 2 defects). (d) Calculated energy levels of F*, F? centers located at terrace and step
sites, including a summary of energy levels associated with type 1 (F*) and type 2 (F°) defects. (b—d) Reprinted
with permission from [66]. Copyright 2006, American Chemical Society.

F centers in MgO can exist in three charge states, denoted F°, F*, and F?*, according to whether they contain
two, one, or zero trapped electrons, respectively. These defects introduce impurity levels in the MgO band gap; for
terrace centers, the FO level lies near mid-gap while the F* level lies above it, closer to the conduction-band edge
(Figure 2) [66]. On ultrathin MgO films supported on metal, the underlying substrate can stabilize different charge
states via spontaneous charge transfer, depending on the position of the F%/F" levels relative to the metal Fermi level.
For MgO/Mo(100), where the effective work function is ~2 eV, only F° centers are stable, and any F* centers would
immediately be filled by tunneling from the metal. In contrast, for MgO/Ag(100) with § = 3 eV, the F° level is pinned
near Er, and F* centers are thermodynamically favored [74]. The stability of a given charge state also depends on
defect location (surface vs. interface) and film thickness, both of which modify the level positions and the dielectric
screening. Beyond the tip-induced switching demonstrated above [54,55], the systematic control of vacancy charge
states under operating catalytic conditions remains an open challenge, but the framework above offers a promising
route to tailor the electronic and catalytic properties of oxide surfaces through controlled defect charging.

Oxygen vacancies also play a critical role in catalytic cycles such as the Mars—van Krevelen mechanism, in
which the oxide lattice itself supplies oxygen to reactants. A prominent example is CO oxidation on monolayer
FeO films supported on Pt(111). Under reactive O-rich conditions, the FeO(111) bilayer transforms into an
oxygen-rich O-Fe-O trilayer in which an additional oxygen layer sits on top of the Fe sub-lattice [51,75,76]. This
trilayer provides lattice oxygen that oxidizes CO to CO,, leaving behind an oxygen vacancy that is subsequently
replenished by gas-phase oxygen [75]. Notably, this high catalytic reactivity diminishes in thicker FeO films,
underscoring that the ultrathin geometry of the oxide is essential to its catalytic function. A similar mechanism
operates for single-layered ZnO/Au(111), where interfacially intercalated oxygen activates lattice oxygen adjacent
to the intercalated species, enabling Mars-van Krevelen-type CO oxidation [77].

In ceria-based oxide, oxidation also proceeds via the Mars-van Krevelen mechanism. Surface and subsurface
oxygen vacancies can be resolved by STM, with the electrons left behind upon oxygen removal localizing on
neighboring Ce ions to form Ce3* species. These reduced centers tend to aggregate into vacancy dimers and linear
clusters that preferentially expose Ce*" sites highly relevant to redox chemistry [78,79]. Similarly, ultrathin
CeOx(111) films grown on Pt(111) exhibit a rich defect landscape, including surface and subsurface vacancies,
vacancy trimers, extended vacancy arrays, and hydroxylated species, closely resembling the defect chemistry of
bulk ceria. The morphology and defect density of ceria films depend strongly on preparation conditions. For
instance, reactive deposition on Au(111) produces well-ordered CeO,(111) nanoislands with oxygen vacancies,
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making CeO»/Au(111) a model inverse oxide catalyst [80]. Similarly, CeOx nanoparticles on Cu(111) promote O,
dissociation and drive the formation of Cu,O+ surface oxides at the interface. During CO/O; cycles, these systems
exhibit reversible Ce*"/Ce’* redox behavior and enable oxygen spillover, leading to catalytic activities comparable
to or exceeding noble metals [81].

3.2. Extended Defects

Beyond point defects, ultrathin oxide films frequently contain more complex linear features, including step
edges and domain boundaries. These line defects introduce distinct electronic states that significantly modify
surface chemistry. The under-coordinated species at step edges and kink sites often exhibit enhanced reactivity,
enabling dissociation reactions that do not proceed on flat terraces. For instance, CO oxidation on partially covered
FeO/Pt(111) initiates preferentially at island edges [82,83]. The active sites at this perimeter have been identified
as coordinatively unsaturated ferrous (Fe?") cations, which activate molecular oxygen, while CO adsorbs on
adjacent Pt sites; this spatial separation of the two reactants prevents the CO self-poisoning that limits CO oxidation
on bulk Pt. After CO, formation and desorption, the edge Fe site is regenerated, making the FeO-Pt perimeter a
robust and self-sustaining redox interface.

