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Abstract
The adsorption, reaction and thermal stability of bromine on Rh(111)-supported hexagonal
boron nitride (h-BN) and graphene were investigated. Synchrotron radiation-based high-
resolution x-ray photoelectron spectroscopy (XPS) and temperature-programmed XPS allowed
us to follow the adsorption process and the thermal evolution in situ on the molecular scale. On
h-BN/Rh(111), bromine adsorbs exclusively in the pores of the nanomesh while we observe no
such selectivity for graphene/Rh(111). Upon heating, bromine undergoes an on-surface reaction
on h-BN to form polybromides (170–240 K), which subsequently decompose to bromide
(240–640 K). The high thermal stability of Br/h-BN/Rh(111) suggests strong/covalent
bonding. Bromine on graphene/Rh(111), on the other hand, reveals no distinct reactivity except
for intercalation of small amounts of bromine underneath the 2D layer at high temperatures. In
both cases, adsorption is reversible upon heating. Our experiments are supported by a
comprehensive theoretical study. DFT calculations were used to describe the nature of the h-BN
nanomesh and the graphene moiré in detail and to study the adsorption energetics and substrate
interaction of bromine. In addition, the adsorption of bromine on h-BN/Rh(111) was simulated
by molecular dynamics using a machine-learning force field.

Supplementary material for this article is available online
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Introduction

In recent years, two-dimensional materials (2DM) have
become a flourishing research field due to their unique

properties, rendering them promising candidates for various
applications. Since 2004, when Novoselov et al reported on
the first successful isolation of graphene [1], a plethora of
different 2DM has been theoretically predicted, synthesized
and characterized. Up to now, the family of 2DM comprises
numerous homonuclear graphene analogs, e.g. phosphorene,
borophene, silicene and germanene [2–5], and heteronuclear
members, such as hexagonal boron nitride (h-BN) and
transition metal dichalcogenides [6, 7]. Out of these, gra-
phene, which is built up from sp2-hybridized carbon atoms
arranged in a honeycomb pattern [8], is by far the most stu-
died 2DM. This intensive research effort is motivated by its
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startling chemical, electronic and mechanical properties.
Graphene is a zero-bandgap semiconductor, showing a high
charge carrier mobility and good thermal conductivity [9–11],
which makes it interesting for the development of micro-
electronic devices. However, opening its bandgap would be a
prerequisite for any application in this field. In addition to its
unique electronic properties, graphene is chemically and
mechanically quite robust and optically transparent [12, 13].
This renders it promising for the design of optoelectronic
devices, such as advanced solar cells [14, 15]. Hydrogenated
graphene has even been investigated as a possible hydrogen
carrier, enabling chemical energy storage [16]. An overview
of graphene research is given in many comprehensive review
articles, reporting on the different preparation methods and
the manifold properties and applications [17–20]. Another
well-studied 2DM is h-BN, a structural graphene analog,
consisting of alternating boron and nitrogen atoms. h-BN has
a large bandgap of ∼6 eV and may hence be utilized as a
dielectric layer in microelectronic devices, e.g. as a 2D sub-
strate for graphene [21]. It also shows remarkable chemical
inertness and thermal stability, which render h-BN, for
example, suitable as a protective coating [22, 23]. As in the
case of graphene, detailed information about the synthesis,
properties and applications of h-BN is provided in litera-
ture [24, 25].

Ultra-high vacuum (UHV) provides a clean and con-
trolled environment, allowing for an understanding of che-
mical processes on the molecular level. In UHV, graphene
and h-BN can be prepared in situ by chemical vapor
deposition (CVD) of a precursor molecule on a hot single-
crystal surface acting as the support. In general, these sup-
ported 2DM show different properties compared to the free-
standing 2DM as they interact with the respective substrate.
The support has a significant impact on the morphology of the
2D layers: if h-BN or graphene are grown on a lattice-mis-
matched substrate, buckling of the 2DM takes place, leading
to a so-called moiré pattern with pores/valleys (strong
interaction with the substrate) and wires/hills (weak interac-
tion with the substrate) [26, 27]. For graphene or h-BN
growth on a Rh(111) substrate, such a corrugation occurs
[6, 28], which is in the case of h-BN/Rh(111) referred to as
nanomesh. The h-BN nanomesh and the graphene moiré can
be used as templates for spatially confined adsorption of
atoms, molecules or metal clusters [29, 30].

To tune the intrinsic properties of supported 2DM
towards specific applications, their chemical modification is
subject to intensive research. In literature, many examples of
the successful synthesis of graphene derivatives can be found,
from early attempts to prepare graphene oxide to recent stu-
dies on functionalized graphene as a promising electrode
material for advanced energy storage devices, such as
supercapacitors [31–33]. However, most of these examples
rely on wet-chemical preparation methods and are thus not
applicable in a pure UHV approach, which is key to
mechanistic understanding of the growth and modification of
2DM. In UHV, several strategies can be applied to achieve
chemical modification of 2DM, e.g. doping with heteroatoms,
such as boron (p dopant) and nitrogen (n dopant) [34, 35], or

intercalation [36, 37]. Also, the non-covalent and covalent
functionalization of 2DM is a promising route towards dis-
tinct chemical modification. In this context, graphene func-
tionalization with atomic hydrogen and oxygen has been
reported [38, 39]. Despite of its chemical inertness, covalent
functionalization of supported h-BN with atomic hydrogen
and molecular oxygen has also been shown to be possible.
Using Ni(111) as support, Späth et al observed covalent
functionalization of the 2DM [40, 41]. The h-BN/Rh(111)
nanomesh, on the other hand, allowed for spatially defined
modification due to the different reactivity of the pores and
wires [42]. Besides hydrogen and oxygen, halogens may be
suitable candidates for the functionalization of 2DM as they
are quite reactive and thus are expected to have a significant
impact on the electronic structure. Furthermore, the halo-
genation of 2DM represents a good starting point for further
functionalization, e.g. with small molecules, such as pyridine
or ammonia [43].

Here, we present a state-of-the-art in situ surface science
study with the main goal to elucidate the adsorption process,
reactivity and thermal stability of bromine on Rh(111)-sup-
ported h-BN and graphene. High-resolution x-ray photoelec-
tron spectroscopy (XPS) and temperature-programmed XPS
(TPXPS) were employed to gain detailed information
regarding the adsorption process, the thermally induced on-
surface reaction and the thermal stability of adsorbed bro-
mine. In addition, a comprehensive theoretical study was
performed to complement the experiments.

