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Formation and stability of dense arrays of Au nanoclusters on hexagonal boron nitride/Rh(111)
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We have studied the nucleation and growth of Au clusters at submonolayer and greater coverages on the
h-BN nanomesh grown on Rh(111) by means of scanning tunneling microscopy (STM), x-ray photoelectron
spectroscopy (XPS), and density functional theory (DFT). STM reveals that submonolayer Au deposited at 115 K
nucleates within the nanomesh pores and remains confined to the pores even after warming to room temperature.
Whereas there is a propensity of monoatomic high islands at low temperature, upon annealing, bi- and multilayer
Au clusters emerge. Deposition of higher coverages of Au similarly results in Au clusters primarily confined to
the nanomesh pores at room temperature. XPS analysis of core-level electronic states in the deposited Au shows
strong final-state effects induced by restricted particle size dominating for low Au coverage, with indications that
larger Au clusters are negatively charged by interaction through the #-BN monolayer. DFT calculations suggest
that the structure of the Au clusters transitions from monolayer to bilayer at a size between 30 and 37 atoms per
cluster, in line with our experiment. Bader charge analysis supports the negative charge state of deposited Au.
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I. INTRODUCTION

Although bulk gold is one of the least reactive (noblest)
metals [1], it is by now well established that Au clusters
supported on various metal oxides show strong catalytic
activity for a wide variety of oxidation reactions. In particular,
the low-temperature oxidation of CO by molecular O, has
been observed to occur for Au nanoparticles on oxide supports
[2-5]. The most dramatic and well-known factor known to
influence the catalytic activity of such systems is the size
and shape of the Au nanoparticles, with catalytic properties
virtually absent for particles larger than a few nm?. In addition
to particle size, charge transfer between the support and Au
clusters, particularly dependent on the dimensionality of the
cluster, plays a key role in the adsorption of reactants and the
selectivity of reactions [2,6-9]. Cluster nucleation and charge
transfer are often facilitated by defects in the support [10—-12].
These experimental findings underlie the key idea that the
choice of support exerts critical influence over the nucleation,
morphology (size, shape, and distribution), charge state, and
other properties of deposited metal clusters, and Au catalysts
can almost never be considered in isolation of the support.

One possibility for tailoring the size, shape, and distribution
of Au nanoparticles for catalytic reactions of interest is
through deposition onto a patterned substrate. Hexagonal
boron nitride (2-BN) monolayers grown epitaxially on single-
crystal transition metal surfaces show unique promise as such a
template for various reasons. First, the growth of single-layer
h-BN on transition metal surfaces by pyrolysis of borazine
is easily accomplished [13], and the self-limiting nature of
the growth process guarantees precise control of the 4-BN
film thickness and morphology. The resulting monolayer films
show thermal stability and chemical inactivity up to 600 °C
[14]. Furthermore, A-BN monolayers can form a variety
of self-assembled nanostructures that vary with the choice
of transition metal substrate, from a (1 x 1) monolayer on
Ni(111) [15] to a highly corrugated superstructure on Rh(111)
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and Ru(0001) [13,16,17]. In general, the binding of 4-BN to
transition metal surfaces is influenced by the lattice match
of the metal surface and the #-BN film and the degree of
hybridization between metal d bands and A-BN 7 * bands
[18-23]. Hence, Ni(111), which has a nearly perfect lattice
match to the A-BN and partially unfilled d bands, shows
a relatively strongly bound commensurate #-BN monolayer
[24], while Cu(111) shows a much weaker binding of the
h-BN monolayer [18]. Of the 4d elements, Ru(0001) and
Rh(111) have a large lattice mismatch to the 2-BN (8.2% and
7.6%, respectively), but unfilled d bands that should result in
strongly bound /#-BN layers. Finally, 2-BN on transition metal
surfaces is free of oxygen and can help avoid ambiguities in
the interpretation of the nature of active sites in CO oxidation
on Au nanocatalysts [25-27].

Thus, rather than adopting a strongly bound (1 x 1) mono-
layer, the #-BN films grown on these 4d surfaces adopt what
has become widely referred to as a “nanomesh” structure, with
hexagonal “pores” of diameter 2 nm surrounded by “wires”
sitting farther away from the Rh surface, with an overall
periodicity of 3.2 nm, corresponding to a unit cell consisting
of a 12 x 12 substrate against a 13 x 13 h-BN superstructure
[16,28]. Spectroscopic techniques show splitting of the 2-BN
o and 7 bands [29] and of core-level N 1s and B 1s states
[22] of the nanomesh on both Ru(0001) and Rh(111), which
was initially attributed to the formation of an #-BN double
layer [13], but was later recognized to be a consequence of
the “nanomesh” structure of an ~#-BN monolayer [16,30]. As
a result of the preference for strong binding to the metal
surface competing with the lattice mismatch, the strongly
bound #-BN “pore” regions are in fact chemically distinct
from the “wire” regions. The resulting periodic structure of
varying chemical environments provides a template that may
facilitate the nucleation of nanoparticles on the order of the
pore size. Buffer layer assisted growth has been used to
deposit Co nanoparticles in such a fashion, with the resulting
nanoparticles shown to be electronically decoupled from the
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underlying Rh(111) [31,32]. A comprehensive understanding
of how the deposition and growth conditions affect the size
and number density of metal nanoclusters formed on template
surfaces can lead to an entire class of new nanomaterials suited
for model catalytic studies [33-35].

