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Abstract
Alloying plays a crucial role in tuning the surface properties of metals, but the atomic-level
mechanisms by which alloying elements influence surface structure dynamics under reactive
conditions remains elusive. Using Cu(Au) in oxidizing environments as a model system, we reveal
a dynamic oxygen-induced transformation of the topmost atomic layer into a periodically hill-and-
valley morphology, with reversible switching between undulated and flattened surface states.
These interconversions are driven by the retreat of surface Au to the subsurface during oxygen
adsorption and its resegregation to the surface upon oxygen desorption. This cyclical mobility
establishes a feedback loop, allowing the surface to dynamically reconfigure in response to
changes in oxygen pressure. The findings offer a broadly applicable framework for understanding
atomic-scale surface restructuring in alloy systems, where differences in the chemical reactivity of
alloying elements drive dynamic redistribution between surface and subsurface regions. This

dynamic coupling has practical implications for designing corrosion-resistant coatings and

metastable nanostructures with tunable catalytic properties.

*Correspondence to: gzhou@binghamton.edu
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Alloying serves as a cornerstone strategy for engineering material properties, primarily
through targeted element segregation to critical microstructural regions, such as exposed surfaces
affecting corrosion resistance and catalytic activity, grain boundaries impacting fracture strength,
and dislocations modulating plastic deformation!. Beyond these well-documented effects, here
we report an alloying phenomenon—oxygen-driven atomic reconfigurations that dynamically
reshape both composition and structure across the surface and subsurface of alloys. Such behavior
has remained hidden due to the difficulty of capturing rapid, atomic-scale dynamics across
multiple atomic planes of the surface and subsurface regions under reactive gas environments.

In situ transmission electron microscopy (TEM) has emerged as a transformative tool for
probing surface segregation dynamics at the atomic scale>"!'!. Here, leveraging environmental TEM,
we capture—in real time—the oxygen-triggered transformation of a flat Cu(Au) surface into a
periodically undulating hill-and-valley morphology, followed by its reversible flattening in
response to oxygen adsorption and desorption. By integrating atomic-resolution imaging with
density functional theory (DFT), we establish that this structural metamorphosis is mechanistically
governed by oxygen-mediated Au redistribution: oxygen adsorption destabilizes surface Au,

driving its retreat into the subsurface, while desorption reverses this process, resegregating Au to
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the surface. These operando observations expose a previously hidden feedback loop, where gas-
surface reactions directly modulate noble metal mobility, which in turn regulates the surface
restructuring dynamics.

The Cu-Au system serves as an ideal model due to its unique physicochemical duality. The
stark contrast in oxygen affinity between Cu (highly reactive) and Au (noble) drives oxygen-
mediated surface segregation: Cu preferentially oxidizes, while Au retreats into the subsurface,
creating a dynamic interplay between surface and subsurface. This behavior underpins the
enhanced performance of Cu-Au alloys over their monometallic counterparts in various catalytic
reactions such as CO oxidation, CO; reduction, methanol synthesis, and the water-gas shift

reaction!?!7

, where dissociative oxygen adsorption—a step highly sensitive to surface structure
and elemental distribution—dictates reaction efficiency. By studying dilute Cu(Au) surfaces under
reactive conditions, we bridge the atomic-scale structural and compositional transformations
driven by the high mobility of noble atoms between surface and subsurface layers.

The interplay between gas-surface reactions and dynamic segregation revealed here holds
broad relevance for alloy systems, as most engineered materials—whether by design or through
inherent impurities—are multicomponent. Under reactive conditions, the partitioning of alloying
elements (or impurities) between surface and subsurface regions is ubiquitous, dictated by their
relative chemical affinities and environmental stimuli. Our findings provide atomistic insights for
understanding such dynamic surface reconfiguration, with immediate implications for materials
design. For instance, corrosion-resistant coatings could exploit noble metal mobility to self-

stabilize under oxidative stress, while metastable nanostructures with stimuli-responsive catalytic

sites might be engineered by tailoring element-specific segregation energetics.
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Our in-situ experiments are conducted using an aberration-corrected environmental TEM
equipped with a differential pumping system. This setup allows for higher gas pressure in the
sample region while maintaining a high vacuum throughout the rest of the TEM column. For our
in-situ TEM experiments, we employ Cu-10at.%Au (CugoAuio) thin film samples with a nominal
thickness of ~500 A. The experimental procedure begins with in-situ preparation of oxide-free
surfaces. This involves annealing the CugoAuio film at 350°C in a H atmosphere to induce faceted
crack and tears, similar to the mechanical cleavage of crystals in vacuum for surface science
experiments, resulting in atomically pristine surfaces. Subsequently, the gas flow is switched to
O: gas flow to induce dissociative Oz adsorption and oxide formation along these surface facets.
Further experimental details can be found in the Supplemental Information.

