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Intermittent oxidation Kinetics and metal/oxide interfacial undulation
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The phenomenon of oxygen adsorption induced surface restructuring is widespread across various metal-
oxygen systems, yet its impact on initiating bulk oxide formation remains largely unexplored. Through in situ
atomic-resolution electron microscopy observations of surface oxidation of Cu(110) and CugsAu,;5(110), we
unveil intermittent oxide-film growth modulated by oxygen-induced surface restructuring. This modulation is
evidenced by repeated pinning of the Cu,O growth front at isolated Cu columns of the c(6x2)-O reconstruction,
owing to required long-range diffusion of Cu and O atoms to the Cu,O growth front. We reveal that Cu vacancies,
generated at the Cu, O growth front, are injected into the Cu, O/Cu interface, inducing hill and valley undulation
of the Cu,O film. In contrast, atomic vacancies produced during the CugsAu;5(110) oxidation preferentially
migrate into interfaces between Au-rich and Au-poor regions in the bulk, resulting in a flat and adherent Cu,O
film. These findings demonstrate the critical role of oxygen-induced surface restructuring in modulating oxide
film growth kinetics and the manipulability of the fate of injected vacancies by alloying, thereby offering
insights applicable to a broader range of metal-oxygen systems for fine-tuning oxidation kinetics and enhancing

oxide/metal interfacial adhesion.
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I. INTRODUCTION

The chemical affinity of metals for oxygen is of paramount
importance across various industries, including energy, envi-
ronmental, chemical, pharmaceutical, and microelectronics.
This affinity can lead to both detrimental effects, such as caus-
ing serious corrosion problems, and beneficial processes, such
as the production of important chemicals in heterogeneous
catalysis and fabrication of gate oxides for electronic devices.
A precise knowledge of the oxidation process is required
to understand the complex key processes of the chemical
and physical interactions between metals and oxygen. Typ-
ically, surface oxidation progresses from oxygen adsorption
induced surface restructuring to subsequent oxide nucleation,
growth, and finally, the development of a continuous ox-
ide layer [1-4]. While significant research has focused on
identifying the atomic structure of oxygen-induced surface
restructuring under ultrahigh-vacuum conditions, directly dis-
cerning the atomic processes guiding the transformation from
a two-dimensional oxygen-chemisorbed layer to a continuous
oxide layer upon cumulative oxygen uptake has not been
achievable. This challenge primarily arises from experimental
limitations in monitoring the spatiotemporal evolution of local
atomic configurations on the surface in reactive gas and high-
temperature environments.

The advent of environmental transmission electron mi-
croscopy (ETEM) has opened avenues to bridge this knowl-
edge gap by enabling the atomic-scale resolution of reaction
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dynamics at gas-solid interfaces [2,5-10]. Leveraging in situ
ETEM imaging, herein we unveil the atomic-level mecha-
nism underlying the onset of the bulk oxide formation and
intermittent oxide film growth kinetics during the oxidation
of Cu. By introducing gaseous O, to the sample region and
employing high spatiotemporal TEM imaging, we can mon-
itor the fast dynamics of local atomic configurations at both
the gas-solid and solid-solid interfaces simultaneously. Our
results reveal intriguing phenomena such as the intermittent
kinetics of the Cu,O film growth and the injection of atomic
vacancies into the Cu,O/Cu interface, leading to the hill and
valley undulation of the Cu,O film. In contrast, we observe
preferential injection of vacancies into the interfaces between
Au-rich and Au-poor regions in the bulk during the oxida-
tion of CugsAu;s(110), resulting in an atomically flat and
adherent Cu,O film. Our selection of Cu as a model sys-
tem is driven by two key considerations. First, Cu surfaces
exhibit a series of surface reconstructions triggered by cumu-
lative O, adsorption, a phenomenon shared by many other
metal-oxygen systems. However, the impact of O,-induced
restructuring on the initiation of bulk oxide phase formation
remains unaddressed. Secondly, the Cu-O system, like most
transition metals, holds substantial technological importance,
particularly in Cu-based catalysts, where surface oxidation
and oxide overlay formation can exert a profound influence
on catalytic process and overall efficiency [11-15].

II. MATERIALS AND METHODS

Cu(100) and CugsAuys(100) thin-film preparation. Single-
crystal Cu(100) films, ~500 A thick, were grown on
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NaCl(100) substrates by electron-beam evaporation. Sim-
ilarly, Cu-15 at.% Au(100) single-crystal thin films with
~500 A thickness were grown on NaCl(100) by e-beam
coevaporation of Cu and Au, where the alloy composition
was controlled by adjusting the evaporation rate of the two
electron guns. Following deposition, the NaCl substrate was
dissolved in de-ionized water, which yielded freestanding Cu
and CugsAu;s films that were subsequently transferred onto a
TEM grid. These freestanding films underwent annealing in
H, inside the environmental TEM, resulting in the formation
of holes and tears with faceted edges. This process is akin
to the mechanical cleavage of crystals in a vacuum environ-
ment. The freshly generated facets from the H, annealing
process are atomically clean and provide an ideal substrate for
conducting cross-sectional TEM observations. This approach
allows us to study O adsorption induced structural changes
that occur in the surface and subsurface regions when switch-
ing from the H; to an O, atmosphere.

In situ environmental TEM imaging. Our in situ TEM
experiments were conducted using a dedicated environmental
TEM (FEI Titan 80-300) equipped with an objective-lens
aberration corrector and differential pumping system. The
Cu and CugpAuy, films were first annealed inside the TEM
at ~350°C in H, at a gas pressure of ~0.001 Torr. This
annealing process served the dual purpose of removing any
native oxide present on the films and inducing the formation
of faceted holes. The successful elimination of the native
oxide layer and the attainment of a clean surface were verified
through high-resolution transmission electron microscopy
(HRTEM) imaging, electron diffraction, and electron energy-
loss spectroscopy (EELS) measurements, ensuring that the
thin films annealed in the H, gas flow were free from oxide
contamination.

