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Hexagonal boron nitride (hBN) monolayers have attracted considerable interest as atomically thin sp?-
hybridized sheets that are readily synthesized on various metal supports. They complement the library of
two-dimensional materials including graphene and open perspectives for van der Waals heterostructures.
In this review, we discuss the surface science of hBN including its growth, the hBN/metal interface and
its application as template for adsorbates. We mainly focus on experimental studies on hBN/metal single
crystals under ultra-high vacuum conditions. The interfaces are classified regarding their geometric struc-
ture - ranging from planar to strongly corrugated overlayers - and their electronic properties - covering
weakly and strongly interacting systems. The main part of this review deals with hBN/metal substrates act-
ing as supports for adsorbates such as individual atoms, metal clusters, organic molecules, metal-organic
complexes and networks. We summarize recent surface science studies that reveal the unique role of the

Heterostructure hBN/metal interfaces in tailoring characteristic properties of such adsorbates. Central aspects include tem-
Interface plating and self-assembly, catalytic activity and on-surface reactions, electronic and magnetic structure. As
many of the resulting systems feature superstructures with periodicities in the nanometer range, a length
scale also reflecting the size of adsorbates, scanning probe microscopy is one of the most common techniques
employed. In short, the goal of this review is to give an overview on the experimental and complementary

theoretical studies on hBN templates available to date and to highlight future perspectives.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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List of acronyms
ALE Atomic layer epitaxy
APCVD Atmospheric pressure chemical vapor deposition

ARPES  Angular resolved photoemission spectroscopy
BE Binding energy (in XPS)

BLAG Buffer-layer assisted growth

BNNS  Boron nitride nanosheet

CVvD Chemical vapor deposition

DFT Density functional theory

DRS Differential reflectance spectroscopy
Er Fermi level

EFM Electrostatic force microscopy

ER Eley-Rideal

FER Field emission resonance

FLAPW  Full potential augmented plane wave method
GB Grain boundary

GGA Generalized gradient approximation
GIXD Grazing incidence X-ray diffraction
hBN hexagonal boron nitride

HER Hydrogen evolution reaction

HOMO Highest occupied molecular orbital
HOPG  Highly oriented pyrolytic graphite

HREELS High resolution electron energy loss spectroscopy
KPFM  Kelvin probe force microscopy

L Langmuir (1 L =107 Torr s)

LEED Low energy electron diffraction

LEEM Low energy electron microscope/microscopy
LEIS Low energy ion scattering

LH Langmuir-Hinshelwood

LPCVD Low pressure chemical vapor deposition
LUMO  Lowest unoccupied molecular orbital

MBE Molecular beam epitaxy

MD Molecular dynamics

ML Monolayer

nc-AFM  non-contact atomic force microscope/microscopy
NEB Nudged elastic band method

NEXAFS Near edge X-ray absorption fine structure

NIXSW Normal incidence X-ray standing wave

OFET Organic field effect transistor

ORR Oxygen reduction reaction

PAX Photoemission of adsorbed xenon

PED Photoelectron diffraction (see PhD, XPD)

PEEM  Photoemission electron microscope/microscopy
PES Photoelectron spectroscopy

PBE Perdew Burke Ernzerhof

PDOS  Projected density of states

PhD (Energy scanned) X-ray photoelectron diffraction (see
XPD)

PSID Photon-stimulated ion desorption

RES Rotational excitation spectroscopy

RHEED Reflection high-energy electron diffraction

rt Room temperature

SEM Scanning electron microscope/microscopy

SMM Single molecule magnet

SPMDS Spin-polarized metastable de-excitation spectroscopy

STEM Scanning transmission electron
microscope/microscopy

STS Scanning tunneling spectroscopy

STM Scanning tunneling microscope/microscopy

SW Stone-Wales

SXRD Surface X-ray diffraction

(€] Coverage (ML)

TEM Transmission electron microscope/microscopy
TER Termolecular Eley-Rideal

TDS Thermal desorption spectroscopy

TH Tersoff-Hamann

TMD Transition metal dichalcogenide

TPD Temperature-programmed desorption
TPG Temperature-programmed growth
UHV Ultra-high vacuum

UPS Ultraviolet photoelectron spectroscopy

vdW Van der Waals
WC Wu and Cohen

XMCD  X-ray magnetic circular dichroism

XPD (Angle scanned) X-ray photoelectron diffraction (see
PED, PhD)

XPS X-ray photoelectron spectroscopy

XRD X-ray powder diffraction
XSW X-ray standing wave

1. Introduction

Structure. Hexagonal boron nitride (hBN) monolayers are fasci-
nating, atomically thin materials consisting of boron (B) and nitro-
gen (N) atoms with a 1:1 stoichiometry arranged in an sp?-bonded
honeycomb lattice. These sheets are isostructural and isoelectronic
to graphene [1], with B and N framing carbon (C) in the periodic
table, featuring eight valence electrons per BN that engage in the
strong in-plane ¢ and weaker 7 bonds. In analogy to the carbon-
based relatives, two-dimensional (2D) hBN sheets constitute bulk-
like hBN, with a layered structure reminiscent of graphite, and BN
nanotubes and fullerene-like structures exist [2,3]. Furthermore,
one-dimensional (1D) hBN nanoribbons and porous 2D networks, i.e.,
BNyne, BNdiyne, and BNtriyne (analogues of graphyne, graphdiyne,
and graphtriyne) are predicted based on first-principles calculations
[4-7].

Properties. The binary elemental composition of BN introduces
striking differences to the C allotropes. A considerable charge
transfer from B to N - triggered by the difference in electronegativ-
ity between the two elements - induces an ionic character and ren-
ders hBN an insulator with a large band gap of about 6 eV [8-10]. In
addition, hBN features a low dielectric constant, large breakdown
voltage, low defect density, an absence of dangling bonds, high
chemical and thermal stability, and excellent thermal conductiv-
ity. A selection of hBN properties is compiled in Table 1, covering
hBN monolayers, thin hBN films consisting of few layers (named
nanosheets or BNNS), and bulk-like hBN for comparison (includ-
ing hBN single crystals [8]). Many of the beneficial hBN attributes
prevail for monolayers or nanosheets. For example, high-quality
hBN monolayers and nanosheets on copper provide a strong corro-
sion resistance in NaCl or NaOH solution [11-13] and a single hBN
sheet heated in air can sustain temperatures up to 1123 K [14] -
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Table 1

Properties of hBN. “exp.” signals experimental values, “calc.” calculated values. More detailed, tabulated information, e.g., about the calculated
band gaps in hBN monolayers (and other BN polymorphs) [15,37], mechanical [55] or physicochemical hBN characteristics [15], is available in

recent reports.

hBN monolayer

Lattice constant a,gy 2.488 +0.016 A exp. [56]
Young’s modulus 0.865 + 0.073 TPa exp. [57]
0.75TPa [58], 0.8811TPa [55] calc. P
Poisson’s ratio 0.297 [58],0.2176 [59] calc. -
Fracture strength 70.5 + 5.5 GPa exp. [57]
133.3 GPa calc. [55]
Bending rigidity 0.54eV@0K calc. [60]
Penetration barrier Proton: 0.11 eV, H atom: 6.38 eV calc. [61]
Band gap 59eV [62],6.06eV[63], exp. -
Band gap 6.0 eV (GW) [10],4.5 eV (LDA), 4.6-4.77 eV (GGA) [64,65] calc. -
Raman signature 1369 + 1 cm™! exp. [66]
Zero-bias conductivity 1kQ~'pm=2 exp. [67]
Charge carrier mobility <0.01 cm? V! s7! at fields up to 100 kV/cm exp. [56]
Thermal conductivity >600 Wm~'K™! @ rt calc. [68]
Thermal conductivity (nanoribbons) 1700 - 2000 Wm~ 'K~ @ rt calc. [69]
hBN nanosheets/flakes
B—N bond length 1.44 A exp. [15]
Dielectric constant 2-4 [70],2.7-8 [46],3-4 [71] exp. -
Electrical breakdown field 0.8V/nm [71],1V/nm [67],1.2-2 V/nm [72] exp. -
0.15-0.25 V/nm (polycrystalline hBN) exp. [70]
Zero-bias conductivity (4 layers) 0.1GQ 'pm™2 exp. [67]
Thermal conductivity (5 layers) ~250 Wm~'K-! @ rt exp. [73]
Thermal conductivity (9 layers) 243 Wm~'K! exp. [74]
Thermal conductivity (10, 20 nm) 100 + 10 Wm~'K~! exp. [75]
Elastic moduli C,; =65 GPa, C;3 =7 GPa, C33 =92 GPa, Cy, = 53 GPa exp. [76]
Bending modulus 18-28 GPa exp. [77]
Poisson’s ratio 0.35 exp. [76]
bulk-like hBN
Lattice constant a,gy 2.50424 + 0.0001 A @273 K exp. [78]
appn(T) 10-128 K 2.50589 + 1.641 x 1078T2-1.773 x 10~1°T3 A, Tin K exp. [79]
appn(T) 128-297.5 K 2.50666-6.810 x 10-5TA, TinK exp. [79]
apy(T) 273-1073 K 2.50424-7.42 x 1075T+4.79 x 10~°T2 A, T =0-800°C exp. [78]
Thermal expansion coefficient —29 x 105K @rt [78],-2.72 x 10 °K! @rt [79] exp. «
Interlayer spacing 3.3258 + 0.001A @273 K exp. [78]
Elastic moduli C,; =811GPa, C;, = 169 GPa, C;3 = 0 GPa, C33 = 27 GPa, C44 = 7.7 GPa exp. [80]
Thermal conductivity ~400 Wm~'K™! @ rt exp. [81]
Dielectric constant 5.06-5.09 (E||c), 6.85-7.04(E Lc) exp. [82]
Band gap (direct) 5.971eV exp. [8]
Band gap (indirect) 5.955 eV exp. [9]
Band gap (GW) 5.4¢eV calc. [10]
Band gap (single particle) 6.08 +0.015eV exp. [9]
Effective charges (Mulliken, electrons) B: 2.70,N: 5.30 calc. [83]
Raman signature 1366 cm™! exp. [66]

thus outperforming graphene regarding thermal stability [15]. Based
on such unique characteristics, hBN is recognized as relevant 2D
material, complementing the library of 2D crystals and constitut-
ing a highly important building block for van der Waals (vdW) het-
erostructures [16-23].

Applications. A wealth of hBN applications in diverse fields were
reported, as highlighted by the following examples. Ultra-thin hBN
is successfully applied as insulating barrier and gate dielectric layer
in field effect transistors [24-27], sensor material [28,29], protec-
tive cover in devices [30,31], pore material for DNA detection [32],
and buffer layer in film growth [33]. Additionally, hBN crystals, films,
powders, and nanomaterials are used in deep-UV photonic devices
including lasers [8,34,35] and neutron detectors [36], furthermore
offering prospects for high-power electronic devices [37], heteroge-
neous catalysis [38-40], low friction materials [41,42], ceramics [43],
electrodes in Li-ion batteries [44], and anti-cancer drug delivery [45].
The good environmental compatibility of non-toxic hBN renders it
specifically interesting for green technologies [43]. Several detailed

reviews elaborate on (2D) hBN applications (including fabrication
and properties) [3,15,46-54].

Monolayer growth. Already in the 1990s, it was recognized that
hBN monolayers can be readily prepared on transition metal sup-
ports via chemical vapor deposition (CVD) in ultra-high vacuum
(UHV) environments [84-86]. As the catalytic activity of such metal
surfaces considerably exceeds the one of hBN, the CVD growth of hBN
is “self-terminated” as soon as the metal is covered by a single hBN
sheet. To date - even with exfoliation protocols emerging - CVD is
the method of choice for the scalable synthesis of hBN monolayers.
This ease of fabrication combined with the unique hBN properties
outlined above not only put the atomically sharp hBN/metal inter-
faces into the research focus, but also triggered their use as tem-
plates and supports for adsorbates. Here, the fascination of surface-
supported hBN monolayers is not just given by the characteristics of
the isolated hBN sheet, but rather by the tunability of their properties
based on hBN - substrate interactions. The resulting hBN/metal inter-
faces might be topographically planar or corrugated, providing 1D or
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Fig. 1. Illustration of adsorbates (atoms, clusters, molecules) interacting with a superstructured, surface-supported hBN monolayer (colored in blue and yellow). Characteristic
functionalities of the hBN/metal interfaces (such as templating, electronic decoupling, catalytic activity, intercalation) are highlighted on the right. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

2D superstructures, such as the prominent nanomesh morphologies
[87-89].

Template. Depending on the electronic structure of the inter-
face, some of the hBN/metal systems indeed provide a smooth,
inert platform for the growth of metal films, the self-assembly of
molecular arrays, or the synthesis of graphene, while others enable
site-selective adsorption and surface-chemistry. Accordingly, sur-
face supported hBN monolayers represent multifaceted templates,
covering manifold aspects as spacer layers in hybrid architectures,
superstructures with trapping functionality, or catalytically active
supports. Strikingly, a single sheet of hBN thus can play various
roles and combine functionalities rarely provided by another sin-
gle material - accordingly complementing other nanoscale tem-
plates, as briefly discussed in the following. Graphene [90-92]
shares many properties with hBN and thus might be considered
the most similar template material. Subtle yet important differences
between these sp?/metal supports will be emphasized through-
out this review. SiC nanomeshes [93,94] and the Si(111) 7 x 7
reconstruction can support arrays of nano-objects, including magic
metal clusters, i.e., clusters of a specific size [95-97]. Reconstruc-
tions and alloys [98-104], vicinal surfaces [105-107], strain-relief
and moiré patterns [108-111] on metal surfaces can induce site-
selective adsorption of atoms and molecules [112], but lack any
considerable electronic decoupling ability. Supramolecular assem-
blies on metal supports might reduce the interaction of adsorbates
with the substrate while providing site-specificity [113-118] or fea-
ture cavities for the trapping of atoms and molecules [119-131].
The thermal stability of such architectures is however limited,
e.g., hampering their applicability in temperature-controlled on-
surface chemistry experiments. Ultra-thin oxide [132-145], metal
nitride [146-149], and halide films [150-161] on the other hand
can serve as templates and spacer layers for adsorbates - approach-
ing the ultra-thin limit of insulators [162-164] - with doping appli-
cable to tune the films’ properties [165]. However, they repre-

sent challenging platforms regarding self-assembly and homogene-
ity, e.g., due to the intricate synthesis of large-area films of uni-
form thickness, the polarity [166], and layer-dependent adsorp-
tion/diffusion [167,168]. Thicker, truly insulating films and bulk insu-
lators (such as ionic crystals of NaCl, KCI, calcite, or bulk hBN) obvi-
ously can provide a complete electronic insulation of individual
adsorbates and molecular nanostructures [169-181], but lack easy
tunability and accessibility by some of the most prominent sur-
face science techniques, such as scanning tunneling microscopy and
spectroscopy.

Naturally, the atomically thin character of hBN monolayers
induces some limitations, e.g., regarding electronic “insulation”, but
contributes to the fascination of this material as evidenced through-
out this review.

An exemplary hBN/metal structure and its use as template is
schematically illustrated in Fig. 1.

Outline of this review. Fig. 1 can also be considered as an
outline of this review. In the next chapter (chapter 2) we will
review selected hBN/metal interfaces, focusing on properties rel-
evant in view of their templating functionality (i.e., geometric
and electronic structure). In chapter 3, we then describe adsor-
bate/hBN/systems (see left part of Fig. 1), starting with single atoms
and clusters (section 3.1), proceeding via “small” molecules (3.2) to
larger (metal-)organic complexes (3.3) and heterostructures (3.4).
The right part of Fig. 1 lists functionalities and processes that
will be addressed, including templated self-assembly, electronic
decoupling, catalytic activity, on-surface reactions, and intercala-
tion.

Focus of this review. This review is primarily concerned with
experimental surface science studies addressing adsorbates on hBN
monolayers grown on metal single crystals in UHV conditions.
Even though a battery of experimental techniques is employed in
hBN research, studies employing local probes as scanning tunnel-
ing microscopy preponderate in this review, providing the high spa-
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tial resolution needed for the characterization of superstructured
hBN templates and (individual) adsorbates. Studies on commer-
cially applicable supports as metal foils and complementary the-
oretical modeling have only sporadically been taken into account
to establish context. Accordingly, the following topics are not cov-
ered by this review: details on hBN growth mechanisms, low-
pressure and (near-)ambient pressure synthesis of hBN monolay-
ers or BNNS (which have been competently summarized in recent
reviews (see below)), preparation and characterization of thick hBN
films, experimental studies at solid/liquid interfaces, systems that
were exclusively addressed by theoretical studies, e.g., free-standing
hBN sheets and their modifications, hBN transfer, and device
fabrication.

Notation in this review. In the sequel of this review the term “hBN”
in notations as “hBN/metal” refers to a single hBN monolayer, unless
otherwise specified. Expressions as “hBN”, “hBN monolayer”, or “hBN
sheet” are used interchangeably. We refrain from using the denomi-
nation “boronitrene” that was introduced, e.g., to highlight the struc-
tural similarities to graphene [182], as it is not fully established in
the field and avoid the misleading, yet popular “white graphene”
nomenclature. In the context of this review, the expression “boron
nitride nanosheet (BNNS)”, which is indiscriminatingly used in lit-
erature for ultra-thin hBN films of mono- and few layer thickness,
is no synonym for a hBN monolayer, but only denotes multilay-
ers.

2. Hexagonal boron nitride/metal interfaces

The versatility of hBN/metal interfaces arises from the interac-
tion of the hBN monolayer with its support (see Fig. 2). Mainly four
parameters can be identified as “control knobs” for the resulting
interface structure: (i) the substrate symmetry, (ii) the substrate
lattice constant a,,., (iii) the substrate electronic structure, and
(iv) the surface composition. They dictate the lattice mismatch and
the (local) registry in the hBN/metal pair, as well as the interfacial
bonding. The broad range of lattice mismatches ranging from about
—0.4% (on Ni(111), where “-” signals a,;e;qy < appy, i.€., cOmpres-
sive strain in a commensurate 1 X 1 structure) to 14% (on Au(111))
and the varying d-band occupancy in transition metals through-
out the periodic table already point to a considerable tunability
of hBN/metal interfaces. The combination of a hBN sheet with the
atomic lattice of a single crystalline support can result in a moiré-
like superstructure that depends on the lattice mismatch (i.e., (i) and
(ii)) and the rotational alignment of the two constituting structures
[183-186]. Indeed, many of the studies summarized below show
that a simplistic approach assuming rigid hBN and metal lattices can
approximately describe experimentally observed superstructures at
hBN/metal interfaces, even if the negative thermal expansion coeffi-
cient of hBN (see Table 1) and strain add complexity. Furthermore,
this somewhat naive picture (see below) also illustrates the emer-
gence of homogeneous, 1D- and 2D-nanostructured hBN systems
(Fig. 2).

For a deeper understanding, the local registry of BN units in
hBN to the underlying metal atoms needs to be considered in more
detail. As the vast majority of studies reviewed below relies on (111)-
terminated surfaces of face centered cubic (fcc) crystals for hBN syn-
thesis, we focus in the following on such symmetry-matched situa-
tions. Assuming a commensurate 1 X 1 overlayer structure, i.e. zero
lattice mismatch and no rotation, six distinct adsorption configura-
tions with B and N in high-symmetry substrate sites (on-top, hcp
hollow, fcc hollow) can be devised. The corresponding registries are
typically denoted as By, Nyc, BfecNpeps BropNheps BropNjees BiepNeop» and
Bf.Nyop (see Fig. 7 (d)). Only the latter two usually represent bonding
interactions. The electron deficient B atoms - attracted by the surface
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Fig. 2. Scheme illustrating the formation of homogeneous or electronically, topograph-
ically and chemically nanostructured hBN/metal interfaces with distinct symmetries
and periodicities by choice of a suitable hBN/substrate pair. The selected examples for
homogeneous, 2D-nanostructured, and 1D-nanostructured systems will be discussed
in section 2.2.

- can bind to three metal atom when occupying a hollow site, result-
ing in attractive forces prevailing over the repulsion of N atoms from
the surface [187-189]. Only recently, a DFT study reported bond for-
mation instead of repulsion for N atoms atop of Ir substrate atoms
[190]. Additional configurations can be constructed by laterally shift-
ing the B and N atoms away from the above sites [189]. Allowing
for mixed adsorption sites (€.8., ByypgpridgeNpridgegiop)» OVerlayer con-
figurations featuring a 30° rotation can be achieved (see Fig. 7 (e)),
representing larger overlayer periodicities (e.g., 2 x 2) [188]. Such
rotational domains might be introduced to reduce the lattice mis-
match, e.g., in systems like Ag, Au or Al(111) [188,191]. It should
be noted that even in non-commensurate hBN/metal pairs featur-
ing for example the aforementioned moiré-like superstructures, the
local adsorption configuration can be approximated by the above
registries.

The binding of hBN to transition metals involves interaction
between the B and N p-states (which constitute the antibonding
7* band and the bonding # band, respectively) and the metal d-
band. It thus sensitively depends on the d-band occupation (see
(iii, iv) above) and the local registry at the interface [187,192],
i.e., the position of the B and N atoms relative to the outer-
most metal atoms (i, ii). An absence of considerable hybridiza-
tion results in weakly interacting systems (i.e., physisorbed hBN),
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whereas stronger interactions result in chemisorbed hBN. Even if
assignments of the interaction strength are often not clear-cut, para-
graph 2.4 will attempt such a classification of hBN/metal inter-
faces. In summary, the resulting topographic and electronic inter-
face structure is dictated by a subtle balance between local reg-
istry, lattice mismatch and electronic interaction - all influenced
by parameters (i-iv). hBN/metal pairs with strong interactions and
small lattice mismatch, where the adsorption energy can compen-
sate energy costs induced by strain in the hBN will typically form
smooth commensurate overlayers with a single hBN domain. Weak
interactions will rather result in multiple (rotational) domains. Inter-
mediate systems frequently adopt a considerable topographic corru-
gation, featuring coexisting strongly and weakly bound hBN areas.
Additionally, depending on preparation conditions, both single and
multiple domains might be stabilized and both physisorbed and
chemisorbed hBN islands might coexist on the very same surface.
Accordingly, as will be evident from paragraph 2.2 below, hBN/metal
single crystal interfaces provide a wealth of different structures and
properties.

2.1. Growth of hBN on metals

Before addressing properties of selected hBN/metal interfaces
in paragraph 2.2, we briefly address hBN growth. The syn-
thesis of hBN sheets and the fabrication of hBN/metal inter-
faces are comprehensively summarized in recent reviews (e.g.,
Refs. [2,3,22,43,47-50,53,54,193-195]). Accordingly, the respective
preparation protocols - including mechanical or chemical exfoliation

Table 2

[196-198], chemical vapor deposition (at ambient pressure - APCVD,
or low-pressure - LPCVD), segregation, (plasma-assisted) molecu-
lar beam epitaxy [199-208], sputtering, and pulsed laser deposition
[209] - are not detailed here. We focus on the two main UHV-based
approaches employed to achieve the well-defined hBN/metal inter-
faces: Direct growth of the hBN sheet on the chosen metal support
via chemical or physical vapor deposition, addressed in the next sub-
section, and intercalation of a selected metal following the synthesis
of a hBN (sub-)monolayer on an interim support, described in the
subsequent subsection.

2.1.1. Chemical and physical vapor deposition

Table 2 summarizes typical chemical vapor deposition (CVD)
parameters employed for successful hBN growth on selected metal
single crystals under UHV conditions. In a standard CVD process, the
hot metal substrate is exposed to one or two precursors containing
B and N that adsorb and react to form hBN. In the widespread case
of single precursor usage, the precursor is usually chosen in a way to
provide a stoichiometric 1:1 ratio for B and N.

Borazine (HBNH); was established as the most often used pre-
cursor, despite its moisture sensitivity and slow decomposition at rt.
Alternatively, B-trichloroborazine (CIBNH)s, a solid at rt, was applied
on selected supports [210,211] and ammonia borane (NH;BH;) - also
called borazane - is a popular precursor [212,213]. Upon modest
heating (typically 400 K), it transforms to borazine, molecular hydro-
gen and polyminoborane. Thus, also in the case of ammonia borane,
borazine is often the actual precursor interacting with the metal sur-
face. A combination of diborane (B,Hg) with ammonia gas (NH3)

CVD growth parameters of hBN/metal interfaces in UHV (if available). It should be noted that in many experimental setups, the precursor is dosed via a nozzle. Accordingly,
the precursor partial pressure at the sample position can strongly exceed the value recorded by the pressure gauge, which is usually listed in the Table. For systems where
different experimental growth parameters were reported, typical values representing optimized growth conditions are listed. (* 3-step boration-oxidation-nitration process,

** sputter-gun assisted).

Metal Precursor Growth T Pressure Time/Dose Refs.
Cr(110) Borazine 1000 K 4 x 1077 mbar 5 min [191]
Mo(110) Borazine 950 K 3 x 1077 mbar 3 min [217]
Re(0001) Ammonia borane exposure at 920, 5 x 10~ mbar 10-20 min [84,218,219]
annealing at 1000 K
Fe(110) Borazine 1020-1070 K 1 x 1077 mbar 5-10 min [220]
Ru(0001) Borazine 1050 K 1.8 x 1078 mbar 25 min [88,89,221-228]
Co(0001) Ammonia borane 900-970 K 7 x 1078 mbar - [228]
Ammonia borane 1273 K LPCVD - [62,193]
BCl; & NH,4 exposure at 550 K, ALD (multilayers) - [229,230]
annealing > 700 K
Rh(111) Borazine 1050 K 1 x 1077 mbar 50L [87,88,182,192,231-243]
Trimethylborate 800-900 K* 4.4 x 1077 mbar 150L [215]
(110) Borazine 1073 K 3.4 x 1078 mbar 35 min [244]
Ir(111) Borazine 1220K 1 x 1076 mbar 100s [88,245-253]
Ni(111) Borazine 1050 K - 100L [189,231,254-275]
Ammonia borane 973,1100K 2 x 1077 mbar upto480L [189,276]
Ammonia borane 773-923 K, 2.7 x 1078 mbar Epitaxial & [277]
non-epitaxial
Trichloroborazine 1000 K - 200L [210]
(110) Borazine 1000 K - 70L [278]
(100) NH; & B,Hg 950 K 1.33 x 1077/1.33 x 10~8 mbar 30 min [214]
Pd(111) Borazine 1000 K - 50-70L [257,279]
(110) Borazine 1000 K 3 x 107% mbar 40s [280]
Pt(111) Borazine 1073 K 2 x 1078 mbar 100L [85,86,88,192,231,256,257,281-283]
Trichloroborazine 1000 K 5 x 1077 mbar 2 min [211]
Cu(111) Borazine 1073 K 1 x 1075 mbar 2000L [265,284-289]
Ammonia borane exposure at 600 K, 5 x 1078 mbar 5 min [290]
annealing at 1000 K
(110) Borazine 1010K 1 x 1076 mbar 3900 L for 0.6 ML, after [291]
H, treatment
Ag(111) (Trichloro)borazine 950 K - 13500L [292]
Borazine** 900 K - 2700L [293]
(100) Borazine 850 K 4 x 1077 mbar 3000 L [294]
Au(111) Solid B target & N, 820-1000 K - [295]
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Table 3

Intercalation of metal films to form hBN/metal interfaces (hBN/metal, /metal, ).
Intercalated metal (metal, ) Supporting metal (metal,) Intercalation temperature Thickness Refs.
Ag Cu(111) 573K 1-3ML [293]
Au Ru(0001) 1050 K 14 ML [321]
Ir(111) 573K 5-10 ML [322]
Ni(111) 773K - [318]
673K 6 ML [276]

was successfully applied by Desrosier et al. as early as 1996 [214].
Miiller et al. introduced a three-step boration-oxidation-nitration
protocol for hBN synthesis on Rh(111), employing trimethylborate
[215]. Furthermore, Sachdev et al. demonstrated that oxidation con-
verts hBN/Rh(111) into an unordered boron oxide layer that can be
reconverted to a pure hBN film by an ammonia treatment [182]. A
follow-up study by the same authors reports on hBN formation from
a boron ester precursor, proceeding via oxidation and nitrification
of a boride-type layer [216]. Remnant contaminants from the pre-
cursors after hBN film production were not reported, e.g., the upper
limit for Cl coverage (after B-trichloroborazine usage) was estimated
by XPS to be below 3% of a ML [210] and no O signal was detected
after trimethylborate usage [215].

To enhance hBN synthesis on catalytically weakly active supports
and to promote growth at lower substrate temperature, electron-
beam or ion-gun assisted CVD of borazine was employed on Ag(111)
[293] and Cu(111) [285]. While in a standard UHV-CVD protocol,
the precursor is dosed on the hot metal substrate kept at the reac-
tion temperature, also rt precursor adsorption followed by heating to
the decomposition and hBN synthesis temperature is reported. Sev-
eral cycles of such temperature-programmed growth (TPG) can be
applied, e.g., to increase coverage [248,250]. It should be noted that
UHV-CVD processing can give access to high quality hBN monolay-
ers on wafer-scale single crystalline metal films as demonstrated for
hBN/Rh(111) [236,239].

In general, the hBN growth rate usually drops considerably after
completion of the first monolayer, as a successful hBN synthesis on
metal surfaces relies on a non-vanishing sticking coefficient of the
precursor combined with its cracking promoted by the metal. This
renders the growth of a single hBN sheet on metals with a certain
reactivity straightforward, but hampers the synthesis of hBN on non-
reactive supports as well as the growth of hBN multilayers. Thus,
beyond these standard protocols, additional recipes were introduced
in literature, partially permitting the fabrication of hBN multilay-
ers. Ammonia was used in sequential atomic layer deposition cycles
with boron trichloride (BCl3) for the controlled growth of hBN mul-
tilayers on Co(0001) [230]. Combining magnetron sputtering of B
with an N, /Ar environment, the Sutter group grew hBN multilayer
structures on Ru(0001) [223] and Au(111) [295]. Recently, Siegel et
al. applied triethylborane and ammonia in a heterogeneous pyrol-
ysis procedure for the controlled growth of several hBN layers on
Cu(111) [296]. In a different approach, segregation is exploited for
hBN mono- and multilayer synthesis, retrieving B and/or N from the
bulk of support materials, for example after including BN in layered
substrates [297,298]. Indeed, both B and N dissolve in Fe while only
B features a relevant solubility in Cu [299-301], which can also have
detrimental effects on hBN monolayer formation. Accordingly, the
solubility of B and N in metals is of interest [302]. Caneva et al. intro-
duced a “pre-filling” process of the Fe support with N from NH; to
steer and limit the B and N uptake in the subsequent borazine CVD
step, controlling the hBN growth kinetics [300]. MBE growth of hBN
on different metal foils was reported, with selected examples dis-
cussed in the respective paragraphs in section 2.2. Recently, Tian et

al. discussed the role of carbon interstitials in Ni and Co films for
the control of hBN growth. For example, carburized Ni supported
the growth of single-crystalline hBN flakes with an edge length of
~600 pm [303].

Complementing these experimental studies, theoretical endeav-
ors contributed to the understanding of hBN growth on metals
via CVD, e.g., focusing on the role of edge terminations and edge-
support interactions or the formation of the BN six-atom rings
[296,304].

2.1.2. Intercalation

In this review, we use the term “intercalation” to describe the
placement of an adsorbate (atom, ion, or molecule) between the
hBN sheet and its metal support. The intercalation follows the for-
mation of the initial hBN/metal interface. This definition, frequently
employed in the context of 2D materials on supports (e.g., Refs.
[305-314]), thus differs from the one established for (bulk-like)
intercalation compounds, where the ions or molecules are placed
between alike layers (e.g., Refs. [315-317]).

The intercalation of (sub-)ML amounts of metals in pre-
assembled hBN/metal supports is frequently applied to engineer
interface properties. Such procedures and systems will be discussed
in detail in section 3.1. In rare cases, intercalation is used to prepare
buried multilayer metal films. In the resulting hBN/metal; /metal,
interfaces, the film of the intercalated metal; can be prepared thick
enough to mimic bulk properties, and the only role of metal , is to
support the layered structure. Naturally, this approach is mainly cho-
sen to achieve hBN/metal; interfaces that are not easily achieved
by direct CVD synthesis due to the low reactivity of metal;. As
shown in Table 3, Ag and Au are the elements of choice in this
procedure.

It should be noted that - aside from intercalation - layered struc-
tures including a terminal metal film (metal; ) on a support are com-
monly used for hBN growth. Besides cases where this support rep-
resents a metal single crystal (metal,) [318], sapphire (Al,05(0001))
[62,240,319] or Si(111) with a yttria-stabilized zirconia (YSZ) buffer
layer [236] are used. The resulting single-crystalline metal; films
(e.g., Ir, Rh, Pt, Ru) offer advantages regarding the cleaning procedure
and are cheaper than bulk single crystals [320]. As hBN monolayers
of equal quality are reported for such single-crystalline film and bulk
supports, we do not discriminate the two in the following sections
and in Table 2.

2.2. Structure of hexagonal boron nitride/metal interfaces

In this section, we review selected hBN/metal interfaces that were
introduced in Table 2. Hereby, we focus on aspects which are rele-
vant for the use of hBN monolayers as templates for adsorbates (see
chapter 3) and do not provide a detailed and complete characteriza-
tion of these systems, which can be found in the cited publications.
We aim for a concise summary of the current understanding of the
hBN/metal interfaces and do not elaborate on its evolution with
time. In the last paragraph of this section, we will provide a com-
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parative assessment of selected hBN/metal interfaces, focusing on
morphology, geometric corrugation, electronic integrity and work
function.

2.2.1. Chromium(110)

The hBN/Cr(110) system was comprehensively characterized by
Miiller et al. [191]. This interface is peculiar as it involves the (110)
surface of a bcc crystal, in contrast to the frequently employed
fcc(111) terminations (see below). Furthermore, upon annealing to
the growth temperature of hBN (1000 K), the Cr(110) surface devel-
ops a 1 x 5 reconstruction, as evidenced by LEED measurements.
This superstructure is assigned to missing rows, separating the pseu-
dohexagonal areas. Accordingly, borazine exposure results in a BN
structure that is chemically not uniform. XPS provides evidence for
hBN-like B and N species (B 1s: 190.6 eV, N 1s: 398.2 eV) as well as
B—Cr and N—Cr bonding featuring lower binding energies (B 1s*:
187.5 eV, N 1s*: 396.5 eV). The former are assigned to the unpinned
regions of an undulated hBN layer, while the latter are attributed to a
pinning of BN to the 1 x 5 missing row superstructure (see Fig. 3(a)).
The undulated structure is reflected in stripe-like features along the
[1-10] direction in the B 1s* XPD pattern. Annealing to 1075 K
results in desorption of the hBN with only the B* and N* species
interacting with the missing row reconstruction and the Cr remain-
ing. Accordingly, the stripe-like features in the B 1s* XPD disappear
[191].