Our work provides a thorough investigation of the che-
mical reactivity of Rh(111)-supported, corrugated h-BN and
graphene towards bromine. In the case of the h-BN/Rh(111)
nanomesh, we even achieved controlled lateral chemical
modification, i.e. covalent functionalization in the pores. We
attribute this to a laterally different electronic structure and
reactivity of the nanomesh, which is the prerequisite for any
lateral structuring via covalent functionalization. Our findings
also encourage further microscopic investigations to elucidate
the structure in detail. The new fundamental insights gained
within this study expand the understanding of these systems
on the molecular level and lay the foundation for purposeful
tailoring of the properties of 2DM.

Experimental methods and computational details

To investigate the adsorption and thermal stability of bromine
on h-BN/Rh(111) and graphene/Rh(111) in situ, we per-
formed synchrotron radiation-based high-resolution XPS and
TPXPS. The experiments were conducted at the open port
undulator beamlines UE56/2-PGM 2 and U49/2-PGM 1 [44]
at the electron storage ring BESSY II of the Helmholtz
Zentrum Berlin (HZB). Our transportable two-chamber UHV
apparatus is described in detail elsewhere [45]. It is, inter alia,
equipped with a hemispherical electron energy analyzer, a
supersonic molecular beam and a microcapillary array dosing
system. The latter allows for dosing bromine directly into the
analyzer chamber. Our setup enables cooling of the sample to
approximately 100 K using liquid nitrogen as well as heating,

2

Nanotechnology 35 (2024) 145703 E M Freiberger et al



either resistively up to 1400 K or by a tungsten filament
mounted behind the sample up to about 550 K. The sample
temperature is monitored by thermocouples (K type) spot-
welded to the sample. All experiments were performed with a
Rh(111) single crystal (MaTeck) as the substrate. Prior to
sample preparation and measurements, its surface was
cleaned by several cycles of Ar+ sputtering, annealing to
1200 K and oxygen treatment at 900 K. Thereafter, the crystal
was checked for impurities by XPS.

h-BN was grown on Rh(111) by dosing ∼2 × 10−8 mbar
borazine, synthesized according to Sneddon [46], for about
40 min (TSubstrate= 1050 K). Preparation of graphene was
achieved by dosing ∼1 × 10−8 mbar ethylene for about
60 min (TSubstrate = 920 K) using the molecular beam. The
growth of h-BN and graphene was followed in situ by XPS to
ensure good quality of the respective 2DM. Subsequently, the
Rh(111)-supported 2DM were exposed to a background
pressure of elemental bromine in the analyzer chamber
(TSubstrate= 170 K). This substrate temperature was chosen to
avoid water contamination of the sample. The adsorption
itself and the resulting modified 2DM were probed by XPS.
Between each spectrum, the sample was shifted by about
0.1 mm (larger than the x-ray beam diameter) to avoid beam
damage. Next, the thermal stability and reactivity of the
adsorbed bromine was tested by TPXPS. To this end, XP
spectra in the Br 3d region were continuously measured in
intervals of about 10 K while the sample was heated to 550 K
using the tungsten filament with a heating ramp of 0.5 K s−1.
For temperatures above 550 K, the filament was turned off
and the sample was heated resistively (in 25–50 K steps).

All spectra were recorded in normal emission. The cho-
sen photon energies were 170 eV for the Br 3d region (energy
resolution: 210 meV), 280 eV for the B 1s region (290 meV),
380 eV for the C 1s (200 meV) and Rh 3d region (200 meV)
and 500 eV for the N 1s region (250 meV). The binding
energies were referenced with respect to the Fermi edge and a
linear background was subtracted. Peak fitting was performed
using a convolution of Gaussian and Doniach-Šunjić func-
tions. The fit parameters are listed in table S1 in the supple-
mentary information (SI). The exposure of bromine,
calculated from the background pressure in the chamber and
the exposure time, is given in Langmuir (L, 1.33 ×
10−6 mbar s). The surface coverage is given in monolayers
(ML), whereby 1ML corresponds to one adsorbed atom per
surface atom. For calibration of the bromine coverage, bro-
mobenzene (C6H5Br) was used. C6H5Br was adsorbed on
clean Rh(111), the resulting carbon coverage was determined
by comparison to graphene/Rh(111) and therefrom the
corresponding bromine signal was calibrated. All bromine
coverages were then determined referring to this known
C6H5Br coverage. Due to the lattice mismatch of h-BN on
Rh(111), 12 × 12 Rh(111) unit cells are covered with
13 × 13 h-BN unit cells [47]. Thus, a single layer of h-BN
corresponds to 1.17ML nitrogen and 1.17ML boron. These
coverages were used to calibrate the N 1s and B 1s spectra. In
analogy, the carbon coverage was determined referring to the
graphene C 1s spectrum (Rh:G unit cell ratio = 11:12), which

corresponds to 2.38ML carbon [27]. Regarding the coverage
determination, we estimate an error of about ±0.02ML.

Periodic DFT calculations of the systems were carried
out in the VASP code (version 6.3), in which a plane wave
basis set for the description of the valence electrons is used in
combination with the projector augmented wave (PAW)
method for the representation of the atomic cores [48–50].
The kinetic energy cutoff was chosen to be 400 eV and
exchange correlation effects were treated with the PBE
functional [51]. The DFT-D3 correction was used for a better
description of dispersion interactions [52, 53].

For h-BN on Rh(111), a full 13 × 13 on 12 × 12
nanomesh unit cell was modeled with a surface slab of three
metal atom layers. The dimensions of the investigated
structure measure 32.27Å along the a- and b-axes, and 24Å
along the c-axis, leaving approximately 16 Å of vacuum
between the periodic images of the nanomesh. The structure
of the h-BN nanomesh cell was obtained from the author of
[54] and reoptimized with our settings until the largest car-
tesian force component was below 0.03 eVÅ−1, which led
to only small displacements of the atoms. The structure of
the nanomesh and the topmost metal layer were optimized,
while the lower two layers were kept fixed at the geometry
of [54]. The 12 × 12 on 11 × 11 graphene moiré unit
cell was modeled with a surface slab of three metal atom
layers as well. The a- and b-axes are 29.66Å long and the
c-axis measures 25Å. The initial structure of this cell
was obtained from the authors of [55–58] and reoptimized
from a four- to a three-metal-atom-layer model. The posi-
tions of the bromine atoms and molecules were optimized
with the same settings, whereas only the positions of
nanomesh/moiré atoms within a sphere of 6Å around any
bromine atom were optimized. This approach was also
applied when testing the desorption of bromine molecules.
For more than four bromine molecules on the nanomesh, the
maximum force criterion was difficult to meet. Instead, a
total energy change of less than 10−5 eV was chosen as the
convergence criterion.

