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Abstract: Bilayer (BL) two-dimensional boron (i.e., borophene) has
recently been synthesized and computationally predicted to have
promising physical properties for a variety of electronic and energy
technologies. However, the fundamental chemical properties of BL
borophene that form the foundation of practical applications remain
unexplored. Here, we present atomic-level chemical characterization
of BL borophene using ultrahigh vacuum tip-enhanced Raman
spectroscopy (UHV-TERS). UHV-TERS identifies the vibrational
fingerprint of BL borophene with angstrom-scale spatial resolution.
The observed Raman spectra are directly correlated with the
vibrations of interlayer boron—boron bonds, validating the three-
dimensional lattice geometry of BL borophene. By virtue of the
single-bond sensitivity of UHV-TERS to oxygen adatoms, we
demonstrate the enhanced chemical stability of BL borophene
compared to its monolayer counterpart by exposure to controlled
oxidizing atmospheres in UHV. In addition to providing fundamental
chemical insight into BL borophene, this work establishes UHV-
TERS as a powerful tool to probe interlayer bonding and surface
reactivity of low-dimensional materials at the atomic scale.

Introduction

Recently, bilayer (BL) and few-layer graphene and transition
metal dichalcogenides in well-controlled stacking geometries
have attracted immense interest due to their exotic and finely
tunable physical properties.! Unlike these natural layered
materials that can be exfoliated and integrated mechanically due
to interlayer van der Waals (vdW) interactions,? synthetic two-
dimensional (2D) materials have no bulk counterparts® and thus
form layered structures potentially via non-vdW interactions.
Very recently, the first BL synthetic 2D boron (i.e., borophene!l)
was realized on Ag(111) substrates® with enhanced stability!®
and promising computationally predicted properties such as
superconductivity,[”l antiferromagnetism,®! double Dirac cones,?!
and nodal line fermions.''” In contrast to vdW-coupled bilayer 2D

materials, BL borophene features two borophene monolayers
covalently linked by interlayer boron-boron (B-B) bonds. In
addition to its structural characteristics, insights into the
chemistry of BL borophene, especially the nature of interfacial
interactions and surface reactivity, are crucial to tailoring its
intriguing properties and realizing its full potential for practical
applications. However, the chemistry of BL borophene on
Ag(111) remains unexplored due to several challenges. First, BL
borophene domains grown on Ag(111) are typically dozens of
nanometers in size and surrounded by polymorphic single-layer
(SL) borophene (thus forming mixed-dimensional borophene),®!
which necessitates characterization with nanoscale chemical
spatial resolution. Second, while the interlayer bonding
characteristics of BL borophene play a key role in its chemical
stability and fundamental properties,> "l these interlayer bonds
are physically buried and thus cannot be directly interrogated via
common surface imaging techniques, such as scanning probe
microscopy (SPM), due to their limited subsurface resolution and
minimal chemical sensitivity.

By combining Raman spectroscopy with ultrahigh vacuum
(UHV) scanning tunneling microscopy (STM), UHV tip-enhanced
Raman spectroscopy (UHV-TERS) has been recently developed
to investigate chemistry at the ultimate spatial limit.'? With
angstrom-scale resolution, UHV-TERS is a powerful tool to
interrogate site-specific chemical properties of 2D materials and
interlayer interactions of layered structures.'¥ For example,
UHV-TERS has been employed to characterize atomic-level
lattice strains and oxidative behaviors of borophene
monolayers.[4]

In this study, we use combined UHV-TERS, UHV-STM, and
density functional theory (DFT) calculations to probe the
interlayer characteristics and chemical stability of BL borophene
on Ag(111) at the atomic scale. We establish that the Raman
spectra of BL borophene can be directly correlated with the
vibrations of interlayer B-B bonds, which allows BL borophene
to be identified and imaged chemically with angstrom-scale
spatial resolution. To explore its chemical stability, we expose
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BL borophene to controlled oxidizing atmospheres in UHV. In
contrast to highly reactive SL borophene, BL borophene shows
significantly enhanced inertness to oxidation, as evidenced by
atomic-resolution STM imaging and TERS measurements. The
observed oxidation resistance and structural integrity of BL
borophene are corroborated by DFT calculations. Overall, this
work establishes atomic-level insights into the fundamental
structural and chemical properties of BL borophene, paving the
way for future utilization of BL borophene in practical
applications.