2.2.2. Molybdenum(110)

Allan et al. explored the growth of hBN on Mo(110) [217].
Depending on the substrate temperature during borazine exposure,
they report the growth of two different structures, which can coexist
at intermediate temperature. Based on XPD, ARPES and LEED experi-
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ments, the low-temperature (950 K) assembly was assigned to a sin-
gle hBN layer exhibiting a 4 x 1 superstructure. STM images visual-
ized the corresponding stripe-like hBN pattern following the [1-10]
directions of the Mo(110) surface lattice (Fig. 3(c)) and revealed a
high defect density which was tentatively attributed to a compe-
tition with the high-temperature phase. This phase, prevalent at
1170 K, contains only B, no N was detected by XPS. Based on STM
images and B 1s XPD patterns, the surface structure was attributed
to boron “nanowires” aligned perpendicular to the Mo[1-10] direc-
tions (Fig. 3(b)) [217,266]. The transition from the stripe-like hBN
to the B phase can also be induced by thermal annealing, where B
1s spectra reveal a characteristic chemical shift from a high-binding
energy (BE) species (~190.4eV) to a low-BE species (188.3 eV)
(Fig. 3(d))[217].

2.2.3. Rhenium(0001)

To this author’s knowledge, Re(0001) is the first surface ever
used to deliberately study the interaction with borazine in view
of boron nitride synthesis. In a pioneering study employing LEED,
TDS. AES and EELS, He and Goodman discussed the physisorption,
chemisorption and dissociation of borazine on Re(0001). While pro-
viding LEED images of B and N superstructures, no indication for kBN
formation upon annealing borazine covered Re(0001) was reported
[84]. Two recent studies by Qi et al. characterized hBN/Re(0001) by
STM, XPS and complementary DFT modeling, reporting a 12 x 12
hBN/11 x 11 Re coincidence lattice, with an alignment of the hBN
and Re(0001) lattices [218,219]. The nanomesh-like structure fea-
turing pore and wire regions has a periodicity of about 3 nm and
showed an apparent corrugation of 0.152 nm. In the context of sup-
ported 2D materials, the term “pore” describes the confined areas
(featuring a round, triangular, or hexagonal shape) of a corrugated
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Fig. 3. One-dimensional hBN superstructures on M(110) supports: (a) hBN/Cr(110), (b-d) hBN/Mo(110), (e-h) hBN/Fe(110), and (i-k) hBN/Rh(110). (a) Schematic drawing of hBN
on reconstructed Mo(110). The insets show the XPS/XPD signatures and the LEED pattern, respectively. (b) STM image of the boron “nanowire” phase on Mo(110) and corre-
sponding LEED image (right panel). (c) STM image of hBN/Mo(110) and LEED image. (d) Series of B 1s XPS spectra from the hBN phase at lower preparation temperature (bottom
spectrum) to the B phase at higher temperature (top spectrum). (e,f) STM images of hBN/Fe(110) with LEED image (bottom right panel). (g) NEXAFS spectrum in comparison to
corrugated hBN/Rh(111) and planar hBN/Ni(111). (h) Schematic hBN corrugation profile. (i) Overview STM image of hBN/Rh(110). (j) Atomically-resolved STM image (left panel)
and height profile (right panel). (k) LEED image (left panel) and corresponding schematics (right panel) highlighting contributions from the two hBN domains (red, green). (a)
Adapted with permission from Ref. [191] © (2008) Elsevier, (b-d) Adapted with permission from Ref. [217], (e-h) Adapted with permission from Ref. [220] © (2012) American
Chemical Society, (i-k) Adapted with permission from Ref. [244]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)



W. Auwidirter / Surface Science Reports 74 (2019) 1-95 9

superstructure, which typically lie closer to the metal support than
the height average of the 2D sheet. The term “wire” is used for the
continuous, connected areas between the pores (see Fig. 11). XPS
revealed binding energies of 190.1 eV (B 1s) and 397.57 eV (N1s),
respectively and showed two components in the Re 4f signal, where
the high BE component was attributed to substrate areas strongly
interacting with the hBN. Furthermore, based on STS data a reduc-
tion of the hBN band gap to 3.5 and 3.3 eV for the wire and pore
regions, respectively, was proposed [218]. A DFT comparison of
hBN/Re(0001), hBN/Rh(111), and hBN/Ir(111) identified hBN to inter-
act most strongly with Re(0001), followed by Rh(111) and Ir(111)
[218].

2.2.4. Iron(110)

Vinogradov et al. provided a multi-technique (XPS, XAS, LEEM,
u-LEED, STM) characterization of hBN on Fe(110) films grown on
W(110), revealing a 1D, wave-like corrugation of the hBN featuring
a periodicity of about 2.6 nm (see Fig. 3(e,f,h)). Hereby, two primary
domains were identified and attributed to two equivalent crystal-
lographic directions of the Fe(110) support. STM images show the
coexistence of both domains and reveal the high structural quality
on an atomic level as well as long-range order in the “washboard-
like” superstructures, and point to a geometric origin of the appar-
ent corrugation (0.8 A). N 1s XA spectra reveal resonances charac-
teristic for both hBN strongly interacting and nearly non-interacting
with its support, and are thus in line with a corrugated nanos-
tructure (Fig. 3(g)). The N 1s XPS data however do not reveal an
apparent splitting of the peak in two components (BE ~ 398.2 eV).
This observation was tentatively assigned to the lack of extended
flat regions of “free-standing” hBN in the 1D superstructures
[220].

It should be mentioned that also Fe foils and films were applied
for CVD growth of hBN, resulting for example in large hBN domains
with overlapping grain boundaries [323]. Hereby, the hBN growth
morphology can be controlled by dissolution of nitrogen into the Fe
bulk prior to the actual hBN synthesis step or by Si supply [299,300]
and high-quality, large-area hBN multilayers can be achieved [324].
Furthermore, the growth of thick hBN films on carbon steel was
explored as early as 1979 [325].

2.2.5. Ruthenium(0001)

The first CVD growth of hBN on Ru(0001) was reported by Paf-
fett et al. in 1990, with a LEED and AES analysis yielding a 12 x 12
coincidence superstructure and a hBN monolayer coverage [85]. On
alocal scale, the hBN/Ru(0001) interface was described by Goriachko
et al. in 2007 [226] showing similarities to the previously discovered
hBN/Rh(111) nanomesh structure (vide infra) [89]. STM data reveal
a 3.25 nm periodicity - consistent with a 12 x 12 superstructure -
and an apparent corrugation between hole/pore and wire regions
of 0.07 + 0.02 nm (see Fig. 30(m)). However, this early study evi-
denced rather frequent structural distortions with the nanomesh
not overgrowing Ru step edges, in contrast to the findings on
hBN/Rh(111) [226]. Surface X-ray diffraction (SXRD) - the method
of choice to determine superstructure lattice constants with high
precision - shows a 14-on-13 superstructure (i.e., a 14 X 14 unit
cell of B and N atoms, respectively, on a 13 x 13 unit cell of Ru
atoms) with 3.5 nm periodicity [227], thus disagreeing with the pre-
vious reports. Photoemission experiments yielded a ¢ and # band
splitting (0.92 and 0.83 eV, respectively) indicative of weakly and
strongly bonded areas in the nanomesh structure, and an average
work function of 4.0 + 0.1 eV [226]. The XPS binding energies cor-
respond to 190.83 +0.15 (B 1s) and 398.63 + 0.15 eV (N 1s) [326].
Preobrajenski et al. resolved a modest splitting of the N1s sig-
nal into two resonances, where the higher BE component corre-
sponds to the stronger bond pore regions. From the intensity ratio,

a pore radius of 1.17 + 0.05 nm was inferred [88]. Brugger et al. con-
firmed the o and 7 splitting in ARPES experiments and showed that
He II, Fermi surface maps of hBN/Ru(0001) only feature contribu-
tions already contained in the respective maps of the bare Ru(0001)
substrate - in contrast to the Fermi surface modifications induced
in graphene/Ru(0001) representing a metallic system. These find-
ing were corroborated by DFT calculations (PBE-GGA), which how-
ever overestimate the corrugation [89]. AES and TPD experiments
revealed a thermal stability of the hBN/Ru(0001) nanomesh up to
1275 K under UHV conditions [226].

In 2011, Sutter et al. provided new insights into the CVD growth
of hBN/Ru(0001) and the role of hydrogen in the growth and etching
processes of hBN [221]. The real-time LEEM observations revealed
how hBN growth at 1073 K and low borazine pressure gets initiated
with a low-density of hBN nuclei that expand and coalesce into a
hBN film of very high crystalline quality, whereby both Ru(0001) sin-
gle crystals and epitaxial Ru(0001) films on sapphire can be applied
[221]. In a follow-up study, Sutter et al. introduced a scalable syn-
thesis approach for few-layer hBN on Ru(0001) based on magnetron
sputtering of B in an N, /Ar environment (vide supra) [223]. Applying
an atomic layer deposition process involving BCl; and NH;, Bjelkevig

et al. synthesized hBN/Ru(0001) featuring a R30( \/5 X \/5 ) structure
in LEED, thus deviating substantially from the usual nanomesh pat-
tern [327].

A detailed STM characterization of hBN morphologies at sub-
ML coverage on Ru(0001) was provided by Lu et al., specifically
addressing void defects and fault lines created by the merging of hBN
grains during growth with high nucleation density. At low nucleation
density, step flow growth of hBN, i.e., a single crystal hBN domain
growing over Ru step edges (both in the uphill and downhill direc-
tions) was observed [222], corroborating the LEEM results [221]. A
further in-situ LEEM study by Yang et al. confirmed both the hBN
growth across step edges and the emergence of pinhole and vacancy
defects upon merging of hBN domains to a full layer [228]. Fur-
thermore, it was highlighted that the growth proceeds fastest along
step edges, with downhill growth being faster than uphill growth
[228]. Recently, Zhang et al. corroborated the high structural quality
achievable for hBN/Ru(0001) by in-situ RHEED and STM measure-
ments [225].

In a combined experimental and theoretical endeavor, Kutana et
al. explored hBN/graphene alloys on Ru(0001) [224]. Hereby, they
modeled hBN/Ru(0001) by a 14-on-13 coincidence lattice, yielding
a 3.52 nm periodicity, which agrees with the SXRD results [227], but
exceeds the value of ~3.33 nm observed in STM [224]. This discrep-
ancy was tentatively assigned to various irregularities and defects
in the hBN superstructure observed in the experimental STM data
[224].The hBN corrugation was calculated to be ~ 1.5 A with an aver-
age hBN-Ru separation of 2.60 A. This value for the corrugation is
smaller than the one resulting from a previous DFT study using a
smaller coincidence lattice (Brugger et al. [89], discussed above), but
exceeds the experimentally observed height differences (~1 A [224],
0.5-0.7 A [89,226]).

Summarizing, hBN/Ru(0001) represents a geometrically dis-
tinctly corrugated interface, where the low-lying regions of the
nanomesh-like structure interact considerably with Ru.

2.2.6. Cobalt(0001)

CVD growth of hBN on Co(0001) films was reported by Oro-
feo et al., who characterized the interface structure by LEEM, LEED,
TEM, and Raman [62,193]. At sub-ML coverage, individual triangu-
lar hBN islands with side lengths exceeding 10 pm were observed.
Two orientations, differing by 180°, were observed and assigned to
BpepNeop and Br Ny, registries, respectively, similar to the case of
hBN/Ni(111). Indeed, also for hBN/Co(0001) a commensurate 1 X 1
structure was proposed [193]. The hBN growth saturated at one
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monolayer, which revealed an optical gap of 5.9 eV. Interestingly,
a rougher substrate allowed for the synthesis of hBN multilayers,
where the number of layers could be determined by LEEM [62].
Driver et al. grew up to seven hBN layers on Co(0001) films using
atomic layer epitaxy (ALE) [230] and characterized these thin hBN
films by XPS, LEED, and TEM. In the ALE process, highly oriented and
continuous hBN sheets were formed. The authors found no evidence
for strong interfacial charge transfer and thus highlight the poten-
tial of hBN/Co(0001) for spintronic applications [229,230]. The XPS
binding energies (B 1s: 191.9 eV, N 1s: 398.7 eV) for a coverage of
1.7 ML evidence an energy difference between the B 1s and N 1s peak
that is reduced by about 1 eV compared to typical ML hBN/metal sys-
tems (compare Fig. 13). On the other hand, a DFT study by Joshi et
al. reported on considerable hybridization of hBN states and Co d
states, resulting in a gain of 0.21 electrons on B and a loss of 0.15
and 0.01 electrons on Co and N, respectively [328]. The calculated
work function for hBN/Co(0001) amounts to 3.5 eV and the magnetic
moment of the interfacial Co is 1.56 g, slightly reduced compared
to the 1.69 ug calculated for the bare surface [328]. An earlier first
principle study in the GGA framework without vdW corrections by
Zhou et al. focusing on hBN/Co(111) reported a high spin polarization
induced in the hBN, with a magnetic moment of 0.2 yj for each BN
pair [329]. In a DFT comparison of hBN/Co(0001) with hBN/Ni(111)
and hBN/Cu(111), Koitz et al. reveal that the adsorption energy of
hBN is largest on Co(0001). Besides the most stable By N, registry
of the chemisorbed layer, a physisorbed configuration was deter-
mined similar to the hBN/Ni(111) case [330]. Returning to exper-
imental studies, Xu et al. reported the growth of three-point star-
shaped hBN flakes on 400 nm thick, SiO,/Si(100)-supported Co films
by plasma-assisted MBE [331]. Besides SEM imaging, XPS revealed B
1s and N 1s binding energies of 190.6 and 398.0 eV, respectively for
the ML-thick islands. Upon C exposure, lateral and vertical graphene-
hBN interfaces were achieved [331]. 5-6 nm thick hBN films - sand-
wiched between the Co support and Co contacts - featured a break-
down electric field of about 3.0-3.3 MV/cm [208].

2.2.7. Rhodium(111),(110)

Rh(111). The discovery of the intriguing structure of hBN/Rh(111)
reported by Corso et al. in 2004 triggered considerable interest in
this system and coined the term “nanomesh” [87]. In this early study,
the - unprecedented - splitting of the ¢ band in ARPES data (~1 eV,
Fig. 4 (f)) was taken as an indication of a hBN double-layer nanos-
tructure, where STM and LEED revealed a superstructure periodic-
ity of 3.2 nm corresponding to a 13 x 13 hBN/12 x 12 Rh coinci-
dence lattice (Fig. 4 (a)). In 2007, DFT calculations by Laskowski et al.
provided an alternative model for the nanomesh structure, namely
a corrugated single-layer hBN sheet with the hBN-metal separation
varying between 2.17 A and 2.72 A [332,333]. With further experi-
mental evidence emerging [88,192,231,240], this single-layer struc-
ture including strongly and weakly interacting areas (the pore and
wire regions, respectively) representing favorable and unfavorable
adsorption sites within the supercell was soon established [233].
Accordingly, XPS measurements show two main components, with
a N 1s BE of typically 398.6 and 397.9 eV, assigned to the pore and
wires, respectively [192,313] (see Fig. 30 (a)). An SXRD study of the
nanomesh in air proved the 13-on-12 unit cell and demonstrated
the nanomesh stability under ambient condition and X-ray radia-
tion [232]. This 13-on-12 superstructure persists up to 1100 K as
demonstrated by SXRD [334]. STM experiments confirmed that the
nanomesh sustains temperatures up to 1160 K [234] and revealed
its stability in liquids (ultra-pure water [240] and perchloric acid
(HClO,4) [240,241,335]).

Interestingly, the use of a 150 nm thick Rh(111) film on YSZ-
Si(111) as support results in a larger 14 x 14 hBN/13 x 13 Rh
superstructure, which was attributed to different thermal expansion

behavior between this multilayer substrate and single crystals
[182,336]. An in-situ STM study under growth conditions by Dong
et al. provided fascinating details on the nucleation and growth
of hBN on Rh(111) [234]. Borazine already adsorbs at rt. Around
930 K, B—N bonds can break, resulting in the formation of the
compact hBN structure. Indeed, the observed island morphologies
imply a cracking of the borazine precursor - similar to the situation
reported for Ni(111) [261]. However, the high nucleation density at
these moderate temperatures induces many line defects between
grains that could not be reduced by slow annealing up to 1180K -
in contrast to the situation reported for hBN/Cu(111) [290]. Thus,
a high substrate temperature of typically 1050K is best suited
for high-quality hBN growth on Rh(111), as it enables an efficient
diffusion [234]. A combined AES, HREELS and TPD study by Farkas
et al. confirmed the growth of well defined hBN at ~ 1000 K and
showed that the hBN layer formation began above 600 K, while
borazine adsorbs molecularly at 140 K on clean Rh(111) with dehy-
drogenation reactions already starting below 200 K [242]. Recently,
the growth of a high quality hBN nanomesh on a four-inch wafer
scale, single crystalline Rh(111) thin film in a custom-designed
apparatus was reported, thus demonstrating a scalable, inexpensive
large-area coating process [236,239].

The stiffness of the corrugated hBN sheets on Rh(111) was
addressed in two nc-AFM studies at rt [235] and 1.5 K [238], respec-
tively. A contrast inversion of the nanomesh superstructure upon
reducing the tip-sample distance was attributed to local elastic
deformation of the wire regions of the nanomesh induced by tip-
sample interactions [235]. Indeed, the atomically-resolved, low-
temperature measurements revealed lateral and vertical deforma-
tions due to tip-sample forces. Specifically, a very low stiffness of
~1 N/m was derived, showing the “softness” of the corrugated hBN
sheet, with indentation experiments revealing an elasticity on the
wire regions comparable to free membranes [238].

The spatially averaged work function of hBN/Rh(111) amounts to
4,15 eV [226,339]. Lateral variations of the local work function (see
Ref. [340]) resulting in so-called dipole rings - an important aspect
of the nanomesh structure - were experimentally recognized for the
first time by Dil et al. in 2008 [339]. Xe core-level binding energies in
XPS (i.e., the application of the photoemission of adsorbed Xe (PAX)
technique introduced by Wandelt [340-342]) and the Xe desorp-
tion temperatures yielded information on the electrostatic landscape
of the nanomesh and the local Xe bonding strength, respectively.
The pores of the nanomesh represent regions of lower local work
function or potential, as corroborated by DFT calculations (Fig. 4
(h)). The resulting trapping potential - given by in-plane dipoles -
is localized at the rim of the pores [233,339,343,344] (see Fig. 4
(g)). The lower local work function on the pores as compared to
the wire sites was confirmed in real space measurements by Kelvin
probe force microscopy (KPFM), even though the measured varia-
tion (15-20 meV) is considerably lower than the PAX value (0.31 eV)
[235].

In a recent combined STM and DFT study, Dubout et al. rational-
ized how apparent lateral displacements of atoms in high-resolution
STM data of corrugated sp? sheets (including hBN/Rh(111)) emerge
from the directionality of the layer’s z-orbitals that dominate
the STM contrast [237]. Such lattice distortions - that might be
(mis-)interpreted as representing large strain - can thus reflect
imaging artifacts. Photon maps recorded on hBN/Rh(111) showed
strong STM-induced electroluminescence from the nanomesh pores,
exceeding the one from the wire regions by more than one order of
magnitude [345].

A DFT optimization (revPBE-D3) of a 13 x 13 hBN/12 x 12 Rh
cell by Ding et al. reproduced the expected corrugated structure
[338]: The pore regions feature a BN adsorption height of 2.2 A
and constitute about 30% of the hBN layer. The wire regions with
an adsorption height of 3.1A represent more than 30% of the
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Fig. 4. hBN/Rh(111). (a) Large-scale STM image and LEED pattern (inset). (b-d) Atomically resolved STM images of the nanomesh. Note the different contrast (“pore-wire” (in c,d)
versus “separated coin” (in b) [243]). (e) Calculated, color-coded height map. (f) UPS spectrum of hBN/Rh(111) in comparison to hBN/Ni(111) and hBN/Pd(111). Note the ¢ band
splitting for the nanomesh system and the cut-off energies representing work function differences. (g) Scheme of the potential energy (top) and polarization energy (bottom)
across a nanomesh pore. In-plane dipoles (p;) emerge at a radius R. (h) Calculated electrostatic potential above the nanomesh structure in a vertical cut (left panel) and a top
view (right panel). (a) Adapted from Ref. [87] with permission from AAAS. (b) Adapted with permission from Ref. [192] © (2007) American Physical Society, (c) Adapted with
permission from Ref. [237], (d,e) Adapted with permission from Ref. [337] © (2014) Royal Society of Chemistry, (f,g) Adapted with permission from Ref. [233] © (2009) Elsevier,
(h) Adapted with permission from Ref. [338] © (2011) American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

monolayer. The considerable height change between the pore and
wires occurs within two atomic rows [338]. A comparison of the elec-
tronic structure and the electrostatic potential of this hBN/Rh(111)
system with a corrugated, but free-standing hBN sheet showed the
importance of the hBN-Rh interaction in the pore regions, resulting
in a charge redistribution [338]. A recent DFT study by lanuzzi et al.
systematically addressed the subtle role played by the combination
of exchange and correlations functionals in the description of the
corrugation, but also the size and the shape of the nanomesh pores,
which could not be described precisely in the previous DFT studies
[337]. The PBE-rVV10 functional gave the best agreement with STM
experiments, with atoms adsorbed below a height of 2.5 A assigned
to the pores that reflect 45% of the hBN layer and atoms adsorbed
above a height of 3.7 A assigned to the wire regions, respectively,

that represent 29% of the hBN layer (see Fig. 4 (e)). A study by
Patterson et al. - published in the same month - on the other hand
reports a larger maximum geometric corrugation of 2.647 A (LDA),
2.204 A (GGA-PBE), and 2.385 A (optB86b vdW-DF) for hBN/Rh(111)
[346]. Furthermore, Laskowski et al. calculated NEXAFS spectra
for the B and N K-edges by DFT, highlighting strong spectral fea-
tures originating from the interaction between hBN and Rh [347].
Recently, Musso et al. simulated the hBN/Rh(111) interface at dif-
ferent temperatures employing a second-generation Car-Parrinello
molecular dynamics scheme [348]. The nanomesh corrugation is
preserved up to temperatures of about 800 K, even though the
bimodal height distribution representing pore and wire regions,
respectively, “blurs” with increasing temperature and the pore
shapes distort. The dynamic effects include migration of nanomesh
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pores. At 1380 K, the calculations yield a single broad height dis-
tribution - pore and wire regions can thus not be distinguished
anymore [348].

Rh(110). Recently, Martinez-Galera and Goémez-Rodriguez
explored structural properties of hBN/Rh(110) by STM and LEED
[244]. Two isostructural hBN/Rh(110) domains were observed,
resulting in a unique quasi-1D stripe-like moiré pattern with a
periodicity of 1.3+ 0.1 nm (see Fig. 3(i-k)). Despite a consider-
able interaction of hBN with the Rh(110) surface, the STM images
reveal only a very moderate apparent corrugation (below 30 pm),
in contrast to the strongly corrugated hBN/Rh(111) nanomesh
structure. This behavior was rationalized by the lack of subregions
within moiré supercells that contain favorable sites for orbital
mixing between hBN and the symmetry-mismatched (110) support
[244].

2.2.8. Iridium(111)

The first study on hBN/Ir(111) by Preobrajenski et al. in 2007
provided evidence for a non-negligible geometric corrugation, as N
1s XPS and NEXAFS data included components representing weakly
and strongly bond hBN areas [88]. The interaction of borazine with
Ir(111) was studied within a large temperature range (170-1270 K)
by Orlando et al., presenting LEED data of a hBN monolayer on
Ir(111) that were interpreted as a 13-on-12 superstructure [245]. In
a follow-up study employing XPD, the authors showed that a sin-
gle domain hBN layer can be grown on Ir(111) by a temperature-
programmed growth (TPG) protocol involving cycles of rt borazine
adsorption followed by flashing to 1270 K, while the usual CVD
method (i.e., borazine dosage at 1070 K) resulted in hBN mono-
layers including two domain orientations rotated by 180° [248].
This finding was confirmed by STM data that however revealed
an inferior structural quality resulting from the TPG approach
[250].

Recently, Petrovic et al. applied LEEM, combined with PEEM and
ULEED to characterize the epitaxy of hBN submonolayers [252].
Two types of islands - reaching sizes up to 10 pm - were iden-
tified, featuring distinct shapes and growth modes, representing
the two domain orientations just mentioned. Interestingly, these
two island types exhibit different work function (4.78 and 4.68 eV,
respectively) and binding to the Ir(111) support (Fig. 5 (e)). Further-
more, this study highlighted the influence of Ir steps on the hBN
growth and recommends synthesis temperatures below ~1220 K
to avoid B dissolution in Ir and the formation of B reconstructed
areas [252].

Based on LEED and XPS measurements, Usachov et al. showed
that hBN/Ir(111) decomposes at temperatures exceeding 1273 K.
Importantly, they provide ARPES data evidencing a rather weak
chemical interaction between the hBN sheet and the Ir sup-
port, where replicated ¢ and x bands originate from the geo-
metric corrugation [246] (Fig. 5 (j)). Contrasting the situation on
graphene/Ir(111), a large gap was observed in STS measurements
by Liu et al. (Fig. 5 (i)). Combined STM and DFT studies by Schulz
et al. and Liu et al. visualized the moiré pattern of hBN/Ir(111) in
real space and determined a superstructure periodicity of ~2.9 nm
[247] and ~3.2 nm [249], respectively (Fig. 5(a—c)). Both reports also
yield distinctly different values of the geometric corrugation, specifi-
cally ~0.4 A [247] and ~1.4 A [249]. These ambiguities were recently
resolved by a multi-method study from Hagen et al., employing
XPS, XSW, LEED, STM, and DFT comprehensively characterizing
hBN/Ir(111). From XSW - giving access to adsorption distances - a
height difference of ~1.55 A between the strongly bound species
(average adsorption height =~ 2.2 A) and the weakly bound species
(average adsorption height ~ 3.7 A) was determined and corrobo-
rated by DFT, classifying hBN/Ir(111) as a geometrically strongly cor-

rugated system [250] (Fig. 5 (d)). Furthermore, atomically resolved
STM images yielded a moiré periodicity of 11.7 + 0.3 times the one
of hBN or 2.91 nm, only consistent with an approximate 12-on-11
superstructure [250] (Fig. 5 (b)). Recently, Seitsonen, Schulz, and Lil-
jeroth extracted an average corrugation of 1.65 + 0.23 A from Af(z)
curves recorded by nc-AFM at different positions of the moiré super-
structure and used this value - combined with the XSW results
discussed above - to benchmark vdW-treated DFT [349]. For the
hBN/Ir(111) system, distinct approximations (including vdW-DF-
rB86, vdW-DF2-C09, vdW-DF2-rB86) yielded a good agreement with
the experimental values, while others fail (e.g.,, vdW-DF-optB88)
despite properly describing related interfaces as graphene/Ir(111)
[349].

In the work of Schulz et al. (already mentioned above), a very
important aspect of hBN/Ir(111) was explored, namely the local work
function variation within the moiré superstructure. As evident from
the bias-dependent contrast inversion of the apparent moiré cor-
rugation in STM images, the STM contrast is mainly determined
by electronic effects, despite the considerable geometric corruga-
tion. Combining I(z) spectroscopy with field emission spectroscopy,
a work function modulation of roughly 0.5 eV within the moiré unit
cell was estimated. The pore regions - defined as the rather circu-
lar areas of the moiré superstructure - correspond to areas of low-
est local work function, an assignment confirmed by DFT modeling
[247] (Fig. 5(f-h)). At the same time, the pore regions correspond to
strongly bound hBN in a By, Ny, registry, featuring a small adsorp-
tion height and a large XPS binding energies [250] (Fig. 5 (k)). The
work function gradient between pores and wires leads to an electric
field in the order of 0.1 V/nm at the edge between these two regions
[251].

Recently, Schulz et al. demonstrated the identification of B and
N sites in hBN/Ir(111) by combining nc-AFM imaging (Af, with CO
functionalized tips), KPFM mapping and nc-AFM image simulations
(based on a DFT optimized interface geometry) [253]. This study not
only shows that the B sublattice dominates the nc-AFM image con-
trast at large tip-hBN distances (with a CO tip carrying a positive par-
tial charge), but also provides a mapping of the vertical electric field
near the surface featuring atomic-scale and moiré-related variations
[253].

In summary, hBN/Ir(111) is a comprehensively characterized
interface providing both a considerable electronic and geometric cor-
rugation with a superstructure periodicity of 2.91 nm, which makes
it interesting as template.

2.2.9. Nickel(111),(110), (100)

Ni(111). A first quantitative structure determination of the
hBN/Ni(111) interface based on a LEED intensity analysis was
reported by Gamou et al. in 1997 [255]. The hBN forms a commensu-
rate 1 x 1 monolayer on Ni(111), featuring a By N, registry (Fig. 6
(b)). Overall, the hBN sheet is planar (Fig. 6 (a)), but the B and N
atoms are not placed at the exactly same height due to the differ-
ent binding of the two species and the lattice mismatch, leading
to an atomic-scale corrugation (Fig. 6 (b)). Atomically resolved STM
images typically represent the N lattice [259,350]. The LEED study
of Gamou et al. yielded an adsorption height of 2.22 + 0.07 A for the
N atoms with respect to the Ni surface layer, the B species reside
0.18 A below the N. Angle-scanned XPD experiments combined with
single- and multiple scattering calculations [262] by Auwadrter et al.
and Muntwiler et al. gave both a smaller adsorption height for N
(1.95 + 0.16 A) and a smaller corrugation (0.07 + 0.06 A) [259,351].
A PhD study, again by Muntwiler et al., yields an adsorption height
0f2.11 + 0.02 A and a distance of 1.99 + 0.04 A between the two top
most relaxed Ni layers [269]. Finally, recent NIXSW experiments by
Ohtomo et al. gave a corrugation of 0.15 A with adsorption heights of
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Fig. 5. hBN/Ir(111). (a) Large-scale STM image and LEED pattern (inset). (b,c) Atomically-resolved STM image featuring different contrast. (d) DFT-optimized structural model of
the interface: Top view (top panel) and side view (bottom panel). (e) PEEM image of hBN islands, showing different, work function related intensity for the two island types,
which are sketched in the inset. (f) STM image of the moiré superstructure across which the FER map (g) was recorded. (h) Local work function map calculated from DFT. (i)
dI/dV spectrum. In contrast to graphene/Ir(111) (inset) a large gap is observed. (j) ARPES map of the band structure. (k) N 1s (top panel) and B 1s (bottom panel) XPS signals.
(a,f-h) Adapted with permission from Ref. [247] © (2014) American Physical Society. Inset in (a) adapted from Ref. [250], (b,d,k) Adapted with permission from Ref. [250] © (2016)
American Chemical Society, (c,i) Adapted with permission from Ref. [249] © (2014) American Chemical Society, (e) Adapted with permission from Ref. [252] © (2017) Elsevier, (j)

Adapted with permission from Ref. [246] © (2012) American Physical Society.

2.13 A (N) and 1.98 A (B), respectively [275]. Despite some scatter in
these experimental values, the published data consistently point to
a small adsorption height of hBN on Ni(111), indicating considerable
attractive interactions.

Besides the dominating BN, domain, a combined XPD and
STM study revealed an additional possible domain, featuring
a Byp Ny registry, where the balance between the two domain types
was guided by subtle influences in the sample preparation [261].
At hBN sub-monolayer coverages, triangular shaped hBN islands,
rotated by 180° relative to each other, reflect these two domain
structures. Intriguingly, such hBN islands grew either on Ni(111)

terraces [261,266] or were embedded therein [273]. In a recent
study, Yang et al. observed two types of (triangular) hBN islands
on Ni(111) by LEEM and u-LEED, identified as epitaxial, strongly
bound and non-epitaxial, weakly bound species, respectively [277].
While the epitaxial islands cover the two registries discussed above,
the non-epitaxial ones show a variation of azimuthal alignments
between the hBN and Ni(111) lattices. Indeed, two N1s species are
observed by XPS (BE 398.8 eV epitaxial component, see below and BE
397.9 eV). Compared to the Ni(111) work function, the one for epi-
taxial hBN is reduced by 1.6 eV while the one for non-epitaxial hBN
only decreased by 0.9 eV (see below). DFT yields an adsorption height
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0f 2.0 A for the epitaxial and 2.9 A for the non-epitaxial structure. The
emergence of non-epitaxial hBN domains not recognized in other
studies might be attributed to the relatively low growth temperature
[277]. Indeed, theoretical modeling predicted both a chemisorbed
(energy minimum) and physisorbed state (local energy minimum)
for hBN/Ni(111)[189,330,352] - similar to the graphene/Ni(111) sys-
tem [353].

The electronic structure of hBN/Ni(111) is rather multifaceted
and not all reported findings can be detailed in this review
[231,267,268,270,274,354]. The experimental valence- and conduc-
tion band structure was provided first in 1997 by Nagashima et al.,
concluding that the hBN band structure was not severely deformed
on Ni(111) [254]. Nevertheless, based on phonon spectra, Rokuta et
al. inferred some hybridization between the Ni d and hBN z electrons
[256,260]. Indeed, later NEXAFS, XPS, RAS, and XES experiments by
Preobrajenski et al. showed that hBN is chemisorbed on Ni(111), fea-
turing considerable Ni 3d - hBN # hybridization and in-gap states
[231,263,265] (Fig. 6 (d)). The latter show a positive spin polariza-
tion as inferred from SPMDS experiments [274]. Laskowski et al. cal-

culated and analyzed the B and N K-edge NEXAFS spectra by DFT,
providing an interpretation of the key features observed in the exper-
iments by Preobrajenski et al. [347]. The hBN-Ni interaction involves
a charge redistribution at the interface, with minute electron trans-
fer to the metal [187]. The reported experimental work function val-
ues for hBN/Ni(111) range from 3.5 to 3.62 eV and are thus consid-
erable reduced compared to bare Ni(111) (5.23-5.3 eV) (Fig. 6 (c))
[257,264,265]. XPS binding energies for the B 1s and N 1s core lev-
els are reported in a considerable range from 190.47 to 191.2 and
398.5-399.1 eV, respectively [189,254,258,263].

Following the first theoretical study focused on hBN/Ni(111) by
Grad et al. in 2003 that identified the By Ny,, registry as favorable
[350], a series of DFT studies addressed this interface, e.g., Refs.
[187,189,200,330,347,355-361]. While a consensus about the pref-
erential adsorption configuration is reached, adsorption energies and
distances, as well as the level of hybridization and charge redistri-
bution naturally depend on the level of theory employed. Unfortu-
nately, a further discussion of such effects including the type of func-
tional or dispersion correction employed is beyond the scope of this
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review. However, it should be noted that DFT-based reactive molecu-
lar dynamics simulation can yield detailed insight into the nucleation
and growth of hBN/Ni(111) [362].

In summary, hBN on Ni(111) represents a chemisorbed, geomet-
rically planar, commensurate overlayer with a prevalent By Ny,
registry featuring a small height difference between B and
N atoms.

Ni(110). Greber et al. comprehensively characterized a hBN
monolayer on Ni(110) in a combined LEED and ARPES study. The
data revealed the coexistence of a 1 X 6 and a 7 X 5 super-
structure, with the former being more abundant. Interestingly, the
hBN units cells are rotated by 90° in the two structures which is
reflected in k-space maps recorded at an energy probing the hBN o,
band [278].