Due to the large size of the system (770 atoms without
bromine for h-BN, 651 for graphene), Brillouin zone sampling
was restricted to the Gamma point during geometry optimiza-
tions while, for core level shift and band structure calculations,
a Gamma-containing 3 × 3 × 1 k-point mesh was chosen. A
first-order Methfessel–Paxton scheme with a broadening of
0.1 eV was applied to smear the electronic states [59].

For the generation of the reactive force field (FF),
describing the interaction of bromine with h-BN on Rh(111),
the VASP machine-learning FF was used [60–62]. Using the
whole nanomesh unit cell for machine-learning molecular
dynamics (MD) would have been computationally too
expensive. Instead, the three model surfaces well known from
literature, top/hcp, fcc/top and hcp/fcc (5 × 5 on 5 × 5
nanomesh, 12.71Å along the a- and b-axes and 27.06Å
along the c-axis) [40, 63], were trained successively by
adding bromine atoms, dimers and trimers in the vacuum
above them and running machine-learning MD with the
recommended settings in VASP for 30 000 steps on each
model system using a time step of 2 fs. A Nose–Hoover
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thermostat was used to simulate a canonical ensemble at
400 K during machine learning and the application of the FF
itself [64]. For these trajectories, the c-axis was set to 110Å.
Fixed bromine molecules were placed in the vacuum to avoid
tentative problems with the machine-learning descriptor,
which arise in VASP 6.3 in the case of single bromine atoms
without defined local environment.

Results and discussion

Bromine adsorption on h-BN/Rh(111)

The adsorption and thermal evolution of bromine on h-BN
was investigated in situ. XP spectra of all relevant core levels
(N 1s, B 1s and Br 3d) were continuously recorded during
background exposure to elemental bromine at a substrate
temperature of 170 K and during subsequent heating from 170
to 800 K. To examine the influence on the h-BN nanomesh,
the changes in the N 1s and B 1s core level must be analyzed
in detail. Figure 1 provides exemplary fits of the N 1s and B
1s spectra prior to and after low-coverage (�0.14ML Br)
bromine adsorption along with the corresponding quantitative
analyses. In addition, we compare the pristine state of h-BN to
the spectrum recorded after TPXPS, i.e. after heating to
800 K. Please refer to the SI for the density and waterfall plots
of the complete data set recorded in the N 1s (figure S1) and B
1s (figure S2) regions.

Prior to the adsorption, the N 1s spectrum of h-BN/Rh
(111) shows two signals at 398.80 and 398.14 eV (figure 1(a),
top). The peak at higher binding energy (dark blue) corre-
sponds to the pores of the h-BN nanomesh while the one at
lower binding energy (blue) is associated with the wires. The
pores and wires of h-BN differ regarding their interaction with
the substrate: while the pores are in close contact to the
Rh(111) surface, thus experiencing strong interaction, the
wires are hardly influenced by the substrate. Hence, the pores
are expected to show an enhanced reactivity towards func-
tionalization compared to the wires. This has already been
observed for functionalization with molecular oxygen and
atomic hydrogen [42]. Also, the deposition of metal atoms
and clusters can be conducted in a spatially confined manner
using the nanomesh as a template [65].

Upon adsorption of a rather low bromine coverage of
0.09ML Br (figure 1(a), bottom), the N 1s spectrum under-
goes distinct changes and cannot be described by only two
peaks anymore. The pore signal is significantly smaller and
shifts to lower binding energies by 0.09 eV. The same shift is
observed for the wire signal, which otherwise remains largely
unaffected. These uniform shifts of the pore and wire signals
are attributed to doping effects [66] and have also been
observed in the case of functionalization with hydrogen and
oxygen [42]. A new N 1s signal at 398.59 eV (green) replaces
the original pore signal, which is also well observable in the
quantitative analysis of the N 1s data during the adsorption
process (figure 1(b)). Since only the pore signal is sig-
nificantly influenced by bromine adsorption, we assume that
bromine preferentially adsorbs in the pores of the nanomesh.

Consequently, the new signal, gradually replacing the initial
pore peak, is attributed to the functionalized pore. This sug-
gests spatial selectivity of the adsorption, which proves the
template effect of the h-BN moiré. Such a behavior has
already been observed in similar systems [42, 65, 67].

In the B 1s region, a similar trend is observed. The
respective fits and the quantitative analysis are depicted in
figures 1(d) and 1(e). Pristine h-BN/Rh(111) is characterized
by two peaks in the B 1s spectrum at 190.33 and 190.75 eV,
corresponding to the wires (blue) and pores (dark blue),
respectively. Upon adsorption of 0.07ML Br, the original
pore signal decreases and a new peak evolves at 190.65 eV
(green), which is attributed to the functionalized pore. In
comparison to the N 1s spectrum, the original pore and wire
signals undergo only a small shift of 0.02 eV to lower binding
energies due to doping. Overall, the B 1s data are perfectly in
line with the N 1s spectra and support the assumption of
selective functionalization in the pores. Furthermore, we find
an additional signal at 191.63 eV (brown), which corresponds
to a boron coverage of 0.05ML. This peak might be the result
of a pronounced interaction between boron and molecular
bromine, with bromine withdrawing electron density from
boron, leading to a shift to higher binding energies. Accord-
ingly, we assume selective bromine adsorption on the boron
atoms in the pores of the nanomesh.

Regarding the quantitative analyses, a linear relationship
between the intensity of the functionalized pore peak and the
bromine exposure would be expected, given that the adhesion
coefficient remains unchanged during the adsorption process.
This applies, within the margin of error of the fit, quite well
for the N 1s as well as B 1s data. Here, it needs to be taken
into consideration that unwanted effects such as coverage-
dependent photoelectron diffraction might influence the peak
intensities to a certain extent.

To investigate the reversibility of the adsorption process,
we compare the N 1s and B 1s spectra of the substrate prior to
adsorption, i.e. its pristine state, with the spectra of the bro-
minated 2DM recorded after heating to 800 K. Figures 1(c)
and (f) provide an overlay of these spectra for the N 1s and
the B 1s regions, respectively. In both cases, the pristine state
of h-BN/Rh(111), characterized by a two-peak signature for
the pores and wires, is regained after thermal treatment, as is
deduced from the perfect agreement of the curves. This
indicates that bromine adsorption on the h-BN nanomesh is
fully reversible upon heating.