Goriachko et al. studied the formation of larger Au
clusters on A-BN/Ru(0001) with STM, observing at room
temperature both the nucleation of clusters in the pores and
the formation of larger two-dimensional islands that extend
over several pores and display the same pore-wire corrugation
as the nanomesh [30], akin to the two-dimensional (2D)
Au islands formed on graphene moiré/Ru(0001) [36,37].
Ng et al. used synchrotron-based angle-resolved photoemis-
sion spectroscopy, x-ray photoelectron spectroscopy (XPS),
and near-edge x-ray-absorption fine structure (NEXAFS)
spectroscopy to probe submonolayer Au on 4-BN/Rh(111)
deposited at room temperature and annealed up to 875 K,
inferring nucleation of 2D Au clusters within the 2-BN pores
at room temperature, diffusion of Au between pores resulting
in the formation of three-dimensional (3D) clusters starting at
575 K, and eventual Au-Rh surface alloying at 875 K [38].
DFT studies of single- and few-atom Au clusters in the #-BN
nanomesh show a strong preference for an Au adatom to bind
in the pores [39], with very high barriers to diffusion between
pores [39] and a net negative charge on the Au clusters [40].
So far, multiatom Au clusters have yet to be directly modeled
and optimized on the full 2-BN/Rh(111) pore-wire structure
using DFT.

In this work, we examine the templated nucleation and
growth of Au nanoclusters on the #-BN nanomesh supported
on Rh(111) using STM and XPS, and present large-scale DFT
calculations of several Au clusters (<51 atoms) supported on
the full 4-BN/Rh(111) pore-wire unit cell to explore details of
the geometry and charge state of the clusters. In Sec. II, we
describe our experimental methods and theoretical approach.
Section III presents STM and XPS results of submonolayer
evaporation of Au on the #1-BN/Rh(111) surface at both room
temperature and 115 K. Section I'V discusses the DFT results in
light of our experimental data. Our conclusions are presented
in Sec. V.

II. METHODS
A. Experiment

STM and XPS experiments were performed in an ultrahigh
vacuum system with a base pressure of 1 x 107! Torr
consisting of two chambers connected by a gate valve. The
sample preparation chamber is equipped with a sputter gun,
low-energy electron diffraction (LEED) (Specs ErLEED 150),
leak valves to dose various gases, and an Omicron VT STM
XA, while the other chamber contains an Omicron XM 1000
monochromatic x-ray source and SPECS PHOIBOS 150
hemispherical analyzer for high-resolution XPS experiments.

The Rh(111) single crystal was cleaned by repeated cycles
of 15 min of Ne™ sputtering and flashing by e-beam annealing
to 1175 K. Surface cleanliness was monitored with LEED
and XPS. After a clean surface was obtained, #-BN films
were grown by thermal decomposition of borazine (HBNH);
(liquid in a glass tube attached to a standard leak valve,
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purified by several freeze-pump-thaw cycles) at a pressure of
1 x 1077 Torr for 20 min (total dose 120 Langmuir)
[13,17].This dosing procedure resulted in a complete, clean,
well-ordered A#-BN film as monitored by LEED, XPS, and
STM. Films kept in UHV conditions for long periods of time
proved resistant to adsorption of oxygen- or carbon-containing
species within the sensitivity of XPS.

Au was evaporated on samples in situ in the STM from a
homebuilt thermal evaporator (high-purity Au wire wrapped
around a tungsten filament) installed in one of the 2 %" ports in
the Omicron VT STM XA system. Sample temperature during
evaporation was monitored using a Pt-100 resistor mounted
just above the sample stage in the STM; using the STM’s
liquid N, flow cryostat, an ultimate sample temperature of
115 K can be realized. The evaporator filament was kept
warm for extended periods prior to sample cooling and Au
evaporation in order to minimize outgassing and prevent
physisorption of unwanted species onto the cold sample.
Au dosage was calibrated by evaporating Au onto a clean
Ru(0001) sample [Au on Ru(0001) is known to grow as
monoatomic (1 x 1) islands at submonolayer coverages [41]]
and determining the percentage of the Ru surface covered using
STM. In the experiment sections of this work, the amount of
Au deposited is thus given with respect to the density of the
Ru(0001) surface (1 ML = 1.58 x 10'> atoms/cm?).

