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Abstract  13 
 14 

Alloying plays a crucial role in tuning the surface properties of metals, but the atomic-level 15 

mechanisms by which alloying elements influence surface structure dynamics under reactive 16 

conditions remains elusive. Using Cu(Au) in oxidizing environments as a model system, we reveal 17 

a dynamic oxygen-induced transformation of the topmost atomic layer into a periodically hill-and-18 

valley morphology, with reversible switching between undulated and flattened surface states. 19 

These interconversions are driven by the retreat of surface Au to the subsurface during oxygen 20 

adsorption and its resegregation to the surface upon oxygen desorption. This cyclical mobility 21 

establishes a feedback loop, allowing the surface to dynamically reconfigure in response to 22 

changes in oxygen pressure. The findings offer a broadly applicable framework for understanding 23 

atomic-scale surface restructuring in alloy systems, where differences in the chemical reactivity of 24 

alloying elements drive dynamic redistribution between surface and subsurface regions. This 25 

dynamic coupling has practical implications for designing corrosion-resistant coatings and 26 

metastable nanostructures with tunable catalytic properties. 27 
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Alloying serves as a cornerstone strategy for engineering material properties, primarily 35 

through targeted element segregation to critical microstructural regions, such as exposed surfaces 36 

affecting corrosion resistance and catalytic activity, grain boundaries impacting fracture strength, 37 

and dislocations modulating plastic deformation1-4. Beyond these well-documented effects, here 38 

we report an alloying phenomenon—oxygen-driven atomic reconfigurations that dynamically 39 

reshape both composition and structure across the surface and subsurface of alloys. Such behavior 40 

has remained hidden due to the difficulty of capturing rapid, atomic-scale dynamics across 41 

multiple atomic planes of the surface and subsurface regions under reactive gas environments. 42 

In situ transmission electron microscopy (TEM) has emerged as a transformative tool for 43 

probing surface segregation dynamics at the atomic scale5-11. Here, leveraging environmental TEM, 44 

we capture—in real time—the oxygen-triggered transformation of a flat Cu(Au) surface into a 45 

periodically undulating hill-and-valley morphology, followed by its reversible flattening in 46 

response to oxygen adsorption and desorption. By integrating atomic-resolution imaging with 47 

density functional theory (DFT), we establish that this structural metamorphosis is mechanistically 48 

governed by oxygen-mediated Au redistribution: oxygen adsorption destabilizes surface Au, 49 

driving its retreat into the subsurface, while desorption reverses this process, resegregating Au to 50 
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the surface. These operando observations expose a previously hidden feedback loop, where gas-51 

surface reactions directly modulate noble metal mobility, which in turn regulates the surface 52 

restructuring dynamics.  53 

The Cu-Au system serves as an ideal model due to its unique physicochemical duality. The 54 

stark contrast in oxygen affinity between Cu (highly reactive) and Au (noble) drives oxygen-55 

mediated surface segregation: Cu preferentially oxidizes, while Au retreats into the subsurface, 56 

creating a dynamic interplay between surface and subsurface. This behavior underpins the 57 

enhanced performance of Cu-Au alloys over their monometallic counterparts in various catalytic 58 

reactions such as CO oxidation, CO2 reduction, methanol synthesis, and the water-gas shift 59 

reaction12-17, where dissociative oxygen adsorption—a step highly sensitive to surface structure 60 

and elemental distribution—dictates reaction efficiency. By studying dilute Cu(Au) surfaces under 61 

reactive conditions, we bridge the atomic-scale structural and compositional transformations 62 

driven by the high mobility of noble atoms between surface and subsurface layers. 63 

The interplay between gas-surface reactions and dynamic segregation revealed here holds 64 

broad relevance for alloy systems, as most engineered materials—whether by design or through 65 

inherent impurities—are multicomponent. Under reactive conditions, the partitioning of alloying 66 

elements (or impurities) between surface and subsurface regions is ubiquitous, dictated by their 67 

relative chemical affinities and environmental stimuli.  Our findings provide atomistic insights for 68 

understanding such dynamic surface reconfiguration, with immediate implications for materials 69 

design. For instance, corrosion-resistant coatings could exploit noble metal mobility to self-70 

stabilize under oxidative stress, while metastable nanostructures with stimuli-responsive catalytic 71 

sites might be engineered by tailoring element-specific segregation energetics.  72 
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Our in-situ experiments are conducted using an aberration-corrected environmental TEM 73 

equipped with a differential pumping system. This setup allows for higher gas pressure in the 74 

sample region while maintaining a high vacuum throughout the rest of the TEM column. For our 75 

in-situ TEM experiments, we employ Cu-10at.%Au (Cu90Au10) thin film samples with a nominal 76 

thickness of ~500 Å. The experimental procedure begins with in-situ preparation of oxide-free 77 

surfaces. This involves annealing the Cu90Au10 film at 350°C in a H2 atmosphere to induce faceted 78 

crack and tears, similar to the mechanical cleavage of crystals in vacuum for surface science 79 

experiments, resulting in atomically pristine surfaces. Subsequently, the gas flow is switched to 80 