As a next step, we address the adsorption of different
amounts of bromine on h-BN/Rh(111). In figure 2, waterfall
plots of the Br 3d spectra recorded during adsorption and fits
of the final spectra are depicted for a low-coverage (0.06ML
Br) and a high-coverage (0.67ML Br) scenario.

For low coverages (figure 2(a)), a spin–orbit-split Br
3d3/2/Br 3d5/2 doublet evolves at 68.51/69.54 eV (green),
which is assigned to a single bromine species. From the
multiplicity of the spin–orbit-splitting a Br 3d5/2:Br 3d3/2
intensity ratio of 3:2 is expected. Accordingly, an intensity
ratio of 1.5 was used to fit the doublets, and a peak splitting of
1.03 eV was found. These parameters were kept constant for
all doublets. Considering the information obtained from the
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Figure 1. (a) Fitted N 1s spectra prior to (top) and after (bottom) bromine adsorption on h-BN/Rh(111) (0.09 ML); (b) quantitative analysis
of the N 1s spectra collected during the adsorption; (c) comparison of the N 1s spectrum of pristine h-BN and the spectrum of brominated h-
BN after heating to 800 K; (d)–(f) corresponding data for the B 1s region (0.07 ML).

analysis of the N 1s and B 1s region after low-coverage
adsorption (see above), the doublet is attributed to molecular
bromine selectively adsorbed in the pores of the nanomesh. In

the high-coverage experiment (figure 2(b)), we first observe a
shift of the doublet to lower binding energies upon increasing
coverage, presumably caused by adsorbate-adsorbate
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interaction. Further bromine exposure leads to saturation of
the doublet assigned to bromine in the pore at a coverage of
approximately 0.14ML Br. Coverages smaller than 0.14ML,
hence, lead to exclusive pore adsorption and reflect very
similar situations on the nanomesh. In addition, two new
doublets arise. The one at higher binding energies (69.03/
70.06 eV; dark green) is assigned to multilayers of molecular
bromine in the pores. The one at lower binding energies
(67.51/68.54 eV; blue) might belong to bromine adsorbed on
the wires of h-BN, being less favorable than the adsorption in
the pores. Another possible explanation for this doublet is the
coverage-dependent formation of polybromides, such as Br3

−

or Br5
−, upon increasing pore coverage (see also below). An

additional doublet develops at 72.09/73.12 eV (gray), which
is attributed to losses during photoemission. Since the inten-
sity ratio of the loss feature and the multilayer signal remains
roughly constant, we assign the doublet to a shake-up satellite
of the multilayer species.

To study the reactivity and thermal stability of bromine
adsorbed in the pores, we conducted a TPXPS experiment in
the Br 3d region after the low-coverage bromine adsorption;
this coverage guarantees exclusive pore adsorption. The
waterfall and density plots in figures 3(a) and (b), respec-
tively, reveal strong changes in binding energy between
170 and ∼240 K. To gain a deeper understanding of this
heating-induced on-surface reaction, we fitted the Br 3d
spectra. Fits at selected temperatures are shown in figure 3(c).

At 170 K, the spectrum contains the doublet at 68.54/
69.57 eV, typical for molecular bromine adsorbed in the h-BN
pores (green, see above). Upon heating, this doublet

decreases, and two new doublets evolve at lower binding
energies, first at 68.04/69.07 eV (purple) and then another
one at 67.76/68.79 eV (magenta). Each doublet corresponds
to one new bromine species. We tentatively assign these two
new species to polybromides, presumably Br3

− and Br5
−. The

existence of polyhalides, such as polybromides and poly-
iodides, is known from literature [68–70]. The formation of
(poly)bromides requires a charge transfer from the substrate,
which has already been reported for iodine on graphene
[71, 72]. Notably, we find a similar behavior due to beam
damage upon intensive x-ray irradiation at 170 K, i.e. new
signals evolve at lower binding energies; please refer to the SI
(figure S3) for the respective spectra. The binding energies
found for the polybromide doublets resemble the binding
energies of the additional doublet observed on the low-
binding-energy side in the high-coverage experiment
(figure 2(b), blue doublet). Hence, it seems likely that this
doublet actually indicates polybromide formation upon high
bromine dosages. At ∼240 K, the low-binding-energy doub-
lets assigned to the polybromides decrease and disappear and
eventually only one species remains on the surface, char-
acterized by a doublet at 68.55/69.58 eV (orange). This
behavior might be explained by decomposition of the poly-
bromides, resulting in a single bromine species in the pores.
The binding energy and peak shape of this high-temperature
species (>240 K) are indeed very similar (within the exper-
imental uncertainty) to those of the bromine species right after
adsorption (170 K). However, a back reaction to molecular
bromine is energetically unlikely. Instead, the remaining
species might correspond to bromide. We propose the

Figure 2. (a) Waterfall plot of the Br 3d XP spectra recorded during the low-coverage adsorption (0.06 ML) of elemental bromine on h-BN/
Rh(111) at 170 K (top) and fit of the final Br 3d spectrum (bottom); (b) corresponding data for the high-coverage adsorption (0.67 ML).
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following reaction pathway to explain our observations:
thermal activation leads to the evolution of bromide, which
immediately reacts with the excess of bromine molecules to
form polybromides. At temperatures above 240 K, molecular
bromine has been completely converted to bromide, and the
polybromides decompose to form bromide on the surface.
The waterfall and the density plot suggest a high thermal
stability of the bromide adsorbed in the pores. The decom-
position temperature of the polybromides and the desorption
temperature of bromide can be derived more accurately from
the quantitative analysis of the TPXPS data (figure 3(d)):
decomposition of the polybromides occurs at ∼240 K, and at
higher temperatures only bromide resides in the pores, which
desorbs at ∼640 K. This high thermal stability indicates
strong/covalent bonding to h-BN.

To exclude the intercalation of bromine upon adsorption
at 170 K, we analyzed the signals in the Rh 3d region. The
respective spectra are shown in the SI (figure S4). Prior to h-
BN growth, two Rh 3d signals are observed, corresponding to
the bulk and the surface atoms (surface core level shift) of
Rh(111). For h-BN/Rh(111), the surface component is low-
ered but still visible. This behavior can be explained by the
weak interaction between the h-BN wire region and the
substrate, which causes part of the substrate to behave like the
bare Rh(111) surface. Upon bromine adsorption at 170 K,
only an overall damping of both the Rh 3d bulk and surface
contributions is observed. In particular, the Rh 3d surface
component does not reveal a distinct shift to higher binding
energies, which would be expected in the case of a direct
interaction with bromine. Therefore, we propose that no

Figure 3. (a) Waterfall and (b) density plot of the Br 3d spectra recorded during the TPXPS experiment (170–800 K); (c) fits at selected
temperatures; (d) quantitative analysis of the TPXPS data.
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intercalation occurs upon bromine adsorption. Additional
proof is provided by a detailed study on the adsorption and
thermal stability of bromine on clean Rh(111) [73], which
reveals that the desorption temperature for bromine on
Rh(111) (∼1000 K) is much higher than the value of 640 K
observed for bromine on h-BN/Rh(111). This indicates that
heating also does not lead to intercalation.