Ni(100). Already in 1997, Desrosiers et al. provided a character-
ization of hBN/Ni(100). Based on LEED imaging revealing a 1 x 7
pattern, a strained hBN monolayer geometry - where the hexago-
nal lattice is slightly stretch in one direction - was proposed [214].
It was also reported that the LEED pattern could be fully recovered
by slight annealing after storing hBN/Ni(100) in atmosphere for sev-
eral days, signaling a low reactivity and high stability of hBN on
Ni(100) [214].

Varia. To complete this discussion on hBN monolayers on dif-
ferent Ni crystal faces, it should be noted that hBN growth is typ-
ically accompanied by Ni mass transport. Thus, attempts to pre-
pare 1D-superstructured, grating-like hBN/Ni interfaces employing
vicinal Ni(223) supports failed due to a reconstruction of the sur-
face upon hBN growth [363]. Beyond the hBN monolayer systems
on Ni single crystals discussed so far, Ni foils and films are fre-
quently applied as substrate for hBN growth. In APCVD or LPCVD sys-
tems, mostly Ni foils are employed, opening pathways for hBN trans-
fer to other substrate via etching of the Ni (e.g., Refs. [364-370]).
Recently, however, the APCVD growth of centimeter-sized, single
domain hBN films on a Ni(111) crystal was reported, followed by
bubble-type transfer (i.e., applying an electrochemical delamina-
tion protocol using hydrogen bubbles), allowing for a re-use of the
Ni(111) support [371]. Single-crystal hBN domains with edge length
up to 0.6 mm were synthesized by ion beam sputtering deposition
on Ni(111) films [319]. Furthermore, Tonkikh et al. applied an MBE
technique to grow highly-ordered hBN multilayers on Ni(111). An
ARPES and NEXAFS characterization revealed bulk-like hBN proper-
ties in such 10-ML films [200]. Previously, the MBE approach was
employed on Ni foils by Nakhaie et al. [199]. In a recent multi-
method study including LEEM, uLEED, XPS, and STM, Ismach et
al. explored the influence of the environment - especially carbon
sources - on the LPCVD growth of single and bilayer hBN on Ni
foils [372].

2.2.10. Palladium(111),(110)

Pd(111). The first experimental description of hBN/Pd(111) was
provided by Nagashima et al. in 1995, yielding the valence band
structure (¢ and z bands) by ARPES, highlighting a weak hBN/Pd
interaction [257] and reporting a work function reduction to 4 eV
upon hBN monolayer formation. A real space characterization by
STM, complemented by LEED and ARPES was contributed later by
Morscher et al. [279]. STM images revealed different coexisting
moiré patterns with periodicities ranging from 1.1 to 2.75 nm that
were attributed to different rotation angles between hBN domains
and the Pd(111) lattice. Indeed, LEED images show a ring-like
structure [279]. However, unlike in the Ag cases discussed below,
this ring is not homogeneous and the LEED images additionally
exhibit superstructure spots. Thus, hBN/Pd(111) features prevail-
ing hBN orientations. One of those was assigned to a coincidence
lattice where 11 x 11 BN units adsorb on 10 x 10 Pd unit cells,
while another one represents a R30° structure that appears to be

incommensurate [279]. XPS measurements yielded a B 1s BE of
190.46 + 0.25eV and a N 1s BE of 398.05 + 0.27 eV [326]. Normal
emission valence band spectra show a single component for the o
and 7 bands, thus precluding a heavily corrugated hBN nanomesh
structure featuring strongly- and weakly-bound hBN areas [279].
Accordingly, the large apparent moiré corrugations observed in
STM images (up to 1.6 A) were not attributed to a real geomet-
ric corrugation, but electronic effects due to changes in the local
work function were considered (average work function: 4.26 eV).
This study furthermore successfully introduced the use of thin
Pd(111) films grown on a sapphire (0001) support as substrates
for hBN synthesis, highlighting the reduced preparation efforts
[279].

Pd(110). Corso et al. combined STM with LEED to characterize
the hBN/Pd(110) interface. Ring-like structures in LEED and coexist-
ing moiré patterns with different periodicity and symmetry resolved
in STM show rather weak site-specific interactions between the
hBN sheet and the Pd(110) support. The geometric corrugation of
hBN/Pd(110) was estimated to be 0.5 A. The moiré patterns could
be modeled well by only considering one atomic species in the hBN
layer, which was assigned to N dominating the STM contrast. Inten-
sity variations along the rings visualized in LEED changed consid-
erably within different sample preparations, indicating subtle influ-
ences of the preparation conditions on the hBN domain composition.
Judging from LEED data, the hBN/Pd(110) system was stable up to at
least 950 K [280].

2.2.11. Platinum(111)

The interaction of borazine with Pt(111) was first described by
Simonson et al. in 1990 by IRAS [281], followed by a combined
HREELS, UPS, and TDS study [86]. The decomposition of borazine -
oriented with its molecular ring perpendicular to the surface - starts
at 170 K and proceeds at higher temperature to yield hBN. Paffett et
al. characterized the resulting hBN monolayer grown on Pt(111) at
1000 K by a multi-method approach including EELS and LEED also in
1990, proposing a structural model for the interface with a 10-on-9
superstructure [85]. Here, the B and N sublattices are aligned with
the Pt(111) substrate (Fig. 7 (b, d)). The valence band structure of
hBN/Pt(111), i.e., the dispersion of the ¢ and 7 bands was provided
by Nagashima et al. in 1995 using ARPES together with the work
function (4.9 eV), concluding that the hBN sheet is physisorbed [257].
This finding was supported by measurements of the phonon spectra
[256]. More than a decade later, this picture was refined by a series of
papers from Preobrajenski et al. comparing hBN/Pt(111) to other hBN
transition metal interfaces that clearly advanced the understanding
of this system [88,192,231]. A rather weak interaction between hBN
and Pt(111) (including Pt d, s - hBN z orbital mixing) was inferred
from XAS, XES, XPS, and UPS measurements [88,192]. This interac-
tion was classified as physisorption or very weak chemical bond-
ing, resulting in a low density of adsorption-induced gap states [88].
Furthermore, the first real space characterization of hBN/Pt(111) by
STM was provided, complemented by LEED imaging [192]. Atomi-
cally resolved STM images reveal a moiré pattern with 2.5 nm peri-
odicity consistent with a 10-on-9 coincidence lattice (Fig. 7 (a)). A
significant geometric corrugation of the hBN was judged unlikely
based on STM data, N 1s XP spectra, and normal emission valence
band spectra. hBN/Pt(111) is thus considered a “nearly flat” mono-
layer [88,192]. However, Cavar et al. pointed out that minor geomet-
ric corrugations - likely present in the hBN/Pt(111) system - can not
be quantified by the methods applied (standard LEED, STM) [282].
The atomic contrast in STM images is assigned to the N species as
NEXAFS spectra show that the N LDOS at E; clearly exceeds the B one,
thus corroborating an earlier assignment in the hBN/Ni(111) system
[350]. Calculated NEXAFS spectra were reported by Laskowski et al.
[347].
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Fig. 7. hBN/Pt(111). (a) Atomically resolved STM image. The white rhombus highlights
the moiré superstructure. (b,c) LEED images for hBN/Pt(111) prepared from borazine
(b) and B-trichloroborazine (c). The latter shows contributions from type A and type
B registries. (d) A-type domain structure and (e) B-type domain structure, with 30°
rotation of the hBN sheet. (a,b) Adapted with permission from Ref. [192] © (2007)
American Physical Society, Inset in (b) reproduced with permission from Ref. [85] ©
(1990) Elsevier. (c-e) Adapted with permission from Ref. [211] © (2005) American
Chemical Society.

Interestingly, a LEED study by Miiller et al. based on a B-
Trichloroborazine precursor demonstrated the existence of addi-
tional hBN domains where the B and N sublattices are rotated by
30° with respect to the Pt(111) lattice (Fig. 7 (c, e)) that were not

recognized before, thus highlighting subtle influences of the prepa-
ration procedure (including precursor) on the hBN monolayer struc-
ture [211]. LEEM measurements performed for borazine exposures
between 1 x 1078 and 1 x 10~% mbarat 1073 K revealed larger
and more regular islands at lower borazine pressure [282]. Zhang
et al. confirm a single orientation for hBN domains on Pt(111) by
LEEM and uLEED measurements and report a hBN growth domi-
nated by the downhill direction across the Pt(111) steps. After cool-
ing to rt, defects as wrinkles, domain boundaries and vacancies were
observed, potentially influencing adsorption and intercalation pro-
cesses (see 3.2.2)[283].

As a side note, it should be mentioned that also Pt foils were suc-
cessfully employed for the growth and subsequent transfer of hBN.
Two studies submitted nearly simultaneously applied APCVD and
LPCVD to synthesize hBN on Pt foils [63,373]. Kim et al. showed
that the Pt foil can be re-used after a bubble-type transfer of the
hBN sheet, thus offering means for repeated, cheap fabrication of
highly-crystalline hBN monolayers [63]. Gao et al. also repeatedly
used the Pt foil after the transfer and showed in addition that besides
hBN monolayers, also bilayer and few-layer films can be achieved by
changing the concentration of the borazane precursor introduced in
the APCVD system [373].

2.2.12. Copper(111),(110)

Cu(111). Compared to the vast amount of literature about hBN
on polycrystalline copper supports such as foils and films (e.g.,
Refs. [11,13,56,301,374-397]), reports on hBN/Cu(111) interfaces are
scarce. In 2005, Preobrajenski et al. provided a combined NEXAFS
and photoelectron spectroscopy characterization, reporting low Cu
3d - hBN r interaction (compared to the hBN/Ni(111) case) resulting
in weak chemisorption (see Fig. 6 (d)) [265]. Two important aspects
of hBN growth on Cu(111) were highlighted in this early study. First,
relatively high borazine precursor doses (~2000 L) need to be applied
to achieve a monolayer. Second, the substrate temperature is criti-
cal. Optimal growth was reported in a temperature window between
1023 and 1073 K, higher temperature might damage the Cu(111)
surface. Based on LEED imaging, a commensurate 1 x 1 overlayer
structure was reported. Formation of the hBN sheets lowered the
work function by 0.24 eV to 4.73 eV, B 1s and N 1s binding energies
correspond to 190.45 and 398.0 eV, respectively. Additional B 1s fea-
tures at lower BE are indicative of defects, as B dissolved in Cu(111)
[265].

In 2012, Joshi et al. provided a first real space characterization
of hBN/Cu(111) by low-temperature STM and STS [284]. In a wide
bias voltage range around Eg, the hBN sheet is transparent in STM
under regular tip/scanning conditions. This allows to access and
spatially map an electronic interface state, upshifted by ~ 0.1 eV
from the native Cu(111) Shockley-type surface state (Fig. 8 (j)).
Consequently, an insulating character and a weak interaction (~60
meV/unit cell) of hBN with Cu(111) was inferred. At bias voltages
well above 3V, when tunneling into field emission resonances
(FERs) is operational, pronounced moiré-like superstructures were
resolved (Fig. 8 (a)). As the moiré contrast inverts in a small bias
voltage range (Fig. 8 (f)), the superstructure was assigned to an
electronic and not topographic effect. Indeed, STS measurements in
the FER regime yield a local work function reduction of ~300 meV
on the pore or hill regions (3.8 eV) of the superstructure compared
to the wire or valley regions (4.1 eV) (Fig. 8 (h)) [284,398]. Recently,
Zhang et al. showed that this local work function variation decreases
with decreasing moiré periodicity (Fig. 8 (1)) [289]. The coexisting
moiré patterns featuring periodicities from 1 to 14 nm emerge from
minute rotational misalignments of hBN domains with the Cu(111)
lattice [284,287] and are thus not consistent with a commensurate
1 x 1 structure. Comparison to DFT calculations indeed showed
that a lateral variation of the hBN - Cu adsorption registries resulting
in varying distances between B,N and the topmost Cu atoms cause
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Fig. 8. hBN/Cu(111) (a-1) and hBN/Cu(110) (m). (a) Large scale STM image. (b) SPA-LEED pattern. The inset shows a zoom-in of the central (0,0)-spot. (c) Atomically-resolved STM
image of a domain boundary. (d) Constant height AFM image (Af). (e) Height map extracted from an analysis of the atomic corrugation. (f) Voltage-dependent moiré contrast in
STM images (3.7, 4.25, 4.9 V). (g) Registry of the N atoms of hBN to the Cu lattice (color-coded). (h) FER map (bottom panel) recorded along a line across the moiré superstructure
(top panel). (i) B 1s (top panel) and N 1s (bottom panel) XPS signals. (j) dI/dV map of interface state below hBN island. Inset: Topographic STM image of the area. (k) Lateral map of
the calculated electrostatic potential. (1) Work function variation as a function of the moiré wavelength. (m) Bright field LEEM image of hBN islands on Cu(110).(a,f,j) Adapted with
permission from Ref. [284] © (2012) American Chemical Society, (b) Adapted with permission from Ref. [288] © (2017) American Chemical Society, (c) Adapted with permission
from Ref. [290] © (2015) American Chemical Society, (d,e,i) Adapted with permission from Ref. [287] © (2017) American Chemical Society, (g,k) Adapted with permission from
Ref. [399] © (2013) Royal Society of Chemistry, (h) Adapted with permission from Ref. [398] © (2014) American Chemical Society. (1) Adapted with permission from Ref. [289] ©
(2018) American Chemical Society. (m) Adapted with permission from Ref. [291] © (2018) Elsevier. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

this electronic superstructure (Fig. 8 (g)), with a topographically
rather flat overlayer structure [284,399]. An STM study by Hwang
et al. confirmed the appearance of moiré patterns and reports a
temperature window from 1020 to 1100K for good quality hBN
growth via regular CVD - similar to the values reported above. Inter-
estingly, the growth temperature can be lowered by about 100 K by
ionizing and/or exciting the borazine precursor gas with an electron
beam [285].

Aiming for the fabrication and characterization of grain bound-
aries (GB) in hBN/Cu(111), Li et al. chose a two-step growth method
with low-temperature precursor adsorption (typically 600 K) yield-
ing a high nucleation density followed by prolonged annealing
(1000 K, up to 6 h). Hereby, an Ostwald ripening of hBN grains was
observed. Atomically resolved STM images of the hBN lattices across
different grain boundaries directly yielded the tilt angles between
adjacent domains and allowed to propose structural models for dis-
tinct grain boundaries, including square-octagon pairs (4|8 GB) and
pentagon-heptagon pairs (5|7 GB) (Figs. 8 (c) and Fig. 9 (h,i)) [290].
While STS measurements on regular hBN patches yielded a band gap
of ~5 eV, which is reduced to ~4.3 eV at 4|8 GB, 5|7 GB feature dis-

tinct in-gap peaks and thus demonstrate how GB can be used to tailor
the electronic properties of hBN/Cu(111). Based on a comparison of
the experimental dI/dV spectra with the DFT-calculated LDOS, dis-
tinct types of grain boundaries could be assigned [290].

A recent study by Hwang et al. used a submonolayer
hBN/Cu(111) as a template for graphene growth, yielding dis-
tinct surface areas representing hBN/Cu(111), graphene/Cu(111) and
graphene/hBN/Cu(111), respectively [286]. An upshift of ~0.2 eV for
the interface state in hBN/Cu(111) - about twice the value reported
in Ref. [284] - was related to a charge transfer from Cu to hBN and
a band gap of ~4 eV was extracted from the STS data [286]. On the
other hand, a (moiré-pattern dependent) band gap of ~6.65 eV was
proposed by Zhang et al. based on STS data [289]. These examples
show the difficulties of a quantitative band gap determination in
hBN/metal systems by STS.

Feigelson et al. used grazing-incidence infrared reflection absorp-
tion spectroscopy (IRRAS) to characterize vibrational modes in
hBN/Cu(111) in direct comparison to other Cu supports [400]. The
position of one of the two observed A,,(LO) phonon peaks - char-
acteristic for the hBN/metal interaction - indicated an interaction
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Fig. 9. Characteristic defects in hBN monolayers on metal single crystals. (a-c) Defect lines between two hBN domains on Ni(111). (a) Overview STM image. (b) Zoom-in and (c)
structural model. (d-g) Defect lines between hBN domains on Re(0001). STM image of bonding patching defect (d) with DFT model (e) and STM image of non-bonding patching
defect (f) with DFT model (g). (h,i) Aligned defects in hBN/Cu(111). (h) STM image of 8|4 and 7|5 grain boundaries and possible structural models (i). (j) Heart-shaped distortion
in the moiré pattern of hBN/Re(0001) related to a 7|5 defect. (k) Triangular voids in hBN/Ru(0001) with scheme (inset). (I-0) DFT modeling of local defects in hBN/Cu(111). (I) N
vacancy, (m) B vacancy, (n) Boron impurity, (0) Stone-Wales-type defect. (a-c) Adapted with permission from Ref. [261] © (2003) Elsevier, (d-g, j) Adapted with permission from
Ref. [219] © (2017) American Chemical Society, (h,i) Adapted with permission from Ref. [290] © (2015) American Chemical Society, (k) Adapted with permission from Ref. [222]
© (2013) American Chemical Society, (1-0) Adapted with permission from Ref. [361] © (2016) American Chemical Society.

exceeding the one on (110) and (100) Cu facets. Furthermore,
an absence of a blue shift in this phonon band upon exposing
hBN/Cu(111) to air for 3 months indicated that Cu oxidation was pre-
vented, in contrast to the other hBN/Cu systems explored [400].

A recent x-ray standing wave (XSW) study by Schwarz et
al. determined a mean adsorption height of 3.38 +0.06 A for
hBN/Cu(111). This value, close to the bulk hBN interlayer separation,
confirms a weak coupling of the sp? sheet to the Cu(111) support
[287]. A sophisticated non-contact AFM height distribution analysis
based on the atomic contrast of hBN yielded a geometric corrugation
of several tens of picometer across distinct moiré superstructures in
the hBN, consistent with the coherent fraction extracted from the
XSW data (0.65 and 0.71 for B and N, respectively) [287] (Fig. 8
(d,e)). This classifies hBN/Cu(111)as an electronically and topograph-
ically corrugated interface, where the latter finding was not recog-
nized by the previous studies. Intriguingly, a combined XSW and
SPA-LEED study by Briilke et al. published in the same month pro-
vides different findings. The XSW analysis yields a mean adsorption
height of 3.24 + 0.03 A and a significant corrugation related to the
moiré pattern (exceeding a buckling amplitude of 5 pm) is excluded
from the SPA-LEED analysis [288]. Furthermore, the coherent frac-

tion reported in the latter report, representing static or dynamic dis-
order, is distinctly different for the B and the N species (0.57 and 0.8,
respectively) [288]. Thus, while both XSW studies agree on a large
vertical separation of hBN from Cu(111), no consensus is reached
about the corrugation, the exact mean adsorption height and the dif-
ferences between B and N contributions. Subtle differences in sample
preparation and properties, e.g., reflected in the domain composition
of hBN/Cu(111), might be a source of these discrepancies - thus leav-
ing room for further experimental studies. Indeed the possible coex-
istence of hBN domains nearly aligned with the Cu lattice and rotated
by about 30° is recognized by both studies [287,288] (see Fig. 8 (b)).

Systematic DFT modeling summarized in the work of Schwarz
et al. showed how calculated mean adsorption heights, local work
functions, and geometric corrugations sensitively depend on the
choice of the functional [287]. Indeed, several studies employing
different levels of theory and/or different system sizes to describe
hBN/Cu(111) yielded adsorption heights ranging from 2.65 to 3.33 A
[187,188,289,361,383,399-404].

Siegel et al. introduced a heterogeneous pyrolysis approach to
grow not only a single ML of hBN on Cu(111), but also bi-, and
trilayers [296]. Hereby, the hBN sheets are in registry with each
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other and TEM evidences a parallel alignment. The growth mode
was rationalized by DFT and MD simulations, confirming a reduc-
tion of the second layer growth rate compare to the first one by
about two orders of magnitude. AFM images reveal an apparent
corrugation reflecting moiré superstructures with periodicities from
8 to 12.5nm for the first layer, which is absent in the second
layer. These data - recorded in air - indicate a considerable stabil-
ity of the interface. Assuming a planar geometry of hBN/Cu(111),
the AFM contrast was rationalized by electrostatic effects emerg-
ing from laterally modulated interfacial dipoles, as calculated by
DFT [296].

In summary, hBN/Cu(111) represents an electronically super-
structured interface with a small geometric corrugation, despite the
rather weak hBN - Cu interaction.

Cu(110). Herrmann et al. followed the hBN sub-monolayer growth
on Cu(110) by LEEM (Fig. 8 (m)) [291]. Importantly, hBN synthesis
was only achieved after inducing a Cu reconstruction by annealing in
H,. Following the nucleation of triangular hBN islands, merged stripe
and star-like flakes formed, featuring an epitaxial match between
hBN and Cu as inferred from LEED [291].

2.2.13. Silver(111),(100)

Ag(111). The first experimental study of hBN growth via CVD on
silver dates back to 2010 and was performed by Miiller et al. As
naively expected, the study revealed a very low sticking coefficient
of hBN precursors calling for high dose to grow a hBN monolayer
on Ag(111). The weak interaction between Ag(111) and hBN, antici-
pated from early DFT investigations [187], is furthermore reflected in
coexisting, azimuthally arbitrary orientated rotational hBN domains,
resulting in a continuous, ring-like feature in LEED images. This ring
is separated by about 15% from the first-order spots from Ag(111),
matching the lattice misfit between silver and unstrained hBN. The
XPS binding energies of the B 1s and N 1s core levels are 190.8 and
398.3 eV, respectively [292].

A recent study by Garnica et al. applied ion-gun assisted CVD
to grow hBN sub-monolayers on Ag(111) and characterized the
interface structure by low-temperature STM. The hBN reduces the
work function by = 0.35 eV and upshifts the Ag(111) surface state by
119 meV, indicating a moderate hBN-Ag interaction as confirmed by
DFT modeling [293]. Even if the hBN atomic lattice could be resolved
and moiré superstructures were visualized, this procedure did not
prove suitable to synthesize high quality hBN monolayers and Ag
intercalation was chosen as an alternative approach (vide supra)
[293].

Ag(100). The growth of hBN/Ag(100) was explored by Miiller et
al. employing XPS and LEED. Again, a homogeneous ring reveals the
absence of preferred hBN orientations and the XPS binding energies
(B 1s: 190.8 eV, N 1s: 398.4 eV) are consistent with the hBN/Ag(111)
case, evidencing that the surface symmetry of Ag has no distinct
influence on the hBN overlayer structure [294].

2.2.14. Gold(111)

In contrast to Ag(111), hBN growth on Au(111) (performed via
reactive magnetron sputtering) resulted in two distinct azimuthal
orientations of hBN flakes. STM data showed a preference for
triangular shaped islands rotated by 60° relative to each other.
Besides additional hBN shapes like “butterflies” or six-apex stars,
the growth of second- and third-layer hBN islands was observed
- before completion of the first layer. The formation of well-
defined hBN islands featuring a specific orientation relative to the
Au(111) lattice was tentatively attributed to strong interactions
between the hBN island edges and the Au support - locking the
hBN nuclei into a geometry where the dangling bonds of edge
atoms efficiently interact with Au atoms, thus resulting in hBN
edges aligned with dense-packed Au(111) directions upon further
growth [295].

2.2.15. Alloys and other supports

Stania et al. explored the interface structure of hBN on a
PtRh(111) intermetallic compound by a multi-method experimen-
tal approach including XPS, XPD, SXRD, LEED and STM [405]. As
evidenced by SXRD, hBN forms an 11-on-10 nanomesh structure
similar to the Rh(111) case, but with a smaller lattice constant
(2.73 nm). Interestingly, upon hBN formation, the interfacial layer
gets enriched with Rh, while the second layer is depleted from Rh.
This interaction with hBN imposes a lateral surface segregation pro-
file: The pore regions of the nanomesh structure are bound to Rh
patches, while the wire regions occur on Pt regions [405]. Gub6
et al. studied the growth of hBN on Au/Rh surface alloys by XPS,
STM, low energy ion scattering (LEIS), and DFT, covering different
Au contents (0-1.5 ML) [243]. The nanomesh structure is observed
up to large Au amounts (0.9 ML) featuring its intrinsic periodicity,
but the pore diameter is decreasing while the number of defects
increases with increasing amount of Au. At higher Au content, flat
and corrugated hBN areas coexist, indicating that pure and bimetal-
lic regions occur below the hBN sheet [243]. Large single crystal hBN
grains on a Cu—Ni alloy foil were reported by Lu et al. [406,407].
Here, the engineering of the alloy support, i.e., the choice of the
Cu:Ni ratio, helped to minimize the hBN nucleation density and thus
to increase the average grain size to up to 7500 pm? [406]. The
potential of alloys as substrate for 2D materials was furthermore
demonstrated by Ni,Pd;_,(111) films featuring a tunable lattice
constant [408].

Even if not in the focus of this review, we briefly mention recent
efforts to extend hBN monolayer growth to non-metallic supports.
For example, a hBN layer was grown by CVD on the wide-band gap
semiconductor SiC(0001) by Shin et al. [409]. The epitaxial growth of
highly aligned, large area hBN monolayers on Ge(100) and Ge(110)
surfaces by LPCVD was reported by Yin et al. [410]. On Ge(110)
only two - coorientated and antiorientated - hBN domains were
observed, whereas Ge(100) supports four domains [410]. In exper-
iments aiming for the coating of SiBNC fibers, Ye et al. explored the
CVD synthesis of hBN on Si(100) using borazine and ammonia [411].
The wafer-scale, multilayer hBN growth on sapphire by LPCVD was
recently demonstrated by Jang et al., who successfully applied the
hBN film as an insulating substrate for a graphene FET [412]. Li et
al. used metal-organic vapor phase epitaxy for hBN synthesis on 2-
inch sapphire wafers, reporting a strong absorption at the bandgap
of 5.87 eV and near-bandgap light emission at 5.73 eV, corroborat-
ing hBN's potential use in deep UV devices [413]. Furthermore, high-
temperature MBE was employed for hBN growth on sapphire and
HOPG, with the latter support being beneficial for deep UV emis-
sion [203]. hBN prepared by plasma-assisted MBE on HOPG revealed
moiré-modulated conductance when probed by conductive AFM
[414]. Asides HOPG, also graphene (supported on Co foils) served
as substrate for plasma-assisted MBE growth of few-layer hBN films
(e.g., Ref. [415]).

2.3. Defects

Asides the properties of ideal hBN/metal interfaces discussed
above, defects in the sp2 sheet can play a relevant role for the interac-
tion with adsorbates. On the one hand, imperfections in real systems
might hamper the performance of hBN sheets as templates. On the
other hand, deliberate modifications of the hBN lattice open path-
ways to engineer the properties of hBN/metal supports, beyond the
choice of the metal substrate. Both effects will be briefly touched in
section 3.1.

Within the experimental characterization of hBN/single crystal
interfaces summarized above, mainly defect lines at domain bound-
aries were discussed. These include bonding and non-bonding patch-
ing defects in hBN/Ni(111) [261] (Fig. 9(a-c)), hBN/Ru(0001) [222],
and hBN/Re(0001) [219] (Fig. 9(d-g)) or aligned 8|4 and 7|5 defects
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in continuous hBN sheets on Cu(111) [290] (Fig. 9(h and i)). In addi-
tion, characteristic “heart-shaped” distortions of the hBN moiré on
Re(0001) were assigned to 7|5 pair-like defects [219] (Fig. 9(j)),
which were identified previously in hBN/Ru(0001) near lateral inter-
faces to graphene [416]. Triangular voids remaining upon merg-
ing of hBN islands were reported for example on Ru(0001) [222]
and Cu(111) [314] (Fig. 9(k)), especially on samples featuring a
high nucleation density. Such openings in hBN films might persist
also at high precursor dose [222]. Atomic-scale protrusions were
detected centered on the wire-regions of hBN/Ir(111) by STM and
tentatively assigned to point defects (e.g., N vacancies) in the hBN
sheet [190].

Furthermore, a multitude of theoretical studies focused on
point-like defects in hBN monolayers, covering single atom vacan-
cies (B or N), divacancies, Stone-Wales-like defects, homonu-
clear bonds (B—B, N—N) or substitutional heteroatoms (e.g., Refs.
[249,361,417-425,425-433]) (Fig. 9(1-0)). These modeling efforts
- and scarce experimental endeavors - highlight the pivotal role
of such structural modifications for the engineering of electronic,
magnetic, and catalytic hBN properties, as briefly discussed in sec-
tions 3.1 and 3.2. Additionally, modeling of distinct grain bound-
aries in hBN on Ni(111) and Cu(111) - featuring continuous rows of
repeating 5-7 ring pairs - highlighted the impact of such extended
defect structures on the electronic and topographic interface
structures [434].

From an experimental perspective, local defects can be cre-
ated site-selectively by ion bombardment of surface-supported hBN
nanomeshes (see section 3.1) or in free-standing sheets by a high-
energy electron beam (e.g., Ref. [435]). HRTEM imaging of isolated
hBN sheets gave direct access to the atomic structure of defects
within regular domains or at grain boundaries (e.g., Refs. [435-439]).
Alternatively, etching processes can yield well defined openings in
surface-supported hBN films (e.g., Refs. [385,393], see section 3.2).

A distinct type of “defect”, namely atomically-defined lateral
interfaces between hBN monolayers and graphene on single crys-
tals (e.g., Refs. [218,249,273,322,416,421,440-443]) is omitted here.
Recent reviews summarize the synthesis and properties of such
sp? heterostructures [444-447]. However, the outlook (see chapter
4) will allude to the relevance of such well-defined in-plane het-
erostructures and BNC networks (e.g., Refs. [224,423,448-450]). Also
for free-standing hBN graphene hybrid systems, theoretical studies
addressed defects, such as nanopores (e.g., Ref. [451]).

A quantification of defects in CVD grown hBN monolayers - albeit
being of high importance in view of potential applications - is rarely
provided in literature. As an exception, Mertens et al. applied cop-
per underpotential deposition to quantify defects in hBN/Rh(111),
reporting an upper limit for total defective areas of 0.7% of the geo-
metric sample area and suggesting a primary defect area as low
as 0.08% [452]. Furthermore, Gubé et al. used LEIS to determine
an upper limit for uncovered metal areas after hBN formation on
Rh(111), amounting to 0.0005 ML of Rh [243].

For completeness, it should be noted that the energetics, shapes,
and edge-structures of free-standing hBN flakes were addressed the-
oretically, e.g., revealing a preference for N-terminated zig-zag edges
[453,454], thus providing some hints for the interpretation of exper-
imental data on sub-ML hBN islands.

2.4. Comparison and discussion

This section provides a discussion and comparative assess-
ment of hBN/metal systems - based on the information collected
in the previous paragraphs. Specifically, the following aspects
are considered: Categories of hBN/metal systems, distinction from
graphene, superstructures, homogeneity, XPS signatures, and work
function.

Categories of hBN/metal systems. In the following, we attempt
to classify the hBN/metal interfaces regarding their interactions
strength, in analogy to categories of graphene/metal interfaces intro-
duced by Batzill [455]. Weakly interacting systems (colored yellow in
Fig. 10) are defined by a large average hBN-metal separation com-
parable to the hBN bulk interlayer spacing of 3.33 A (see Table 1)
and/or the persistence of the electronic surface state of the support-
ing metal. Strongly interacting systems (colored red in Fig. 10) are
defined by one or more of the following characteristics: (i) the small-
est hBN-metal separation is around 2.2 A, (ii) formation of a single
domain structure in CVD growth, (iii) appearance of a nanomesh
structure, i.e., emergence of a superstructure with a corrugation typ-
ically exceeding 1 A. This assessment summarized in Fig. 10 bears
pronounced similarities to the graphene case - despite the significant
difference in the electronic structure of hBN (insulator) and graphene
(conductor). hBN interacts strongly with nearly lattice matched Co
and Ni(111) surfaces, forms corrugated, nanomesh-like structures
on Re(0001), Ru(0001), Rh(111),Ir(111), and shows weak adsorption
on Cu(111) and Ag(111). While a fully reliable comparison between
the different systems is hampered by the considerable scatter in
experimentally and theoretically determined adsorption distances
and corrugation values, two trends are clearly discernible from the
information reviewed in this chapter. First, the hBN/metal interac-
tion increases from Pt(111) via Ir(111), Rh(111) to Ru(0001) and
Re(0001) [88,218]. Second, the heavily corrugated superstructures
emerge in lattice mismatched systems with strong local hBN/metal
interactions, which depend on the position of the B and N atoms rel-
ative to the outermost metal atoms (see introductory paragraph of
this chapter) [192]. Throughout the ((111)-terminated) systems dis-
cussed, the strongly interacting regions within the superstructure,
featuring the smallest hBN-metal separation are typically assigned
to approximate By, Npop registries, constituting the specific pore
areas. As in the case of graphene/metal interfaces [455], the hBN-
metal distance in the areas of strong interaction (1.9-2.2 A) is similar
to the separation in the commensurate hBN/Ni(111) case. In the com-
plementary “non-bonding” areas and registries in the superstruc-
ture, the hBN adsorption heights (3.1-3.7 A) can locally exceed the
bulk interlayer spacing. These findings are corroborated and ratio-
nalized by DFT modeling including dispersion corrections, where
recent reviews and articles provide a systematic screening of prop-
erties of hBN/metal interfaces (e.g., Refs. [188,403]), complement-
ing earlier methodic achievements [187,456]. Among these contri-
butions, the study by Bokdam et al. also characterizes hBN/Ti(0001)
and hBN/AI(111) interfaces that were - to this author’s knowl-
edge - never explored experimentally [188]. While hBN is pre-
dicted to be chemisorbed on Ti(0001) at a distance of 2.17 A with
a work function of only 3.65 eV, hBN physisorbs on Al(111) featur-
ing an adsorption distance and work function of 3.55 A and 3.84 eV,
respectively [188].

Interestingly, the different interaction strengths between hBN
and the elements summarized in Fig. 10 open up pathways to nanos-
tructure multi-component metals by the hBN overlayer, using the
hBN to template its support via segregation [405].

Distinction from graphene. Despite some striking similarities to
graphene/metal interfaces (e.g., Refs. [186,455,457-459]), the binary
elemental nature of hBN introduces distinct differences compared to
its carbon relative. Importantly - in view of the templating properties
- hBN nanomesh structures typically present an inverted topography.
For example, in graphene on Ru(0001) both CCy,p, and Cy,, G, 8-
istries lead to strong interaction with the metal, while hBN is strongly
interacting only for By Ny, [89] (see Fig. 11). A similar inverted
topography, namely an array of depressions (pores, holes) in hBN
versus protrusions (mounds, hills) in graphene, was recently also
observed for the weakly bonded sp? sheets on Cu(111) and quan-
titatively assessed by non-contact AFM [287,460].
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c>0 c=0.8
Mo
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c=0.6..1.6

Cu M
d=3.24..3.38
c=0..0.7
Ag M
d=2.8..3.4t
c<0.1

Au
d=29.34t
c=?