Subsequently, the cleaned samples were exposed to a flow
of O, gas to initiate the oxidation process. In situ HRTEM
imaging of the oxidation process was captured using a camera
capable of recording at 25 frames per second. Notably, the
in situ HRTEM imaging experiments were performed with
thin-film specimens at elevated temperature and in gas flow,
where significant atom mobility and specimen drift induced
by thermal and gas injection can affect detrimentally the im-
age contrast and resolution that can be achieved in practice.

Density-functional theory (DFT) calculations. All cal-
culations were performed using DFT implemented in the
Vienna Ab initio Simulation Package (VASP) codes. In
these calculations, the valence electron states were ex-
panded using a plane-wave basis set with an energy cutoff
400 eV [16-19]. Exchange and correlation were treated within
the generalized gradient approximation (GGA), using the
Perdew-Burke-Ernzerhof (PBE) functional [20,21]. Given the
strong correlation effects among the partially filled Cu 3d
electrons, the Hubbard parameter, U, was introduced for the
Cu 3d electrons to account for the on-site Coulomb in-
teraction, based on the well-established GGA+U method.
According to previous studies, the values of 6 and OeV were
adopted for the two Coulombic parameters U and J, respec-
tively [22]. However, it is noteworthy that our results from
both GGA and GGA+U methods show similar outcomes.
This consistency suggests that the Hubbard U correction may
not exert a significant influence on the results for the present

Cu,O/Cu system, largely due to the ultrathin nature of the
Cu,0 overlayer [only one atomic layer thick on the Cu(110)
substrate]. For the Cu,O/Cu surface model, a (4x2x1)
k-point grid within the Monkhorst-Pack scheme in the Bril-
louin zone was employed. We used the (10x9) interface
configuration to model the Cu,O/Cu interface structure. In
this (10x9) model, we used periodically repeated six-layer
slabs with the bottom two layers fixed. All our calculations
were spin averaged, except for isolated molecular and atomic
oxygen. The surface structures were fully relaxed using the
conjugate gradient method until the forces on each atom were
less than 0.015 eV/A. We calculated the lattice parameter of
Cu to be 3.64 A, which is in good agreement with previous
calculations and the experimental value of 3.61 A [23,24].

We investigated the adsorption of O and Cu atoms to de-
termine the evolution of the surface structure. The most stable
configuration identified after adsorbing a Cu or O atom was
used as the reference state for the next atom to be adsorbed.
The adsorption energy E,qs was calculated using the equation
Euas= ES —Ecu —Eaom, Where EJy is the total energy of
the whole system with the adsorbed atom, Ec, is the free
energy of the slab without the adsorbed atom, and Ejqy, is
the energy of the adsorbed atom. For atomic O, Eyom equals
half of the energy of an isolated O, molecule, and for Cu,
Etom 1s the energy of the Cu atom in the bulk. Meanwhile, the
nudged elastic band (NEB) method was employed to model
the diffusion pathway and associated energy barriers. At least
five intermediate images were added between the initial and
final states. All the atomic structures were visualized using the
Visualization for Electronic and Structure Analysis (VESTA)
program.

III. RESULTS AND DISCUSSION

Our oxidation experiments are performed in a dedicated
ETEM equipped with a differential pumping system and a
gas injection system for introducing gas flow into the sam-
ple region. In situ TEM imaging of the oxidation process is
carried out in a cross-sectional view along the Cu(110) and
CugsAu;s(110) facets, which are created in sifu by annealing
the films at 350°C in H, to generate cracks and tears with
faceted edges that are oxide free (Supplemental Fig. 1 in
the Supplemental Material [25]). This process mimics crystal
cleavage in vacuum, where the freshly created surface facets
are oxide free and ideal for cross-sectional TEM observations
of oxidation-induced structural changes in the surface and
subsurface regions.

Among the low-index Cu surfaces, the O/Cu(110) is
particularly intriguing because the O adsorption results in
two distinct reconstructions preceding the bulk oxide for-
mation. Initially, upon exposure to O, Cu(110) undergoes
a transformation to the added-row (2x1)-O reconstruction
(Supplemental Fig. 2 and Supplemental in situ TEM Movie 1
[25]). This structure is characterized by the formation of Cu-
O-Cu chains along the [001] direction, occurring in every
other [110] — (1x1) lattice spacing, with an O coverage of
1/2 monolayer (ML) [26-29]. With further O, exposure, it
transitions to the c¢(6x2)-O reconstruction (Supplemental Fig.
3 and Supplemental in situ TEM Movie 2 [25]). The latter re-
construction comprises two adjacent [001]-oriented Cu-O-Cu
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FIG. 1. HRTEM image of the c(6x2)-O reconstruction of Cu(110) at 350 °C and 7.5x 10~ Torr O,. (a) Cu(110)-c(6 x2)-O reconstruction.
Inset: Side view of the DFT-relaxed c(6x2)-O structure model overlaid onto the HRTEM image. (b), (c) Magnified views of the HRTEM image
in (a) and corresponding simulated HRTEM image. Inset: Intensity profile along the topmost atomic layer. (d) Topographic STM image of the
¢(6x2)-0 formed on Cu(110) at 350 °C and 1x 107> Torr O,. Inset: Top view of the DFT-relaxed Cu(110)-c(6x2)-O reconstruction overlaid
onto the STM image. Cyan, gray, and red balls represent substrate Cu, Cu in ¢(6x2)-O, and O atoms, respectively. The red arrows in (a)—(c)

correspond to the isolated Cu columns within the c(6x2)-O structure.

chains in every three [110]-(1x 1) lattice spacings with a sat-
urated O coverage of 6 = 2/3 ML [27,30-37].

Figure 1(a) shows a high-resolution (HR) TEM image of
the Cu(110) surface, observed along the [001] zone axis,
following exposure to p O, = 7.5x107° Torr at 350 °C. The
arrangement of atom columns in the topmost surface layer
differs from that in the bulk, displaying two consecutive bright
atom columns and a faintly visible atom column within ev-
ery three [110]-(1x 1) lattice spacings in the topmost layer.
Figure 1(b) depicts a magnified view of the HRTEM image
and image intensity profile taken along the topmost layer,
revealing a spacing of ~2.6 A between the two adjacent bright
atom columns and a spacing ~4.92 A between two bright
atom columns with a noticeably dim atom column situated
between them.