O2 gas flow to induce dissociative O2 adsorption and oxide formation along these surface facets. 81 

Further experimental details can be found in the Supplemental Information. 82 

Fig. 1 presents in-situ high-resolution (HR) TEM images that capture the dynamic 83 

evolution of the (110) surface of the Cu90Au10, viewed edge-on along the [001] zone axis, during 84 

exposure to 5×10-6 Torr O2 and at 450°C. In Fig. 1(a), the surface displays a stepped morphology, 85 

comprising atomically flat (110) terraces separated by monoatomic steps. The in-situ observations 86 

clearly illustrate the transformation of the flat surface into a wave-like hill-and-valley 87 

configuration, with the undulations propagating laterally across the surface toward the un-oxidized 88 

surface region. For the pristine Cu(110) surface, the close-packed direction is along the [110] 89 

direction, characterized by a lattice periodicity of 2.5 Å. The observed ~2.5 Å periodicity in the 90 

un-oxidized region confirms that the (110) surface maintains the intact bulk-terminated structure 91 

before its transformation into the oxygenated undulation morphology. Notably, the emergence of 92 

the surface undulations represents a significant departure from dissociative O2 adsorption on pure 93 

Cu(110), which typically results in either (2×1) or (6×2) reconstructions with surface periodicities 94 

of 5 Å and 7.5 Å, respectively18-29. This difference underscores the pronounced effect of alloyed 95 
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Au in inducing the resulting undulation of the oxygenated surface, where the atom columns in the 96 

topmost layer correspond to Cu-O chains whereas the atoms in the second layer correspond to Au-97 

rich columns. Both exhibit brighter image contrast, as shown later by DFT modeling and HRTEM 98 

image simulations. Furthermore, as evident in Figs. 1(a-f), the atom columns—some marked by 99 

yellow arrows—display slightly brighter image contrast, suggesting Au enrichment in the topmost 100 

surface layer of the un-oxidized terrace regions.  101 

 102 

 103 
Figure 1: In-situ HRTEM imaging of the dynamic transformation of a flat (1×1) Cu90Au10(110) surface into a hill-104 
and-valley oxygenated overlayer at 450°C and 5´10-6 Torr O2. (a-f) Time-lapsed HRTEM images extracted from 105 
Supplementary in-situ TEM video 1. The red dashed lines outline the step-terrace morphology of the unoxidized 106 
terraces in front of the growth front of an undulated oxide overlayer. Yellow arrows mark some atom columns that 107 
exhibit brighter image contrast, indicating Au enrichment in the topmost layer of the un-oxidized terraces. 108 
 109 

The in-situ HRTEM imaging in Figs. 1(a-f) also reveals that the lateral growth of the 110 

undulated oxide overlayer occurs via direct conversion of the topmost atomic layer of the metal 111 

substrate into the oxide. This conversion is evidenced by the reduced surface height of the 112 

oxide/metal interface compared to the unoxidized terrace in front of the undulated oxide overlayer. 113 

The red dashed lines in Fig. 1(a-f) outline the stepped feature of the oxide growth front in relation 114 
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to the unoxidized terrace and highlight the height difference between the oxide/metal interface and 115 

the unoxidized terrace. This step-flow solid-solid transformation happens as adsorbed O reacts 116 

directly with the substrate Cu atoms at the oxide growth front. Notably, this process does not 117 

require long-range diffusion of Cu adatoms to reach the growth front of the undulated oxide 118 

overlayer, as demonstrated by the consistent monoatomic step height of the oxide growth front. 119 

This consistent step height leads to the formation of an atomically flat interface between the 120 

substrate and undulated oxide layer, despite the stepped structure of the unoxidized terraces. 121 

During this transformation, the surface steps on the unoxidized terraces exhibit some receding 122 

motion, resulting in the formation of Cu adatoms detaching from the step edges and being captured 123 

by the growing oxide island in the top-right corner region of the surface. The measured lattice 124 

spacings of ~2.5 Å and ~3.0 Å for the oxide island match the (111) and (110) interplanar spacings 125 

of Cu2O, respectively. The in-situ TEM imaging shows the progressive growth of the Cu2O island 126 

over time, as indicated by its increasing surface height from ~2.5 nm in Fig. 1(a) to ~3.2 nm in Fig. 127 

