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Coupling Borophene to Graphene in Air-Stable
Heterostructures

Matteo Jugovac,* Iulia Cojocariu, Carlo Alberto Brondin, Alessandro Crotti,
Marin Petrovíc, Stefano Bonetti, Andrea Locatelli, and Tevfik Onur Menteş*

Artificial 2D van der Waals heterostructures with controllable vertical stacking
and rotational orientation exhibit multifaceted electronic properties that are
appealing for applications in fields ranging from optoelectronics to energy
storage. Along with transition metal dichalcogenides and graphene,
borophene has recently emerged as a promising building block for 2D devices
due to its conductive nature as well as its exceptional mechanical and
electronic properties. Here, it is demonstrated that the combination of the
dissolution-segregation process and chemical vapor deposition allows for the
synthesis of graphene/borophene heterostructures of the highest crystalline
and chemical quality, in which graphene sits on top of the borophene layer
with metallic character. The formation of laterally distinct micron-sized areas
allows a comparative study of borophene, graphene, and the
graphene–borophene heterostack in terms of their electronic properties and
stability in a reactive environment. Whereas pristine borophene is particularly
prone to oxidation, the graphene–borophene heterostack is chemically inert
and enables the conservation of borophene’s character even after exposure to
air. This study opens up new perspectives for the scalable synthesis of
graphene–borophene heterostacks with enhanced ability to preserve the
metallic character and electronic properties of borophene.

1. Introduction

2D heterostructures composed of stacked Van der Waals ma-
terials exhibit controllable electronic, magnetic, and optical
properties.[1] In this respect, numerous studies were devoted to
the fabrication and characterization of vertical heterostructures,

M. Jugovac, I. Cojocariu, C. A. Brondin, A. Locatelli, T. O. Menteş
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where different 2D materials, e.g.,
conductors (e.g., graphene), semicon-
ductors with varying bandgaps (e.g.,
black phosphorus, MoS2, and WSe2)
and insulators (e.g., boron nitride (BN))
were used to demonstrate prototype
devices such as transistors, detec-
tors, solar cells, batteries.[2–5] In the
still–growing field of 2D materials,
graphene, with its superior physical,
optical, and electronic properties, apart
from its robustness and inertness, is
often a fundamental building block
in the fabrication of heterostructures
for efficient and long-lasting devices.[6]

Borophene, a 2D polymorphic form of
boron,[7] is closely related to graphene, as
it is a monoelemental 2D material char-
acterized by a hexagon-like structure ca-
pable of hosting Dirac quasiparticles.[8–10]

However, contrary to graphene, which is
inert, borophene is highly reactive. While
this reactivity can be an advantage when
considering borophene as a catalyst, its
tendency toward oxidation can strongly
affect its pristine properties.[11–13] To

date, the issue of borophene chemical instability[14] has been
tackled by hydrogenation of the layer[15] or by capping it with a
hexagonal boron nitride layer (hBN).[16] The insulating nature of
hBN dictates that the conducting properties of the borophene-
hBN vertical heterostructures are driven by the metallicity of
borophene itself, especially since no electronic interaction was
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Bijenička 46, Zagreb 10000, Croatia
S. Bonetti
Department of Physics
Stockholm University
Stockholm 10691, Sweden

Adv. Electron. Mater. 2023, 9, 2300136 2300136 (1 of 7) © 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202300136&domain=pdf&date_stamp=2023-06-29


www.advancedsciencenews.com www.advelectronicmat.de

Figure 1. Growth and spectroscopical characterization of the graphene/borophene heterostructure. a–d) LEEM image sequence (Vst = 17 V) acquired
during the synthesis, in which a clean Ir(111) crystal (a), enriched with B in the bulk, is exposed to ethylene until a graphene (Gr) layer is formed (b).
During cooling, boron islands appear first in the graphene-uncovered regions (c), and subsequently underneath graphene by lowering the temperature
further (d). Schematic cross-sectional view of each growth step along the horizontal dotted line is given above LEEM images. e) LEEM-IV spectra acquired
on four distinct surface areas (vertical line indicates the energy selected for imaging in a-d). Core-level XPS spectra of Gr/Ir, B/Ir and Gr/B/Ir are shown
on: f) B 1s, g) C 1s and h) Ir 4f.