For the ¢(6x2)-O reconstruction, the terms “6” and “2”
denote 6 times and 2 times the lattice spacings along the [110]
and [001] directions of the Cu(110) substrate, respectively.
The former can be directly determined from the HRTEM
images, as shown in Fig. 1(a). However, discerning the latter
directly from the HRTEM imaging along the [001] projection
view is not feasible. Therefore, distinguishing the periodicity
along the [001] direction based solely on the [001]-projected
HRTEM images is not possible.

To illustrate the atomic structure observed in the HRTEM
image more clearly, we conducted scanning tunneling mi-
croscopy (STM) imaging on a single-crystal Cu(110) surface
under O, dosing conditions similar to those used in the in
situ HRTEM experiments. Figure 1(d) shows a representative
topographic STM image of the c(6x2)-O structure, where
it is evident that the isolated Cu atoms in the c(6x2)-O
reconstruction protrude approximately 0.69 A higher than
the adjacent Cu-O-Cu chains. Consequently, the bright pro-
trusions in the STM image correspond to these isolated

Cu atoms, while the Cu-O-Cu chains are not visible. The
STM image clearly reveals the periodicities of the c(6x2)-O
structure along both the [110] and [001] directions of the
Cu(110) substrate, demonstrating 6 times the lattice spacing
along the [110] direction and 2 times the lattice spac-
ing along the perpendicular [001] direction. This structural
detail is further elucidated by overlaying the DFT-relaxed
c(6x%2)-0O structure model onto the STM image, provid-
ing a visual representation of the precise surface atomic
arrangement.

Figure 1(c) presents a simulated HRTEM image (Supple-
mental Fig. 4 [25]) based on the DFT-optimized Cu(110)-
¢c(6x2)-0 structure model shown in Fig. 1(d). The simulated
image closely resembles the experimental HRTEM image
in Fig. 1(b), including both the bright and notably dimmed
atom columns. As illustrated by the overlaid side view of the
¢(6x2)-0 structure in Fig. 1(a), the measured spacings match
the ¢(6x2)-O reconstruction. Here, the bright atom columns
represent the [001]-oriented Cu-O-Cu chains, while the faintly
visible atom columns correspond to the [001] rows containing
isolated Cu atoms. This correspondence is further confirmed
by the analysis of the image intensity profile, indicating that
the intensity of the isolated Cu columns is &~70% weaker than
that of the Cu-O-Cu columns in both the experimental and
simulated HRTEM images [Figs. 1(b) and 1(c)].

Figure 2(a) illustrates a HRTEM image of the Cu(110)
after further exposure of the Cu(110)-c(6x2)-O to p O, =
7.5%x107° Torr at 350°C, revealing the formation of a
monolayer-thick oxide layer. The measured lattice spacing
(~2.82 A) in the oxide overlayer matches that of the Cu,0
structure. The Cu,;O monolayer shows a slightly wavy undu-
lation with hills and valleys parallel to the [001] direction of
the Cu(110) surface. As measured from the HRTEM image
in Fig. 2(a), the undulated Cu,O overlayer has a peak to
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FIG. 2. HRTEM image of monolayer-thick Cu, O on Cu(110) formed at 350 °C and 7.5x 107 Torr O,. (a) Monolayer-thick Cu,O with
the (10x9) interface matching with the Cu(110) substrate. Inset: Side view of the monolayer Cu,O structure overlaid onto the HRTEM
image. (b) Magnified view of the HRTEM image in (a). Inset: Intensity profile along the interfacial Cu layer marked by the dotted yellow
circles. (c) Corresponding simulated HRTEM image and intensity profile along the interfacial Cu layer marked by the dashed white line. (d)
DFT-computed surface free energies for various interfacial configurations between a monolayer of Cu,O and the Cu(110) substrate, compared
with the ¢(6x2)-O surface reconstruction. (e), (f) Top and side views of the DFT-relaxed structure of monolayer Cu,O on Cu(110). Cyan,
yellow, and red balls represent substrate Cu, Cu in Cu,0, and O, respectively. The white arrows in (a)—(c) indicate the vacant Cu column of
the Cu substrate along the downward relaxation of the O atoms in the Cu, O overlayer.

valley height of ~0.62 A and a peak to peak spacing of
~25.7 A. This undulation wavelength is equivalent to the
(10x9) interface matching, in which ten Cu spacings in the
Cu substrate match nine Cu spacings in the Cu,O overlayer,
as marked by the yellow and red dashed circles in an enlarged
view of the HRTEM image [Fig. 2(b)]. Notably, while the
(7x6) interface would result in the minimum lattice mismatch
strain (1.22%) for the lattice constants of bulk Cu,O (4.269
A) and Cu (3.61 A), the ultrathin nature of the Cu,O overlayer
significantly reduces its rigidity, allowing the interfacial atoms
to adjust their positions into the (10x9) interface, which is
closer to the (1 x 1) coherent interface matching than the (7 x6)
interface.

The preference for the (10x9) interface matching is further
supported by our DFT-computed surface free energies for var-
ious interfacial configurations between a monolayer of Cu,O
and the Cu(110) substrate, including (7x6), (8x7), (9x8),
(10x9), and (11x10), as well as the c(6x2)-O surface recon-
struction. As shown in Fig. 2(d), our DFT results indicate that
the c(6x2)-O surface reconstruction exhibits the highest sur-
face energy, suggesting a tendency to oxidize into a monolayer
of Cu,0. Among the various interfacial configurations, the
(10x9) interface displays the lowest surface energy, indicat-
ing its stability as the most favorable configuration. Therefore,
we adopt the (10x9) interface structure for subsequent DFT
modeling.