1(f). The growth of the Cu2O island involves capturing mobile Cu adatoms form the surrounding 128 

unoxidized surface area. This process reduces surface diffusion of Cu adatoms generated from the 129 

receding surface steps to the growth front of the undulated oxide overlayer, thereby facilitating the 130 

solid-solid transformation of the flat metal surface to the undulated oxide layer. The transformation 131 

of the flat (110) surface into the hill-and-valley undulation is observed across various surface 132 

regions and samples of the Cu90Au10(110), as shown in Fig. S1. 133 

Fig. 2 presents in-situ HRTEM images that reveal the dynamic transitions between the hill-134 

and-valley configuration and a relatively flattened surface morphology of the oxide overlayer. As 135 

marked in Fig. 2(a), the atom columns at the peak positions of the undulated oxide overlayer 136 

exhibit a lateral periodicity of ~ 12.9 Å and a surface height of ~ 3.8 Å. In contrast, the atom 137 
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columns located at the valley positions show a reduced surface height of ~ 2.1 Å. Subsequently, 138 

Figs. 2(b-d) show the gradual flattening of the oxide overlayer, evident by the downward 139 

displacement of the atom columns at the peak positions. The surface heights decrease to 3.5 Å, 2.8 140 

Å, and eventually converge to a relatively uniform height of 2.6 Å across all the bright atom 141 

columns within the topmost layer. Additionally, the atom columns at the original valley positions 142 

(marked by the yellow dashed lines in Figs. 2(a, d)) maintain a relatively weaker image contrast 143 

and show a slightly lower surface height of ~2.4 Å in the flattened configuration. The flattening 144 

process takes ~ 2.2 s to complete and occurs simultaneously across the entire surface, with all atom 145 

columns at the peak positions moving downward concurrently. This synchronized movement 146 

indicates similar stability among the atom columns. The homogeneous transition from the hill-147 

and-valley surface configuration to the flattened morphology requires coordinated collective 148 

movement of all the atoms across the entire surface within the field of view. This contrasts with 149 

the lateral growth of the undulated oxide overlayer observed in Fig. 1, where the step-flow solid-150 

solid transformation is highly confined to the substrate atoms local to the oxide growth front.  151 
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 152 

Figure 2: In-situ HRTEM imaging of the interconversion between surface undulating and flattening of Cu90Au10(110) 153 
at 450°C and ~5´10-6 Torr O2. (a-d) Transformation from the undulated surface to a flattened surface (Supplementary 154 
in-situ TEM video 3). (e-h) Interconversion between the undulated and flattened surface configurations 155 
(Supplementary in-situ TEM video 4). 156 
 157 

Figs. 2(e-h) demonstrate that the flattening process is reversible, resulting in the restoration 158 

of the hill-and-valley surface configuration. As shown in Fig. 2(e), the atom columns in the 159 

topmost layer of the oxide overlayer have a surface height of ~ 2.6 Å. The atom columns marked 160 

by the red arrows are observed to move upward concurrently, stabilizing at the surface height of ~ 161 

3.8 Å (Figs. 2(f, g)), which results in the reformation of the hill-and-valley morphology within ~ 162 

2 s. Following this, the undulated oxide overlayer undergoes another flattening cycle (Figs. 2(f-163 

h)), with a duration of 1.8 s, similar to the flattening process shown in Figs. 2(a-d). The in-situ 164 
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TEM imaging confirms the synchronized movement of the atoms across the entire surface during 165 

the repeated interconversion between the undulated and flattened morphologies. 166 

The in-situ TEM imaging presented above reveals a significant difference in surface 167 

oxidation behavior between Cu90Au10 and pure Cu. Specifically, the Cu90Au10(110) surface 168 

exhibits a wavy-like undulation morphology upon dissociative O2 adsorption, contrasting with the 169 

well-established (2×1) or (6×2) reconstructions typically observed for pure Cu(110)21, 23, 24, 27, 30. 170 

This difference can be attributed to the interfacial Au segregation induced by O2 exposure. On the 171 

pristine surface of Cu90Au10(110) (i.e., under H2 annealing), Au atoms segregate to the surface due 172 

to the lower surface energy and larger atomic size of Au compared to Cu31-33. This Au surface 173 

enrichment is evident from the slightly brighter image contrast of atom columns in the topmost 174 

surface layer of the unoxidized terraces, as shown in Fig. 1. However, when exposed to an 175 

oxidizing atmosphere, O2 adsorption promotes Cu segregation to the surface. This occurs because 176 

