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ARTICLE INFO ABSTRACT

Keywords: In this paper the thermal properties of Au and Rh deposits are compared on hexagonal boron nitride (h-BN)
Hexagonal 'bowﬂ nitride “nanomesh” prepared on Rh(111), applying STM, XPS, low energy ion scattering (LEIS), LEED, and DFT. At
Encapsulation room temperature, both metals essentially follow Volmer-Weber (3D) growth. Upon subsequent annealing,
Self-assembly . . . . . . .

) ’ . agglomeration (sintering), intercalation, and desorption are competing surface processes for both metals. For the
Two-dimensional materials . L. . K
STM more reactive Rh, we suggest an additional encapsulation mechanism: between 600 K and 750 K, fragments of

LEIS decomposed h-BN diffuse locally from the bottom onto the metal clusters covering them partially. STM data
indicates that agglomeration of gold nanoparticles proceeds faster compared to rhodium. At higher temperatures
(~1050 K-1100 K), all non-desorbing gold atoms diffuse below h-BN, even for large initial coverages. On the
other hand, for larger Rh deposits (>5 ML), the outermost layer always contains Rh. Accumulation of gold at the
interface between h-BN and Rh(1 1 1) significantly enhances the thermal stability of h-BN, attributed to the lower
reactivity of Au in the decomposition of h-BN compared to Rh(111). At elevated substrate temperatures,
intercalation of individual adatoms takes place during deposition, which requires higher temperatures for

rhodium due to its slower diffusion and higher probability of nucleation.

1. Introduction

Hexagonal boron nitride (h-BN) is an intensely studied two dimen-
sional (2D) material [1-3]. Structurally it is a graphene analogue with a
honeycomb lattice. However, the hexagons consist of alternating B and
N atoms, and the difference in electronegativity between these elements
leads to an insulator electronic structure. Because of its chemical
inertness, chemical and thermal stability, h-BN is a useful insulating
component of nanoelectronics, and is applied in lateral and vertical
heterostructures [4-6].

h-BN monolayers have been typically synthetized on close packed
metal surfaces [7,8,17,18,9-16], but not exclusively [19-22]. In a few
cases, h-BN was prepared on alloys, like on PtRh(111) [23] and on
Au/Rh(111) [24]. The lattice mismatch and the strength of chemical
interaction between boron nitride and the metal are key factors gov-
erning structure and morphology of the h-BN overlayer. The interaction
with coinage metals (Cu, Ag, Au) is weak, which results in a (nearly) flat
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h-BN monolayer and a relatively large metal - nitride distance
[11,16,25-27]. Since Au(111) is too inert to decompose borazine
(B3N3Hg), the most frequently applied h-BN precursor, alternative
approaches have been implemented, such as deposition by magnetron
sputtering [28]. As an alternative route to prepare h-BN supported by
gold, first the nitride was synthetized on Ni(111), followed by the
deposition and intercalation of Au [29,30].

Ruthenium and rhodium bind boron nitride strongly. The energeti-
cally preferred bonding of h-BN to Rh(111) and Ru(0001) is with N
atoms at on top position [26]. In the regions, where this is closely
fulfilled (“pores™), the nitride — metal distance is relatively small.
However, this arrangement cannot be realized everywhere, because of
the considerable lattice mismatch between h-BN and the metal substrate
(—=7.7 % for Rh(111), and —8.2 % for Ru(0001)). In these areas
(“wires™), the h-BN layer is located farther from the metal surface,
resulting in a periodic undulation of the h-BN monolayer (“nanomesh”)
[13,17,18,26,31,32]. Although the nanomesh formation is most known
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for Rh(111) and Ru(0001), it has been observed on Ir(111) and Re
(0001), too [33-36]. A more appropriate approach is to consider
stronger or weaker corrugation, and varying size of pore regions than
the existence or non-existence of the nanomesh morphology of h-BN on
transition metals, at least where some lattice mismatch exists [14].
When h-BN was prepared on Au/Rh(11 1) surface alloys, it was proven
that the lateral pore size can be fine tuned by varying the gold content
[24].

The growth of metals, deposited on h-BN via physical vapor depo-
sition (PVD), have also been intensely studied applying different metal
supports [2,17,44-48,24,37-43]. The nanomesh can serve as an eggbox-
like template, since pores have frequently been observed to be prefer-
ential adsorption sites for organic molecules and metals [2,49],
including gold [24,39,40,43,45,48], platinum [46,47] and iridium [48].
Conversely, Ni and Ag atoms are not trapped by the pores at room
temperature, leading to the formation of large nanoparticles [45,50].
Similarly, according to density functional theory (DFT) calculations, Pd
and Ni adsorption are not region specific on the h-BN/Rh(111) nano-
mesh [45]. However, after the deposition of size selected Pd;g clusters
on h-BN/Rh(111), the nanoparticles were located inside the pores and
were mostly adsorbed at their rim [51]. The PVD growth of metals on h-
BN at room temperature mostly results in 3D nanoparticles [17,37,42],
like Au on h-BN/Rh(111), when the clusters are not too small (they
consist of more than cca. 30 atoms) [24,38,43], because the metal —
nitride interaction is relatively weak compared to metal-metal interac-
tion. The clusters prepared on the nanomesh are often characterized by a
narrow size distribution, which makes these systems well-suited model
catalysts [52-54]. Interestingly, the formation of two dimensional gold
nanoparticles has been reported on h-BN/Ru(0001) [39] and on gra-
phene/Ru(0001) [55], with the moiré patterns detectable on the Au
platelets, too. An effect of the substrate temperature on the sticking
coefficient was found for Co deposition on h-BN/Ni(111) [37].

Following metal deposition and early nucleation, agglomeration
(sintering, coalescence), intercalation and desorption are all possible
thermally activated processes, although, it is usually difficult to address
the branching of the different channels quantitatively. In this paper,
intercalation is termed as the diffusion of admetal below the h-BN
monolayer, independent of whether the admetal is stabilized between
the nitride and the topmost substrate atomic plane, or the admetal is
incorporated/alloyed in the surface or bulk of the substrate. Regarding
the mechanism of agglomeration, both Ostwald [46,51] and Smo-
luchowski [47,48] ripening have been postulated. On h-BN/Ir(111), the
Ir nanoparticle array proved to be remarkably stable up to 700 K [48].
Intercalation took place during Co deposition at 450 K on h-BN/Ni(111)
[37]. Similarly intercalation was reported upon annealing a h-BN/Rh
(111) nanomesh covered by Mn nanoparticles at ~650 K [42], and also
for Ir and Pt nanoclusters on h-BN/Ir(111) at T > 750-850 K [47,48]. In
each case, the process was accompanied by a 3D — 2D transition, as it
was typically proven by STM and occasionally also by photoemission. In
other cases, e.g. for Pt/h-BN/Rh(111), no intercalation was found up to
800 K [46]. Regarding the mechanism of intercalation, for Co/h-BN/Ni
(111) it was emphasized that the intercalated 2D islands were located at
defect lines of h-BN, which act as “collectors’’ for Co, which intercalates.
On nanomeshes, for Mn/h-BN/Rh(111) and Ir/h-BN/Ir(111) it was
found that intercalation is quite local and does not (exclusively) proceed
at distant defect sites, but a more detailed mechanism has not been
proposed [42,48]. Upon annealing Mn/h-BN/Rh(111) at 773 K, the
reverse process (escape of admetal atoms from below h-BN) and
desorption also took place [42]. Heating 1 ML of Au up to 1050 K on h-
BN/Ru(0001) led to intercalation and surface alloying, but the nano-
mesh morphology was still perceptible [39].

