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ABSTRACT

Deposition of 2D materials onto catalyst surfaces is known to alter the adsorption energies of
active sites due to the nanoconfinement effect. Traditionally, these 2D catalyst heterostructures
were prepared by depositing a 2D material onto a pristine metallic surface. Preparing well-
defined 2D monolayers instead on metal-oxide surfaces is challenging, although possible via O

intercalation by oxidizing a metal substrate underneath. Several studies demonstrate this
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intercalative behavior of 2D covers, however, without preparation of ordered structures, which
are imperative for defining fundamental reaction mechanisms in confined space. We report the
successful preparation and characterization of a well-defined, ultrathin cuprous oxide-like film
grown in-between h-BN and Cu(111). The confined surface oxide adopts a “Cu>O-like” structure
resembling the well-studied “44” CuO structure, although the oxidation temperature is
surprisingly lower than its uncovered oxide counterpart and the h-BN layer remains intact
following oxidation. Our experimental results, backed by theoretical simulations, outline the
development of a heterostructure with a h-BN/metal-oxide interface as a model system, utilizing
a preparation method likely transferable to a wide range of 2D/metal heterostructures, and

opening the door to new catalyst designs.

MAIN TEXT
Introduction

The activity and selectivity of a catalytic reaction is strongly dependent on the presence
of specific active sites at the catalyst surface, the binding strength of adsorbates to these sites,
and the structural environment around the bound adsorbates. Confining active sites in porous
structures is a promising route towards enhancing catalytic performance, namely with zeolites, !
metal-organic frameworks,? and carbon nanotubes.>* While these systems represent confinement
in zero and one dimensions, confinement in two dimensions is also possible via intercalation of
reactants between weakly-interacting two-dimensional (2D) layers.>® Over the last decade,
monolayers of 2D materials grown on metal surfaces have become used as model systems to
study such 2D-confined catalysis because they can be prepared in a structurally well-defined

form and can be characterized in great detail by surface science techniques, providing solid
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experimental reference data for theoretical studies.”!! Although these and many other prior

1215 several metals

studies with metal substrates are pioneering for 2D-confined catalysis studies,
have been shown to be more catalytically active in their oxidized state.'® More specifically,
certain metals are catalytically active towards oxidation reactions due to the formation of a
surface oxide, where these reactions generally follow Mars van Krevelen mechanisms.!” Thus, to

further understand confined chemical reactions, we must prepare model systems with a

h-BN/metal-oxide interface (h-BN/MOx).

Much of the prior studies in 2D-confined catalysis utilize graphene (Gr),!314 18

particularly for CO oxidation on Gr/Pt(111), which can be significantly enhanced due to weaker
CO adsorption energies compared to the bare Pt(111) surface.!” More recently, theoretical
calculations have suggested Gr “pores” formed by sporadic holes in the Gr lattice approximately
three hexagons wide can further tune the selectivity by allowing intercalation of specific
molecules while preventing others.?’ However, using Gr makes surface characterization by
electron spectroscopy slightly more complicated due to unavoidable adventitious species, while
adding further complexity if trying to also study reaction mechanisms. Alternatively, hexagonal
boron nitride (h-BN) is another interesting 2D material exhibiting a large bandgap (~6 eV), thus
electrically insulating, while being more chemically robust than Gr at high temperatures, which
is necessary for chemical reactions.?!?? A single atomically thick h-BN monolayer can be grown
on metal surfaces in a similar way as Gr,?* and such systems were already suggested as potential
highly selective, corrosion-resistant, “nano-reactor” catalyst systems studied in view of molecule

5:8.24 and confined catalysis,” ?° exhibiting similar intercalation behavior to their Gr

intercalation
counterparts. While monolayer 2D materials typically form strong intralayer bonds, the weak

interactions with an underlying substrate allow for the intercalation of molecular species. This

can lead to changes in active surface sites and stimulate chemical reactions in confined space. '
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h-BN/Cu(111) is a prime system for these studies due to the weak interaction with the h-BN

layer, leading to a Van-der-Waals gap of roughly 3 A.%6

CVD growth of h-BN on metallic surfaces is well reported,?* however, direct growth on
metal oxides, and many other insulating materials, is much more challenging.?’-?® Any high
pressure/high temperature reaction for h-BN growth utilizes highly reducing chemicals
(borazine, ammonia borane, triethylboron, etc.) that react with the oxide surface, or lead to
defective h-BN layers compared to growth on metal surfaces.?* 2® Metal etch and exfoliation
transfer techniques are one common route to form a h-BN/MOx,? but these methods do not
provide the same quality compared to direct deposition under vacuum conditions. Transferred
h-BN can form highly defective 2D layers, either due to incomplete or multi-layers formed.?®
Contamination is also an issue both from adventitious species that can be trapped during transfer
or residual substrate present following etching if wet transferred.?® *° These transferred
heterostructures may be suitable for many material science applications, but are not ideal for
studying fundamental reaction mechanisms, where it is imperative to have a homogeneous
surface with known and well-defined structure. Other vacuum-based techniques, like sputter
deposition and additional physical vapor techniques, tend to create multilayer films that would
significantly limit intercalative reactions.>! One potential solution is to transfer h-BN with a
“stamp” approach, demonstrated by Wang et al., for clean transfer of h-BN on SiO,.*> However,
this method is more suitable for transfer to bulk oxides where the goal is to encapsulate an oxide
surface with h-BN compared to studying reactions at the interface. A more reactive surface oxide
thin film (~0.4 nm) would likely not survive the “stamp” process, nor would an ordered
interfacial oxide layer be expected. Instead, in this work we explore forming a stacked
heterostructure by intercalating molecular oxygen through h-BN and oxidizing the underlying

metal substrate to create a confined h-BN/MOx.?? This, combined with thermal annealing, results
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in the oxidation of the top few layers of the metallic substrate underneath. Additionally, our
results demonstrate that, within a narrow window of oxidizing conditions, the formed oxide is
highly ordered with a structure close to that of cuprous oxide.

Cuprous oxide (Cu20) has been demonstrated as an environmentally friendly,
inexpensive, Earth-abundant metal oxide material effective for many catalysis applications.3*3¢
Cu20 is one of the most common corrosion products of Cu, thus studying reactions on CuxO
surfaces is vital for understanding copper-based catalysis in general. The most energetically
favorable CuxO surface is the O-terminated Cu,O(111), containing coordinatively saturated and
unsaturated ions of both copper and oxygen.>> CO can adsorb on both O and Cu atoms, providing
two pathways towards CO oxidation, although adsorption on Cu and reaction with a neighboring
oxygen through a Mars—van Krevelen mechanism is the most energetically favorable pathway.>*
37 The high activity towards complete CO oxidation has previously been observed for Cu,O
nanoparticles at temperatures as low as 250 °C, although O is required to replenish oxygen
vacancies as CO; is formed.>* The partial O, pressure is critical, however, as overoxidation will
lead to the formation of CuO.** 3¢ h-BN has been suggested as a potential corrosion resistant

3839 although h-BN/Cu has still been shown to intercalate Oz and oxidize the Cu

layer for Cu,
substrate.**! However, when h-BN is present, overoxidation to CuO is largely reduced.>’
Kidambi et al. shows clear evidence of oxygen intercalation from electron microscopy images,
that eventually disintegrates the h-BN layer once annealed to 700 °C.*! In our case, the goal is to
utilize the parameter space of the formed intercalated oxide prior to h-BN etching, where the h-
BN layer can assist in preventing overoxidation, while still allowing oxidation reactions to take

place on the Cu surface via intercalation at conditions that exposed Cu>O would typically be

unstable.’®
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Furthermore, the h-BN can act as a support to confine the range of motion for
adsorbates.*> For example, if a molecule adsorbs to an exposed CuzxO surface under finite
temperature, the molecule can easily desorb without reacting with any surface oxide. However,
with the h-BN layer present, the probability of an adsorbed molecule splitting and reacting with a
neighboring O atom is expected to increase. Liang et al. provide evidence of this
nanoconfinement effect through molecular dynamics simulations that show confined H.O
molecules in a carbon nanotube exhibit slightly weaker hydrogen bonding than bulk molecules.*
Utilizing h-BN nanosheets as a support for anchoring Cu,O clusters is similar in concept to our
reported heterostructure,*? but instead our heterostructure is the reverse architecture that confines
an entire Cuy<O layer, allowing for further tuning of the reaction mechanism. Still, we must
emphasize that once the h-BN monolayer is destroyed, the substrate is rapidly oxidized to a thick
oxide film, displaying a macroscopic change seen in figure S5e. Scardamaglia et al. have seen
this identical behavior for h-BN deposited on Cu foils, where the h-BN layer survives for a
specific period of time after forming a CuzxO layer underneath.*’ This time not only varies with
oxygen exposure conditions, but also with h-BN quality, especially with wrinkles in the case of
foils, and thus requires a dedicated recipe to avoid removal of h-BN and simultaneously take

advantage of the catalytic properties of the Cuz-<O surface oxide.

In this study, we prepared a h-BN/MOx via intercalation of molecular oxygen through an
h-BN monolayer to oxidize the underlying Cu(111) substrate. We used ambient pressure x-ray
photoelectron spectroscopy (APXPS), x-ray photoelectron diffraction (XPD), x-ray absorption
spectroscopy (XAS), low-energy electron diffraction (LEED), Auger electron spectroscopy
(AES), and scanning tunneling microscopy (STM) to experimentally characterize the resulting
heterostructure. APXPS was performed to determine the oxidation state of the Cu«<O film and

track the presence of h-BN with respect to O» pressure and sample temperature. XAS was

6
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utilized as a complimentary tool to determine the Cu oxidation state for each reaction condition,
and to ensure the h-BN monolayer remained intact. STM was used to obtain topographical
measurements of the surface, while calculations using density functional theory (DFT) provided
a model structure. The comparison of simulated STM images and simulated XAS to
experimental data was used to validate the assignment of the structural features at the interface.
Altogether, we report the ordered h-BN/Cu>xO/Cu(111) heterostructure that represents a model

“nano-reactor” catalyst system.