A TPXPS experiment was also performed with a high
bromine coverage (0.27ML Br). The corresponding Br 3d
waterfall and density plots are provided in figure 4.

The doublets assigned to the bromine multilayers and to
adsorption on the wires of the nanomesh (or polybromides)
start to decrease due to desorption directly upon heating,
suggesting a weak bonding/low stability of these species.
Above 275 K, only one doublet remains, which is attributed
to bromide in the pores since its binding energies are see-
mingly identical with the high-temperature species found for
the low-coverage adsorption. Notably, in this case, bromide
desorbs at a significantly lower temperature (∼500 K versus
∼640 K). We suggest an associative desorption mechanism of
bromine. However, the observed decrease regarding the
desorption temperature cannot only be explained by a second
order desorption process. Additionally, we tentatively assume
that the higher desorption temperature at low coverages could
be explained by diffusion limitation of the desorption of
bromine. The higher pore coverage facilitates the association
of two bromides to one bromine molecule next to each other
and thus no diffusion is required. A similar behavior has been

observed for hydrogen desorption from graphene on
Ni(111) [16].

Bromine adsorption on graphene/Rh(111)

After successful selective bromine functionalization of the h-
BN nanomesh on Rh(111), we studied bromine adsorption on
Rh(111)-supported graphene. Graphene/Rh(111) also exhi-
bits a moiré pattern with stronger bonded regions close to the
substrate (‘valleys’) and weaker bonded, elevated regions
(‘hills’). This buckling is, however, less pronounced than for
h-BN/Rh(111). Elemental bromine was again dosed via
background exposure onto the substrate at 170 K. The
waterfall plot of the Br 3d spectra, visualizing the adsorption
process in situ, and the fit of the final spectrum (0.86ML Br)
are depicted in figure 5.

Here, interpretation of the spectra is not as intuitive as in
the case of bromine adsorbed on h-BN. From low coverages
on, a rather complex spectral shape arises, presumably con-
sisting of several overlapping peaks. The almost simultaneous
growth of several species indicates that for bromine adsorp-
tion on graphene/Rh(111) no preferred adsorption site exists.
Hence, we conclude that no spatially selective bromine
functionalization occurs. Fitting the final Br 3d spectrum
requires four doublets, which are assigned in analogy to the
spectra recorded for the high-coverage adsorption of bromine
on h-BN/Rh(111): bromine adsorbed in the valleys (67.86/
68.89 eV; green), bromine adsorbed on the hills or

Figure 4. Waterfall (top) and density (bottom) plot of the Br 3d XP
spectra recorded during heating of 0.27 ML of bromine on h-BN/Rh
(111) from 170 to 800 K.

Figure 5. Waterfall plot of the Br 3d XP spectra recorded during
adsorption of elemental bromine (0.86 ML) on graphene/Rh(111) at
170 K (top) and fit of the final Br 3d spectrum (bottom).
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polybromides (67.09/68.12 eV; blue), multilayer formation
(68.69/69.72 eV; dark green) and loss features (71.80/
72.83 eV; gray). TPXPS was employed to study the thermal
stability in the temperature range from 170 to 800 K. Please
refer to the SI for the respective waterfall and density plots
(figure S5(a)). Bromine adsorbed in multilayers desorbs
already below room temperature. Between ∼300 and 400 K,
several overlapping Br 3d doublets are observed, probably
belonging to bromine adsorbed on the hills and valleys.
Above 400 K, only small amounts of bromine remain on the
surface. Even at very high temperatures of 800 K, we still
observe a residual Br 3d doublet at 68.74/69.77 eV
(0.007ML Br). Due to its high thermal stability, we assume
that minor amounts of bromine intercalate underneath the
graphene layer upon heating.

To obtain an insight into the influence of bromine
adsorption on graphene/Rh(111), C 1s spectra were recorded
prior to adsorption, after adsorption and after heating to
800 K; figure 6 provides the corresponding fits. The full set of
C 1s spectra acquired during heating from 170 to 800 K are
shown in the SI (figure S5(b)). The pristine graphene spec-
trum (figure 6(a)) displays two peaks at 285.23 and 284.65 eV
that belong to the valleys (dark blue) and hills (blue) of the
moiré, respectively. An additional peak at 284.12 eV arises
due to defects of the graphene layer and is associated with
sp3-hybridized carbon, i.e. carbide (light blue) [74]. Upon
bromine adsorption (figure 6(b)), the signal intensity of all
three peaks is dampened and we observe a shift to lower
binding energies by 0.13, 0.18 and 0.29 eV for the valley, hill
and defect components, respectively. This shift can be
explained by doping effects caused by the interaction of
bromine with graphene [66, 72]. However, no significant
changes regarding the peak shapes are observed, supporting
the assumption that no spatially defined bromine adsorption
takes place. Moreover, an additional peak develops at a higher
binding energy of 286.20 eV (brown). It corresponds to
0.14ML carbon and is assigned to graphene interacting with
bromine molecules. Upon heating to room temperature (figure
S5 in the SI), most of the bromine desorbs, and in the C 1s
spectra the signal dampening and the shifts to lower binding
energies caused by doping effects are reversed. Also, the
signal at 286.20 eV indicating the interaction between mole-
cular bromine and graphene disappears. This behavior shows
that the residual bromine species observed above room
temperature have a negligible influence on the 2DM.
Figure 6(c) provides the fitted C 1s spectrum recorded after
the TPXPS experiment, i.e. after heating to 800 K. Here, the
pristine state of the graphene layer is regained. Hence, bro-
mine adsorption on graphene/Rh(111) seems to be an almost
fully reversible process except for the small amount of
intercalated bromine.

Theoretical results

To complement the experimental findings, a theoretical study
on the adsorption of bromine on Rh(111)-supported h-BN and
graphene was performed. Figure 7 shows the optimized

structures of Rh(111)-supported h-BN and graphene. A three-
layer model was chosen as the substrate and proved to be
sufficient (figure S6 in the SI).