Figure 2(b) also presents the image intensity profile taken
along the interfacial Cu layer marked by the yellow dotted
circle. It reveals that the valley region has a weaker image
contrast of the Cu lattice. Similar to the weakened image
contrast from the isolated Cu chains (containing vacancies)

in the ¢(6x2)-O surface layer [Fig. 1(a)], the reduced image
intensity of the Cu atom columns in the valley region suggests
the presence of atomic vacancies to induce the grooving of
the oxide film. Based on the above analysis of the HRTEM
image, we therefore construct a structure model containing a
monolayer Cu,O film with the (10x9) interfacial matching
with the Cu(110) substrate and aggregated atomic vacancies
within the three [001] columns (one in the middle with 100%
vacancies, and the two adjacent ones with 50% vacancies) in
the topmost plane of the Cu(110) substrate, and then use DFT
to obtain the minimum-energy structure [Figs. 2(e) and 2(f)].
It is worth mentioning that the (10x9) supercell was doubled
to (20x18) for our DFT calculations. This adjustment was
necessary because the Cu,O structure contains two distinct
types of O positions. By employing the (20x18) cell, we
satisfy the periodic structure requirements and can examine
both types of O sites within the same cell.

As illustrated by the overlaid side view of the DFT-
optimized structure model in Fig. 2(a), the lattice O atoms
directly above the completely vacant column fall into the
vacant sites, and the adjacent Cu atoms in the Cu,O overlayer
also experience downward relaxation toward the two substrate
Cu columns containing 50% Cu vacancies. This downward
relaxation of the Cu and O atoms in the Cu,O overlayer
above the aggregated Cu vacancies of the Cu substrate leads
to the local grooving of the oxide film. This is further corrob-
orated by HRTEM image simulations (Supplemental Fig. 5
[25]) based on the DFT-optimized structure model [Fig. 2(d)].
As depicted in Figs. 2(b) and 2(c), the simulated HRTEM
image closely aligns with the experimental HRTEM image,
including the grooving morphology of the Cu,O overlayer
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FIG. 3. In situ atomic-scale imaging of the intermittent ¢(6x2)-O — Cu,O transformation while exposing Cu(110) at 350 °C to 7.5x107°
Torr of O, gas flow. (a)—(e) Time-sequence HRTEM images (Supplemental in situ TEM Movie 3 [25]) revealing the stop-and-go step flow of
monolayer-thick Cu,O, where the Cu,O growth front is repeatedly pinned for about 1-4 s at the isolated Cu columns of the c(6x2)-O terrace.
Upper-right insets: Zoomed-in view and overlaid atomic structure of the Cu,O growth front; the yellow dashed circles represent the Cu vacancy
underneath the isolated Cu column in the ¢(6x2)-O reconstruction. Bottom inset in (e): Intensity profile along the yellow dashed line. Pseudo
color is applied to the Cu,O layer for visual clarity. (f) Distance-time plot measured from Supplemental Movie 3 [25], showing the stop-and-go
flow of the growth front of the Cu,O layer. (g) Modeling the injection of vacancies generated at the c(6x2)-O — Cu,O transformation front
into possible lattice sites labeled as 1-7. (h), (i) Side and top views of the DFT-relaxed structure, showing downward relaxation of the Cu and
O atoms in the monolayer Cu,O above the injected Cu vacancy column. The dashed black and red lines mark the Cu,O growth front for O
adsorption induced vacancy injection and the energetically preferred location for the aggregation of the injected vacancies, respectively. Cyan,
yellow, gray, and red balls represent substrate Cu, Cu in Cu, O, Cu in ¢(6x2)-O, and O, respectively.

and the weakened image intensity of the Cu substrate lattice
underneath the valley region. It is worth noting that the wavy
feature of the Cu,O layer in the simulated HRTEM image
appears less pronounced compared to what is observed in
the experimental HRTEM image. This difference may arise
from vacancies present deeper within the subsurface layers
than those considered in our current slab model, which only
accounts for Cu vacancies in the second atomic layer. Unfortu-
nately, incorporating additional vacancies into deeper atomic
layers would necessitate using a thicker slab model. However,
constructing such supercells poses significant computational
challenges due to the substantial increase in the number of
atoms involved.

Figure 3 presents in situ HRTEM imaging of monolayer
Cu,0 growth by consuming the existing c(6x2)-O recon-
struction on Cu(110) (Supplemental in situ TEM Movie 3
[25]). The surface exhibits a step-terrace configuration with

a monoatomic Cu,O step separating two distinct terraces.
The lower terrace on the right shows the well-developed
c(6x%2)-O reconstruction, while the upper terrace on the
left features a monolayer-thick Cu,O overlayer marked in
yellow. As indicated by the white arrows in Figs. 3(a)-3(e),
the growth of the monolayer Cu,O occurs through lateral
movement of the monatomic Cu,O step toward the c(6x2)-O
reconstructed terrace, resulting in the c(6x2)-O — Cu,O
transformation. The in situ TEM observation reveals that
this transformation proceeds intermittently, characterized by
a stop-and-go manner, by which the lateral propagation of
the monoatomic Cu,O step is repeatedly stopped with short
pauses ranging from 1 to 4 s. This is shown in the mea-
sured distance-time plot of the lateral propagation of the
monatomic Cu,O step [Fig. 3(f)]. The insets in Figs. 3(a)—
3(e) provide zoomed-in HRTEM images with the overlaid
atomic structure of the growth front of the monolayer Cu,O
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film, illustrating that the intermittent transformation from
¢(6x2)-0 to Cu,0 is regulated by isolated Cu atom columns
within the ¢(6x2)-O reconstruction. Specifically, step-flow
growth of the Cu, O overlayer is momentarily halted at the iso-
lated Cu atom column [Fig. 3(a)], before resuming its lateral
propagation to the next isolated Cu atom column [Fig. 3(b)].
Upon this propagation, the two bright atom columns (Cu-O-
Cu chains) and the dim atom column (isolated Cu column),
corresponding to half the unit cell length of the c(6x2)-O
reconstruction, are converted into the monolayer-thick Cu,O.
This process of short pauses at isolated Cu columns fol-
lowed by propagation by a half-unit-cell distance of the
c(6x2)-0 reconstruction repeats, leading to the stop-and-go
migration of the Cu,O growth front toward the c(6x2)-O
region.