Results and Discussion

In order to fully define the intercalative oxidation parameter space of h-BN/Cu(111),
APXPS was utilized at multiple temperature and O partial pressure conditions. A detailed
description of the time-resolved temperature and pressure dependent experiments is presented in
the supporting information (SI). After several attempts, a recipe was defined where an
h-BN/Cu(111) sample was exposed to oxygen for ~5-40 min at po> = 1 mbar and 150 °C to
obtain an ordered Cu,O-like oxide, while the h-BN layer remained intact. The variable time
defines the formation of an ordered oxide before destruction of the h-BN layer. The exposure
time for development of the oxide varies with the number of defects and BN grain boundaries at
the surface, along with residual carbon contamination above the h-BN that will react with the
oxygen ambient. When growing h-BN, several factors like chamber background pressure
(specifically Ha partial pressure), borazine vapor pressure, sample temperature, sample
cleanliness, and surface roughness all impact the amount of grain boundaries and defects that
form.?* It is well established that atom or molecular intercalation occurs at defects and grain

boundaries of h-BN layers,* while a defect-free h-BN monolayer is virtually impenetrable for
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adsorbates but practically impossible to prepare. In figure S3, we highlight a few h-BN grain
boundaries seen from STM for our preparation to show the defect density of our monolayer.
Oxidation of Cu foils with h-BN has shown evidence of termination at Cu,0O, compared to CuO
for unprotected bare Cu foils after ~100 hours of exposure to air at 250 °C.** We found the best
preparation of the h-BN/Cu,.xO/Cu(111) heterostructure in terms of structural coherence, prior to
the formation of any CuO, to be the one following the “5 min” oxidation exposure protocol
described further in the SI. Therefore, the focus of the main text will be the characterization of

this “5 min” oxide.

Low-temperature STM provides topographical information of our heterostructure, shown
in Figure 1. STM images of the sample surface were obtained using a negative sample bias
of -2.5 V and a tunneling current of 200 pA acquired at 78 K. In this case, we probe the filled
Cugq states of the surface oxide, where we see atomic resolution for the grown oxide film in
Figure 1a and b corresponding to 3 x 3 nm? and 25 x 25 nm? area, respectively. Using the high-
resolution 25%25 nm? image, we determine a diffraction pattern from the STM image by
applying a Fast Fourier Transform (FFT), shown in Figure 1c. A further description of this
analysis is provided in the SI. The FFT pattern is compatible with a 6-fold symmetric pattern,
which strongly resembles the hexagonal structure in the LEED image collected at 40 eV shown
in Figure 1d. The unit cell is highlighted by a teal rhombus in Figure 1a, 1c and 1d. A closer look
at the comparison of FFT and LEED is depicted in figure S3. The unit cell can be determined
from the STM images by overlaying a grid on top of the repeated structure displayed in Figure
la, corresponding to 10.2 x 10.2 A? rhombus with an angle of 60°. These dimensions were used
to draw a unit cell in the LEED, matching well with the calibrated distance of the diffraction

spots and further highlighted in figure S2 and figure S3. This larger unit cell corresponds to the
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chemisorbed oxide forming a (4x4) overlayer on the surface, comprising of four times the length

between two FCC sites of the Cu(111) surface.

Using the (4x4) unit cell deduced from STM and LEED experiments, we built a model of
the heterostructure with a periodic slab shown in Figure 2. The slab consists of four components:
(1) 4 layers of Cu atoms, terminating in a 4x4 Cu(111) surface, (ii) a single Cu>O(111) tri-layer
designated as a surface oxide (O-Surf) later in the text, from which all unsaturated Cu atoms are
removed (Cux«xO(111)) and we distinguish between lower (O closer to Cu(111)) and upper (Oy)
oxygen atoms, (iii) a chemisorbed layer of O atoms in the available Cug. sites designated as
O-Chem, located beneath the centers of Cu2.xO(111) honeycombs, (iv) and on top a (8x8) h-BN
layer placed along the same hexagonal symmetry direction as the underlying Cu(111) substrate.
All atoms of the model slab have been relaxed by DFT to obtain an optimized stable structure.
This heterostructure has some resemblance with the honeycomb-like oxidation cluster suggested

by Yang et al.®’

of a similar oxide layer prepared on bare Cu(111) (without h-BN). Note that we
considered other possible surface structures that satisfy the symmetry observed in experiment,

for instance with chemisorbed O atoms at Cuncp and Cuyop sites. Among the tested structures, the

one described above turns out to be the most energetically favorable.

It is imperative the h-BN remains intact during oxidation, otherwise intercalative
oxidation will not take place and lead to overoxidized patches on the surface. Therefore, we
employed several characterization techniques to ensure we did not alter or destroy the h-BN
layer. With XAS, we can probe both chemical state information and the electronic structure of
the atoms present, providing a basis for the quality of the h-BN layer. The B and N K-edges
resulting from h-BN display peaks from both sp? or sp* hybridized bonds, along with additional
peaks corresponding to grain boundaries and vacancies.*® The N and B K-edges shown in Figure

3a and 3b, respectively, resemble high-resolution XAS data for h-BN monolayer films, showing

9
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both the o* and m* peaks reported in the literature.**” Additionally, the B and N K-edges after
oxidation are nearly identical to the freshly prepared h-BN sample, with the sole exception of a
small pre-edge in the N K-edge that disappears after oxidation (highlighted with a double arrow
in Figure 3a. This pre-edge corresponds to the orbital mixing of the unoccupied n* orbitals with
the delocalized Cu 4s,p, bands of the substrate.*® Following oxidation, the pre-edge disappears

because the surface oxide has no such bands.

The o* and n* peaks for both the N and B K-edge remain almost identical, suggesting the
hexagonal sp? bonding structure of the h-BN remains intact. Additionally, the total intensity does
not decrease relative to monolayer h-BN prior to oxidation, thus no loss of B or N takes place.
This is consistent with the LEED and AES measurements collected on the same spot presented in
figure S1, further demonstrating the h-BN layer remains intact and coexists with the copper
oxide structure. LEED was acquired in 5 different spots on the surface with ~300 um diameter
electron beam size, while similarly XPS was also taken in 2-3 spots for different spot sizes to
ensure the h-BN coverage and surface oxidation were homogenous and consistent. We also
scanned the sample with STM in several spots seeing the same structure over ~0.5 mm?
corresponding roughly to the size of the x-ray/e-beam spot. This strongly highlights the

homogeneity of the heterostructure over large length scales.

The O K-edge in Figure 3¢ shows evidence of at least two oxidation states with a pre-
edge at ~529.5 eV, along with a more intense edge at ~532 eV. The latter value is characteristic
of Cu20,%-" while a lower energy pre-edge (~530 eV) generally corresponds to CuO.*
However, we know from the Cu L-edge in Figure 3d that we do not have CuO as the L> peak
would shift to the lower energy of ~930 eV due to dy states being excited in CuO, which should
create a pre-edge just below the L peak.**:>! While XAS from TEY is typically thought to be
)52

more “bulk” sensitive, using soft x-rays can actually be very surface sensitive (< 2 nm)~~ and

10
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should demonstrate some evidence of a peak in the Cu L edge that corresponds with the

O K-edge if CuO is present. Therefore, the lower energy peak represents undercoordinated
chemisorbed O, while the higher energy peak corresponds to a CuxO-like structure. Gurevich et
al. collected XAS for a Cu(100) surface oxide after exposure to 30 Langmuir (L) of O2,* which
displays remarkable similarity to the spectra presented in Figure 3¢. Furthermore, in figure S8,
we display the O K-edge for a Cu,O(111) reference with a (1x1) bulk-terminated surface and
also show the oxidation progression starting from a bare h-BN/Cu(111) sample where intensity
of the peak located at 532 eV increases with increasing oxidation. This is identical for the
ordered oxide and this intensity increase of the 532 eV peak was also seen for a sample oxidized
for 35 min in figure S11, while the pre-edge intensity remains the same as the 5 min oxidation.
Simulated peak positions from DFT shown in figure S11f for each O configuration in the surface

oxide also agree with this description and highlight the contribution of each peak separately.

While XAS provides useful information of the oxidized binding structure, XPS is needed
for obtaining the chemical state information of the h-BN/Cu2.xO/Cu(111) sample in comparison
to the pristine h-BN/Cu(111) system. Based on several preparations using different oxidation
conditions, we find that the O Is spectrum in Figure 4a can be consistently fitted with five peaks.
We assign the lowest binding energy (BE) peak (~529.1 eV, blue curve) to an undercoordinated
chemisorbed oxygen species, agreeing with the above assignment of the pre-edge peak in the
XAS data. This is also seen in literature for CuzO thin films as well as for undercoordinated
surface O in bulk Cu,0O, respectively.*> > The middle peak in the O 1s spectrum (~529.5 eV, red
curve) is assigned to a CuxO-like surface oxide. A third oxide peak is seen at 530.4 eV (green
curve), which represents Cuz-<O clusters. It is well known that Cu oxidizes by forming island
facets,>* resembling a O3-Cu pyramid, which would form in our case at h-BN grain boundaries.

Wiame et al. additionally show oxide cluster formation on the Cu surface from STM, >’ largely

11
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resembling the clustering that we see for longer oxidized samples, such as the “35 min” sample
shown in figure S13. As we continue to oxidize our sample, more clusters form in increasing
sizes at these grain boundaries, causing this 530.4 eV peak to increase, shown in figure S11. We
also see from the angle dependent XPS figure S12d that the 530.4 eV peak for the clusters at 90°
has a larger ratio relative to the surface oxide peak at grazing emission, confirming these clusters
are at the topmost surface. Moreover, the clusters have heights of ~2-3 nm above the surface, as
determined from STM line profiles, which explains why the more bulk sensitive spectra taken
with 1500 eV photon excitation energy also show an increase of the cluster peak relative to the
chemisorbed and surface oxide peaks. A depiction of this “shadowing” effect is given in figure
S13. This oxidation mechanism, where a peak at ~530.4 eV increases with increasing oxygen
exposure has also been seen for APXPS exposures of a bare Cu(111) surface exposed to 02.
Finally, the higher BE peak seen at ~531.6 eV is a result of adventitious contamination, most
likely carbonaceous oxygen. A small peak at ~533 eV is also present, which is most likely due to

hydroxyl species due to preparing the sample in an unbaked ambient-pressure chamber.