STM experiments were performed using homemade elec-
trochemically etched tungsten tips. The tunneling voltage and
current were set to ~1 V and ~100 pA, respectively, to
minimize interactions between the tip and Au clusters, as
the tip was observed to pick up and drag clusters along the
surface using lower voltages or higher currents. Ordinarily
these tunneling conditions (imaging filled states in the sample)
result in bright “wires” and dark “pores” appearing in images
of the clean 4#-BN film, with the image contrast matching the
actual geometric structure of the film; however, on occasion
adsorbed species on the tip caused an observed contrast
reversal, with dark wires and bright pores. (This contrast
reversal is a consequence of imaging unoccupied rather than
occupied states of the #-BN film [28].) Our observations of
the height and lateral size of Au clusters were not affected by
these imaging conditions, however.

XPS experiments were performed using monochromatic Al
Ko radiation (hv = 1486.6 eV, intrinsic linewidth 0.3 eV).
For each sample, survey spectra were taken using a pass energy
of 40 eV to ensure correct sample alignment and to check for
any contamination. High-resolution spectra of B 1s, N 1s, and
Au 4 f peaks were recorded using a pass energy of 20 eV.
Spectra were fitted using the built-in routines in CASAXPS; the
details of the fits are discussed in the appropriate portions of
the Results and Discussion section below.

B. Density functional theory calculations

Periodic DFT calculations were performed using the Vienna
ab initio simulations package (VASP) [42] in the local density
approximation (LDA) and generalized gradient approximation
(GGA-PBE) [43], and with the van der Waals correction
(optB86b vdW-DF) [44,45]. The results reported herein are
primarily obtained at the latter two levels. The core electrons
were described by the projector augmented-wave (PAW)
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FIG. 1. (Color online) (a) Top and (b) side views of the “13-on-
12” h-BN/Rh(111) pore-wire structure. The unit cell is outlined by
the dashed line. White, green, and blue spheres represent Rh, B, and N
atoms, respectively. More shaded areas in (a) signify greater distance
of the B and N atoms from the Rh(111) substrate. The maximum
corrugation height of the pore-wire structure (dn.x) is illustrated
in (b).

method [46] and the Kohn-Sham valence electrons [including
Rh(4d5s), 229 eV cutoff; Au(5d6s), 230 eV cutoff; B(2s2p),
319 eV cutoff; and N(2s52p), 400 eV cutoff] were expanded
in a plane wave basis set up to a cutoff energy of 400 eV.
The electronic states were smeared using a first-order
Methfessel-Paxton scheme with a width of 0.1 eV [47]. All
total energies were extrapolated back to 0 K.

The calculated lattice constants for Rh are ¢ = 3.752 A
(LDA), 3.824 A (GGA-PBE), and 3.803 A (optB86b vdW-
DF), the last being in the closest agreement with experiment
(3.80 A [48]). The boron nitride pore-wire structure on
Rh(111) was modeled using a (13 x 13)-2-BN monolayer on
a (12 x 12)-Rh(111) surface unit cell (“13-on-12") depicted in
Fig. 1. The Rh(111) surface was modeled as a semi-infinite
three metal layer slab, for a total of 169 B, 169 N, and 432 Rh
atoms in the unit cell. A vacuum space of ~16 A was
included to minimize interactions of neighboring images in
the z direction. An initially flat 2-BN monolayer was placed
on one side of the Rh slab and relaxed into the pore-wire
structure using all three exchange-correlation functionals. In
the pore region of the resulting structure, the N and B atoms are
located on the top of Rh atoms and over surface fcc threefold
sites, respectively. During geometry optimization the BN
monolayer and the top layer of Rh atoms were fully relaxed,
with the bottom two layers of Rh fixed at the bulk positions.
All geometric optimization was converged to 0.03 eV/ A
for each relaxed degree of freedom. The reciprocal space was
sampled at the I" point only.

The adsorption of Au adatoms and clusters was studied on
the BN side of the slabs only, with electrostatic decoupling
in the z direction [49]. The adsorption energy (AE) of an Au
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FIG. 2. (Color online) (a) 0.16 ML Au/A-BN/Rh(111) deposited
at 115 K, imaged at 115 K, 500 x 250 A”. Tip voltage 41 V; tunneling
current 100 pA. (b) Height profile along the line indicated in (a).

adatom or cluster containing n Au atoms was calculated as

AE = (Ey — EpN/Rrui1) — RavEad)/nau,

where Ejq is the energy of the overall system, Ej,_gn/Ru(111) 18
the energy of the clean surface without the absorbate, and Ea,
is the energy of an Au atom in the bulk fcc metal phase. A more
negative adsorption energy corresponds to stronger adsorption.
Atomic charges were determined using the Bader method [50]
as implemented in the code of Henkelman and co-workers [51],
which partitions the total electron density into nonoverlapping
atomic volumes whose surfaces are perpendicular to the
electron density gradient.