Fig. 1 presents in-situ high-resolution (HR) TEM images that capture the dynamic
evolution of the (110) surface of the CugoAuio, viewed edge-on along the [001] zone axis, during
exposure to 5x10° Torr O, and at 450°C. In Fig. 1(a), the surface displays a stepped morphology,
comprising atomically flat (110) terraces separated by monoatomic steps. The in-situ observations
clearly illustrate the transformation of the flat surface into a wave-like hill-and-valley
configuration, with the undulations propagating laterally across the surface toward the un-oxidized
surface region. For the pristine Cu(110) surface, the close-packed direction is along the [110]
direction, characterized by a lattice periodicity of 2.5 A. The observed ~2.5 A periodicity in the
un-oxidized region confirms that the (110) surface maintains the intact bulk-terminated structure
before its transformation into the oxygenated undulation morphology. Notably, the emergence of
the surface undulations represents a significant departure from dissociative O> adsorption on pure
Cu(110), which typically results in either (2x1) or (6x2) reconstructions with surface periodicities

of 5 A and 7.5 A, respectively'®%. This difference underscores the pronounced effect of alloyed
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Au in inducing the resulting undulation of the oxygenated surface, where the atom columns in the
topmost layer correspond to Cu-O chains whereas the atoms in the second layer correspond to Au-
rich columns. Both exhibit brighter image contrast, as shown later by DFT modeling and HRTEM
image simulations. Furthermore, as evident in Figs. 1(a-f), the atom columns—some marked by
yellow arrows—display slightly brighter image contrast, suggesting Au enrichment in the topmost

surface layer of the un-oxidized terrace regions.
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Figure 1: In-situ HRTEM imaging of the dynamic transformation of a flat (1x1) CusAuio(110) surface into a hill-
and-valley oxygenated overlayer at 450°C and 5x10¢ Torr Oz. (a-f) Time-lapsed HRTEM images extracted from
Supplementary in-situ TEM video 1. The red dashed lines outline the step-terrace morphology of the unoxidized
terraces in front of the growth front of an undulated oxide overlayer. Yellow arrows mark some atom columns that
exhibit brighter image contrast, indicating Au enrichment in the topmost layer of the un-oxidized terraces.

The in-situ HRTEM imaging in Figs. 1(a-f) also reveals that the lateral growth of the
undulated oxide overlayer occurs via direct conversion of the topmost atomic layer of the metal
substrate into the oxide. This conversion is evidenced by the reduced surface height of the
oxide/metal interface compared to the unoxidized terrace in front of the undulated oxide overlayer.

The red dashed lines in Fig. 1(a-f) outline the stepped feature of the oxide growth front in relation



115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

to the unoxidized terrace and highlight the height difference between the oxide/metal interface and
the unoxidized terrace. This step-flow solid-solid transformation happens as adsorbed O reacts
directly with the substrate Cu atoms at the oxide growth front. Notably, this process does not
require long-range diffusion of Cu adatoms to reach the growth front of the undulated oxide
overlayer, as demonstrated by the consistent monoatomic step height of the oxide growth front.
This consistent step height leads to the formation of an atomically flat interface between the
substrate and undulated oxide layer, despite the stepped structure of the unoxidized terraces.
During this transformation, the surface steps on the unoxidized terraces exhibit some receding
motion, resulting in the formation of Cu adatoms detaching from the step edges and being captured
by the growing oxide island in the top-right corner region of the surface. The measured lattice
spacings of ~2.5 A and ~3.0 A for the oxide island match the (111) and (110) interplanar spacings
of Cux0, respectively. The in-situ TEM imaging shows the progressive growth of the Cu,O island
over time, as indicated by its increasing surface height from ~2.5 nm in Fig. 1(a) to ~3.2 nm in Fig.
1(f). The growth of the Cu,O island involves capturing mobile Cu adatoms form the surrounding
unoxidized surface area. This process reduces surface diffusion of Cu adatoms generated from the
receding surface steps to the growth front of the undulated oxide overlayer, thereby facilitating the
solid-solid transformation of the flat metal surface to the undulated oxide layer. The transformation
of the flat (110) surface into the hill-and-valley undulation is observed across various surface
regions and samples of the CugoAuio(110), as shown in Fig. S1.