Cu has a higher affinity for O, which compensates for its higher surface energy relative to Au, 177 

leading to surface oxidation of Cu and inward migration of Au from the topmost surface layer to 178 

the subsurface. This shift in surface composition upon O2 exposure aligns with reported ambient-179 

pressure X-ray photoelectron spectroscopy measurements of surface composition evolution of 180 

Cu3Au(100) when transitioning from H2 to O2 atmospheres34, 35. The evolution of image contrast 181 

in the atom columns observed in our in-situ HRTEM imaging highlights the critical role of 182 

subsurface Au enrichment in driving surface undulations upon O2 adsorption.  183 

The atomic mechanisms underlying the observed surface undulation shown in Fig. 1, as 184 

well as the interconversion between the undulated and flattened surface configurations of the oxide 185 

overlayer shown in Fig. 2 are elucidated through DFT modeling. Fig. 3(a) displays a zoomed-in 186 

HRTEM of the oxidized Cu90Au10(110), revealing an amplitude of ~ 3.8 Å and a peak-to-peak 187 
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spacing of ~12.9 Å of the surface undulation, with hills and valleys parallel to the [001] direction 188 

of the (110) surface. This undulation wavelength matches 5 [11"0]-(1×1) lattice spacings of the 189 

(110) substrate. The arrangement of atom columns in the topmost surface layer differs from that 190 

in the substrate, featuring three bright atom columns (marked by the red arrows) within the hill 191 

region and two slightly dimmed atom columns (marked by the blue arrows) in the valley region. 192 

Additionally, as depicted in Fig. 3(a), the two interfacial atom columns (marked by the purple 193 

arrows) beneath the hill region exhibit a strongly bright image contrast. In contrast, the two 194 

adjacent interfacial atom columns (marked by the blue arrows) show relatively dim image contrast, 195 

while the atom column right beneath the valley region (marked by red dotted circle) appears much 196 

dimmed. Furthermore, the three atom columns (also marked by dotted circles) situated within the 197 

hill region display significantly dimmed image intensity. These variations in image intensity 198 

among the interfacial atom columns suggest differences in their Au contents, resulting from O 199 

adsorption-induced inward segregation of Au from the topmost surface to various interfacial sites 200 

of the substrate.  201 

Based on the image intensity analysis of the experimental HRTEM observations presented 202 

in Fig. 3(a), we construct a structural model of the undulated oxide overlayer. This model 203 

incorporates the solid-solid transformation of the segregated topmost Cu atoms into Cu-O-Cu 204 

chains, along with the interfacial injection of Au atoms from the topmost layer. Fig. 3(b) illustrates 205 

the DFT-obtained minimum-energy structure, depicting the resulting hill-and-valley surface 206 

configuration. In this configuration, the topmost three atom columns of the hill region correspond 207 

to Cu-O-Cu chains (indicated by the red arrows). In contrast, the two atom columns in the valley 208 

region, marked by the blue arrows, consist of 50%Au (Cu50Au50). The three atom columns in the 209 

second layer of the hill region—two by red dotted circles and one by a green dotted circle directly 210 
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beneath the peak position—correspond to two full Cu columns and one Cu column containing 50% 211 

vacancies (Cu50Vac50), respectively. The two atom columns in the third layer (indicated by the 212 

purple arrows) of the hill region are composed of pure Au, while the adjacent atom columns, 213 

marked by the blue arrows, have a composition of Cu50Au50. The atom column directly beneath 214 

the valley region corresponds to pure Cu, as indicated by the red dotted circle. The DFT-relaxed 215 

structure shows an amplitude of ~ 3.6 Å for the Cu-O-Cu chain at its peak and a peak-to-peak 216 

periodicity of ~13 Å, which closely align with the values observed in the experimental HRTEM 217 

image (Fig. 2(a)).  218 

Fig. 3(c) presents the simulated HRTEM image based on the DFT-relaxed structure 219 

depicted in Fig. 3(b). It closely matches all the key features of the experimental HRTEM image, 220 

including the amplitude and wavelength of the surface undulation, as well as the image contrast of 221 

the individual atom columns. Notably, this encompasses the strongest image contrast observed for 222 

the three Cu-O-Cu chains of the hill region and the two pure interfacial Au columns under the hill 223 

region. Additionally, relatively dimmed image intensity is observed for the interfacial Cu50Au50 224 

atom columns, while significantly dimmed image intensity for the pure Cu columns.  225 
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 226 
Figure 3: DFT modeling of the interconversion between undulated and flattened surface configurations of the oxide 227 
overlayer on Cu90Au10(110). Experimental and simulated HRTEM images, along with DFT-relaxed structure models 228 
for both the undulated (a-c) and flattened oxide overlayer (d-f), respectively. The red arrows denote Cu-O-Cu atom 229 
columns, black arrows for Cu-O-Cu columns with 50% O vacancies, purple arrows for pure Au columns, blue arrows 230 
for Cu50Au50 columns, green arrows for Cu75Au25 columns, yellow arrows for Cu25Au75 columns, red dotted circles 231 
for pure Cu atom columns, and green dotted circles for Cu columns with 50% vacancies. (g-l) DFT-derived atomic 232 
processes leading to one cycle of transformations between undulation, flattening, and back to undulation of the oxide 233 
overlayer.   234 