observed between the two. Instead, by interfacing borophene
with a conductive, albeit inert, material such as graphene, an in-
creased electron density, and thus a boost in the electrochemi-
cal performances is predicted.[17] Recently, this density functional
theory (DFT) prediction has been experimentally realized in a
borophene–graphene-based anode for Li-ion batteries, which ex-
hibits increased specific capacity, still far from the DFT predicted
values, due to the quality of the interface.[18]

Here, we report on the in situ synthesis and spectroscopical
characterization of a graphene–borophene vertical stack. All the
growth steps toward the synthesis of the graphene–borophene
heterostructure are monitored by means of in operando low-
energy electron microscopy (LEEM). The growth procedure re-
ported here leads to an enhanced crystallographic and chemical
quality in the vertical heterostructure, as revealed by micro-spot
low-energy electron diffraction (μLEED) and x-ray photoemission
microscopy (XPEEM). The micro-spot angle-resolved photoemis-
sion (μARPES) spectrum of the heterostack is dominated by
graphene Dirac cones in addition to a state with parabolic disper-
sion deriving from borophene. The presence of borophene bands
in the proximity of the Fermi level leads to an enhancement in
the heterostructure’s density of states (DOS) compared to mono-
layer graphene. The increased DOS correlates with the boost in
the electrochemical performances of graphene–borophene with
respect to graphene alone, as previously predicted by DFT.[17]

Moreover, by exposing the heterostructure to ambient condi-
tions, we demonstrate its enhanced chemical stability. Indeed,
the borophene layer in the graphene–borophene heterostructure
retains its metallic character and proves to be less prone to oxida-
tion, even in a highly reactive environment.

2. Results and Discussion

In our experiments, boron is provided by the dissociative ad-
sorption of borazine (B3N3H6) on the clean Ir(111) single crys-
tal surface at 1375 K. An increase in the sample temperature to
1475 K leads to dissolution and accumulation of boron in the
Ir bulk, as well as desorption of H and N from the surface (see
Figure 1a). While still at high temperature, the boron–enriched
iridium crystal is then exposed to ethylene at a partial pressure
of 5 × 10−7 mbar, which induces the nucleation and growth
of single–crystal graphene flakes several microns in size with
monolayer thickness. (Figure 1b).[19] Ultra–high Vacuum (UHV)
conditions are restored when graphene islands and uncovered
substrate regions coexist in equal amounts, as shown in the
LEEM image in Figure 1b. Subsequently, the sample temperature
is lowered below the boron segregation temperature (i.e., 1320 K),
enough to trigger boron segregation and subsequent borophene
formation on Ir(111)[20,21] in the graphene-free regions, which
is manifested by the propagation of the growth front appearing
slightly brighter than the substrate in LEEM (Figure 1c). When
the sample temperature is further reduced to below 1200 K, a new
phase is observed within the graphene-covered islands, appear-
ing with lesser intensity in LEEM at the chosen electron energy
(Figure 1d). The sample is then cooled down to room tempera-
ture, which does not produce any changes in the surface mor-
phology as imaged by LEEM.

The resulting surface shows distinctly different regions, each
exhibiting a well-defined low energy electron reflectivity (LEEM-
IV) curve, as seen in Figure 1e. The boron-covered areas out-
side graphene show the same LEEM-IV previously obtained for
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monolayer borophene on Ir(111).[22] On most parts of the
graphene-covered region (bright regions in Figure 1d), the char-
acteristic LEEM-IV curve for single-layer graphene on Ir(111) can
be observed.[23] Instead, in the darker areas, a strikingly differ-
ent reflectivity curve is measured, exhibiting two minima at low
electron energies. These minima are reminiscent of quantum
well state oscillations in LEEM-IV curves of multilayer graphene
films[24–27] or graphene/hBN heterostacks.[28] Therefore, the re-
flectivity curve of region “Gr/B” in Figure 1d is consistent with a
stack of well-defined 2D layers in close contact with each other.
We note that the lateral dimension of these islands underneath
graphene can be tuned by varying the concentration of dissolved
B in the Ir crystal, or by surface deposition and subsequent inter-
calation of additional boron while keeping the sample at 670 K
(see Figure S1, Supporting Information).