Cr | Cr(110) STM [191]

Fe | Fe(110) STM [220]

Co | DFT d: 2.03 A [330], 2.05 A [328]

Ni | PhD [269]

Cu | XSW d: 3.24 X [288], 3.38 A [287] , SPA-LEED c: < 5 pm [288], AFM ~ 50 pm [287]

Mo | c: STM (depending on tip condition) [217]

2 A [89]

Ru | DFT d: average: 2.60 A [224], 2.14 - 3.73 A [225], STM c: 0.5 A [226], 1 A [224], DFT: 1.5 A [224], 1.67 A [225],

A [346]

Rh | DFT d: 2-4.4 & [337], 2.17-2.72 X [333], 2.1-3.1 A [338], STM c: 0.7 & [233], 1.7 X [442], DFT 1.24 A [442], 2.4

Pd | DFT d: 2.25 X [187], 2.47 & [188], 3.0 A [188], STM c: 1.6 A [279], Pd(110) 0.5 X [280]

Ag | DFT d: 2.78 A [187], 3.2 A [188], 3.37 A [188], STM c [293]

Re | STM & DFT [218]

Ir | XSW [250]

Pt DFT d: 2.30 A [187], 3.04 A [188], 3.27 A [188

Au | DFT d: 2.93 X [187], 3.24 A [188], 3.37 A [188

Fig. 10. Summary of the interaction of hBN monolayers and transition metals (in analogy to the graphene case presented in Fig. 5 in Ref. [455]). Elements in red are metals that
interact strongly with hBN and elements in yellow are those that interact weakly. “S” or “M” indicates if hBN forms single or multiple rotational domains. “d” is the hBN-metal
separation in A, “c” the corrugation (and not the atomic buckling) as well in A. “t” marks values obtained from DFT. “..” indicates a range of distinct values, which are listed in the
table below, while “-" describes the continuous adsorption height variations in corrugated, nanomesh-like structures. For clarity, only representative values are selected (see table
for details). If available, results from experiments sensitive to vertical interface structures are used (XSW, PhD). In other cases, experimental (STM - not providing true topographic
information) and theoretical values are combined (highlighting values obtained by the most suitable calculation schemes). Thus, this schematic classification should be taken with
a grain of salt. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The chemical composition of the sp? sheet (all C versus B
and N) is also reflected in different superstructure periodicities of
graphene and hBN on the same metal support. E.g., the graphene
nanomesh on Rh(111) shows a smaller periodicity (2.90-2.96 nm)
[461-463] compared to its hBN counterpart (3.2 nm, see para-
graph 2.2.7), with the pore areas however matching quite well in
both systems [463]. Also for Ir(111), the graphene superstructure
features a smaller periodicity (2.46 nm [464]) than the hBN one
(2.91 nm [250]). Moire periodicities exceeding 13 nm were occasion-
ally observed for hBN/Cu(111)[284], whereas such large values were
not reported for graphene/Cu(111) [465,466]. In addition, the dielec-
tric character of hBN can induce more pronounced local work func-
tion variations than graphene for the same substrate (e.g., Ir(111)
[247,467],Cu(111), and Rh(111) [339,468]). Furthermore, hBN inter-
acts stronger with distinct supports than graphene. For example,
(using borazine or ammonia borane as precursors), a single hBN
domain orientation prevails on Pt(111) with a growth in the downhill
direction over Pt steps dominating (i.e., “downhill growth”), while
multiple domains and both downhill and uphill growth are reported
for graphene on the same surface [283]. In view of its applicability
as a structurally regular template, hBN might thus be favored over
graphene on these specific substrates. However, it should be men-
tioned that also opposite situations are reported, e.g., in the weakly
bound sp?/Ag(111) systems. Here, graphene was found to interact
stronger with its support than hBN, as reflected in charge transfer
from Ag to graphene and more pronounced surface state upshifts
[293]. In addition, graphene islands interact stronger with Ru(0001)

than hBN islands, due to interactions of edge atoms with the metal
[228].

Superstructures. Reverting to hBN/metal interfaces, this chapter
revealed that depending on the choice of the hBN/substrate pair,
a wealth of surface morphologies are achieved. As anticipated in
Fig. 2, homogeneous, “flat” layers with a minor buckling between
B and N atoms in a 1 X 1 commensurate structure are reported
for the systems with small lattice mismatch (<1%) and considerable
hBN-metal bonding, such as Co and Ni(111). Adopting a 30° rota-
tion of the hBN on the substrate lattice could also bring systems
featuring a considerable lattice mismatch in a 0° rotation to (near-
Jcommensurabilty (e.g., Ag, Au, Al(111)) [188] and - based on theo-
retical modeling - thus could be considered as candidates for homo-
geneous overlayers. However, in the case of Au(111) edge effects fix
hBN islands to a 0° rotation while the weak hBN - Ag interaction
results in manifold rotational domains. With most systems being
severely lattice-mismatched (>2%) and/or showing modest hBN-
metal bonding, superstructured hBN/metal interfaces prevail, repre-
senting a continuously varying registry of B and N versus the outer-
most metal atoms. Hereby, with studies on fcc(111) and hcp(0001)
surfaces being most abundant, 2D-nanostructures stand out. Only
considering the apparent periodicity of the superstructure, values
reported range from about 1 to 15 nm. Both these extreme values
were observed on a Cu(111) support, providing coexisting moiré-
like patterns serving as variable platform for local adsorption studies,
similar to the case of Pd(111) featuring superstructure periodicities
from 1.1 to 2.75 nm. Considering only systems where single domain
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Fig. 11. lllustration of the inverted topography of hBN (left panel) and graphene (right panel) nanomesh structures on Ru(0001), obtained from DFT calculations. The hBN case is
characterized by an array of holes (H) or pores (P) embedded in continuous wire regions (W), whereas the graphene case reveals an array of hills or mounds (M) embedded in
continuous valley (V) regions. Adapted with permission from Ref. [89] © (2009) American Physical Society.

structures can be achieved, which are highly relevant as long-range
ordered templates addressable by space-averaging techniques, the
range of superstructure periodicities is considerably smaller, as sum-
marized in the following series: 2.5 nm (Pt) - 2.91 nm (Ir) - 3 nm
(Re) - 3.22 nm (Rh) - 3.5nm (Ru). The overall trend expressed by
these values (from large superstructure periodicities in Ru and Rh
to small periodicities in Pt) relates reasonably well to the behav-
ior expected from a superstructure model based on the lattice mis-
match in the respective hBN/substrate pairs: A large lattice mismatch
relates to small moiré periodicities (surface lattice constants: 2.775 A
(Pt) - 2.76 A (Re) - 2.715A (Ir) - 2.70 A (Ru) - 2.689 A (Rh)). At the
same time, the above series is reminiscent of the increasing inter-
facial interaction strength (see above) and the increasing hBN XPS
binding energies (see below).

1D-nanostructured hBN/metal interfaces received less attention
and were explored employing the (110) surfaces of Cr, Mo, Fe, Rh
and Pd. The respective superstructure periodicities range from about
0.9 nm (Cr) to beyond 4 nm (Pd) with intermediate values of 1.26 nm
(Mo), 1.3 nm (Rh), and 2.6 nm (Fe). While a real-space characteriza-
tion of hBN/Cr(110) is lacking, Mo, Fe, and Pd reveal a coexistence of
superstructures with different appearance in STM data, whereas Rh
supports a unique superstructure. As the experimental and theoret-
ical characterization of these systems is less developed than for the
2D-nanostructured cases, the following discussion will focus on the
latter. Nevertheless, it should be noted that the very small appar-
ent corrugation in hBN/Rh(110) (compared to hBN/Rh(111)) was
assigned to the lack of periodically distributed regions with signifi-
cant size featuring highly symmetric binding landscapes - highlight-
ing that the “flatness” of hBN can sensitively depend on the crystal-
lographic orientation of the substrate [244].

Apart from the periodicity of the superstructure, its corrugation
- both in geometric and electronic terms - is highly relevant. While
the “geometric corrugation” is intuitively understood as the maxi-
mum separation of BN units in the direction along the surface normal
within a continuous hBN sheet, the term “electronic corrugation” is
less used. It reflects an electronic superstructure, i.e., a periodic vari-
ation of the surface potential or the local work function (see Fig. 12).
As such, it is experimentally mainly accessible by local probes, i.e.,
STS, KPFM, and the PAX method [341]. The geometric corrugation
on the other hand can be addressed in a quantitative manner by
XSW - at least if chemical components representing strongly and
weakly bound areas are resolvable. While a recent study suggests
the use of atomically resolved nc-AFM images to quantify minute
height variation in hBN [287], corrugation values extracted from reg-
ular AFM and STM measurements are largely unreliable due to inter-
ference of electrostatic or mechanical interactions and the convo-
lution with the sample electronic structure, respectively [235,287].
Accordingly, apparent corrugation inversions can occur, depending
on the experimental conditions (e.g., Ref. [458]). DFT modeling on
the other hand also struggles in providing precise, clear-cut infor-
mation on the geometric corrugation, e.g., as the results depend

on the applied functional - with the choice of the optimal func-
tional potentially depending on the exact system characteristics (see
Fig. 10). It also should be noted that XSW and DFT do not nec-
essarily provide the same measure for the geometric corrugation.
While DFT indeed yields the vertical separation between a B/N atom
and the outermost metal atom, XSW determines the B/N separa-
tion from a mean metal reference plane following bulk periodicity
[287,349]. Thus, in case of frequent (local) relaxation of the out-
ermost metal layer, differences between XSW and DFT results are
expected. Furthermore, XSW probes the systems at finite tempera-
ture, whereas DFT calculations are performed for 0 K [469]. To cut a
long story short, for the reasons just outlined, a comprehensive char-
acterization of both geometric and electronic structure is very rare,
which unfortunately prevents a conclusive comparative assessment
of hBN/metal systems. Nevertheless, two conclusion can be drawn
from the information in this chapter. First, all 2D-superstructured
systems where height variations were quantitatively explored seem
to indeed feature a geometric corrugation (see Fig. 10 for values),
even if the hBN/Cu(111) case is still disputed [287,288]. Second, the
electronic corrugation in hBN/metal systems can be pronounced,
with experimental values for local work function differences rang-
ing from about 0.3 eV (hBN/Cu(111), hBN/Rh(111)) to about 0.5 eV
(hBN/Ir(111)) (see Fig. 13(c)), which are reasonably well reflected
by the DFT calculated electrostatic potential variation [287,338].
In these systems, the regions of lower local work function corre-
spond to the supercell areas featuring stronger hBN - metal inter-
action and smaller adsorption distance [247,287] (see Fig. 12). The
size of these pore areas depends strongly on the hBN/metal inter-
face, showing more pronounced variations than the corresponding
superstructure periodicities (Pore diameters: hBN/Ir(111) < 1.5 nm
[349], hBN/Rh(111) ~ 2.1 nm [337], hBN/Ru(0001) ~ 2.34 nm [88],
hBN/Cu(111) from <1 nm to >7 nm [284,287]).

As exemplified for hBN/Rh(111) and hBN/Ir(111), the electronic
corrugation induces considerable lateral electric fields and so-called
dipole-rings, which are relevant for the templating functionality of
these interfaces. The comparable electronic corrugation in geometri-
cally clearly distinct systems (e.g., hBN/Cu(111) versus hBN/Rh(111))
shows that the correlation between local work function variations
and geometric corrugation might not be obvious, at least when
considering absolute numbers of these quantities. Nevertheless, it
should be noted that such geometric and electronic corrugations
can induce a chemical corrugation of hBN/metal, e.g., a site-selective
reactivity. This phenomenon is reminiscent of the influence of local
electric fields (arising form surface potential differences) on the elec-
tronic structure and stability of CO chemisorbed on metals, which
was described by Gumbhalter et al. introducing the concept of a
“lateral surface Stark effect” [470].

Furthermore, B—N bond length variations between strongly- and
weakly-interacting areas in nanomesh-like structures were reported.
For example, a stretched bond length (up to 1.48 A, exceeding the
equilibrium B—N distance by about 2%) was calculated for the pores
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Fig. 12. (a) Schematic illustration of electronic and geometric corrugation in a super-
structured hBN/metal interface. The electronic corrugation is represented by a mod-
ulation of the local work function (¢, Ey, solid line; left ordinate). The geometric
corrugation is given by a variation of the adsorption height (z,zy, dotted line; right
ordinate). The abscissa represents the distance (x) along a line in a horizontal plane.
In typical systems such as hBN/Rh(111), hBN/Ir(111), and hBN/Cu(111), the areas of
lower local work function (¢,,;,) correspond to the supercell regions with smaller
adsorption distance, i.e., the “pore” regions. (b) Compilation of (local) work function
values ¢ for distinct hBN/metal interfaces. See respective paragraphs for references.
The graph includes reference values for selected bare metal surfaces (black open cir-
cles [473]), space-averaging values (filled circles), and spatially-resolved values (tri-
angles). In electronically corrugated systems, the dark up-pointing triangles repre-
sent the higher local work function, whereas the brighter, down-pointing triangles
indicate the lower local work function (compare triangles in (a) and color-scheme
in Fig. 13. The open squares for Ni and Ir reflect island types with different epitaxy.
Asides the value for hBN/Co, the graph bases on experimental data. Note that relative
local work functions were converted to absolute ones by reference to the bare metal
surface or by matching the mean calculated value (in the case of Rh(111) [338]). Thus,
the absolute numbers should be taken with care. The error bars added for selected
elements indicate the range of reported values. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this arti-
cle.)

of hBN/Rh(111) [337]. With strain predicted to sensitively affect the
band gap of free-standing hBN [471,472], also subtle B—N bond
length changes might contribute to electronic structure variations in
corrugated hBN/metal interfaces.

Homogeneity. Beyond a suitable superstructure periodicity and
corrugation, a high structural quality and homogeneity, e.g., a sin-
gle domain orientation with low defect density, is beneficial for the
use of hBN/metal interfaces as templates. Also in this respect, the
choice of the substrate and the preparation conditions can be rel-
evant. For example, an early comparative study of hBN on Rh(111)

and Ru(0001) reported a reduced structural regularity with fre-
quent distortions for the hBN nanomesh on Ru(0001) [226]. The
hBN nanomesh only overgrows step edges on Rh, an observa-
tion rationalized by the 60° rotation of the surface unit cell of
neighboring terraces on hcp-like Ru(0001), which is absent in fcc-
like Rh(111) [226]. Structural defects obviously can influence the
templating quality of hBN/Ru(0001), e.g., facilitating intercalation
processes [228]. Thus, it is important to note that high quality
nanomesh structures with a perfect azimuthal hBN alignment were
later also achieved on Ru(0001) [221,225]. Aiming for large, reg-
ular hBN domain sizes, also foils - despite their structural qual-
ity being inherently inferior to single crystals - can offer interest-
ing perspectives. For example, hBN growth on molten foils - an
approach rather avoided with expensive single crystals - can dras-
tically reduce the hBN nucleation density and thus increase the
domain size [391]. Besides the role of the substrate element, this
chapter also revealed the potential impact of sample preparation
procedures for the hBN overlayer perfection. As reported for Ni(111),
Cu(111), and Ir(111) substrates, two hBN islands types can coexist
on the very same support, featuring distinctly different work func-
tions and adsorption heights [252,277,474]. At least for the Ni case,
the emergence of such “physisorbed” areas in addition to the regu-
lar “chemisorbed” hBN regions was related to a relatively low sam-
ple temperature during CVD growth. Due to their distinct inter-
facial structures, such coexisting hBN patches induce an inhomo-
geneity beyond the coexistence of rotational domains with simi-
lar properties that might be induced by minute amounts of sur-
face contaminants [261]. On the other hand, the control over both
“chemisorbed” and “physisorbed” hBN areas opens fascinating routes
to engineer hBN/metal interfaces and to synthesize multilayer struc-
tures [277].

XPS signatures and work function. As a last endeavor in this com-
parative section, we address the B 1s and N 1s XPS binding ener-
gies and work function values ¢ of selected hBN/metal interfaces
(see Figs. 13 and 12(b)). The hBN-related core-level spectra contain
two levels of information. First, the BE of the B 1s and N 1s signa-
ture reflects the interaction of hBN with its environment. Second,
the shape of these spectral features allows for conclusions about the
homogeneity of the hBN/metal interface. For example, the coexis-
tence of strongly- and weakly-bound hBN areas in nanomesh-like
structures is reflected in a high- and low-BE component in the core
levels, whereas a homogeneous hBN layer is described by a single
component. Accordingly, a high BE reflects a strong hBN interaction
with its support. One however should be aware that this assign-
ment bases on three assumptions: All B and N related XPS signa-
tures emerge from a chemically intact, i.e., sp> bonded hBN lattice
(and for example not from individual B atoms or sp> coordinated
fragments) [287], the peak shifts are related to interfacial charge
redistribution, and the screening ability of the support is similar in
all cases. For example, the relatively high binding energies reported
for multilayer hBN or bulk-like hBN (Fig. 13) do not signal strong
interaction of the individual hBN sheets with the adjacent layers,
but rather the poor screening of the core holes by the dielectric hBN
compared to the metal supports. Focusing only on the values for
hBN/metal interfaces presented in Fig. 13, one realizes that a direct
correlation or “translation” of BE values to hBN - metal interaction
strength, even though often employed in literature, is not conclusive
- and thus should be taken with care. For example, hBN/Ni(111) and
hBN/Cu(111) reveal very similar XPS binding energies, despite repre-
senting most strongly and most weakly bound systems, whereas Ag
and Au, both part of the latter class, show distinctly different bind-
ing energies (compare Fig. 10). Nevertheless, some trends are dis-
cernible. Following for example the low BE N 1s component through
the (Ru - Rh - Ir - Pt) series, a decrease in BE is observed reflecting the
above discussed tendency in interaction strength [88] - whereas Re



Table 4

Atomic species interacting with hBN/metal supports. Abbreviations: ann. = annealed, inter. = interaction, intercal. = intercalation, facil. = facilitated.

Element Substrate Temp. Technique(s) Comment Refs.

H hBN/Ni(111) It XPS, NEXAFS hydrogenation, intercal. [189,271,275]
hBN/Rh(111) 350K STM, TDS, XPS, UPS, DFT intercal. [308]
hBN/Rh(111) - DFT includes C-doped hBN [503]

D hBN/Ni(111) - PSID, NEXAFS deuteration. [272]
hBN/Rh(111) 350K STM, TDS, XPS, UPS, DFT intercal. [308]

Li hBN/Au/Ni(111)/W(110) ann. to 673 K STM, UPS, XPS, DFT - [475]
hBN/Ni(111) - DFT - [504]

C hBN/Cu(111) - DFT - [383]
hBN multilayer/Co(0001) 800K XPS, TEM, LEED - [230]
hBN/Ir(111) 400 K STM - [190]

(6] hBN/Ir(111) Tt XPS, NEXAFS - [498]
hBN/Ni(111) - DFT - [358,505]
hBN/Cu(111) - DFT - [402,505,506]
hBN/Rh(111) - DFT includes C-doped hBN [503]

Si hBN/Pt(111) It STM, DFT sub-ML hBN, intercal. [507]

Ar, Art hBN/Rh(111) rt STM, XPS, UPS, DFT low-energy implantation [497,508-510]

K hBN/Au/Ni(111)/W(110) ann. to 673 K STM, UPS, XPS, DFT intercal. [475]

Sc hBN/Ni(111) - DFT - [504]

Ti hBN/Ni(111) 10K STM inter. with H, [511]
hBN/Ni(111) - DFT - [504]
hBN/Rh(111) 10K STM inter. with H, [511]

Mn hBN/Rh(111) 10K STM ring state [512]
hBN/Rh(111) rt STM intercal. at 653 K [513]

Fe hBN/Rh(111) 10K STM ring state [512]

Co hBN/Ni(111) 210-575K STM, XPS intercal. at higher T [305]
hBN/Ni(111) - DFT [504,514]
hBN/Cu(111) - DFT [514]
hBN/Rh(111) 10K STM ring state [512]
hBN/Rh(111) rt, ann. to 723 K STM, XPS, NEXAFS 0, facil. intercal. upon ann. [310]

CoH, hBN/Rh(111) 20K STM, DFT Co deposition [515]

Ni hBN/Ni(111) - DFT - [504]
hBN/Rh(111) rt STM, TPD inter. with CO [516]
hBN/Rh(111) - DFT - [517]

Cu hBN/Ni(111) - DFT - [504]
hBN/Rh(111) - DFT - [517]

Ge hBN/Ni(111) ann. to 450 K XPS, NEXAFS, ARPES intercal. [306]

Br hBN/Ni(111) - DFT - [518]

Rb* hBN/Rh(111) rt STM implantation, 100 eV [496]

Pd hBN/Rh(111) - DFT - [517]
hBN/Ru(0001) rt- 1050 K STM - [519]

Ag hBN/Rh(111) rt STM, DFT - [517]

Xe hBN/Rh(111) 5K, ann. to 86 K STM, ARPES, DFT, MD - [339,520]

Xet hBN/Ir(111) rt STM, XPS, DFT 3 keV irradiation, implantation [521]

Ir hBN/Ir(111) 250-900 K STM, DFT intercal. at higher T [190]

Pt hBN/Rh(111) rt STM, DFT - [517]

Au hBN/Ni(111)/W(110) 773K XPS, ARPES, NEXAFS, LEED intercal. [318]
hBN/Ru(0001) rt- 1050 K STM, XPS, AES intercal. at higher T [226,522]
hBN/Ru(0001) - DFT - [523]
hBN/Rh(111) rt, ann. up to 873 K XPS, ARPES, NEXAFS - [524]
hBN/Rh(111) - DFT - [525]
hBN/Rh(111) rt STM, DFT - [517]
hBN/Rh(111) 77 K, 115K, rt, ann. to 600 K STM, TPD, XPS, HREELS, DFT inter. with CO [346,526]
hBN/Rh(111) rt STM, TPD inter. with CO [516]
hBN/Rh(111) rt- 1200 K LEIS, XPS, STM intercal. at higher T [243]
hBN/Ir(111) 300K STM - [190]
hBN/Pt(111) It XPS, ARPES, NEXAFS - [524]

Pb hBN/Ni(111) 130-300K STM - [495]
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Table 5
Metal clusters on hBN/metal supports. Abbreviations: ann. = annealed, inter. = interaction.
Element Substrate Temp. Technique(s) Comment Refs.
Co hBN/Rh(111) ann. to rt STM Xe buffer layer [499]
Pd;q hBN/Rh(111) rt, ann. to 700 K STM, DFT soft-landed [502]
Sn hBN/Rh(111) ann. to rt STM Xe buffer layer [501]
Au, hBN/Rh(111) - DFT n=2-4 [527]
Au, hBN/Rh(111) - DFT n=7,1930,51 [346]
Aug, hBN/Rh(111) - DFT inter. with CO [526]
Aug hBN/Au(111) - DFT - [528]
Pb hBN/Rh(111) ann. to rt STM Xe buffer layer [500,501]
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Fig. 13. Compilation of B 1s (left panel) and N 1s binding energies (right panel) for distinct hBN/metal interfaces. See respective paragraphs for references. Selected intercalated
systems are included for comparison (see chapter 3, [228,283,306]), comprising Au films [276,318,321,475]. Values for a hBN ML on SiO, [395], a hBN multilayer on sapphire
[412], a bulk-like hBN flake [476], and a thick bulk-like hBN film [263] are added as reference. In systems revealing a peak splitting due to strongly and weakly interacting hBN

areas, the low BE component is colored darker (compare Fig. 12 (b)).

breaks ranks. In summary, only limited conclusions about the inter-
facial interaction can be drawn based on absolute binding energies.
While the peak splitting in systems where two components are iden-
tified in the XPS analysis can indicate a corrugated hBN structure fea-
turing strongly and weakly bound areas, the precise relation of peak
splitting and geometric corrugation remains elusive [287]. Neverthe-
less, based on the intensity ratio of the two components, the ratio
between the two areas (i.e., pore and wire regions) can be estimated
[88].

The work function ¢ of surfaces can influence the electronic level
alignment and charge state of adsorbates [477] and thus is of rel-
evance for the hBN’s templating functionality (e.g., see paragraph
3.3.7). In addition, work function changes (A¢) occurring upon hBN
termination of the metal support reflect interfacial charge redistri-
bution processes and accordingly are of interest as such. The com-
pilation of (local) work functions for selected hBN/metal systems
in Fig. 12(b) reveals three findings. First, hBN reduces the work
function compared to the bare metal surface considerably. Second,
by selecting an appropriate hBN/metal pair, the work function can
be tuned from roughly 3.5 to about 5 eV. Third, some discrepan-
cies occur between work function measurements based on space-
averaging methods and local probe estimations, with the latter usu-
ally providing lower values (for both the wire and pore position).
While this last observation relates to methodological issues, the
first two represent interfacial properties. The work function reduc-
tion is related to the formation of an interfacial dipole, which -
depending on the interaction strength between hBN and the metal
- can be dictated by the exchange repulsion between electrons in

hBN and the metal (“push-back” or “pillow” effect) analogous to
the situation for noble gas adlayers, or be ascribed to interfacial
charge redistributions upon hybridization, mimicking electron trans-
fer from hBN to the metal [188,247,265,287,293,350]. Larger work
function changes thus signal stronger interaction. Indeed, DFT mod-
eling of a series of hBN/metal interfaces on the optB88-vdW-DF level
reveals a work function reduction with decreasing hBN adsorption
height [188]. Accordingly, Fig. 12(b) shows for example a larger
work function reduction in the strongly bond hBN/Ni(111) system
compared to the weakly bond hBN/Pt(111) system, irrespective of
the relevant differences in work function of the two bare metal
surfaces.

3. Adsorption on hexagonal boron nitride/metal

The application of the manifold hBN/metal structures discussed
in section 2.2 as templates for adsorbates opened up exciting oppor-
tunities not available on conventional surfaces as metal single crys-
tals, bulk insulators or semiconductors. The following features high-
light key advantages of hBN templates in surface and nanoscience
addressed over the last two decades both in experimental studies
and theoretical endeavors:

e As highlighted in section 2.4, nanostructures of distinct symme-
tries and periodicities are achievable by a deliberate choice of the
hBN/substrate pair. This modulation - featuring periodicities from
1 to 15 nm - might be of topographic, chemical or electronic ori-
gin and can induce site-selective adsorption, gating, and charging.
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e hBN spacer layers considerably reduce the electronic
“disturbance” of adsorbates, but enable high-resolution single
atom and molecule studies by scanning tunnelling microscopy.
This opened up pathways not only to recover intrinsic function-
alities of complex molecules and supramolecular architectures,
but also to deliberately tune them.

A chemical functionalization and doping of the sp? sheets with
heteroatoms, vacancies, or out-of-plane “defects" introduces
active sites for catalytic processes and the tethering of adsor-
bates via specific terminal groups. Similar surface modifications
are well studied in related BN nanomaterials, including flakes and
nanotubes (e.g., Ref. [478]).

A carpet-like growth mode of hBN upon CVD on metallic supports
can yield continuous sheets extending over defects as atomic
steps and thus is not restricted to expensive single crystal sup-
ports, but is regularly applied to low-cost foils and thin films.
Adsorption of adsorbates on such systems thus opens up perspec-
tives for large-scale and low-cost architectures, e.g., for techno-
logically relevant functional surfaces.

hBN monolayers are chemically stable in air, liquid water and per-
chloric acid and can withstand high temperatures (see examples
in chapters 1 and 2). Accordingly, they can be reversible modified
by molecular adsorption/desorption cycles, an important feature
in view of sensing capabilities.

Intercalation processes, well established in bulk-like sp? com-
pounds (e.g., Refs. [315-317,479-483]), are applicable for a tai-
lored modification of hBN/metal interfaces. From a different per-
spective, intercalation gave access to nano-reactors between the
hBN sheet and the metal support, where chemical processes pro-
ceed under confinement.

3.1. Atoms and clusters

Pioneering physical adsorption studies on hBN date back to the
late 1950s, both involving experiments on bulk BN and theoretical
modeling [484,485]. Specifically, noble gases interacting with hBN
continued to attract considerable interest over the following decades
(e.g., Refs. [486-492]). The exploration of adsorption on surface-
supported monolayer hBN model systems however only developed
in the late 1990s. The motivations to explore the interaction of
deposited atoms with such hBN sheets are as manifold as the avail-
able templates. Three selected key objectives are listed in the follow-

ing:

e It was anticipated early on that corrugated hBN layers could pro-
vide a template for the site-selective positioning of individual
atoms and the self-assembly of clusters featuring uniform size,
thus yielding highly-ordered adsorbate arrays. Two main goals
are the control of magnetic and catalytic properties of such sys-
tems. To this end, both adsorbate-adsorbate as well as adsorbate-
substrate interactions need to be comprehensively characterized
and controlled.

e Atomic adsorbates are used to engineer the electronic and/or
structural properties of the hBN/metal interface, maintaining
however the native chemical composition of the sheet. Here,
adsorption of atoms on hBN, as well as intercalation below hBN
are employed. On the one hand the intercalation can reduce
the sp2-metal interaction, approaching quasi-freestanding hBN
or switching the sp? sheet’s texture. On the other hand a charge
redistribution at the interface of adsorbate and the sp? layer can
be deliberately induced and exploited to gate the hBN sheet. Fur-
thermore, H uptake by hBN sheets offers potential for efficient
hydrogen storage.

e Atoms can be employed to modify the structure and chemical
composition of the sp? sheet itself, aiming for hBN functionaliza-
tion or doping. From an experimental perspective, ion implanta-

tion at hBN/metal interfaces provides routes to defect and nanos-
tructure formation. In addition to vacancy defects, substitutional
heteroatoms embedded in the sp? sheet offer means to engineer
the (opto)electronic, magnetic, and catalytic properties of hBN
and are a potential basis for a subsequent functionalization of hBN
by out-of-plane tethering of adsorbates.

Table 4 summarizes a selection of elements combined as atomic
adsorbates with distinct hBN/metal systems to address one of the
above objectives. Besides experimental studies, complementary the-
oretical approaches are covered. After briefly addressing experimen-
tal aspects of single atom and ion deposition in the next para-
graph, we will review the interaction of adsorbates for one (class of)
hBN/metal system after the other, loosely following the chronologi-
cal sequence.

Experimental aspects of atom and cluster deposition. Depending
on the element one of the following methods of choice is typically
employed to dose single atoms. Most experiments with transition
metals involve the sublimation via e-beam evaporation from rods
or crucibles or resistive heating of a coated filament (e.g., Ti, Mn,
Co, Fe, Au). The former method can also provide C [230,493,494]
and Ge [306], whereas Pb was deposited by the latter [495]. Alkali
metals (K, Li, Rb) are dosed form dispensers [475,496], whereas
tailor-made sources were developed to control ions (Rb*) [496].
Noble gases as Xe and Ar can be dosed through leak valves onto
the h-BN held at low temperature. Ionized species are typically
generated by commercial sputtering sources used for UHV sam-
ple preparation [497]. The atomic deposition of H, D or O is
achieved by cracking the diatomic molecule using hot tungsten fil-
aments or capillary tubes upon dosage [189,308,498]. The depo-
sition of clusters (see Table 5) relies on more advanced proce-
dures as Xe buffer-layer assisted growth (Co, Pb, Sn) [499-501]
or the use of dedicated sources providing true size-selectivity
(Pd,9) [502].

3.1.1. hBN/Nickel(111)

Given the commensurate hBN overlayer structure on Ni(111) pro-
viding a laterally homogeneous platform for adsorbates, this system
was mainly chosen with the perspective to fabricate sandwich-like
structures featuring stacked layers with atomically defined inter-
faces. Compared to the corrugated nanomesh topography, the inter-
pretation of space-averaging data is facilitated and the small unit
cell reduces the efforts for computational modeling. The first study
on the interaction of atoms with h-BN monolayers was published in
2002 reporting on Co adsorption on hBN/Ni(111) [305]. In this early
work, the influence of characteristic properties of the h-BN/metal
interface as the low surface energy and domain boundaries (cf.
paragraph 2.2.9) on the adsorption behavior of metals was high-
lighted. Rt deposition of atomic Co resulted in the formation of
three-dimensional (3D) clusters with an apparent height of about
6 A weakly coupled to the h-BN support as evidenced by controlled
removal via STM manipulation (Fig. 14 (a)). In addition, the ther-
mally activated intercalation of Co under the h-BN monolayer was
reported and related to the efficient trapping of diffusing Co by defect
lines at domain boundaries (Fig. 14 (b)). Intercalation at defects was
observed after rt deposition and prevails above 500 K. Co 2p XPD pat-
terns revealed a very similar six-fold symmetry for both rt and high-
temperature Co deposition, preventing a discrimination of the two
growth scenarios [529]. An XPS based analysis of the growth kinet-
ics showed a pronounced reduction of the Co sticking coefficient on
hBN at high substrate temperatures. Even exposure of hBN/Ni(111)
to Ti at 10K revealed a sticking coefficient below one [511]. Indi-
vidual Ti atoms randomly adsorbed on the surface readily take up
hydrogen, as every H, molecule impinging on a Ti atom dissoci-
ates without activation barrier. Hydrogenation doubles the apparent
height in STM images to roughly 300 pm and can be reversed by STM-



W. Auwidirter / Surface Science Reports 74 (2019) 1-95 27

Height (pm)

Fig. 14. STM images of metal adatoms and islands on hBN/Ni(111). (a) “Soccer player” composed of Co clusters. The inset shows the same sample area before removing selected
clusters by STM manipulation. (b) Coexistence of 3D Co cluster on hBN and a 2D Co island intercalated at a hBN defect line. (c) Clean (blue) and hydrogenated (red) Ti adatoms.
The inset shows line profiles for the two species. (d) Planar, multilayer Pb islands. (a,b) Adapted with permission from Ref. [305], (c) Adapted with permission from Ref. [511] ©
(2013) Elsevier, (d) Reproduced with permission from Ref. [495] © (2012) American Physical Society. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

induced desorption (Fig. 14 (c)) [511]. Pb deposition on hBN/Ni(111)
yielded planar, multilayer Pb islands (Fig. 14 (d)) [495]. A dynamic
Coulomb blockade was observed by conductance measurements
on these Pb islands and a decrease of the resistance (capacitance)
with increasing (inverse) area was demonstrated in these nano-
contacts on hBN [495]. From a theoretical perspective, the elec-
tronic transport properties through sandwich-like Ni/hBN/Ni(111)
structures were addressed, covering different numbers of hBN
layers [530,531].

Deposition of Ge on hBN/Ni(111) followed by annealing to 723 K
resulted in an intercalated atomically thin Ge layer, where the inter-

face is characterized by a p(\/§ X \/g)—R30° surface reconstruc-
tion as visualized by LEED [306]. Upon intercalation, the B1s and
N1s core levels are shifted to lower binding energies by 0.3 and
0.75 eV, respectively. Furthermore, Ge intercalation leads to a shift
of the hBN x and o bands towards Ep. Based on these XPS and
ARPES results (see Fig. 15), Verbitskiy et al. concluded that a quasi-
free-standing hBN layer is achieved, where the Ni 3d - hBN «
hybridization is reduced by the Ge intercalation. It should be noted
that the annealing temperature has to be carefully chosen. Heat-
ing to 823 K leads to Ge-Ni alloying, enhancing the substrate-hBN
interaction [306].