In our recent paper, the intercalation of Au below h-BN on Rh(111)
was proven upon heating up to 1050 K by the comparison of low energy
ion scattering (LEIS) and X-ray photoelectron spectroscopy (XPS) re-
sults. Formation of 2D islands were not reported over this process fol-
lowed by STM, from which it was concluded that a 3D-2D transition is
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not a prerequisite for intercalation [24]. Nevertheless, intercalated
admetal certainly forms 2D features at appropriate coverage and tem-
perature conditions. Naturally, in some cases it can be alloyed with the
substrate metal or diffuse and join to substrate steps below the h-BN
cover layer without the appearance of extended 2D nanocrystallites.
The above literature survey underlines that the mechanism of
intercalation and other thermally activated processes is still quite
elusive. In this work we present a comparative study on the thermal
behavior of Au and Rh deposited on h-BN/Rh(111). It was expected that
substantial details can be obtained about the complex mechanism of
diffusion, desorption, intercalation and alloying processes by following
the change of surface and subsurface chemical composition and
morphology as well. Note, that from the point of view of alloying, Rh
and Au are bulk immiscible, while deposited Rh is of course a completely
mixing partner of the Rh(111) support by its nature. According to the
bulk Au-Rh phase diagram, the solubility of Au in Rh is very small, less
than 0.3 % up to 1340 K, while the solubility of Rh in Au is 1.5 % at the
same temperature [57]. Nevertheless, gold on Rh(111) forms both or-
dered and random surface alloys in the outermost atomic layer [56].
Another interesting aspect of this study is that we extended our inves-
tigation up to a higher number of deposited layers (10 ML), accordingly
the system imitates a h-BN nanosheet closed inside a bulk metal,
consequently, it can provide a model system for metal-cluster/2D-
material nanocomposites. Moreover, we address specifically the ther-
mal stability of the h-BN monolayer, and the effect of admetals on it.

2. Material and methods

The experiments were performed in different ultrahigh vacuum
(UHV) systems. Room temperature STM measurements were carried out
in the first one, while the second one hosted an XPS and LEIS apparatus.
Low energy electron diffraction (LEED) measurements were performed
in the third one, the NanoESCA end-station of ELI - ALPS. The STM and
the XPS-LEIS systems has been described previously [24].

In the STM chamber the STM head was controlled by a commercial
SPM electronics (MK2-A810 and MK3Pro-HV1 produced by SOFT-dB)
and by GXSM-Linux software. STM images recorded in constant cur-
rent mode were taken up at a bias of —1 V (on the sample) and a
tunneling current of 1nA. The W-tip was conditioned by voltage pulses
(+3V, 10nA). Some of the images were gently smoothed by fast Fourier-
transformation (FFT). The distances on STM images were calibrated by
measuring the unit cell sizes and the atomic step height on TiO2(110)—
(1 x 1) sample (0.296 nm x 0.650 nm, 0.297 nm). The following nearest
atom-atom distances were used during data evaluation: Rh (0.2687
nm), Au (0.2884 nm). Concerning the determination of the size (height,
diameter and volume) of the 3D particles (which have larger height than
0.5 nm) and their lateral concentration, we took into account the rather
inhomogeneous particle-position and the wide particle-size distribution,
moreover the tip-shape effects. Regarding some subjective factors in this
job, we can state that the accuracy of these particle-characteristics given
in this work is not better than +10 %.

In the XPS-LEIS chamber an Al K, X-ray source [58] was applied for
XPS, performed with constant pass energy, and at a detection angle of
16° with respect to the surface normal. The binding energy scale,
referenced to the Fermi level, was calibrated by fixing the Au 4f; /5 peak
of bulk gold to 84.0 eV and the Rh 3ds/» peak of the bulk Rh to 307.2 eV.
For LEIS, 800 eV helium ions were applied at a low ion flux (~0.03 pA/
cm?). The scattering angle was 95°. The sample temperature was
measured with a chromel-alumel (K-type) thermocouple spot-welded to
the sample.

The NanoESCA end-station of ELI ALPS consists of a preparation
chamber (1 x 107'° mbar) and an analysis chamber (3 x 107! mbar).
LEED measurements were performed in the preparation chamber
applying a 4-grid rear view LEED of OCI Vacuum Microengineering.

In all chambers, one side polished Rh(111) single crystals (orienta-
tion accuracy: better than 0.1°) were used. The samples were cleaned
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according to the following recipe: cycles of Ar' ion sputtering for 20 min
(1.5 keV) at 300 K and annealing in UHV at 1200 K for 10 min. The
sample was then annealed in 3 x 10~ mbar O, at 1050 K for 30 min.
The final step was annealing in UHV at 1250 K for 1 min. h-BN over-
layers were synthetized via the thermal decomposition of borazine at
1000-1050 K, Borazine (purity: greater than 99.8 %) was produced by
Katchem Ltd. High-purity (99.95 %) Au was deposited by commercial e-
beam heated PVD sources. The coverage of Au is expressed in equivalent
monolayers (ML), defined as the surface concentration of rhodium
atoms in the topmost layer of Rh(111): 1.60 x 10'® ¢cm 2. This defini-
tion is justified by the pseudomorphic growth of AuonRh(111)upto 1
ML [56]. In the XPS-LEIS chamber, a quartz crystal microbalance (QCM)
was applied to adjust the evaporation rate, while in the STM chamber
gold coverage was deduced from the volume of the deposited gold
nanoparticles. In both cases, the evaporation rate was ~0.2 ML/min. In
order to assess our relative LEIS sensitivity for Au and Rh, we have to
take into account that in our setup the Au LEIS peak intensity of a thick
(5 ML) continuous gold film on Rh(111) is 90 % of the clean Rh(111)
intensity. Considering that the topmost layer atomic distances of the
thick film is close to that of Au(111) [56], and the packing densities of
Au(111) and Rh(111) are 1.39 x 10'® em 2 and 1.60 x 10'® em 2,
respectively, the per ML relative sensitivities for Au and Rh are equal
with a precision of 3.5 %, since we fixed the Au ML definition to the Rh
(111) packing density. For this reason the Au LEIS intensities are shown
normalized to the clean Rh(111) LEIS intensity.

For DFT calculations the Vienna Ab initio Simulation Package
(VASP) [59,60] with the projector augmented wave method [61] and
van der Waals correction (optB86b) [62,63] were employed. To
contribute to the understanding of the experimental observations we
modeled different systems: (i) h-BN on metal substrate, h-BN/Rh(111)
and h-BN/Au/Rh(111), (ii) monolayer metal (Rh and Au) on h-BN/Rh
(111), (iii) Rh and Au adatom adsorption on flat free-standing h-BN
considering various defect sites in the h-BN layer, (iv) Rh and Au adatom
adsorption on h-BN/Rh(111), (v) Rh and Au adatom intercalated below
the nanomesh h-BN layer on Rh(111), and (vi) 19-atoms clusters of Rh
and Au [53] in the pore of h-BN/Rh(111). For flat h-BN (iii) a 7 x 7 BN
layer (agp = 0.248 nm) is considered: either defect-free intact h-BN, or
with the following defects: single B vacancy (Vp), single N vacancy (Vy),
and BN double vacancy (Vpy), and metal adatoms were added to sys-
tematically varied positions. Where a metal support is present (i,ii,iv,v,
vi), the (13 x 13 BN)/(12 x 12 Rh) superstructure [31] with the
experimental lattice constant of Rh, agp = 0.269 nm was adapted. Here,
the slab geometry in the supercell is always based on at least two Rh
layers (followed by another metal layer and h-BN (i), or h-BN and metal
layer (ii), and adding metal atoms to various positions (iv,v,vi)) from
which the bottom Rh layer was fixed and the rest of the atoms were
relaxed to determine their equilibrium geometry with a force criterion of
0.2 eV/nm. The Brillouin zone was always sampled by the I' point only.

3. Results and discussion
3.1. Characterization of the h-BN covered Rh(11 1) surface

First, the surface structure was characterized by LEED. Diffraction
patterns obtained at a primary energy of 62 eV are depicted in Fig. 1.
LEED images of clean Rh(111) and h-BN covered Rh(111) are also
shown (A and B, respectively). For Rh(111) six spots with threefold
symmetry were observed, as expected. The lattice constant of Rh(111) is
0.269 nm at room temperature [64]. The preparation of the nanomesh
on Rh(111) resulted in a new set of bright spots at a somewhat larger
distance from the center, assigned to the h-BN lattice with a slightly
smaller lattice constant of 0.248 nm (Fig. 1B). The main spot to spot
distances for Rh(111) were smaller by 7.9 % than the spot to spot dis-
tances for h-BN, implying a ratio of 0.921 for the lattice constants of h-
BN and Rh(11 1). The satellite points in hexagonal arrangement around
the main diffraction dots reflect the appearance of the well-known
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Fig. 1. LEED patterns recorded with a primary energy of 62 eV on (A) clean Rh
(111), and (B) h-BN covered Rh(111). The insert in B exhibits a magnified
dot region.

nanomesh superlattice with a periodicity of ~3.2 nm (Fig. 1B inset).
This is in accordance with the 13 over 12 superstructure reported in
literature [9,24,31,65].