The intermittent ¢(6x2)-O — Cu,O transformation results
in the formation of the monolayer Cu,O on the unrecon-
structed (110) terrace of the Cu substrate. This is evidenced
by the intact and immobile Cu, O(110)/Cu(110) interface ob-
served during the oxide growth, suggesting that the Cu,O
film growth observed here does not involve bulk diffusion of
Cu and O atoms across the oxide layer. The Cu,O overlayer
shows the periodic undulation with the hill and valley mor-
phology illustrated in Fig. 2(a). As indicated by the intensity
profile taken along the interfacial Cu layer marked by the
yellow dashed line in Fig. 3(e), the weaker image intensity
of the Cu substrate lattice in the valley regions is attributed
to the self-assembly of atomic vacancies. The DFT-optimized
structure model of the Cu,O growth front is superimposed
onto the inset zoomed-in HRTEM images in Figs. 3(a)-
3(e), illustrating that the isolated Cu in the c(6x2)-O
reconstruction bonds with the O in the Cu,O overlayer. This
bonding results in the upward relaxation of the isolated Cu and
thereby generates a Cu vacancy [marked by the dashed yellow
circles in the overlaid structure in Figs. 3(a)-3(e)] beneath the
Cu,0 growth front. As shown later from our DFT modeling
in Fig. 5, the ¢(6x2)-O — Cu,0 transformation involves O
adsorption at the Cu,O growth front, inducing migration of
adjacent substrate Cu atoms toward the Cu vacancy, thereby
resulting in the injection of the Cu vacancy either into the Cu
bulk or at the Cu, O/Cu interface.

We therefore examine the relative stability of various
atomic sites, including the Cu, O/Cu interface and the Cu bulk,
to determine the fate of the injected Cu vacancies. Figure 3(g)
illustrates a structure model comprising a monolayer of Cu,O
on the left and the ¢(6x2)-O reconstruction on the right of the
Cu(110) substrate. Our DFT calculations reveal that the most
energetically favorable site for O adsorption is at the boundary
between the monolayer Cu,O and the c(6x2)-O, specifically
at the growth front of the Cu, O overlayer. Upon O adsorption
at the boundary, the adjacent interfacial Cu atom undergoes a
lateral shift toward the adsorbed O, resulting in the injection
of a Cu vacancy into the Cu,O/Cu interface (further details are
in Fig. 5). The injected Cu vacancy tends to migrate further,
and our DFT results indicate that the most favorable location
for the Cu vacancy to settle is at the interfacial Cu site labeled
as site 4 (Supplemental Table 1 [25]), positioned ten Cu atoms
away from the Cu,O growth front. Subsequent Cu vacancies
generated at the Cu,O growth front aggregate preferentially
at site 4, forming a column of Cu vacancies. This aggrega-

tion induces a local downward relaxation of the Cu and O
atoms within the Cu,0 overlayer above the vacancy column
by ~0.51 A [Figs. 3(h) and 3(i)], closely aligning with the
experimentally measured peak to valley height of ~0.62 A.
Consequently, the Cu, O overlayer exhibits undulations, where
nine Cu,O(110) spacings correspond to ten Cu(110) spacings
of the Cu substrate, as illustrated in Fig. 3(h). This struc-
tural adaptation results in the experimentally observed (10x9)
lattice matching of the Cu(110)/Cu,O(110) interface, shown
earlier in Figs. 2(b) and 2(e). Hence, the hill and valley un-
dulation of the Cu,O overlayer is induced by the interfacial
self-assembly of injected Cu vacancies generated at the Cu, O
growth front. This interfacial self-assembly of the Cu vacan-
cies is further supported by our nudged elastic band (NEB)
calculations, revealing a lower energy barrier of ~0.42 eV for
the diffusion of Cu vacancies along the Cu,O/Cu interface
compared to their migration into the Cu bulk (Supplemental
Fig. 6 [25]).

Figure 4 presents in situ TEM imaging (Supplemental in
situ TEM Movie 4 [25]) of the thickening of the Cu,O film
due to continued O, exposure. In Fig. 4(a), a monolayer-thick
Cu,0 layer has formed on the Cu(110) via the intermittent
c(6x2)-0 — Cuy0 transformation process as described in
Fig. 3. It is noteworthy that the monolayer Cu,O film exhibits
slight deviation from the well-defined (10x9) wavy undula-
tion observed in Fig. 3, likely due to the injection of additional
vacancies into the Cu,O/Cu interface during the monolayer
Cu,0O growth. As marked by the white arrow in Fig. 4(b),
the growth front of a new oxide layer enters the field of view
from the right side, leading to the formation of a bilayer oxide
film via the lateral ledge flow of the upper Cu,O layer. This
growth process occurs because of the diffusion of Cu and O
adatoms to the oxide growth front. The surface undulation
of the inner Cu,O layer does not noticeably affect the ledge
growth of the upper Cu,O layer. This is evident from the
monotonic migration of the growth front, which can be located
at any surface location of the inner Cu,O layer, as indicated
by the white arrows in Figs. 4(b)—4(g). The continuous ledge
migration of the upper Cu,O layer is also evidenced from the
distance-time plot of the growth front in Fig. 4(h), showing a
nearly linear increase in growth distance without experiencing
obvious intermittence.

It is notable that the leading edge of the upper Cu, O layer
exhibits relatively weaker image contrast and a less resolved
lattice feature compared to its rear region. This phenomenon
can be attributed to the highly kinked ledge of the growth
front, as illustrated schematically in the inset of Fig. 4(d). This
contrast with the ¢(6x2)-O — Cu,0 transformation (Fig. 3),
where the pinning effect of the isolated Cu columns in the
c(6x2)-0 results in a straight ledge of the growth front of
the Cu, O layer.