Results and Discussion

BL borophene was prepared by nucleation and growth after
evaporating boron onto Ag(111) surfaces beyond full monolayer
coverage (see Methods in the Supporting Information). It was
found that BL borophene growth is favored at relatively low
temperatures, below 450 °C (in contrast to < 550 °C for SL
borophene growth), where SL borophene exists in the form of
pure vy phase or mixed phase (vis + vis5).l'*" 181 Consequently,
BL borophene is typically surrounded by SL borophene
polymorphs (Figure 1a), resulting in mixed-dimensional
borophene with the lattice of BL borophene extending in the third
dimension. The incommensurate lattices between SL and BL
borophene give rise to phase boundaries with high local density
of states, as highly resolved in Figure 1b. These electronically
active interfaces suggest preferential sites to host adsorbates
(e.g., oxygen). Figure 1c shows the atomic structures of the vy,
vy5, and BL-a borophene phases. A SL borophene lattice is
constructed by periodically arranged hexagonal vacancies with
various concentrations (v,: n denotes the concentration of
hexagonal vacancies in an otherwise triangular lattice). 140 191 |n
particular, BL-a borophene has been postulated to consist of two
identical v1;9 borophene monolayers in an AA stacking geometry
that are covalently coupled via interlayer B-B bonds.[5]

Although the BL vy lattice matches atomic-resolution SPM
images, this prior characterization cannot fully rule out other
possible BL borophene lattice motifs, given that SPM images
reflect the convolution of topographic and electronic information
or tip—sample atomic forces. In particular, SPM characterization
of bilayer structures is challenging due to the low sensitivity of
SPM to subsurface lattices and interlayer bonding. Alternatively,
due to its direct measurement of the vibrational behavior of
chemical bonds, TERS can identify atomic structures based on
their vibrational signatures. The combined ability of TERS to
capture both topographic and vibrational information at the sub-
nanometer scale is especially beneficial for interlayer feature
characterization and surface chemical imaging, thus allowing
unambiguous identification and comprehensive understanding of
layered structures.

In this context, we performed TERS studies of mixed-
dimensional borophene polymorphs. As shown in Figure 2b,
distinct Raman spectral profiles are acquired when the TERS tip
is placed on the Ag(111), SL, and BL borophene surfaces shown
in Figure 2a. In contrast to the featureless spectrum (black)
collected on Ag(111), a 189 cm™ peak dominates the spectrum
(green) acquired on SL borophene, which is readily assigned to
the characteristic Raman mode of SL wv4s borophene as
demonstrated previously (Figure 2b bottom model).l'**! Notably,
a new peak located at 317 cm™ is observed on the BL

WILEY-VCH

borophene island as marked by a red plus. The observed 317
cm” Raman mode is in close agreement with DFT simulations
based on a BL vy,9 borophene structure (318 cm™' simulated), as
shown schematically in Figure 2b (top model, more views shown
in Figure S1). Specifically, this Raman mode is dominated by the
vertical vibrations of interlayer B-B bonds, thereby confirming
the interlayer covalently bonded nature of BL borophene. The
absence of the 189 c¢cm™ mode in the TERS spectrum of BL
borophene phase indicates the discontinuity of v4s borophene
monolayers across the BL borophene island. In other words, BL
borophene is chemically distinct from the surrounding SL vy
borophene, neither grown on top of SL v borophene nor
composed of v45 borophene sublayers.
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Figure 1. Growth and atomic structure of BL borophene on Ag(111). a)
Constant-current STM topography of a BL borophene island surrounded by SL
borophene polymorphs. b) Constant-height STM image of the interface
between SL and BL borophene acquired with a CO-functionalized tip. c)
Schematic of SL v, SL vis5, and BL-a borophene structures in plan view (top)
and cross-sectional view (bottom). Orange balls and sticks represent inward-
buckled boron atoms and corresponding interlayer B-B bonds, respectively.
Tunneling conditions: (a) 32 mV, 610 pA; (b) 20 mV, 69 pA.