The surface structure was followed also by STM (Fig. 2). The h-BN
supported by Rh(111) shows the typical hexagonal nanomesh period-
icity of 3.2 nm after its fabrication at 1050 K (Fig. 2A). In the left bottom
of this image a high-resolution image can be seen, where the hexagonal
periodicity of 0.25 nm is characteristic of the next neighbor distance of
BN-rings (unit cell). This structure remains stable after the 5 min
annealing at 1175 K (B). Note that the different pore-wire contrast is a
typical feature and purely due to the different tip-state and imaging
parameters [49]. A dramatic change appears in the morphology after
annealing at 1200 K (C). Although the atomic step line of Rh(111)
surface is clearly visible diagonally on the image, the nanomesh struc-
ture disappeared and the atomic terraces exhibit a rather disturbed
morphology. Let us note that in some cases we recorded also ordered
nanomesh structure at this temperature. Nevertheless, annealing at
1225 K resulted in a total disappearance of the nanomesh texture and the
hole formation on the terraces continued (Fig. 2D). An interesting image
of 5 x 3 nm? is inserted in D, which was recorded on a flat region
showing a quadratic symmetry with a periodicity of 0.34-0.36 nm. This
side-feature may result from the formation of a reconstructed Rh lattice
induced by built-in B atoms originating from the decomposition of BN
layer, but neither the formation of cubic BN can be excluded. Further
studies are needed for a clear assignment. In summary, these STM re-
sults, in accordance with LEIS results presented below, show that the h-
BN monolayer supported on Rh(111) is stable approximately up to
1175 K. Concerning the thermally induced decomposition of metal
supported h-BN, previous studies revealed a thermal stability up to
1275 K for h-BN/Ru(0001) and 1223 K for h-BN/Ir(11 1), respectively
[13,35]. The onset of h-BN degradation on Rh(111) as a gradual
disappearance of h-BN regions in STM was reported to be 1160 K [18], in
accordance with our present and recent study [24].

3.2. Metal deposition at 300 K and the effect of subsequent annealing

As a next step, one monolayer of rhodium was deposited at room
temperature on h-BN covered Rh(111), followed by subsequent
annealing at stepwise increased temperatures for 5 min. After each
annealing step, LEIS spectra were collected near 300 K (Fig. 3A). Please
note that LEIS provides information almost exclusively about the
outermost atomic layer, when noble gas ions are applied [66]. No Rh
LEIS peak was found after the h-BN synthesis, which confirmed the
continuity of the h-BN monolayer. The Rh signal obtained after depo-
sition at 300 K gradually attenuated due to annealing, and almost dis-
appeared at 950 K. However, at higher temperatures, the Rh peak
reappeared. The inset of Fig. 3A allows an estimation of our detection
limit for Rh. After h-BN synthesis, a broad peak has been observed
centered at lower kinetic energies compared to the Rh peak. This is
assigned to backscattering in deeper layers and reionization [66]. This
peak can be used as a baseline, when quantifying Rh in the outermost
atomic layer. The small Rh peak after metal deposition and annealing at
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Az =0.57n

Fig. 2. STM images of 50 x 30 nm? recorded on (A) a h-BN nanomesh covered
Rh(111) surface, followed by 5 min annealing at higher temperatures: (B)
1175 K, (C) 1200 K, (D) 1225 K. The inserted high resolution image of 5 x 3
nm? (left bottom in A) exhibits the h-BN lattice itself.
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950 K corresponds to 0.004 ML of Rh. From the figure, it can be inferred
that our detection limit for Rh is ~0.002 ML. Since our LEIS sensitivity
for Au is nearly the same as for Rh, the detection limit of Au is also
~0.002 ML. The same experiment was repeated with different amounts
of Rh deposited. The Rh peak intensities observed after gradual
annealing are displayed in Fig. 3B, normalized to the LEIS intensity of
clean Rh(111). Please note that for the rhodium intensity no neutrali-
zation matrix effects take place in the combined rhodium-boron nitride
system [24]. The B and N LEIS peaks of the nitride were very weak, close
to our detection limit, in accordance with literature data, which can be
explained by the lower sensitivity of LEIS for light elements [7,24].

At nearly all initial coverages, a mild annealing up to ~500 K
resulted in an increase in the Rh intensity, which is assigned to the
desorption of background gases (CO, Hg, Hz0, ...). Thereafter, normal-
ized Rh intensity was much smaller than the amount of Rh deposited (in
ML), revealing the presence of 3D nanoparticles (Volmer-Weber growth
mode). At small and medium coverages up to 1 ML, further annealing led to
gradual attenuation and to the (nearly) complete disappearance of the
rhodium signal by ~950 K. The absence of the Rh LEIS peak is a clear
sign for the disappearance of rhodium from the topmost atomic layer, e.
g. by intercalation. Other possible channels are the agglomeration
(sintering) and desorption of Rh. Agglomeration, however, cannot lead
to the complete disappearance of the Rh peak. While desorption can
indeed contribute to the intensity loss, it is not straightforward to
quantify this effect. It seems reasonable to assume that Rh desorption
has a larger activation energy than Au desorption, because the bulk
melting and boiling points of gold are smaller, and Rh interacts more
strongly with h-BN than Au. Based on the comparison of XPS and LEIS
results obtained after the deposition and thermal annealing of Au on h-
BN/Rh(111) it was estimated that not more than 44 % of gold desorbed
up to 1050 K at @, < 1 ML, therefore the majority of Au intercalated
[24]. Consequently, we feel safe to conclude that in the present case the
desorption of Rh is not the majority net process up to 1050 K at g < 1
ML. At larger initial Rh coverages (Ogp > 5 ML), the Rh LEIS peak did not
disappear at any temperatures, indicating there is always some Rh in the
outermost atomic layer. Due to the strong 3D character of the growth, a
continuous Rh film was formed only at Ogy, = 50 ML, where normalized
Rh LEIS intensity reached 1 (not shown).

Concerning the behavior at high temperatures, at each coverage, a
sharp rise/reappearance of the Rh intensity was observed at 1150-1200
K, which is attributed to the opening/disruption of h-BN film (Fig. 3B,C).
Even at zero or low initial Rh coverages, ~20 % of the surface becomes
uncovered after 5 min annealing at 1200 K, in accordance with the STM
results shown in Fig. 2.

Turning on the behavior of gold deposits, we first present LEIS results
obtained after the deposition and subsequent annealing of Au on h-BN/
Rh(111). While in our previous study [24] we dealt with low and
moderate gold coverages, here we present results on a broad coverage
range from 0.08 ML to 10 ML (Fig. 3D-F), and a comparison will be
made with the Rh/h-BN/Rh(111) system presented above. Gold LEIS
intensities are normalized to the rhodium intensity of clean Rh(111). It
is known that gold follows a Volmer-Weber growth mode at 300 K
except for very low coverages [24,43,45], which is confirmed again by
the present experiments. 10 ML of Au was not sufficient to form a
continuous film. Since Au is not subject to background gas adsorption at
room temperature [44], mild annealing in the range of 300-700 K did
not induce any increase in the Au LEIS intensity, in contrast to Rh, but
the Au LEIS peak gradually attenuated (Fig. 3D). At around 750 K, a
sharp decrease set in for larger coverages. In the range of 800-1050 K a
slower attenuation took place (similarly to Rh). A notable difference
between Au and Rh is that the gold signal was completely suppressed at
high temperatures (~1000-1100 K) at any initial Au coverages up to 10
ML, which clearly demonstrates intercalation even for large gold doses.
Sintering and desorption also influence LEIS intensity. Starting with 10
ML of Au on h-BN/Rh(111), XPS data indicated the presence of ~4 ML
of Au between h-BN and Rh(1 1 1) after intercalation (the rest desorbed),
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applying Scofield photoelectric cross sections [67] and inelastic mean
free path values of Tanuma, Powell and Penn [68]. In the model for XPS
quantification, it was assumed that Rh bulk does not contain any gold,
because of the very low solubility of Au in Rh.