The intensity profile taken along the red dashed line in
Fig. 4(g) reveals a peak to peak spacing of ~26.1 A for the
undulated Cu,O layer, which remains nearly constant during
the growth of the upper Cu, O layer. This consistency suggests
that the step-flow growth of the upper oxide layer is gov-
erned by the surface diffusion of Cu and O adatoms and does
not involve the mass transport across the inner Cu,O layer
with the immediate subsurface region of the Cu substrate.
Such mass transport, if present, would alter the concentration
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FIG. 4. In situ atomic-scale imaging of the formation of a bilayer oxide film on Cu(110) during oxidation at 350 °C and ~7.5x 10~ Torr
0,. (a)—(g) Time-sequence HRTEM images (Supplemental in situ TEM Movie 4 [25]) illustrating continuous step-flow growth of the upper
monolayer-thick Cu,O on the existing monolayer-thick Cu,O. The inset in (d) illustrates the kinked ledge of the growth front. The inset in
(g) is the intensity profile taken along the red dashed line. Pseudo yellow and green colors are applied to the inner and upper layers of Cu,O,
respectively, to guide the eye. (h) Distance-time plot measured from Supplemental in situ TEM Movie 4 [25].

and distribution of atomic vacancies in the Cu,O/Cu inter-
face region, leading to changes in the pattern of interfacial
undulation.

The in situ TEM observations shown above reveal a key
difference in the growth behavior between the two Cu,O
layers. Specifically, the inner Cu,O layer grows via the
stop-and-go propagation of the growth front, directly inter-
acting with the ¢(6x2)-O reconstruction. In contrast, the step
flow of the upper Cu,O layer propagates continuously. This
difference can be attributed to the oxygen-induced surface re-
structuring, leading to periodic changes in the surface density
of Cu and O atoms in the reconstruction region. The observed
step flow of the Cu,O growth front indicates an adatom pro-
cess via the surface diffusion of O and Cu to the growth
front (Supplemental Fig. 7 [25]), where O is supplied from
dissociative adsorption of gaseous O, while Cu adatoms are
sourced from low-coordinated surface sites of the Cu substrate
(such as via step-edge detachment) and readily available at the
elevated temperature. This adatom mechanism can be traced
to the differing surface densities of Cu and O atoms between
¢(6%2)-0 and the monolayer Cu,0. Specifically, the surface
coverages of Cu and O for c(6x2)-O are 6§ = 5/6 and 2/3,
respectively, corresponding to atomic surface densities of 0.09
and 0.07/A2. In contrast, for the monolayer (10x9) Cu,O on
Cu(110), both Cu and O surface densities are both 0.096/A2.
Hence, in addition to the existing c(6x2)-O, Cu,O growth
requires the incorporation of additional Cu and O from the
surrounding area to the growth front.

The atomic mechanism behind the observed intermittent
kinetics of the ¢(6x2)-O — Cu,O transformation is further
elucidated through DFT modeling. Guided by the in situ TEM
imaging in Fig. 3, Fig. 5(a) illustrates the DFT-optimized
structure model of the heterophase boundary (Supplemental
Fig. 8 [25]) formed between the leading edge of the (10x9)
Cu,0O monolayer and the ¢(6x2)-O reconstruction, where the
Cu,O growth front is anchored by the isolated Cu in the
c(6x2)-0. Since the surface oxidation is driven by the avail-
ability of O, we therefore first examine the possible surface
sites for O adsorption, including the hollow sites and long
bridge sites within the isolated Cu chain [marked as 1-3,
respectively, in Fig. 5(a)]. According to our DFT calculations,
the O adsorption at site 1 adjacent to the isolated Cu yields
the most stable configuration, with a system energy drop of
~0.92 eV. This induces the shift of the adjacent interfacial Cu
atom [marked in blue in Fig. 5(b)], which then occupies the Cu
vacancy and bonds with the newly adsorbed O at the growth
front, thereby resulting in the injection of the Cu vacancy
into the CuyO/Cu interface. After the first O adsorption, the
hollow site [marked by the black dotted circle in Fig. 5(b)]
within the isolated Cu chain becomes the most favorable
site for the second O adsorption at the Cu,O growth front.
Figure 5(c) corresponds to the DFT-relaxed structure after
the second O adsorption, from which we can identify that
the Cu occupation at the interfacial Cu vacancy [marked by
the red dotted circle in Fig. 5(c)] next to the growth front
becomes the most favorable event. This process results in
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FIG. 5. DFT-obtained minimum-energy reaction pathway for the intermittent c(6x2)-O — Cu,O transformation, each with a half unit
cell of the ¢(6x2)-O. (a) Possible surface sites for O adsorption at the Cu,O growth front pinned at isolated Cu of the ¢(6x2)-O; the red dotted
circle in the side view (lower panel) marks the Cu vacancy formed by the upward relaxation of the isolated Cu. (b) O adsorption (marked in
purple) at the most favorable location of site 1 induces the upward relaxation of the substrate Cu atom (marked in blue) toward the adsorbed O.
(c) Adsorption of the second O (marked in purple) at the most favorable hollow site. (d) Injection of the Cu vacancy [marked by the red dotted
circle in the side view of (a)—(c)] to the most stable site of the Cu,O/Cu interface [shown in Fig. 3(h)] results in the vacancy annihilation at the
¢(6x2)-O — Cu,O transformation front. (e) Adsorption of Cu adatoms at the hollow sites (marked by black dotted circles) of the c(6x2)-O
region. (f) Optimized structure model, showing the spontaneous transformation of the half unit cell of the ¢(6x2)-O into the monolayer Cu,O
after adsorbing a total of two O adatoms, two substrate Cu atoms, and six Cu adatoms. Cyan, yellow, gray, and red balls represent substrate

Cu, Cu in Cu,0, Cu in c¢(6x2)-0, and O, respectively.

the vacancy migration to the most stable interfacial site [as
already shown in Fig. 3(h)], thereby causing the undulation of
the Cu, O film via the interfacial self-assembly of the injected
vacancies.