The B 1s and N 1s spectra for the h-BN/Cu(111) system in Figure 4b and 4c both show a
Gaussian peak at 190.5 eV and 398 eV, respectively, visible also after oxidation of the Cu(111)
substrate although shifted by 0.3 eV to lower binding energy, which corresponds with the work
function difference between Cu(111) and Cu2O(111) surfaces.’’ Since h-BN is an insulating,
weakly bonded layer above the substrate, the measured core level binding energies are
referenced to the vacuum level and thus sensitive to changes in the substrate work function.>®
Both the B 1s and N 1s additionally have a shoulder on the high BE side located approximately
0.6 eV above the main peak. These shoulders correspond to defects in the h-BN lattice, that

could be related to either B or N vacancies, or H adsorption.?® Overall, the XPS for B and N 1s
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before and after oxidation provides further evidence that the h-BN layer remains intact while

oxidizing the substrate.

The C 1s spectrum, displayed in Figure 4e, initially shows only adventitious carbon,
some of which becomes oxidized during the O» intercalation experiment leading to an additional
higher binding energy peak. Again, the same 0.3 eV shift to lower BE present in B 1s and N 1s is
also seen in the C 1s, due to the carbon species sitting on top of the h-BN. There is a slight
increase in total carbon signal at the surface, which is expected as the sample must be prepared
and transferred between two vacuum systems via a vacuum suitcase. However, the carbon
coverage grows from 0.09 to 0.14 ML as evaluated by comparison with the Cu 3p peak, which is

not expected to significantly impact the experiment.

The oxidation of Cu has been extensively explored with theoretical studies combined
with traditional surface science experiments to elucidate the oxidation mechanism and identify
potential intermediate oxides.*>>* 3% 3960 Notably, there is a characterization gap that exists in
that no known study provides combined STM and LEED analysis for the same surface oxide
structures, with or without h-BN present. Our attempt to provide both image and diffraction
characterizations in a comprehensive model will assist future studies of Cu surface oxidation.
Most interestingly, our results show the ability to form a well-ordered surface oxide at
significantly lower temperatures than the “29” and “44” oxides would form when exposing a
bare Cu(111) surface with no h-BN cover (generally requiring 280-500 °C annealing
temperatures, in contrast with 150 °C needed with the h-BN cover). Theoretical studies suggest
the formation of a (4x4) oxide should be possible at low temperatures,®! but our attempts to
obtain an ordered oxide without an h-BN cover at <200 °C were unsuccessful. Forming an
ordered structure at low temperatures strongly suggests that the nano-confinement effect of the

h-BN monolayer influences the formation of the Cuz.xO-like thin film, increasing the kinetics of
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oxidation and thus requiring a lower temperature. The h-BN/Cu(111) surface was shown to be
resistant to oxidation at po> = 1 mbar for ~8 hours when the temperature was either at or below
100 °C (depicted in Figure S5). This opens the door for a potential reaction space ideal for
molecular interactions with the confined Cu,0 film, while simultaneously limiting

overoxidation.

Ultimately, we have provided a recipe along with extensive characterization and
modeling for a model confined “nanoreactor” heterostructure that utilizes cheap and abundant
materials, and standard gas-phase exposure processes. Several studies promoting the concept of
confined catalysis have displayed a change in adsorption energies or diffusion barriers for
intercalated species beneath a 2D monolayer.!>!*2° This nano-confinement effect with a
h-BN/MOx is rather interesting for oxidation catalysis and potentially can influence the kinetics
for reactions like CO oxidation that undergo a Mars-van Krevelen mechanism, for which Cu,O
surfaces have already been proposed as a promising material.>* 3> ®2 Our group has also looked at
time resolved 2-photon photoemission (2PPE) experiments, highlighting that our confined
trilayer oxide displays charge carrier dynamics that are remarkably similar to a bulk

(V3x\3)R30° CuxO(111) surface.®® Further development of the preparation parameters to reduce

the number of oxygen vacancy defects in this oxide film may improve the surface quality enough
to design a protected photocathode for photoelectrochemical water splitting,®* also suggested by

Mahvash et al..®

Conclusion

The recipe for the preparation of an ordered h-BN/MOx interface has been reported,

formed via intercalation of O underneath an h-BN layer and subsequent oxidation of the
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underlying Cu(111) substrate. The Cu substrate is capable of withstanding oxidizing conditions
for several hours and can form an ordered oxide with h-BN still intact if the temperature remains
below 150 °C at an O; partial pressure of 1 mbar. This oxide preparation combined with our
DFT calculations strongly suggests that the h-BN/Cu system can act as a promising oxidation
catalyst through the controlled formation of a Cu»xO surface oxide. This approach could likely
be utilized on several substrates and 2D materials to build a wide range of heterostructures or

tune the adsorption of specific probe molecules for different applications.

Having a model system is essential to study reactions in a confined space, which is what
we demonstrate with this study of the preparation of an ordered h-BN/MOx heterostructure.
Furthermore, the use of a 2D approach for confined catalysis with a well-ordered crystal
substrate and formation of an ordered oxide provides a unique synergy with theoretical
simulations, allowing for precise atomistic identification of the structure. Moving forward with
molecular dynamic simulations allows for fundamental studies of molecular interactions that are
imperative to identify reaction mechanisms, which is a knowledge gap that exists in 0D and 1D

systems.
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FFT of 25X 25 nm? LEED, 40 eV

Figure 1. STM images using a -2.5 V sample bias and 200 pA current of the
h-BN/Cu2xO/Cu(111) heterostructure for 3x3 nm? (a), and 25x25 nm? (b) after 5 min oxidation
in po> = 1 mbar at 150 °C. A FFT analysis of the 25x25 nm? image is shown in (c). This
corresponds with the LEED image (d) collected at 40 eV electron energy. The unit cell shown in
(c) and (d) was determined to be a hexagonal unit cell of 10.2x10.2 A? and an angle of 60°. The
dark ridge in the bottom right of (b) is a Cu step edge, where the intensity was normalized to

show the structure with the same height scaling on both sides of the step edge.
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Figure 2. DFT-optimized slab model for the h-BN/Cu2.xO/Cu(111) heterostructure with
chemisorbed O atoms located under the Cuz.xO layer. a) top view and b) side view. The relaxed
slab contains a distorted hexagonal Cuz.xO(111) honeycomb structure. In the oxidation layer, a
single unit cell (outlined in red) contains one chemisorbed O atom, three Oy atoms, and three O

atoms.
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Figure 3. XAS of the h-BN/Cu,.xO/Cu(111) after 5 min oxidation (red) and h-BN/Cu(111)

prepared samples (blue) for the N K-edge (a), B K-edge (b), O K-edge (c), and Cu L-edge (d).

The arrow highlights the disappearance of the pre-edge present in a pristine h-BN/Cu(111)

sample.
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Figure 4. High-resolution XPS spectra of a well ordered h-BN/Cu2xO/Cu(111) heterostructure
(top) after 5 min oxidation and a freshly prepared h-BN/Cu(111) sample (bottom) for O 1s (a),

B 1s (b), N Is (¢), Cu 3p (d), and C 1s (e) core levels together with peak fits (solid lines) for the

various contributions.
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MATERIALS AND METHODS

A Cu(111) single crystal (purity 6N, miscut accuracy ~0.1°, polished to a roughness
Ra < 0.03 um) was purchased from Surface Preparation Laboratory B.V. (Netherlands). A
SPECS cold-cathode Penning ion source (discharge voltage 500V, accelerating voltage 500 V,
ion current Iar+ ~0.7 pA/cm?) was used for ion sputtering, typically for ~30 min, followed by
UHV (<10” mbar) annealing to ~800 °C with a e-beam heater (Ferrovac, 45 mA emission,
~45 W). Several Ar" sputtering and annealing cycles were performed to obtain a clean and

ordered surface verified by LEED and AES.

A single layer of h-BN was deposited on Cu(111) via chemical vapor deposition (CVD)
by exposing the sample to borazine at a pressure of 2-3x10° mbar, while the sample temperature
was nominally 800 °C (+/- 20 °C), based on calibration of the e-beam annealing stage with a
type K thermocouple. The purity of the borazine was verified before dosing using quadrupole
mass spectrometry (QMS). The sample was exposed for 10 to 15 minutes (depending on the
pressure setpoint) resulting in ~2000 L dose, consistent with prior recipes for monolayer h-BN

deposition on Cu(111).%

The h-BN layer is characterized in the same area with both low-energy electron
diffraction (LEED) and Auger electron spectroscopy (AES), displayed in figure S1. The clean
Cu(111) surface in figure S1c shows six sharp diffraction spots in a hexagon pattern, consistent

with the reciprocal lattice of Cu(111).%

The AES spectrum plotted in blue in figure S1d shows
no contamination other than adventitious carbon and Ar implanted during ion sputtering.® A
LEED image taken after the deposition of h-BN is shown in figure S1b, where a faint

background intensity is seen in the close vicinity of the Cu(111) diffraction spots, mainly along

the radial direction.®® This is due to the lattice mismatch between the h-BN layer and the Cu(111)

31



10

15

20

surface where the background intensity results from a slight difference in the in-plane reciprocal
lattice vectors of h-BN and Cu.®® The AES spectrum of h-BN/Cu(111) is plotted in black in
figure S1d, where a distinct change in seen in the 100-200 eV range as the peaks resulting from
Cu MNN signal are overlapped with B KLL peaks. The N KLL peaks are also present following

h-BN deposition.