For the initial gold coverage range of 0.08 ML-5 ML, the high tem-
perature region of Fig. 3D is presented magnified in Fig. 3F, while
normalized Rh intensities from the same experiments are shown in
Fig. 3E. The reappearance of Rh and Au intensities indicates the open-
ing/decomposition of the h-BN monolayer at 1150-1200 K. With
increasing initial gold content, the Rh intensity observed at 1200 K
gradually decreases, and completely disappears at ®5, = 3 ML and
above. At the same time, the dewetting of h-BN results in increasing Au
intensities up to ®x, = 1 ML, because the opening of the nanomesh
liberates Au coated Rh(111) areas. Please note that the desorption of
gold from Rh(111) is rather fast at 1200 K, as will be discussed about
Fig. 7, which attenuates the observed gold LEIS intensity. A further in-
crease in the initial gold content to 3 ML or above completely suppresses
the disruption of h-BN, which reveals a substantial stabilizing effect of
gold (Fig. 3D-F). Since intercalation is complete by ~1050 K, gold atoms
separate rhodium from boron nitride. The h-BN layer remains intact,
because the chemical reactivity of the smooth interfacial gold layer is
much weaker than that of rhodium. On the other side, this observation
reveals that the chemical activity of Rh plays an important role in the
high temperature reopening/disruption of the h-BN nanomesh on Rh
(111); rhodium catalyzes the rupture of covalent B-N bonds, most
probably in the pore regions, where the rhodium-nitride distance is
smaller, and electronic hybridization is stronger.

Before the presentation of complementary STM investigations, let us
recall several main characteristics perceptible in Fig. 3. The measure-
ment series with both Rh and Au show similar tendencies, but also
notable differences, which are particularly well seen for the higher
coverages above 1 ML. Four characteristic temperature ranges can be
identified. T-Range I: at relatively low temperatures (for Rh between
300 K and 550 K, for Au between 300 K and 700 K) a gradual and slow
attenuation takes place due to a thermally activated sintering of the

Temperature (K)

metal deposit as described above. In the case of Rh, the slight
enhancement of the signal between 300 K and 500 K is probably origi-
nated from the desorption of contaminants. T-Range II: the metal LEIS
signal decreases steeply between 600 K and 750 K for Rh, and between
700 K and 850 K for gold. This indicates that not only the sintering
mentioned above takes place, but probably a new surface process sets in
(see below at the evaluation of STM measurements). Interestingly, this
process requires a higher activation energy for gold. T-Range III:
annealing further (up to ~950 K for Rh, and 1050 K-1100 K for Au) the
metal signal gradually vanishes, with the exception of higher Rh cov-
erages. T-Range IV: In the highest temperature range from ~1150 K the
LEIS metal signals start to increase intensely due to the disruption of h-
BN, which is suppressed at higher gold doses.

In Fig. 4 two series of the most characteristic STM morphology im-
ages (chosen from at least 9-10 other ones recorded at the different sites
of the sample) are presented in order to compare the thermal stability of
Rh and Au deposits and to disclose more details of the thermally acti-
vated processes. In both cases, we dosed approximately 6 ML (£10 %)
initial coverage. The coverage of metal deposits was calculated from the
total volume of 3D nanoparticles formed at 300 K (A1, B1) or visible as
3D nanoparticles after the annealing at higher temperatures (A2-A7 and
B2-B7). Note, 3D nanoparticles were defined in this case as particles
higher than 0.5 nm (see above). This coverage value does not imply the
full amount of admetals present on the surface, especially at higher
temperatures. Taken the specific images from Fig. 4, the characteristic
parameters like (A) average particle diameter, (B) average height, (C)
total amount of 3D nanoparticles expressed in ML, (D) occupancy in
percentage (the surface area covered by nanoparticles relative to the
total substrate surface area) and (E) surface concentration of the 3D
nanoparticles (particle density) are shown in Fig. 5.

By checking both the images and the calculated parameters, the
Volmer-Weber growth mode for both metals at room temperature is
confirmed, in accordance with LEIS. It can be clearly seen that between
300 K and 650 K the average diameter gradually increases from 5 nm up
to 6.5 nm and from 9 nm up to 10.5 nm for Rh and Au, respectively
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Fig. 4. STM images of 100 x 100 nm? taken on Rh(111) covered by h-BN, and
exposed to approximately 6 ML of (A1) Rh or (B1) Au, followed by 5 min
annealing at higher temperatures: (A2, B2) 500 K, (A3, B3) 650 K, (A4, B4) 750
K, (A5, B5) 900 K, (A6, B6) 1050 K and (A7, B7) 1200 K. The insets of 50 x 50
nm? in A6, B6, A7, B7 exhibit special regions of the surface.
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(Fig. 4A1-A3, B1-B3, and Fig. 5). The larger particle size of Au detected
already at 300 K indicates obviously a larger diffusion ability and a
smaller nucleation probability of Au on h-BN compared to Rh. Regarding
the average height, in the case of Rh there is only a little increase from
1.3 nm up to 1.5 nm, while in the case of Au there is a gradual and
significant enhancement from 1 nm up to 2.8 nm. In this temperature
range, the total volume of the 3D particles does not change and only a
moderate change can be observed for the occupancy. The particle den-
sity gradually decreases from 3 x 10'?to 1.8 x 10'2 cm™2 (Rh) and from
1.0 x 102 to 0.4 x 10'? cm ™2 (Au). All these morphological changes
demonstrate the occurrence of thermally activated Ostwald ripening as
it was also deduced from the LEIS measurements for T-Range I (300
K-550 K for Rh, and 300 K-700 K for Au).

It is a much more surprising observation that in T-Range II (600 K —
750 K for Rh, and 700 K-850 K for Au), where a rather sharp decrease in
the metal signal intensity was detected by LEIS (Fig. 3B, D), there are
only little changes in the particle parameters for Rh, depicted in Fig. 5,
while for Au the decrease in 3D amount and occupancy are more sig-
nificant. This fact clearly reveals that beside the slow Ostwald ripening
there exist different process(es) resulting in the radical decrease in LEIS
signals, and these can be different for Rh and Au. As Rh has little change
in 3D volume and occupancy, intercalation cannot fully explain the
observed behavior. A reasonable explanation is that the decomposed
components of h-BN migrate on the top of supported particles in this
temperature range. The presence of an h-BN overlayer on top of Rh after
700 K annealing has been demonstrated also by sputter depth profiling,
as explained in the Supplementary material. This process is probably
similar to the decoration/encapsulation phenomenon, which takes place
frequently on metal nanoparticles supported by reducible oxides
[69,70]. It is important to mention here that the comparison of STM and
LEIS results is not biased by possible differences in the temperature
measurement in the two chambers. According to a cross-calibration with
a pyrometer, the difference between the two temperature scales is <20
K. Here we emphasize that although the 3D shape of the metal nano-
particles, which is a sort of surface roughness, leads to an underesti-
mation of the metal covered surface fraction based on LEIS intensities, it
does not influence the conclusion about encapsulation. According to our
STM results (Fig. 5), the average Rh cluster height is quite stable up to T-
Range II, while the diameter increases, implying that the 3D Rh nano-
particles actually become flatter, which cannot lead to a loss of Rh LEIS
intensity. The encapsulation of metal nanoparticles by BN fragments
requires the rupture of BN bonds in the original nanomesh by metal
clusters. Since the reactivity of Rh is stronger than that of gold, this
process is more specific to rhodium. Please note that the rupture of B-N
bonds in borazine during h-BN growth on Rh(111) was also postulated
[18], and Rh clusters are even more reactive than the flat Rh(111)
surface. Encapsulation, however, does not exclude intercalation (diffu-
sion of metal atoms below h-BN), but may promote it: the defect sites
created in h-BN can serve as intercalation channels. Regarding the
atomic mechanism of encapsulation, it needs further studies to disclose,
whether it proceeds via diffusion of BN fragments or B, N atoms on the
surface of Rh nanoparticles, or via diffusion of B and N atoms through
the bulk of Rh clusters. It is also to be noted that the reactivity of gold
depends sensitively on its cluster size [71]. Therefore, while the
encapsulation process is not salient for the 6 ML Au case, we cannot
exclude it becomes more facile for small Au nanoparticles. Similarly,
although we demonstrated this phenomenon at large rhodium doses, it
seems reasonable to assume that it takes place for small Rh coverages as
well.