 235 

Fig. 3(d) displays an enlarged HRTEM image of the flattened surface configuration of the 236 

oxide overlayer, featuring three bright atom columns (marked by red arrows) and one dimmed 237 

atom column (marked with a black arrow) within each periodicity. The second layer consists of 238 

atom columns with relative dimmed image contrast (identified by red dotted circles and blue 239 

arrows). The third layer contains the two strong intensity columns (highlighted by the purple 240 

arrows), two dimmer atom columns (noted with yellow arrows), and one dimmest atom (marked 241 

by the red dotted circle). Based on the arrangement of the atom columns and their image intensities 242 

in the HRTEM image, we construct a structural model (Fig. 3(e)) for the flattened surface. Here, 243 
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the topmost layer consists of three Cu-O-Cu chains and one Cu-O-Cu chain with 50% O vacancies, 244 

as marked by the red arrows and black arrow in Fig. 3(f), respectively. Contrasting with the 245 

undulated surface model (Fig. 3(b)), the Cu atom column in the second layer directly below the 246 

peak atom column is now entirely vacant, facilitating the downward relaxation of the peak Cu-O-247 

Cu column for the formation of the flattened structure. In contrast, the image intensity of the atom 248 

columns (marked by the green arrows in Fig. 3(d)) in the second layer of the original valley region 249 

become dimmed.  250 

Fig. 3(e) illustrates the DFT-obtained minimum energy structure, revealing the downward 251 

relaxation of the atom columns in the topmost layer to result in the flattened surface configuration. 252 

Unlike the undulated surface (Fig. 3(b)), the flattened oxide layer features three Cu-O-Cu chains 253 

and an additional Cu-O-Cu chain with 50% O vacancies (highlighted by the black arrow) within 254 

each periodicity of the topmost layer. This configuration indicates a higher O coverage for the 255 

flattened surface, which may drive the inward migration of some Au atoms from the second and 256 

third layers of the original undulated surface to deeper layers. This phenomenon is observable in 257 

the HRTEM image in Fig. 3(d), where certain atom columns (as marked by the yellow arrows) in 258 

the third exhibit enhanced image contrast compared to those in Fig. 3(a), due to the enrichment of 259 

Au atoms toward deeper layers. The Au enrichment also occurs in the fourth layer, resulting in 260 

some originally dark intensity columns transforming into brighter intensity columns (Cu75Au25), 261 

as indicated by the green arrows in Fig. 3(d). 262 

Fig. 3(f) presents a simulated HRTEM image using the DFT-relaxed structure depicted in 263 

Fig. 3(e). It closely mirrors the essential features observed in the experimental HRTEM image, 264 

including the arrangement and image contrast of the atom columns. Specifically, the simulated 265 

image replicates distinct characteristics observed in the experimental data, such as the pronounced 266 
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image contrast for the three Cu-O-Cu chains and pure Au columns as well as the relatively dimmed 267 

image contrast for the Cu-O-Cu chains with 50% O vacancies. Furthermore, it captures the 268 

diminished image intensity for the Cu75Au25 atom columns in the second layer and notably weaker 269 

image intensity for the pure Cu atom column (red dotted circle) in the third layer. As shown in Fig. 270 

3(d), the pure Cu atom columns in the second layer and the pure Au atom columns in the third 271 

layer shift toward each other upon surface flattening, as evidenced by the reduction in the Cu-Au 272 

distance between the two layers from 2.61 Å in the undulated oxide layer (Fig. 3(a)) to 2.52 Å in 273 

the flattened oxide layer. This suggests that as the undulated surface flattens, the Cu-Au bonds 274 

shorten, which leads to the slightly overlapping of the image contrast of the atom columns in the 275 

HRTEM image. Our in-situ HRTEM imaging further shows that this flattening process reduces 276 

the distance between adjacent pure Cu columns in the second layer from 4.54 Å to 3.88 Å. 277 

Similarly, our DFT results (Fig. 3(e)) exhibit a comparable trend, with the Cu-Cu distance 278 

decreasing from 4.85 Å to 4.39 Å. 279 

It is worth noting that the circled atomic columns in the undulated (Fig. 3a) and flattened 280 