The different chemistry of the three distinct surface regions
observed in LEEM can be better understood by laterally-resolved
x-ray photoemission spectroscopy (XPS) on the relevant core lev-
els (B 1s, C 1s, and Ir 4f). Boron-covered Ir(111) surface outside
the graphene islands appears to contain more than one chemi-
cally non-equivalent species. The main contribution to the B 1s
core level is well-described by a sum of two Voigt-like functions at
188.35 and 188.75 eV binding energy, as seen in Figure 1f (mid-
dle spectrum). These peaks might be associated with a different
chemical environment of boron atoms in borophene, i.e., differ-
ent coordination numbers. The other B 1s peaks at higher bind-
ing energies, 189.93, 190.97 and 191.90 eV are identified with
the presence of BC2O, BCO2, and B2O3 species, respectively.[29–31]

This indicates that the borophene layer (B/Ir) has been partially
contaminated due to exposure to residual gases in the UHV
chamber over the timescale of 12 h needed to complete these
post-synthesis XPS measurements.

Within the parts of the graphene islands with the typical
LEEM–IV curve of single layer Gr/Ir(111), a small B 1s peak
can be seen at 188.48 eV (Figure 1f, bottom spectrum), which
could be attributed to the formation of boron clusters with lat-
eral size below the spatial resolution limit of the microscope. In-
stead, in the regions denoted as Gr/B/Ir, a sharp and prominent
B 1s peak is observed. The entire B 1s spectrum can be fitted us-
ing two components at 188.35 and 188.75 eV binding energies,
in close agreement with the spectrum recorded at borophene on
Ir(111). Although at the same binding energy, these peaks have a
43% smaller FWHM with respect to the main peak of borophene
(at lower binding energies) found in the regions not covered
by graphene. This further hints at the presence of a borophene
layer at the graphene-Ir interface with high structural quality and
chemical purity.

The graphene layer spectroscopically shows only subtle dif-
ferences with and without the borophene layer underneath, as
can be seen in Figure 1g. C 1s peak of Gr/Ir regions is found at
284.22 eV, in agreement with pristine graphene on Ir(111).[32] In
comparison, C 1s from the Gr/B/Ir regions has a 0.13 eV shift
toward lower binding energies. The presence of such a shift can
be justified with electron final-state screening effects, originating
from the different graphene support, B or Ir.[33] Integrated C 1s
intensity in the two regions is the same, confirming no composi-
tional differences between graphene in Gr/Ir and Gr/B/Ir. On the
other hand, the Ir 4f surface core level[34] is visible when Ir(111)
is covered with graphene (Figure 1h, bottom spectrum), while it

Figure 2. Structural characterization of the four distinct areas shown in
Figure 1. LEED patterns are acquired at 40 eV electron energy for a) clean
Ir(111), b) Gr/Ir, c) B/Ir (c) and d) Gr/B/Ir heterostack.

disappears in the presence of borophene at the graphene-Ir inter-
face (Figure 1h, top spectrum).