A further temperature rise up to 1050 K (~T-Range III) results in a
gradual attenuation in the 3D particle concentration, accompanied by
the decrease in the occupancy and the total volume of the 3D nano-
particles (Fig. 4A4-A7, B4-B7 and Fig. 5C, D, E). In accordance with the
conclusions deduced from LEIS measurements, for gold a main process
in this temperature range is the gradual intercalation of the deposited
metal, but desorption is also significant, as mentioned above. In the case
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Fig. 5. Characteristic parameters of the 3D nanoparticles calculated on the basis of STM images in Fig. 4 and plotted as a funtion of temperature.
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Fig. 6. (A) N 1s and (B) B 1s XPS regions of h-BN/Rh(111), and those obtained after the deposition of 6 ML Au on h-BN/Rh(111) at 300 K, followed by annealing at
increasing temperatures for 5 min. (C) XPS areas for the Rh 3d, Au 4f, N 1s and B 1s regions (filled symbols) obtained in the measurement described for (A) and (B).
For comparison, we displayed also N 1s and B 1s areas obtained after the deposition of 6 ML Rh on h-BN/Rh(111) at 300 K, followed by annealing at increasing

temperatures for 5 min (empty symbols).
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of Rh, a flattening of encapsulated metal clusters take place, and atoms
can detach from encapsulated clusters and diffuse below h-BN to step
edges of the substrate or to other 2D Rh islands (2D sintering), further
reducing the 3D volume in STM. Intercalated gold atoms also diffuse to
substrate steps. Some important details appear also on the images
recorded after annealing up to these temperatures (Fig. 4A5-A7,
B5-B7). For the Rh deposit, the inserted image of 50 x 50 nm? clearly
shows the appearance of monolayer thick 2D hexagonal particles, which
are certainly intercalated Rh particles underneath the h-BN net
(Fig. 5A6). Fig. 4B6 does not show similar 2D particles for Au, probably
because of the faster diffusion and attachment of the intercalated Au
atoms to Rh steps. After the highest annealing treatment (at 1200 K) the
3D nanoparticles almost disappeared in both cases, at the same time a
complete nanomesh structure is visible again for the Rh deposit, but in
the case of Au there is no nanomesh formation due to the intercalated Au
layers, as it was expected. Since bulk Au and Rh are practically immis-
cible [57], the diffusion of Au to deeper layers of Rh(111) is very
limited, and the gold-rhodium interface is rather sharp.

The growth and thermal properties of Au on h-BN/Rh(111) were
also studied by XPS. 6 ML of Au was deposited on h-BN/Rh(111) at 300
K, and the surface was annealed to higher temperatures for 5 min. N 1s
and B 1s XPS spectra are shown in Fig. 6A and B, respectively. XPS peak
areas are collected in Fig. 6C. After h-BN synthesis, the N 1s peak was
observed at 398.1 eV, while the B 1s peak at 190.5 eV, in accordance
with the literature [24,43,46]. The pore-wire duality of nanomesh in-
duces an asymmetry of the peaks toward higher binding energies. The
deposition of gold resulted in a small ~0.15 eV shift of peak positions
toward lower binding energies. Annealing up to 700 K (T-Range I) led to
a small increase in B 1s, N 1s, and Rh 3d peak areas, attributed to sin-
tering. The change in Rh 3d area might seem more significant, but its
enhancement up to 700 K corresponds only to ~10 % of Rh 3d area for h-
BN/Rh(111). Between 700 K and 850 K (T-Range II) steeper changes
took place: an increase in N 1s, B 1s and Au 4f areas, accompanied by an
attenuation of Rh 3d area. At the same time, we observed an additional
~0.5 eV shift in N 1s and B 1s positions toward lower binding energies.
The enlargement of nitrogen and boron peaks is compatible with both
encapsulation and intercalation of gold as discussed about LEIS and STM
data above. However, the enhancement of Au 4f area, accompanied by
the loss of Rh 3d area cannot be explained by encapsulation itself, sin-
tering or desorption, because these processes result in an opposite
change. On the other hand, the intercalation of gold is compatible with
this observation: although during intercalation gold atoms get covered
by h-BN, the intercalated gold is two dimensional (attached to Rh(111)
step edges), therefore gold atoms will not shadow each other anymore,
but will shadow the Rh(11 1) substrate more efficiently. More precisely,
we propose that in this temperature range both sintering and interca-
lation proceed to some extent, but intercalation is the dominant process.
The downward shift of B 1s and N 1s peaks is explained by the presence
of Au at the h-BN/Rh(111) interface [24]. In T-Range III from 850 K to
1050 K only minor changes were found. However, annealing to 1200 K
led to a drop of Au 4f area, an increase in Rh 3d area, while N 1s and B 1s
areas did not change appreciably. We attribute this change to the
desorption of some gold before complete intercalation. In this mea-
surement, the Au LEIS intensity was also monitored simultaneously, and
the disappearance of gold from the outermost layer was complete only at
1150 K. An analogue XPS experiment was also performed, in which 6 ML
of Rh was deposited on h-BN/Rh(11 1), followed by subsequent stepwise
annealing. No significant changes in the N 1s and B 1s peak shapes were
observed (not shown). The obtained N 1s and B 1s peak areas are dis-
played in Fig. 6C, for comparison. In accordance with LEIS results pre-
sented above, the steep change (increase) in these areas (empty symbols)
arose at smaller temperatures (~600 K) when compared to the Au/h-
BN/Rh(111) experiment (filled symbols). This sudden increase is mostly
attributed to the encapsulation of Rh nanoparticles by BN. The loss of N
1s and B 1s areas at 1200 K is due to the decomposition of BN at this
temperature.
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As mentioned above, we assume that gold can stabilize the h-BN
monolayer, because it separates h-BN from the more reactive rhodium.
In this picture, the gold layer itself has to be stable at the interface at
1200 K even for longer times. This is not a trivial requirement, since the
diffusion of gold on h-BN is relatively fast even at lower temperatures,
leading to intercalation. Besides, it has been reported that intercalated
Mn diffused back onto h-BN surface and desorbed at 773 K [42].
Therefore, the amount of gold under h-BN was monitored by XPS as a
function of time at 1200 K (Fig. 7). In this experiment, 10 ML of Au was
deposited on h-BN/Rh(111) at 300 K, and it was intercalated by
annealing up to 1200 K. Intercalation was monitored by LEIS, and time
zero of Fig. 7 is defined as the moment when complete intercalation was
reached. At t = 0 min, XPS areas indicated that 4 ML of Au was present
below h-BN. Au 4f and Rh 3d XPS areas are shown in Fig. 7 as a function
of additional heat treatments at 1200 K. XPS spectra were collected near
300 K after the respective annealing treatments. As it is demonstrated by
the figure (filled symbols), both Au 4f and Rh 3d peak areas stayed
remarkably stable for 60 min at 1200 K, the drop in Au 4f area was only
4 %. This experiment also confirmed that the diffusion of gold toward
rhodium bulk is not significant, in accordance with the bulk immisci-
bility of these metals.

For comparison, we also performed a similar measurement in the
absence of h-BN. In this case 3.65 ML of Au was deposited on Rh(111) at
500 K, followed by 5 min annealing at 1050 K. This resulted in a smooth
film without gold desorption. The surface was then annealed at 1200 K
for increasing times, and Au 4f and Rh 3d regions were collected near
300 K after each annealing treatment. The obtained peak areas are
displayed in Fig. 7 with open symbols. Gold evaporation was substantial
already after 5 min at 1200 K, and desorption was nearly complete after
15 min. This comparison reveals the decisive role of the nitride mono-
layer in keeping gold at the interface. On the other hand, gold at the
interface keeps h-BN tightly closed.

