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Tailoring the hexagonal boron nitride nanomesh
on Rh(111) with gold

R. Gubó,ab G. Vári,b J. Kiss,c A. P. Farkas,ac K. Palotás, cd L. Óvári, *ac A. Berkóc

and Z. Kónya bc

It is known that the hexagonal boron nitride (h-BN) monolayer has a periodically corrugated structure

on Rh(111), termed ‘‘nanomesh’’, while the h-BN layer is planar on the close packed surfaces of coinage

metals (Cu, Ag, Au) due the weak interactions. Our studies are aimed at understanding the metal–h-BN

interaction, when both Rh and Au are present. On the one hand, the growth and thermal properties of

gold deposited on h-BN nanomesh prepared on Rh(111) were studied. On the other hand, the formation

of h-BN was examined on Au/Rh surface alloys prepared by the deposition of Au on Rh(111) and

subsequent annealing at 1000 K. In each case, the h-BN was prepared by the decomposition of

borazine at about 1000 K. Low energy ion scattering (LEIS), X-ray photoelectron spectroscopy (XPS) and

scanning tunneling microscopy (STM) measurements revealed that the growth of Au on h-BN/Rh(111) at

room temperature leads to the formation of mainly three dimensional (3D) gold nanoparticles, although

at low coverages (o0.2 ML) 2D particles formed as well. Stepwise annealing to higher temperatures

induces the intercalation of Au below the nanomesh, which was complete at around 1050 K. Some

agglomeration and desorption of Au also took place. Interestingly, the nanomesh structure was

observable after intercalation up to relatively large Au coverages. Measurements performed in the

reverse order, namely exposing a Au/Rh(111) surface alloy to borazine, revealed that Rh atoms get

covered by h-BN (or by its precursors) at significantly smaller borazine exposures than Au atoms. The

nanomesh structure was essentially present up to a gold coverage of 0.9 ML, but with a smaller pore

diameter, while it gradually disappeared at higher gold amounts. In this way the application of surface

alloy supports provides a key for gradual tuning of the mesh morphology. Density functional theory

calculations confirmed the decreased pore diameter of the BN layer upon the formation of a surface

Rh–Au alloy layer.

1. Introduction

Since the discovery of the exceptional properties of graphene,
including its self-supporting nature and peculiar electronic
properties,1,2 intense research into different nearly two dimen-
sional (2D) materials has almost exploded.3–6 Along these lines,
hexagonal boron nitride (h-BN) has also been thoroughly
investigated.5,6 One of its attractive properties is the high
predicted thermal conductivity.7 Most importantly, the electri-
cally insulating 2D hexagonal boron nitride is an excellent
support for graphene nanoelectronics.6,8 Besides, recent
studies demonstrated that h-BN alone or decorated by small

Au nanoparticles is a highly selective catalyst in oxidative
dehydrogenation or partial oxidation reactions.9–11

h-BN monolayers can be synthetized relatively easily on
metal single crystal surfaces of hexagonal symmetry,12–25 but
also on rectangular ones like Pd(110),26 as well as on bcc(110)
surfaces.6,27 The preparation of monolayer h-BN films was first
realized in 1990 by decomposing borazine (B3N3H6) on Pt(111)
and Ru(0001),12 and the same precursor was also applied in
many later studies, as well as in the present work. The mor-
phology of the h-BN layer is determined by the lattice mismatch
and the strength of the interaction between the nitride and the
metal. The interaction with coinage metals is weak, leading to
the formation of a planar h-BN monolayer.16,21,28,29 Since
Au(111) is too inert toward the decomposition of borazine, h-
BN was synthetized by magnetron sputtering in a previous
study.30 The formation of triangular flakes was observed at
submonolayer coverages. The stronger bonding of the under-
coordinated flake edges to the support led to a preferential
orientation of h-BN triangles along the nearest-neighbor
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directions on the Au(111) surface. Due to the weak interaction
between gold and h-BN it was not possible to grow a continuous
monolayer of the nitride before the onset of the second layer.

The almost perfect coincidence of the lattice constants of
Ni(111) and bulk h-BN, accompanied by a stronger interaction
between nickel and boron nitride, result in a commensurate
(1 � 1) planar overlayer with N atoms at on-top positions, and B
atoms in fcc hollow sites, as revealed by low energy electron
diffraction (LEED), X-ray photoelectron diffraction (XPD) and
density functional theory (DFT).29,31–33 Ru(0001) and Rh(111)
can bind the nitride even stronger, leading to the formation of a
periodically corrugated, continuous monolayer of h-BN (‘‘nano-
mesh’’) on top.18,22,23,29,34,35 Similar to the Ni(111) case, the
binding of h-BN to Rh(111) and Ru(0001) is strongest with N
atoms at on-top positions, and B atoms in three-fold hollow
sites.29 Due to the significant lattice mismatch between h-BN
and the metal substrate (which is 7.0% for Rh(111), and 8.2%
for Ru(0001)), there are regions where N atoms are in hollow
sites. In these areas, the distance between the surface and h-BN
is larger, leading to the observed corrugation.

The growth and intercalation of metal deposits have also
been intensely studied on both boronitrene and graphene
using various supports.3,22,36–44 Deposition of various metals
at room temperature mostly resulted in 3D nanoparticles, like
for Co on h-BN/Ni(111),36 for Co on h-BN/Rh(111),22 for Mn on
graphene/Rh(111) and on h-BN/Rh(111),42 and also for Au on
h-BN/Rh(111), when the clusters are sufficiently large (consist
of more than ca. 30 atoms).37,43 DFT calculations on single Au
adatoms on h-BN/Rh(111) indicated that the interaction of Au
with bulk h-BN and with the wire regions of the nanomesh is
weak, but – as an effect of the Rh substrate – in the pore regions
it adsorbs much stronger, especially on top of B atoms. More-
over, Au atoms are negatively charged in that position.40 In a
similar way, for Au clusters adsorbed on the nanomesh, DFT
studies predicted an extra negative charge on Au, but the
amount of charge transferred per Au atom is smaller.41,43

Experimentally, on the nanomesh structure metal clusters are
typically stabilized in the pores or at the edge of the pores.
Interestingly, more two dimensional gold nanoparticles also
form on h-BN/Ru(0001)38 as well as on graphene/Ru(0001), and
also the Au platelets were characterized by the nanomesh moiré
pattern.39 Raising the substrate temperature to 440 K during Co
deposition on h-BN/Ni(111) led to a significant drop of the
sticking coefficient.36 The intercalation of the admetal at
higher temperatures is another frequently observed process.
It was significant at a deposition temperature of 450 K for
Co/h-BN/Ni(111),36 and after annealing the Mn deposit on
h-BN/Rh(111) at B650 K,42 in both cases accompanied by a
3D - 2D transition. Annealing smaller coverages of Au on
h-BN/Ru(0001) leads mostly to agglomeration and evaporation,
while at higher initial coverages (from 0.5 ML) intercalation and
partial surface alloying is the dominant process. Annealing of
1 ML of Au to 1050 K on h-BN/Ru(0001) is still characterized by
the nanomesh structure, although with a somewhat disturbed
appearance.38 Due to the weak interaction between h-BN and
gold, the intercalation of Au below a h-BN monolayer prepared