Fig. 2 presents in-situ HRTEM images that reveal the dynamic transitions between the hill-
and-valley configuration and a relatively flattened surface morphology of the oxide overlayer. As
marked in Fig. 2(a), the atom columns at the peak positions of the undulated oxide overlayer

exhibit a lateral periodicity of ~ 12.9 A and a surface height of ~ 3.8 A. In contrast, the atom
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columns located at the valley positions show a reduced surface height of ~ 2.1 A. Subsequently,
Figs. 2(b-d) show the gradual flattening of the oxide overlayer, evident by the downward
displacement of the atom columns at the peak positions. The surface heights decrease to 3.5 A, 2.8
A, and eventually converge to a relatively uniform height of 2.6 A across all the bright atom
columns within the topmost layer. Additionally, the atom columns at the original valley positions
(marked by the yellow dashed lines in Figs. 2(a, d)) maintain a relatively weaker image contrast
and show a slightly lower surface height of ~2.4 A in the flattened configuration. The flattening
process takes ~ 2.2 s to complete and occurs simultaneously across the entire surface, with all atom
columns at the peak positions moving downward concurrently. This synchronized movement
indicates similar stability among the atom columns. The homogeneous transition from the hill-
and-valley surface configuration to the flattened morphology requires coordinated collective
movement of all the atoms across the entire surface within the field of view. This contrasts with
the lateral growth of the undulated oxide overlayer observed in Fig. 1, where the step-flow solid-

solid transformation is highly confined to the substrate atoms local to the oxide growth front.
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Figure 2: In-sitt HRTEM imaging of the interconversion between surface undulating and flattening of CusoAuio(110)
at 450°C and ~5x107 Torr Oz. (a-d) Transformation from the undulated surface to a flattened surface (Supplementary
in-situ TEM video 3). (e-h) Interconversion between the undulated and flattened surface configurations
(Supplementary in-situ TEM video 4).

Figs. 2(e-h) demonstrate that the flattening process is reversible, resulting in the restoration
of the hill-and-valley surface configuration. As shown in Fig. 2(e), the atom columns in the
topmost layer of the oxide overlayer have a surface height of ~ 2.6 A. The atom columns marked
by the red arrows are observed to move upward concurrently, stabilizing at the surface height of ~
3.8 A (Figs. 2(f, g)), which results in the reformation of the hill-and-valley morphology within ~
2 s. Following this, the undulated oxide overlayer undergoes another flattening cycle (Figs. 2(f-

h)), with a duration of 1.8 s, similar to the flattening process shown in Figs. 2(a-d). The in-situ
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TEM imaging confirms the synchronized movement of the atoms across the entire surface during
the repeated interconversion between the undulated and flattened morphologies.

The in-situ TEM imaging presented above reveals a significant difference in surface
oxidation behavior between CugoAuio and pure Cu. Specifically, the CugAuio(110) surface
exhibits a wavy-like undulation morphology upon dissociative O, adsorption, contrasting with the
well-established (2x1) or (6x2) reconstructions typically observed for pure Cu(110)?! 23 24,27, 30,
This difference can be attributed to the interfacial Au segregation induced by O exposure. On the
pristine surface of CugoAuio(110) (i.e., under H» annealing), Au atoms segregate to the surface due
to the lower surface energy and larger atomic size of Au compared to Cu®'-*3. This Au surface
enrichment is evident from the slightly brighter image contrast of atom columns in the topmost
surface layer of the unoxidized terraces, as shown in Fig. 1. However, when exposed to an
oxidizing atmosphere, O adsorption promotes Cu segregation to the surface. This occurs because
Cu has a higher affinity for O, which compensates for its higher surface energy relative to Au,
leading to surface oxidation of Cu and inward migration of Au from the topmost surface layer to
the subsurface. This shift in surface composition upon Oz exposure aligns with reported ambient-
pressure X-ray photoelectron spectroscopy measurements of surface composition evolution of
CuzAu(100) when transitioning from H» to O» atmospheres®* %3, The evolution of image contrast
in the atom columns observed in our in-situ HRTEM imaging highlights the critical role of

subsurface Au enrichment in driving surface undulations upon O adsorption.