For ZnO/Ag(111) films, structural and electronic inhomogeneities such as moiré patterns and Ag clusters
modulate the local density of states (LDOS) of the ZnO conduction band, and TERS combined with STS has
revealed that this modulation controls local heating efficiency and electron-phonon coupling strength. Positions of
elevated conduction band LDOS correspond to higher vibrational temperatures, and the ratio of the TERS-derived
temperature map to the spatially filtered STS map yields a relative electron-enhanced coupling map at ~2 nm
resolution, with coupling locally enhanced at atomic-scale defect sites [84]. The sensitivity of these properties to
structural disorder becomes increasingly pronounced with film thickness. High-resolution imaging has shown that
3 ML ZnO films develop dislocation defects with local lattice displacement of ~0.8 A and distorted honeycomb
structures that are absent in the more ordered 2 ML films (Figure 3a,b). This structural degradation with increasing
thickness was attributed to a partial transition from the planar h-BN-like geometry of the thinner film toward a
corrugated wurtzite-like surface structure, highlighting how film thickness fundamentally shapes the defect
landscape of supported oxides [85].

Figure 3. STM topography of ZnO and FeO ultrathin films. (a,b) STHM images (10 nm x 10 nm) of 2 ML and 3
ML ZnO films on Ag(111), respectively. Reprinted with permission from [85]. Copyright 2018 American Physical
Society. (¢,d) STM images (100 nm x 100 nm) of FeO/Au(111) illustrate selective growth of Pt and Pd on
FeO/Au(111), with Pt preferentially blocking O-terminated edge sites and Pd preferentially blocking Fe-terminated
edge sites. Reprinted with permission from [13]. Copyright 2022 Royal Society of Chemistry.

Similar structure—reactivity relationships have been identified for NiO films supported on Au(111). In this
system, edge and NiOx-Ni interfacial sites form highly active Lewis acid-base pairs that dominate water
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dissociation, while flat oxide terraces and defect-poor regions remain largely inert [86]. Furthermore, in the
electrocatalytic oxygen evolution reaction (OER), two-dimensional NiO films on Au(111) outperform thicker,
three-dimensional NiO islands, further emphasizing the importance of maximizing edge density [87]. These
observations demonstrate that designing films with smaller islands and a higher density of edge sites can directly
enhance catalytic activity.

Beyond their role as active sites, extended defects can also direct the spatial organization of metal adatoms
for catalysis. Al,Os3 films grown on NiAl(110) exhibit multiple extended defect types, including step edges,
reflection domain boundaries, and anti-phase boundaries. STM studies have shown that Pd atoms nucleate
exclusively along these defect lines, forming ordered one-dimensional arrays [35]. Similarly, a study of the
FeO/Au(111) moiré structure demonstrated that Pt preferentially decorates oxygen-terminated edges, whereas Pd
targets Fe-terminated edges (Figure 3c,d), both of which are critical sites for CO oxidation [13]. This edge-selective
metal decoration provides a pathway to control active-ensemble formation and tune catalytic selectivity. Taken
together, these examples establish extended defects as both reactive sites in their own right and as templates that
direct the assembly of catalytically active metal ensembles. Beyond such intrinsic structural features, the properties
of ultrathin oxide films can be further tailored through interfacial charge transfer, as discussed below.