on Ni(111) resulted in a quasi-free standing state of boron
nitride.45

The striking difference in the structure and bonding of h-BN
on Rh(111) and Au(111) motivated the present work dealing
with the interaction of boronitrene with bimetallic Au/Rh(111)
surfaces. Two deposition sequences were applied: (i) prepara-
tion of h-BN on Rh(111) by borazine decomposition, followed
by deposition of Au at B300 K and annealing; (ii) deposition of
Au on Rh(111) and annealing leading to the formation of a
surface alloy, followed by borazine decomposition. Literature
data about h-BN growth on bimetallic surfaces are very scarce.
Similarly, the effect of annealing was not yet studied in detail
for gold deposits on h-BN/Rh(111). At a 0.2 ML initial gold
coverage, high-resolution core level photoemission suggested
agglomeration at 573 K r T r 773 K.37 At higher temperatures,
it was difficult to discriminate between evaporation, intercala-
tion and surface alloying. Nevertheless, NEXAFS measurements
indicated the presence of the nanomesh structure.37 Here we
present a detailed study on thermal processes after Au deposi-
tion on h-BN/Rh(111). While in previous STM measurements
the intercalation of metals was demonstrated by indirect
evidence,36,42 here we also applied low energy ion scattering
(LEIS), which is very well suited to this task due to its topmost
layer sensitivity.46 The experimental results on the evolution of
the nanomesh morphology upon alloying the top Rh layer with
Au are supported by DFT and STM calculations.

2. Experimental and calculation
methods

The experiments were carried out in two separate ultrahigh
vacuum (UHV) systems evacuated down to 5 � 10�8 Pa. The
first one was equipped with a commercial scanning tunnelling
microscope (RT-STM, WA-Technology), a cylindrical mirror
analyzer with a central electron gun (Staib-DESA-100) for Auger
electron spectroscopy (AES), and a quadrupole mass spectro-
meter (Balzers-Prisma). The second UHV system was equipped
with facilities for X-ray photoelectron spectroscopy (XPS), AES
and LEIS.

In the first chamber the Rh(111) sample was mounted on a
transferable sample cartridge, equipped with facilities for
indirect heating of the crystal, and for temperature measure-
ment by a chromel-alumel thermoelement spot-welded to the
side of the probe. STM images of 256 � 256 pixels were
generally recorded in constant current mode at a bias of
+1.5 V on the sample and a tunnelling current of 0.1 nA, using
Pt–Ir tips. The conditioning of the tip was a relatively simple
procedure: several seconds at +3 V and 10 nA. The constant
current (cc) morphology images are shown in the top-view
representation, where brighter areas correspond to higher Z
values. Images of enhanced lateral resolution were recorded in
constant height (ch) mode, where the position dependent
variation of the tunnelling current (no feedback) served for
construction of the image. In the case of some high-resolution
images, a gentle fast Fourier-transformation (FFT) treatment

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:3

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp00790j


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 15473--15485 | 15475

was also applied. The X–Y–Z calibration of the STM images was
performed by measuring the characteristic morphological para-
meters of a TiO2(110)-(1 � 1) support (lateral unit cell: 0.296 nm �
0.650 nm, step height: 0.297 nm). During the evaluation of the
measured lengths, the subsequent bulk crystallographic data were
used for the nearest atom–atom distances: Rh (0.2687 nm) and Au
(0.2884 nm).

In the second chamber a (Leybold Heraeus) hemispherical
electron energy analyzer was used for XPS, AES and LEIS. An Al
Ka X-ray source47 was applied for XPS, performed with a
constant pass energy. The binding energy scale was calibrated
against the 4f7/2 peak of a thick Au layer, fixed at 84.0 eV, and
the 3d5/2 peak of the Rh single crystal, fixed at 307.2 eV. The
detection angle was 161 with respect to the surface normal. For
LEIS, He ions of 800 eV kinetic energy were applied at a low ion
flux (B0.03 mA cm�2), if not mentioned otherwise, using a
SPECS IQE 12/38 ion source. The incident and detection angles
were 501 (with respect to the surface normal), while the scatter-
ing angle was 951. The angle between the ‘‘incident plane’’
(the plane defined by the ion source axis and the surface
normal) and the ‘‘detection plane’’ (the plane defined by the
surface normal and the analyzer axis) was 531. The probe was
radiatively heated by a W filament placed behind the sample.
Its temperature was measured with a chromel-alumel (K-type)
thermocouple spot welded to the side of the sample.

In all chambers one side polished Rh(111) single crystals
(dia. 6 mm � 1.5 mm, orientation accuracy: 0.11) were used.
The samples were routinely cleaned by applying cycles of Ar+

ion sputtering (5–10 mA cm�2, 1.5 keV, 20 min) at 300 K and
10 min annealing under UHV at 1200 K. The sample was
afterwards heated under 3 � 10�8 mbar O2 at 1050 K. The last
treatment was UHV annealing at 1200 K for 1 min. h-BN
monolayers were prepared at 1000 K via thermal decomposition
of 499.8% purity borazine, a product of Katchem Ltd. Au was
deposited by commercial 4-pocket PVD sources (Oxford Applied
Research) using high-purity (99.95%) Au. The coverage of Au is
expressed in monolayers (ML), defined as the surface concen-
tration of Rh(111): 1.60 � 1015 cm�2. This definition was used
because of the pseudomorphic growth of Au on Rh(111) up to
1 ML.48 In the XPS-LEIS chamber the gold coverage was
monitored by a quartz crystal microbalance (QCM), while in
the STM chamber it was monitored from the volume of the
deposited gold nanoparticles. In both cases, the evaporation
rate was B0.2 ML per min. LEIS and XPS measurements
presented in our preceding paper indicated that the sticking
coefficient of Au on Rh(111) is close to unity at 500 K.48 Our
present XPS measurements showed that the sticking coefficient
of Au on h-BN/Rh(111) is not significantly smaller at 300 K.

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP)49,50 with projector augmented
waves51 and van der Waals correction at the optB86b level.52,53

The slab geometry in the supercell is based on two Rh(111) layers
involving 12 � 12 Rh atoms each, and the experimental lattice
constant of Rh, a2D = 2.689 Å was used. A third metallic layer,
corresponding to either pure Rh or to the Rh–Au surface alloy with
a Au content of 0.49 ML (71/144), was added pseudomorphically to

this structure, followed by the h-BN overlayer in a 13 � 13
superstructure, corresponding to the lattice mismatch between
the Rh(111) and h-BN.34 The Rh contents of the surface layer
(144 and 73 Rh atoms, respectively) were always centered below the
N atom at the lateral minimum of the h-BN nanomesh. Altogether
770 (2 � 144(Rh) + 144(Rh/Au) + 2 � 169(B + N)) atoms were
included in the supercell. The bottom Rh layer was fixed and all
other atoms were freely relaxed during the geometry optimizations,
where the convergence criterion for the forces acting on individual
atoms was set to 0.02 eV Å�1. A separating vacuum region of min.
16 Å thickness was used to avoid unphysical interactions between
the repeated image slabs in the perpendicular (111) direction. Due
to the large size of the supercell, the Brillouin zone was sampled by
the G point only. For the STM calculations the single electron wave
functions were calculated with a 3� 3� 1 G-centered Monkhorst–
Pack k-point mesh,54 and the BSKAN code55,56 was used with an
s-wave tip orbital within the revised Chen method57 corresponding
to the Tersoff–Hamann model.58