Au deposition on hBN/Ni(111)/W(110) results in disordered Au
clusters on hBN. Upon annealing to 773 K the Au intercalates induc-
ing a quasi-free state of the hBN sheet as evidenced by NEXAFS and
XPS that goes in hand with a decrease of its lattice constant [318]. Au

intercalation on hBN/Ni(111) was also applied by Cattelan et al., who
further employed the hBN/Au/Ni(111) as support for WS, synthe-
sis (see section 3.4) [276]. LEED indicated the formation ofa 9 x 9
moiré superstructure representing the hBN/Au interface and pho-
toemission experiments showed a shift of the B and N 1s core lev-
els - as well as of the 7 and ¢ bands - to lower BE upon Au inter-
calation [276], confirming earlier results by Usachov et al. [318]. In
an attempt to further tailor the structural and electronic properties
of hBN by ionic functionalization, Fedorov et al. exposed this lay-
ered material to K and Li dopants [475]. Interestingly, the response
of hBN/Au is distinctly different for the two alkali metals. Li resides
on hBN, while K intercalates in between hBN and Au/Ni(111), lifting
the sp? sheet by about 2.36 A. This behavior was tentatively assigned
to different preferences in forming surface alloys. Importantly, the
combination of XPS, ARPES, NEXAFS and complementary DFT model-
ing revealed that the dopants induce pronounced charge redistribu-
tion at the respective interfaces. In the Li case, this results in an elec-
tric field embedding the hBN sheet, shifting the 7 and ¢ bands away
from Er and enhancing the corrugation in the layer to 0.25 A. For K,
hBN is placed outside this interface capacitor and the energy shift of
its band is explained by the potential difference (see Fig. 16) [475].
As a side remark, hybrid Hartree-Fock DFT calculations revealed no
adsorption of isolated Li on a free-standing hBN sheet (see paragraph
3.1.7)[532].
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We now return to the basic hBN/Ni(111) system and review
experimental findings on its interaction with atomic hydrogen.
In 2011, Koswattage et al. proposed a site-selective adsorption
mechanism, with deuterium preferentially adsorbing on B sites,
as inferred from XPS and NEXAFS measurements, complemented
by spectral modeling using the discrete variational Xa method
[271]. In addition, this preferred deuteration at B sites was cor-
roborated by photon-stimulated ion desorption [272]. Annealing
to 473 K confirmed the stability of the deuterium functionaliza-
tion and thus a covalent binding [271,272]. Two recent publica-
tions - both combining (synchrotron-based) experiments with DFT
modeling - refined the understanding of hydrogen interaction with
hBN/Ni(111) [189,275]. Ohtomo et al. applied NIXSW, LEED, UPS,
NEXAFS, and SPMDS to characterize the geometric structure and
the (spin-dependent) band structure of hydrogenated hBN/Ni(111).
The NIXSW data confirm a site-selective H adsorption on B sites
(Fig. 17(a)), with a H presence up to 673 K, while SPMDS shows
a magnetic moment on the hydrogenated hBN, rationalized by
a re-hybridization of the ¢ and =z orbitals together with back-
donation from Ni 3d states [275]. Spdth et al. explored the reactiv-
ity of hBN/Ni(111) towards atomic hydrogen over a wide exposure
range with exquisite detail, applying (temperature-programmed)
XPS, NEXAFS, TPD, and UPS complemented by DFT calculations. With
increasing hydrogen exposure, two competing processes were iden-
tified: First, as described in the previous studies, hydrogenation of
the hBN occurs. In this regime, the interaction of hBN with Ni(111)
is increased. At higher hydrogen exposure, intercalation prevails,
decreasing the hBN - Ni(111) interaction [189]. Fig. 17(b and c)
shows selected XPS and NEXAFS data, representing these exposure-
dependent effects. The two phases show different thermal stabilities,
with de-intercalation occurring at 390 K, whereas de-hydrogenation

proceeds at 550 K (Fig. 17(b)). Interestingly, both hydrogenation and
intercalation reduce the n-doping of the surface, either by charge
redistribution and buckling upon B—H bond formation (hydrogena-
tion) or by an increased adsorption distance (intercalation) - and
thus modify the interface structure and properties in distinct ways
(Fig. 17(e-h)) [189].

Also the interaction of O with hBN/Ni(111) attracted consider-
able interest. Lyalin et al. calculated (DFT, WC functional) the opti-
mized geometric structure for an adsorbed oxygen atom and com-
pared it to the situation on a free-standing hBN sheet [358]. While
O binds on both surfaces, the adsorption sites and binding ener-
gies are distinctly different, highlighting the promotion of oxygen
binding by the interaction of hBN with the Ni support. The most
stable structure of O/hBN/Ni(111) corresponds to adsorption on a
bridge position between two B atoms with a binding energy of
3.35 eV. Without support, O resides above a BN bond (binding energy
1.67 eV). Considering vdW interaction, Guo et al. found two sta-
ble adsorption sites for O on hBN/Ni(111): O positioned on a B
site (binding energy 5.57 eV) and on the bridge site of the B—N
bond (binding energy 2.21 eV) [505]. Furthermore, the O modifica-
tion enables the hydroxylation of the hBN sheet (vide infra, section
3.2). Similar results were found for O on hBN/Cu(111) [505]. For
comparison, selected theoretical studies on atomic O interacting
with free-standing hBN sheets will be briefly discussed in paragraph
3.1.7.

3.1.2. hBN/Rhodium(111)

Of course, the nanomesh structure of hBN/Rh(111) attracted con-
siderable interest regarding the adsorption of atoms in the quest
to assemble arrays of isolated monoatomic units or clusters with a
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homogeneous size distribution. Special focus lies on magnetic mate-
rials (Co), metals with promising catalytic properties at the nanoscale
(Au, Pd), or small atoms (H) triggering morphological changes upon
intercalation. In addition to the dosing of atoms, clusters were
deposited [499-502]. Complementary to the experimental studies,
the binding of single atoms and clusters on the hBN nanomesh on
Rh(111) was comprehensively modeled by first-principle calcula-
tions.

From an experimental perspective, one can distinguish three
approaches for the deposition of atoms, which we will address
sequentially: Aiming mostly for individual atoms on hBN/Rh(111)
atoms are deposited at low temperature to prevent intercell diffusion
(Tsubstrate typically < 35 K [512]). To assemble clusters or burried lay-
ers, atoms are added at rt, frequently followed by annealing to trig-
ger or enhance diffusion, ripening or intercalation processes. Finally,
accelerated ions and atoms are used to promote implantation below
the hBN sheet.

Atom deposition. We start our discussion on single atoms inter-
acting with nanomesh structures by the smallest possible adsor-
bate, atomic hydrogen (H). Interestingly, exposure of hBN/Rh(111)

to H (or D) induces a pronounced change in surface texture and
electronic structure [308]. STM imaging revealed a flattening of the
nanomesh structure yielding domains without apparent corruga-
tion. Indeed, UPS spectra showed the quenching of the ¢- and z-
based spectral features characteristic for the pore regions upon H
dosage. These effects were assigned to H intercalation between the
hBN sheet and the Rh support (Fig. 18). DFT modeling reveals a
subtle balance between H—Rh and BN—Rh bonding. With 1 MLH
atoms intercalated, the mean BN-Rh separation increases to 3.4 A
(compared to 2.9 A for the pristine case) and the nanomesh cor-
rugation is reduced to 0.2 A. Modest annealing (600 K) triggers
de-intercalation and desorption of hydrogen (or deuterium) and
thus switches the sp? sheet back to the initial nanomesh state
[308]. Interestingly, such a reversible switching could not only be
triggered and followed in an electrochemical scanning tunneling
microscopy setting, but also induced a switching of static friction
and adhesion, detected on a macroscopic scale on a liquid drop
[335].

The low-temperature deposition approach of atoms on hBN
nanomeshes was applied for Co, Fe, Mn, Ti, Cr, Cu, Au, and Xe
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[511,512,515,520]. For all these elements, adsorption in the pore
regions of the nanomesh structure prevails. Only a minority of
adatoms is observed on the wire regions. Fig. 19 highlights this tem-
plating effect for Ti, Co and Xe. To mainly deal with individual metal
adatoms, the coverage is usually kept low with a typical fraction of
occupied pores below 20% [511,512]. At higher coverage, the forma-
tion of dimers and clusters following a Poisson statistics is antici-
pated, as the incoming adatoms are randomly distributed and con-
fined to one nanomesh cell.

Despite the shared site-specific adsorption in the nanomesh
pores, distinct differences in the bonding configuration and the
trapping mechanism of individual adatoms on hBN/Rh(111) were
reported, which are discussed in the following. The off-center

adsorption frequently observed at low occupancies of the pores
was rationalized by the trapping of polarizable units by the dipole
rings inherent to the nanomesh structure [339] (see section 2.2.7)
and visualized in real space by imaging 12-membered Xe rings
on hBN/Rh(111) by STM at 5K (see Fig. 19 (c)) [520]. The latter
study, combining STM data with DFT and classical MD modeling,
showed that both vdW- and electrostatic polarization interactions
need to be considered to describe the site-specific adsorption. The
MD simulations however did not reveal static Xe rings, but showed
a dynamic motion of Xe rings along the rim consistent with STM
data recorded at 86 K. For the case of Au adatoms, it was concluded
that strong covalent interactions dominate the adsorption behav-
ior [525]. Specifically, the binding mechanism involves hybridiza-
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Fig. 18. H intercalation in hBN/Rh(111). (a) STM image after exposure to atomic H. hBN/Rh(111) nanomesh regions (left) coexist with planar, H-intercalated areas (right). (b)
Structural models of the corrugated (top) and planar interface structure (bottom). (c) Electrochemical STM image after hydrogen desorption. (d) Pictures of liquid drop on
corrugated (top) and planar (bottom) hBN configuration. (e) Contact angles for different applied potentials. Hydrogen intercalation occurs at about —0.2 V. (a,b): Reproduced with
permission from Ref. [308] © (2010) John Wiley and Sons, (c-e): Adapted with permission from Ref. [335] © (2016) Springer Nature.

tion of Au-dz2 with B-p, states and charge transfer to Au. Again,
the pore regions are clearly preferred over the wire regions. How-
ever, the binding energy in the center of the pore (2.4 eV) was cal-
culated (WC-GGA) to be favorable over the rim-adsorption by 0.4 eV.
Recent DFT results by McKee et al. - using an averaged lattice con-
stant approach - reveal important differences regarding the adsorp-
tion of Ni, Pd, Pt, Cu, Ag and Au on hBN/Rh(111) [517]. While all
these metal atoms are covalently coupled to hBN receiving negative
charge (Ni on N sites, Pd, Pt, Ag, and Au on B sites), their preference
for the pore regions varies considerably. Au and Pt strongly prefer
adsorption in the pore regions, with a pore-to-pore diffusion barrier
predicted to exceed 1.2 eV, thus presumably hampering inter-pore
diffusion at rt. Ag and Cu still favor adsorption in the pores but fea-
ture a lower inter-pore diffusion barrier (~0.5 eV). Finally, Pd and
Ni do not discriminate between pore or wire regions. These theoret-
ical findings considering individual adatoms were corroborated by
STM experiments evidencing distinct differences in the cluster mor-
phologies resulting from rt deposition of Pt, Au and Ag (see below)
[517].

Interestingly, specific elements (Co, Fe, Mn) destabilize the
hBN/substrate bonding, resulting in a bistable adsorption complex
when probing the surface by STM. In one state, the adatom is imaged
as an individual protrusion in the pore, in the other state, it is repre-
sented by a characteristic ring-like feature [512]. For Ti, Cr, Cu or Au
adatoms, this effect was not observed [512]. The appearance of the

ring-like state is reminiscent of the circular feature observed upon
Xe adsorption (compare Fig. 19 (b) and (c)). Nevertheless, a compar-
ative study revealed that they indeed base on different phenomena
- either single (Mn) or multiple atoms (Xe) [533]. The interaction
with hydrogen on the surface readily converts Co to CoH or CoH,
species. DFT calculations reveal that the hydrogenation goes in hand
with a change in adsorption site. While bare Co prefers the adsorp-
tion in the center of a hBN hexagon, CoH, resides on N sites [515].
Furthermore, Jacobson et al. exploited the lateral superstructure of
hBN/Rh(111) to engineer the Kondo exchange interaction between
the single spin CoH and the support - thus modulating the magnetic
anisotropy of the complex (see Fig. 20). In a follow-up study, the spin
state of such a CoH complexes was reversibly switched by approach-
ing it with a H-functionalized STM tip. At large tip-sample distance
(low conductance of 6.45 x 107G,), a spin 1 state with magnetic
anisotropy is observed, while at small distances (high conductance of
12.9 x 107%Gy)), a spin 1/2 Kondo peak emerges in the dI/dV spec-
tra. Hereby, the position of the H in the junction determines the total
spin of the complex [534].

Cluster formation. After mainly focusing on individual adsorbates
in a nanomesh pore - with the exception of the confined Xe islands in
Fig. 19 - we now describe systems where cluster formation was oper-
ational on hBN. This implies that the substrate temperature in the
experiment was high enough to enable diffusion of the adsorbates
and that the coverage exceeds the single atom limit discussed above.
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references to color in this figure legend, the reader is referred to the Web version of this article.)

In case adsorbate-adsorbate interactions prevail over adsorbate-hBN
interactions 3D clusters are preferred over 2D islands [523]. Fig. 21
summarizes results for the adsorption of Au, Pt, Co, Ag, Mn, and Ni
on hBN/Rh(111).

Upon low coverage deposition at rt (typically 0.07-0.2 ML),
Pt and Au clusters nucleate preferably at the pore areas of the
nanomesh structures, where mono- or bilayer islands are confined

[243,516,517,524,535]. ARPES and XPS experiments indicate a rather
narrow size distribution of small, mainly 2D Au islands [524]. Au
deposition at 115K followed by STM measurements at 115K or
rt also confirms the aggregation in the pores, but reveals differ-
ences in the distribution of monolayer versus bilayer or larger clus-
ters [346]. 5 ML Au dosed at 115K yields 3D clusters after warm-
ing to rt, which feature a cluster density n (i.e., number of clus-
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Springer Nature.

ters/pore) of about 0.7 [346]. LEIS and STM results confirm a 3D
growth of Au clusters at high coverage [243]. The low Au 4f;,
XPS BE (83.55 eV) prevailing at low coverage (04, = 0.045 ML) was
assigned to a negative charging of the small Au aggregates by Gubé
et al., who also showed that Au intercalation is not significant at rt
[243].

The growth of Ag, Mn, and Ni clusters on the other hand does
not exclusively follow the nanomesh template, 3D clusters with a

broad height distribution can laterally extend over multiple pores
[513,516,517]. For Co supplied in the presence of molecular oxy-
gen the situation is not clearcut, but the island distribution rather
resembles the Au and Pt cases, with Co particles centered in the
nanomesh pores [310]. The trends discussed here follow the pre-
dicted element-specific affinity for selected regions of the nanomesh
(pore, wire, none) and the calculated inter-pore diffusion barriers
(vide supra) [517], even though an adatom exchange between pores
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Fig. 22. DFT modeling of Au clusters in hBN/Rh(111) pores: (a) Side (left) and top view
(right) of a Au, cluster. Adsorption energies and bond distances are given in the figure
(Blue: B; red: N; yellow: Au; grey: Rh). (b) Chain-like Au, cluster. (c) Bilayer Aus,
cluster (Green: B; blue: N; yellow: Au; white: Rh). (a,b) Adapted with permission from
Ref. [527] © (2012) American Physical Society, (c) Adapted from Ref. [346] © (2014)
American Physical Society. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

(e.g., in the case of Au) is hard to exclude from the available analysis
of the experimental data. A recent study by Wu et al. explored the
growth of bimetallic clusters on hBN/Rh(111) by means of STM, TPD,
and AES [516]. Specifically, the influence of the deposition sequence
of Au and Ni was addressed. Bimetallic Ni—Au clusters were suc-
cessfully formed in the nanomesh pores when first depositing Au,
followed by Ni. Here, the charged Au islands serve as nucleation
sites for the Ni. Applying a reversed deposition order (first Ni, than
Au), bimetallic clusters could not be formed, as Au islands nucle-
ated and grew between Ni clusters [516]. Interestingly, the Ni—Au
clusters feature a stronger interaction with CO than pure Ni clus-
ters as judged from TPD, indicating that charge redistribution might
promote the catalytic activity of bimetallic clusters on hBN/Rh(111)
[516].

Thermal annealing induces morphological changes, as exempli-
fied by agglomeration of Au above ~500 K, forming larger, 3D-like
clusters with a reduced cluster density [243,524], e.g., affecting the

interaction with CO [526]. Furthermore, it activates intercalation
processes, resulting in extended 2D islands buried below hBN. Sur-
prisingly, the nanomesh structure persists on the intercalated Mn
and Co islands and ML films, despite the differences in bulk lattice
constants of these elements in comparison to Rh (see Fig. 21 (e, m))
[310,513]. Also for Au (where intercalation sets in at 700 K and is
completed at 1050 K, coming along with considerable Au desorp-
tion), the nanomesh structure was still observed after intercalation
of significant amounts of Au below hBN [243]. Similar observations
were reported for Au intercalation in hBN/Ru(0001) (see paragraph
3.1.3 and Fig. 21 (h)). Three suggestions were brought forward to
solve this puzzle: (i) The formation of a surface alloy [524] (e.g.,
Au-Rh, compare paragraph 2.2.15 and Ref. [243]), (ii) the assembly
of a pseudomorphic layer [321], or (iii) a rigid attachment of the
intercalated atoms to the corrugated nanomesh structure. For the
case of Co, XPS measurements support the third explanation [310].
Despite the common conservation of the nanomesh superstructure,
the Mn, Co and Au systems show distinct differences. In contrast to
Mn (and Au), Co intercalation is only triggered when oxygen is sup-
plied, weakening Co—Co bonds and suppressing Co agglomeration
on hBN [310]. This observation is in line with the Au—Au interac-
tion energy being smaller than the Co—Co one [523]. Annealing Mn
intercalated hBN/Rh(111) at 773 K resulted in a shrinking of buried
islands which was assigned to Mn de-intercalation and desorption
[513].

Au agglomerates on hBN/Rh(111) were also addressed theo-
retically by DFT calculations, covering Au,(n = 2,3,4) [527] and
Au,(n = 1,7,19,30,37,51) [346] in the pore of the 13-on-12
nanomesh structure. As mentioned above, atoms in the clusters
are negatively charged. Thus, chain-like structures are preferred
for small clusters to reduce the interatomic Coulomb repulsion
[527] (Fig. 22). The adsorption energy is above 2 eV/atom with
the Au atoms binding to the B sites. The intermediate clusters
up to 37 atoms were modeled as flat, single-layer hexagonal
islands. Around a critical size of 30 atoms, the calculated aver-
age Au chemical potential gets lower for bilayer instead of mono-
layer islands, thus indicating a transition to bilayer clusters con-
sistent with experimental observations (see above) [346]. A com-
parison to calculations on a free-standing hBN bilayer once again
exemplifies the role of the metallic substrate. Here, Au and Au,
adsorbs on top of N sites with calculated adsorption energies of
0.25eV and 0.77 eV, respectively [536]. On a free-standing hBN
monolayer, individual Au atoms were found to adsorb with adsorp-
tion energies of 0.1 eV and 0.11 eV on N and B sites, respectively
[537].

Cluster deposition. Pre-assembled metal clusters were deposited
on hBN/Rh(111) either by buffer layer assisted growth (BLAG; Co,
Sn, Pb) [499,501,538] or soft-landing of size-selected clusters from
a designated source (Pdq) [502] (see Table 5). In the first approach,
metal is deposited on a Xe layer typically adsorbed at 50K (e.g.,
0.5MLPb with 3000L Xe). Clusters are formed during deposi-
tion and further grow through coalescence upon desorption of the
buffer layer by warming up to rt [500]. For Co, this procedure
yielded hexagonal arrays of particles. The clusters present some
scatter in size - with a typical diameter of 2.7 nm - and follow
the nanomesh periodicity, being placed on the pores (Fig. 23 (a)).
By repeated BLAG cycles, filling factors up to 70% were achieved.
Higher occupancies are hampered by attractive cluster-cluster inter-
actions and the cluster mobility, yielding larger aggregates consis-
tent with Monte-Carlo modeling [538]. This merging might occur
during the BLAG process, as Pd clusters of similar size deposited
without buffer layer did not show a pronounced cluster mobility
(see below). In contrast to adsorption on bare Rh(111), where the
clusters flattened due to the large interfacial energy, the clusters on
hBN appeared with a nearly (hemi)spherical shape [499,500]. STS
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recorded at 4.2 K on individual clusters revealed an electronic gap
of ~160 meV that was assigned to Coulomb blockade (Fig. 23 (b))
[499]. The superconducting energy gap of Sn and Pb clusters with
an apparent height between 1 and 35 nm was recorded by STS at
approximately 1 K. For Sn, giant oscillations in the gap with cluster
size provided evidence for coherent shell effects in nanoscale super-
conductors [501] (Fig. 23 (c)). The absence of such gap variations for
the Pb case was assigned to a suppression of shell effects for shorter
coherence lengths (Fig. 23 (e)). On the other hand, small Pb clusters
(height < 13 nm) showed a finite energy gap even above the critical
temperature T, providing evidence for the important role of ther-
mal fluctuations in superconducting nanostructures approaching the
zero-dimensional limit (Fig. 23 (d)) [500].

The deposition of size-selected clusters on h-BN/Rh(111) and the
subsequent tracking of temperature-induced modifications of the
apparent cluster size by STM allowed Fukamori et al. to assess the
ripening mechanism [502]. After rt deposition, clusters of uniform
size are centered in the nanomesh pores. Annealing up to 700 K,
the clusters still follow the template: clusters of increased size cen-
tered in the pores coexist with single-layer clusters adsorbed at the
rim. The modified size distribution of the Pd clusters upon anneal-
ing was exclusively assigned to Ostwald ripening, apparently a dif-
fusion of Pd clusters across the nanomesh is hindered by the site-
specific cluster-substrate interactions, preventing a Smoluchowski
ripening [502].

Ion implantation. After discussing the adsorption of atoms and
clusters on nanomesh structures, we now proceed to ion implan-
tation at the hBN/Rh(111) interface. This peculiar procedure can
yield three distinct structures: (i) Individual atoms immobilized
at rt, (ii) highly curved BN domes, so-called nanotents housing
one or more atoms, and (iii) vacancies and regular voids in the
hBN sheet [497,508-510,539] (see Fig. 24). First, we review the
experimental findings focusing on Ar. Similar results were achieved
for Ne [508] and Rb [496], as well as for epitaxial graphene on
Rh(111) and Ru(0001) suggesting a general applicability of the pro-
cedure [540]. Upon irradiating hBN/Rh(111) with low-energy Ar*™
ions (typical sputtering charge density 1.6 x 102 e/cm?) [508]
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or neutral hyperthermal Ar atoms [497], protrusions preferably
located at the wire crossing regions of the nanomesh structure
are observed at rt, together with small irregularities assigned to
vacancy defects (Fig. 24 (b)). The former are identified as individ-
ual Ar atoms, sandwiched between the deformed sp? sheet and
the Rh support [508]. The resulting local distortions - named nan-
otents - are imaged as dome-like structures with apparent heights
around 1.8 A in STM. Annealing at moderate temperatures enables
the diffusion and aggregation of Ar below hBN, resulting in larger
nanotents hosting Ar agglomerates [509]. After heating to 900 K,
a new type of regular defect structure was observed in the sp?
sheet. These 2 nm voids appear at the former pore areas of the
nanomesh, and can reach a density of up to 5% of these sites
(Fig. 24 (c)). As the mechanism was attributed to sequential bond
scission and cut hBN nanoflakes complementary to the voids were
observed on the surface, the process was named “can-opener effect”
[541]. Above 1000 K, the voids disappear indicating a self-healing
of the hBN to the expense of formation of larger holes (Fig. 24
(d)). Interestingly, centimeter-sized single-orientation hBN sheets
perforated by the 2 nm voids could be prepared on Rh films, fol-
lowed by transfer to arbitrary substrates, including TEM grids [239].
Using this protocol, the membrane functionality of such “voidal hBN
(vBN)” monolayers was recently demonstrated in aqueous solution
[239].

Theoretical modeling gave exquisite insight into the complex
implantation process - including its dynamics - and the resulting
structures. Here, we summarize some of the most recent results of
lannuzzi based on the PBE + D3 functional [510]. Indeed, the buried
Ar favors adsorption below the wire crossing regions with an implan-
tation energy of 1.38 eV (compared to 6.62 eV at the pore center). In
the nanotent, the BN reaches a maximum separation of 5.3 A from
the Rh. The interfacial electron density redistribution includes charge
transfer from Ar to Rh and a concomitant polarization of the clos-
est B and N atoms. This local modification stabilizes the implanted
species and the nanotent (Fig. 24 (f)). NEB calculations revealed that
individual Ar units diffuse below the wire regions with an energy
barrier of about 1 eV. Including two atoms, the implantation energy
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Fig. 23. Quantum effects on clusters confined on hBN/Rh(111): (a) Co clusters deposited by three BLAG cycles. The insets show a zoom-in (left) and a FT image (right). (b) dI/dV
spectra comparing a Co cluster on hBN (red) with one in contact with Rh(111) (black). (c) dI/dV spectra on two small Sn nanoparticles of similar height. (d) Superconducting
gap (A) versus temperature for a Pb cluster with 8 nm height. Data: red markers, BCS theory: black line, Model including thermal fluctuations: blue line. (e) dI/dV spectra on
Pb clusters of different heights. (a,b) Adapted from Ref. [499] © (2008) Elsevier, (d) Adapted from Ref. [500] © (2011) American Physical Society, (c,e) Adapted from Ref. [501] ©
(2010) Springer Nature. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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is reduced if the units are placed at the same wire crossing site, as
the distortion energy of the hBN is reduced compared to the forma-
tion of two nanotents. The implantation process itself was explored
by ab initio MD calculations revealing the highest success rate for
Ar implantation if the ion impinges on the curved rim of the pore
(Fig. 24 (e)).

As mentioned above, the ion irradiation induces vacancy defects
in the hBN sheet triggering structural modifications upon annealing.
It should be pointed out that individual N and B vacancies or combi-
nations thereof are of high interest as they offer means to function-
alize hBN. Several theoretical studies focusing on free-standing hBN
sheets or bilayers revealed how such defects can radically modify
the electronic, magnetic properties and the reactivity of the mate-
rial (e.g., Refs. [420,542,543]) (see discussion in paragraph 3.1.7).
Coming back to hBN/Rh(111), DFT modeling showed that the forma-
tion energy of vacancy defects in the surface supported hBN sheet
are lower than in the free-standing monolayer, as the substrate can
partly compensate the dangling bonds created upon atom removal

[539].In addition, the nanomesh structure is reflected in a higher sta-
bility of the vacancies in the pore or at the rim compared to the wire.
In most cases, the boron vacancies are more stable than the nitrogen
ones [539].

3.1.3. hBN/Ruthenium(0001)

Complementing hBN/Rh(111) as a template, the structurally
closely related hBN/Ru(0001) nanomesh attracted some attention
regarding adsorption and intercalation of metal atoms. Specifically,
Goriachko et al. reported the exclusive nucleation of Au islands in the
nanomesh pores of hBN/Ru(0001) at low coverage (0.07 ML) [226]
(see Fig. 21 (g)). Even after annealing 0.2 ML Au to 1050 K, indi-
vidual Au clusters were observed in the pores. Already at 0.3 ML
however, Au additionally formed so called “replica islands” on
hBN/Ru(0001), displaying the same pore-wire morphology in STM
images as the original hBN/Ru(0001) nanomesh [321]. These islands
extend over several nanomesh periods and were assigned to Au on
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hBN/Ru(0001) [321]. Deposition of large Au amounts (@ > 0.3 ML)
followed by annealing to 1050 K resulted in intercalated Au films
(see Fig. 21 (h)) [321]. Similar to the Mn and Co intercalation in
hBN/Rh(111) discussed in paragraph 3.1.2, the nanomesh structure
prevails on the intercalated regions. For the Au case, the forma-
tion of a pseudomorphic layer was favored as explanation for this
observation [321]. The intercalation of thicker Au films (14 ML)
at 1050K in hBN/Ru(0001) removes the nanomesh structure and
induces substantial (~2.5 eV) downshifts of the B1s and N1s peaks
in XPS [321]. hBN/Ru(0001) was also applied as template for the
growth of Pd clusters at low coverage. In contrast to the Au case,
Pd particles showed some coalescence upon annealing at elevated
temperatures [519].

From the modeling perspective, a systematic DFT (PBE-GGA)
study by Wang and Bocquet comparing transition metal adsorp-
tion on sp? templates reports a preferred Au adsorption in the
pore of the hBN/Ru(0001) nanomesh structure. Here, the bind-
ing energy of a single Au atom in the pore was calculated to be
1.9 eV [523] (compare calculation on Au/hBN/Rh(111) in paragraph
3.1.2).

3.1.4. hBN/Platinum(111)

Ng et al. applied hBN/Pt(111) as support for Au [524]. Based
on XPS and ARPES experiments, the authors conclude that upon rt
deposition, Au forms 3D clusters of irregular size. The Au 4f;, core
level signal shows two components, assigned to Au surface and bulk
contributions, respectively - consistent with a 3D cluster morphol-
ogy. In contrast, Au adsorption (in the sub-ML regime) directly on
Pt(111) results in 2D island growth, as inferred from the absence
of the bulk-related Au peak. The ARPES data of Au/hBN/Pt(111)
show smeared out Au 5d bands, signaling Au islands being irregu-
lar in size and shape. In contrast, sharp, non-dispersing Au 5d bands
were observed for a comparable Au coverage on hBN/Rh(111), indi-
cating smaller Au islands with a rather narrow size distribution
[524].

Recently, Rose et al. reported the growth of Si chains embed-
ded in Pt(111) after atomic Si deposition on sub-ML hBN/Pt(111) at
rt [507]. The Si intercalates below the hBN islands to form chains,
which are protected by the hBN cover: In contrast to similar Si
chains embedded in Pt(111) in the absence of hBN, the interca-
lated chains featured a high stability, e.g., sustaining an exposure
to air (dose: 6 x 10'' L). From an analysis of STM images show-
ing the position of chains relative to hBN island edges and grain
boundaries, the authors concluded that Si intercalation does not
happen at these “defects”, but proceeds via diffusion through the
hBN [507].

3.1.5. hBN/Copper(111)

As will be discussed in paragraph 3.2.3, hBN/Cu(111) is a promis-
ing system regarding catalytic activity, with several reports focus-
ing on its interaction with molecular oxygen. Regarding monoatomic
adsorbates however, literature is scarce. A first principles study
by Guo et al. using the DFT-D2 method addressed the adsorption
of atomic O on a Cu(111) supported hBN sheet [506]. Two stable
adsorption sites were found, with the strongest interaction (5.29 eV)
for O on a B site and a weaker for O above a B—N bond (3.29 eV). In
the former configuration, the oxygen is stabilized by charge transfer
from the metal substrate to the O atom, rendering the oxidized hBN
metallic. Interestingly, the adsorption site and the energy barriers for
migration between the two sites is controlled by charge injection.
For example, addition of one electron would promote motion of the
O atom from a B—N position to a B site, thus switching the electronic
properties of the hBN sheet [506].

Preliminary experiments on adsorption of single Co atoms on
hBN/Cu(111) performed in the author’s group reveal the coexis-

tence of Co species featuring different apparent heights, presum-
ably due to interaction with hydrogen, and show a high mobil-
ity of the Co adatoms under influence of the STM tip at 5 K. Thus,
hBN/Cu(111) seems less suitable as support for spectroscopic studies
on single (Co) atoms than for example hBN/Rh(111) (see paragraph
3.1.2).

3.1.6. hBN/Iridium(111)

Compared to the many studies addressing adsorption on
hBN/Rh(111) (see paragraph 3.1.2) the interaction of atomic species
with hBN/Ir(111) is less explored. Recently, Will et al. studied Ir, C,
and Au on hBN/Ir(111) and addressed the formation and stability
of cluster superlattices by means of STM and complementary DFT
modeling (for the Ir case) [190]. For Ir, the substrate templated a
very regular cluster superlattice with a cluster density n (i.e., num-
ber of clusters/moiré unit cell) of ~1, where the average cluster
size can be controlled from about 65 to 175 atoms by the amount
of deposited Ir. The Ir cluster superlattice does not degrade up to
700 K. A gradual decay of the array sets in around 800 K, with clus-
ters coalescing (Smoluchowski ripening) and intercalation starting
at higher temperature (see Fig. 25(a—c)). The site-specific cluster
growth in the pores of hBN/Ir(111) and the high thermal stability
was rationalized by DFT calculations, which show that in the pore
areas, the hBN can adopt an sp? hybridization in the presence of an
Ir heptamer, forming strong Ir-cluster-atom - B bonds and enhanc-
ing Ir-substrate-atom - N bonds [190]. For the C case (Fig. 25 (d)),
cluster arrays formed that can sustain temperatures up to 1350 K.
For the Au case (Fig. 25 (e)), deposition of 0.3 ML at rt resulted in
cluster arrays with n = 0.9 including monolayer to trilayer clusters
[190].

Simonov et al. used a multi-technique approach (PES, NEX-
AFS, LEED) to characterize the rt adsorption of atomic oxygen on
hBN/Ir(111), dosed at 3 x 10~8 mbar [498] (see Fig. 25 (f)). Inter-
estingly, the O mainly incorporates into the sp? sheet, replac-
ing N. Only a minority of O atoms intercalates. The O embed-
ding results in four distinct B environments (BN;_,NO,, x =0,1,2,3)
that are reflected in four z* resonances in the B K-edge adsorp-
tion spectrum, thus resolving some ambiguity in the interpreta-
tion of previous NEXAFS data on bulk hBN [498]. Post-annealing
to 873K results in a further decomposition of the hBN lat-
tice, i.e.,, an irreversible etching in contrast to the situation for
graphene/Ir(111).

A recent STM, XPS, and DFT study by Valerius et al. explored
the impact of 3 keV Xe* ion bombardment on the integrity of
hBN/Ir(111), highlighting interesting structural phenomena emerg-
ing upon annealing the system [521]. Specifically, triangular shaped
voids were created at specific locations within the moiré superstruc-
ture and Xe could be sealed in (standalone) hBN blisters even at rt, an
effect attributed to the strong interaction of B-terminated hBN zigzag
edges with Ir (see Fig. 24 (g,h)) [521]. Furthermore, hBN/Ir(111) is
one of the interfaces successfully applied for the intercalation of thick
Au films [322] (see paragraph 2.1.2).