TERS spatial mapping provides further chemical
differentiation of BL and SL borophene. As shown in Figure 2c,
by collecting 64 sequential TERS spectra over a mixed-phase
borophene surface (marked with a box in Figure 2a) and then
tracking the intensity of the 317 cm™ band, we acquired a TERS
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Figure 2. Chemical fingerprinting and imaging of BL borophene with UHV-TERS. a) STM image of SL and BL borophene grown on Ag(111). b) TERS spectra
acquired on the sites marked with pluses in (a). Inset: side views of the atomic displacements of simulated Raman modes in SL and BL borophene (more views

shown in Figure S1 for clarity). ¢) TERS intensity mapping of the 317 cm™ Raman mode over the area indicated in (a). d) TERS line scan along the trace in the

STM image across the interface between SL vis borophene and BL borophene. Two representative Raman spectra are superimposed. Scale bar: 1 nm.
Tunneling conditions: (a,d) 1.3 V, 100 pA. TERS parameters: (b) 200 mV, 1 nA, 10 s acquisition time; (c) 100 mV, 1 nA, 3 s per pixel; (d) 200 mV, 1 nA, 5 s per

point with a step length of 5 A.

map where the BL borophene phase located in the top left
corner of the scanned area is chemically imaged. To probe the
spectral evolution across the interface between BL and SL
borophene, we performed a TERS line scan along the trace

indicated in the STM image in Figure 2d with a step length of 5 A.

In addition to reproducing the characteristic 189 and 317 cm™'
modes of the SL v46 and BL v19 borophene, respectively, TERS
measurements display low Raman intensities of borophene at
the SL-BL boundary (i.e., around position 10) over a range of
5-10 A. This localized suppression of both borophene
vibrational modes suggests incommensurate interfacial lattices
between SL and BL borophene, which results in structural
disorder and dangling bonds as shown in Figure 1b and
ultimately underlies a susceptibility to oxidation as discussed
later. Similar TERS profile features were observed at the
interface between SL vy and BL borophene (Figure S2), again
revealing the distinctive chemical nature of BL borophene from
that of SL borophene polymorphs.

SL borophene has been demonstrated to oxidize and
degrade significantly upon exposure to oxygen or air
(Figure S3),14a "4l impeding further processing and device
fabrication. In contrast to the planar network of SL borophene,
the three-dimensional (3D) lattice of BL borophene allows for
charge transfer and redistribution within BL borophene via
interlayer B-B bonds,’5¢ " which likely influences chemical
reactivity. Since no fundamental study of the chemical reactivity
of BL borophene on Ag(111) had been conducted, we
investigated the chemical stability and structural integrity of BL
borophene in controlled oxidizing atmospheres in UHV.

Figure 3a shows an STM topographic derivative map of
mixed-dimensional borophene following exposure to 300 L
(1L=1 x 10 torr s) of molecular oxygen at room temperature
in UHV. SL borophene is observed to be dotted with uniform
protrusions, whereas BL borophene remains unchanged. Given
their distinct oxygen affinities, site-resolved chemical
interrogation of oxidized mixed-dimensional borophene becomes
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Figure 3. Atomic-scale chemical insights into the oxidation of mixed-dimensional borophene. a) Topographic derivative STM image of SL and BL borophene

following exposure to a low dose of O2 (300 L) in UHV. b) TERS line scan along the tip trace shown in the inset STM image across an oxygen adatom on SL

borophene. c) Topographic derivative STM image of SL and BL borophene after exposure to a high dose (1800 L) of O2. d) TERS spectra on oxidized BL
borophene shown in the inset STM image. Tunneling conditions: (a) 1.0 V, 55 pA; (b) 1.2V, 100 pA; (c) 0.7 V, 60 pA; (d) 0.7 V, 300 pA. TERS parameters: (b)