Oxidation of h-BN/Cu(111) took place in the analysis chamber (AC) of the solid-liquid
interface chamber (SLIC),®” which was backfilled with up to po2 = 1 mbar at 200 °C using
Minican® bottles (Pangas, SN). The pressure was measured with a combined Pirani/capacitance
gauge (Pfeiffer PCR 280) to cover the pressure range needed for ambient-pressure experiments
(5%107* mbar to 1000 mbar). Once the pressure was stabilized, time-lapsed XPS were collected
until a sufficient signal-to-noise ratio was achieved. The AC chamber was then pumped and

returned to high vacuum (HV, ~1x1077 mbar) for taking XPS spectra after O» exposure.

Following the initial APXPS measurements of the thermal stability, oxidation of a well-
ordered h-BN/Cu(111) interface was prepared using ~5-40 min oxygen exposure without
exposure to the X-ray beam to avoid buildup of carbon contamination or enhanced oxidation due
to excited oxygen.®® Moreover, the sample was moved sufficiently (~10 mm) far away from the
analyzer cone and rotated in the opposite direction to avoid variation of temperature and pressure
across the sample surface. After oxidation, the O KLL peaks appear in the AES spectrum plotted
in green in figure S1d. Faint extra diffraction spots add a noticeable increase in background
intensity in the center of figure S1a. By decreasing the e-beam current and lowering the energy
to 40 eV, we can more clearly see the diffraction spots corresponding to the reciprocal oxide
lattice, shown in figure S2. The spots form a hexagon shape, which corresponds well with the
FFT of the STM image presented in Figure 1 and further described in figure S3. The LEED spots

shown in figure S2 are also shown alongside simulated diffraction spots using the LEEDLab
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2018 V1.2 software package. The lengthxwidth of the cell representing the simulated spots in
green is 10.2 x 10.2 A? with an angle of 60°, corresponding to an epitaxial matrix of v 9 and
providing an almost perfect match to the measured spots. A simulated real space coverage is also

shown in figure S2 corresponding to the periodicity of the chemisorbed oxide.

When changing the electron energy to higher values (>100 eV), a LEED pattern
remarkably similar to the | ° 2] overlayer with three rotational domains reported in Judd et al. can
be seen,® but the lack of spots seen at 40 eV suggest that we have a base periodicity that is likely
destroyed and prefers a larger unit cell seen by LEED. Significant literature has studied Cu
surface oxidation, where STM of the “29” and “44” strongly resembles the stripe feature we see
in our measured STM for a constrained Cu,O lattice on top of a Cu(111) substrate,’° therefore
we modeled the hexagonal structure similarly albeit the “29” and “44” unit cells are significantly

larger. In our case, the h-BN lattice above the Cu20O will also influence the size of the unit cell.

APXPS measurements were carried out at the Solid-Liquid Interface Chamber (SLIC)
endstation®’ to obtain a temperature and pressure dependence for O intercalation through h-BN.
The SLIC utilizes a Scienta R4000 HiPP-2 ambient pressure electron analyzer that is attached to
the In Situ Spectroscopy (ISS) beamline (X07DB) that is nearly identical as the beamline
X07DA described by Raabe et al..”- 7! The beamline uses a double crystal monochromator with a
300-400 um spot size and an average beam current of 17 pA measured with a photodiode

(AXUV100) at a photon energy of 1000 eV.°”-7!

Fast XPS spectra were acquired using a photon energy (/#v) of 700 eV at an emission
angle of 30° with linearly polarized light, where the polarization vector was aligned with the
optical path of the electron spectrometer. The sample was irradiated at 60° with respect to the

surface normal. Photoelectrons were detected using a pass energy of 20 eV with a fully open
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analyzer slit. The binding energy scale was calibrated using the Au 4f core level peak position on
a polycrystalline gold sample with a resolution of 0.77 eV relating to the full-width half
maximum (FWHM) of Au 4f collected with the same beam energy and analyzer settings as used
for all experiments. XPS measurements for an ordered oxide used a different lens mode with a
50 eV pass energy for an increased signal-to-noise ratio without significantly sacrificing the
resolution. A slightly higher photon energy of 720 eV was also used to avoid overlap of the O
KLL with the B 1s peak. The heating was performed using a pyrolytic boron nitride heater in
direct contact with the sample holder, and the temperature was measured with a Pt100 sensor
placed in close proximity to the sample holder. Prior to all data collection, the analysis chamber
was flushed with 2 mbar of oxygen and the heater was outgassed to a temperature of 250 °C. No
contamination was detected other than adventitious carbon. All XPS spectra were processed
using IgorPRO (Wavemetrics Inc.) and CasaXPS software packages, and any quantitative
measurements were calculated using the Fadley method for polarized light parallel to the

emission vector.’?

Further characterization of the h-BN/Cu2«O/Cu(111) sample was carried out at the
PEARL endstation.”> Sample preparation of h-BN/Cu2.xO/Cu(111) was performed in the SLIC
endstation,’’ prior to beamtime at the PEARL endstation. Preparation of h-BN/Cu(111) was still
done identically, as mentioned above. Oxidation of the Cu(111) substrate underneath the h-BN
cover via O2 intercalation was performed by exposure to po2 = 1 mbar at 150 °C for 5-40 min in
the SLIC analysis chamber.’” LEED and AES were collected to ensure an ordered oxide
structure was formed, and the h-BN monolayer remained intact in agreement with previous
experiments. Samples were then transferred to PEARL from the SLIC endstation using a custom-
built vacuum suitcase equipped with a sorption pump, capable of holding the pressure in the

suitcase to <8x10 mbar. While the vacuum suitcase should hold the pressure well, the sample
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still needs to be transferred through the loading chamber at PEARL after being vented to attach

the suitcase, providing approximately a 10 min exposure to 10 mbar vacuum.

All experiments at the PEARL endstation took place at a base pressure below 2x101°
mbar.”® Topographical images of the sample were obtained using a low-temperature STM
(Omicron Nanotechnology GmbH) at 78 K using a constant current mode and etched tungsten
and Ptlr tips.”> STM image processing and analysis were performed in the Image] software
package using custom-made plugins described in Choi et al..”* The PEARL endstation utilizes a
Scienta EW4000 hemispherical electron analyzer with two-dimensional detection attached to the
PEARL beamline (X03DA).” The beamline uses a plane grating monochromator with a 170x70
um? spot size and an average photon flux of 2x10!! ph/s measured with a photon energy of
1000 eV.” The beamline has a resolution of 0.85 eV and 0.7 eV for 1500 and 720 eV photon
excitation energies, respectively, calibrated to the FWHM of Au 4f72. A reference current is
measured using a Pt mirror, allowing for the collection of a current profile that can be used for
normalizing XAS TEY spectra. An additional XAS reference was collected using a freshly Ar®
sputtered polycrystalline Cu to avoid normalization with spectra of oxygen contamination on the

Pt mirror of the beamline optics.

The PEARL sample manipulator is designed for angle-resolved XPS collection, with a
polar rotation (0) from 0° to 180°, a tilt rotation (y) from -28° to +28°, an azimuthal rotation (¢)
of -180° to 180°, and achieving an angle resolution of 0.5°.”® Photoelectron spectra can be
collected with respect to all three angles, allowing for collection of a full hemispherical
diffractogram.”® The 2D detector is additionally capable of collecting spectra from a
photoemission angle (o) of -25° to +25° in parallel. The diffractogram contains a distribution of
spectra for the range of a corresponding to a 0 and y for each scan collected. The spectra can

then be fitted to determine the signal intensity with respect to angle and then plotted to form an
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XPD pattern. All XPD patterns, both from experimental and simulated data, were plotted in
IgorPRO using custom made macros. The algorithms behind these plugins are extensively
described by Greif et al..”* These data were then exported into ImageJ] where a Gaussian blur

with a reduced standard deviation (o) of 5.0 was used to interpolate the diffractogram.

An initial model of h-BN on Cu(111) shown in figure S18 was generated using a Python
script that calculated the atomic coordinates within a large cluster for Cu(111) and h-BN, and
then exported these values into a text file that could be open with the VESTA software. A Van
der Waals gap of 3 A was integrated into the model manually. The oxidized cluster shown in
figure S19 was generated using first the model from figure S18 and manually integrating one
layer of a CuzO lattice,’® of which only a trilayer was used. In order to make the lattice of the
Cuz0 match, the dimensions of the unit cell were decreased from 3.49x6.04 A reported in Jensen
et al.”® t0 3.37x5.9 A, and then allowed to relax. To establish an energetically favorable
heterostructure that is consistent with the experimental information available, we considered
several adsorption sites for chemisorbed O atoms on the Cu(111) surface and below the Cu».xO
layer: Cuop, Cuncp, Cusec. By relaxing the atomic positions with DFT, we find that O atoms are
not stable on Cuyop sites and relax to nearby Cuncp and Cug. sites. Comparing the binding energy
of chemisorbed O atoms at Cunep (1.35 V) and Cugec (1.45 eV) sites, we find that the Cur site is
0.10 eV more stable than the Cuncp site, per chemisorbed O atom. Thus, the h-BN/Cu,-
xO/Cu(111) with chemisorbed O atoms at Cusc sites is used for further characterization of the
heterostructure and comparison with experiment. This model, shown in Figure 2 and figure S19,

was used for all simulated data of the h-BN/Cu,.xO/Cu(111) heterostructure presented in this
paper.
EDAC input files’”’8 were generated following the user guide each with the geometry,

polarization, and kinetic energy of the excited electrons relative to what is expected from the
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PEARL endstation, along with the inelastic mean free paths described by the Seah, Dench
Universal Curve (SD-UC).” Emitters were chosen from a centralized unit cell that was
surrounded by additional unit cells of which the same atoms were not chosen as emitters, thus
removing edge effects from the simulation. Scattering potentials were calculated using the
Muffin Tin model. The maximum hopping distance (dmax) Was set to 15 A and the energy of the
vacuum level was set to 15 eV relative to the Muffin Tin zero. The maximum effective angular
momentum (Imax) was set to 15 and up to 10 orders of iteration were set for an emission angle
window of 1°. All simulated data were additionally processed using custom-made macros from

IgorPRO.