III. RESULTS AND DISCUSSION
A. Scanning tunneling microscopy

We begin by examining the growth of Au clusters on
the h-BN/Rh(111) surface under a variety of deposition
conditions, by varying the substrate temperature during
deposition as well as during measurement. We first study
the deposition of submonolayer amounts of Au in order to
investigate the nucleation behavior of small clusters, and then
turn to the deposition of larger amounts of Au in order to
study the templated growth of larger nanoparticles.

Figure 2(a) shows an STM image of 0.16 ML Au deposited
with the sample temperature held at 115 K, and imaged at 115
K. The line profile in Fig. 2(b) corresponds to the indicated
line in the image. The step edge running diagonally from top
left to middle right in the image is included in the height
profile. We measure the step height as approximately 2.2
A, taking the average difference in the z direction from the
bottom of a pore on the bottom step to the bottom of a
pore on the top step. This is in excellent agreement with a
monatomic Rh(111) step-height distance [48]. Although the
full nanomesh structure is not apparent due to tip effects, the
hexagonal pore-wire structure is visible (indicated by crosses
in Fig. 2). In this image, due to presumed adsorbates on the
tip, pores are imaged as bright spots and wires as dark lines,
as referenced in Sec. I. Au clusters in the pores are brighter
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FIG. 3. (Color online) (a) 0.16 ML Au/h-BN/Rh(111) deposited
at 115 K, imaged at 300 K, 250 x 250 A2, Tip voltage +1 V; tunneling
current 100 pA. (b) Height profile along the line indicated in (a).

than the unfilled pores. The line scan across several clusters
indicates that these are all approximately 1.5 A high (relative to
the bottom of a pore), indicating that they most likely consist
of a single layer of Au. Under these conditions, we imaged
few if any clusters that unambiguously consisted of more than
one Au layer. This uniform growth mode has previously been
inferred from photoemission and NEXAFS studies of similar
Au coverage on h-BN/Rh(111) at room temperature [38]; in
agreement, here we show unambiguously that after deposition
at 115 K, Au exists exclusively as single-layer islands within
the nanomesh pores.

Figure 3(a) shows an image of 0.16 ML Au deposited at
115 K, but warmed to room temperature before imaging. (This
is the same sample as depicted in Fig. 2.) We clearly see
monolayer clusters inside the pores of the #-BN nanomesh,
as we observed exclusively at low temperature, but now larger
clusters are also apparent. The image color scale has been
selected to show both the pore/wire structure with corrugation
0.5 A and the Au clusters with height 1.5-3 A, so the difference
in cluster heights is only readily apparent by examining line
profiles. The indicated line scan in Fig. 3(b) shows that the
small clusters still maintain the 1.5 A height observed in
the 115 K image, but additionally we see larger clusters of
height 3 A [e.g., the leftmost cluster in the profile in Fig. 3(b)],
corresponding to a bilayer of Au. These bilayer clusters are
also imaged as having larger lateral sizes: the bilayer cluster
in Fig. 3(b) measures approximately 21 A across compared to
the 811 A for the single-layer clusters in the same line scan.
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FIG. 4. (Color online) (a)0.16 ML Au/h-BN/Rh(111) deposited
at 300 K, imaged at 300 K, 250 x 250 AZ2. Tip voltage +1 V;
tunneling current 100 pA. (b) Height profile along the line indicated
above.

In this image, there also exist three clusters that appear to be
even taller than a bilayer, but these populate less than 5% of
the nanomesh pores.

In Fig. 3(a), we find that of the filled pores, approximately
80% are filled with single-layer clusters upon warming to
room temperature, with the rest containing bilayer and the few
trilayer clusters as noted above. The majority of the nanomesh
pores, approximately 63%, are empty at this coverage. Raising
the temperature from 115 to 300 K has evidently enabled
diffusion of Au between pores, but the vast majority of the
single-layer clusters presumably remain where they initially
nucleated.

Figure 4(a) shows again 0.16 ML Au, but deposited and
imaged at room temperature. As referenced above, presumed
tip adsorbates have caused a contrast reversal in the image
despite maintaining tunneling conditions identical to those in
other images. The indicated line scan in Fig. 4(b) shows that
typical clusters deposited at room temperature are somewhat
larger than the equivalent amount of Au deposited at 115 K
and warmed to room temperature. The relative occupation
of single-layer versus bilayer or larger clusters is drastically
different from the sample examined in Fig. 3—here approxi-
mately 40% of the clusters are single layer and 60% are bilayer
or larger.