The crystalline structure of the different surface phases visible
in Figure 1 is probed using μ-LEED. The (1 × 1) LEED pattern
from the clean Ir(111) surface shown in Figure 2a is attenuated
when the surface is covered with graphene (Figure 2b). As noted
previously, the graphene growth protocol we employed led to the
formation of islands with different rotational configurations. For
the particular graphene flake shown in Figure 2b, the azimuthal
rotation between the high symmetry directions of graphene and
Ir(111) is found to be 17°, identified with a Gr(√79×√79)/Ir(8×
8) structure.[35] The (2 × 6)-reconstructed LEED pattern from the
B/Ir region (Figure 2c) is consistent with the single domain 𝜒6
structure reported for borophene on Ir(111).[20] A similar (2×6)
reconstruction can be discerned in the μ-LEED pattern from the
Gr/B/Ir region, as seen in Figure 2d, along with the graphene and
Ir(111) diffraction spots (the LEED pattern in logarithmic color
scale is shown in Figure S2a, Supporting Information). Thus, the
LEED data clearly support the conclusion from XPS and LEEM-
IV measurements that commensurate borophene islands form
at the Gr/Ir interface.

It should be noted that borophene always grows in registry
with the Ir(111) substrate, independently of whether there is a
graphene layer on top. Therefore, the angle between graphene
and borophene in the heterostack can be varied according to the
Gr-Ir rotational alignment (shown in more detail in Figure S2b–e,
Supporting Information). In other words, a series of graphene–
borophene interlayer stacking angles reflect the angles observed
at the Gr-Ir interface.[19,35] Notably, graphene islands epitaxially
aligned to Ir(111) (R0° graphene) constitute an exception. Differ-
ently from all other graphene rotations, we do not find the segre-
gation of borophene underneath the R0° graphene. Such behav-
ior is reminiscent of the growth of bilayer graphene on Ir(111),
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Figure 3. Electronic structure comparison of Gr/Ir and Gr/B/Ir. Energy versus momentum distribution acquired along the KΓK direction of the SBZ of
Gr/B/Ir (a) and Gr/Ir (b). Constant binding energy momentum map at 3.4 eV binding energy of Gr/B/Ir (c) and Gr/Ir (d) are shown. Respective intensity
profiles along KΓK can be seen on top of each map. e) Normal emission photoemission spectra and f) secondary photoelectron emission spectra of the
two interfaces are displayed along with the difference spectrum for the latter. Energy versus momentum distribution acquired at the K point of Gr/B/Ir
(g) and Gr/Ir (h) along the profile shown in the inset.

where the second layer of graphene easily forms below rotated
graphene while it is not favored under R0° graphene.[26] This in
turn can be related to stronger Gr-Ir interaction in the R0° phase
as compared to misaligned phases.[36]

The electronic structure of Gr/Ir and Gr/B/Ir were probed
using μ-ARPES. The corresponding energy versus momentum
maps, acquired along the KΓK direction of the graphene surface
Brillouin zone (SBZ) (as indicated in the inset of Figure 3a), are
plotted in Figure 3a,b, respectively. Graphene 𝜋 and 𝜎 bands, as
indicated in Figure 3a, constitute the most prominent features
in both spectra. The W-shaped band, identified as the Ir surface
state, is clearly visible for Gr/Ir (especially at Γ), while it is par-
tially suppressed in the case of Gr/B/Ir due to the strong inter-
action between boron and Ir(111). Note that this is closely con-
nected to the reduction in the Ir 4f surface core level peak in
Gr/B/Ir, as it was shown in Figure 1h.

In the energy versus momentum map of Gr/B/Ir, a parabolic
band centered at Γ and characterized by a vertex between 3.5 and
4.5 eV binding energy is present (the second derivative plot is de-
picted in Figure S3, Supporting Information). This state is asso-

ciated with borophene, as previously predicted by Penev et al.,[37]