3.1.7. Comparison and discussion

This section revealed the influence of the metal-supported hBN
sheets on the physicochemical properties of atomic adsorbates and
agglomerates thereof. The templating effect of the nanomesh-like
systems was demonstrated for individual atoms and clusters of
selected elements. The resulting arrays of nanoparticles represent
model systems to explore, e.g., catalytic or magnetic functionali-
ties - and complement arrangements achieved by other means, such
as colloidal self-assembly or the diblock copolymer micelle method
[544]. Aiming for regular, monodisperse metal cluster arrays on
hBN, deposition of clusters (Co, Sn, Pd, Pb) pre-fabricated either
by BLAG or site-selective cluster sources provided good results
[499,501,502,538], offering alternatives to the formation of Au or
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Fig. 25. Atom deposition (Ir, C, Au, O) on hBN/Ir(111). (a) STM image of regular Ir cluster superlattice after deposition of 0.57 ML Ir at 350 K. (b) Same sample after annealing
to 700 K and (c) 850 K, where intercalated islands are observed. (d) C cluster array after deposition of 0.3 ML C at 400 K. (e) Au clusters after deposition of 0.3 ML Au at 300 K,
imaged at 40 K. (f) Overview XPS data with increasing atomic O exposure (Black curve: pristine hBN/Ir(111); Blue, red, purple: increasing O treatment; Green: after subsequent
annealing to 873 K). The inset shows the overlayer composition with increasing O treatment. (a—e) Adapted with permission from Ref. [190] © (2018) American Chemical Society,
(f) Adapted with permission from Ref. [498] © (2012) Elsevier. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
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Ir islands via atomic deposition (see below). As discussed for the
case of Pd, the hBN layer guarantees the integrity of the 3D clus-
ters, which would flatten in contact with Rh(111) [499,500]. The dis-
tinct environment on hBN gave access to quantum effects, including
dynamic Coulomb blockade (in Pb/hBN/Ni(111) [495]) or spin state
engineering (in Co/hBN/Rh(111) [534]). Furthermore, it allowed for
the observation and tuning of quantum size effects in Pb and Sn
clusters [500,501]. Planar supports (hBN/Ni(111) or hBN/Co(0001))
might additionally be implemented in well-defined magnetoresis-
tive junctions [545].

Differences between hBN supports: Au as a case study. The adsorp-
tion behavior was shown to sensitively depend on the element
used and the specific properties of the hBN/metal support. Here,
Au serves as an instructive example, which is also of practical
relevance in view of the catalytic activity of (hBN-)supported
Au clusters [546]. The adsorption energy of a single Au atom
on a free-standing hBN sheet was calculated to be about 0.1 eV
[537]. Upon introducing a Rh(111) support for the hBN layer, the
adsorption energy is predicted to rise above 1.5eV [346,517] -
highlighting the important role of the metal. Models of small Au
aggregates on hBN/Rh(111) show peculiar chain-like structures
[527]. Experimental data reveal Au aggregates confined to the pores
of hBN/Rh(111) even at coverages above 1ML, while some Au
islands extend beyond the pore regions on hBN/Ru(0001) [321,346],
despite some templating functionality providing stable Au cluster
on hBN/Ru(0001) even at high temperatures [519]. The growth of
“replica islands” only reported for hBN/Ru(0001) - and reminiscent
of Au island growth on graphene/Ru(0001) - was tentatively ratio-
nalized by the weaker interaction of hBN with Rh(111) compared
to Ru(0001) [346] (cf. paragraph 2.2.5). Based on this information
- highlighting the influence of the substrate - hBN/Rh(111) seems
the more suitable template for fabrication of Au cluster arrays.

Indeed, Au/hBN/Rh(111) was employed to study the response of
Au nanoparticles to CO exposure [526]. Hereby, a combined DFT
and TPD effort showed that small Au islands bind CO more strongly
than bulk Au or larger Au clusters supported on hBN/Rh(111). This
effect was assigned to CO binding at the periphery of the negatively
charged Au islands [526]. Au clusters on hBN/Rh(111) also promoted
acetaldeyde (CH3COH) adsorption, which did not occur on bare
hBN/Rh(111) [535]. The adsorption saturated at about 2 ML of Au,
suggesting that the active sites of Au clusters on hBN are possibly
edge and corner atoms and that the negative charge on the clusters
enhances their reactivity [535]. Furthermore, a DFT study based
on the WC functional revealed that Aug clusters on hBN/Au(111)
stabilize the O intermediate in the ORR by 1.6 eV compared to the
bare hBN/Au(111) support. This makes the dissociation of OOH a
downhill process, opening a 4-electron reduction pathway of oxygen
to H,0, rationalizing experimental findings on Au-BNNS coated
electrodes [528].

Recently, hBN/Ir(111) was introduced as an additional template
for Au clusters arrays [190]. Whereas the resulting cluster height
distribution was rather inhomogeneous, a larger Au cluster density
(n =~ 0.9) was achieved on hBN/Ir(111) [190] than on hBN/Rh(111)
(n ~ 0.7)[346]. Au deposition on hBN/Pt(111) at rt yielded 3D clus-
ters with irregular size distribution [524]. This growth mode - dif-
fering from the situation on hBN/Rh(111) - was rationalized by kine-
matic effects, such as a larger diffusion length on hBN/Pt(111) due
to the weaker corrugation [524]. It comes as little surprise that no
ordered Au clusters were reported on a smooth hBN/Ni(111) support
[318].

Finally, Au intercalation was reported at 1050 K for hBN/Ru(0001)
[321] and at 755K for hBN/Ni(111) [318], whereas it set in at
700 K for hBN/Rh(111) [243]. However, as systematic, temperature-
and coverage-dependent measurements are only reported for

~
~
~
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hBN/Rh(111) [243], no conclusion on hBN/substrate interaction and
hBN quality can be deduced from these values.

Comparison to graphene templates. Additionally, the example of
Au shows that hBN and graphene overlayers on the very same
metal support might yield distinctly different adsorbate topolo-
gies, as hBN/Ru(0001) and graphene/Ru(0001) nanomeshes fea-
ture an inverted topography (see paragraph 2.4): While the dif-
fusion of Au adatoms is predicted to be restricted to the con-
fined pore regions in hBN/Ru(0001) at rt, the low-lying valley
regions in graphene/Ru(0001) are connected to form a continuous
domain enabling adatom diffusion over large distances [523]. Exper-
iments on Au sub-ML coverages deposited on graphene/Ru(0001)
indeed reveal 2D islands extending over multiple nanomesh cells
[547]. The island morphology however resembles the situation
for Au/hBN/Ru(0001), which is not reflected in the calculations.
The comparison of morphology and stability of Au clusters on
hBN/Ir(111) [190] and graphene/Ir(111) [548] reveals the bene-
fits of the hBN/Ir(111) support, that can template cluster superlat-
tices at rt whereas Au clusters are unstable on graphene/Ir(111)
and can only be templated by cooling to about 90 K [190]. Nev-
ertheless, it should be emphasized that graphene/Ir(111) acts as
a suitable template for other elements as Ir, Pt, W, and Re
[548,549]. Nonetheless also the Ir case highlights advantages of the
hBN/Ir(111) template. Due to the larger moiré periodicity, a larger
maximum cluster size is achieved before coalescence sets in Ref.
[190]. Furthermore, defect free hBN/Ir(111) provides a unique pin-
ning site per moiré cell, whereas graphene/Ir(111) offers two sites
[190].

Regarding intercalation, a direct comparison of hBN/Rh(111) and
graphene/Rh(111) for the case of Mn revealed stronger interactions
in the former system, e.g., exemplified by an intercalation threshold
temperature exceeding the one of graphene/Rh(111) by about 80 K
[513].

The temperature stability of clusters is affected by ripening pro-
cesses that can considerably differ between hBN and graphene over-
layers on the very same metal support (see discussion of Au diffusion
above). For example, it was shown that Pd clusters on hBN/Rh(111)
feature an increased stability compared to graphene on Rh(111) or
Ru(0001) [502]. It should be noted that the stability of hBN/metal
interfaces including the nanomesh structures in liquid environ-
ments (see section 2.2) opens up fascinating options for cluster-
based heterogeneous catalysis beyond the UHV scenario described
in this review. For example, a recent study by Fu et al. demon-
strates the formation and immobilization of Pd—Fe core shell nan-
oclusters on BNNS efficiently catalyzing a Suzuki-Miyaura coupling
reaction [550].

Intercalation and ion implantation. The above results show that
intercalation is applicable in a variety of hBN/metal system includ-
ing hBN/Ni(111), hBN/Rh(111), and hBN/Ru(0001). Here, the focus
was not set on the intercalation of thick metal films, mimicking a
“new” hBN/metal system (see paragraph 2.1.2), but rather on the use
of (sub)monolayer amounts of intercalated atoms to engineer the
properties of hBN and the interface. As the above three interfaces fall
into the category of strongly interacting systems (see Fig. 10), inter-
calation might be operational for most of the systems discussed in
chapter 2.2. Indeed, intercalation is well-known from bulk-like hBN
featuring weak interlayer coupling (e.g., Refs. [315,317,481-483]).
This apparently opens pathways to control the electronic structure
and the texture of hBN terminated supports. Interestingly, experi-
mental and theoretical studies on H intercalated nanomesh struc-
tures revealed that structural modifications at the nanoscale can
affect the macroscopic (wetting) behavior of the hBN materials
[335,551]. Complementing intercalation protocols, ion implantation
adds the possibility to immobilize noble gases at rt and to create
well-defined voids and nano-tents in hBN sheets. This strategy was
successfully applied on hBN/Rh(111) (for Rb, Ar) [496,509,510] and

hBN/Ir(111) (for Xe) [521]. Thus, hBN/metal systems might comple-
ment 2D zeolite layers as nanoscale materials for rt noble gas storage
[552].

Effects of atomic adsorbates on hBN properties. Complement-
ing the use of the hBN to support thin films, decouple and con-
fine atoms, and tune their interaction with the support by site-
selective positioning, adatoms in return might be applied to engi-
neer the hBN properties. Indeed, theoretical predictions for free-
standing hBN sheets envision, e.g., a pronounced effect of atomic
adsorbates on the (opto)electronic, magnetic, and catalytic proper-
ties of the material. A comprehensive summary of such theoret-
ical studies and a discussion of predicted interface properties is
beyond the scope of this review. Nevertheless, Table 6 presents
a selection of DFT studies addressing the interaction of atomic
species with free-standing hBN. It is not meant to be complete, but
the list of elements and the corresponding literature might serve
as helpful reference for (future) experiments on surface anchored
or quasi free-standing hBN or even motivate such experimental
endeavors.

A few selected examples are discussed in the following. H or F
functionalization is expected to reduce the hBN band gap to about
3 eV [64], with F inducing a considerable magnetic moment (of 0.44
ug) on the N sites [553,554]. F is predicted to strongly bind to the
B atoms in hBN [532,553], in contrast to isolated Li, which is not
expected to adsorb on free-standing hBN [532]. A considerable mag-
netic moment on N (1 ug) was also calculated by the GGA approxi-
mation (PBE functional) for F adsorbed on B sites of a free-standing
hBN sheet [554]. While a ferromagnetic ground state was deduced in
the former study [553], the latter found nearly degenerate ferromag-
netic and antiferromagnetic states [554]. Atomic O on free-standing
hBN sheets attracted also some interest regarding the magnetic prop-
erties in these model systems [553,555] and in view of oxidation and
bond-rupture in hBN [556]. The first principles calculations of Zhou
et al. revealed strong bonding of O on top of N atoms and above
BN links (adsorption energy exceeding 2 eV). The binding of one O
on a B atom or the center of a B3N; ring in a 2 X 2 cell is weaker,
but the latter configuration induces a metallic character of the O-
BN system featuring a magnetic moment of 2.0 up [555]. At high
coverage (® =1/8) Ataca et al. determined a preferred O adsorp-
tion on top of B with a ferromagnetic ground state. O was the only
species of all evaluated adatoms (bonding: Sc, Ti, V, Fe, Pt, C, Si, B,
0, Cuy, Pd, and Ni; non-bonding: Cr, Mn, Mo, W, H, N, Ca, and Zn)
to show a FM ground state [557]. For an O coverage of 0.5 ML in a
2 X 2 cell, the calculations of Yang et al. in the FLAPW framework
yielded preferred O adsorption on top of B atoms and also predict a
ferromagnetic ground state for O/BN with a spin magnetic moment
of 0.91 (0) and 0.4 pg (N) and a Curie temperature well above rt
[553]. The optimized structure for a single O atom chemisorbed on
hBN reported by Zhao et al. is characterized by an adsorption energy
of 2.13 eV for O on a BN bond, weakening the latter. Computing
the minimum-energy path for O diffusion revealed a motion via N
sites.

Systematic DFT calculations of Yazyev et al. - albeit not including a
proper description of weak vdW interactions - highlight some trends
in adsorption energy and diffusion barriers for adatoms on hBN (and
graphene) across the periodic table [514].

Additionally, it should be noted that hBN decoration offers
a basis for subsequent anchoring of adsorbates, as exempli-
fied theoretically by trichloroethylene adsorption on hydrogenated
hBN [558].

Substitutional heteroatoms. Beyond the functionalization of hBN
by adatoms, the incorporation of heteroatoms in the sp? lattice
provides additional means to control interface properties. Vacancy
defects - experimentally producible via ion impact as discussed
above - can readily interact with atomic adsorbates and dopants
[559,560]. For example, Loh et al. modeled the adsorption of hydro-



40

Table 6

Selected (DFT) calculations for adatoms and their aggregates on free-standing hBN
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sheets and hBN bilayers.

Element Comment Refs.
H - [64,417,583-587]
no adsorption [557]
on hBN cluster [588]
on By;Np;Hig [271]
H, H* [589]
Li - [504,560,590]
no adsorption [532]
Be - [590,591]
B - [557]
C - [383,557,592,593]
N - [594]
no adsorption [557]
(0] - [358,553,555-557]
F - [64,532,553,554]
on hBN cluster [588]
Na - [560,590]
Mg - [590,591]
si - [557]
K - [560,590]
very weak binding [514]
Ca - [514,590,591]
no adsorption [557]
very weak binding [514]
Sc - [504,514,557,595]
Ti - [504,514,557,595]
\% - [514,557,595,596]
cr - [595]
no adsorption [557]
very weak binding [514,596]
Mn - [595]
no adsorption [557]
very weak binding [514,596]
on armchair nanoribbon [597]
Fe - [514,557,595,596,598]
on nanoribbon [599]
Fe, - [598]
Co - [504,514,595,596,598,600]
Co, - [598]
Ni - [504,514,557,595,596,598,601]
Ni, - [598,601]
Cu - [504,514,557,595,602,603]
Zn - [595]
no adsorption [557]
very weak binding [514]
Ga - [514]
Rb - [560]
Sr - [591]
Y - [595]
Zr - [595]
Nb - [595]
Mo - [595]
no adsorption [557]
Te - [595]
Ru - [595]
Rh - [514,595,601]
Rh, - [601]
Pd - [514,557,595,603]
Pd, - [604]
Ag - [580,595]
very weak binding [514]
cd - [595]
La - [595]
Hf - [595]
Ta - [595]
w - [595]
no adsorption [557]
Re - [595]
0Os - [595]
Ir - [514,595]
Pt - [514,557,595]
PtAg - [605]
Au, Au, - [514,536,537,543,581,595,603,606]
on nanoribbon [607]
Hg - [595]
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gen and oxygen on a C-doped nanomesh/Rh(111) by DFT [503]. The
atomic species can bind to the modified hBN sheet, with the pre-
ferred adsorption region (pore, rim, wire) depending on the substi-
tuted species (B or N). Furthermore, it was shown that the adsor-
bate binding energy, which is directly related to the work func-
tion, can be modified by an external electric field applied to the
nanomesh [503].

Most theoretical reports on substitutional heteroatoms are
restricted to free-standing hBN. Asides C [561-564] (see paragraph
about controlled hBN modifications in chapter 4), the substituting
elements covered in literature include Be [561,565], O [566], Mg
[561,565], Al [567-569], Si [561], Ca [565], Ti [570], V [570], Cr
[570],Mn [570-572],Fe [570,571,573,574],Co [570,571,573-575],Ni
[570,574], Cu [573], Ga [568], St [565], Y [576], Mo [577], Ru [578],
Rh [573], Pd [573,579], Ag [573,580], Ba [565], Ir [573], Pt [573], and
Au [537,573,581].

A few examples are highlighted in the following, starting with
the case of Au: Gao et al. calculated a binding energy increase of
a Au adatom from 0.25eV on pristine hBN to 3.48 eV at a nitro-
gen vacancy [581]. The concomitant charge redistribution at such
“impurities” affects the reactivity towards gases and the catalytic
properties of doped hBN sheets, as we will discuss in paragraph
3.2.6. A recent first-principle study of Mao et al. confirms the strong
adsorption of Au in hBN vacancy defects (3.17 eV and 3.45 eV for
N and B vacancies, respectively), thus approaching the average
cohesive energy of Au bulk [537]. Y-doping of a free-standing hBN
sheet was proposed as a pathway to He sensing, with distinct
changes in the UV-Vis adsorption (reflecting the pronounced band
gap increase upon He attachment) signaling the interaction with He
gas [576]. Edge hydroxylation and O functionalization of hBN (i.e.,
replacing N by O) were predicted to reduce the optical bandgap, and
to induce paramagnetism and photoluminescence - effects indeed
confirmed by experiments on BNO nanosheets [566]. Incorporation
of 3d transition metals (Mn, Fe, Co) into a hBN sheet opens pathways
to controlled spin state switching via H and F adsorption [571].
Additionally, the 3d dopant’s magnetic and charge states can be
controlled via external electric fields [582]. An ab initio study by
Mitran et al. found that different magnetic ordering (ferromagnetic,
anti-ferromagnetic, spin glass) can occur in Mn-doped hBN, dictated
by the type of substitution [572]. Magnetism can also be introduced
to hBN by doping with alkaline earth metals (Be, Mg, Ca, Sr, Ba),
which additionally increases the optical absorption coefficient in the
energy region between 0 and 5 eV [565]. In a recent study, Weston et
al. report the formation of small hole polarons upon Be or Mg substi-
tution of B, whereas N replacement by C or Si introduces atomic-like
levels in the hBN band gap [561,562]. The substitutional doping of
hBN by Al can introduce metallic behavior in case N is replaced [567].
Furthermore Al - and Ga as another trivalent element - increases the
binding energy of glucose and glucosamine by about 1 eV compared
to the intrinsic hBN sheet [568]. Also regarding thymine adsorption,
Al-doping was reported to considerably increase the reactivity of
hBN [569].

In a comparative DFT assessment, Meng et al. demonstrated that
transition metal oxide clusters (TMOs,) are easier to embed in a
free-standing hBN sheet than the corresponding individual transition
metal atoms (TM: Co, Cr, Fe, Mn, Ni, Ti, V), offering means to tune the
band gap and the magnetic properties [570].

3.2. Di-, triatomic, and other “small” molecules

Already in the last section few di- and triatomic species (such
as CoH and CoH,) were discussed. These complexes were formed
directly on the hBN support by hydrogen uptake of individu-
ally deposited metal atoms. In contrast, we focus in the follow-
ing on the adsorption of small molecular entities. For complete-

ness, it should be noted that molecular adsorption studies date
back to the 1990s (e.g., Refs. [608,609]) - however using bulk-like
hBN, featuring a lower binding energy than graphite for most rare
gases [608,610]. Compared to the extensive literature on atoms
and larger organic molecules, less studies address the interaction
of di- and triatomic molecules with hBN monolayers on metal sin-
gle crystals. As evidenced by the selection provided in Table 7,
many of these reports base on theoretical efforts, experimental
findings are rather scarce. Nevertheless, these systems feature dis-
tinct properties and thus deserve a short, dedicated section. Impor-
tantly, such model systems can provide a basis for the compre-
hensive understanding of hBN related materials (BNNS, nanotubes,
fullerenes, hybrid structures) and their interaction with gaseous
species [478]. Specifically, the research on small molecules interact-
ing with hBN monolayers on metal crystals is motivated by the fol-
lowing fields:

e As for the case of nanoclusters addressed in the last section, the
combination of small molecules with hBN has a genuine relation
to heterogeneous catalysis. hBN/metal interfaces attract interest
as potential catalysts, e.g., for oxygen activation and the oxygen
reduction reaction.

e The stability of surface-supported hBN monolayers in gaseous
atmospheres and their resistance towards oxidation and etch-
ing needs to be characterized to identify optimized systems for
potential applications beyond an UHV environment, specifically
in view of catalysis and protective encapsulation.

e (Superstructured) hBN/metal interfaces provide templates for
spatially confined chemical reactions, either “under cover” after
intercalation below the sp? sheet or in arrays of “Petri dishes”
represented by the nanomesh pores.

e The interaction of water with hBN and the corresponding wet-
ting behavior is of general interest in view of the applicability of
hBN in ambient or liquid environments. While those are explicitly
excluded from this review, we nevertheless cover related exper-
imental surface science studies in UHV and summarize the theo-
retical modeling.

e In addition, small carbon-based molecules attract considerable
interest as precursors for graphene synthesis on or below hBN
sheets. Selected examples of CVD-based graphene growth on hBN
will be discussed in a dedicated chapter (3.4).

Experimental aspects of gas dosing. From an experimental perspec-
tive, high purity gases are usually dosed directly in-situ via leak
valves. Water (Milli-Q) was purified by several freeze-and-pump
cycles and also dosed via leak valves ([616]). Optionally, thin capil-
laries terminating in proximity of the sample are applied. For species
with low affinity to hBN such as H, or water, deposition at low
sample temperatures is applied. In contrast to the content of the
other chapters that focus on experiments performed in a UHV envi-
ronment, some studies reviewed here were performed at (near-
Jambient conditions and thus rely on dedicated setups as ambient
atmosphere XPS (e.g., Ref. [228]). In addition, the influence of air
exposure on in-situ synthesized hBN/metal was checked by pro-
longed sample storage in ambient air before re-introduction to UHV
systems for characterization (e.g., Ref. [301]).

3.2.1. hBN/Nickel(111)

Natterer et al. adsorbed molecular hydrogen on hBN/Ni(111) at
10K and subsequently addressed it at 4.7 K by STM and STS (see
Fig. 26 (a,c)) [611]. At low coverage, H, readily diffuses and molec-
ular islands only condense at co-deposited Ti adatoms. Upon satu-
ration coverage, H, forms a commensurate overlayer with a \/§ X
\/5)-R30° structure, with H, centered on the hBN hexagons. STS
dl/dV spectroscopy showed two pairs of conductance steps on the
H, monolayer, which were assigned to rotational excitations based
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on comparative measurements on the H, isotopes (HD, D,) and
reported gas phase values of the excitation energies. As the allowed
rotational transitions of homonuclear diatomic molecules depend
on the nuclear spin state, the STS experiments made it possible to
identify para and ortho species of hydrogen and deuterium, respec-
tively, highlighting nuclear spin selectivity in a very small ensem-
ble of molecules [611]. The comparison to H,/Ni(111) revealed that
the decoupling by the hBN spacer is required to extract this valu-
able information by STM-RES. In a follow-up study, Natterer et al.
extended their work to graphene/Ru(0001, graphene/Ni(111) and
hBN/Rh(111), validating the applicability of their method to different
substrates. The distinct variations in the spectral line shape depend-
ing on the surface used (compare Fig. 26 (c) and (d)) were rational-
ized by a molecular resonance-mediated tunneling mechanism and
it was pointed out that local variations in the surface potential - char-
acteristic for the nanomesh structure - gate the molecules and thus
shift the resonance [612]. It should be noted that low-temperature

Table 7

adsorption is necessary to confine H, to hBN/Ni(111): For example,
no H, adsorption could be detected at 180 K and a hydrogen pressure
of 1 x 10~ mbar[189].

In view of the importance of catalytic reactions involving oxy-
gen (oxidation, oxygen activation, oxygen reduction reaction (ORR)),
the interaction of O, with hBN/Ni(111) was addressed theoret-
ically by several groups (e.g., Refs. [330,358,360,505,614]), with
two studies submitted nearly simultaneously ([358,360]). The first
study by Kim et al. reports an optimized structure where the O,
bridges two B atoms, featuring a binding energy of 1.725 eV and
relates this considerable interaction strength to electron transfer
from hBN/Ni(111) to the oxygen [614]. A similar mechanism was
operational for NO,, both on hBN/Ni(111) and hBN/Co(0001) [614].
Lyalin et al. discuss three adsorption configurations: O, placed on
top of a B site (binding energy 0.64 eV, Fig. 27(a)), bridging two B
atoms (BE 1.51 eV, Fig. 27(b)), and dissociative adsorption with O
again on B positions (0.6 eV) [358]. Compared to O, on free-standing

Di-, triatomic and other “small” gaseous molecules interacting with hBN/metal supports. Abbreviations: ann. = annealed, inter. = interaction, intercal. = intercalation,

ads. = adsorption, a.a. = ambient air.

Molecule Substrate Temp. Technique(s) Comment Refs.

H, hBN/Ni(111) 10K STM includes HD and D, [611,612]
hBN/Rh(111) 10K STM includes HD and D, [612]
hBN/Rh(111) - DFT unstable [539]
hBN/Pt(111) It XPS, UPS, STM intercal. at 0.1 Torr H, [613]

CH hBN/Cu(111) - DFT - [383]

co hBN/Ru(0001) it XPS, UPS, STM intercal. for 0.5 ML hBN [309]
hBN/Co(0001) - DFT - [614]
hBN/Rh(111) rt XPS, NEXAFS, STM, LEED intercal. at 0.008 Torr, not for H,, H,0, O, [313]
hBN/Rh(111) It HREEL no ads. (10L) [535]
hBN/Pt(111) rt XPS, LEEM intercal. at 0.1 Torr for ML hBN [283]
hBN/Pt(111) It XPS, LEEM intercal. at 10~ Torr CO for hBN islands [283]
hBN/Ni(111) - DFT no adsorption [360]
hBN/Ni(111) - DFT - [614]
hBN/Cu(111) - DFT - [402]

NO hBN/Co(0001) - DFT - [614]
hBN/Ni(111) - DFT - [614]

0, hBN/Ru(0001) rt LEEM, PEEM intercal. at 0.1 Torr O, [228]
hBN/Ru(0001) - STM, AES, LEEM etching at elevated T [522]
hBN/Co(0001) - DFT - [330,614]
hBN/Ni(111) - DFT - [330,358,360,505,614]
hBN/Pt(111) rt XPS, UPS, STM intercal. at 0.1 Torr O, [283,311]
hBN/Cu(111) - DFT - [330,361,402]
hBN/Cu(100) rt,ann. at 873 K STM, XPS, DFT intercal. after a.a. exposure [312]
hBN/Cu foil rt XPS, SEM intercal. upon a.a. exposure [301]
hBN/Au(111) - DFT, SEM experiments on BNNS in solution [615]

Air hBN/SiO, /Si 673-1123K AFM, Raman ann. in a.a. [14]

OH hBN/Ni(111) - DFT - [358]

CH, hBN/Cu(111) - DFT - [383]

OOH hBN/Ni(111) - DFT - [358]

H,0 hBN/Rh(111) 34-52 K STM, DFT - [616,617]
hBN/Rh(111) - DFT, MD - [338,551,618,619]
hBN/Ni(111) - DFT - [358,614]
hBN/Ni(111) - DFT O/hBN/Ni(111) [505]
hBN/Co(0001) - DFT - [614]

o, hBN/Co(0001) - DFT - [614]
hBN/Ni(111) - DFT - [614]
hBN/Cu(111) - DFT - [402]

N,0 hBN/Co(0001) - DFT - [614]
hBN/Ni(111) - DFT - [614]

NO, hBN/Co(0001) - DFT - [614]
hBN/Ni(111) - DFT - [614]

CH; hBN/Cu(111) - AFM, Raman, DFT experiments on Cu foil [620]
hBN/Cu(111) - DFT - [383]

NH, hBN/Co(0001) - DFT - [614]
hBN/Ni(111) - DFT - [614]
hBN/Cu(111) - DFT includes NH,, NH radicals [296]

C,H, hBN/Ni(111) 823K LEEM, PEEM intercal. [277]

CH, hBN/Cu(111) - DFT - [383]

CH;0H hBN/Rh(111) 140K HREEL - [242]

CH;COH hBN/Rh(111) 170K HREEL no ads. (5 L) without Au decoration [535]

BH;NH,4 hBN/Ni(111) 843 K LEEM, PEEM intercal. [277]
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hBN/Ni(111) (binding energy 0.06 eV), the considerable interaction
with hBN/Ni(111) reduces the adsorption distance of the O, to half
(~1.5A) and weakens the 0—O bond resulting in an activation
of the molecule. Guo et al. also report a most favorable adsorp-
tion configuration where O, bridges two adjacent B atoms (binding
energy 2.12 eV) and calculated a barrier of 0.83 eV for the dissoci-
ation of 0,. Despite the low stability of the resulting O adsorption
on B, these sites can promote the dissociation of H,0, resulting in
a hydroxylation of hBN/Ni(111) with the OH units bound to adja-
cent B sites [505]. From an experimental perspective, no reaction of
0, with hBN/Ni(111) was observed at 170 K under UHV conditions
[189].

Similar to oxygen, the Ni substrate promotes the binding of two
other ORR intermediates (OOH, OH) on hBN. In contrast, water -
as the final product of the ORR - interacts extremely weakly with
hBN/Ni(111), exhibiting a calculated binding energy of 0.02 eV that
is below the value for free-standing hBN [358]. Kim et al. reported
a slightly stronger binding for H,O on hBN/Ni(111) (0.061 eV). This
weak interaction is in line with the physisorption of CO, CO,, NHs,
N, 0 and NO and strongly contrasts the cases of O, and NO, discussed
above, thus highlighting the selective adsorption of gas molecules on
hBN/Ni(111) [614]. Abdul Wasey et al. also pointed out the impor-
tant role of the Ni support and found a favored adsorption config-
uration with the O—O bond aligned parallel to the surface, bridg-
ing two B sites, resulting in an activation of O, [360]. Furthermore,
they explored the reactivity of the oxygenated hBN/Ni(111) by mod-
eling its interaction with CO. To mimic CO oxidation through the
Eley-Rideal (ER) mechanism, the geometry of adsorbed O, interact-
ing with CO was optimized. Indeed, a spontaneous rupture of the
0—O0 bond and the formation of CO, was observed. In a subse-
quent process exposing the remaining O to CO, another CO, unit was
formed, recovering a pristine hBN/Ni(111) surface (see Fig. 27(b)).
Interestingly, according to this study neither CO nor CO, bind to
bare hBN/Ni(111), thus ruling out the Langmuir-Hinshelwood (LH)
mechanism for CO oxidation based on co-adsorption of CO and
0, [360].

Koitz et al. studied the adsorption of the ORR intermediates
(OOH, OH, H,0) on hBN/Ni(111) and compared it to the cases of

hBN/Co(0001) and hBN/Cu(111) [330]. In consistency with the ear-
lier studies, the intermediates are found to bind to B sites, with OH
adsorbing strongly, preventing the ORR reaction from proceeding
(Fig. 27(c)). While the Co case yielded similar results, hBN/Cu(111)
is particular as the intermediates are bound weaker, yielding energy
differences between the different ORR steps that are more favor-
able for the reaction to occur, thus making hBN/Cu(111) a promis-
ing candidate for catalyzing the ORR reaction [330]. However - as the
authors point out - solvation effects by the water layer, which are not
included in this description might sensitively affect the performance
of a real system.

Besides the influence of the supporting metal, structural defects
can drastically affect the reactivity and catalytic activity of hBN,
as discussed later for some exemplary cases of free-standing hBN
sheets. For hBN/Ni(111) (and hBN/Cu(111)), a first principles DFT
study by Gao et al. indeed revealed the important role of B or N
vacancies and Stone-Wales defects for the adsorption of O, [361].
While N vacancies considerably increase the binding energy of O,
by about 1 eV, B vacancies slightly decrease it. At most defects, O,
adsorbs with its molecular axis aligned parallel to the surface, as dis-
cussed above for defect-free hBN/Ni(111) (see Fig. 27). A boron impu-
rity (replacing N) however induces the dissociation of O,. These find-
ings highlight the selective interaction of specific defects with oxy-
gen, dictated by charge transfer and the formation of gap states. For
example, B vacancies are suggested to be potential active sites for
the ORR process discussed above, while N vacancies or SW defects
present too large binding energies for O,. The sensitivity to the
defect type was further corroborated by modeling CO oxidation on
hBN/Ni(111) [361].

In an experimental study combining XPS, LEEM and PEEM, Yang
et al. addressed the response of a Ni(111) surface partially covered
by hBN islands to ammonia borane (BH3NH3) and ethylene (C,Hy) at
high temperatures [277]. While no adsorption of the molecular pre-
cursors on hBN/Ni(111) was reported under these conditions, pre-
cursor fragments (B, N, C) were shown to intercalate below non-
epitaxial hBN islands. These adspecies in contact with the Ni support
can than form an sp? layer below the initial hBN sheet, thus forming
a bilayer heterostructure on Ni(111) [277]. This approach comple-
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Fig. 26. Molecular hydrogen and its isotopes on hBN/Ni(111) and hBN/Rh(111). (a) STM image showing a H, superstructure around Ti adatoms on hBN/Ni(111). (b) STM image
resolving H, molecules trapped in a nanomesh pore. (c) dI/dV spectra on H,, HD, and D, revealing rotational excitations. (d) Average of dI/dV spectra recorded at the center of
an H,-filled nanomesh pore. Note the distinct differences to the H,/hBN/Ni(111) case. (a,c) Adapted with permission from Ref. [611] © (2013) American Physical Society, (b,d)

adapted with permission from Ref. [612] © (2014) American Chemical Society.



44 W. Auwidrter / Surface Science Reports 74 (2019) 1-95
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Fig. 27. Theoretical modeling of O, interacting with hBN/Ni(111). (a) O, adsorbed on top of a B site (left panel) and bridging two B atoms (right panel). (b) O, adsorption
and oxidation of CO. (c) Energy profile of the ORR and optimized adsorption structures of OOH, O and OH intermediates. (a,b) Adapted with permission from Refs. [358,360],
respectively © (2013) American Chemical Society, (c) Adapted with permission from Ref. [330] © (2015) Royal Society of Chemistry.

ments studies on hBN growth on graphene supported on thin films
or foils (e.g., Refs. [621,622]). Heterostructures featuring the inverse
sequence, i.e., graphene sheets grown on metal-supported hBN will
be discussed in chapter 3.4.

3.2.2. hBN/Platinum(111)

Given the importance of Pt for heterogenous catalysis, sur-
prisingly few studies address the interaction of hBN/Pt(111) with
gaseous adsorbates. Wei et al. used XPS and UPS to characterize the
response of hBN/Pt(111) to molecular hydrogen [613]. H, exposure
at low pressure (1 x 107> Torr) and rt revealed no modifications of

the Pt, B, and N core level signals, evidencing that H, does not adsorb
dissociatively as on bare Pt(111). Exposure of hBN/Pt(111) to high H,
pressure (0.1 Torr) at rt resulted in a negative shift of the N and B
1s binding energies, which was assigned to hydrogen intercalation,
lifting the hBN from the support (see Fig. 28 (a)). A hydrogenation of
the sp? sheet was excluded, as it should result in pronounced posi-
tive BE shifts. Heating hBN/Pt(111) in 0.1 Torr H, at 473 K results in
almost complete desorption of hydrogen [613]. Zhang et al. provided
insight into the interaction of CO with hBN/Pt(111) [283]. Based
on LEEM, u-LEED and STM data they showed that CO intercalates
below hBN islands at rt already at low CO pressure (5 x 1078 Torr),
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lifting the hBN and removing the moiré patterns. On contrary, no
CO intercalation was detected at these conditions for a full hBN
monolayer. Only when applying 0.1 Torr of CO, intercalation was
achieved (Fig. 28 (b)). In contrast, CO intercalation was observed
already above a threshold pressure of about 5.3 x 1076 Torr by Ng
et al. [313] (see discussion). Interestingly, the CO intercalation is
fully reversible around rt when the CO supply is stopped (Fig. 28
(c,d)) [283]. The calculated CO adsorption energy decreases from
1.99 eV on bare Pt(111) to 1.48 eV when adding the hBN. This effect
was attributed to the confinement effect of the hBN cover on the
CO, exceeding the one of graphene. The confinement of CO in the
“nanoreactor” can thus modify chemical reactions. Indeed, when
adding O, by intercalation at 0.1 Torr, the CO oxidation reaction pro-
ceeds with a lower activation energy than on the Pt(111) surface
[283].