3. Results and discussion
3.1. The growth of h-BN on Rh(111)

Since the growth of boronitrene was not studied previously by
LEIS on Rh(111), we present here some related results. In Fig. 1
LEIS spectra, obtained with He after stepwise borazine exposure
(at appr. 2� 10�8 mbar) at 1000 K, are shown. The adsorption and
decomposition of borazine led to the diminution and disappear-
ance of the Rh peak, which could be monitored with high
sensitivity. At the same time, no new peaks appeared in the low
kinetic energy region at 337 eV and 414 eV, where contributions
from B and N are expected. This is in agreement with previous
LEIS studies on Pt(111) and on Ru(0001) and can be rationalized
by the lower sensitivity of LEIS for light elements.12 Please note

Fig. 1 LEIS spectra obtained at 300 K with He, after exposing the Rh(111)
surface to B1.3 � 10�8 mbar borazine at 1000 K for successively increas-
ing time. The last spectrum is shown also after magnification. Inset: The Rh
LEIS area collected with Ne as a function of that with He, obtained in an
identical measurement at 1000 K. A linear fit is also displayed.
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that we had to keep the ion flux small, in order to avoid sputtering
damage of the h-BN overlayer.

The information depth of LEIS with noble gas ions is
restricted to the outermost atomic layer due to the dominance
of single scattering. Thereby the impinging noble gas ions are
directly scattered off one surface atom toward the analyzer, and
almost all noble gas ions participating in multiple collisions
are neutralized and consequently cannot be detected.46 Since
neutralization is also significant for single scattering events,
the intensity of an ion scattering peak depends sensitively on
the neutralization probability of the impinging noble gas ions
upon the collision with the surface atoms. Although matrix
effects for the neutralization probability (i.e. changes in the
neutralization during scattering off a given atom as a function of
its chemical environment), often simply referred to as ‘‘neutraliza-
tion effects’’, are relatively rare in LEIS, these can severely hinder a
quantitative evaluation of the data, if they arise.46 For this reason,
we addressed possible neutralization effects related to the growth
of h-BN on Rh(111). As suggested in ref. 59, relevant information
can be gathered from the inspection of the peak areas obtained
with neon, as a function of the peak areas detected with helium in
the same measurement: if neutralization effects are negligible for
element A with both helium and neon, then the peak area with Ne
(denoted A(Ne)) is a linear function of the peak area with He
(denoted A(He)), because both depend linearly on the surface
concentration of A. We observed this linear behavior for Rh(Ne)
vs. Rh(He), as shown in the inset of Fig. 1, indicating the lack of
neutralization effects for h-BN on Rh(111). Consequently, Rh LEIS
intensity can be quantitatively analyzed, clearly indicating that the
boronitrene layer is almost perfectly continuous at the end of the
preparation process, leaving uncovered less than 0.0005 ML of Rh.
Please note that a previous LEIS study indicated no neutralization
effects for Rh and Au.60

3.2. The growth of Au on h-BN/Rh(111)

Although the growth of Au on h-BN/Rh(111) was previously
studied (not with LEIS), we performed some related measure-
ments, which basically confirmed literature results, but also
with some differences. First, we present our spectroscopic
results on the growth of gold on h-BN/Rh(111) at 300 K, starting
with LEIS (Fig. 2). The Au LEIS intensity increased steeply at
small Au coverages, while it changed moderately at higher gold
doses. Notably, the Au peak intensity did not reach a saturation
level even at YAu B 27 ML, indicating the lack of a continuous
gold overlayer. This behavior is a strong indication of 3D
growth, assuming that the intercalation is not the dominant
process at 300 K. In any case, if intercalation proceeded to some
extent at this temperature, it should occur more at small
amounts of Au, because Au clusters formed on top of h-BN
presumably act as nucleation centers for Au atoms landing
later. However, in our measurements the Au peak increased
more rapidly at small coverages, indicating that intercalation is
not significant at 300 K. We determined the Au LEIS intensity of
a continuous gold layer in separate measurements dosing
increasing amounts of gold on Rh(111) at 500 K. As shown in
our previous paper, complete decking of Rh(111) by gold can be

achieved only at YAu B 2.5 ML.48 Once the saturation Au
intensity was known, the initial slope of Fig. 2 was estimated
to correspond to the formation of 1–2 layers thick Au particles,
implying that the initial growth of gold on h-BN is rather two-
dimensional, in accordance with literature data.37,43

XPS measurements (Fig. 3A) of the room temperature
deposition of Au on the nanomesh revealed a rather low Au
4f7/2 binding energy (83.55 eV) at YAu = 0.045 ML. Although this
is in agreement with previous results on h-BN/Rh(111),37,43 it
might be somewhat surprising, because many studies dealing
with small Au clusters on insulating or semiconducting
surfaces reported Au 4f7/2 binding energies higher than the
bulk value (84.0 eV), attributed to less efficient screening.61–64

Since previous DFT studies40,41,43 revealed that Au atoms and
small Au clusters are negatively charged on h-BN/Rh(111), we
assign the observed low binding energy to an electron transfer
from h-BN (and Rh(111)) to Au nanoparticles. With increasing
gold coverage, as expected, the Au 4f7/2 peak gradually
approached the bulk value. The negative charging of Au clusters
was also confirmed by high resolution electron energy loss
spectroscopy (HREELS), because the stretching vibration of
adsorbed CO on Au/h-BN/Rh(111) was found at a relatively
low position (2090 cm�1) at YAu = 0.2 ML, while it was detected
at 2125 cm�1 at YAu = 1 ML (not shown).65

The Au 4f area is displayed in Fig. 3B as a function of Au
coverage. The area of the Au doublet was determined as follows:

(i) First the Rh 4s spectral contribution was removed. It was
assumed that the shape and position of the Rh 4s peak did not
change upon gold adsorption. This is probably fulfilled,
because neither did the Rh 3d doublet change regarding shape
and position. The shape of Rh 4s was known from the Au 4f
region collected before gold deposition (the black spectrum of
Fig. 3A, which obviously contained only Rh 4s and no Au 4f).
From the spectrum of interest obtained after gold deposition,
we subtracted the Au 4f region collected before Au deposition
multiplied by an attenuation factor for the Rh area. This
attenuation factor was used, because gold deposition obviously
resulted in a decrease in both the Rh 3d and Rh 4s areas. The
attenuation factor for Rh 3d at the investigated Au coverage

Fig. 2 Au LEIS intensities obtained during deposition of Au on h-BN/Rh(111)
at 300 K.
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could be easily determined by integrating the Rh 3d region
using a Shirley baseline and dividing it by the Rh 3d area obtained
for the clean h-BN/Rh(111) surface. The attenuation factor for Rh
4s was assumed to be equal to that found for Rh 3d. The
importance of the removal of Rh 4s is illustrated in Fig. 3C.

(ii) After removal of the Rh 4s contribution, a Shirley base-
line was also subtracted from the investigated Au 4f spectrum,
and it was integrated afterwards without peak fitting.