In contrast to studies of sub-ML Au/A-BN/Ru(0001) [28]
and Au/graphene/Ru(0001) [36,37], we observe only the
nucleation of small clusters confined to the nanomesh pores,
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FIG. 5. (Color online) (a) 5 ML Au/h-BN/Rh(111) deposited at 115 K, imaged at 300 K, 1000 x 1000 A. (b) 5 ML Au/h-BN/Rh(111)
deposited at 115 K, imaged at 300 K, 500 x 500 A2. (The superimposed lines and circle are explained in the text.) (c) 5 ML Au/A-BN/Rh(111)
deposited at 115 K, imaged at 300 K, 2000 x 2000 A% showing large-scale cluster dispersion. (d) Histogram depicting distribution of Au

cluster diameters in (a). (e) Line profile along the line indicated in (b).

and see no evidence of so-called “replica islands”—single-
layer islands extending over several pores (or repeat distances
of the graphene moiré) that maintain the corrugation of the
underlying nanomesh or moiré structure. This suggests that
the 2D island morphology previously observed on ~A-BN and
graphene is principally controlled by the underlying Ru(0001)
rather than the #-BN monolayer acting as a template. One
possible explanation is the relatively weaker binding between
h-BN on Rh(111) versus Ru(0001). The lesser degree of
hybridization between electronic states of the A-BN film
and the underlying metal results in a greater decoupling of
deposited Au from the underlying metal, resulting in the
exclusive growth of clusters rather than 2D islands that attempt
to maintain the registry of the transition metal surface.
Having seen that the initial stages of Au cluster growth
occur exclusively by nucleation within the #-BN pores, it is
natural to examine the subsequent growth of clusters covering
a larger percentage of the surface. Figure 5 depicts the
results of 5 ML Au deposited on A-BN/Rh(111) at 115 K,
and subsequently warmed to room temperature and imaged.
Figures 5(a) and 5(d) show a representative 1000 x 1000 A
area of the sample and a histogram showing the distribution of

cluster diameters. The distribution is peaked at approximately
28 A and shows very few clusters larger than 32 A across—in
other words, virtually no clusters are larger than a single unit
cell of the #-BN film. (Tip convolution effects likely result
in measured cluster diameters that are somewhat larger than
the actual values.) The 500 x 500 A image in Fig. 5(b)
and corresponding line scan in Fig. 5(e) show representative
heights and diameters of several Au clusters—in general, the
line profile shows roughly ellipsoidal clusters, with heights
approximately 10-25 A. The clusters indicated by the white
circle in Fig. 5(b) show that the hexagonal spacing is roughly
maintained, although again tip effects result in a perceived
separation between clusters that is slightly smaller than the
width of the nanomesh “wire”. Figure 5(c) demonstrates the
uniformity of the clusters across a larger (2000 x 2000 A)
region of the 2-BN film. The number density of clusters imaged
in Fig. 5 is approximately 0.08 clusters/nm?, compared to
an ideal value of 0.11 clusters/nm? (exactly one cluster per
pore), or roughly 70% of the density of a “perfect” cluster
distribution. Thus even with Au coverages >1 ML, the h-BN
template facilitates the growth of dense cluster arrays rather
than very large individual clusters.
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B. X-ray photoelectron spectroscopy

With XPS, we are able to examine the core-level electronic
structure of the #-BN film and the deposited Au nanoparticles
as a function of Au dosage. In this way, we may experimentally
probe for signs of charge transfer to or from the Au and
examine the intrinsic metallic properties of the nanoparticles
(examining final-state effects related to core hole screening)
as a function of particle size.

Due to instrumental limitations, we are unable to measure
XPS spectra of a sample held at 115 K after deposition, so
are unable to examine the exclusively single-layer clusters
imaged in Fig. 1. Due to overlap between the Rh 4s and Au
4 f peaks (the Rh 4s binding energy is 81.4 eV [52], and the
peak has a strong tail at higher binding energy overlapping the
Au 4 f7,, peak), it is clearest to present the Au 4 f XPS data
(open circles in the figure) as difference spectra, subtracting a
spectrum from a freshly made #-BN/Rh(111) sample from the
Au-dosed spectra to remove the Rh 4s peak. Additional linear
backgrounds have been subtracted from the difference spectra
and from the single-crystal reference spectrum before fitting.
The Rh-derived peaks in all of our spectra show no significant
changes as a function of Au dosage other than attenuation. In
light of the above observation of a lack of “replica islands”
as seen for Au/h-BN/Ru(0001), this may be taken as another
indication of a very weak or nonexistent interaction between
the Au and the Rh underlying the #-BN film.