(Fig. 3d) regions show slight contrast differences, suggesting apparent asymmetry. These 281 

variations may arise from local compositional differences or imaging artifacts due to slight off-282 

zone-axis orientation. DFT calculations, performed by systematically varying the column 283 

compositions, show that the symmetric configurations (Figs. 3b and 3e)) consistently yield the 284 

lowest total energy, indicating the symmetrical configurations are the most stable—consistent with 285 

the experimentally observed persistence of both surface structures. Additionally, HRTEM 286 

simulations with varying tilt angles (Fig. S2) reveal that small tilts can introduce asymmetry in 287 

contrast between otherwise equivalent columns. Together, these results suggest that the observed 288 

asymmetries are likely imaging artifacts rather than intrinsic structural features. 289 
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The microscopic processes underlying the formation of the undulated surface configuration 290 

and its reversible transformation to the flattened morphology are further elucidated through the 291 

atomistic modeling. As demonstrated by the in-situ HRTEM imaging in Fig. 1, the genesis of the 292 

hill-and-valley surface undulation is induced by dissociative O2 adsorption, which transforms the 293 

Cu atoms in the topmost layer into Cu-O-Cu chains and prompts the inward segregation of Au 294 

atoms from the topmost surface into inner layers. Through DFT calculations of the Au segregation 295 

energies, we pinpoint the most favorable locations for inward Au segregation when the surface is 296 

covered with Cu-O-Cu chains. These locations reside in the third layer underneath the hill region, 297 

with the segregation energies of -0.42 eV and -0.27 eV (Fig. S3 and Table S1), resulting in the 298 

formation of pure Au and Cu50Au50 columns. Similarly, sites in the second layer directly beneath 299 

the valley region are found to be less favorable, but they still exhibit a negative Au segregation 300 

energy of -0.24 eV, hence these atom columns are expected to contain 50% Au (i.e., Cu50Au50 301 

atom columns as well), consistent with their relatively weaker image intensity compared to the 302 

pure Au atom columns observed in the HRTEM image. Segregation of Au to any other sites in the 303 

second and third atomic layers yields a positive segregation energy, rendering them unfavorable 304 

for Au adsorption. Therefore, Au segregation to these favorable lattice sites results in the undulated 305 

surface configuration depicted in Fig. 3(b).  306 

Figs. 3(g-i) delineates the DFT-derived atomic process driving the transformation from the 307 

undulated surface configuration (Fig. 3(b)) to the flattened morphology (Fig. 3(e)). As previously 308 

elucidated, achieving surface flattening requires the creation of a vacant atom column directly 309 

beneath the hill Cu-O-Cu column, allowing for the downward relaxation of the peak Cu-O-Cu 310 

column. Simultaneously, the flattening process entails the formation of a new atom column in the 311 

valley region, as indicated by the black dotted circles in Fig. 3(g). Relocating the second-layer Cu 312 
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atom column directly beneath the peak column, which contains 50% vacancies and is denoted by 313 

the dotted red circle, to the location marked by the black arrow (the black dotted circle) in Fig. 3(h) 314 

would result in the creation of a completely vacant column directly beneath the peak Cu-O-Cu 315 

column. This shift would also result in the emergence of a new Cu column with 50% vacancies in 316 

the valley region. However, this alternation proves to be energetically unfavorable, resulting in a 317 

higher system energy by 0.59 eV. Nonetheless, the introduction of a new Cu column at the 318 

outermost surface renders it conducive to O adsorption, with an O adsorption energy of -1.72 eV. 319 

The conversion of this Cu column into a Cu-O-Cu chain (with 50% O vacancies) leads to a 320 

significant reduction in system energy by 1.42 eV. Therefore, the surface flattening process 321 

involves the downward movement of the peak Cu-O-Cu chain toward the vacant column, along 322 

with the formation of a new Cu-O-Cu chain in the valley region. This leads to a slight increase in 323 

the surface height of the valley region, consistent with the in-situ HRTEM imaging shown in Figs. 324 

2(a-d), which shows that the surface flattening is accompanied by a small height increase in the 325 

valley region from 2.1 Å in the undulated structure to 2.4 Å in the flattened surface. A key step in 326 

this process is the migration of the second-layer Cu atom (indicated by the red dotted circle) 327 

beneath the peak Cu-O-Cu chain to the surface valley region, as marked by the red curve arrow in 328 

Fig. 3(h). The formation of the Cu-O-Cu chain in the valley region renders the Au atoms beneath 329 

in the second layer unstable, driving their inward segregation to deeper layers. As illustrated in 330 