100 mV, 1 nA, 5 s per point with a step length of 1 nm; (d) 200 mV, 1 nA, 30 s.

necessary to identify the oxidation properties of SL and BL
borophene. Figure 3b shows 12 sequential TERS
measurements along the tip trace shown in the inset STM image,
which is across a protrusion on the SL borophene and the
SL-BL borophene boundary. The exceptional spatial resolution
of TERS enables the identification of two Raman modes at 205
and 189 cm™ for the protrusion (position 3) that have previously
been assigned to the vibrational fingerprint of single oxygen
adatoms on SL vy borophene.l'*a The dissociative adsorption
of oxygen on SL borophene underlies its oxygen reactivity at
room temperature.[42 181 |n contrast to O-modified SL borophene
surfaces, the basal plane of BL borophene remains chemically
intact, showing the characteristic 317 ¢cm™ mode of pristine BL
borophene (positions 11 and 12). The featureless Raman
profiles acquired at BL borophene edges (positions 9 and 10)
suggest that BL borophene edges have not been significantly
modified following this low O, exposure.

The topographic evolution of SL and BL borophene with
increasing oxygen exposure is shown in Figure S4. In particular,
BL borophene edges are increasingly degraded with disordered
clusters upon exposure to a high dose of O, (1800 L) (Figure 3c).

The high oxygen affinity of the BL borophene edges can be
attributed to under-coordinated boron, as demonstrated by
theoretical simulations (Figure S5). With distinctive Raman
features, these edge clusters could be ascribed to boron oxide
species of high diversity (Figure S6), as found at the oxidized
edges of SL borophene.l'*a 181 At these high oxygen dosing
conditions, SL borophene is heavily modified with
inhomogeneous particles. In contrast, the terrace of the BL
borophene island remains relatively inert to oxidation, even in a
harsher condition with exposure to atomic oxygen (Figure S7).

Despite its high chemical inertness, the basal plane of BL
borophene is slightly modified following high O, doses.
Specifically, STM revealed a few protrusions on BL borophene
(Figure 3c). We tentatively assigned these protrusions to oxygen
adatoms, as they are qualitatively similar to atomic oxygen
adsorbed on SL borophene (Figure 3a). TERS was then used to
determine the chemical nature of these atomic-scale adsorbates.
As shown in Figure 3d, two Raman peaks located at 317 and
335 cm™' are observed for a small protrusion on BL borophene,
in contrast to the sole Raman band at 317 cm for pristine BL
borophene.
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Figure 4. Theoretical studies of the interaction of oxygen with bilayer borophene.

(a—c) Diagrams of the calculated vibrational modes in plan view (top) and cross-

sectional view (bottom) corresponding to the experimental Raman bands shown in Fig. 3d. Green balls and sticks represent oxygen atoms and corresponding

B-0 bonds. Ag substrate atoms are not plotted for clarity. (d—f) Schematic illustration of the dissociation process of molecular oxygen (green) on BL borophene.

To interpret the observed spectral features, DFT simulations
were carried out to determine the vibrational modes for an O-
bonded BL borophene configuration. Two vibrational frequencies
at 316 and 333 cm™' were identified (Figure 4b,c), in excellent
agreement with the experimental TERS peaks at 317 and 335
cm™', respectively. In particular, both Raman modes contain B-O
vibrations. Note that the calculated 316 cm™ mode of O/BL
borophene (Figure 4b) is very close in energy to the 318 cm™’
mode of pristine BL borophene (Figure 4a). Given the spectral
resolution of 4-5 cm™ for our TERS system, these two modes
are apparently overlapped and thus observed experimentally at
317 cm™ in the O/BL borophene spectrum (Figure 3d, red
spectrum).