3.3. Variation of the deposition temperature

We also studied the effect of the deposition temperature in the range
of 300-600 K. Increasing amounts of gold were evaporated on h-BN/Rh
(111)at 300 K and 400 K substrate temperatures, monitored by XPS and
LEIS (Fig. 8). The Au 4f areas as a function of gold coverage (in this case

1800+ T=1200 K
1600-
14004 —m— Au 4f area, h-BN/AU/Rh(111)
- —e— Rh 3d area, h-BN/Au/Rh(111)
5 1200 —O— Au 4f area, Au/Rh(111)
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O 8004 —0" . —e
(V]
© 600- - .
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0 10 20 30 40 50 60
Annealing time at 1200 K (min)

Fig. 7. Au 4f and Rh 3d XPS areas obtained after annealing at 1200 K for
increasing times. Filled symbols: h-BN/4 ML Au/Rh(111) prepared by the
deposition of 10 ML of Au on h-BN/Rh(111) at 300 K; followed by annealing up
to 1200 K until complete intercalation is reached as monitored by LEIS. t = 0
min for the experiment is defined as the moment, when complete intercalation
is achieved. Due to desorption during intercalation, the gold coverage was 4 ML
at t = 0 min. Empty symbols: 3.65 ML Au/Rh(111) obtained by Au deposition
on Rh(111) at 500 K, followed by 5 min annealing at 1050 K. t = 0 min is
defined in this case as the end of annealing at 1050 K. In all cases, XPS spectra
were obtained near 300 K after the respective heat treatments.
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Fig. 8. (A) The Au 4f XPS area obtained during deposition of Au on h-BN/Rh
(111) at 300 K and 400 K. (B) Au LEIS intensity normalized to the Rh intensity
of the clean Rh(111) surface obtained during deposition of Au on h-BN/Rh
(111) at 300 K and 400 K.

gold coverage means gold exposure) were nearly identical for the two
temperatures (Fig. 8A), indicating that the sticking coefficient (S) was
also identical, implying S = 1. However, we detected a significant dif-
ference in Au LEIS intensities (Fig. 8B).

At 400 K much lower intensities have been observed than at 300 K,
indicating either the formation of higher and larger nanoparticles or an
enhanced probability of intercalation/encapsulation during growth. An
intensive intercalation can certainly be deduced from the STM images
presented in Fig. 9 for low gold coverages (below 0.5 ML), where LEIS
intensities exhibit a rather different behavior at the higher deposition
temperature (Fig. 8). Fig. 9 presents a comparative measurement for Rh
and Au deposited at 400 K on h-BN covered Rh(111) surface, followed
by annealing at higher temperatures. The deposition of approximately
0.25 ML of Au at 400 K results in mainly 2D nanocrystallites with
irregular outline, and with a single atomic layer thickness, and only a
very little second layer deposit is observable (Fig. 9B1). Annealing at
500 K leads to some two-dimensional sintering of the particles without
any significant change of their outline and flatness (B2). In this state, the
h-BN layer does not show periodic nanomesh structure on gold surfaces.
However, a clear modification of their top flatness can be observed after
heat treatment at 700 K and especially at 1000 K (Fig. 9B3 and B4).
Taking into account the present XPS / LEIS and our former results [24],
we can exclude the formation of monoatomic thick 2D Au platelets on
top of the h-BN layer at 400 K. It is much more probable that they are
intercalated pure Au 2D nanoparticles, which start to form Au-Rh sur-
face alloy as an effect of annealing at 700 K, and accordingly they show
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Fig. 9. STM images of 30 x 30 nm? recorded after the deposition of approxi-
mately 0.25 ML of (A1) Rh and (B1) Au on the h-BN covered Rh(111) surface at
400 K, followed by 5 min annealing at (B) 500 K, (C) 700 K, (D) 1000 K.

nanomesh structure at and above 700 K. Note that in this higher tem-
perature range their outline became more and more regular and their
perimeter strongly tailored by the hexagonal nanomesh lattice at 900 K
(Fig. 9). In the case of Rh deposition, an analogue measurement exhibits
a rather different behavior (Fig. 9A1-A4). At 400 K, Rh nanoparticles
show different heights in the range of 0.2-0.8 nm, which indicates the
formation of 2-4 layers high 3D particles of 2-4 nm diameter. The
subsequent annealing treatments lead only to a slight and moderate
sintering, and a gradual intercalation of Rh nanoparticles up to 1000 K.
Although it cannot be inferred from STM images, encapsulation of Rh
nanoparticles can also occur during the annealing process.

In order to facilitate the formation of extended 2D Rh nanoparticles
underneath the h-BN net, a higher deposition temperature was required.
In contrast to the results obtained after the deposition of Rh at lower
temperatures (300-500 K), growth at 600 K (Fig. 10) obviously resulted
in some 2D nanoparticles (Fig. 10A), apart from a greater number of 3D
particles. One faint, but clearly visible extended 2D nanoparticle, with a
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Fig. 10. STM images of 50 x 50 nm? recorded after the deposition of approximately 0.1-0.2 ML of Rh on to the h-BN covered Rh(111) surface at (A) 600 K and (B)
800 K sample temperatures (two independent experiments). The image of 30 nm x 30 nm inserted in (B) (left middle) reveals the presence of the periodic nanomesh

also on the top of an intercalated 2D Rh nanoparticle.

height of approximately 0.2 nm, is indicated by an arrow on image (A).
The height of 3D particles varies between 0.4 and 1.0 nm (2-5 atomic
layers). By the application of even higher sample temperature (800 K)
during the evaporation of Rh, one obtains only intercalated 2D Rh
nanoparticles with a lateral extension of approximately 5-10 nm and
with a thickness of a single atomic layer (Fig. 10B). The inserted image
in (B) clearly shows that the top of the 2D nanoparticle exhibits the same
nanomesh structure as that on Rh(111) support terraces.

3.4. Theoretical studies

DFT calculations were performed for several model systems outlined
in Section 2. By comparing the h-BN layer on pure Rh(111) and on 1 ML
Au on Rh(111) substrates, we found that the nanomesh structure is
formed in the former case only, and in the latter case we obtain an
atomically flat h-BN layer, as shown in Fig. 11A and B, respectively. For
h-BN/Rh(111) (Fig. 11A) a geometric corrugation of the h-BN layer of
0.235 nm was found, and the smaller (~one third) apparent height
observed in STM was also discussed [24,72]. The Rh-BN minimal ver-
tical distance is 0.199 nm in the pore region. The DFT adsorption energy
of the h-BN layer is —50.568 eV (-0.299 eV per BN unit), which is in very
good agreement with that obtained by other DFT + vdW methods
(revPBE-D3: —51 eV, PBE-rVV10: —50 eV) [73]. Moreover, the geo-
metric corrugation (0.233 nm) of h-BN obtained by PBE-rVV10 reported
in this reference is almost identical to our DFT result. On the other hand,
the h-BN layer is atomically flat with a geometric corrugation of only
0.004 nm for the h-BN/Au;p/Rh(111) model system (Fig. 11B). The
Au-BN minimal vertical distance is 0.337 nm. The adsorption energy of
the h-BN layer in this case is —25.197 eV (—0.149 eV per BN unit), which
is half of the value calculated on the stronger bound Rh(111) substrate,
where the h-BN layer forms the nanomesh structure. With these results
the fundamental difference of the h-BN layer formation on a pure Rh or
Au covered Rh substrate is quantified.

The experimentally motivated assumption that Rh desorption has a
larger activation energy than Au desorption is further confirmed by
calculating the adsorption energy of individual Rh and Au adatoms on h-
BN/Rh(111) with DFT. The relaxed adatom configurations are shown in
Fig. 11Cand D for the Rh and Au, respectively. The adsorption energy of
the Au adatom is —3.21 eV in the energetically favored “on-top B in

10

pore” position, where the Au-B center-to-center distance is 0.214 nm,
and the Au is negatively charged by 0.49 electrons [53]. On the other
hand, the adsorption energy of Rh adatom is increased in absolute value
to —4.69 eV in the energetically favored “on-top N in pore” position,
where the Rh-N center-to-center distance is smaller, 0.203 nm (very
close to the vertical Rh-BN distance of 0.199 nm observed in the
strongest bound pore region of the h-BN layer in the nanomesh struc-
ture), and the Rh is negatively charged by 0.17 electrons. These results
suggest that the surface diffusion probability of Rh atoms is much lower
than that of Au adatoms. Moreover, the larger charge accumulated on
Au adatoms may contribute to the lower nucleation probability of Au
than of Rh, due to the dipole-dipole repulsion. The STM measurements
presented in Section 3.3 support well these theoretical predictions.

We also found a substantial difference of atomic island formation
considering model systems consisting of 19 atoms of Rh and Au (~0.13
ML coverage) after atomic geometry optimization minimizing the total
energy in zero-temperature DFT calculations. The initially considered
flat 2D atomic structures deposited on the pore region of the h-BN
nanomesh on Rh(111) converged to a 3D two-atomic-layer thick Rh
island (Fig. 11E), and, in stark contrast, to a bent 2D single-atomic-layer
thick Au island (Fig. 11F) [53]. This finding is in line with the experi-
mental observations presented in Section 3.3.