In the pore/valley region, both systems have similar
spacing between the topmost Rh(111) atom layer and the h-
BN/graphene lattice, that is 2.10Å between B/N and Rh, and
2.05Å between C and Rh. In the wire/hill region, on the
other hand, the maximum distance to the substrate differs
significantly for the two systems. For the h-BN system, a
much larger maximum distance (4.44Å) is found than in the
graphene system (3.58Å). The stronger buckling of h-BN/Rh
(111) presumably leads to a more pronounced difference
regarding the chemical reactivity of the pores and wires,
thereby causing selectivity for adsorption of adatoms. The
electronic properties of both systems are illustrated by charge
density difference plots and simulated STM images, in which
we clearly observe that the interaction between h-BN/gra-
phene and the metal substrate is mainly restricted to the pore/

Figure 6. Fitted C 1s XP spectra recorded prior to adsorption (top),
after adsorption of 0.86 ML Br (center) and after the TPXPS
experiment, i.e. heating from 170 to 800 K (bottom).
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valley region. See SI for the respective data (figures S7
and S8).

Figure 7(a) also illustrates the different surface regions
and adsorption sites that we will refer to in the following. In
the case of h-BN/Rh(111), we differentiate three character-
istic regions: BN (fcc/top) in the pores, and BN (hcp/fcc) and
BN (top/hcp) on the wires. If we only consider highly
symmetrical positions, an adsorbate could bind to a nitrogen
atom, to a boron atom or in the center of the six-membered
ring (hollow) in each of the above-mentioned three different
regions. This leads to 9 possible adsorptions sites. Analog
bonding configurations apply for graphene/Rh(111).

To support the experimental results regarding bromine
adsorption on Rh(111)-supported h-BN and graphene, bind-
ing energies of bromine molecules and atoms on the 2DM
were calculated. For the h-BN nanomesh, it is expected that
adsorption in the pores is preferred. Thus, this is a first test if
the theoretical model agrees with the experimental findings.
For adsorbed molecular bromine, the calculated adsorption
energies for the three different regions of the nanomesh/
moiré structure are shown in table 1, along with the Br–Br
bond lengths in the respective optimized geometries.

We observe that the bromine molecules preferentially
bind to the boron atoms in the pores of h-BN (figure 8(a)),
which fits the experimental results. Regarding the bond
lengths, significant elongation is observed for the bromine
molecules in the pores, indicating strong binding to the sur-
face. For graphene, the bonding energy to the valley is much
weaker. The bond length, however, is still significantly

elongated. These findings are supported by 2D charge density
distributions (figures S9 and S10), which even imply that the
bromine molecule is essentially split into two bromine atoms.
However, we cannot unambiguously determine if the Br–Br
bond is actually broken or only elongated.

To test the energetics of the adsorption of bromine atoms,
the geometries of the 9 possible adsorption sites were opti-
mized, whereby only the z-coordinate of the adsorbed bro-
mine atom was allowed to change together with the nearest
atoms on the nanomesh, thus restricting them to the respective
site. The relative energies were calculated by taking the
absolute energies of two unit cells with adsorbates and sub-
tracting the energies of one bromine molecule in vacuum and
two clean h-BN/graphene unit cells as reference. For gra-
phene/Rh(111), the same adsorption sites were chosen. The
two positions on top of the carbon atoms only differ regarding

Figure 7. (a) Top view of four unit cells of the h-BN/Rh(111) nanomesh. The three characteristic regions BN (fcc/top), BN (hcp/fcc) and
BN (top/hcp) are marked. Larger cutouts of these regions visualize the 9 possible adsorption sites for bromine; (b) top view of four unit cells
of the graphene/Rh(111) moiré; (c) and (d) corresponding side views of h-BN and graphene on Rh(111). The pore and wire regions are
colored red and blue, respectively.

Table 1. Relative energies and bond lengths of molecular bromine
adsorbed on Rh(111)-supported h-BN and graphene.

Region h-BN/Rh(111) Graphene/Rh(111)

E [eV]
Br–Br bond
length [Å] E [eV]

Br–Br bond
length [Å]

(fcc/top) −2.0 3.5 −1.2 3.8
(hcp/fcc) −0.18 2.4 −0.55 2.4
(top/hcp) −0.19 2.4 −0.59 2.5
vacuum 0.00 2.3 0.00 2.3

10

Nanotechnology 35 (2024) 145703 E M Freiberger et al



the metal atom configuration beneath them: C1 (hollow) and
C2 (top). The resulting relative energies for both systems are
listed in table 2.

For the adsorption of bromine atoms on h-BN/Rh(111),
the energetically by far most favorable adsorption site is the
boron atom in the pore (fcc/top). This bonding situation is
visualized in figure 8(b), in which the boron atoms even seem
to be pulled out of the nanomesh by the strong bonding to
bromine. The other two possible positions in the pore are also
preferred over the wire regions (hcp/fcc and top/hcp), which
even reveal positive adsorption energies, showing that wire
adsorption is thermodynamically unfavorable. This supports
the experimental findings that propose selective bromine
adsorption on boron atoms in the pores of the nanomesh.
Only for high bromine coverages, weak physisorption on the
wires seems to take place (figure 2(b), blue doublet). Instead
of wire adsorption, it is also possible that the additional low-
binding-energy doublet observed during high-coverage
adsorption is caused by polybromide formation. The
adsorption energies of bromine atoms on boron in the pore
and of bromine molecules in the pore, also binding on boron

atoms, are identical (−2.0 eV; compare tables 2 and 1). This
indicates that the bromine molecules indeed almost com-
pletely dissociate upon adsorption in the pore. For graphene,
the C2 site in the valley (fcc/top) is the most favorable
binding site for bromine atoms (−1.8 eV). The C1 and the
hollow sites are, however, only slightly higher in energy (by
∼0.20 eV). Adsorption on the hills (hcp/fcc and top/hcp) is
significantly higher in energy (by ∼1.0 eV). Nonetheless, the
respective adsorption energies are still negative, which
implies that adsorption on the hills of the graphene moiré is
thermodynamically stable. In comparison to the h-BN nano-
mesh, the energetic difference between the valley and the hill
regions of the graphene moiré is less pronounced, which
might explain why no clear spatial selectivity of the bromine
functionalization is observed in the experiment. In the SI,
corresponding charge density distributions and optimized
structural models are provided (figures S9 and S10).