The bottommost spectrum in Fig. 6 shows Au 4 f XPS from
0.16 ML Au deposited at 115 K and subsequently warmed to
room temperature (as imaged in Fig. 3). The best fit to the
data is obtained by fitting the Au 4 f lines with two pairs
of peaks with the appropriate spin-orbit splitting, indicated
by the dashed curves in the figure. With reference to an Au
single crystal measured in the same XPS system (topmost
spectrum in Fig. 6), the binding energy for the more intense
peak is shifted slightly higher (0.2 eV), and the less intense
peak is shifted considerably higher (0.9 eV). If attributed to
an initial state effect, this would suggest that some of the
Au clusters are positively charged, but in light of the B 1s
and N 1s data presented in Fig. 7 as well as the DFT results
presented below, we instead attribute this shift to final-state
effects, with reduced screening in the reduced-dimensional Au
clusters causing a shift to higher apparent binding energy. We
therefore attribute the less intense Au 4 f peaks (at 84.76 and
88.46 eV) to the single-layer Au clusters imaged in Fig. 3, and
the more intense set of peaks to the bilayer clusters. Supporting
this interpretation is the fact that the spectra are best fit with
peaks of a Gaussian/Lorentzian product functional form rather
than an asymmetric Doniach-Sunjic form characteristic of bulk
metallic systems or of nanoparticles large enough to show
bulklike screening properties [53].

In light of this interpretation of peak shifts due to final-state
effects and multiplets arising from nanoparticles of distinctly
different sizes, we can consistently explain all the features
of the spectra in Fig. 6. The second spectrum from the
bottom, corresponding to 0.16 ML Au deposited and imaged
at room temperature (imaged in Fig. 3), shows a similar
structure, but with relatively less intensity in the higher
binding energy peak and with both peaks shifted to somewhat
lower binding energy with respect to that for 0.16 ML Au
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FIG. 6. Au 4f difference XPS with fits. From bottom to top,
we show 0.16 ML Au deposited at 115 K, 0.16 ML Au deposited
at RT, 5 ML Au deposited at 115 K, and an Au(100) single
crystal for reference. All spectra were acquired at room temperature.
Open circles show the difference spectra resulting from subtracting
a pristine 71-BN/Rh(111) spectrum from each Au-dosed spectrum,
individual fit components are shown as dashed lines, and overall fit
envelopes are shown as solid lines.

deposited at 115 K. This suggests that the larger clusters
observed in STM after room temperature deposition show
some evolution toward more bulklike electronic structure, with
the very smallest single-layer clusters still present contributing
the higher binding energy component. We still obtain better
fits using pairs of symmetric peaks (Gaussian/Lorentzian
products) rather than asymmetric (Doniach-Sunjic) line shapes
characteristic of metallic Au, which again is consistent with
the observed size distribution. In contrast, the spectrum from
5 ML Audeposited at 115 K and measured at room temperature
(RT), corresponding to Fig. 5, fits an asymmetric line shape
extremely well, with only a very small symmetric component
at higher binding energy, again presumably corresponding
to nanoparticles at the smaller end of the size distribution.
The only deviation from bulklike behavior in the dominant
component in the 5 ML Au spectrum is again a small (0.2 eV)
shift toward lower binding energy with respect to bulk Au.
Given that the clusters deposited under these conditions are
overwhelmingly several layers tall and several A in diameter,
final-state effects are not likely to play a large role in the
observed peak shift, and the shift to lower binding energy
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FIG. 7. (a) B 1s XPS after the Au doses depicted in Fig. 4. (b) N 1s XPS after the Au doses depicted in Fig. 4.

is consistent with a small negative charge residing on the Au
clusters. This would be consistent with the results of our Bader
charge analysis presented in Sec. V below.

Figures 7(a) and 7(b) show B 1s and N 1s XPS spectra,
respectively, which give some insight into charge transfer
between the £-BN support and the deposited Au. The bot-
tommost spectrum in each panel shows a freshly prepared
h-BN film just after film deposition, and subsequent spectra,
appropriately labeled, show spectra corresponding to each Au
dose imaged in Figs. 3-5. Both B 1s and N 1s are fit well
with a single symmetric peak at binding energies of 190.46
and 398.26 eV, respectively. These are nearly identical to
binding energies (referenced to the Fermi level) reported for
BN films on Pd(111) [29], and agree within at most £1.2 eV
with binding energies reported for BN on Ni(111), Pt(111),
and Ru(0001) [17,29]. Synchrotron XPS experiments have
indicated that both the B and N 1s peaks are split into two
components with a small separation in energy (approximately
0.4 and 0.7 eV, respectively) [22] due to the differing chemical
environments of the pores and wires of the nanomesh structure,
exactly analogous to the splitting of o and 7 bands in valence
band photoemission [20]. The reduced resolution, surface
sensitivity, and photon flux of laboratory XPS compared to
a synchrotron experiment results in the apparent single-peak
structure here. Au deposition induces no chemical shift in
either peak, and minimal linewidth broadening or narrowing.