Fig. 3(i), Au tends to segregate to the third layer, increasing the percentage of Au from Cu50Au50 331 

to Cu25Au75, with a segregation energy of -0.43 eV. This results in the ultimate configuration of 332 

the flattened structure depicted in Fig. 3(j).  333 

Figs. 3(j-k) illustrate the reverse process leading to the restoration of the valley-and-hill 334 

undulation from the flattened structure. This process begins with the desorption of O from the 335 



 

 17 

newly formed Cu-O-Cu chain that contains 50% O vacancies (i.e., the atom column marked by the 336 

black dotted circle in Fig. 3(j)), making it less stable than the oxygenated Cu-O-Cu chains. This 337 

desorption results in freed Cu adatoms that become unstable on the surface. The subsurface sites 338 

in the second atomic layer, as marked by the red dotted circles in Fig. 3(k), are identified as the 339 

most stable locations for these Cu adatoms to reside. The migration of the Cu adatoms to these 340 

stable subsurface sites leads to a lowered system energy by -0.76 eV. This drives the upward 341 

relaxation of the Cu-O-Cu chain right above the newly added Cu atom column, resulting in the 342 

restoration of the surface undulation. Simultaneously, the sites directly below the valley region 343 

become favorable again for the outward segregation of Au from the third layer, with a segregation 344 

energy of -0.26 eV (Fig. 3(l)). This leads to the fully recovered hill-and-valley configuration shown 345 

in Fig. 3(g).  346 

The DFT modeling presented above elucidates that the flattened surface exhibits a higher 347 

O coverage compared to the undulated surface configuration due to the formation of additional 348 

Cu-O-Cu chains in the valley regions of the surface. The experimentally observed reversible 349 

transitions between the undulated and flattened surface configurations (Fig. 2) are primarily 350 

attributed to the metastability of these additional Cu-O-Cu chains, which contain 50% Cu 351 

vacancies and are thus less stable than the fully intact Cu-O-Cu chains. Small fluctuations in O2 352 

pressure can induce O adsorption and desorption at the valley regions, thus facilitating the 353 

reversible transitions between the two surface configurations.  354 
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 355 
Figure 4: (a-d) In-situ HRTEM images (Supplementary in-situ TEM video 5) showing the transformation from the 356 
flattened surface configuration to a Cu2O overlayer on Cu90Au10(110) at 450°C and 5´10-6 Torr O2. (e-h) In-situ 357 
HRTEM images (Supplementary in-situ TEM video 6) depicting the direct conversion from the undulated surface to 358 
the Cu2O overlayer at 450°C and 1´10-5 Torr O2. The significantly enhanced image intensity of the atom columns 359 
beneath the oxide layer is due to the oxidation-induced interfacial enrichment of Au.  360 

 361 

Logically, a higher O2 pressure would favor the stabilization of Cu-O-Cu chains in the 362 

valley regions by promoting O adsorption, whereas a decrease in O2 pressure would have the 363 

opposite effect. This expectation is confirmed experimentally through in-situ HRTEM 364 

observations. As depicted in Figs. 4(a-d), a slight increase in O2 pressure to 5×10-6 Torr not only 365 

drives the transformation of the undulated surface into the flattened surface morphology but also 366 
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further oxidizes the flattened surface into a thin Cu2O-like layer with the lattice spacing ~ 2.9 Å 367 

and a (10×9) interfacial configuration with the (110) substrate (Fig. 4(d)). Figs. 4(e-h) illustrate 368 

another sequence of HRTEM images showing the effect of O2 exposure at a higher pressure of 369 

1×10-5 Torr. These in-situ images demonstrate the direct oxidation of the undulated configuration 370 

into a thin layer of Cu2O, formed by the lateral growth of the Cu2O overlayer toward the undulated 371 

hill-and-valley region on the right. This solid-solid transformation of the undulated surface layer 372 

into the Cu2O overlayer bypasses the formation of the metastable, flattened surface configuration. 373 

As shown in Figs. 4(d, h), the substrate atom columns beneath the Cu2O overlayer exhibit a 374 

significantly enhanced image contrast, indicating substantial Au enrichment due to the interfacial 375 

injection of Au atoms from the oxidized surface region.  376 

Using first-principles thermodynamic analysis based on DFT calculations (details in 377 

Supporting Information), we estimate the equilibrium O2 pressure for the reversible transition 378 

between undulated and flattened surface morphologies to be ~10⁻¹¹ Torr at 450 °C (Fig. S4). 379 