The driving force and some general mechanisms for the intercalation
of both Rh and Au metals were further studied by DFT within relatively
simple models. We focused on two aspects: total energy comparisons of
adsorbed and intercalated metal structures on h-BN/Rh(111), and the
role of simple defects in a free-standing h-BN layer (without a metal
substrate) on metal atom adsorption. Total energy comparisons between
the metal;p/h-BN/Rh(111) (Fig. 11G and H) and h-BN/metal;y;/Rh
(111) (Fig. 11A and B) model systems confirm that the monolayer metal
always prefers to be located below the h-BN layer, in direct contact with
the metal substrate. A similar comparison between metalygatom/h-BN/
Rh(111) (taken in the energetically favored adsorption positions: “on-
top N in pore” for Rh and “on-top B in pore” for Au, see Fig. 11C and D)
and h-BN/metal,;om/Rh(111) (atom below pore: Fig. 111-J, atom below
wire: Fig. 11K-L) models show that the intercalated individual metal
atoms prefer to be located below the wire region of the h-BN nanomesh
(Fig. 11K and L), and metal atom below the pore region is not preferred
since it modifies the local structure of the h-BN layer in the pore making
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A/

Fig. 11. Top and side views of the optimized atomic geometries of the studied
model systems by DFT calculations: (A) h-BN/Rh(111), (B) h-BN/Aujy/Rh
(111), (C) Rhagatom/h-BN/Rh(111), (D) AUagatom/h-BN/Rh(111), (E) Rhyo.
atoms-island/h'BN/ Rh(11 D, (® AulQ-atums-island/ h-BN/ Rh(l 11, (G) RthL/ h-
BN/Rh(111), (H) Aup/h-BN/Rh(111), (I) h-BN/Rhgtom@pore/Rh(111), (J) h-
BN/AUatom@pore/RN(111), (K) h-BN/Rhgom@wire/Rh(111), (L) h-BN/Au,.
tom@wire/Rh(111). Atomic spheres and colors: Rh (large, grey), Au (large, yel-
low), B (small, green), N (small, grey). The black arrow beside “A” indicates the
viewing direction of the side-view subfigures. The positions of the intercalated
individual metal atoms below the h-BN layer are indicated by red circles in (I)-
(L) for a better identification.

a weaker interaction to the Rh substrate, see Fig. 111 and J (side views).
To quantify these findings, the total energy differences per metal atom
are reported in Table 1, for the exact definition, see the caption. Rh
clearly exhibits larger negative energy differences and smaller positive
energy difference than Au, which suggests that Rh atomic intercalation
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Table 1

Driving force for Rh and Au metal intercalation in h-BN/Rh(111): total energy
differences per metal atom AE = (Ep.BN/metal/Rh(111) - Emeta/n-BN/Rh(1 11))/Nmetal
in eV units for 1 ML metal and a single atom considered in the pore and wire
regions below the h-BN layer on Rh(111). Negative values mean that interca-
lation is preferred, while positive values indicate an unfavored intercalated
structure.

AE (eV) Rh Au

1ML, Fig. 11A,B,G,H -1.72 —0.59
single atom at pore, Fig. 11C,D,I,J +1.17 +4.81
single atom at wire, Fig. 11C,D,K,L —2.76 —1.42

is promoted compared to Au due to the presence of the Rh substrate.
Overall, the driving force for the metal intercalation below the h-BN
layer is the identified energy difference in the described model systems.
Moreover, we found that the nanomesh structure of h-BN is conserved
upon adsorption of 1 ML of Rh or Au on top. The metal adlayer perfectly
follows the practically unchanged nanomesh structure for Au (Fig. 11H),
while the Rh adlayer shows some reconstruction together with an
increased diameter of the h-BN layer nanomesh (Fig. 11G). This calcu-
lation confirms the conclusion obtained from STM and LEIS measure-
ments (Fig. 9B1 and B2 and Fig. 8B), that flat 2D gold nanoplates are
localized at the h-BN/Rh(111) interface, and not on top of h-BN.

Total energies of a large number of atomic configurations of a Rh or
Au metal atom on or within a free-standing h-BN layer without or with
defects were calculated. The energetically best configurations on
defected h-BN are shown in Fig. 12. As defects, single B vacancy (Vs,
Fig. 12A-D), single N vacancy (Vy;, Fig. 12E-H), and BN double vacancy
(Vpn, Fig. 12I-P) were considered. Such defects are likely to form at
elevated temperatures. Metal atom adsorption on h-BN was freely
relaxed starting above B, N, hexagon and defect sites, resulting in
energetically preferred “on-top N” configurations above the intact h-BN
for both Rh and Au (note the qualitatively different “on-top B” Au
adsorption on h-BN/Rh(111)), and best on-defect adsorption Vg, Vy,
and Vpy (above the middle of the BN double vacancy) for the corre-
sponding defected h-BN layers (Fig. 12A,C,E,G,[LK). Metal atom ad-
sorptions within the h-BN layer in hexagon and defect sites were relaxed
in the plane. We find that unrelaxed hexagon sites are highly unfavored
for in-plane metal adsorption in comparison to adatom adsorption on
the h-BN. The reason is the size of the Rh and Au atoms, which can be
accommodated within the hexagonal BN-ring only with a much-
increased total energy. After performing in-plane relaxation consid-
ering metal atom at hexagon sites, the h-BN layer is much rearranged in
the plane, and a defect is created by opening up a space equivalent of 7
BN-rings around the metal atom. The total energies of such configura-
tions are still much larger than those of the found best adatom adsorp-
tion sites due to the rearrangement of the h-BN layer. From these results,
we conclude that metal atom intercalation through hexagonal BN-rings
is highly unfavorable energetically. The defect sites within the h-BN
layer are much more preferred for metal adsorption than hexagon sites.
The size of Rh and Au atoms is still large compared to the considered Vg,
Vn, and Vpy defects, which results in reduced metal-B,N distances
(bonds when formed) and an increased total energy for such metal-in-
BN-plane configurations.

The energy difference between the best adatom adsorption on the h-
BN layer (Fig. 12A,C,E,G,LK) and the best in-plane relaxed configuration
(Fig. 12B,D,F,H,J,L,M-P) estimates an energy barrier for the atomic
intercalation process when a metal atom moves from the given
adsorption site to the h-BN layer. Such estimated atomic intercalation
energy barriers are found to be much smaller for defected h-BN systems
than for the hexagon sites, thus atomic intercalation through defects is
better promoted. The results for the defected h-BN layers are summa-
rized in Table 2, and the corresponding atomic configurations are shown
in Fig. 12. Upon further analysis we find that the equilibrium metal-B,N
nearest neighbor distances in the in-plane configurations of Fig. 12
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Fig. 12. Top and side views of the optimized atomic geometries of Rh and Au single metal atoms on or within a free-standing defected h-BN layer from DFT cal-
culations: (A) h-BN(Vg): Rh on Vg, (B) h-BN(V3): Rh in Vg, (C) h-BN(Vg): Au on Vg, (D) h-BN(Vg): Au in Vg, (E) h-BN(Vy): Rh on Vy, (F) h-BN(Vy): Rh in Vy, (G) h-BN
(Vn): Au on Vy, (H) h-BN(Vy): Au in Vy, (I) h-BN(Vgy): Rh on Vgy, (J) h-BN(Vgy): Rh in Vg, (K) h-BN(Vgy): Au on Vgy, (L) h-BN(Vgy): Au in Vg, (M) h-BN(Vpy): Rh in
Vn, (N) h-BN(Vgy): Au in Vy, (O) h-BN(Vgy): Rh in Vgy, (P) h-BN(Vpy): Au in Vpy. Atomic spheres and colors: Rh (large, grey), Au (large, yellow), B (small, green), N
(small, grey). The black arrow beside “A” indicates the viewing direction of the side-view subfigures. Side views are not shown for (J),(L),(M)-(P) since the metal
atom is located in the h-BN plane similarly to the side views of (B),(D),(F),(H). See the text and the caption of Table 2 for further details, and Table 2 for the related

energetic comparisons.

Table 2

Estimated energy barriers for Rh and Au metal atom intercalation in free-
standing defected h-BN: total energy differences AE=(Eqstom within h-BN layer -
Eqtom on h-BN layer) in €V units taking the best on-defect configuration as reference
(second term in AE). The in-plane configurations (first term in AE) are denoted
by h-BN(xx) @ yy, where defected h-BN is denoted by h-BN(xx = defect type),
where the considered defect types are: Vg (B vacancy), Vy (N vacancy), and Vpy
(BN double vacancy). The atomic positions within the h-BN layer (yy) are
indicated by Vg, Vy, and Vpy (middle of the BN double vacancy). The corre-
sponding atomic configurations in Fig. 12 are indicated in parentheses beside
the estimated energy barrier values.