Additional DFT calculations were performed to gain further
chemical insight into the interaction between oxygen and BL
borophene. As shown in Figure 4d—f, DFT simulations suggest
that molecular oxygen is thermodynamically unstable during
adsorption onto BL borophene resulting in spontaneous
dissociation into atomic oxygen without energy barriers. This is
in contrast to the dissociation process of molecular oxygen on
SL borophene where an energy barrier of up to 0.39 eV is
needed.l'! The dissociated oxygen atoms preferentially adsorb
to the bridge sites of the BL borophene lattice that covalently link
two adjacent boron atoms with an adsorption energy of 3.91 eV,
which is higher than that on SL borophene (2.51 eV,
Figure S8).l'™ These remarkable energy differences in oxygen
reactivity could be attributed to charge redistribution within the
BL borophene lattice that plays a key role in charge transfer
between adsorbed oxygen species and borophene. Note that

the higher adsorption energy of atomic oxygen on BL borophene
suggests a stronger B-O bond on BL borophene, which
apparently contradicts the observed low oxygen affinity of BL
borophene.

To address this issue, we studied the dynamics of adsorbed
oxygen, which could shed light on the oxidation resistance and
structural integrity of BL borophene surfaces. Specifically, we
investigated the migration of oxygen adatoms on BL borophene
with the energy profile along an optimized diffusion pathway
displayed in Figure S9. The diffusion barrier was calculated to
be 0.67 eV, which is much smaller than that of atomic oxygen on
SL borophene (0.88-1.37 eV)!'"@ and graphene (0.81 eV).["8
Note that the real diffusion barrier could be further reduced due
to the strong charge doping of BL borophene by metal
substrates, a scenario that has been demonstrated in the case
of oxygen diffusion on graphene.[' Ultimately, this diffusion
energy is sufficient for diffusion at room temperature.
Consequently, oxygen atoms diffuse across BL borophene
surfaces until they are chemisorbed at defect sites on the basal
plane or at the edges of BL borophene islands. Since BL
borophene has been demonstrated to have superior
crystallinity,’®! atomic oxygen chemisorption is expected to occur
predominately at the edges of BL borophene rather than on its
highly crystalline surface, consistent with our experimental
observations (Figure 3c and Figure S4) and theoretical
calculations (Figure S5).



Conclusion

In summary, we have studied the interfacial characteristics and
oxidative properties of BL borophene at the atomic scale using
combined UHV-STM and UHV-TERS. In addition to atomic-
resolution imaging of the top layer lattice, STM-TERS provides
vibrational information about interlayer bonds, thereby
establishing the chemical fingerprint of the 3D lattice of BL
borophene. In contrast to highly reactive borophene monolayers,
BL borophene shows high oxidation resistance, a crucial
characteristic needed for fundamental studies and technological
applications. Given the increasing interest in borophene and the
limited availability of air-stable borophene phases,?? this work
provides critical insight for harvesting the desirable properties of
2D boron structures through interlayer bonding in BL borophene.
In addition, we demonstrate UHV-TERS as a powerful method to
investigate chemically inhomogeneous surfaces and mixed-
dimensional structures on the atomic level, which can be
generalized to studies of the structural characteristics and
chemical properties of other multi-layer low-dimensional
materials.
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Scanning tunneling microscopy-based tip-enhanced Raman spectroscopy (TERS) was used to study the local chemical properties of
bilayer synthetic two-dimensional boron (i.e., borophene) with atomic-scale spatial resolution. TERS established the chemical
fingerprint of bilayer borophene that is correlated with the vibration of interlayer boron-boron bonds and demonstrated the chemical
stability of bilayer borophene with single-bond (B—O) sensitivity by exposure to controlled oxidizing conditions in ultrahigh vacuum.