The atomic mechanisms underlying the observed surface undulation shown in Fig. 1, as
well as the interconversion between the undulated and flattened surface configurations of the oxide
overlayer shown in Fig. 2 are elucidated through DFT modeling. Fig. 3(a) displays a zoomed-in

HRTEM of the oxidized CusoAuio(110), revealing an amplitude of ~ 3.8 A and a peak-to-peak
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spacing of ~12.9 A of the surface undulation, with hills and valleys parallel to the [001] direction
of the (110) surface. This undulation wavelength matches 5 [110]-(1x1) lattice spacings of the
(110) substrate. The arrangement of atom columns in the topmost surface layer differs from that
in the substrate, featuring three bright atom columns (marked by the red arrows) within the hill
region and two slightly dimmed atom columns (marked by the blue arrows) in the valley region.
Additionally, as depicted in Fig. 3(a), the two interfacial atom columns (marked by the purple
arrows) beneath the hill region exhibit a strongly bright image contrast. In contrast, the two
adjacent interfacial atom columns (marked by the blue arrows) show relatively dim image contrast,
while the atom column right beneath the valley region (marked by red dotted circle) appears much
dimmed. Furthermore, the three atom columns (also marked by dotted circles) situated within the
hill region display significantly dimmed image intensity. These variations in image intensity
among the interfacial atom columns suggest differences in their Au contents, resulting from O
adsorption-induced inward segregation of Au from the topmost surface to various interfacial sites

of the substrate.

Based on the image intensity analysis of the experimental HRTEM observations presented
in Fig. 3(a), we construct a structural model of the undulated oxide overlayer. This model
incorporates the solid-solid transformation of the segregated topmost Cu atoms into Cu-O-Cu
chains, along with the interfacial injection of Au atoms from the topmost layer. Fig. 3(b) illustrates
the DFT-obtained minimum-energy structure, depicting the resulting hill-and-valley surface
configuration. In this configuration, the topmost three atom columns of the hill region correspond
to Cu-O-Cu chains (indicated by the red arrows). In contrast, the two atom columns in the valley
region, marked by the blue arrows, consist of 50%Au (CusoAuso). The three atom columns in the

second layer of the hill region—two by red dotted circles and one by a green dotted circle directly
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beneath the peak position—correspond to two full Cu columns and one Cu column containing 50%
vacancies (CusoVacso), respectively. The two atom columns in the third layer (indicated by the
purple arrows) of the hill region are composed of pure Au, while the adjacent atom columns,
marked by the blue arrows, have a composition of CusoAuso. The atom column directly beneath
the valley region corresponds to pure Cu, as indicated by the red dotted circle. The DFT-relaxed
structure shows an amplitude of ~ 3.6 A for the Cu-O-Cu chain at its peak and a peak-to-peak
periodicity of ~13 A, which closely align with the values observed in the experimental HRTEM
image (Fig. 2(a)).

Fig. 3(c) presents the simulated HRTEM image based on the DFT-relaxed structure
depicted in Fig. 3(b). It closely matches all the key features of the experimental HRTEM image,
including the amplitude and wavelength of the surface undulation, as well as the image contrast of
the individual atom columns. Notably, this encompasses the strongest image contrast observed for
the three Cu-O-Cu chains of the hill region and the two pure interfacial Au columns under the hill
region. Additionally, relatively dimmed image intensity is observed for the interfacial CusoAuso

atom columns, while significantly dimmed image intensity for the pure Cu columns.
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Figure 3: DFT modeling of the interconversion between undulated and flattened surface configurations of the oxide
overlayer on CusoAuio(110). Experimental and simulated HRTEM images, along with DFT-relaxed structure models
for both the undulated (a-c) and flattened oxide overlayer (d-f), respectively. The red arrows denote Cu-O-Cu atom
columns, black arrows for Cu-O-Cu columns with 50% O vacancies, purple arrows for pure Au columns, blue arrows
for CusoAuso columns, green arrows for CuzsAuas columns, yellow arrows for CuasAurs columns, red dotted circles
for pure Cu atom columns, and green dotted circles for Cu columns with 50% vacancies. (g-1) DFT-derived atomic
processes leading to one cycle of transformations between undulation, flattening, and back to undulation of the oxide
overlayer.