Figure 5(d) illustrates the relaxed structure showing that
the adsorption of two extra O atoms and one Cu atom from the
reaction sequence shown in Figs. 5(a)-5(c) transforms the ini-
tially isolated Cu chain into the Cu-O-Cu chain with a system
energy decrease of ~0.74 eV. Further structural optimization
shows that this newly formed Cu-O-Cu chain tends to shift
along the [001] direction, thereby resulting in its alignment
with the adjacent Cu-O-Cu chains in the c(6x2)-O with an
additional drop in the system energy by ~0.42 eV, as shown in
Fig. 5(e). At this point, the leading edge of the Cu,O growth
front reaches 1 monolayer (ML) of the O coverage without
surface sites available for stable O adsorption. However, as
marked by the black dashed circles in Fig. 5(e), the hollow
sites within the Cu-O-Cu chain region are favorable for the
adsorption of additional Cu adatoms. Figure 5(f) illustrates the
DFT-relaxed structure after the Cu adsorption at these hollow
sites, which shows the spontaneous upward relaxation of the
O atoms in the original Cu-O-Cu chain to the half-tetrahedral
sites at the surface, thereby resulting in the complete

transformation of the three Cu-O-Cu chains in the ¢(6x2)-O
region into the monolayer Cu,0O. As a result, the leading edge
of the Cu,0 growth front propagates to the next isolated Cu
chain of the c(6x2)-O [Fig. 5(f)], ready for another round of
the Cu,O growth by the half unit size of the ¢(6x2)-O.

The pinning of the leading edge of the monolayer Cu,O
growth by the isolated Cu atom chains in the c(6x2)-O is
therefore attributed to the long-range diffusion of Cu and O
adatoms required for transforming the isolated Cu and Cu-O-
Cu chains in the ¢(6x2)-O into the Cu,O structure. As shown
from the DFT modeling above, some of the Cu atoms are
supplied from the immediate region of the Cu, O/Cu interface,
which results in the injection of the Cu vacancies generated at
the growth front into the Cu,O/Cu interface and leads to the
hill and valley morphology of the Cu,O film.

Finally, we demonstrate that the intermittent kinetics of the
Cu,O film growth also occurs during the surface oxidation
of CugsAu;s5(110). Figure 6(a) illustrates the overall morphol-
ogy of the CugsAus(110) after its exposure to 1.35x107*
Torr of O, gas and 350°C, revealing the coexistence of
¢(6%x2)-0 and Cu;0 in the topmost layer. The formation
of the c(6x2)-O reconstruction follows a similar pathway
as the c(2x1)-O — ¢(6x2)-0O transformation (Supplemental
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FIG. 6. In situ atomic-scale observation of the c¢(6x2) — O — Cu,O transformation on CugsAu;5(110) at 350 °C and 1.35x10™* Torr
0O,. (a) Overall morphology of the CugsAu;s (110) surface, featuring terraces separated by monoatomic steps, with coexisting c(6x2)-O
and Cu,O regions at the topmost surface layer and an array of misfit dislocations at the interface between the Au-rich subsurface and the
deeper Au-poor region. The top-right inset is the intensity profile of the c(6x2)-O region along the dashed red line. (b)—(g) Time-sequence
HRTEM images (Supplemental in situ TEM Movie 6 [25]) revealing the stop-and-go manner of the monolater Cu,O growth by consuming
the c(6x2)-0O reconstructed terrace. The insets in (c) are the intensity profiles of the (6x2)-O and Cu,O regions, respectively. (h) Distance-
time plot of the Cu,O growth front measured from Supplemental Movie 6 [25]. (i), (j) DFT-optimized Cu,O(110)/CugsAu;s(110) structure
models, depicting a misfit dislocation (marked by “T”) at the interface between L1,-ordered CusAu in the subsurface and pure Cu in the
deeper region, and the downward migration of the misfit dislocation after the vacancy injection into the dislocation core. Yellow and red
balls represent Cu and O atoms in the monolayer Cu,O, while green and blue balls correspond to Cu and Au atoms in the CugsAu;s alloy,

respectively.

Fig. 9 and Supplemental in situ TEM Movie 5 [25]). The
¢(6x2)-0 reconstruction is discernible by the intensity pro-
file along the dashed red line, where the noticeably weaker
peaks [marked by red arrows in the inset of Fig. 6(a)] corre-
spond to the isolated Cu columns of the c(6x2)-O, consistent
with those observed in Fig. 1. Figure 6(a) also reveals the
presence of an array of misfit dislocations in the subsurface
region, ~1.7 nm deep from the outermost surface layer. The

formation of these misfit dislocations is induced by the Au
enrichment in the subsurface, leading to an interface between
the Au-rich and Au-poor bulk regions. As marked by the white
and yellow dashed lines in Fig. 6(a), the misfit dislocations
self-assemble into a stepped interface feature that correlates
well with the stepped morphology of the surface. Correspond-
ingly, all misfit dislocations maintain the same distance from
the outermost surface layer.
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Figures 6(b)-6(g) present in situ HRTEM images (Supple-
mental in situ TEM Movie 6 [25]) showing the intermittent
kinetics of the Cu,O film growth on the CugsAu;s(110). In
the beginning of the in siru image sequence, the surface
is predominantly occupied by the c(6x2)-O reconstruction.
This is indicated by the intensity profile along the outermost
surface layer, showing two consecutive bright atom columns
and a faintly visible atom column within every three [110] —
(1x1) lattice spacings, consistent with Fig. 1. In contrast,
the monolayer Cu,O surface region shows uniform bright
atom columns in the intensity profile [insets in Fig. 6(c)].
In Fig. 6(b), it is evident that the monolayer Cu,O film and
the ¢(6x2)-O reconstruction are on the same terrace, with
their boundary marked by the white arrow. As seen from
Figs. 6(b)-6(g) and the distance-time plot in Fig. 6(h), the
c(6x2)-0 — Cu,0 transformation occurs in the stop-and-go
manner with the short pauses ranging from 1 to 9 s at the
isolated Cu columns of the ¢(6x2)-O. Each Cu, O propagation
event consumes half of the unit cell of the ¢(6x2)-O region.
Similar to the oxidation process observed in Cu(110)-c(6x2)-
O, this intermittent growth of the oxide film on CugsAu;s5(110)
can be attributed to the long-range diffusion of additional
Cu and O atoms required for the formation and conver-
sion of the isolated Cu and Cu-O-Cu chains into the Cu,O
film.