However, our in-situ TEM observations reveal that these structural transitions occur at 380 

significantly higher O2 pressure—between 1´10⁻⁶ to 1´10⁻⁵ Torr at 450 °C (Figs. 2, 4), roughly 381 

five orders of magnitude above the thermodynamic prediction. 382 

This discrepancy is likely from kinetic hindrance, a known factor that often shifts 383 

experimental transition thresholds far above equilibrium values23, 25, 36-39. As shown in our NEB 384 

calculations (Figs. S5 and S6), the phase transitions require substantial diffusion of Cu and Au 385 

atoms between the surface and subsurface, with energy barriers ranging from 0.69 to 0.86 eV. 386 

Although the energy barriers are not prohibitively high, the kinetic complexity of the transition 387 

pathway—especially under dynamic in-situ conditions—requires higher O₂ pressures to be 388 

realized experimentally. Additionally, these transitions also accompanied by energetically 389 
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favorable restructuring, where flattening (induced by O adsorption) promotes Cu migration to the 390 

surface and Au incorporation into the subsurface, lowering the system energy by ~1.85 eV, 391 

whereas undulation (induced by O desorption) reverses this exchange, lowering energy by ~1.12 392 

eV. These results support the conclusion that, although the equilibrium pressure is extremely 393 

low, thermal activation and kinetic barriers shift the actual transition threshold to much higher O₂ 394 

pressures under experimental conditions. 395 

 It is worth noting that, due to variations in gas dosing dynamics and the frame rate 396 

limitations of our current imaging setup, we were unable to extract consistent transition 397 

frequencies or determine the precise periodicity of the surface transformations shown in Figs. 2 398 

and 4. Future studies employing higher frame rate imaging and more precisely controlled gas 399 

delivery systems will be important for quantitatively correlating transition rates with O2 pressure 400 

and temperature. Such improvements will enable a more detailed understanding and control of the 401 

surface dynamics. 402 

The results presented here provide mechanistic insights into how atomic-scale surface 403 

dynamics in alloys are governed by the interplay between reactive environments and atomic-level 404 

element distribution. By revealing the oxygen-driven, cyclic segregation-disegregation of Au in 405 

Cu(Au)—a process that dynamically reconfigures the surface into high-and-valley 406 

morphologies—we demonstrate how atomic-scale chemical activity contrasts govern the evolution 407 

of surface structure and composition. The observed atomic-scale feedback loop, where oxygen 408 

adsorption and desorption trigger reversible Au redistribution between surface and subsurface 409 

regions, enables adaptive surface restructuring in alloys under reactive conditions. These findings 410 

have broad implications for the engineering of alloys that dynamically optimize their structure and 411 

composition in response to environmental stimuli. Practically, this could lead to the rational design 412 
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of corrosion-resistant coatings that self-reconfigure to passivate against reactive gases, as well as 413 

catalytic nanostructures with tunable active sites by leveraging controlled surface-subsurface 414 

exchange. Furthermore, the ability to stabilize metastable morphologies through nanoscale 415 

feedback mechanisms opens avenues for tuning surface properties, bridging atomic-scale 416 

segregation dynamics to functional performance in catalysis and environmental applications. 417 

In-situ TEM imaging of the surface oxidation of Cu(Au) reveals a solid-solid 418 

transformation of the topmost atomic layer, evolving into a hill-and-valley undulation with 419 

reversible interconversion between undulated and flattened surface states. Coordinated DFT 420 

modeling provides insight into the microscopic process driving these interconversions and 421 

identifies the metastability of surface flattening during the oxidation pathway leading to Cu2O 422 

formation. The observed surface dynamics are driven by fluctuations in O2 pressure fluctuations, 423 

where O adsorption occurs at higher pressures, while O desorption takes place at lower pressures. 424 

These fluctuations induce the desegregation and segregation of Au atoms between the topmost 425 

surface layer and subsurface lattice sites, resulting in dynamic changes in the atomic structure and 426 

composition of the surface. These in-situ atomic-scale observations offer a detailed understanding 427 

of the dynamic evolution of the surface and subsurface in Cu-Au alloys under varying 428 

environmental conditions. The mechanistic insights gained from this study have broader 429 

implications for other alloy systems, where differences in the chemical activity of alloying 430 

elements lead to surface segregation and oxidation of the reactive metal, along with subsurface 431 

desegregation of the more noble metal. These opposing processes of segregation and desegregation 432 

significantly influence the dynamic evolution of surface structure, composition, and properties—433 

key factors in technological applications such as heterogeneous catalysis. In such systems, 434 

fluctuations in gas pressures or the presence of co-existing oxidizing and reducing gases can trigger 435 
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similar atomic-scale dynamics in both the surface and subsurface regions of multicomponent 436 

catalysts. 437 

  438 
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