Fig. 3(d) displays an enlarged HRTEM image of the flattened surface configuration of the
oxide overlayer, featuring three bright atom columns (marked by red arrows) and one dimmed
atom column (marked with a black arrow) within each periodicity. The second layer consists of
atom columns with relative dimmed image contrast (identified by red dotted circles and blue
arrows). The third layer contains the two strong intensity columns (highlighted by the purple
arrows), two dimmer atom columns (noted with yellow arrows), and one dimmest atom (marked
by the red dotted circle). Based on the arrangement of the atom columns and their image intensities

in the HRTEM image, we construct a structural model (Fig. 3(e)) for the flattened surface. Here,
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the topmost layer consists of three Cu-O-Cu chains and one Cu-O-Cu chain with 50% O vacancies,
as marked by the red arrows and black arrow in Fig. 3(f), respectively. Contrasting with the
undulated surface model (Fig. 3(b)), the Cu atom column in the second layer directly below the
peak atom column is now entirely vacant, facilitating the downward relaxation of the peak Cu-O-
Cu column for the formation of the flattened structure. In contrast, the image intensity of the atom
columns (marked by the green arrows in Fig. 3(d)) in the second layer of the original valley region
become dimmed.

Fig. 3(e) illustrates the DFT-obtained minimum energy structure, revealing the downward
relaxation of the atom columns in the topmost layer to result in the flattened surface configuration.
Unlike the undulated surface (Fig. 3(b)), the flattened oxide layer features three Cu-O-Cu chains
and an additional Cu-O-Cu chain with 50% O vacancies (highlighted by the black arrow) within
each periodicity of the topmost layer. This configuration indicates a higher O coverage for the
flattened surface, which may drive the inward migration of some Au atoms from the second and
third layers of the original undulated surface to deeper layers. This phenomenon is observable in
the HRTEM image in Fig. 3(d), where certain atom columns (as marked by the yellow arrows) in
the third exhibit enhanced image contrast compared to those in Fig. 3(a), due to the enrichment of
Au atoms toward deeper layers. The Au enrichment also occurs in the fourth layer, resulting in
some originally dark intensity columns transforming into brighter intensity columns (Cu7sAuzs),
as indicated by the green arrows in Fig. 3(d).

Fig. 3(f) presents a simulated HRTEM image using the DFT-relaxed structure depicted in
Fig. 3(e). It closely mirrors the essential features observed in the experimental HRTEM image,
including the arrangement and image contrast of the atom columns. Specifically, the simulated

image replicates distinct characteristics observed in the experimental data, such as the pronounced
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image contrast for the three Cu-O-Cu chains and pure Au columns as well as the relatively dimmed
image contrast for the Cu-O-Cu chains with 50% O vacancies. Furthermore, it captures the
diminished image intensity for the CuzsAuzs atom columns in the second layer and notably weaker
image intensity for the pure Cu atom column (red dotted circle) in the third layer. As shown in Fig.
3(d), the pure Cu atom columns in the second layer and the pure Au atom columns in the third
layer shift toward each other upon surface flattening, as evidenced by the reduction in the Cu-Au
distance between the two layers from 2.61 A in the undulated oxide layer (Fig. 3(a)) to 2.52 A in
the flattened oxide layer. This suggests that as the undulated surface flattens, the Cu-Au bonds
shorten, which leads to the slightly overlapping of the image contrast of the atom columns in the
HRTEM image. Our in-situ HRTEM imaging further shows that this flattening process reduces
the distance between adjacent pure Cu columns in the second layer from 4.54 A to 3.88 A.
Similarly, our DFT results (Fig. 3(e)) exhibit a comparable trend, with the Cu-Cu distance
decreasing from 4.85 A to 4.39 A.