Au 4f XPS areas presented elsewhere in the manuscript
(e.g. in Fig. 5B) were obtained in an analogous way.

Interestingly, a significant broadening of the Au 4f peaks
toward higher binding energies was observed, when 0.2 ML of
Au was deposited at a low substrate temperature (125 K, Fig. 3C),
resulting in an overall Au 4f7/2 peak position at 84.7 eV, in
agreement with a previous study.43 The large widths of the Au 4f
peaks indicate that Au atoms are not in a single well-defined state.
The high binding energy part of the peaks presumably arises
primarily due to the smaller cluster size of Au at low substrate
temperature, which induces a final state effect. Nevertheless, a
more positive (less negative) charge state can also play a role. It was
demonstrated on various supports that at lower metal deposition
temperatures smaller clusters form due to kinetic reasons.66,67

It was shown on several oxides and on non-oxidic inert surfaces
that in small Au clusters (o100 atoms), very strong upward shifts
(up to 1.8 eV) in the Au 4f7/2 binding energy take place, attributed
to less efficient screening due to the loss of metallic character in
small nanoparticles.67,68

The B 1s and N 1s peaks of the h-BN nanomesh were found
to be at 190.35 eV and 398.05 eV, respectively, in accordance
with the literature (Fig. 9).19,69 The deposition of Au induced a
slight downward shift of these peaks at large gold doses
(not shown).

STM results of the room temperature growth of Au are
collected in Fig. 4. The image (A) of 50 � 50 nm2 shows the
Rh(111) surface covered completely by the h-BN nanomesh,

where the lateral period of the supercell is 3.3 (�0.2) nm and
the apparent z-corrugation is app. 0.08 nm. These data fit well
to the values obtained previously.22 The z-corrugation value is
confirmed by a calculated constant-current STM image of h-BN/
Rh(111) based on DFT (not shown), resulting in a 0.084 nm
value for the apparent z-corrugation at the same bias voltage.
The appearing contrast of the nanomesh exhibits substantially
two different forms: the pore–wire and the ‘‘separated coin’’
structures, in which the position of the coins fits to the position
of the pores (insets in Fig. 4A). It is important to note that the
alteration between the two structures can be activated by
the change of the imaging parameters (current, bias); however,
in some cases we also experienced a spontaneous alteration,
which can be related to the chemical change of the tip end. In
Fig. 4B we present an atomic step region, where the distortion
of the nanomesh is clearly perceptible. It is interesting that
there is a half period shift at the step line (Fig. 4A and B). The
deposition of gold of a very tiny amount (o0.002 ML) at 300 K
results in the appearance of nanoparticles at the pore–wire
interface, which suggests the most probable nucleation site of
gold on the nanomesh (Fig. 4C). At YAu = 0.13 ML, as shown in
Fig. 4D, the average height and diameter of the particles are
0.40 (�0.05) nm and 1.8 (�0.1) nm. The particle density is
around 2.1 � 1012 cm�2. At YAu = 1.0 ML (Fig. 4E), the size
distribution (both the height and the diameter) of the Au
nanoparticles is rather wide, where the highest particles consist
of 4–5 layers and their diameter is around 4–5 nm. These
features suggest a 3D growth mode without a significant change
of the particle concentration (around 1.9 � 1012 cm�2). This
tendency continues when increasing the coverage to 3.2 ML
(Fig. 4F). In the latter case the largest particles consist of 8–9 atomic
layers, their diameter is around 6–7 nm and the particle density
decreases slightly down to 1.8 � 1012 cm�2. The characteristic line
profiles taken along the lines indicated in the corresponding STM
images are shown in Fig. 4G.

Fig. 3 (A) The Au 4f region of XPS spectra collected during the stepwise deposition of Au on h-BN/Rh(111) at 300 K. (B) The area of the Au 4f doublet of
the spectra presented in A, as a function of gold coverage up to 1 ML, without Rh 4s contribution. The initial slope is shown by the straight line fitted to the
first three data points. Inset: XPS peak areas up to higher Au coverages. (C) Au 4f XPS region after depositing 0.2 ML of Au on h-BN/Rh(111) at different
substrate temperatures with the Rh 4s contribution removed. The corresponding spectra without subtraction of Rh 4s are shown in the inset.
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3.3. Thermal effects on Au/h-BN/Rh(111)

The annealing of Au deposited on the nanomesh at 300 K was
investigated at different initial Au coverages with both XPS and
LEIS. Au 4f XPS spectra for YAu = 0.2 ML and YAu = 1 ML are
shown in Fig. 5A and B, respectively. The peak area of the Au 4f
region, calculated after subtraction of the Rh 4s component,
decreased moderately (by 25%) up to 1050 K, while a stronger
attenuation was observed at 1200 K (in total by B50%), as
shown in Fig. 5C. The attenuation can be due to three different

processes: (i) desorption of Au atoms, (ii) agglomeration of Au
nanoparticles or (iii) intercalation. Evaporation (without a
change in cluster size) from the surface would result in a
change proportional to the amount of Au desorbed, while
agglomeration and intercalation are expected to induce a much
smaller reduction of the gold XPS signal. Based on this
measurement, we can give a rough estimation of 25% for the
extent of evaporation up to 1050 K for YAu = 0.2 ML and YAu = 1 ML
(a more elaborated discussion can be found below). Please note
that the desorption of Au from the Rh(111) surface was negligible
up to 1050 K (Fig. 5C).

Using the ion scattering technique we investigated the
effects of stepwise annealing of Au/h-BN/Rh(111) for different
initial gold coverages, up to YAu = 1 ML. Gold was dosed at a
substrate temperature of B350 K. Selected LEIS spectra
obtained at YAu = 1 ML are shown in Fig. 6A. Au and Rh LEIS
intensities as a function of annealing temperature, obtained at
the different initial Au coverages, are shown in Fig. 6B. In all
cases annealing led to a gradual attenuation of the Au peak,
and its (almost) complete disappearance at B1050 K, but Au
and Rh peaks reappeared at even higher temperatures. The
complete disappearance of the gold peak can only be assigned
to the intercalation of Au below the h-BN layer, since XPS
revealed that desorption up to 1050 K is limited. While it is
often difficult to prove unequivocally the inward diffusion by
AES and STM, LEIS provides clear-cut evidence. The reappear-
ance of the Au and Rh peaks at the highest temperatures is
attributed to the dewetting/decomposition of the boronitrene
layer. At 1200 K evaporation of Au from Rh(111) proceeds more
rapidly, resulting in the drop of the Au LEIS peak in the YAu = 1 ML
measurement (Fig. 6A). While the measurements yielded qualita-
tively similar results for all three coverages, slight differences also
arose. The intercalation was complete at 1000 K for YAu = 0.08 ML,
while a small residual Au peak was also observed in the YAu = 1 ML
measurement at 1050 K. Dewetting/decomposition of the h-BN
monolayer set in at 1150 K in the absence of gold deposition (inset
of Fig. 6B), and also at small gold coverages (0.08 ML and 0.2 ML).
However, the intercalation of B1 ML of Au below the boronitrene
layer induced the dewetting (decomposition) at a somewhat lower
temperature (1100 K). At intermediate temperatures below 1050 K,
agglomeration, intercalation, and also evaporation may contribute
to the gradual decrease in the gold intensity.