All DFT calculations were performed using the Quickstep module of the CP2K version
10.0 (Development version) program package.®® For geometrical optimization and electronic
structure calculations, the Kohn-Sham DFT within the hybrid Gaussian and plane waves
framework (GPW) was applied, with Goedecker-Teter-Hutter (GTH) pseudopotentials.®! The
molecular orbitals of the valence electrons are expanded in molecularly optimized (MOLOPT)
Gaussian basis sets.?? More specifically, DZVP-MOLOPT-GTH primary basis sets have been
used for all atoms. For the auxiliary plane waves basis set a cutoff of 600 Ry has been applied.
All calculations are done within periodic boundary conditions, use Gamma point only and are
spin-polarized. Since we used an asymmetric slab model, where the heterostructure is
constructed only on one side, the surface dipole correction has been always applied along the
z-axis.®? Structural and electronic properties are computed at the GGA level of theory, using the
Perdew-Burke-Ernzerhof (PBE) functional,®* augmented by the Grimme-D3 scheme to correct
for the missing dispersion contributions.® The geometry optimization applies the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) scheme,® with a force threshold of 103 Hartree /Bohr. The

h-BN/CuxxO/Cu(111) with chemisorbed O atoms heterostructure consists of a four layer thick
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(4%4) Cu(111) slab, surmounted on one side by one tri-layer Cu2O(111)-V(CUS)-(1x1) (where
all unsaturated Cu atoms have been removed) plus four chemisorbed oxygen atoms (placed
either at Cu(111) fcc, hep, or top sites) and an (8x8) h-BN monolayer. The lateral dimensions of
the simulation cell are 20.5x17.7 A2. Sufficient vacuum space (20 A) above the oxide/h-BN

interface prevents spurious physical interactions among the periodic images.

Projected densities of states are obtained by projecting the electronic density
contributions onto the atomic orbitals of the basis set. The computed STM image was obtained
using the Tersoff-Hamann simulations.®” The calculation of the N, B, and O K-edges to
reproduce the XAS data has been achieved by applying the Gaussian augmented plane wave
method under the half-core hole approximation,®® where for the light elements all electrons are
explicitly considered (no pseudopotentials) and 6-311G** all-electron basis sets were employed
to expand the molecular orbitals. The calculations of the XAS spectra are based on the half-core
hole approximation, where initial and final state effects are accounted for by electronic energy
eigenvalue calculations after removing half an electron from the core state.?® We performed a
delta SCF calculation to get an accurate energy for the first transition, and rigidly shift the

absorption spectrum.

SUPPLEMENTARY TEXT

(1) Initial Intercalation Studies

To evaluate the pressure dependence of the oxide formation via intercalation that occurs
during exposure of h-BN/Cu(111) to O in-situ, we utilize APXPS, where data were collected

during and following exposure to po2 = 0.001, 0.05, and 1 mbar for ~2 hours at each pressure, all
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at room temperature (RT). We collected high-resolution core-level spectra for O 1s, Cu 3p, N 1s,
C 1s, and the valence level for each pressure with hv = 700 eV photon excitation energy. B 1s
spectra were collected only before and after exposure due to the increase in the intensity of the O
KLL Auger peak that overlaps with the B 1s peak at this photon energy. Therefore, later
experiments were collected using hv = 720 eV photon excitation energy to avoid any Auger

background for all core-level peaks of interest.

In figure S4, a comparison of spectra for each pressure condition is shown described for
the O 1s, N 1s, Cu 3p, and C 1s. The O 1s spectra (figure S4a) show the biggest change, starting
from only weak adventitious species seen before oxidation (purple) with a peak at 531.7 eV.
After po2 = 0.001 mbar exposure, two peaks form at 529.1 and 530.4 eV. These energies
typically correspond to chemisorbed O (blue)*® and Cuz-<O pyramids or clusters (green),®
respectively. More detail on these peaks is provided below and in the main text in the context of
higher resolution XPS data collected at UHV. For the current description, these metal oxide
peaks are two of three peaks known to be the primary fingerprints for the oxidation of the
Cu(111) substrate. The third peak is the hexagonal surface oxide at 529.5 eV. As the pressure
increases from 0.001 to 0.05 mbar exposure, the cluster peak (green) increases, and the
chemisorbed oxide (blue) is no longer present. Instead, a small presence of the hexagonal
structure is seen, but this low intensity is expected as temperature is needed to form a
homogeneous and ordered structure. Several groups studying well-ordered hexagonal Cu2<O

surface oxides report annealing temperatures of at least 100 °C or greater either during>® **-!

or
after exposure to 02.5% %0 Since the hexagonal surface oxide peak remains relatively the same
intensity after increasing to 1 mbar, the surface is now saturated and more island clusters

coalesce as oxygen diffuses into the substrate, following the mechanism suggested by Gloystein

et al..%” This also resembles the mechanism supported by combined STM and DFT experiments
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by calculating a phase diagram with the O chemical potential.>® Liu et al. have additionally seen
the same behavior, where a CuxO peak at 530.4 eV increases with increasing O2 exposure for

room temperature APXPS measurements on Cu(111) without h-BN present.>°

Two additional peaks in the O 1s spectra at higher binding energy are assigned to
adventitious contamination. They are more pronounced already following exposure to po2 =
0.001 mbar. Unfortunately, due to the presence of the focused synchrotron beam during
oxidation combined with the high pressure backfilled in the chamber, a significant amount of
oxidation to hydrocarbon contaminants takes place on the surface,°® which considerably drowns
the signal intensity of the oxide and h-BN layer. The peak at 531.6 eV corresponds to oxygen
bound to carbon (O-C) and a final peak at 533 eV represents hydroxyl (O-H) bonds on the
surface. The intensities of these two contamination peaks (O-C and O-H) increase with
increasing pressure, as beam-induced carbon buildup is common for synchrotron based APXPS
measurements,®® while additionally the chamber is not baked and has a base pressure of only
~5%10" mbar due to a sample loading door that uses a Viton™ O-ring. Moreover, there is
residual water vapor from liquid-based experiments done previously in this chamber.%” When
high pressures are introduced into the chamber, water on the chamber walls can be displaced and
contaminate the surface. Thus, to reduce the signal consumption of continuous contamination
buildup, numerous spots were collected successively, in which a “fresh” spot was chosen for

each change in pressure or temperature conditions.

B 1s data is not shown from this dataset due to an increasing peak corresponding to O
KLL that overlaps with the primary B 1s peak. No visible change is seen between the Cu 3p
spectra, where the Cu 3p doublet remains with the same FWHM, spin-orbit branching ratio, and
energy positions at 75 and 77.4 eV, respectively. The N 1s initially has a sharp Gaussian peak at

397.8 eV for the N-B bond of the h-BN, as well as a shoulder peak at 398.4 eV representing
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defects in the h-BN lattice.?® The C 1s baseline spectrum shows the adventitious C-C/C-H peak
at 284.6 eV (blue), with a significant increase once exposed to 0.001 mbar of O». An increase in
oxidized carbon species is seen with peaks at 285.9 eV (C-O, red), 287 eV (C=0, green), and
288.2 eV (0O-C=0, purple) most likely due to irradiation during oxygen exposure. The value of
oxidized carbon and overall carbon intensity varies when moving to a “fresh” spot that was not

irradiated but exposed to the same ambient conditions.®®

Due to the excessive build-up of carbon and water at room temperature, along with the
length of time to obtain intercalated oxidation, the experiment was repeated by using a constant
pressure and increasing the temperature while collecting spectra simultaneously. In figure S5,
heat maps of APXPS spectra are shown versus sequential iterations for N 1s and O 1s for the
oxidation of the Cu(111) underneath h-BN by exposure to po2 = 1 mbar while annealing up to
200 °C with 50 °C steps. These heat maps provide a temperature dependence for intercalation
and Cu(111) oxidation, while also determining the limit for the stability of the h-BN cover in an
O, ambient. During each iteration, six core levels (O 1s, C 1s, B Is, N 1s, Cu 3p, and the valence
level) were collected sequentially corresponding to a total of 2.3 min between each sequence of
scans. The two most important spectra are the N 1s and O 1s, shown in figure S5a and b, along
with a temperature profile with respect to time and iteration shown in figure S5c. Initially, as the
temperature remains 100 °C or below, an N 1s peak corresponding to the h-BN monolayer is
seen at 398 eV, roughly up until iteration 200 (~ 7.7 hours). For this same initial timeframe, the
O 1s displays a doublet at 539.0/540 eV attributed to gas phase oxygen. Towards the end of the
150 °C sequences (approximately 1.9 hours of exposure at 150 °C as the temperature begins
ramping to 200 °C), a noticeable peak emerges in the O 1s at 530 eV signifying substantial
oxidation of the Cu(111) substrate. A shift in the gas phase O peak down to 538.0/539.0 eV also

suggests an increase in the work function of the sample,’? also seen in high-resolution spectra
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discussed later in the supplemental text. At this point, the N 1s also is no longer detectable, as the

h-BN layer is destroyed.

The sample initially had a color typical for metallic copper, shown in figure S5d, with a
white ring on the perimeter present due to the reflection of the viewport when taking the picture.
A considerable change occurred visually on the sample, changing color to a more reddish-orange
surface seen in figure S5e and no longer reflective. A plume-like shape is also seen on the
surface, with a green outer ring, where green is generally attributed to copper hydroxide,
although this could also be due to Newton rings from a variable oxide thickness. This plume and
variable oxidation are due to the sample being very close to the analyzer cone, providing a
temperature and pressure gradient across the surface, while simultaneously being exposed to the
x-ray beam. The plume shape and a significant carbon uptake do not occur with later oxidation

experiments done with the sample far away from the cone and no concurrent irradiation.