It is worth noting that the circled atomic columns in the undulated (Fig. 3a) and flattened
(Fig. 3d) regions show slight contrast differences, suggesting apparent asymmetry. These
variations may arise from local compositional differences or imaging artifacts due to slight off-
zone-axis orientation. DFT calculations, performed by systematically varying the column
compositions, show that the symmetric configurations (Figs. 3b and 3e)) consistently yield the
lowest total energy, indicating the symmetrical configurations are the most stable—consistent with
the experimentally observed persistence of both surface structures. Additionally, HRTEM
simulations with varying tilt angles (Fig. S2) reveal that small tilts can introduce asymmetry in
contrast between otherwise equivalent columns. Together, these results suggest that the observed

asymmetries are likely imaging artifacts rather than intrinsic structural features.
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The microscopic processes underlying the formation of the undulated surface configuration
and its reversible transformation to the flattened morphology are further elucidated through the
atomistic modeling. As demonstrated by the in-situ HRTEM imaging in Fig. 1, the genesis of the
hill-and-valley surface undulation is induced by dissociative O2 adsorption, which transforms the
Cu atoms in the topmost layer into Cu-O-Cu chains and prompts the inward segregation of Au
atoms from the topmost surface into inner layers. Through DFT calculations of the Au segregation
energies, we pinpoint the most favorable locations for inward Au segregation when the surface is
covered with Cu-O-Cu chains. These locations reside in the third layer underneath the hill region,
with the segregation energies of -0.42 eV and -0.27 eV (Fig. S3 and Table S1), resulting in the
formation of pure Au and CuspAuso columns. Similarly, sites in the second layer directly beneath
the valley region are found to be less favorable, but they still exhibit a negative Au segregation
energy of -0.24 eV, hence these atom columns are expected to contain 50% Au (i.e., CusoAuso
atom columns as well), consistent with their relatively weaker image intensity compared to the
pure Au atom columns observed in the HRTEM image. Segregation of Au to any other sites in the
second and third atomic layers yields a positive segregation energy, rendering them unfavorable
for Au adsorption. Therefore, Au segregation to these favorable lattice sites results in the undulated
surface configuration depicted in Fig. 3(b).

Figs. 3(g-1) delineates the DFT-derived atomic process driving the transformation from the
undulated surface configuration (Fig. 3(b)) to the flattened morphology (Fig. 3(e)). As previously
elucidated, achieving surface flattening requires the creation of a vacant atom column directly
beneath the hill Cu-O-Cu column, allowing for the downward relaxation of the peak Cu-O-Cu
column. Simultaneously, the flattening process entails the formation of a new atom column in the

valley region, as indicated by the black dotted circles in Fig. 3(g). Relocating the second-layer Cu
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atom column directly beneath the peak column, which contains 50% vacancies and is denoted by
the dotted red circle, to the location marked by the black arrow (the black dotted circle) in Fig. 3(h)
would result in the creation of a completely vacant column directly beneath the peak Cu-O-Cu
column. This shift would also result in the emergence of a new Cu column with 50% vacancies in
the valley region. However, this alternation proves to be energetically unfavorable, resulting in a
higher system energy by 0.59 eV. Nonetheless, the introduction of a new Cu column at the
outermost surface renders it conducive to O adsorption, with an O adsorption energy of -1.72 eV.
The conversion of this Cu column into a Cu-O-Cu chain (with 50% O vacancies) leads to a
significant reduction in system energy by 1.42 eV. Therefore, the surface flattening process
involves the downward movement of the peak Cu-O-Cu chain toward the vacant column, along
with the formation of a new Cu-O-Cu chain in the valley region. This leads to a slight increase in
the surface height of the valley region, consistent with the in-sitt HRTEM imaging shown in Figs.
2(a-d), which shows that the surface flattening is accompanied by a small height increase in the
valley region from 2.1 A in the undulated structure to 2.4 A in the flattened surface. A key step in
this process is the migration of the second-layer Cu atom (indicated by the red dotted circle)
beneath the peak Cu-O-Cu chain to the surface valley region, as marked by the red curve arrow in
Fig. 3(h). The formation of the Cu-O-Cu chain in the valley region renders the Au atoms beneath
in the second layer unstable, driving their inward segregation to deeper layers. As illustrated in
Fig. 3(i), Au tends to segregate to the third layer, increasing the percentage of Au from CusoAuso
to CuzsAuys, with a segregation energy of -0.43 eV. This results in the ultimate configuration of
the flattened structure depicted in Fig. 3(j).