AE (eV) Rh Au

h-BN(Vp) @ Vg 4.5 (Fig. 12B,A) 4.8 (Fig. 12D,C)
h-BN(Vy) @ Vy 5.9 (Fig. 12F,E) 7.6 (Fig. 12H,G)
h-BN(Vgn) @ Vp 3.4 (Fig. 12J,)) 3.3 (Fig. 12L,K)
h-BN(Vpy) @ Vy 4.3 (Fig. 12M,I) 3.3 (Fig. 12N,K)
h-BN(Vpy) @ Ven 2.1 (Fig. 120,I) 0.9 (Fig. 12P,K)

deviate from those of the energy minimum corresponding to the metal-
on-BN configurations: the larger the absolute distance deviation the
larger the energy difference (not shown). We find that Vy defect sites
show at least the same or higher energy barrier than Vj sites. The middle
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of a Vg defect was overall the best adsorption site within the h-BN layer
(Fig. 120,P), resulting in only 0.9-2.1 eV energy barrier as described
above. The reason is that the Rh and Au atoms fit the best to the Vgy
defect due to its size among the considered three simple defects. The
identified trend of our results also suggests that h-BN defects with larger
spatial extension and h-BN edges could play an even more important
role in metal intercalation processes. According to Table 2, we also
found that Au has systematically larger energy barriers than Rh for the
V- and V- defected h-BN layers, but not for the Vpy-defected h-BN
layer, where the Rh shows larger energy barrier than Au, irrespectively
of the defect site type Vg, Vy, or Vpy. The above findings demonstrate
that the atomic intercalation energy barrier depends on both the defect
type and the atomic species. Moreover, since the metal support is
missing in our model calculations here, we expect that the presence of
the Rh support promotes Rh compared to Au atomic intercalation, as
discussed before. Going beyond these DFT findings, for further research
we propose the employment of reaction kinetics calculations for such
simple defects and larger defected h-BN/substrate systems and diffusion
of metal atoms at h-BN edges for a more detailed microscopic under-
standing of the metal intercalation mechanism, which could not be
performed up to now due to the computationally demanding systems.
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4. Conclusions

In this work rhodium and gold nanoparticles were grown on a Rh
(111) substrate covered by hexagonal boron nitride nanomesh, and
their structural and thermal properties were compared based on LEIS,
STM, and XPS results, which have been corroborated/complemented by
DFT calculations. Upon physical vapor deposition at 300 K substrate
temperature, both metals follow characteristically Volmer-Weber (3D)
growth, since metal-metal interaction is much stronger than the inter-
action with h-BN. While previous studies revealed nearly 2D growth of
gold at small coverages (~0.1 ML), the present DFT calculations in
accordance with LEIS results indicate 3D growth even for small Rh
clusters. This difference likely stems from the stronger Rh-Rh interac-
tion, when compared to Au-Au interaction. Annealing treatments acti-
vate various phenomena, and significant differences have been revealed
in the behavior of rhodium and gold. Based on LEIS results, four char-
acteristic temperature ranges (T-Range) can be identified. Although
these intervals were a bit different for the two metals, the characteristic
processes are listed in Table 3, where the dominant ones are shown
boldfaced.

In T-Range I, only smaller or moderate changes have been found by
all three experimental methods, attributed mostly to sintering/
agglomeration. In T-Range II, a steep attenuation of the admetal LEIS
intensity took place. Taking into account STM and XPS data as well, it
was concluded that for rhodium an encapsulation phenomenon is the
dominant process in T-Range II, implying the diffusion of boron nitride
fragments onto Rh nanoparticles from their bottom region. The first step
here is the rupture of B-N bonds by the reactive Rh nanoparticles. De-
fects created in h-BN may serve as intercalation channels. In spite of the
quicker diffusion of gold on h-BN, the steep intensity loss in LEIS has
been observed at higher temperatures for the gold deposit (see Table 3),
very probably because it cannot catalyze the B-N bond scission. Instead,
the intensity loss stems from the intercalation of gold below h-BN, as
confirmed by XPS. However, we cannot exclude that sufficiently small
gold nanoparticles, which are more reactive, can initiate the encapsu-
lation process.

In T-Range III, encapsulated Rh nanoparticles flatten out, and two-
dimensional sintering below h-BN takes place similar to 3D Ostwald
ripening. In the case of gold, intercalation is one dominant process in
this T-Range. Intercalated atoms diffuse to Rh steps, moreover the Au-Rh
exchange is also activated, and consequently no 2D islands form. Ac-
cording to quantitative XPS analysis, the desorption of gold is the other
dominant process in this temperature range. It is more difficult to esti-
mate the extent of Rh desorption, since the substrate is also Rh.

In T-Range IV, around 1150 K-1200 K, the decomposition of h-BN by
the substrate sets in. The accumulation of gold at the h-BN-Rh(111)
interface efficiently stabilizes the boron nitride monolayer due to the
lower reactivity of gold, especially as a smooth film. The h-BN overlayer
in turn hinders the desorption of Au from the surface at 1200 K.
Therefore, the intercalation of Au is a one way process.

The effect of substrate temperature during metal deposition was also
studied. The intercalation of gold atoms turned out to be very efficient
during deposition at 400 K, presumably because isolated gold atoms are
able to diffuse to defect sites of h-BN, and can penetrate through them at
this temperature. Concerning this point, a fantastic agreement was
found between DFT and our experimental methods (STM and LEIS).
Although our experimental methods clearly revealed that the flat 2D
gold plates, formed during deposition at 400 K, cannot be located on top
of h-BN, but at the h-BN/Rh(111) interface, DFT calculation further
confirmed that 2D Au plates on top of h-BN would follow the nanomesh
morphology. A similar effect of the deposition temperature has been
observed for Rh at much higher values (600 K-800 K), very probably
because of the higher activation energy of Rh diffusion. This is
approximately the temperature range (T-Range II), where the rupture of
h-BN by Rh has been demonstrated (Table 3). It seems reasonable to
assume that Rh atoms diffusing during deposition at 600 K-800 K can
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Table 3

Thermally activated processes for Rh an Au, deposited at room temperature,
classified according to characteristic temperature ranges. Dominant processes
are listed boldfaced, while marginal or hypothetical processes are put in
parenthesis.

Rh Au
T-Range 300 K-550 K 300 K-700 K
I sintering sintering
T-Range 600 K-750 K 700 K-850 K
I encapsulation, sintering, intercalation, (encapsulation)
(intercalation)
T-Range 800 K-1100 K 900 K-1100 K
I flattening and intercalation, 2D intercalation, 2D step flow
sintering below h-BN, (desorption)  growth below h-BN, desorption
T-Range 1150 K-1200 K 1150 K-1200 K
A% 2D sintering, h-BN opening suppressed h-BN opening

create defects in h-BN, which facilitate their intercalation.

DFT results confirmed that Rh desorption has a larger activation
energy than Au desorption by calculating the adsorption energies of
individual Rh and Au adatoms on the nanomesh. While both Rh and Au
atoms prefer adsorption in the pore region, the Rh-N and Au-B bondings
are preferred, which act as nucleation sites for the formation of larger
metallic clusters. The negatively charged adatoms (0.49 and 0.17 elec-
trons for Au and Rh, respectively) suggest single atom catalytic potential
for these structures. Energetic preference for Rh and Au metal atom
intercalation below the h-BN layer was found for different model sys-
tems. Finally, energy barriers for the Rh and Au atomic intercalation
were estimated by considering a free-standing h-BN layer with various
simple defects. We found that nitrogen vacancies show generally higher
energy barrier for atomic intercalation than boron vacancies, and the
energy barrier relation between Rh and Au critically depends on the h-
BN defect type. Intercalation through the middle of a BN-divacancy
provided the smallest energy barriers. Our identified trend points to
the potential importance of h-BN defects with larger spatial extension
and h-BN edges for metal intercalation processes. It is also anticipated
that the presence of the Rh support promotes Rh compared to Au atomic
intercalation through the h-BN layer.
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