We therefore are confident in our interpretation of the Au 4 f
XPS in Fig. 6 as being dominated by final-state effects related

to the reduced screening of core holes induced by the restricted
nanoparticle size, especially at low coverage. The DFT results
discussed below suggest that particularly the single-layer Au
clusters do become negatively charged, but the amount of
charge transfer from the BN film as reflected in chemical shifts
or additional B and N core-level peaks is beyond our ability
to detect with laboratory XPS. The STM data presented in
Figs. 2-4 above show that the vast majority of the surface
remains uncovered by Au at submonolayer coverages, so the
percentage of available B or N sites from which charge could
be transferred is correspondingly small. The already low cross
sections for B 1s and N 1s at the available photon energy
combined with the fraction of a monolayer of atomic sites par-
ticipating in charge transfer therefore likely renders chemical
shifts in these peaks invisible to this experiment regardless of
whether they actually occur. A prior extended x-ray-absorption
fine structure study of the N K edge after 0.2 ML Au deposition
on h-BN/Rh(111) showed no change in line shape from a clean
h-BN film either at room temperature or after annealing up to
600 °C, indicating that if charge transfer to Au happens at room
temperature, it is likely that charge is primarily transferred
from boron [38]. This is consistent with the result one would
expect from a simple electronegativity argument.

C. DFT results

We have performed DFT calculations for a series of Au
clusters, including Au;, Auy, Aujg, Ausg, Ausy, and Aus; on
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FIG. 8. (Color online) (a) Positions of the Au; 7,19.30,37 clusters inside the pore region of the #-BN/Rh(111) nanomesh structure. Aus; is
shown as is, and the successively smaller hexagons outlined by dashed lines indicate the positions of the smaller clusters. White, green, blue,
and yellow spheres represent Rh, B, N, and Au atoms, respectively. (b) Calculated Au chemical potential (fia,) vs number of atoms in the Au
cluster (n). Curve in (b) is a logarithmic function fitted to the optB86b vdW-DF data as a guide to the eye.

13-on-12 A-BN/Rh(111) to explore trends in the energetic,
electronic, and structural properties of Au clusters on h-
BN/Rh(111) as a function of size. The multiatom clusters up
to Aus; were modeled as flat single-layer clusters on account
of the STM images described in Sec. IIl A. We tested the
adsorption of an Au adatom at sixfold-symmetry locations at
the center of the pore region (atop B) and the wire region
(atop N). Consistent with previous reports [39] the center of
the pore region is more stable for Au adsorption than the
center of the wire region by 1.5 eV. Thus all of the Au clusters
are placed centered in the pore region [see Fig. 8(a)]. The
average Au chemical potential (j14,) as a function of cluster
size is plotted in Fig. 8(b). Here i, for a cluster is defined to
be (E—E’)/(n—n")— Eays), where E and n are the DFT total
energy and size of the cluster, and E’ and n’ are those of the
cluster one size smaller in the series studied, and Eay) s the
energy of bulk Au. Vibrational contributions to the chemical
potential are ignored at the low temperature. For monolayer
Au clusters it decreases monotonically as more Au atoms are
added to the cluster [54] until Aus;, where [ia, begins to
increase. Instead a bilayer Aus; cluster (Fig. 9) has a lower
au (defined with respect to Ausg, not Aus7) than Aus;. This
suggests that the further growth of a monolayer Au cluster
beyond ~30 atoms is thermodynamically unfavorable and the
cluster would transition to bilayer [55], so long as the kinetic
barrier for periphery Au atoms that are up against the pore
walls to move on top of the bottom Au layer is surmountable

(@) ):)000000000004

FIG. 9. (Color online) Top view (a) and side view (b) of the
bilayer Aus; cluster inside the #-BN nanomesh pore region. White,
green, blue, and yellow spheres represent Rh, B, N, and Au atoms,
respectively.

at the substrate temperature. Note that at 0.16 ML deposition
coverage, the average number of Au atoms per BN pore is
144 x 0.16 = 23 assuming even deposition across the surface,
so we conclude that the monodisperse Au clusters that formed
at 115 K by depositing 0.16 ML of Au on 2-BN/Rh(111) were
predominantly single layer in height. This is consistent with
the low-temperature STM results presented in Fig. 2 above.