and it is most visible using vertically-polarized x-rays due to its
pz character. Its presence is better appreciated in the 2D momen-
tum maps acquired at a binding energy of 3.4 eV and plotted in
Figure 3c. The associated momentum distribution curve (MDC)
shows an enhanced contribution at the Γ point of the SBZ, as
compared to the Gr/Ir case (Figure 3d). This enhancement is
clearly seen in the photoemission intensity at the Γ point as a
peak centered at 4 eV binding energy (Figure 3e). Interestingly,
the position of the graphene 𝜋 band bottom in Gr/B/Ir does not
present any significant shift as compared to Gr/Ir. This is also
true for the graphene Dirac point, which is plotted in Figure 3g,h.
By fitting the linearly-dispersing bands, the Dirac point is found
at nearly identical energies in the two cases. Similarly, no signif-
icant difference is found in the Fermi velocity of the 𝜋 bands.
This behavior is in line with previously published results on ver-
tical heterostacks of graphene with other 2D materials, where the
graphene 𝜋 band was only slightly affected[38,39] or not perturbed
at all.[40,41] However, it should be noted that, since no significant
difference is observed in the position of graphene Dirac cones,
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Figure 4. Stability of the interface in vacuum and upon air exposure. Comparison of B 1s and O 1s spectra, measured on three distinct regions, after 7
days in the UHV chamber (left panel – a and b) and upon 90 min air exposure (right panel – c and d).

the presence of the parabolic state in the proximity of the Fermi
level leads to an increased DOS in the graphene–borophene het-
erostructure. Such enhanced DOS is likely responsible for an
enhancement in the electrochemical activity of the graphene–
borophene heterostructure when employed as an anode in the
Li-ion spectra.[18]

Consistently with the observations on the valence band spec-
tra, the work functions of Gr/Ir and Gr/B/Ir are found to be nearly
the same via photoelectron emission threshold measurements
(Figure 3f). Beyond the determination of work function, the sec-
ondary photoemission spectrum obtained by the difference be-
tween the two spectra provides information about the unoccu-
pied band structure of the borophene layer.[42] Such a difference
spectrum in Figure 3g shows two prominent peaks at 1.1 and
2.5 eV kinetic energy. This compares well with the previously
published DFT calculations of the total density of states above the
Fermi level of monolayer borophene in a 𝜒6 phase on Ir(111),[43]

where the peaks are observed at around -1.5 and -3 eV.
Finally, the chemical stability of the different surface phases

was tested by keeping the sample in ultra-high vacuum condi-
tions for an extended period of time (7 days after growth, in the
following called UHV7) and by exposing the sample to air (in the
following called AE). The dramatic changes in the B 1s spectrum
of B/Ir for UHV7 (Figure 4a), as compared to the as-synthesized
one (Figure 1g), demonstrate that the borophene layer is very re-
active and is easily contaminated even under UHV conditions.
In particular, the peaks related to BC2O, BCO2, and B2O3 are sig-
nificantly higher in intensity as compared to the initial charac-
terization shown in Figure 1f, while the peaks assigned to pris-
tine borophene on Ir are remarkably lower in intensity. Moreover,
the appearance of a small contribution at lower binding energies
related to the formation of carbon-decorated boron, centered at
187.15 eV, can be observed.[44] Instead, the B 1s spectrum of the
Gr/B/Ir heterostack does not present any changes with respect
to the as-synthesized sample. The analysis of the O 1s core level
emission confirms the above observations, where oxygen is only
observed in the borophene/Ir regions. The spectrum is deconvo-
luted into two components, assigned to the emission from boron

oxide (532.30 eV)[30] and to the emission from BCxOy species
(531.70 eV).[31]

By exposing the sample to air, the B 1s spectra (Figure 4c) in
the B/Ir regions are characterized by an almost full transition to
boron oxide, with only minor peak contributions at lower bind-
ing energies. This behavior is confirmed in the O 1s spectrum,
which is characterized by a single peak assigned to boron oxide
(532.30 eV). Remarkably, contrary to what has been observed for
pristine monolayer borophene synthesized on top of Ag[11,12] and
Cu,[13] which easily oxidizes, the graphene-capped borophene
(Gr/B/Ir) preserves its pristine XPS lineshape and intensity even
under ambient conditions (t = 90 min). No sign of degradation
or oxidation is noted, as confirmed by the O 1s spectrum. There-
fore, we conclude that the graphene layer in the heterostack fully
protects the borophene layer from oxidation in highly reactive en-
vironments.