4. Charge Transfer in Ultrathin Oxide Films

Ultrathin oxide films on metal substrates exhibit charge-transfer phenomena that are significantly weaker or
absent in bulk oxides. When an insulating film only a few monolayers thick is supported on a metal, the effective
work function of the metal-oxide stack, together with the oxide band structure, sets the alignment between the
metal Fermi level and the frontier orbitals of an adsorbate, and thereby controls whether electrons can tunnel
through the film into adsorbed atoms, clusters, or molecules, or flow in the opposite direction. At such small
thicknesses, strong interfacial coupling and reduced dimensionality produce electronic states and responses that
do not occur in extended oxide crystals [88]. Even perfectly ordered, defect-free ultrathin films can support
significant electron tunneling between the metal and species bound on the oxide surface, enabling direct charge
exchange across the film and stabilizing adsorbate charge states that would be inaccessible on bulk oxides [6].
MgO provides a prototypical example. DFT calculations comparing Pd and Au atom adsorption on bulk-like
MgO(001) and MgO/Mo(100) show that Pd atoms remain essentially neutral in both cases, whereas Au becomes
anionic (Au") on the MgO/Mo(100) film but not on the bulk-like MgO surface [6]. On thick MgO, the unoccupied
part of the Au 6s level lies in the MgO band gap and above the metal Fermi level; when the oxide is thinned, and
the metal-oxide work function is lowered by 1-2 eV, this electron-affinity level is pulled below the Fermi level,
making electron tunneling from the metal energetically favorable [89]. The extra electron localizes at the Au-MgO
interface and induces a polaronic distortion of the MgO lattice (outward relaxation of the underlying Mg and
inward relaxation of the surrounding O), which stabilizes the charged adsorbate [90].

Low-temperature STM combined with DFT on MgO/Ag(100) provides direct experimental evidence of
charge transfer in ultrathin films [91]. On a 3 ML MgO film, Au adatoms self-organize into a long-range ordered
lattice with a well-defined nearest-neighbor distance, indicating strong repulsive interactions between like-charged
species (Figure 4). In STM, Au adatoms appear as “sombrero-shaped” protrusions, a contrast that can be
reproduced in DFT-based simulations only for negatively charged Au. In contrast, Pd adatoms on the same film,
and Au atoms on bare Ag(001) (Figure 4) or on thick MgO, remain randomly distributed and show neutral-like
STM contrast. This is consistent with DFT predictions that Pd’s low electron affinity prevents charging, and that
through-film charge transfer is effective only for thin oxide spacers and high-electron-affinity metals [6,91].

Another consequence of charge transfer is its effect on metal nanoparticle morphology and stabilization.
Charged particles often experience a stronger attraction to the substrate, resulting in different equilibrium shapes
than their neutral counterparts [92,93]. For instance, DFT calculations have shown that a Auy cluster, which is
tetrahedral (3D) in vacuum, becomes planar (2D) in its equilibrium shape when adsorbed on a 2 ML MgO/Mo
film [92]. On bulk MgO, the 3D cluster is more stable than the 2D form by ~1.2 eV, but on the ultrathin film, a
flat island is favored by ~3.3 eV. This reversal arises from charge localization at the Au-MgO interface upon
electron transfer from the Mo substrate, which increases the Au—oxide adhesion by ~1 eV per Au atom and drives
the cluster to spread out for maximum interfacial contact [92]. This prediction has been confirmed experimentally
by comparing Au growth on 3 ML and 8§ ML MgO films on Ag(100) [93]. On 3 ML MgO, Au nucleates on both
Mg and O sites and, after annealing, forms monolayer-high 2D islands, whereas on the 8 ML film, it preferentially
occupies O sites and develops into 3D clusters resembling those of Au on bulk MgO(001) [93]. Together with
charge-state measurements on single Au adatoms, these results establish that the degree of charge transfer at the
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metal-oxide interface controls not only the electronic structure but also the shape and wetting behavior of Au
islands on ultrathin oxide films, providing a route to tune cluster morphology for catalysis.

d) Single
Au/MgO(3ML)/Ag(100)

f) Simulated Single
Au/MgO(3ML)/Ag(100)

0O 05 1 15
distance / nm

g) Single

Pd/MgO(3ML)/Ag(100)

i) Simulated Single

h) Pd/MgO(3ML)/Ag(100

0O 05 1 15
distance / nm

Figure 4. STM images (30 nm x 30 nm) of (a) Au atoms adsorbed on 3 ML MgO films. (b) Pd atoms adsorbed on
3 ML MgO films, and (¢) Au atom adsorbed on bare Ag(001). (d—f) Experimental STM images and height profiles,
and corresponding simulated STM images of single Au, and (g—i) Pd atoms on the surface of 3 ML MgO/Ag(001).
Reprinted with permission from [88]. Copyright 2007 American Physical Society.