Figs. 3(j-k) illustrate the reverse process leading to the restoration of the valley-and-hill

undulation from the flattened structure. This process begins with the desorption of O from the
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newly formed Cu-O-Cu chain that contains 50% O vacancies (i.e., the atom column marked by the
black dotted circle in Fig. 3(j)), making it less stable than the oxygenated Cu-O-Cu chains. This
desorption results in freed Cu adatoms that become unstable on the surface. The subsurface sites
in the second atomic layer, as marked by the red dotted circles in Fig. 3(k), are identified as the
most stable locations for these Cu adatoms to reside. The migration of the Cu adatoms to these
stable subsurface sites leads to a lowered system energy by -0.76 eV. This drives the upward
relaxation of the Cu-O-Cu chain right above the newly added Cu atom column, resulting in the
restoration of the surface undulation. Simultaneously, the sites directly below the valley region
become favorable again for the outward segregation of Au from the third layer, with a segregation
energy of -0.26 eV (Fig. 3(1)). This leads to the fully recovered hill-and-valley configuration shown
in Fig. 3(g).

The DFT modeling presented above elucidates that the flattened surface exhibits a higher
O coverage compared to the undulated surface configuration due to the formation of additional
Cu-O-Cu chains in the valley regions of the surface. The experimentally observed reversible
transitions between the undulated and flattened surface configurations (Fig. 2) are primarily
attributed to the metastability of these additional Cu-O-Cu chains, which contain 50% Cu
vacancies and are thus less stable than the fully intact Cu-O-Cu chains. Small fluctuations in O
pressure can induce O adsorption and desorption at the valley regions, thus facilitating the

reversible transitions between the two surface configurations.
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Figure 4: (a-d) In-situ HRTEM images (Supplementary in-situ TEM video 5) showing the transformation from the
flattened surface configuration to a Cu20 overlayer on CusoAuio(110) at 450°C and 5x10° Torr Oz. (e-h) In-situ
HRTEM images (Supplementary in-situ TEM video 6) depicting the direct conversion from the undulated surface to
the Cu20 overlayer at 450°C and 1x107 Torr O2. The significantly enhanced image intensity of the atom columns
beneath the oxide layer is due to the oxidation-induced interfacial enrichment of Au.

Logically, a higher O, pressure would favor the stabilization of Cu-O-Cu chains in the
valley regions by promoting O adsorption, whereas a decrease in O pressure would have the
opposite effect. This expectation is confirmed experimentally through in-situ HRTEM
observations. As depicted in Figs. 4(a-d), a slight increase in O, pressure to 5x10° Torr not only

drives the transformation of the undulated surface into the flattened surface morphology but also
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further oxidizes the flattened surface into a thin Cu,O-like layer with the lattice spacing ~ 2.9 A
and a (10x9) interfacial configuration with the (110) substrate (Fig. 4(d)). Figs. 4(e-h) illustrate
another sequence of HRTEM images showing the effect of O exposure at a higher pressure of
1x107° Torr. These in-situ images demonstrate the direct oxidation of the undulated configuration
into a thin layer of Cu,0, formed by the lateral growth of the CuzO overlayer toward the undulated
hill-and-valley region on the right. This solid-solid transformation of the undulated surface layer
into the Cu20 overlayer bypasses the formation of the metastable, flattened surface configuration.
As shown in Figs. 4(d, h), the substrate atom columns beneath the Cu,O overlayer exhibit a
significantly enhanced image contrast, indicating substantial Au enrichment due to the interfacial
injection of Au atoms from the oxidized surface region.

Using first-principles thermodynamic analysis based on DFT calculations (details in
Supporting Information), we estimate the equilibrium O pressure for the reversible transition
between undulated and flattened surface morphologies to be ~107'" Torr at 450 °C (Fig. S4).
However, our in-situ TEM observations reveal that these structural transitions occur at
significantly higher O2 pressure—between 1x107¢ to 1x10~° Torr at 450 °C (Figs. 2, 4), roughly
five orders of magnitude above the thermodynamic prediction.