Following the thermal stability experiment, the sample was repaired through numerous
(25+) sputter-anneal cycles, in addition to several (4-5) 30 min annealing treatments in 1x10°
mbar partial pressure of H>. Annealing in the presence of reducing agents was required to
quickly remove oxygen from the surface with each cycle. Annealing in borazine was also
effective, but the reaction would lead to residual B on the surface, therefore H, was used until the
sample was repaired and then h-BN was grown afterwards. Once the Cu(111) sample was
restored, a layer of h-BN was deposited (verified by LEED and AES), and the oxidation
experiment was repeated using a maximum temperature of 150 °C. A CCD camera was used to
track any visible changes in the surface throughout the oxidation process, which allowed for the
ability to immediately purge the chamber and cool the sample if a change in reflectivity on the

surface was noticed, shown in Figure S6.
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To explore the parameter space for the optimal growth of ordered Cu.O via oxygen
intercalation, APXPS data were collected for various temperatures and pressures where both
were utilized as a constant or as a variable. At each temperature and pressure interval, a dataset
was collected comprising each core-level region mentioned above, along with XAS. The time for
one typical dataset collection is approximately 2 hours. Initially, the sample was exposed to
1 mbar O» partial pressure at RT for the duration of a dataset collection, followed by pumping
back to HV and then stepwise annealing to 100 °C, collecting a dataset at 50, 75, and 100 °C
during the anneal. XPS spectra were then collected after returning directly to RT following the
anneal. No significant changes different from what was already presented for RT exposures were

observed.

Afterwards, the sample was exposed to 1 mbar O, while simultaneously annealing to
100 °C and collecting XPS data at elevated temperature and pressure. Once a full dataset was
collected, the temperature and pressure were once again returned to RT and HV, respectively, for
the collection of another dataset. This additionally yielded the same result at RT measurements,
albeit with less overall carbon, yet no change was seen in the O 1s that would suggest an ordered
intercalated oxide. The sample was then annealed to a higher temperature of 150 °C while being
simultaneously exposed to 1 mbar O>. Midway through the dataset collection during this
experiment, a slight change in the optical appearance of the sample was noticed on the CCD
camera and the system was pumped immediately to <1x10° mbar after ~70 min of oxidation
time, followed by XPS collection during the cooldown and at RT. The highlights of this change

in the surface optical properties are shown in figure S6.

Following the temperature dependence experiment, we see in figure S7 specifically after
1) annealing to 100 °C in UHV after the sample was exposed to 1 mbar O, 2) after

simultaneously exposing the sample to 1 mbar O at 100 °C, 3) and after simultaneously
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exposing to 1 mbar O at 150 °C. The primary change that takes place is in the O 1s spectra
figure S7a where initially the higher energy contamination peaks increase after simultaneous O»
exposure at 100 °C. The two Cu-O peaks at 530.4 and 529.5 eV also grow slightly at this point.
However, a significant increase is seen in the 530.4 eV peak after annealing to 150 °C in 1 mbar
O, while the contamination peak intensity remains mostly the same. Additionally, the N 1s and
B 1s peaks are still present, suggesting the substrate surface was oxidized while the h-BN

remained largely intact.

X-ray absorption spectroscopy (XAS) data were measured at each temperature and
pressure throughout the experiment to determine the oxidation state of Cu. In figure S8 we show
the total electron yield (TEY) for the Cu L-edge and O K-edge measured by collecting the
sample current as the photon energy is swept. All spectra were normalized by collecting a
calibration reference current measured with a photodiode. Baseline spectra were collected for h-
BN/Cu(111) and a Cu2O(111) single crystal prepared with a (1x1) surface.’> Not much change is
seen after initial exposures to 0.001 mbar of O, at UHV. After exposure to 1 mbar Oz (blue), a
peak is seen in the O K-edge corresponding to Cu". Once the sample was annealed to 100 °C
(pink), this peak in the O K-edge decreases. When annealing to 100 °C in po2 = 1 mbar (gold),
the Cu L-edge shows an increase in the ratio of the rising edge peak at ~933 eV to the
interference peaks that follow. Additionally, an increase is seen in the rising edge of the O K-
edge, with evidence of a slight pre-edge reflecting the progressing oxidation of the surface region
and consistent with Figure 3 from the main text. Following annealing to 150 °C (gray), the Cu L-
edge shows a continued increase in the rising edge and decrease in interference peak intensities,
along with the addition of a new interference peak at ~945 eV, showing strong similarity to the
Cu,0 reference (purple). The O K-edge also shows a further increase in the rising edge and the

addition of a new peak at ~542 eV that also agrees with the Cu,0O reference. The disappearance
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of the pre-edge after annealing to 150 °C likely occurs as the surface grows a thicker oxide,

relative to the well-ordered surface that has a distinct pre-edge peak seen in Figure 3.

(2) Preparation of a well-ordered Oxide

After the initial pressure and temperature dependence experiments, the recipe for
preparing a relatively clean and ordered oxide underneath the h-BN layer was optimized. The
order of the oxide was verified with LEED initially and discussed more in the main text. A
further description of how the sample was prepared is located in the Methods section. XPS was
utilized to show the chemical state changes throughout the preparation of the
h-BN/CuxxO/Cu(111) sample. The changes in high-resolution XPS are shown in figure S9, as
the sample is transferred from the preparation chamber to the analysis chamber during each

preparation step.

The O 1s spectra in figure S9a initially show adventitious species (black) followed by an
slight increase in water after h-BN preparation (gray), likely due to a change in base pressure of
the chamber (some high pressure experiments were performed after initial clean Cu(111)
characterization). After oxidation (navy), the O 1s shows five visible peaks following peak
fitting, agreeing well with previous spectra and literature.>® The primary distinction between the
prior pressure/temperature dependence experiments and the well-ordered oxide are the intensities
of the surface oxide peaks at 529.5 and cluster peak at 530.4 eV. Previous measurements (figure
S4 and figure S7), collected for oxidation during exposure to an x-ray beam and next to the cone,
show a large increase in the 530.4 eV peak, suggesting further oxidation from the buildup of
clusters, whereas the ordered oxide exempt from irradiation during oxidation has the largest

increase in the 529.5 eV peak, corresponding to a thin film of surface oxide.>® The presence of
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excited oxygen generated from x-ray irradiation during prior measurements enhances the

oxidation of the substrate.® %4>

The N 1s and B 1s spectra in figure S9b and ¢ both show a Gaussian peak at 190.5 eV
and 398 eV, respectively, along with a shoulder peak on the high BE side approximately ~0.6 eV
higher the main peak.?® The FWHM of the initial N 1s peak fit was constrained to 0.85 = 0.05 eV
to ensure the fitting software does not incorrectly assume one peak with a larger width. The
small shoulder at the high binding energy side is due to defects in the h-BN lattice, as a similar
shoulder is seen in both B 1s and N 1s spectra by Schwartz et al..?¢ These defects are widely
reported in the literature for h-BN, although the exact rationale is difficult to pinpoint. Generally,
this shoulder represents parts in the h-BN layer where the B to N stoichiometry is no longer
1:1,% either from B or N vacancies, or H adsorption. Following the oxidation, both peaks shift
approximately 0.3 eV to lower BE, while retaining the same peak shape. This 0.3 eV
corresponds well to the difference in work function between Cu(111) (5.1 eV) and Cu20 (4.8
eV) of ~0.3 eV.>” We have also directly measured the work function, along with additional time
dynamic photoemission studies for h-BN/Cu(111) and h-BN/Cu»xO/Cu(111) in a separate

publication confirming this conclusion.%

Once again, the Cu 3p in figure S9d remains exactly the same throughout the preparation
and oxidation, even for the clean Cu(111) surface and ordered Cu,O-like oxide. This is likely
due to the ratio of substrate Cu to the thin Cu,O-like trilayer film that is expected to contain only
two layers of Cu cations at the surface, making any oxidized Cu 3p contribution difficult to
deconvolute. The C 1s in figure S9e shows little to no growth of oxidized carbon species relative
to the increase seen from previous experiments, which was likely due again from exposure to
excited oxygen. After oxidation, the C signal decreases as some of the carbon is burned off

through oxidation, which also explains why the B 1s and N 1s signals slightly increase.
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Additionally, the C 1s displays the same ~0.3 eV shift that the B and N spectra show,
consistent again with the change in work function of the substrate. Prior to this, a shift is also
seen in the C 1s of ~0.8 eV, which is consistent with the lower work function of the h-
BN/Cu(111) compared to Cu(111). The valence level in figure S9f also shows after oxidation a
slight increase in the intensity in the region between the d-band edge at ~2 eV binding energy

(blue arrow), along with a decrease at ~4 eV (red arrow), which is expected for oxidized Cu.?®*’

Using the Simulation of Electron Spectra for Surface Analysis (SESSA) Version 2.2
software, we simulated the relative intensities of each core level from a survey spectrum shown
with the measured survey in figure S10a.”® A sample layer shown in figure S10b was designed
with a Cu substrate (11 valence electrons, 1 atom/molecule, 8.5x102?? atoms/cm?, and infinite
thickness), a 3.75 A thick Cu20 thin film based on the CuxO lattice where one trilayer is 2.5 A
and an additional 1.25 A between two Cu planes to account for the chemisorbed O7¢ (28 valence
electrons, 3 atoms/molecule, 7.6x10?% atoms/cm?, and 2.1 eV bandgap), a 4.5 A thick h-BN thin
film where the 3.1 A Van-der-Waals gap is added to the molecular thickness of a N atom at 1.4
A% (8 valence electrons, 2 atoms/molecule, 9.2x10%? atoms/cm?, and 5.9 eV bandgap), and
finally a 1.5 A thick adventitious carbon layer on top (4 valence electrons, 1 atom/molecule,
1.1x10%2 atoms/cm?, 0 eV bandgap). All 1s peak types were set to Gaussian shapes, while the
Cu 3p was set to a Lorrentz shape due to the broad peak shape seen in measured spectra. All
Auger peaks were also set to Lorrentz shapes. Peak positions and widths were set based on the
measured data. Cross sections and inelastic mean free paths were not adjusted and the software
default for each atom input was used. A photon source of 720 eV with 100% linearly polarized
light was used to match the synchrotron experiments from the PEARL endstation. The geometry
for the PEARL endstation was also used, with a 60° source to analyzer angle, normal emission,

and 90° orientation of the polarization vector, detected with a Concentric Hemispherical
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Analyzer (CHA).” The simulation was set to a convergence factor of 1x107? using the surface
excitations model and auto set for number of collisions and trajectories. To compare with the
measured data, the simulated values were normalized to the Cu 3p spectra and offset. A
reasonably good agreement to the measured spectra is seen with the ratios of each core level to

the Cu 3p.