3.2.3. hBN/Copper

The effects of ambient air exposure were explored for hBN on
polycrystalline copper [301] and on the (100) surface of a Cu foil
[312]. The former study by Kidambi et al. combined XPS and SEM
to address sub-ML hBN/Cu and a multilayer hBN film on Cu. After
prolonged air exposure (4 days or 10 months, respectively) XPS
revealed an oxidation of Cu indicating oxygen intercalation even
for the multilayer film. Typical XPS binding energies for the hBN
islands after air exposure are 190.6 eV (B 1s) and 398.1 eV (N 1s),
thus presenting a negative shift compared to pristine hBN/Cu (B 1s:
191.1, N 1s: 398.6). For the hBN islands on Cu, the oxygen intercala-
tion was reversible upon heating to 923 K in vacuum (10~6 mbar).
Subsequent re-exposure to air for 2 days again oxidized the Cu.
Besides intercalation, oxygen interaction with the island edges and
defects might play a role in this process. However, if the accumu-
lated oxygen dose was sufficiently high in both systems, anneal-
ing to 973 K induces oxygen-mediated etching and disintegration
of hBN [301] (see Fig. 29 (a,b)). Also for hBN/Cu(100) ambient
air exposure (20 h or 1 month, respectively) induces the interca-
lation of oxygen through defects and domain boundaries. Upon
annealing to 873 K, three surface structures are visualized by STM.
Their area ratio depends on oxygen exposure and annealing time.
Besides hBN/Cu(100) regions, stripe-like patterns identified as oxy-
gen intercalated hBN featuring a p(2 x 2)-O superstructure, and
areas where the BN was etched away, exposing p(2 x 2)-O ter-
minated Cu patches were characterized (Fig. 29 (c)). STS showed
an increase of the apparent hBN band gap to about 5.3 eV in

the oxygen intercalated regions, evidencing an electronic decou-
pling. Accordingly, STS and a comparison to the calculated DOS
allowed to distinguish the hBN-covered p(2 x 2)-O areas from the
“uncovered” p(2 x 2)-O patches, corroborating the assignment by
STM [312].

In a DFT approach including dispersion corrections, Lin et al.
addressed the interaction of O, with hBN/Cu(111) and explored its
potential for CO oxidation [402], thus also considering O, CO and
CO, adsorption. O, was found to adsorb with its axis parallel to
the surface, bridging two adjacent B atoms. Compared to adsorp-
tion on a free-standing hBN sheet, the binding energy is increased
(from 0.11 to 1.17 eV), while the adsorption distance is drastically
reduced (from 3.1 to 1.49 A) and the O, is activated, reflecting simi-
lar findings on hBN/Ni(111) (vide supra). On the other hand, a first
principle study by Guo et al. reports the desorption of O, formed
from two O atoms on hBN/Cu(111) [506]. In the study of Lin et al. the
oxygen binding goes in hand with a deformation of the hBN sheet,
approaching the B and N atoms to the Cu support and inducing a
charge transfer of about 1.5 electrons to the oxygen. The calculated
barrier for the O capture by CO is 0.51 eV. CO and CO, do not bind
strongly to hBN/Cu(111), suggesting that CO, can desorb easily from
hBN/Cu(111) after the reaction. Also the remaining O can be readily
removed by an additional CO molecule (barrier 0.07 eV). Thus, the
catalyst can be recovered [402]. Along with the results of Koitz et al.
discussed above, this highlights the special role of Cu as a hBN sup-
port for potential catalytic applications [330]. Furthermore, the DFT
study by Gao et al. addressed above in the hBN/Ni(111) paragraph
revealed that distinct defects in hBN/Cu(111) might be used to engi-
neer the interaction with molecular oxygen, CO and ORR intermedi-
ates [361]. Specifically, B vacancies are suggested as good candidates
for ORR catalysis, corroborating the relevance of Cu supported hBN
sheets.

The work of Wang et al. showed that a Cu foil can catalyze
the decomposition of methane - even when covered with sev-
eral hBN layers - thus enabling the CVD growth of graphene on
hBN [620,623]. In this context, the adsorption configuration of a
CH; radical on hBN/Cu(111) was determined by DFT-D2 calcula-
tions (Fig. 29 (d)) and compared to the cases of bare Cu(111),
a free-standing hBN sheet, and hBN bi- and trilayers, respec-
tively. While the radical only shows a very modest binding energy
on free-standing hBN, the addition of the Cu(111) support leads
to strong binding with an energy of approximately 1.7 eV that
was rationalized by charge transfer from Cu to C through the
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Fig. 28. N 1s XPS signatures of H, and CO intercalation in hBN/Pt(111). (a) H, exposure. (b) CO exposure. (c) Spectral series showing the reversibility of CO intercalation in three
exposure-pumping cycles (I-VI). (d) Schematic illustration of the CO intercalated (top panel) and bare hBN/Pt(111) interface (bottom panel). (a) Adapted with permission from
Ref. [613] © (2015) Springer Nature, (b-d) Adapted with permission from Ref. [283] © (2015) American Chemical Society.
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hBN spacer (Fig. 29 (e)). Accordingly, the binding energy of the
CH; radical decreases when additional hBN sheets are included
[620].

Rationalizing their heterogenous pyrolysis approach introduced
to grow hBN mono, bi- and tri-layers on Cu(111), Siegel et al.
performed DFT calculations on the adsorption of NH; and its
radicals (NH,, NH) on hBN/Cu(111) and on a free-standing hBN
sheet [296]. The adsorption of NH; on hBN/Cu(111) (0.167 eV,
adsorbed above a B3N; hexagon) is clearly weaker than on bare
Cu(111) (0.819 eV, top site). The radicals however adsorb well
on hBN/Cu(111) (NH,: 2.651eV, on B; NH: 4eV, on N), suggest-
ing that the dehydrogenation reaction can proceed if NH; stays
adsorbed, in agreement with the experiment. The adsorption of
NH; and its radicals on the second hBN layer on Cu(111) -
described by a free-standing hBN sheet (compare Table 8) - is even
weaker and the successful hBN growth thus relies on coadsorption
[296].

3.2.4. hBN/Rhodium(111)

The influence of the hBN/Rh(111) nanomesh structure on the low-
temperature adsorption and rotational spectra of H, was detailed
by Natterer et al. [612], as already discussed above in comparison
to the hBN/Ni(111) case (paragraph 3.2.1, see Fig. 26(b,d)). Next, we
address hBN/Rh(111) exposed to CO. An in-situ study by Ng et al.
using ambient pressure XPS and NEXAFS covering the pressure range
from UHV up to 0.2 mbar revealed that at rt CO intercalation sets in at
a CO threshold pressure of 0.01 mbar [313]. Once intercalated, the CO
remains trapped below hBN even after cutting the CO supply. Similar
to the systems discussed above, the intercalation induces a negative
BE shift of the N 1s core levels. Additionally, the nanomesh corruga-
tion is lifted upon intercalation resulting in a mostly flat layer and
the work function is increased by 1.2 eV (Fig. 30(a-f)). The similarity
of NEXAFS spectra of bulk hBN and hBN/CO/Rh(111) further confirm
the electronic decoupling by the CO. Annealing to 600 K induces des-
orption of CO and restores the hBN/Rh(111) structure. Interestingly,
this study highlighted the chemical selectivity of the intercalation
process in hBN/Rh(111): Contrary to CO, the molecules H,, O,, and
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H, 0 do not intercalate, showing the protective properties of the hBN
cover for specific gases [313].

The direct observation of water with molecular resolution
on hBN/Rh(111) reported by Ma et al. in 2010 [616] was fol-
lowed by a series of experimental and theoretical investigations
[338,551,617-619]. STM images recorded after dosing 2 L of H,0
at 52 K showed protrusion forming a hexagonal lattice filling all
nanomesh pores, while no ordered structures were detected on the
wire regions. The assemblies stabilized in the pores were identi-
fied as ice clusters featuring a H, O bilayer structure fulfilling the ice
rules. Based on the dipolar character of H,0, dI/dz mapping - sensi-
tive to the tunneling barrier and thus to local variations in the elec-
trostatic potential - was applied to access the structure of the clus-
ters assembled from about 40 molecules [616]. DFT-PBE calculations
including vdW dispersion corrections screened several distinct struc-
tural models for H,O clusters on a planar, free-standing hBN sheet
[619]. One structure was favored as it minimizes the total dipole
in the assembly. When optimizing the geometry of this structure
including the nanomesh support and simulating the corresponding
STM image, the main features of the experimental observations were
reproduced (Fig. 31 (e,f)) [619]. A follow-up study applied a consid-
erably lower water dose (0.001 L at 34 K), where only parts of the
pores hosted H,0 assemblies [617]. The most abundant ice clusters
feature three protrusions forming a triangle that can be distorted (see
Fig. 31 (a,b)). Based on the lateral dimensions, the considerations of
the ice rules (where every molecule provides a proton for a hydro-
gen bond to an adjacent molecule), and complementary DFT model-
ing, the majority of these triple-protrusion-clusters was assigned to
ice hexamers [338,617,618] (Fig. 31(b-d)). The distorted clusters can
reflect pentamers. Within these bilayer-like structures, three of the
H,0 molecules adsorb closer to the hBN and surprisingly dominate
the STM contrast as confirmed with TH modeling, while the others
are vertically and laterally offset. Besides the hexamers, also trimers,
dimers and individual water molecules were theoretically character-
ized [338].

A recent study following a hybrid quantum mechanics/molecular
mechanics (QM/MM) approach compared H,O0 adsorption on
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Fig. 29. Interaction of hBN/Cu with O, and CH;. (a) Schematic illustration of an oxygen-mediated catalytic dissociation of hBN on Cu upon heating. (b) N1s XPS spectra revealing
the disintegration of air-exposed hBN upon heating in 1 X 104 mbar 0,. (c) STM image showing different superstructures after annealing an air exposed sample. The inset
depicts cross-sections of three typical regions (Red dots: oxygen atoms). (d) DFT-optimized geometry of CH; on hBN/Cu(111). (e) Potential energy (black) and charge difference
(blue) versus the distance of the CH; carbon to the underlying B atom of hBN. (a,b) Adapted with permission from Ref. [301] © (2014) American Chemical Society, (c) Adapted
with permission from Ref. [312] © (2016) American Physical Society, (d,e) Adapted with permission from Ref. [620] © (2014) American Chemical Society. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 8

A selection of DFT calculations for di- and triatomic molecules on free-standing hBN sheets.
Please note that the absolute value of the binding energy (rounded to three digits) is listed, as
in the text. For further information (e.g., methods, definition of binding energy, adsorption
sites, coverage dependence, etc.), the reader is referred to the original publications.

Molecule Binding energy Refs.
H, no binding [539,583]
0.04 eV [417]
0.07 [627]
0.08 eV [628]
0.09 eV [629]
0.13 eV [630]
N, 0.24 eV [630]
NH 2.26 [296]
242 eV [594]
NH, 0.24 eV [631]
OH - [539]
2.47 eV (on N) [64]
OH 0.88 eV (radical) [632]
OH- 23eV [633]
CH 242 eV [383]
co 0.02 eV [614]
0.06 eV [634]
0.1eV [628]
0.13 eV [402]
0.26 eV [630]
CH, 2.1eV [383]
CHO 2.3 eV (onB) [64]
CHO radical coverage dependent [635]
o, 0.02 eV [614]
0.05eV [636]
0.10eV [628]
0.19eV [402,627]
0.2eV [563]
0.44 eV [630]
COOH no binding [64]
C,H, 0.92 eV (on B) [637]
CN 4.52 eV (on B) [64]
NO 0.12 eV [628]
0.07 eV (PBE), 0.16 eV (DFT + D) [634]
N, different theory levels [638,639]
N,0 0.03 eV [614]
NO, 0.03 eV [614]
0.13 eV [628]
0.55 eV [563]
0, no binding [360,543]
0.03 eV [614]
0.06 eV [634,640]
0.08 eV [556]
0.11eV [402]
0, 0.41 eV (on B;,N;,Hy,) [641]
I, 0.47-1.15 eV (on B33N;3H,, ), different theory levels [642]
H,0 no binding [64,539]
0.03 eV [614]
0.04 eV (PBE), 0.17 eV (DFT-D2) [643]
0.08 eV [644]
0.14 eV [628]
0.18 eV [630]
H,S 0.1 [563]
NH, 0.33eV [594]
0.86 eV (on B) [296]
1.05 eV (on B;,N;,Hyy) [645]
2.58 eV (on B) [64]
NH, 0.03 eV [614]
0.1eV [628]
0.14 eV [296]
0.16 eV (PBE), 0.25 eV (DFT + D) [634]
0.41eV [471]
0.48 eV [646]
CH, 0.28 eV [383]
2.32eV(onB) [64]
CH, 0.16 eV [627]
0.27 eV [383]
0.33eV [630]
S0, 1.46 eV [647]
CH;SH binds to Al-doped and B-vacancy-defected hBN [648]
CH,CH;SH binds to Al-doped and B-vacancy-defected hBN [648]
NH,NO, 0.30 eV (0n B,y Ny, Hyg)) [649]

NH,BH, 0.32eV [650]
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Fig. 30. Interaction of CO and O, with hBN/Rh(111) and hBN/Ru(0001). All the shown XPS data represent the N 1s core level. (a) XPS, (b) STM and (c) LEED data of the bare
hBN/Rh(111) in UHV. (d) XPS, (e) STM and (f) LEED data after rt CO exposure and intercalation. (g) XPS as a function of CO exposure for a sub-ML hBN/Ru(0001) (left panel) and
a ML hBN/Ru(0001) (right panel). (h) STM image before and (i) after CO intercalation on hBN/Ru(0001). (j) XPS under O, exposure as a function of temperature for a sub-ML
hBN/Ru(0001) (left panel) and a ML hBN/Ru(0001) (right panel). (k,I) PEEM images during O, intercalation showing the initial situation (k) and partial intercalation (I). (m-o0) A
series of STM images representing bare hBN/Ru(0001) (m) and the etched surface after an O, exposure of 100 L (n) and 600 L (o) at 873 K. (a-f) Adapted with permission from Ref.
[313] © (2015) John Wiley and Sons, (g-i) Adapted with permission from Ref. [309] © (2016) Royal Society of Chemistry, (j-1) Adapted with permission from Ref. [228] © (2015)
Springer Nature, (m-o0) Adapted with permission from Ref. [522] © (2008) American Chemical Society.
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Fig. 31. Water interaction with hBN/Rh(111). (a) STM image of ice clusters featuring single- or triple-protrusions. (b) STM zoom-in on a single hexamer. (c) Corresponding
structural model and (d) simulated STM image. (e) Structural model of 38 water molecules optimized in a nanomesh pore. (f) Corresponding simulated STM image. (g) Snapshot
of the simulation cell of a water film on hBN/Rh(111). (h) Spatial distribution of O atoms at a height of 2.3 A above the nanomesh wire. (i) Plane-averaged water density p,, along
the surface normal. All numbers in (d.f,h), representing lateral or vertical distances, are in A units. (a,b) Adapted with permission from Ref. [617] © (2012) American Chemical
Society, (c,d) Adapted with permission from Ref. [338] © (2011) American Chemical Society, (e,f) Adapted with permission from Ref. [619] © (2012) IOP Publishing, (g-i) Adapted

with permission from Ref. [551] © (2015) Royal Society of Chemistry.

the pristine nanomesh and on the H intercalated, near-planar
hBN/H/Rh(111) structure (see paragraph 3.1.2), discussing the wet-
ting behavior of these surfaces including structural and dynamic
properties [551] (Fig. 31(g-i)). It was found that the nanomesh is
slightly more hydrophilic than the hBN/H/Rh(111) system. Trans-
ferred to a macroscopic scale, these findings predict a smaller contact
angle for a water droplet on hBN/Rh(111) compared to the H inter-

calated system [551]. Finally, Farkas et al. addressed the interaction
of methanol (CH;OH) with hBN/Rh(111) by HREELS [242]. At 140K,
methanol adsorbs molecularly, but the majority of the molecules
desorb at 160K as inferred from TPD. However, a small part of the
molecules - assigned to its metoxy form - stayed stable up to 400 K,
in contrast to adsorption on bare Rh(111), where the detection of CO
signaled a decomposition of the molecule [242].
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3.2.5. hBN/Ruthenium(0001)

Similar to the hBN/Rh(111) case discussed above, CO interca-
lation was explored for (sub-)ML coverages of hBN on Ru(0001)
[309]. For 0.5 ML hBN, rt intercalation proceeded at a CO pressure
of 3 x 10~* mbar. To intercalate a (nearly) full layer (0.9, 1 ML), a
CO pressure of 600 mbar was required. Upon intercalation, the B 1s
and N 1s core levels shift to lower BE by 1.6 and 1.8 eV, respectively
and STM data evidence the disappearance of the nanomesh super-
structure (Fig. 30(g-i)). Compared to Ru(0001), CO desorbs from
hBN/CO/Ru(0001) at a lower temperature and more abruptly, which
was assigned to confinement effects as discussed above for CO in
hBN/Pt(111) [309]. In line with the results for CO, oxygen interca-
lation below a full hBN layer on Ru(0001) requires harsher condi-
tions than in the sub-ML case. hBN islands got intercalated at an
0, pressure of 6.7 x 1078 mbar at 423 K while 0.133 mbar O, were
required at rt to intercalate 1 ML hBN/Ru(0001) [228]. Here, the neg-
ative BE shifts in XPS were measured to be 1.88 eV for B 1s and
2.44 ¢V for N 1s, exceeding the ones reported for CO intercalation
[309]. In addition to XPS (Fig. 30 (j)), the intercalation process was
directly tracked in PEEM image series (Fig. 30 (k,1)). An early study
by Goriachko et al. combining XPS, AES, LEEM, and STM revealed
etching of hBN/Ru(0001) by exposure to O, at elevated tempera-
tures [522]. On a mesoscopic scale explored by LEEM (with the O,
pressure restricted to 5 x 10~8 mbar), hBN etching sets in at a tem-
perature of 1023 K, starting from macroscopic defects. On a micro-
scopic scale addressed by STM in combination with AES (with the
0, pressure set to 1 x 1076 mbar), the threshold temperature was
about 873 K. In both cases, the hBN was completely dissolved and
removed from the Ru support, presumably by forming volatile BO,
and NO, compounds [522] (Fig. 30(m~-o0)). The etching must rely
on atomic O, thus the dissociation of O, which can only occur on
Ru and not on hBN areas is a prerequisite for the process to hap-
pen. This points to the important role of defects in hBN to trig-
ger the etching [522]. Indeed, deposition of small amounts of Au
on the nanomesh - presumably saturating defect sites - consider-
ably increased the stability of hBN/Ru(0001) towards oxygen etching
[522].

3.2.6. Comparison and discussion

Two distinct approaches to “small” molecules interacting with
hBN were represented by the studies summarized above. On the
one hand, the specific properties of the hBN/metal interfaces were
applied to achieve a given process by the molecules adsorbed
on the hBN. Such as, for example, the assembly of supramolec-
ular structures under spatial constraints (e.g., water clusters in
nanomesh pores [616,617]), the control of molecular dynamics of
physisorbed molecules (e.g., H,/hBN/Ni(111) versus H, /hBN/Rh(111)
[611,612]), a selective adsorption [313,614], or the activation and
reaction of adsorbates (e.g., oxygen activation and ORR). The major-
ity of such studies relied on low-temperature deposition in a
UHV environment or theoretical modeling. On the other hand,
harsher conditions including exposure to air and selected gases
at (or near) ambient pressure combined with annealing proto-
cols gave valuable insights into the stability of hBN/metal inter-
faces and introduced (reversible) molecular intercalation as a tool
to achieve quasi-free standing hBN sheets or 2D nanoscale reac-
tors. In the following, we attempt a comparative discussion of
selected cases, providing a somewhat more detailed summary of
both approaches.

Selective adsorption behavior. From a general perspective, this
chapter highlighted the important role of the supporting metal for
the reactivity and catalytic activity of hBN monolayers. Thanks to the
metal - hBN interaction, an inert material might be even turned into
an active one. For example, according to DFT calculations, O, shows a
negligible adsorption energy on free-standing hBN sheets, but binds

considerably on hBN/Ni(111) and hBN/Cu(111). Interestingly, such
an enhancement of the adsorption energy by the underlying metal
support is not a general rule, but only affects selected molecules
[614]. CO, CO, or H,0 are predicted to interact very weakly both
with free-standing and metal (Cu, Ni) supported hBN. H,0 also
desorbs from hBN/Rh(111) below rt. Moreover, a selective adsorp-
tion was revealed in intercalation experiments on hBN/Rh(111):
While CO intercalates at given conditions, O,, H,, and H,0 do
not [313].

In addition, the nature of the metal itself affects the adsorbate
- hBN interaction, thus influencing predicted reaction pathways.
For example, hBN/Cu(111) is a promising candidate as ORR catalyst,
while hBN/Co(0001) or hBN/Ni(111) seem less suitable due to strong
binding of hydroxyl intermediates [330,358,361,402]. Neverthe-
less, calculations for O, indicate that the difference in adsorption
behavior between certain bare metal surfaces might be reduced
when covering them with hBN. On hBN/Cu(111) and hBN/Ni(111)
0, favors bridging two B atoms with a B—O distance of 1.49 A and
similar adsorption energy [358,402]. The adsorption behavior of O,
on bare Cu(111) and Ni(111) (with its axis aligned parallel to the
surface - as in the hBN cases) however shows distinct differences.
The most stable precursor adsorption sites differ between the
two metal supports, so do the adsorption heights and energies
[624].

As a word of caution, it should be noted that the level of the-
oretical modeling and subtle differences in the calculations might
affect the results and conclusion, as already discussed in the char-
acterization of hBN/metal interfaces (e.g., paragraph 2.2.12). Espe-
cially for weakly interacting systems, the range of adsorption ener-
gies reported seems considerable (see Table 8). Thus, an experimen-
tal implementation and confirmation of the theoretically predicted
adsorption and reaction processes is rewarding - notably as stud-
ies on hBN/metal single crystal samples are rather scarce. While DFT
results on model systems nicely match experimental observations
for example regarding the successful use of hBN covered Au as elec-
trocatalyst for ORR [615] and HER [625] or the parallel orientation
of the O, axis to a hBN support [626], such experiments rely on BN
powder or film-supported BNNS.

Interface stability. A comparative assessment of the stability of
the diverse hBN/metal interfaces based on the experimental reports
summarized in this section is tempting. However, this section has
revealed that processes like intercalation and oxidation sensitively
depend on the structural quality of the hBN sheets (completeness
of the layer, domain boundaries, wrinkles, etc.). Thus, subtle differ-
ences in sample preparation and quality might hamper the recogni-
tion of trends and explain some of the apparent discrepancies, espe-
cially as different studies rely on complementary (i.e. space aver-
aging versus local) characterization techniques. Nonetheless, some
insight might be gained from the following cases. For example, the
threshold pressure for CO intercalation in hBN/Rh(111) is orders of
magnitude higher than on hBN/Pt(111), consistent with the stronger
interaction of hBN with Rh(111) compared to Pt(111) (see section
2.4)[313]. Here, the chemical potential of the gas at a given pressure
and temperature indicates if the energy cost for lifting the hBN might
be overcome, thus enabling intercalation [313]. Accordingly, rather
subtle variations in the binding energies of adsorbed hBN sheets can
translate into pronounced changes of intercalation threshold pres-
sures [313]. Within the same system (e.g., hBN/Pt(111), paragraph
3.2.2), the considerable differences in reported pressures applied for
CO intercalation are nevertheless not easily rationalized. Under the
conditions CO intercalation was observed in hBN/Ru(0001) [228],
it did not occur in hBN/Rh(111) [313]. This is not in line with the
interaction strength of hBN with Ru(0001) exceeding the one of
Rh(111) (see section 2.4). However, an inferior structural quality of
hBN/Ru(0001) might explain this effect (see paragraph 2.2.5) [226],
as the important role of defects in hBN/Ru(0001) was recognized,
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e.g., in oxygen etching processes [522]. In addition to the adsorp-
tion energy of hBN, the interaction of hBN edges with the metal
support influences the intercalation processes for incomplete hBN
layers. For example, the easier oxygen and CO intercalation under
hBN islands on Ru(0001) compared to their graphene counterparts
was tentatively attributed to B and N edge atoms binding weaker
to Ru than the corresponding carbon atoms [228,309]. Furthermore,
the interfacial interaction energies of the gas, as well as kinetic fac-
tors and entropic contributions would need to be considered for a
complete description of the intercalation process (and the threshold
pressures).

Naturally, also the oxidation resistance of hBN at elevated tem-
perature is reduced by the metal support. Etching of hBN/Cu,
hBN/Ir, and hBN/Ru(0001) was reported at temperatures as low as
873 K [312,498,522], whereas free-standing hBN monolayers and
multilayers can sustain temperatures up to 1123 K. Also in this
respect, defects in the hBN sheets, e.g., exposing bare metal sur-
face and providing atomic adsorbates via dissociation are rele-
vant.

The above discussion demonstrates that hBN/metal interfaces
might readily be modified by rt exposure to air and other selected
gases. However, the threshold parameters for such modifications,
their magnitude, and their impact on the nanoscale structure seem
ambiguous. For example, the hBN/Rh(111) nanomesh superstruc-
ture was shown to survive in ambient atmosphere up to 60 h
(XRD, STM) [232], while it vanished after only 30 min at 0.2 Torr
CO (LEED, STM) [313] - with the CO partial pressure being com-
parable in both situations. Importantly, part of these exposure-
induced effects are reversible when a UHV environment is restored.
In these cases the initial hBN/metal structures can be recovered,
often requiring a thermal annealing step (e.g., CO de-intercalation
occurs from hBN/Pt(111) at rt, from hBN/Ru(0001) at 500 K [309],
and from hBN/Rh(111) above 600 K [313], respectively). The con-
ditions for an activation of irreversible hBN modifications follow-
ing O, exposure seem less clearcut. For example, oxygen inter-
calation in hBN islands on Cu was reversible when annealing to
923K as long as the previously accumulated O, dose was suf-
ficiently low - otherwise etching occurred [301]. Unfortunately,
based on the experimental evidence available, it is thus hard to
precisely and reliably position the distinct hBN/metal interfaces
on an imaginary scale ranging from “absolutely inert” to “highly
(re)active”.

Effects of molecular adsorbates on hBN properties. Importantly,
beyond the choice of the support, the electronic and magnetic prop-
erties as well as the catalytic activity of the hBN sheet itself might be
tuned by molecular adsorbates, similar to the modifications by atoms
discussed in paragraph 3.1.7. Numerous studies mainly applying
first principle calculations to free-standing hBN explored such pro-
tocols, including functionalization by adsorbates, doping, application
of strain, or the use of electric fields - often in comparison to related
low-dimensional BN materials as nanotubes and fullerene-like BN
cages (e.g., Refs. [478,651-654]). A comprehensive coverage of this
field is beyond the focus of this review. Nevertheless, we list a selec-
tion of reports on “small” molecules interacting with free-standing
hBN sheets in Table 8. These examples should highlight the poten-
tial of molecular adsorbates to modify hBN, also in view of potential
future experimental endeavors on surface supported model systems.
Several of these theoretical studies were already addressed above
in direct reference to experimental findings and are not discussed
again. Here, we briefly cover two additional cases. Bhattacharya et
al. applied DFT to systematically explore the band gap engineering of
hBN by a variety of groups including OH, CN, NH,, CH3, CHO, where
particularly the latter two resulted in a pronounced reduction of the
electronic gap (to about 0.3 eV for CHO) [64]. Tang et al. addressed
modifications of hBN induced by NH, (x = 0,1,2) adsorption, reveal-
ing impurity levels in the gap, charge transfer towards the adsorbates

and the emergence of a magnetic moment of 1 yp for the N and NH,
cases [594].

Modification of the hBN sheet. Beyond such modification of intact
hBN sheets, structural defects in the free-standing hBN layer (e.g.,
vacancies or heteroatoms) can play a pivotal role (see section 2.3
and paragraph 3.1.7). For example, B vacancies in hBN promote the
adsorption, activation and subsequent dissociation of CO, [636] or
can bind mercaptans that do not adsorb on pristine hBN sheets
[648].

N doping of hBN yielded adsorption energies for ORR interme-
diates that are quite similar to the case of Pt(111), thus suggesting
promising catalytic properties [655]. The influence of C atoms either
replacing B or N on the activity of hBN was explored for O, activa-
tion [564], CO oxidation [656], and the adsorption of H,S and NO,
[563]. While the C substitution at B sites was found to be energeti-
cally less favorable compared to the N sites [563], it induces electron
doping of the hBN sheet turning it into an n-type semiconductor-like
material promoting O, activation [564] and a CO oxidation activity
superior to Auss or Ptss clusters [656]. C substitution at N sites on
the other hand greatly enhanced the adsorption energies of H,S and
NO, to 0.55 and 2.4 eV, respectively (compare Table 8) [563]. Deng
et al. showed a selective enhancement of molecular adsorption ener-
gies on C-doped hBN. Specifically, the C defects enhanced the bind-
ing of 05, NO, NO,, CO,, and SO,, but did not affect the adsorption
of H,, N, CO, NH; [657]. Si substitution was found to occur most
likely at B sites, inducing a magnetic moment of 1 y and enhancing
the reactivity of the hBN towards CO, NH3, O, and NO [634]. Further-
more Lin et al. showed how a Si impurity at a B position activates
0, and offers prospects for CO oxidation [658]. All these examples
highlight the potential of engineered hBN sheets for metal-free catal-
ysis.

In addition, substitutional doping by a series of metal atoms (Cu,
Ag, Au, Pt, Rh, Pd, Fe, Co, Ir) was explored by Lin et al. revealing
for example the adsorption of CO and O, - activating exclusively
the latter - on a Co impurity [573]. Recently, Lu et al. described
the catalytic oxidation of CO on such Co sites in detail, highlight-
ing that ER, LH and TER processes might occur at low temperature
[575]. The ER reaction barrier was found to be similar than for Fe-
doped hBN [659], but considerably smaller than for the Cu [602]
and Pt [602] incorporation. Additionally, CO oxidation mechanisms
were evaluated for Ag- [580], Pd- [579] and Ru-doped [578] hBN
sheets. The interaction of O, and CO with Au atoms embedded in
a hBN monolayer was explored by Gao et al., addressing adsorption,
activation and dissociation processes [536,581,606]. A recent first-
principle study of Mao et al. reported a novel trimolecular ER mech-
anism for the CO oxidation involving two CO molecules bound to a
Au defect [537]. Screening the potential of a series of metal dopants
(Sc to Zn, Mo, Ru, Rh, Pd, Ag) for the electrochemical N, reduction
reaction, Zhao et al. showed that Mo-decorated B monovacancies
reveal the highest catalytic activity for N, fixation at rt [577]. Al
doping opens routes to mercaptans (CH;SH, CH,CH;SH) adsorption,
which does not occur on pristine, N-vacancy, or SW-defected hBN
[648].

Besides doping, strain in hBN islands might be used to tailor the
adsorption energies of small molecules, as exemplified by Neek-
Amal et al. for NH;. A strain of 10% roughly doubled the calculated
binding energy [471]. In view of strongly distorted hBN structures as
nano-domes (see paragraph 3.1.2) achieved experimentally, such a
finding is interesting. Finally, Guo et al. predicted that the adsorp-
tion of CO, can be selectively enhanced when applying an external
electric field normal to the hBN plane, thus proposing pathways for
field-controlled CO, capture and release [630]. However, the consid-
erable field strength might impose some challenges for an exper-
imental implementation. Sun et al. theoretically investigated the
adsorption of CO,, H,, and CH, on charged (and neutral) hBN sheets
[627]. A charge density in the order of 10'3cm™=2 on hBN drastically
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enhances the adsorption of CO, and should be applicable to sepa-
rate CO, from its mixtures with H, and CH,. Switching to neutral
hBN, the adsorbed CO, can be released from hBN without reaction
barrier [627].

In addition to adsorption on free-standing hBN sheets, first prin-
ciples modeling efforts also addressed the interaction of molecules
with isolated hBN/graphene double-layers, e.g., covering H,0 and
TMA [643].

3.3. Larger (metal-)organic molecules

Based on their relevance in biological and artificial systems,
“large” (metal-)organic molecules are key elements in surface-,
material- and nanoscale-science with prospects for fields as diverse
as molecular electronics, heterogeneous catalysis, sensing, or light
harvesting. Typical representatives include tetrapyrroles [660,661],
fullerenes [662,663], oligophenylenes [664-668], and polyaromatic
hydrocarbons [669-675]. Fig. 32 and Table 9 provide an overview of
species studied on hBN/metal single crystal supports. Their interplay
with 2D materials offers tremendous opportunities to design and
engineer assemblies with novel functionalities and to tune molecular
properties. Naturally, hBN sheets were considered early on as spacer
layers separating individual molecules or self-assembled structures
from metallic supports, complementing graphene as template for
molecular self-assembly (e.g., Refs. [90-92,676,677]). The follow-
ing phenomena - mostly not accessible on metallic supports - were
explored on surface-supported hBN monolayers [91]:

e Electronic decoupling. Relevant in all the systems studied.

e Site-selective adsorption. Prominent on the topographically
and/or electronically nanostructured templates, i.e., BBN/Rh(111),
hBN/Ir(111), and hBN/Cu(111).

e Orientational switching with increasing sub-ML coverage.
Reported on hBN/Rh(111).

e Site-selective gating and charging. Explored on hBN/Ir(111) and
hBN/Cu(111).

e Tip-gated charging. Studied on hBN/Rh(111) and hBN/Cu(111).

o Intercalation. Reported for hBN/Cu(111).

In addition, self-assembly and on-surface reaction protocols - well
established on metals - were adapted to hBN terminated supports.

Experimental aspects of molecule deposition. Experimentally, the
deposition of large (metal-)organic molecules mainly relies on
organic molecular beam epitaxy using crucibles filled with high-
purity molecular powder heated in UHV or - in case of large and
fragile species - electrospray deposition applying dedicated sources
[692,693].