To examine the electronic interaction of bromine atoms/
molecules with Rh(111)-supported h-BN and graphene, we
calculated core level shifts (CLS, figure S11), partial charges
(tables S2 and S3) and the density of states (figure S12). The
respective data and a brief discussion are provided in the SI.
The calculated CLS support qualitatively the observed shift of
bromine in the pores/valleys to higher binding energies
compared to bromine adsorbed on the wires/hills. The Bader
charge analysis reveals that all bromine species on Rh(111)-
supported h-BN and graphene are negatively charged, i.e. that
bromine acts as an electron acceptor. The assumed charge
transfer from the substrate seems thus to be confirmed. In
addition, the pore region of the h-BN nanomesh is also
polarized with the nitrogen atoms being negatively (−2e) and
the boron atoms being positively (+2e) charged. This polar-
ization presumably promotes the interaction between bromine
and boron, leading to boron as the preferred adsorption site.
The distinct binding of bromine to boron might be crucial for
the spatial selectivity of bromine adsorption on the h-BN/Rh
(111) nanomesh, which cannot be observed for the graphene
moiré.

In the following, bromine adsorption on h-BN/Rh(111)
is investigated in even more detail. To gain deeper insights
into the adsorption of bromine in the pores of the h-BN
nanomesh, the geometries of 2–20 bromine molecules in the
pore were optimized. Selected optimized geometries are
shown in figure 9. Please note that no global optimizations of
these structures were done. Instead, several local minima were
optimized for 2–5 bromine molecules. For larger numbers, the
molecules were placed referring to the findings for 2–5
molecules and taking reasonable guesses regarding symmetry
and size into consideration. Due to the large size of the sys-
tems and the ‘soft’ character of the bromine molecules, it was
difficult to converge the geometry optimizations with VASPs
internal geometry optimization routines. Instead of reaching
the usual gradient convergence criterion (0.03 eVÅ−1), the
total energy criterion was used to indicate convergence.
Convergence was reached if the change in total energy
dropped below 1 × 10−5 eV between two geometry optim-
ization steps, which should be quite accurate considering the
large size of the system and the large absolute energy.

Figure 8. Vertical cut-through of the optimized structures of (a)
bromine molecules and (b) bromine atoms adsorbed in the pores of
the h-BN/Rh(111) nanomesh. Boron, nitrogen, bromine and
rhodium atoms are colored green, blue, orange and gray,
respectively.

Table 2. Relative energies of 2 bromine atoms adsorbed on Rh(111)-
supported h-BN and graphene, referenced to bromine molecules in
vacuum.

h-BN/Rh(111) Graphene/Rh(111)

adsorption site E [eV] adsorption site E [eV]

(fcc/top), B −2.0 (fcc/top), C1 −1.6
(fcc/top), N −0.58 (fcc/top), C2 −1.8
(fcc/top), hollow −0.62 (fcc/top), hollow −1.6
(hcp/fcc), B 1.2 (hcp/fcc), C1 −0.21
(hcp/fcc), N 1.4 (hcp/fcc), C2 −0.23
(hcp/fcc), hollow 1.3 (hcp/fcc), hollow −0.19
(top/hcp), B 1.3 (top/hcp), C1 −0.51
(top/hcp), N 1.4 (top/hcp), C2 −0.65
(top/hcp), hollow 1.4 (top/hcp), hollow −0.54
vacuum 0.00 vacuum 0.00
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Up to 9 molecules in the pore (0.13ML), isolated and
well-distinguishable bromine molecules are observed
(figure 9(b)). For larger bromine coverages, polybromides
(Br3

− and Br5
−) seem to be formed (figures 9(c) and (d)).

Additionally, figure S13 in the SI provides corresponding
simulated STM images that also show increasing interaction
of the bromine molecules upon increasing pore coverage.
This suggests that polybromide formation is a rather likely
process to occur in the pores, hence supporting our assump-
tion that polybromides are formed for high coverages and
upon mild heating. The maximum pore coverage is reached
for 13–14 bromine molecules (0.18–0.19ML). Even higher
coverages lead to adsorption on the rim positions (figure 9(e))
and eventually to multilayer formation (figure 9(f)). This is in
quite good agreement with the value derived from the high-
coverage adsorption experiment that suggests pore saturation
for a coverage of approximately 0.14ML (figure 2(b)).

Furthermore, the desorption energetics of bromine on h-
BN/Rh(111) were studied. Four different processes were
addressed: desorption of a bromine molecule adsorbed in the
empty pore, desorption of a bromine molecule adsorbed on
the empty wire (BN (top/hcp)), desorption of a bromine
molecule adsorbed in the filled pore (13 molecules in the
pore) and desorption of a molecule adsorbed in the multilayer
(19 molecules in the pore). The resulting energy diagrams are
shown in figure S14 in the SI. The energetic barrier for des-
orption from the pore is comparably high (∼2.1 eV), which is
a sign of strong bonding to the nanomesh. Desorption from
the wire position, on the other hand, reveals a very small
energetic barrier of ∼0.2 eV. This indicates that bromine
adsorption on the wires is likely to be unstable. Both deso-
rption energies agree well with the results of the adsorption
geometry optimizations in table 1. Desorption from the full

pore requires significantly less energy (∼0.6 eV) than in the
case of the empty pore, which might be attributed to diffusion
limitation at low pore coverages. A very small desorption
barrier of ∼0.2 eV proves bonding of bromine to the second
layer to be very weak. The energetical values were deter-
mined using the PBE functional in combination with the
VASP PAW approach, which delivered good results in
similar studies in literature [75, 76]. Nevertheless, it is not the
most sophisticated level of theory, and thus errors of
approximately ±0.2 eV need to be taken into consideration.
However, from the trend deduced from the desorption ener-
getics it can be expected that multilayer and wire desorption
occur already at rather low temperatures while bromine
adsorbed within a monolayer in the pore is thermally rela-
tively stable. Additionally, a decreasing desorption temper-
ature for an increasing pore coverage should be observed. The
experimental data obtained in the TPXPS measurements are
in good agreement with these predictions.