As it was noted above, the effects of the annealing on the
morphology of the surfaces presented in Fig. 4(D–F) were also
followed by STM imaging. Accordingly, first different amounts
of gold were deposited on the h-BN covered Rh(111) surface at
room temperature. These initial states were used to follow
thermally induced morphological changes. In Fig. 7 the left
column shows the case of YAu = 0.13 ML, where the deposition
at 300 K resulted mainly in 2D nanoparticles of 1–2 atomic
layers (Fig. 4D). The annealing (5 min in all cases) at 500 K led
to a significant agglomeration resulting in 2–3 layers thick
nanoparticles (a height of 0.6–0.8 nm) and an enhanced
diameter of 2–3 nm (Fig. 7A1), accompanied by a decrease in
the particle concentration from 2.1 � 1012 cm�2 down to
1.9 � 1012 cm�2. The thermal treatment at 700 K led to a slight

Fig. 4 STM images recorded before and after the deposition of Au at
room temperature. (A and B) h-BN/Rh(111) surface before Au deposition.
The two images of 20 � 20 nm2 inserted in (A) (left bottom) show the
‘‘pore–wire’’ and ‘‘separated coin’’ contrast variants described in the text.
The size of the images (A and B) is 50 � 50 nm2. (C) After the deposition of
a very small amount of Au (o0.002 ML) exhibiting a separate Au nano-
particle grown above the h-BN mesh. Image size is 20 � 20 nm2. (D–F)
STM images taken after the deposition of different amounts of Au at 300 K:
(D) 0.13 ML, (E) 1.0 ML and (F) 3.2 ML. The size of the latter images is
50 � 50 nm2. (G) Height profiles along the lines drawn on the corres-
ponding images (D–F).
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further agglomeration; however, the particle density decreased
significantly by B60% down to 0.8 � 1012 cm�2 (Fig. 7B1). Note
that the total amount of gold calculated on the basis of the
apparent volume of the nanoparticles also decreased by B30%,
which can be attributed either to intercalation of gold or its
desorption. After a similar treatment, XPS showed only a B5%
decrease of the gold signal for YAu = 0.2 ML (Fig. 5C). Applying
the inelastic mean free path (imfp) obtained by the method of
Tanuma, Powell, and Penn (TPP),70 a monolayer of h-BN cover
layer on gold would reduce the Au 4f signal by 16%. For
comparison, the decrease in the Rh 3d area was 14% upon
the formation of an h-BN monolayer on clean Rh(111). This
estimation implies that intercalation of B30% of the initial

gold content can account for the 5% decrease in the Au 4f
doublet, even if the XPS intensity is also slightly modified by
the agglomeration of Au clusters remaining outside. Therefore,
evaporation of Au is negligible up to 700 K. Annealing at 900 K
(Fig. 7C1) results in a dramatic decrease in the particle density
(0.3 � 1012 cm�2), a B50% loss of the original amount
estimated from the apparent volume, which is mostly due to
intercalation. The STM image inserted in Fig. 7C1 shows the
position of a tiny particle (arrow 1) in a pore of the nanomesh
and a modified pore structure caused probably by the inter-
calated gold (arrow 2). It can be seen that the intercalation of
gold releases the pore region due to the weaker bonding of the
h-BN film to Au. In harmony with the LEIS results (Fig. 6B),
annealing at 1000 K and 1050 K results in a gradual further
decrease to close to zero in both the particle density and the
amount of gold volume above the nanomesh (Fig. 7D1 and E1).
XPS measurements, however, show only an overall 24% percent
attenuation of the initial Au 4f doublet (Fig. 5C) at a similar
amount of gold deposited (0.2 ML), implying that evaporation
of Au is rather limited, in the range of B10–15% of the initial
quantity. Obviously, in the present case, the amount of gold not
desorbed should be intercalated under the nanomesh, which
certainly causes the island features in the image of Fig. 7E1. It
is worth noting that an extensive evaporation of gold takes
place above 1100 K (Fig. 5C) where the decomposition/dewet-
ting of the h-BN layers also sets in (Fig. 6B).

The annealing experiments presented above were also per-
formed for larger gold coverages of 1.0 ML and 3.2 ML (Fig. 7).
In the case of 1 ML (middle column), the nanoparticle density
decreases only slightly relative to the initial value (1.9� 1012 cm�2)
found at 300 K (Fig. 4E) after annealing at both 500 K and 700 K
(1.4 � 1012 cm�2). There is only a moderate change in the particle
morphology (Fig. 7A2 and B2); their average diameter increases
from 4–5 nm up to 5–6 nm and their height from 4–5 layers up to
6–7 layers. This fact contradicts slightly the LEIS measurements

Fig. 5 The Au 4f XPS region collected after the deposition of (A) 0.2 ML and (B) 1 ML of Au on h-BN/Rh(111) at 300 K, followed by stepwise annealing at
elevated temperatures for 5 min; the Rh 4s contribution was subtracted. (C) Areas of the Au 4f doublets presented in (A) and (B), as a function of annealing
temperature, without Rh 4s contribution. Areas obtained after gold deposition (1 ML) on Rh(111) at 500 K and subsequent stepwise annealing are also
shown.

Fig. 6 (A) LEIS spectra obtained after the deposition of 1 ML of Au on
h-BN/Rh(111) at B350 K, followed by stepwise annealing at an elevated
temperature for 5 min. (B) Au LEIS intensities as a function of annealing
temperature for different initial gold coverages. Gold was dosed at a
B350 K substrate temperature. Inset: Rh LEIS intensities, normalized to
the intensity of the clean Rh(111) surface, obtained in the same measure-
ments, and also during annealing of the gold-free h-BN/Rh(111) surface.
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(Fig. 6B), where the intensity loss of the Au signal was more than
50% in this temperature range. The effect of annealing at 900 K
and 1000 K on the particle morphology is much more signifi-
cant; the particle density decreases to 1.0 � 1012 cm�2 and
0.2 � 1012 cm�2, respectively (Fig. 7C2 and D2). After thermal
treatment at 1050 K, Au particles almost completely disappear,
showing that desorption/intercalation of gold take place (Fig. 7E2).
It is somehow surprising that the nanomesh does not show any
significant change; there is no sign of the effect of Au.