In addition to the “5 min” oxide, we also prepared a “35 min” oxide using the same
exposure conditions and simply exposing the sample for an extra 30 min. A comparison of the
XAS for the freshly prepared h-BN/Cu(111), the “5 min”, and “35 min” oxide is shown in figure
S11. The N K-edge and B K-edges in figure S11a and ¢ are consistent throughout all the h-BN
samples and resemble high-resolution XAS data for h-BN films, showing both the ¢* and ©*
peaks reported in the literature.*® In addition, we simulated X-ray adsorption spectra for N and B
on different substrates (figure S11b and d) with the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional. In both heterostructures, B K-edge exhibits two edge features at 193.0 and
199.5 eV, and two edges for the N K-edge at 402.4 and 408.7 eV, respectively. It is expected that
the calculated energy will be slightly offset from the measured spectra, however the peak shapes
and distances between peaks are of greater interest. The small peaks in the h-BN/Cu(111)
simulations (red) before the lowest energy N K-edge and after the lowest energy B K-edge
should be attributed to the hybridization on Cu(111), which agrees well with the observations in
projected density of states (PDOS) shown in figure S14. However, they do not alter the staple
characteristics of the #° and 6" in XAS, therefore, we conclude that in both cases the h-BN is
physisorbed and its structural and electronic properties are not significantly affected by the
substrate. Furthermore, we see the same change in the pre-edge of the N K-edge for the
measured data as well as a slight change in the slope after the edge, highlighted by two black

arrows in figure S11a. This offers the strongest argument that the oxide is indeed
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intercalated and confined beneath the h-BN layer, otherwise we should still see these
hybridization peak features in the N K-edge if we were only able to oxidize patches of
exposed Cu not covered with h-BN. Unfortunately, we cannot see much of a difference in the B
K-edge due to a low resolution after the n* edge. The intensity of the n" edge is very large relative
to the baseline and only a few data points are collected afterwards with a 0.2 eV step size to

account for the length of the scan.

The O K-edge figure S11e for both the “5 min” and a further oxidized “35 min”
preparation shows a pre-edge at ~529.4 eV, corresponding to the chemisorbed oxygen. The XAS
for the “35 min,” corresponding to a more bulk-like oxide, displays a peak at 531.9 eV that is
also present for the “5 min” oxide but significantly more intense. Additionally, these spectra are
plotted as overlays to highlight the same intensity of the pre-edge, due to a saturation of
chemisorbed O sites on the Cu surface. DFT was also used to simulate the XAS spectra shown in
figure S11f for each of the O atoms in the model structure from figure S19 with the PBE
exchange-correlation functional. Again, the peak positions are slightly underestimated from the
measured data, but peak shape and distance between the pre-edge and rising edge are
respectively similar. The O from the upper and lower layers of the trilayer have analogous yet
slightly different peak positions, which can be assumed to be additive in the measured spectra,
forming the O-Surf [Cu2-xO] (brown) spectrum in figure S11f. The significant increase in the “35
min” at 532 eV suggests additional Cuz-xO oxidation, which could come from a thicker film
(several stacked trilayers) or a buildup of clusters that should have a similar coordination to Cu
atoms as the trilayer O. While we see an obvious change in the O K-edge between the oxidation
times, essentially no change is seen in the Cu L-edge from prior to oxidation to “5 min”
exposure. Once “35 min” is reached, a slight shift in the rising edge occurs and the presence of

two peak bumps are seen that correspond to Cu»O.
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An XPS depth profile of the O 1s was executed using various photon excitation energies
and emission angles. The data are plotted normalized to the low binding energy background for a
visible comparison that accounts for the difference in signal intensity relative to the background.
In figure S12b and ¢, we show the comparison of the “5 min” and “35 min” oxidation for 720 eV
and 1500 eV photon excitation energy, corresponding to 185 eV versus 975 eV KE for the
emitted electrons. This provides a difference in attenuation through Cu of ~10 A, where the 720
eV is extremely surface sensitive. Comparing the “5 min” oxidation in figure S12a, we see the
primary difference is for the 1500 eV, more of the cluster signal (green) and less of the carbon
(purple) and hydrogen (teal) peaks are seen. A similar increase in the same peaks is seen for the
longer oxidation of “35 min” in figure S12b. As we see the 1500 eV for the “35 min” in figure
S12c, the cluster peak (green) is now larger than the surface oxide (red). The grazing versus
normal emission for the “5 min oxide” at 720 eV shown in figure S12d is rather intriguing, as
one would expect to see more or at least a similar ratio of clusters to surface oxide as we get
more surface sensitive with grazing emission. When we go from normal (0°, black) to grazing at
80° emission (gray), the ratio of peaks stays nearly the same, as expected. However, at 90°
emission (navy), the surface oxide drastically decreases while the cluster peak slightly increases,
which suggests that the clusters can protrude the h-BN, as evidenced by the STM and depicted in
figure S13. These clusters can act as a shadowing effect that can significantly dampen the signal
for the surface oxide as the electrons now attenuate through the clusters. For the 1500 eV
excitation, the cluster signal also increases because we can see deeper into the cluster, providing
a larger signal than the 720 eV. As the sample is further oxidized, more clusters coalesce, thus
also increasing this signal for the “35 min.” In figure S12e and f, we display the normal and
maximum grazing emission (polar angle of 90°) data collected for N 1s and B 1s, respectively.

For both the N 1s and B 1s, no change is seen between the ratio of the main peak to the defect
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peak for normal and grazing, suggesting the h-BN layer is reasonably uniform and no oxidized B

or N are present.

To better understand the cluster structure and the electronic changes we would expect
with oxidation, we used DFT to calculate the absolute interaction energy (Ein¢) per BN atom pair
on different substrates, namely Cu(111) and oxidized Cu2-xO/Cu(111) at the PBE+D3 level. Ein

is obtained from Equation 1.

Eine = |Etor — (EL, + E[5n)]/Naw» (1)

Eiot is the total energy of the relaxed heterostructure (i.e. h-BN covered substrate), Npn is the
number of BN pairs in the supercell of the heterostructure, Efs, and Efv-gn are the total energies
of the individual subsystems (e.g., Cu(111) slab or oxidized Cu».xO/Cu(111) with chemisorbed O
as substrate and free standing h-BN) taken with the coordinates of the fully relaxed
heterostructure. This implies that the subsystems in this case have not been individually
optimized and the calculated energy difference corresponds to a net interaction energy and not to
an adsorption energy. The interaction energy of h-BN with the substrate is rather weak, and
changes only slightly from —0.150 per BN pair on Cu(111) to —0.086 eV per BN pair on
Cu2xO/Cu(111) with chemisorbed O. In analysis of the electronic properties by means of PDOS
(figure S14), there is clear hybridization of Cug and N, orbitals at -2 eV, corresponding to filled
states (figure S14a,c,e). Due to the closer interaction between h-BN and Cu(111), a few electrons
transfer from the Cu(111) surface to h-BN and occupy N, orbitals, resulting in the Fermi level
moving towards to the conduction band in h-BN/Cu(111) heterostructure. Though isolated h-BN
should have a wide band gap and no states at the Fermi level, there is a tiny state at both N, and
B, hybridizing with Cugq, which indicates a stronger interaction with Cu(111) than the oxidized

substrate. In the right panels (figure S14b,d,f), after oxidation, these electrons prefer a deeper
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valence state, which is hybridized with O, around -8 to -6 eV rather than B or N orbitals. Thus,
the hybridization between Cuq and N decreases, and h-BN remains with a larger band gap of
about 4.5 eV. This also agrees well with measured valence band measurements done in a
separate study by our group.®> We can see from the projected DOS (figure S14g-j), that
chemisorbed O, O, and O have distinguishable p-states (around —8 to —4 eV), indicating their
different chemical environments. Interestingly, chemisorbed O atoms in the Cuncp and Cugc sites
have nearly indistinguishable PDOS profiles. Additionally, we can see from figure S14f, that the
presence of a h-BN covering layer has no discernible effect on the states of O atoms,
corroborating that h-BN is not covalently adsorbed and transparent, with minimal impact on the

electronic properties of the underlying substrate.

Using the relaxed h-BN/Cu»xO/Cu(111) cluster with O-Cugc, we simulated STM
intensity plots shown in figure S15 to compare with the measured data collected at -2.5 eV for a
range of -1 to -3 eV sample biases, corresponding with filled states. The -2.5 eV sample bias is
probing the Cugq states at -2.1 eV relative to the Fermi level, seen in Figure S14f. We added a blur
to the simulated STM to compare with the lower resolution experimental data, and overlayed

several unit cells of simulated plots with the full measured STM.

XPD diffractograms were also collected to obtain information on the structure of the
h-BN/Cu2xO/Cu(111) heterostructure. In figure S16 we plot experimentally collected XPD
patterns of the O 1s core level, highlighted from collected spectra shown in figure S16a. To
reduce the number of fitting parameters in extracting intensities from individual spectra, the
chemisorbed oxide peak (blue) is constrained in a 1:6 intensity ratio to the surface oxide peak,
based on the model presented in Figure 2. Therefore, the surface oxide yields only one pattern in
figure S16b. Interestingly, the cluster peak (green) shows a distinct pattern in figure S16c,

suggesting the clusters have some homogeneous structure that clearly shows three-fold
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symmetry. The copper oxide clusters are expected to be conglomerated facets forming a vertical
pyramid structure depicted by Gloystein et al..®® Therefore, even though the surface is not
homogenously covered with clusters, we can still see a diffraction pattern for these clusters as

long as the cluster structure and orientation are uniform.