However, the monolayer Cu,O film on the CugsAu;s(110)
remains atomically flat without displaying any obvious hill
and valley undulation. This disparity from the behavior on
Cu(110) can be attributed to the presence of the misfit dislo-
cations at the interface between the Au-rich and Au-poor bulk
regions. As seen from Figs. 6(b)-6(g), the Cu,O film exhibits
a coherent (1 x 1) interface with the Au-rich subsurface region,
which possesses a larger lattice constant than pure Cu. In
contrast, the greater lattice mismatch between the Au-rich and
Au-poor regions leads to the formation of misfit dislocations
in the deeper region. The core of these misfit dislocations can
act as a sink for the injection of atomic vacancies generated
from the Cu,O growth. This is corroborated by our in situ
TEM imaging [Fig. 6(g)], which reveals a positive misfit
dislocation climbing by 2 Cu(220) planes toward the Au-
poor bulk region. Since misfit dislocations typically remain
at the interface, it is reasonable to anticipate changes in the
Au composition to accompany the interface shift and misfit
dislocation climb in the local area.

This preference for segregation of injected vacancies
to the misfit dislocation core is further supported by our
DFT modeling. Figure 6(i) presents the DFT-optimized
Cu,O(110)/CugsAuy5(110) structure model, in which L1,-
ordered CuzAu and pure Cu are used to represent the Au-rich
region in the subsurface and the Au-poor region in the
deeper region, respectively. The Cu,O(110)/CuzAu(110) in-
terface exhibits a coherent (1x1) interface configuration,
while the inner CuzAu(110)/Cu(110) adopts a (13x12) in-
terface matching with a misfit dislocation to accommodate
the lattice mismatch (~3%). Our DFT calculations show
that injecting atomic vacancies into the misfit dislocation
core yields the lowest system energy (Supplemental Fig. 10
and Supplemental Table 2 [25]), accompanied by the relax-
ation of the misfit dislocation toward the Cu side [Figs. 6(i)

and 6(j)]. As depicted in Fig. 6(i), the injection of va-
cancies into the misfit dislocation core does not induce
obvious undulation in the monolayer Cu,O film. This ob-
servation aligns with Figs. 6(a)-6(g), where the monolayer
Cu,0 film remains atomically flat due to the considerable
distance (~1.7 nm) between the misfit dislocations and the
surface.

The results presented here highlight the crucial influence
of oxygen-induced surface reconstruction on the kinetics of
oxide film growth kinetics. Specifically, the transformation
from ¢(6x2)-Oto Cu,0 is hindered by the presence of iso-
lated Cu columns within the c(6x2)-O reconstruction, which
temporally pin the growth front. This pinning effect arises
due to the nonlocal transport of Cu and O adatoms required
for oxide formation. Our in situ TEM imaging also demon-
strates that Cu vacancies, which are generated during oxide
growth, preferentially migrate to the Cu,O/Cu interface, lead-
ing to the formation of hill and valley undulations in the
Cu, O film. In these undulations, the valley regions correspond
to nanocavities formed by the self-aggregation of injected
atomic vacancies. In contrast, during CugsAu;5(110) oxida-
tion, atomic vacancies are directed toward interfaces between
Au-rich and Au-poor regions deeper in the bulk, resulting in
an atomically flat and adherent Cu,O film.

The formation of oxide overlayers serves as a protective
barrier against oxidation-induced degradation in metallic ma-
terials. However, the presence of cavities at the metal/oxide
interface can compromise oxide adhesion, leading to oxide
spallation under service conditions [38—42]. By comparing
the oxidation behavior of Cu(110) and CugsAu;5(110), we
demonstrate the manipulability of the fate of the injected
vacancies. Specifically, injected vacancies can be directed
toward interfaces deep within the bulk of the alloy, thereby
alleviating the metal/oxide interfacial cavitation issue and
thus enhancing the adherence of the surface oxide layer.
The well-established oxide breakdown model assumes that
the interface between the scale and the metal undergoes a
morphological evolution pathway, progressing from interfa-
cial wrinkling to voiding, buckling, cracking, and ultimately
spalling [43]. The results presented above provide atomistic
insight into the microscopic origin of the interfacial wrinkling
and voiding. Moreover, they highlight the potential to manip-
ulate the morphological evolution pathway of the scale/metal,
and thereby enhance the interfacial stability of the oxide
scale, by engineering the composition and microstructure of
the metals. This understanding opens up more avenues for
designing more durable and reliable oxide-protected metallic
systems.

IV. CONCLUSIONS

Using in situ environmental electron microscopy to mon-
itor the surface oxidation of Cu(110) and CugsAu;s(110),
alongside atomistic modeling, we provide direct evidence
of the intermittent kinetics of the oxide-film growth and
oxide/metal interfacial undulation induced by reconstructive
oxygen adsorption. These results demonstrate the critical role
of the oxygen-induced surface restructuring in modulating
the oxide film growth kinetics and the injection of atomic
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vacancies into the Cu,O/Cu interface, leading to the hill and
valley undulation of the Cu,O film. In contrast, we observe
preferential injection of vacancies into the interfaces between
Au-rich and Au-poor regions in the bulk during the oxidation
of CugsAu;s5(110), resulting in an atomically flat and adherent
Cu,0 film. These results offer mechanistic insights into the
reaction pathway from oxygen-induced surface restructuring
to subsequent bulk oxide formation and the manipulability of
the fate of injected vacancies from oxide growth. The impli-
cations of these findings extend beyond the specific systems
studied here, with relevance to various oxygen-metal systems
and technological processes such as corrosion, heterogeneous
catalysis, and thin-film processing.
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