The majority of the deposited approximately 1 ML of gold is
certainly present under the h-BN layer, because the Au signal
detected by XPS is still 75% of its original value (Fig. 5C), while
the LEIS signal of Au is close to zero (Fig. 6B). In order to
estimate more precisely the amount of Au desorbed up to this
point starting from YAu = 1.0 ML, we have to take into account
that upon room temperature deposition 3D clusters form, and

Au atoms located in the subsurface region within metal clusters
are screened by other Au atoms above them, leading to a
reduced Au 4f XPS signal. This effect is small at YAu = 0.13 ML,
where the average cluster height is between 1–2 atomic layers.
However, the extrapolation of the initial slope of the gold uptake
curve at 300 K shows that the extent of this screening effect is 37%
at YAu = 1 ML (Fig. 3B). In the present estimation we assume that
after intercalation all (non desorbed) Au atoms are located in the
topmost atomic layer of the metal surface, under the h-BN
monolayer. In this final state the screening effect of h-BN is 16%
based on the TPP imfp values, but Au atoms do not screen each
other any more. Consequently the transition from the initial state
(3D Au clusters on top of h-BN) to the final state (Au atoms in
the topmost metal layer, below h-BN) should lead to an overall
33% increase in the Au 4f area in the absence of Au desorption
((1� 0.16)/(1� 0.37) = 1.33). The fact that a 25% attenuation of the
gold XPS signal was observed implies (0.75/1.33 = 0.56) that B44%
of the initial Au amount desorbed up to 1050 K, resulting in a final
gold coverage of B0.62 ML. As mentioned above, after deposition
of YAu = 0.2 ML of Au, annealing up to 1050 K leads to desorption
of B15% of the initial amount. This comparison suggests that
small gold clusters have a higher tendency for intercalation. It
may imply that cycles of Au deposition and annealing may be
more efficient in the intercalation of larger amounts of gold
below h-BN, instead of depositing much Au in a single dose
followed by annealing.

For an initial Au deposition of 3.2 ML a quite similar process
can be observed as in the case of 1 ML (Fig. 7A3–E3). The size of
the biggest particles is somewhat larger, and it reaches a max-
imum after the annealing at 900 K; the diameter is 6–8 nm, while
the height is 6–7 atomic layers. An interesting observation at
1050 K on large terraces (Fig. 7E3) is that extra 2D particles appear
showing similar nanomesh properties as in the case of the clean
Rh(111) surface. Nevertheless, it seems probable that the amount
of intercalated Au is significantly less than the deposited 3.2 ML
due to the enhanced importance of Au desorption at higher initial
gold coverages. Besides, further studies are needed to reveal the
location of Au below h-BN.

3.4 Growth of h-BN on bimetallic Au/Rh(111)

We also performed measurements with the reverse sequence,
i.e. evaporating gold on Rh(111) and annealing the probe at
1000 K before contacting the surface with borazine. In our
previous paper we studied in detail the interaction of Au with
Rh(111).48 Those STM, XPS and LEIS investigations revealed a
layer-by layer growth of gold on Rh(111) at 500 K up to YAu = 0.5 ML;
however, above this coverage a slight deviation from 2D growth was
identified, attributed mainly to kinetic and morphological effects.
A continuous cover layer of Au was formed only above 2.5 ML.
Below this coverage, the pseudomorphic character of the Au
overlayer was clearly proven by STM, but this feature disappears
at around 4 ML coverage. Surface mixing of these bulk immiscible
metals was observed at 600 K and above, which can result in
random alloying or in structures ordered on the atomic scale. The
ordered surface structure consists of (2� 1) domains with a lateral
extension of 4 � 4 nm2, tentatively assigned to alternating rows of

Fig. 7 The effect of thermal annealing on the h-BN/Rh(111) surfaces
exposed to different amounts of Au at room temperature. The initial
surfaces can be seen in Fig. 4D–F for Au coverages of 0.13 ML, 1.0 ML
and 3.2 ML, respectively. Annealing at 500 K (A1–A3), 700 K (B1–B3), 900 K
(C1–C3), 1000 K (D1–D3) and 1050 K (E1–E3) was performed for 5 min in
each case. The size of the images is 50 � 50 nm2 and that of the inserted
images is 20 � 20 nm2.
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Au and Rh, approximately in the same outermost atomic plane.48

The structure and mixing properties of bimetallic Au–Rh nano-
particles on oxides, including the formation of core–shell and
‘‘ball-cup’’ clusters, were also studied previously.71–75

In the present LEIS measurements, different amounts of Au
were dosed onto Rh(111) at 500 K, followed by 5 min annealing
at 1000 K. We recall that the evaporation of Au from Rh(111) is
negligible up to 1050 K (Fig. 5C). Besides, the 1000 K annealing
led to a slight increase in the Au LEIS peak, and a moderate
attenuation of the Rh peak, excluding thermally induced diffu-
sion of Au into the subsurface of Rh. The observed slight
changes in LEIS upon annealing can be rationalized by the
larger size of Au atoms. The surface was then exposed to
borazine for increasing durations at 1000 K. Fig. 8A displays
spectra obtained at YAu = 0.25 ML as a function of borazine
exposure (L) (by definition 1 L = 10�6 Torr s, 1 Torr = 1.33 mbar).
Peaks originating from both Rh and Au decreased due to borazine
decomposition, but the Rh peak attenuated much more rapidly,
attributed to a larger reactivity of Rh, and the stronger bonding of
h-BN to Rh compared to Au.

In Fig. 8B and C, Rh and Au LEIS intensities are displayed on
a logarithmic scale as a function of borazine exposure, after
normalization to the intensities obtained after the 1000 K anneal-
ing of the (bimetallic) surface, before borazine admission. The
attenuation of the Rh peak of the clean Rh(111) surface can be well
approximated by a simple exponential decay. The behavior
observed at different gold coverages can be summarized as follows:
(i) the attenuation of the Rh signal was always steeper than that of
the Au peak; (ii) the decrease in the Rh intensity followed expo-
nential decay at each gold coverage. The presence of gold resulted
in quicker attenuation of the normalized Rh intensity, compared to
the clean Rh(111) surface, and this effect was enhanced at

increasing Au doses (Fig. 8C). This behavior may be rationalized
by assuming that a part of the borazine adsorbed on Au diffuses
onto the Rh sites. (iii) The normalized Au LEIS intensity decays
exponentially only at moderate borazine exposures, up to 30–50 L.
The slope of the decay decreases with increasing gold coverage.
This may imply that some h-BN (or partially decomposed borazine
fragments) formed on Rh spills over to Au. The smaller the amount
of Rh on the bimetallic surface the less this route can promote
coverage of Au by h-BN. (iv) One might expect that at higher
exposures, when h-BN formation on Rh is already completed, gold
attenuation becomes independent of gold coverage. However, this
was not the case. It is possible that migration of h-BN (or its
precursors) from Rh to Au goes on, but Rh atoms liberated this way
become immediately covered by newly adsorbed borazine mole-
cules. We recall that Au forms a continuous layer on Rh(111) at
YAu = 4 ML, while this is not the case at YAu = 1 ML.48 In a separate
measurement the preparation of h-BN on 4 ML Au/Rh(111) was
investigated at a somewhat higher pressure, leading to an B80%
decrease of the Au peak up to 530 L (not shown).