3. Conclusion

A novel synthesis procedure, based on CVD and annealing
in UHV, was employed for synthesizing graphene–borophene
vertical heterostructures, presenting an atomically sharp in-
terface with superior chemical quality. In particular, on top
of a boron-enriched Ir crystal, monolayer graphene is synthe-
sized at high temperatures. The controlled lowering of sam-
ple temperature leads to boron segregation and the formation
of borophene islands below graphene. The resulting twisted
graphene–borophene heterostacks show enhanced stability and
resilience toward oxidation, with the boron monolayer that pre-
serves its metallic character even upon air exposure. The elec-
tronic structure of the heterostructure is characterized by sharp
graphene Dirac cones along with a parabolic band with 𝜋-
character. The presence of such a metallic-like state of borophene,
crossing the Fermi level, leads to an enhancement of the elec-
tronic density of states of the heterostructure, as compared to
monolayer graphene. This study explains the increased electro-
chemical performance of the heterostructure when employed
as an anode in alkali-ion batteries, paving the way toward the
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implementation of efficient and ambient-stable graphene–
borophene heterostructures for energy storage devices.

4. Experimental Section
Sample preparation: The experiments were performed using an

Ir(111) single crystal (MaTeck), which, prior to the 2D materials growth,
was cleaned by iterative cycles of 1.5 keV argon-ion sputtering and anneal-
ing up to 1500–1600 K. Bulk carbon was removed by keeping the sample
in oxygen backpressure at a temperature of 1270 K. Adsorbed surface oxy-
gen was removed by UHV annealing at about 1700 K, until a clean and
well-ordered surface was obtained, as verified by LEED and XPS.

Boron enrichment of the Ir crystal was performed by dosing borazine
(Katchem) on the clean Ir(111) single crystal surface at 1375 K. By an-
nealing the sample to 1475 K, bulk dissolution of boron accompanied by
desorption of H and N from the surface, allowed accumulating boron in
the Ir subsurface. Graphene was grown by exposing the sample to ethylene
(SIAD, purity grade > 4.5) backpressure (p = 5×10−7 mbar) while keeping
the sample at 1475 K, leading to the formation of aligned and azimuthally
rotated monolayer graphene islands of several microns in size.

Instrumentation: All the experiments were performed using the Spec-
troscopic Photoemission and Low Energy Electron Microscope (SPELEEM
III, Elmitec GmbH) operating at the “Nanospectroscopy” beamline of the
Elettra synchrotron in Trieste (Italy).[45] The sample is either illuminated
with low-energy electrons (LEEM mode) or soft X-rays in the range 30–
200 eV with variable polarization (XPEEM mode), providing structural and
chemical sensitivity, respectively;[46,47] the elastically backscattered or the
photoemitted electrons are directly imaged on a 2D detector comprising a
phosphorous screen and a CCD camera (QImaging Retiga). The electron
energy is set by applying a voltage bias to the sample, commonly referred
to as start voltage, Vst. During real space imaging, contrast apertures of 10,
30, or 100 μm are used in order to set the microscope lateral resolution by
limiting its angular acceptance. The SPELEEM reaches a lateral resolution
better than 10 nm in LEEM and 30 nm in XPEEM mode.[48] In addition to
real space operation, the microscope also enables diffraction imaging. The
SPELEEM can perform micro Low Energy Electron Diffraction (μ-LEED)
measurements using electrons and microspot Angle-Resolved Photoemis-
sion Spectroscopy (μ-ARPES), by putting an aperture in the image plane of
0.5, 1, and 5 μm in diameter. The SPELEEM microscope has been recently
equipped with a new hemispherical energy analyzer (Elmitec R200), which
enables a best energy resolution of 100 meV in both imaging and diffrac-
tion modes. All the photoemission spectra were acquired using linearly
polarized photons with the following energies: ARPES – 40 eV, B 1s and Ir
4f – 270 eV, C 1s – 400 eV, O 1s – 650 eV. The binding energies of the core
level photoemission spectra were referenced to the Fermi level. The base
pressure of the experimental chamber was always below 2 × 10−10 mbar.
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