Finally, we wanted to explore the interaction of the
adsorbed bromine species on the h-BN nanomesh on longer
timescales. To this end, a VASP machine-learning FF for this
system was parametrized. Usually, the system of interest
would be simulated by means of ab initio molecular dynamics
(AIMD), during which the FF is learned on the fly and
replaces the DFT description gradually such that a consider-
able amount of coordinate space can be sampled, and data can
be included into the machine-learning FF. This was, however,
not possible due to the large size of the investigated system.
Hence, an alternative approach was used: model systems of
the three different regions of the nanomesh, BN(fcc/top), BN
(hcp/fcc) and BN(top/hcp), were learned successively at
400 K. Figure S15 in the SI shows the optimized cutouts used.
After the learning process converged (no AIMD steps during

Figure 9. Optimized structures for different numbers of bromine molecules within the pore region of the h-BN/Rh(111) nanomesh. Boron,
nitrogen, bromine and rhodium atoms are colored green, blue, orange and gray, respectively. Polybromides are marked by yellow circles.
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many thousands of time steps), the resulting machine-learning
FF was used to run MD of a whole nanomesh cell with
bromine on it, which was impossible with AIMD before.
Using this advanced machine-learning FF, the adsorption
behavior of bromine molecules on the h-BN/Rh(111) nano-
mesh can be simulated. 10 MD trajectories (50 ps each) with a
2 fs time step were simulated as a first benchmark at 400 K.
The machine-learning FF, although never learned on the full
moiré structure, was able to hold the pattern stable, which
shows that it is indeed sufficient to describe the whole system
at least qualitatively correct. Thereafter, bromine adsorption
on the nanomesh was simulated, starting from an empty pore
with 40 bromine molecules placed 10Å above the surface.
The starting structure (bromine gas above the h-BN nano-
mesh) and the final frame of one calculated MD trajectory
(out of 20) for this process are shown in figure 10.

All bromine molecules seem to adsorb in the pore region,
whereby a multilayer is formed after saturation of the pore.
For a quantitative analysis of the dynamics, three parameters
were looked at: radial distribution functions (RDF) of bro-
mine with itself, boron and nitrogen (figure S16(a)), a 2D-
averaged spatial distribution of bromine along the surface
(figure S16(b)) and the time-dependent surface coverage
(figure S16(c)). The latter was calculated by looping through
all bromine atoms in the system in each time frame and
assigning one atom as bonded to the surface if the distance to
an arbitrary B or N atom in the system is lower than 3.5Å,
thereby neglecting the second adsorption layer. The RDF
analysis shows that the B–Br bond is shorter than the Br–Br
bond (2.1 versus 2.3/2.7Å), indicating a pronounced inter-
action between bromine and boron. The two-peak structure
arising in the Br–Br distribution might be caused by the
different Br–Br distances regarding the first and the second
layer. The longer bonds can be assigned to the bromine in
close contact to the nanomesh while the bromine molecules in
the multilayer, being similar to free bromine molecules,
exhibit shorter bonds. In the corresponding two-dimensional
bromine atom density plot, sharp spots are exclusively located
on top of the boron atoms in the pores. Outside the pore, the
probability of finding a bromine atom is almost zero. In
addition, some background noise can be observed, probably
originating from the weakly bound multilayer, which seems

to be much more thermally mobile than the first layer. The
time-dependent surface coverage reveals a gradually slowing
adsorption process, converging at about 0.30ML (22 bromine
molecules).

Conclusion

In this study, the adsorption, reactivity and thermal stability of
bromine on Rh(111)-supported h-BN and graphene were
investigated. To gain a detailed understanding of these sys-
tems on the molecular level, we used high-resolution XPS and
TPXPS to follow the respective processes in situ. For the
adsorption of low coverages of bromine on the h-BN nano-
mesh at 170 K, we find that molecular bromine adsorbs
exclusively in the pores, with boron being the preferred
adsorption site. This demonstrates selective functionalization
of the 2DM and confirms the template effect of the nanomesh.
Upon heating, polybromides are formed, which decompose at
about 240 K to form bromide in the pores. This species is
quite stable and remains on the surface up to ∼640 K. Due to
this high thermal stability, we assume strong/covalent
bonding of bromide to h-BN. Interestingly, the desorption
temperature of bromide decreases upon increasing pore cov-
erage, which suggests that diffusion limitation plays a role at
low coverages. After heating to 800 K, pristine h-BN/Rh
(111) is regained, indicating full reversibility of the functio-
nalization. For bromine adsorption on graphene/Rh(111) at
170 K, we do not observe spatial selectivity in the Br 3d and
C 1s spectra. In the C 1s spectra, we nevertheless find clear
indication of interaction between graphene and bromine.
Bromine exhibits a comparably low thermal stability on
Rh(111)-supported graphene; most of the bromine desorbs
already below room temperature. At higher temperatures, a
small amount of bromine intercalates underneath the gra-
phene layer. Apart from this, bromine adsorption on the
graphene moiré is reversible upon heating to 800 K.

The experimental findings were supported by a com-
prehensive theoretical study, in which DFT was used to
explore the structure and substrate interaction of Rh(111)-
supported h-BN and graphene as well as the characteristics of
bromine adsorption on the 2DM. For the first time, MD using

Figure 10. Simulation starting from an empty h-BN pore with 40 bromine molecules 10 Å above the surface: (a) initial and (b) final structure.
Boron, nitrogen, bromine and rhodium atoms are colored green, blue, orange and gray, respectively.
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a machine-learning FF were employed to simulate bromine
adsorption on the h-BN nanomesh. In the case of the h-BN
nanomesh, we find a stronger buckling than for the graphene
moiré, causing a more pronounced difference in reactivity
between pores and wires. Furthermore, adsorption energies of
molecular and atomic bromine were determined, suggesting
the pores/valleys to be favorable for adsorption. This pre-
ference is strongest for the boron atoms in the pores of the
nanomesh. The substantial corrugation of the nanomesh and
the preferable interaction of bromine with boron are likely the
reasons for the observed spatial selectivity of the functiona-
lization. Regarding the h-BN nanomesh, DFT supports the
possibility of polybromide formation. Moreover, the MD
simulation of bromine adsorption on the h-BN nanomesh also
confirms its pore selectivity.

Outlook

Our study has proven that the synergistic combination of XPS
and theoretical calculations is a very powerful tool for the
investigation of the chemical reactivity of Rh(111)-supported
h-BN and graphene towards bromine. Both, generally rather
inert 2DM are observed to interact with bromine. In the case
of the h-BN/Rh(111) nanomesh, we were able to demonstrate
selective covalent functionalization. Such distinct chemical
modification is a promising route to design 2DM with
desirable properties, which is crucial for their applicability in
real-world devices.

To obtain a more detailed insight into the structural
identity of the supported 2DM and its changes upon covalent
functionalization, further studies employing microscopic
techniques, such as scanning tunneling microscopy (STM),
transmission electron microscopy (TEM) or atomic force
microscopy (AFM), should be conducted. Also, a thorough
analysis of the electronic properties of the pristine and func-
tionalized 2DM, e.g. via the means of scanning tunneling
spectroscopy (STS) or angle-resolved photoemission
spectroscopy (ARPES), would be recommendable for future
works.
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