Of course, the question arises, how the decrease in the Au
and Rh LEIS intensities can be so different, since, according to
our previous study, these elements are extensively mixed in the
topmost layer of Rh(111), although not necessarily at the
atomic level.48 In the case of alloying at the atomic level,
separate coverage of Au and Rh during h-BN growth is possible,
if precursors with a size of a few Å are located on the Rh atoms,
e.g. fragments of one or two borazine molecules. Alternatively,
it cannot be excluded that the formation of the boronitrene
layer on top of the bimetallic surface induces the rearrange-
ment of metal atoms in the atomic layer below h-BN. Regarding
the nature of the decomposition products, please note that
previous temperature programmed desorption studies revealed

Fig. 8 LEIS results obtained during contact of different bimetallic Au–Rh surfaces to increasing exposures of borazine at 1000 K. The bimetallic surfaces
were prepared by depositing the given amount of Au on Rh(111) at 500 K, followed by 5 min annealing at 1000 K, before borazine admission. (A) LEIS
spectra obtained at YAu = 0.25 ML. (B) Rh and Au LEIS intensities on a logarithmic scale as a function of borazine exposure for the clean Rh(111) surface
and for different coverages of Au on Rh(111). All values are normalized to the intensities obtained after annealing the gold decorated surface to 1000 K,
before borazine admission. Empty and filled symbols refer to Rh and Au intensities, respectively. (C) The same as in (B), displaying the small exposure
range. In (B) and (C) an exponential decay function (a straight line on the logarithmic scale) was fitted to the Au intensities obtained at smaller borazine
exposures, and to Rh intensities.
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that the dehydrogenation of borazine on Rh(111) is complete
up to 800 K.76 Nevertheless, its decomposition may be hindered
on Rh atoms surrounded by Au atoms, and even more on pure
Au regions.

N 1s and B 1s regions of the XPS spectra of the bimetallic
1 ML Au/Rh(111) surface, obtained after increasing exposure to
borazine at 1000 K, are shown in Fig. 9. For comparison, the
XPS spectrum of the Rh(111) surface, completely covered by
boronitrene, is also shown. Exposure values, chosen for the
bimetallic surface, correspond to different periods of h-BN
growth; at 21 L practically all Rh atoms are already covered by
h-BN, according to LEIS, but the Au ion scattering peak
decreased only by 45%. At 190 L the attenuation of the Au peak
is also close to being complete (Fig. 8). The binding energies of
both the N 1s and B 1s peaks were considerably smaller than
the respective values obtained for the gold-free surface. This is
in qualitative agreement with literature data, indicating smaller
N 1s and B 1s binding energies when h-BN was supported by Au
or other coinage metals compared to late transition metals like
Ni or Ru.15,38,45

In our case the spectrum collected after an exposure of 190 L
is dominated by h-BN bound to gold, but at the smaller
borazine exposure (21 L) the relative contribution of h-BN
bound to Rh is somewhat larger. Before borazine adsorption
the topmost surface area consisted of 89% of Au and 11% of
Rh, due to the non perfect 2D growth of Au on Rh(111). After
the 21 L exposure, the Rh LEIS peak practically disappeared,
implying that h-BN bound to Rh covered B11% of the surface,
assuming no change in the total number of Rh atoms in the
topmost metal layer. At the same time, 45% of the gold fraction
was covered by h-BN, corresponding to 40% of the total surface
area. This estimation suggests that even in this case the h-BN
XPS signal is dominated by h-BN bound to gold, but the
influence of Rh is somewhat larger. Indeed, the N 1s and B
1s peaks were detected at slightly higher binding energies, by

about 0.05–0.1 eV. The Au 4f peaks decreased only by 8% due to
borazine decomposition up to 190 L, proving the lack of Au
desorption during h-BN formation (not shown). The small extent
of the Au 4f attenuation also indicates the lack of significant
migration of Au into the subsurface region of Rh(111).

We present STM images of 30 � 30 nm2 taken after the
nanomesh formation on Rh(111) surfaces alloyed by different
amounts of Au (Fig. 10). The clean Rh(111) surface was exposed
to gold at 300 K and annealed for 5 min at 1000 K. In each case,
the alloyed surface was exposed to borazine of app. 250 L at
1000 K. An interesting observation from these measurements is
that the nanomesh structure could be formed up to relatively
high gold coverages. It can be seen that in the case of 0.4 ML
and 0.7 ML of gold, the h-BN nanomesh was clearly present,
but exhibited some distortion from that found on the clean
Rh(111) surface (Fig. 10A–C). Although the pore–wire periodi-
city (B3.2 nm) was substantially preserved, the pore diameter
showed a rather large variety in the range of 1.7–2.5 nm,
in contrast to the gold-free case, when it varied between
1.9–2.1 nm. At 0.9 ML the pore centers were observable every-
where, but their average size decreased down to approximately
1.7 nm (on Rh(111) the pore diameter was 2.0 nm) and they
show a rather wide variation between 1.5 nm and 1.9 nm. The
average apparent pore depth did not change significantly with
respect to the gold-free case, however, some of them collapsed
into a common depressed structure (Fig. 10D arrow). At the
higher coverage of 1.2 ML the change of the pore–wire structure
is already very significant; there are regions where no pores are
observable (E). This behavior is probably the consequence of
the weaker bonding between the gold (or the gold-rich regions)
and the h-BN layer and suggests that the distribution of gold is
not uniform. In the case of 1.5 ML of gold the number of pores
decreased radically; most of the surface is flat (F).

In order to confirm the decreased pore diameter of h-BN
upon Au-alloying of the metal overlayer DFT calculations were
performed. The optimized atomic structures of h-BN supported
by a pure Rh layer (with 0 ML Au) and a Rh–Au ordered surface
alloy layer (with 0.49 ML Au) directly below the h-BN are
reported in Fig. 11. The decreased h-BN pore diameter for the
0.49 ML Au structure compared to the full Rh is evident, thus
the experimental findings were reproduced by DFT. The reason
is the strong bonding of the vertical minima of the h-BN
nanomesh to the decreased Rh content of the top metal layer.
Furthermore, pore depths with the following geometrical cor-
rugation values of the h-BN layer were found: 2.35 Å (0 ML Au)
and 2.06 Å (0.49 ML Au). Even though these geometrical
corrugations are quite large, simulations of STM images
indicate that the apparent corrugation of both structures is
considerably smaller (0.084 and 0.085 nm, respectively) at the
experimentally employed bias voltage, in good agreement with
the findings of the STM measurements. The origin of this effect
is most likely the electron states of the Rh contributing to the
tunneling current that reduce the apparent corrugation of the
h-BN layer. We note that the details of the Rh–Au arrangement
below the h-BN need further studies both experimentally and
theoretically, which are in progress.

Fig. 9 N 1s and B 1s XPS regions collected after increasing exposure of
the 1 ML Au/Rh(111) surface to borazine at 1000 K. The bimetallic surface
was prepared by depositing 1 ML of Au on Rh(111) at 500 K, followed by
5 min annealing at 1000 K, before borazine admission. For comparison, the
corresponding XPS regions of the Rh(111) surface, completely covered by
boronitrene, are also shown.
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Summarizing this section, it was observed experimentally
that the nanomesh structure characteristic of Rh(111) persists
also in the presence of close to 1 ML of Au located in the
outermost metallic layer, although with some distortions and
with a smaller pore diameter. The h-BN overlayer gradually
flattens out at higher coverages. DFT results confirmed the
decreased pore diameter upon alloying the topmost Rh layer
with 0.49 ML of Au, and revealed large geometrical corrugations
of the h-BN layer, which, however, are not observable by STM,
and both theory and experiment indicate moderate apparent
heights of the STM images in quantitative agreement. In other
words, the morphological features of the nanomesh (pore
diameter and probably also pore depth) can be fine tuned by
changing the gold content. The implications can be wide-
spread. For example, 2D materials like graphene and h-BN
can act as a template for cluster growth, resulting in a narrow
size distribution.43,77–80 This allows for a better characteriza-
tion of cluster reactivity, highly relevant for catalysis.44,80,81 The
cluster dimension/shape will probably be different if the nano-
mesh morphology is changed, which could also influence
chemical reactivity. As another example for controlling h-BN

morphology, it was demonstrated that the nanomesh on
Rh(111) can be flattened out by the intercalation of hydrogen
atoms. Hydrogen can be dosed as atomic hydrogen under
UHV,82 or even in an electrochemical cell (EC-STM).83 The
latter approach was used to correlate adhesion and stiction
for a liquid drop at the atomic level.83 It is reasonable to assume
that adhesion properties can be controlled by tuning nanomesh
morphology, e.g. applying alloy substrates like in our case.