This discrepancy is likely from kinetic hindrance, a known factor that often shifts
experimental transition thresholds far above equilibrium values?* 2> 363%  As shown in our NEB
calculations (Figs. S5 and S6), the phase transitions require substantial diffusion of Cu and Au
atoms between the surface and subsurface, with energy barriers ranging from 0.69 to 0.86 eV.
Although the energy barriers are not prohibitively high, the kinetic complexity of the transition
pathway—especially under dynamic in-situ conditions—requires higher O pressures to be

realized experimentally. Additionally, these transitions also accompanied by energetically
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favorable restructuring, where flattening (induced by O adsorption) promotes Cu migration to the
surface and Au incorporation into the subsurface, lowering the system energy by ~1.85 eV,
whereas undulation (induced by O desorption) reverses this exchange, lowering energy by ~1.12
eV. These results support the conclusion that, although the equilibrium pressure is extremely
low, thermal activation and kinetic barriers shift the actual transition threshold to much higher O-
pressures under experimental conditions.

It is worth noting that, due to variations in gas dosing dynamics and the frame rate
limitations of our current imaging setup, we were unable to extract consistent transition
frequencies or determine the precise periodicity of the surface transformations shown in Figs. 2
and 4. Future studies employing higher frame rate imaging and more precisely controlled gas
delivery systems will be important for quantitatively correlating transition rates with O pressure
and temperature. Such improvements will enable a more detailed understanding and control of the
surface dynamics.

The results presented here provide mechanistic insights into how atomic-scale surface
dynamics in alloys are governed by the interplay between reactive environments and atomic-level
element distribution. By revealing the oxygen-driven, cyclic segregation-disegregation of Au in
Cu(Au)—a process that dynamically reconfigures the surface into high-and-valley
morphologies—we demonstrate how atomic-scale chemical activity contrasts govern the evolution
of surface structure and composition. The observed atomic-scale feedback loop, where oxygen
adsorption and desorption trigger reversible Au redistribution between surface and subsurface
regions, enables adaptive surface restructuring in alloys under reactive conditions. These findings
have broad implications for the engineering of alloys that dynamically optimize their structure and

composition in response to environmental stimuli. Practically, this could lead to the rational design
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of corrosion-resistant coatings that self-reconfigure to passivate against reactive gases, as well as
catalytic nanostructures with tunable active sites by leveraging controlled surface-subsurface
exchange. Furthermore, the ability to stabilize metastable morphologies through nanoscale
feedback mechanisms opens avenues for tuning surface properties, bridging atomic-scale
segregation dynamics to functional performance in catalysis and environmental applications.
In-situ TEM imaging of the surface oxidation of Cu(Au) reveals a solid-solid
transformation of the topmost atomic layer, evolving into a hill-and-valley undulation with
reversible interconversion between undulated and flattened surface states. Coordinated DFT
modeling provides insight into the microscopic process driving these interconversions and
identifies the metastability of surface flattening during the oxidation pathway leading to Cu2O
formation. The observed surface dynamics are driven by fluctuations in O, pressure fluctuations,
where O adsorption occurs at higher pressures, while O desorption takes place at lower pressures.
These fluctuations induce the desegregation and segregation of Au atoms between the topmost
surface layer and subsurface lattice sites, resulting in dynamic changes in the atomic structure and
composition of the surface. These in-situ atomic-scale observations offer a detailed understanding
of the dynamic evolution of the surface and subsurface in Cu-Au alloys under varying
environmental conditions. The mechanistic insights gained from this study have broader
implications for other alloy systems, where differences in the chemical activity of alloying
elements lead to surface segregation and oxidation of the reactive metal, along with subsurface
desegregation of the more noble metal. These opposing processes of segregation and desegregation
significantly influence the dynamic evolution of surface structure, composition, and properties—
key factors in technological applications such as heterogeneous catalysis. In such systems,

fluctuations in gas pressures or the presence of co-existing oxidizing and reducing gases can trigger
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similar atomic-scale dynamics in both the surface and subsurface regions of multicomponent

catalysts.
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Experimental and computation methods; Figures S1-S6; Tables S1; Captions for supplementary
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