Bader charge analysis for the clusters shown in Fig. 8
shows appreciable charge transfer to the Au clusters (Table I),
which is particularly significant for the monolayer Auj cluster.
The addition of a second layer results in less negative charge
transferred to Au, both in terms of total charge on the cluster
and the average charge per Au atom. Our analysis shows
that the topmost layer of the Aus; cluster, in particular, is
almost neutral. In the absence of strong final-state effects,
negatively charged Au clusters should result in the Au 4 f XPS
peaks being shifted to lower binding energy (due to increased
Coulomb repulsion of the emitted photoelectron) with respect
to the same peaks from a bulk Au crystal, but in Fig. 5 above we
observe instead a shift to higher binding energy. This cannot be
taken as a sign that no charge transfer has occurred, but rather
merely an indication that final-state effects due to reduced
particle size are what dominate the experimentally measured
spectra for submonolayer coverages. The observed small shift
of Au 4 f peaks to lower binding energy for the 5 ML dosed
sample may indicate that a small negative charge on the Au
persists even for very large clusters.

We next interrogate the structures of the h-BN surface
and the Au clusters formed in the pore. The 13-on-12
monolayer h-BN pore-wire structure is calculated to have
a maximum geometric corrugation (dp,y, defined to be the
height difference between the highest and lowest atoms in
the BN structure; cf. Fig. 1) of 2.647 A (LDA), 2.204 A
(GGA-PBE), and 2.385 A (optB86b vdW-DF), all of which
are significantly greater than the 0.5 A corrugation measured
with STM. With respect to clean BN/Rh(111), the monolayer
Augj cluster has a maximum geometric height (the difference
between the highest Au atom and lowest atom in the BN
structure; cf. Fig. 9) of 3.519/3.489 A, whereas for Aus; it
is 7.117/6.277 A (GGA-PBE/optB86b vdW-DF), which also
overestimate the respective 1.5 and 3 A in STM, respectively
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TABLE I. Summary of Bader charge (in electrons, e) and adsorption energies (in eV) of the Au clusters on 2-BN/Rh(111). Results based

on optB86b vdW-DF.

Total charge on Au cluster (¢)  Average charge per Au atom (¢)  Total charge on #-BN monolayer (e) AE (eV)
BN/Rh(111) n/a n/a —1.371 n/a
Au/BN/Rh(111) —0.462 —0.462 —1.107 +1.592
Au;/BN/Rh(111) —1.306 —0.187 —0.846 +1.184
Au,9/BN/Rh(111) —2.207 —0.116 —0.318 +0.794
Auzo/BN/Rh(111) —2.543 —0.085 +0.221 +0.691
Aus;/BN/Rh(111) —2.142 —0.042 —0.199 +0.632

(Figs. 2-4). The average interlayer separation in the Aus;
cluster is 2.783/2.600 A (GGA-PBE/optB86b vdW-DF).
The large difference between the measured and calculated
nanomesh corrugation and Au cluster heights is unlikely
due to the choice of exchange-correlation functional. The
apparent heights measured by STM may feature substantial
contributions from tip and substrate electronic structures
that cause them to differ from the geometric heights of the
pore-wire corrugation and the Au clusters formed in the pore
regions.

IV. CONCLUSIONS

We have studied the nucleation and growth of Au clusters
on the A-BN/Rh(111) surface using STM, XPS, and DFT.
Deposition of submonolayer amounts of Au results in mostly
single-layer and bilayer Au clusters confined to the pores of the
h-BN nanomesh, with the principal difference between depo-
sition at 115 and 300 K being the change in relative proportion
of monolayer and bilayer clusters formed, with monolayer
clusters predominating at the lower temperature. Deposition of
larger amounts of Au results in the formation of well-dispersed
clusters mainly <30 A across and <25 A tall, with cluster
diameters restricted by the pores of the nanomesh. XPS results
show strong influence of final-state effects for submonolayer
doses of Au, with suggestions of negative charging of bilayer

and larger clusters. DFT calculations demonstrate the size
threshold of the monolayer/bilayer transition that is consistent
with the STM observations, and provide insight into the
distribution of the negative charge on the various monolayer
and bilayer clusters. These well-dispersed, negatively charged
Au nanoclusters with a relatively narrow distribution of
diameter and height suggest that the clusters formed in the
present study should show catalytic activity for CO oxidation.
The difference in cluster growth modes with respect to Au
deposited under similar conditions on A-BN/Ru(0001) and
graphene/Ru(0001) (exclusively 3D clusters rather than 2D
islands maintaining the nanomesh corrugation) suggests that
the Au and #-BN cannot be considered free or pseudo-free;
the underlying metal substrate plays a role in determining the
Au morphology and thus the catalytic activity.
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