Charge transfer through oxide films is equally important for molecules with high electron affinity. DFT
calculations predict that O, adsorbed on ultrathin MgO/Ag(100) films forms a superoxo-like O,™ species, stabilized
by electron transfer from the metal and polaronic distortion of the MgO lattice [94]. This prediction has been
experimentally verified by low-temperature EPR on O, dosed onto a4 ML MgO/Mo(001) film. The spectra exhibit
an axial g-tensor (g, = 2.072) characteristic of O,7; the signal intensity decays with increasing film thickness and
vanishes around 15 ML, in full agreement with the proposed electron-tunneling model [6,7]. The g-tensor
components differ from those of O,™ on bulk MgO powders, indicating stronger polaronic relaxation in the ultrathin
oxide films. An analogous activation has been reported for NO, on MgO, where a metal support converts weakly
bound, nearly neutral NO, on MgO into a strongly bound nitrite anion (NO,") through charge transfer from the
substrate, which simultaneously strengthens the oxide-metal interface [95]. Collectively, these examples
underscore the generality of adsorbate charging mediated by electron tunneling through ultrathin oxide films.

5. Outlook and Challenges

Ultrathin metal-oxide films are evolving from idealized surface-science model systems into a versatile platform
for probing and engineering catalytic phenomena at the atomic scale. Their properties, arising from reduced
dimensionality and tunable defect landscapes, enable catalytic behaviors that are fundamentally distinct from those
of bulk oxides. The next generation of model systems, including multicomponent ultrathin films, doped oxides, and
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dynamically evolving interfaces, introduces heterogeneity across multiple length scales and will demand
corresponding advances in characterization. A central priority is the development of correlative and multimodal
characterization frameworks that integrate complementary probes within a unified experimental environment.
Combining scanning probe microscopy with chemically sensitive techniques (tip-enhanced Raman spectroscopy
[42], X-ray photoelectron spectroscopy, and synchrotron-based methods [96]) offers a direct route to linking atomic
structure, local composition, and reactivity at individual sites. Such approaches are particularly critical for ultrathin
oxide films, where catalytic activity is often governed by highly localized features such as defects, step edges, and
interfacial charge-transfer regions, which are the features emphasized throughout this review.

A second priority is bridging the gap between the static, ultra-high-vacuum measurements that dominate the
literature and the dynamic, reaction-relevant conditions under which catalysis actually occurs. Active sites at
metal-oxide interfaces are often transient and stabilized only under reaction conditions, motivating the integration
of operando and time-resolved capabilities into the experimental toolkit [97-100]. Combining ultrafast
spectroscopy with operando setups would, in principle, give access to charge-carrier dynamics, lattice dynamics,
transient intermediates, and structural restructuring on the timescales over which they actually occur, although
preserving sensitivity and minimizing probe-induced perturbations remains significantly challenging. Techniques
such as terahertz (THz) pump—probe spectroscopy, transient absorption spectroscopy, and time-resolved X-ray
scattering provide access to elementary steps across femtosecond-to-second timescales. For ultrathin oxide films,
these approaches are most relevant for elucidating charge-transfer dynamics [101,102], polaron formation [103],
and electron—phonon interactions [104] at metal-oxide interfaces, processes that are central to catalytic function
but remain poorly understood at the relevant timescales. Combining such temporal resolution with the sub-
nanometer spatial sensitivity of scanning probe techniques would enable spatiotemporally resolved
characterization of catalytic systems [105-107].

The future of ultrathin metal-oxide films in heterogeneous catalysis will be defined by the ability to observe,
quantify, and ultimately control catalytic processes at the level of individual active sites and elementary steps. As
such it will depend on the continued evolution of sub-nanoscale, vibronic, and time-resolved characterization
techniques. Beyond serving as idealized model systems, ultrathin metal-oxide films are poised to become testbeds
for next-generation characterization strategies, where methodological innovation directly informs catalyst design.
The convergence of spatial, temporal, and chemical resolution achieved through integrated, operando, and data-driven
approaches will be key to unlocking a truly predictive understanding of catalytic functions at the atomic scale.
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