4. Conclusion

Here we reported spectroscopy and microscopy results on the
growth of Au on the h-BN nanomesh prepared on Rh(111) at
room temperature, and thermal effects including the inter-
calation, desorption and sintering of gold. As a first in the
literature, we also reported in this work on the growth of
hexagonal boron nitride on Au/Rh(111) surface alloys of various
Au content. In both cases, the h-BN monolayer was synthetized
by the high temperature decomposition of borazine.

STM and LEIS measurements confirmed that at small cov-
erages up to YAu = 0.1–0.2 ML, nearly two dimensional clusters
form on a h-BN/Rh(111) surface, while at higher gold doses a
clear 3D growth was found. Au nanoparticles nucleate prefer-
entially at the pore–wire interface. Metal deposition at cryo-
genic temperatures yielded smaller clusters. Annealing the Au/
h-BN/Rh(111) system to higher temperatures (T Z 700 K)
resulted in the intercalation of Au below the h-BN layer, which
is complete at 1050 K. Intercalated Au atoms are predominantly
located in the topmost atomic plane of the Rh(111) crystal.
Besides, agglomeration and desorption of gold also take place.
Interestingly, the h-BN nanomesh structure can accommodate
a significant amount of Au beneath.

In another set of experiments, first a gold–rhodium surface
alloy was formed by depositing various amounts of Au on
Rh(111) followed by annealing at 1000 K. The h-BN layer
on top of the alloy was prepared afterwards by borazine

Fig. 10 h-BN layer formation at 1000 K by an exposure of 250 L borazine
to Au–Rh alloy surfaces with different Au content: (A) 0.0 ML, (B) 0.4 ML,
(C) 0.7 ML, (D) 0.9 ML, (E) 1.2 ML and (F) 1.5 ML. The alloy surface was
prepared by deposition of Au onto the clean Rh(111) surface at room
temperature, followed by annealing at 1000 K for 5 min. The size of all cc
images is 30 � 30 nm2.

Fig. 11 DFT-optimized structures of h-BN directly in contact with a pure
Rh layer (with 0 ML Au) and a Rh–Au ordered surface alloy layer (with
0.49 ML Au) supported by Rh(111). Color coding of the elements: Rh: grey
(large), Au: yellow, B: green, N: grey (small).
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decomposition at 1000 K. LEIS results proved that Rh atoms get
covered at much smaller borazine exposures than Au. Appar-
ently, a part of the borazine molecules adsorbed on Au diffuse
to Rh enhancing the rate of h-BN formation there. Conversely,
boron nitride (or its precursors) formed on Rh can spill over to
Au. h-BN formation on pure gold is very slow. The nanomesh
structure is essentially observable up to relatively large amounts
of gold (0.9 ML). In the presence of Au the nanomesh periodi-
city is the same, but the pore diameter is smaller, and there are
more defects. At Au coverages in the range of 0–0.9 ML the
nanomesh periodicity is the same, but there are more defects,
and the pore diameter is decreasing. DFT results confirm the
decreased pore diameter upon alloying the top Rh layer with
0.49 ML of Au, and also reveal a slightly decreased pore depth,
which is not visible by STM. On increasing the amount of Au,
there are flat regions and regions covered by the nanomesh
structure, indicating that Au atoms are not homogeneously
dispersed on the surface. Therefore, the h-BN cover layer is
also an indicator for the bimetallic composition of the metal
underneath.
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29 J. Gómez Dı́az, Y. Ding, R. Koitz, A. P. Seitsonen, M. Iannuzzi
and J. Hutter, Theor. Chem. Acc., 2013, 132, 1350.

30 L. Camilli, E. Sutter and P. Sutter, 2D Mater., 2014, 1, 25003.
31 E. Rokuta, Y. Hasegawa, K. Suzuki, Y. Gamou, C. Oshima

and A. Nagashima, Phys. Rev. Lett., 1997, 79, 4609–4612.
32 W. Auwärter, T. J. Kreutz, T. Greber and J. Osterwalder, Surf.

Sci., 1999, 429, 229–236.
33 M. Muntwiler, W. Auwärter, F. Baumberger, M. Hoesch,

T. Greber and J. Osterwalder, Surf. Sci., 2001, 472, 125–132.
34 R. Laskowski and P. Blaha, J. Phys.: Condens. Matter, 2008,

20, 64207.
35 S. Berner, M. Corso, R. Widmer, O. Groening, R. Laskowski,

P. Blaha, K. Schwarz, A. Goriachko, H. Over, S. Gsell,

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 3
:3

6:
44

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8cp00790j


This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 15473--15485 | 15485

M. Schreck, H. Sachdev, T. Greber and J. Osterwalder,
Angew. Chem., Int. Ed., 2007, 46, 5115–5119.

36 W. Auwärter, M. Muntwiler, T. Greber and J. Osterwalder,
Surf. Sci., 2002, 511, 379–386.

37 M. L. Ng, A. B. Preobrajenski, A. S. Vinogradov and
N. Mårtensson, Surf. Sci., 2008, 602, 1250–1255.

38 A. Goriachko, Y. B. He and H. Over, J. Phys. Chem. C, 2008,
112, 8147–8152.

39 L. Liu, Z. Zhou, Q. Guo, Z. Yan, Y. Yao and D. W. Goodman,
Surf. Sci., 2011, 605, L47–L50.

40 H. P. Koch, R. Laskowski, P. Blaha and K. Schwarz, Phys.
Rev. B: Condens. Matter Mater. Phys., 2011, 84, 245410.

41 H. P. Koch, R. Laskowski, P. Blaha and K. Schwarz, Phys.
Rev. B: Condens. Matter Mater. Phys., 2012, 86, 155404.

42 Y. Zhang, Y. Zhang, D. Ma, Q. Ji, W. Fang, J. Shi, T. Gao, M. Liu,
Y. Gao, Y. Chen, L. Xu and Z. Liu, Nano Res., 2013, 6, 887–896.

43 M. C. Patterson, B. F. Habenicht, R. L. Kurtz, L. Liu, Y. Xu
and P. T. Sprunger, Phys. Rev. B: Condens. Matter Mater.
Phys., 2014, 89, 205423.

44 W. C. McKee, M. C. Patterson, D. Huang, J. R. Frick,
R. L. Kurtz, P. T. Sprunger, L. Liu and Y. Xu, J. Phys. Chem.
C, 2016, 120, 10909–10918.

45 D. Usachov, V. K. Adamchuk, D. Haberer, A. Grüneis, H. Sachdev,
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