If we focus on the anisotropy (defined as [A = (Imax - Imin)/Imax], where I corresponds to
the gray space intensity) for the O 1s XPD, we see A = ~50%, indicating that a large part of the
oxygen atoms belong to an ordered oxide phase. XPD patterns of the Cu 3p, N 1s and B 1s were
also collected and displayed in figure S17, together with EDAC simulations for a h-BN covered
Cu2-xO/Cu(111) surface and an unoxidized h-BN/Cu(111) surface. They show rather good
agreement between experiment and simulations, as well as similarities to literature results for
h-BN on Ni(111) and Gr/h-BN/Cu(111),% 7 where the primary differences are slightly more

distinct pattern features in the unoxidized sample and a small difference in intensity contrast.

Finally, we utilized the same slab coordinates used for DFT for simulating XPD patterns
with the EDAC code. In figure S17, all the measured XPD patterns (a, h, I) collected for the “5
min” oxide at the PEARL endstation are shown along with the simulated patterns using figure
S19b, 191, and 19m. All patterns were calibrated for the grayspace shown by the scale to the
right. The input parameters for the simulations are described in the materials and methods
section. The Cu 3p (a), B 1s (h), and N 1s (1) are shown with a three-fold average due to the
three-fold symmetry of the Cu(111) substrate. A near perfect agreement with the simulated Cu
3p can be seen in (b). The B and N 1s measured patterns show evidence of six-fold symmetry,
which is confirmed when 6-folding the simulated patterns. This suggests there are rotational
domains at 30° relative to normal in addition to the three-fold symmetry from the h-BN/Cu unit
cell. To decrease simulation expense, we only used two Cu layers below the h-BN film. A

distinct difference is seen between the two simulated Cu 3p patterns, where the 4 Cu layers in the
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“S min oxide” much more closely resemble the measured data. This should have a limited effect
on the B Is and N 1s patterns, and therefore satisfactory for comparison with measured B 1s and
N 1s patterns. Ultimately, O 1s XPD was unable to fully verify our model, due to multiple oxide
phases present in the large unit cell needed for simulations. Regardless, the B 1s and N 1s XPD

are able to provide further confirmation of the h-BN quality above an ordered oxidized substrate.
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figure S1. LEED images taken with 70 eV electron excitation energy of a) h-BN/Cu2.xO
/Cu(111), b) h-BN/Cu(111), and c) Cu(111). AES spectra of all three sample preparations shown

in d, where the spectra colors correspond with the boxed LEED images on the left.
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figure S2. LEED image of h-BN/Cu»xO/Cu(111) using 40 eV electron excitation energy. The
diffraction spots show the (4x4) overlayer structure of chemisorbed oxygen, corresponding to the
10.2x10.2 A unit cell seen in Figure 1c,d. To the right, the real space image is shown of the

corresponding LEED space structure.
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figure S3. (a) Real-space image (as shown in Figure 1b in the main text), with three of the many
h-BN grain boundaries highlighted in yellow, orange, and blue. The fast Fourier transform (also
shown in Figure 1c) is shown again highlighting specific diffraction spots that correspond to the
spacing in the LEED images at 73 eV (c) and 48 eV (d). Twelve diffraction spots are highlighted
in orange dashed circles, exhibiting a mutual rotation by 30° + 2°. Domains with the same
mutual rotation can be identified in the real-space image (a), where five selected domains are

highlighted by orange lines parallel to the bright, row-like features in individual domains.
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figure S4. APXPS measurements at 4v = 700 eV displaying the pressure dependence of O»
intercalation for h-BN/Cu(111). Initial baseline spectra at UHV and room temperature (RT) are
shown in black, along with measurements at po2 = 0.001 mbar (gray), po2 = 0.05 mbar (navy),
and po2 = 1 mbar (green) for O Is (a), N 1s (b), Cu 3p (c), and C 1s (d). B 1s is excluded due to

an overlap of the O KLL using #v =700 eV.
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figure S5. Thermal stability of h-BN/Cu(111) measured using time-lapsed APXPS. Sequential
iterations of the N Is (a) and O 1s (b) are shown alongside increasing temperature with respect to
iteration (c). Macroscopic pictures of the sample surface are also shown before (d) and after (e)

exposure to 200 °C and po2 = 1 mbar for ~100 min.
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figure S6. Grayscale images of the h-BN/Cu(111) sample before (a) and after (b) anneal to
150 °C at 1 mbar O partial pressure. A faint change in the surface optical properties is seen after

exposure where the cone entrance orifice is no longer visible.
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figure S7. APXPS spectra of O 1s (a), N 1s (b), Cu 3p (¢), and C 1s (d) collected with Av =700

eV (again B s excluded due to O KLL overlap). Initial baseline after exposure to po2 = 1 mbar

(green spectra from figure S4) is shown in black. The sample was annealed to 100 °C and held at

temperature for XPS (gray). While at temperature, po2 = 1 mbar was backfilled for ~3 hours and

then purged to UHV and cooled to RT (navy). This same procedure for navy was repeated but

now annealing to a total of 150 °C (green) only for ~1.5 hours when it was noticed from the

CCD camera (figure S6) that the sample was oxidized.
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figure S8. X-ray absorption spectra showing the temperature and pressure dependence of oxygen
intercalation of h-BN/Cu(111). The total electron yield was measured via the current through the

sample for the Cu L-edge (a) and O K-edge (b).
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figure S9. XPS data for 3 separate sample preparations, Cu(111) (black), h-BN/Cu(111) (gray),
and the “5 min oxide” (navy), all done sequentially on the same sample for the B 1s (a), N 1s (b),
Cu3p(c), O Is(d), and C 1s (e) core levels, as well as the valence level (f). The dotted lines

highlight the small shift in BE due to changes in the sample work function with each preparation.
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figure S10. (a) Comparison of measured XPS survey (red) and a simulated survey using the
SESSA software. (b) Cross section of the concentration model used for input into the SESSA

simulation.
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figure S11. X-ray absorption spectra of the ordered h-BN/Cu2.xO/Cu(111) heterostructure
prepared via oxidation at 1 mbar O at 150 °C for 5 and 35 minutes, respectively. Spectra were
collected at room temperature and UHV for the N K-edge (a), B K-edge (b), O K-edge (c), and
Cu L-edge (g). Simulated XAS from the DFT model of bare h-BN/Cu(111) in figure S18 (red)
and the oxidized slab in figure S19 (green) are also shown for the N K-edge (b), B K-edge (d),
and O K-edge (f). The chemisorbed O (purple) in (f) corresponds to the O-Curcc atoms, while
the O; and Oy (brown) correspond to the added intensity of the lower- and upper-layer O atoms,

respectively. All three O atom intensities are summed shown in red.
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figure S12. XPS of O 1s comparing 720 eV and 1500 eV photon excitation energy (a),
corresponding to 185 eV versus 975 eV KE for the emitted electrons, respectively. A longer
oxidation of “35 min” is compared with the “5 min” oxidation with 720 eV (b) and 1500 eV (c).
Normal versus grazing emission XPS using 720 eV photon excitation energy for the “5 min”
sample shown in (d). Normal and grazing emission of N 1s (e) and B 1s (f) with 720 eV is also

shown.
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Small individual clusters

b)

250% 250 nm?2

c)

figure S13. STM image of a longer 35 min exposure to 1 mbar of Oz at 150° with 250x250 nm?

resolution (a) and a cartoon depiction highlighting the difference in clusters (b), where the dark

blue are 2-3 nm conglomerated clusters, and the purple are small individual clusters. A depiction
5 of how this affects the XPS signal for grazing versus normal emission is shown from a 2D (¢)

and 3D (d) perspective.
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figure S14. PDOS aligned to the Fermi level of each heterostructure, showing the contribution
from the p-states of B (a), N (¢), and d-states of Cu (e) for h-BN/Cu(111). After “5 min”
oxidation, the p-states of B (b), N (d), O p and Cu d-states (e) are shown. The comparison of Cu
d and O p states are shown for Cu».xO with no h-BN (g,h) and with h-BN (i,j) for when O
chemisorbs to an O-Cur site (g,1) and an O-Cupcp site (h,j).
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figure S15. STM from the DFT calculated DOS of the periodic h-BN/CuxO/Cu(111) slab with
chemisorbed O atoms, shown in figure S19. This was simulated for negative sample biases of -1
eV (a), -2 eV (b), -2.5 eV (c), and -3 eV (d). The low intensity dark holes are the center of a
h-BN hexagon. The triangle like shape in the -1 eV corresponds to the chemisorbed O, which a
unit cell can be drawn in red. Depending on the position of the Cu and O beneath the B and N

atoms provides the varying intensities.
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figure S16. Experimental XPD patterns of the “5S min” (left) and unoxidized (right) preparation
for Cu 3p (a, ¢), B 1s (h, j) and N 1s (I, n). EDAC simulations using the clusters shown in figure
S18 (h-BN/Cu(111)) and figure S19 (“5 min” oxide) are shown alongside the measured data and
the corresponding KE for Cu 3p (b), B 1s (d), N Is (f), and O 1s (h) using an excitation energy
of 720 eV. All simulations are rotated 40° to align with the direction of the measured Cu

substrate.
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figure S17. XPD plots of the h-BN/Cu2.<O/Cu(111) heterostructure for O 1s corresponding to the

O 1s peak fit (a). O-surface (b, red) and O-cluster (d, green) are experimentally measured XPD

patterns collected with a photon excitation energy of hv = 720 eV. The large anisotropy of each

suggests a large part of the O atoms belong to an ordered oxide phase.

71



2090920909090 %0%09 20%0
‘Yo% *1‘31%1’3‘ 000 1
ts3 ﬁoxﬁ,&;,&oﬁ
fi o ,A° YOO A"i"
&°A°A vo oVo oioi

&oio oioio YO

| oo
L § £ % Ef A o oio’&o

o voAof“o”oio“o D

?ﬁﬁ ﬁ?

T

figure S18. Cluster of h-BN/Cu(111) used for simulations showing top (a) and side view (b).
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figure S19. Cluster of h-BN/Cu2xO/Cu(111) built first with a commensurate Cu,O oxide layer
above the Cu(111) substrate but below the h-BN, based on the similar structure presented in
Yang et al..* The system was relaxed using DFT simulations displaying the structure above
along the 100 (a), 110 (b) and 111 (c) planes. All simulations of the intercalated oxide utilized

this cluster.
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