3.3.1. hBN/Nickel(111)

The first experiments with “large” molecules on epitaxial hBN
sheets were performed by the author in the Greber/Osterwalder
group in 2002 using Cgy on hBN/Ni(111) [694]. After rt deposition,
Cgo (#6 in Fig. 32) initially forms extended single layer islands with
a hexagonal packing representing a 4 X 4 superstructure with
a nearest neighbor separation of 1 nm (Fig. 33 (a,b)). At higher
coverages, a layer-by-layer growth was observed. To readily prepare
a complete Cqy monolayer, multilayers were annealed. From the Cg
desorption temperature from hBN/Ni(111) (520 K), a binding energy
of ~1.5 eV was inferred [682]. Upon cooling to 160 K Muntwiler et al.

observed a transformation to a 4\/§ X 4\/5)—R30° structure by LEED
(Fig. 33 (c)). Interestingly, this transition representing a freezing of
molecular rocking motion goes in hand with a decrease of the LUMO
occupancy of Cgq. At rt, the LUMO is partially filled by ~ 0.5 electrons
while at low temperature it is almost empty (0.08 e™) (Fig. 33 (d)).
This effect was rationalized by orientation-dependent tunneling
between the support and the LUMO combined with electron-phonon
coupling stabilizing the charge [682]. A theoretical description of
Ceo/hBN/Ni(111) by first-principles calculation showed a most favor-

Fig. 32. Chemical structures of selected (metal-)organic molecules studied on hBN/metal supports. Compare to Table 9.
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Table 9

(Metal-)organic molecules on hBN/metal supports. The corresponding chemical structures are displayed in Fig. 32. Abbreviations: P: porphine,
Pc: phthalocyanine; NC: naphthalocyanine; CHP: 5,5',5”,5” 5" 5" -hexaiodocyclohexa-m-phenylene; TPCN:
tetra[-(4-cyanophenyl)phen-4-yl]porphyrin; TBB: 1,3,5-tris(4-bromophenyl)-benzene; PTCDA: 3,4,9,10-perylene tetracarboxylic dianhydride;

TCNQ: 7,7,8,8'-tetracyanoquinodimethane; qdc: quaterphenylene dicarbonitrile; Mn,,: manganese-12-acetate; Fe,: C;,H;,5Fe,0;5.

# (cf. Fig. 32) Molecule Substrate Technique(s) Comment Refs.
1 2HP hBN/Cu(111) STM, DFT - [398]
2 2HPc hBN/Rh(111) STM, DFT - [337]
CuPc hBN/Rh(111) STM, DFT - [337,339]
MnPc hBN/Rh(111) STM - [678]
CoPc hBN/Ir(111) STM, DFT - [251,679]
3 TbPc, hBN/Ru(0001) XMCD - [680]
4 NC hBN/Rh(111) STM - [240]
5 IgCHP hBN/Rh(111) STM, DFT - [681]
6 Coo hBN/Rh(111) STM - [87]
hBN/Ni(111) STM, UPS, LEED - [682]
hBN/Ni(111) DFT - [356]
hBN/Ni(111) DFT Fe-doped Cg, [683]
hBN/Pd(110) STM - [280]
7 TPCN hBN/Cu(111) STM Co metalation [684]
8 TBB hBN/Ni(111) STM dehalogenation [518,685]
9 Pyrene hBN/Cu(111) STM - [686]
10 PTCDA hBN/Rh(111) STM, DRS - [687,688]
hBN/Pt(111) STM, DRS - [687,688]
11 Bromobenzene hBN/Ni(111) DFT dehalogenation [518]
12 TCNQ hBN/Cu(111) STM - [398]
F,TCNQ hBN/Rh(111) STM, XPS, UPS, DFT - [689]
13 Pentacene hBN/Rh(111) STM, NEXAFS, LEEM, LEED - [690]
14 qdc hBN/Cu(111) STM, MD - [691]
15 Mn,, hBN/Rh(111) STM - [692]
16 Fe, hBN/Rh(111) STM, DFT - [693]
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able adsorption configuration with a Cg, bottom hexagon placed on
a N site (Fig. 33 (b)). A cage orientation exposing a pentagon towards
BN was slightly less stable (0.1 eV). While the calculated adsorption
energy of 0.47 eV considerably exceeds the experimental value listed
above, the energy difference for rocked Cg is very small (0.1-0.2 eV)
[356]. Che et al. calculated a minor charge transfer of 0.13 electrons
from hBN/Ni(111) to the fullerene, being fairly consistent with the
experimental low-temperature situation (Fig. 33 (e)). In contrast to
the experimental findings, the calculated charge transfer between
hBN/Ni(111) and Cgy did not depend on the orientation of the
molecule. This discrepancy was tentatively attributed to the role
of electron-phonon coupling that can not be treated exactly in the
applied calculation scheme. Additionally, vdW interactions were
not accounted for in this GGA based theoretical approach, albeit
considered to play a relevant role in such interface structures.
In any case, compared to Cg, adsorption on metal surfaces, the
calculations confirm a weak interaction with little charge transfer
for the fullerenes on the hBN terminated surface. Low-temperature
STM data recorded on Cgo monolayer islands on hBN/Cu(111) reveal
that the fullerene preferably exposes a hexagon to the hBN, in line
with the theoretical findings discussed above for hBN/Ni(111) [695].
Li et al. extended the DFT studies on Cgq/hBN/Ni(111) to explore
effects of Fe doping [683]. The interaction of Fe adatoms with
(metal-)organic films can be used to tailor the structural, electronic
and magnetic properties of such bi-component adsorbate layers
[117]. Indeed, the formation of Fe,-Cgq complexes with n = 1-4 and
n =15 showed a monotonically increasing charge transfer from Fe
to the fullerene with increasing number of Fe atoms. Furthermore,
a magnetic moment is induced in Cgy that aligns antiparallel to
the Fe ones. Fig. 33(f-h) represents the Fe,-Cq, case featuring a
charge transfer of about one electron, highlighting the PDOS, the
most stable structure, and the electron density difference, respec-
tively. Generally, the considerable interaction between Fe and Cgg
bases mainly on an ionic character and hybridization between

HOMO/HOMO-1 and Fe s and d orbitals, thus introducing a covalent
character [683].

Morchutt et al. used hBN/Ni(111) as a platform for dehalogena-
tion reactions yielding covalent assemblies [518]. Deposition of TBB
(#8 in Fig. 32) at a substrate temperature of 413 K resulted in dense-
packed islands with an oblique unit cell containing four molecules,
which is stabilized by close contacts between Br and H (Fig. 34 (a)).
This behavior contrasts the adsorption of TBB on bare Ni(111), thus
highlighting the influence of hBN. On Ni(111), the molecules partially
debrominate upon rt deposition and no long-range ordered assem-
blies are achieved. To induce TBB dehalogenation on hBN/Ni(111),
the samples were annealed (523-573 K). Indeed, the cleavage of
C—Br bonds was achieved, resulting in small oligomers upon cova-
lent bond formation. Long-range order or the formation of extended
oligomers was not observed (Fig. 34 (b,c)). This limitation was
assigned to considerable interactions between dehalogenated ter-
minal sites with the hBN support limiting the mobility. Indeed, DFT
modeling yields a diffusion barrier of 1.9 eV for fully debrominated
TBB (Fig. 34 (e)). Furthermore, the debromination reaction pathway
calculated for bromobenzene - mimicking the TBB’s terminal moi-
eties - shows a strong coupling (~2.5eV) between C and B atoms
[518].

In an attempt to lower the substrate temperature necessary for
successful debromination and covalent bond formation, Zhao et al.
explored the catalytic effects of Cu and Pd on the Ullmann reac-
tion of TBB on hBN/Ni(111) [685] (Fig. 34 (d)). Indeed, adding Cu
and Pd lowered the onset temperature of the reaction consider-
ably (by 70K for Cu, down to rt for Pd) (Fig. 34 (f)). For the latter
case, organometallic intermediates were observed after annealing to
453 K, which assemble into regular arrays based on dimeric units.
No such intermediates were found for the Cu-catalyzed reaction,
reflecting distinctly different reaction pathways for the two metals
[685].
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Fig. 33. Cg,/hBN/Ni(111). (a) STM image of Cg, monolayer at rt. (b) Corresponding structural model of the 4 x 4 superstructure. (c) LEED images at 250 K (left panel) and 160 K
(right panel). (d) Occupancy of the frontier orbitals (HOMO, LUMO) versus temperature. (e) Charge transfer plot at the interface (yellow: electron accumulation, red: electron
depletion). (f) PDOS of Cg, (black: GGA, red: LDA) and Fe (blue: GGA) (g) DFT model of Fe,-doped Cg, monolayer (side view) (h) Corresponding top view including electron
density difference contours (yellow: electron accumulation, red: electron depletion) (a,c,d) Adapted with permission from Ref. [682] © (2005) American Physical Society, (b,e)
Reproduced with permission from Ref. [356] © (2005) American Physical Society, (f-h) Reproduced with permission from Ref. [683] © (2010) AIP Publishing. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

In the context of the TBB experiments by Morchutt et al,, ].
Bjork explored the interaction of bromobenzene (#11 in Fig. 32)
with hBN/Ni(111) by DFT calculations using the rev-vdWDF2 func-
tional. The molecule adsorbs with the benzene ring aligned par-
allel to the hBN surface. Several configurations with very similar
adsorption energies (0.65-0.69 eV) and average adsorption heights
(3.36-3.29 A) were reported [518].

3.3.2. hBN/Palladium(110)

Cgo adsorption on hBN/Pd(110) was explored by Corso et al.
using STM and LEED [280]. Dense-packed Cgy monolayers with an
intermolecular distance of 9.7 + 0.7 A revealed a moiré-like contrast
variation. The apparent corrugation at bias voltages between 1 and
2V (i.e., the height difference between brightest and dimmest Cg,
units) amounts to 0.53 + 0.12 A, reflecting the non-planarity of the
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hBN/Pd(110) template, where different domains coexist (see para-
graph 2.2.10). Thus, the corrugation of the template is conserved
upon adsorption of one ML Cg. Interestingly, Cgo/hBN/Pd(110) is
stable even after air exposure [280].

3.3.3. hBN/Copper(111)

The topographically weakly corrugated, but electronically super-
structured hBN/Cu(111) system was used by the author’s group
as support for tetrapyrroles, pyrenes, oligophenylenes, fullerenes
and helicenes. At rt, all individual species are highly mobile
on hBN/Cu(111), enabling successful self-assembly. The simplest
tetrapyrrole - free-base porphine (2HP, #1 in Fig. 32) as a par-
ent compound of the porphyrin family - provided interesting
insights regarding the interaction of macrocyclic molecules with
hBN/Cu(111). First, STM experiments showed a trapping of indi-
vidual 2HP units and small agglomerates on the low work func-
tion areas of the surface upon rt deposition and subsequent cool-
ing to 5 K (Fig. 35 (a)). At intermediate porphine coverage, ordered
arrays of 2HP assemblies self-organize on hBN/Cu(111) (Fig. 35 (e)).
Finally, at high coverage extended layers featuring a porous chi-
ral Kagomé architecture cover all areas of the hBN/Cu(111) super-
structure (Fig. 36(a)) [398]. Throughout this coverage range, the
porphine assemblies base on the same intermolecular arrangement
characterized by a nearest neighbor separation of 11.3 A - in strik-
ing difference to adsorption on coinage metal surfaces as Cu(111)

400°C

and Ag(111), where repulsive interactions induced by charge trans-
fer prevent the assembly of ordered structures at low coverage
[696,697]. Second, STS reveals sharp molecular resonances assigned
to the HOMO and LUMO, respectively, separated by an electronic gap,
evidencing a reduced coupling of the porphines to metallic states
(Fig. 36(c)). Third, the lateral modulation of the hBN/Cu(111) elec-
tronic structure translates to a periodic modulation of the energy
of the 2HP frontier orbitals, as visualized by STM, STS, and cor-
roborated by DFT calculations [398]. Interestingly, the electronic
decoupling and level alignment induced by hBN was operational
for all large molecules studied on hBN/Cu(111) (see below), while
the site-selective adsorption prevails only for selected systems.
Specifically, a templated growth following the hBN/Cu(111) elec-
tronic superstructure upon rt deposition was reported for 2HP, CoP,
F16CoPc, and TCNQ (#1,2, and 12, respectively in Fig. 32. See Fig. 35),
while extended islands expanding over the different superstructure
areas evolved for TPCN, qdc, and Cgy (#7,14, and 6, respectively
in Fig. 32).

The trapping of molecular adsorbates on hBN/Cu(111) was ten-
tatively attributed to enhanced molecule-metal interactions in the
regions of a low local work function. Indeed, the gap between occu-
pied and unoccupied frontier orbitals is reduced in these area, in
line with an enhanced screening by the support. Calculations includ-
ing DFT-D3 dispersion correction however did not show a relevant
difference in binding energy for 2HP on low- and high local work
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Fig. 34. Covalent coupling reactions on hBN/Ni(111). (a) Self-assembled array of TBB (b,c) Reaction products of TBB: Pentagon shaped (b, scale bar 2.6 nm) and extended oligomers
(c, scale bar 6 nm). (d) TBB oligomers after rt Cu-deposition and annealing to 673 K. (e) Calculated diffusion path for TBB radical. (f) Oligomer yield versus temperature with and
without Cu or Pd adatoms. (a-c,e) Adapted from Ref. [518] © (2015) Royal Society of Chemistry, (d,f) Adapted with permission from Ref. [685] © (2016) Royal Society of Chemistry.
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function areas of hBN/Cu(111)[398]. Irrespective of the specific trap-
ping mechanism, the lateral confinement of molecules only prevails
if attractive inter-molecular interactions are not dominant. Natu-
rally, un-functionalized planar molecules as porphines or phthalo-
cyanines interacting via vdW forces fall into this category. Stronger
inter-molecular interactions as H-bonding mediated by terminal
pyridyl or cyano groups on the other hand promote the assem-
bly of extended islands (TPCN, qdc). Clearly, the trapping of TCNQ
on hBN/Cu(111) does not follow this simplistic rule. Here, charge
transfer to the well-known electron acceptor TCNQ might play a
role. Indeed, a theoretical study on the interaction of TCNQ with a
free-standing hBN sheet reported a transfer of 0.12 electrons from
hBN to TCNQ, affecting not only the molecule, but also reducing
the band gap of hBN. In the lowest energy configuration, TCNQ is
placed 3.49 A above the sp? sheet with a binding energy of 0.112 eV
[699]. Besides attractive inter-molecular interactions, a molecular
coverage approaching the ML limit can be applied to promote the
assembly of extended molecular films. While the trapping mech-
anism is overruled in this situation by the additional adsorption
energy, the electronic superstructure of hBN/Cu(111) still prevails,
being imprinted in the molecular layer as briefly mentioned above.
Fig. 36 highlights this site-selective gating effect - i.e., the depen-
dence of the frontier orbital’s energy on the lateral position of the
molecule on hBN/Cu(111) - for four distinct systems, namely 2HP,
TPCN, qdc, and pyridyl-functionalized pyrene. In a rough approxi-
mation, the periodic energy shift of the molecular orbitals can be
related to the periodic variation of the local work function (see dis-
cussion). For 2HP, this correspondence was confirmed by DFT calcu-
lations. However, this simple vacuum-level-alignment model would
yield a rigid shift of the frontier orbitals and thus a constant HOMO
- LUMO gap. The experimentally observed gap variations thus indi-
cate that additional mechanisms as site-selective screening might
be operational. Furthermore, the spread of the LUMO energies is
fairly similar for distinctly different systems, but sometimes exceeds

the estimated local work function variations. It is important to note
that STM only provides a fingerprint on the electronic superstruc-
ture if the frontier orbitals are selectively involved in the tunneling
(Fig. 36(b,e,h,k)): Images recorded at bias voltages below the LUMO
onset show an identical contrast for all molecules on hBN/Cu(111)
(Fig. 36(a,d,g,j)) [398,684,691]. Beyond the characteristic variation
of the LUMO energy on the length scale of several nm, STM and
STS experiments on qdc/hBN/Cu(111) revealed a second-level spa-
tial modulation of conductance on the molecular scale. Based on DFT
calculations, this bias- and position-dependent submolecular con-
trast was assigned to excitations of librational modes in qdc dur-
ing vibronic conductance on hBN/Cu(111) [691]. Furthermore, the
zigzag shape of given qdc molecules in high-resolution STM images
directly indicates a considerable non-planar, chiral conformation,
in contrast to qdc in contact with metal, where small interpheny-
lene torsion angles (below 10°) are characteristic [668]. Indeed,
MD simulation of a qdc adlayer on hBN yield a torsion angle of
~ 40° and show that one chirality is promoted in a qdc assembly
[691].

Deposition of 2HTPCN on hBN/Cu(111) yielded regular arrays
with a square unit cell containing one molecule, reminiscent of the
packing scheme on Ag(111) [701,702]. Exposure to an atomic beam
of Co induced both the metalation of the porphyrin macrocycle
yielding CoTPCN and the formation of metal-organic coordination
networks [684]. The metalation readily occurred at rt while the
formation of the coordination architecture was more efficient at
elevated temperature (350 K). CoTPCN is characterized by a sharp
unoccupied electronic resonance emerging from Co states, giving
rise to a characteristic central protrusion in STM images at selected
bias voltages. The metal-organic network has a periodicity of 24.1 A
and bases on a distinct 4-fold coordination motif (Fig. 37). In contrast,
3-fold motifs dominate for Co-carbonitrile complexes on metal sur-
faces. Furthermore, the spectral fingerprints of Co in the porphyrin
center and in the coordination node are distinctly different, pointing
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Fig. 35. Trapping of individual molecules and molecular assemblies on hBN/Cu(111). (a) Low coverage of free-base porphines (2HP). (b) Low coverage of F;5CoPc. (c) Low coverage
of CoP with corresponding Co 2p, XPS signature (d). (e) Intermediate 2HP coverage. () Intermediate TCNQ coverage. (g) Average vertical separations in the CoP/hBN/Cu(111)
structure determined by XSW at two distinct temperatures. (a,e,f) Adapted with permission from Ref. [398] © (2014) American Chemical Society, (b) Adapted from Ref. [698],

(c,d,g) Adapted from Ref. [469].
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Fig. 36. Electronic patterning of molecular films on hBN/Cu(111). Left panels (a,d,g,j): STM imaging in the gap. Central panels (b,e,h,k): STM imaging selectively accessing the LUMO
in the pore regions. Right panels (c,f,i,l): Representative dI/dV spectra on characteristic positions of the superstructure, highlighting the shift of molecular resonances depending
on the lateral position of the molecule. (a-c) Porphine (2HP). (d-f) TPCN. (g-i) Qdc. (j-1) Pyridyl-functionalized pyrene. (a-c) Adapted with permission from Ref. [398] © (2014)
American Chemical Society, (d-f) Adapted with permission from Ref. [684] © (2014) American Chemical Society, (g-i) Adapted with permission from Ref. [691] © (2015) American
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to the formation of a mixed-valence coordination network on via molecular intercalation [314]. Specifically, Ducke et al. exposed a
hBN/Cu(111) [684]. (sub-)ML coverage of hBN/Cu(111) at 470 K to 2HP, resulting in the

On a different note, hBN/Cu(111) was recently employed as a par- self-assembly of regular porphine arrays below hBN (see Fig. 38(a)).
ent material to produce insulator/molecule/metal heterostructures The intercalation was confirmed by combined STM and non-contact
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AFM measurements. While the porphines burried below the insu-
lating (and thus electron-transparent) hBN sheet can be imaged by
STM, the AFM is sensitive to forces and images the atomic hBN
lattice covering the porphine arrays (Fig. 38(b and c)) [314]. This
protocol, reminiscent of the intercalation processes for atoms and
small molecules discussed in sections 3.1 and 3.2, enabled the opera-
tion of a single-molecule tautomerization switch protected by a hBN
cover (Fig. 38(d)) and opens perspectives to study chemical reac-

tions in a confined space. Complementary DFT calculations revealed
that a configuration based on a porphine unit sandwiched between
hBN and Cu(111) is indeed energetically favorable compared to an
initial state represented by an isolated porphine and the pristine
hBN/Cu(111) interface (Fig. 38(e)). Accordingly, the rather weak hBN
interaction with Cu(111) (compare paragraph 2.2.12) might be a
prerequisite for the successful intercalation of large (metal-)organic
molecules.

Fig. 37. Coordination network on hBN/Cu(111). (a) STM image showing the coexistence of a Co-coordinated TPCN networks (blue unit cells) with a TPCN array (red unit cell).
(b) High-resolution STM image of the coordination network. (c) Structural model of the network featuring 4-fold coordinated Co nodes. (a-c) Adapted with permission from Ref.
[684] © (2015) American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 38. Porphine intercalation in hBN/Cu(111). (a) Porphine arrays (highlighted in yellow) intercalated below hBN. Openings in the hBN sheet are marked by red arrows. (b) STM
image resolving a porphine array below hBN. (c) AFM image of the identical area shown in (b) revealing the atomic contrast of the hBN cover. (d) Current versus time trace showing
the switching between two 2HP tautomers (shown on the right) below the hBN. (e) Optimized DFT structure of the hBN/Cu-P/Cu(111) interface. Adapted with permission from
Ref. [314] © (2018) American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.3.4. hBN/Rhodium(111)

The first experimental report on hBN/Rh(111) by Corso et al.
included the rt adsorption of Cgy on this nanomesh structure [87].
The periodicity of the hBN/Rh(111) superstructure is retained in the
fullerene adlayer, where the wire regions are decorated by lines of
molecules, whereas six or seven molecules were resolved in the
pore areas, yielding an apparent corrugation in the Cg, monolayer
of roughly 2 A (see Fig. 39(a)).

Berner et al. provided the first evidence for site-selective adsorp-
tion on hBN/Rh(111) - or more generally on a nanostructured, hBN
terminated surface. Upon rt deposition, Naphthalocyanine (Nc,
#4 in Fig. 32) molecules featuring a diameter of about 2 nm thus
closely matching the pore dimensions, preferentially occupy the
pore areas at low coverage. The resulting arrays of trapped Nc (see
Fig. 39(b)) were reported to be stable at rt with minor inter-pore
diffusion and no noticeable desorption of molecules was observed
upon annealing to 650 K. Interestingly, the site-selective adsorption
visualized by STM was corroborated by UPS experiments. Increasing
the molecular coverage, initially exclusively the o-band branch
attributed to the pore areas gets attenuated. Only when pushing
the coverage beyond a value where all the pores are occupied, the
wire-related o-band branch gets quenched (Fig. 39(c)) [240]. Also
for a slightly smaller Phtalocyanine (Pc) molecule, namely CuPc, a
trapping on hBN/Rh(111) was postulated based on rt STM data and
rationalized with the dipole-ring model developed by Dil et al. for Xe
adsorption (see paragraphs 2.2.7 and 3.1.2) [339]. The first clear-cut
STM observation for trapping of Pcs at the rim of the nanomesh
pores was provided in 2014 by the Groning group [337]. STM data
for coverages below 0.2 molecules per nm? recorded at 5K show
that both 2HPc and CuPc exclusively adsorb in the pore areas, with
the center of the molecule displaced more than 5 A away from the
pore center (see Fig. 40(a-d)). Two distinct orientations of the Pc’s
relative to the hBN lattice coexist, where a different orientation
dominates for 2HPc and CuPc, respectively (Fig. 40(e)). Both the
off-center adsorption and two predominant orientation where
also found for MnPc/hBN/Rh(111) [678]. At 77 K, the molecules
moved inside the pores, toggling for example between two opposite
off-center positions at a frequency considerably exceeding the
STM scanning speed (Fig. 40(g)), but did not leave the pores [337].
These experimental findings were corroborated by DFT calculations
addressing the potential energy surface of hBN/Rh(111). lannuzzi et

al. determined the off-center position to be 0.2 eV more stable than
a position at the center of the pore, while different rotational config-
urations exhibited only minor energy differences [337] (Fig. 40(f)).
The PBE-rVV10 method yielded a maximal adsorption energy of
Pc at the rim of the nanomesh pore of 4.26 eV with the dispersion
contribution being crucial for the binding. As discussed in paragraph
2.2.7, this theoretical study highlighted the importance of a proper
choice of exchange and correlation functionals to precisely describe
the hBN/Rh(111) structure.

Besides the site-selective adsorption, the Pc/hBN/Rh(111) sys-
tems revealed two additional properties, namely electronic decou-
pling and tip-gated charging [337,678]. Constant current STM images
showed a bias-dependent intramolecular contrast that was assigned
to dominant contributions of frontier orbitals (e.g., Fig. 41 (a,b) rep-
resents the HOMO of 2HPc). The 2HPc HOMO is located about 1.2 eV
below Eg, the LUMO 0.2 eV above E; thus yielding an electronic gap
of 1.4 eV. For MnPc/hBN/Rh(111), the HOMO is observed closer to
Er (0.08 and 0.017 eV, respectively, for the two molecular orienta-
tions) and shows vibronic sub-structure with a vibrational mode of
88 meV (710 cm™!) corroborating the reduced electronic coupling
to the underlying Rh. Intriguingly, subtle differences in the adsorp-
tion configuration of MnPc on hBN/Rh(111) yield considerably dif-
ferent topographic and electronic fingerprints of the molecules in
STM data that can be summarized in three types. This observa-
tions highlights the distinct influence of the hBN support on the
electronic structure of the molecular adsorbates and foils the sim-
plistic perception of hBN/Rh(111) as an “innocent” and inert sub-
strate [678]. Interestingly, MnPc in one of the adsorption types
shows a pronounced field-induced charging characteristic, which
can be rationalized by a two-barrier model of the tunneling junc-
tion, where the applied bias drops both across the tip-molecule and
molecule-metal interfaces. Applying an electric field by the STM
tip, the MnPc HOMO shifts and loses an electron when energeti-
cally aligned with Ej of the Rh(111). This transformation of MnPc®
to MnPc* is represented by a narrow spectral feature at positive
sample bias voltage, a so-called “charging peak” (see Fig. 41 (d)).
Accordingly, by changing the bias voltage, the MnPc/hBN/Rh(111)
can be reversibly switched between a neutral and positively charged
state (Fig. 41 (c)).

The electronic decoupling and templating properties of hBN on
Rh(111) were also employed to study the optical transition ener-
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gies of PTCDA (#10 in Fig. 32) for individual monomers and aggre-
gates [687,688]. Low-temperature STM imaging of a low PTCDA cov-
erage deposited at rt revealed the trapping of PTCDA units and small
agglomerates in the nanomesh pores (Fig. 42(a)). Regular PTCDA
islands were achieved at higher coverage upon annealing at 400 K
(Fig. 42(b)). Submolecular contrast was assigned to the HOMO of
PTCDA. Opposite to experiments on PTCDA monolayers in direct con-
tact with metal supports, DRS measurements performed for a sub-
ML and ML coverage of hBN on Rh(111) show vibronic progressions,
and thus confirmed an electronic decoupling. More importantly, the
optical absorption spectra reveal a distinct coverage dependence.
While at low PTDCA coverage, the optical properties come close the
ideal case of isolated monomers, molecular aggregation shifts the
Sp — S transition energy to lower values when approaching a ML
coverage (Fig. 42(c)) [687,688].

Pentacene (#13 in Fig. 32), another prominent candidate for
molecular electronic applications, was studied by Ng et al. on
hBN/Rh(111), employing a battery of surface science techniques
including NEXAFS, XPS, LEEM, u-LEED, and STM [690]. Angle depen-
dent C 1s NEXAFS datarevealed a transition from flat lying pentacene
at low coverage (0.07 ML) to rather upright molecules at higher cov-
erage (0.35 ML) (Fig. 42(f)). Furthermore, the spectral shape resem-
bles the one from gas phase pentacene, indicating at most a weak
chemical interaction with the support. These finding were corrob-
orated by the analysis of the coverage dependent C 1s XPS data
(Fig. 42(g)). The onset of thermal desorption of pentacene from
hBN/Rh(111) at a temperature as low as 353 K confirms the weak
molecule-surface interaction. STM images recorded at rt revealed a
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dense, herringbone-like packing of upright pentacenes (Fig. 42 (d)),
resembling the structure of upstanding pentacenes on HOPG [703].
u-LEED patterns showed the coexistence of two distinct domains
and the corresponding twins, which were attributed to two differ-
ent coincidence lattices, i.e., the pentacene overlayer recognizes the
hexagonal nanomesh structure of hkBN/Rh(111) [690]. In comparison
to the first pentacene layer, the second layer shows a higher nucle-
ation density and island growth proceeds in a fractal way, indica-
tive of considerable intermolecular interaction between the two pen-
tacene layers (Fig. 42(e)) [690]. In contrast to some of these find-
ings, a wetting layer formed from flat lying molecules was reported
for pentacene growth on hBN flakes (see discussion) [704]. In this
study, DFT calculations on individual pentacene molecules on a hBN
bilayer revealed an adsorption height of 3.27 A and an alignment of
the molecular axis with the hBN zigzag directions [704]. A recent
STM/STS study by Koslowski et al. showed a trapping of individual,
flat-lying pentacene molecules in characteristic off-center positions
of the nanomesh pores [705]. This site-selective adsorption, prevail-
ing at rt, was assigned to the lateral electric fields of the nanomesh.
Interestingly, the electronic gap for pentacene units on hBN/Rh(111)
(3.39 eV), used as an indicator for molecule - support interactions,
exceeds the one on a KCl monolayer on Cu(110), but is smaller than
the one for bilayer KCl/Au(111) [705]. Furthermore, the trend for
an increasing HOMO binding energy with increasing work function
observed for the KCl systems is not shared by the hBN one. This find-
ing was attributed to the in-plane electric field, enhancing molecule
- substrate interactions for pentacene/hBN/Rh(111) [705]. Addition-
ally, the larger thickness of a KCl bilayer compared to the hBN mono-

Fig. 40. Site-selective Pc adsorption on hBN/Rh(111). (a) MnPc. (b) CuPc. (c) 2HPc. (d) Probability distribution of the radial off-center position of CuPc. (e) Two distinct azimuthal
Pc alignments on hBN. CuPc favors the upper orientation, 2HPc the bottom one. (f) DFT minimum energy configurations of H,Pc in opposite off-center positions. (g) STM image
recorded at 77 K showing a superposition of CuPc in two off-center positions. (a) Adapted with permission from Ref. [678] © (2015) American Chemical Society, (b-g) Adapted

from Ref. [337] © (2014) Royal Society of Chemistry.
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Fig. 41. Electronic structure of Pcs on hBN/Rh(111). (a) Experimental STM image of 2HPc featuring intramolecular contrast representing the HOMO. (b) Corresponding simulated
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mark the charging peaks. The other features are related to molecular orbitals. (a,b) Adapted from Ref. [337], (c,d) Adapted with permission from Ref. [678] © (2015) American

Chemical Society.

layer might contribute to the reduced electronic gap in the latter
case.

Recently, Cun et al. studied the adsorption of F,TCNQ - a strong
electron acceptor - on hBN/Rh(111) [689]. Coverage-dependent UPS
data show a preferred adsorption in the nanomesh pore, with
sequential STM images indicating that “hopping” of F,TCNQ between
neighboring pores is activated at rt. The work function of the
F,TCNQ/hBN/Rh(111) system increases considerably with increasing
molecular coverage [689]. This effect was assigned to charge trans-
fer from the support to the F,TCNQ, resulting in negatively charged
molecules. DFT calculations reproduce the work function shift and
assign the molecules to anionic “2-" species, where the former LUMO
is placed well below E [689].

Besides electronic and optical characteristics of molecular adsor-
bates on hBN/Rh(111), magnetic properties - specifically of single-
molecule magnets - attracted special interest [680,692,693]. The first
study by Kahle et al. dating back to 2012 combines electrospray
deposition of fragile Mn;;, SMMs (#15 in Fig. 32) with STM, STS
experiments and DFT modeling [692]. The STM data recorded at 1.5 K
show intact Mn;, units occupying the pores of the nanomesh, with
the acetate groups dominating the submolecular contrast (Fig. 43(a)).
The magnetic properties were probed by inelastic spin-flip spec-
troscopy without magnetic field and with a magnetic field applied
perpendicular to the surface, respectively. Clearly, step-like features
appearing at positions symmetric to E; were resolved in dI/dV spec-
tra (see Fig. 43(b)), which were assigned to spin-flip excitations in
Mn;, based on comparison to a simplified Mn;,/hBN structure and
an effective 8-spin model. Such excitations were only observed for
Mn;, on hBN/Rh(111), but not on Cu or Au supports [692].

Erler et al. as well relied on the electrospray technique to deposit
Fe,H SMMs (#16 in Fig. 32) on hBN/Rh(111) [693]. At very low cov-

erage (0.001 ML), individual Fe4H units exclusively occupy the pores
of the nanomesh (Fig. 43(d)). At intermediate coverage (0.06 ML)
individual molecules coexist with dense-packed Fe,H arrays cov-
ering the pore and wire regions and pointing to relevant inter-
molecular interactions. Two distinct periodic hexagonal Fe,4H lattices
were detected in these islands, featuring a different alignment with
respect to the nanomesh superstructure. At higher coverage regu-
lar, almost complete Fe,H monolayers were achieved. Submolecu-
lar features in low-temperature STM images showed good agree-
ment with simulated images representing a calculated adsorption
geometry where the plane defined by the four Fe atoms in Fe H is
aligned parallel to the surface. This configuration represents a per-
pendicular alignment of the magnetic easy axis of the SMM with
respect to the surface [693]. STS furthermore revealed two pro-
nounced molecular resonances 1.6-2.3 eV above Ef, one being cen-
tered on Fe,H, the other contributing at the dpm ligands. By com-
parison to spin-polarized DFT calculations of the PDOS and the spin-
split LUMO orbitals of a free Fe,H molecule, the former was iden-
tified as the majority LUMO, while the latter was assigned to the
minority LUMO (Fig. 43(g and h)). Based on the good agreement
between the STS data on Fe,H/hBN/Rh(111) and the spin-polarized
calculations of the free molecule, the authors conclude that the Fe,H
complex not only remains structurally intact upon adsorption, but
also largely retains its electronic and magnetic properties [693]. Fur-
thermore, the experimental STS data reveal a site-selective gating
of the LUMO resonances - featuring a shift of the LUMO by about
0.35-0.4 eV between pore and wire sites, which was assigned to the
local work function variations on the nanomesh (~0.31 eV), analo-
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standing Pn molecules. (e) LEEM images of a 1-ML-thick Pn island (top panel) and fractal second Pn ML islands (bottom panel). (f) Angle-dependent C 1s NEXAFS spectra for
0.07 ML (top panel, flat lying Pn) and 0.35 ML Pn (bottom panel, upright Pn). (g) C 1s XPS spectra for the two Pn coverages highlighted in (f). (a-c) Adapted with permission from
Ref. [687] © (2016) American Physical Society, (d-g) Adapted with permission from Ref. [690] © (2010) American Physical Society.

gous to the cases discussed in paragraph 3.3.3 for the hBN/Cu(111)
system.

Finally, the first report of a dehalogenative coupling reaction per-
formed on a hBN monolayer - published by Dienel et al. in 2014
- relied on hBN/Rh(111) as a substrate [681]. The combined STM
and DFT study addressed the adsorption, dehalogenation and cou-
pling of a polyphenylene precursor, namely IgCHP (#5 in Fig. 32).
Low-temperature STM data recorded after rt deposition of small
amounts of IgCHP (~0.15 ML) reveal a trapping of the molecules
in off-center positions in the nanomesh pores featuring a preferen-
tial orientation (Fig. 44(a)). Combining high-resolution STM imaging
with DFT calculations, it was inferred that IgCHP is centered above
N atoms, reducing the apparent six-fold symmetry of IgCHP to an
effective three-fold one (A and B termini in Fig. 44(d)). This was
reflected in dehalogenation experiments, where C—I bond cleav-
age sets in at a temperature of 500 K and gradually proceeds up to
850 K where a full dehalogenation is achieved. At intermediate tem-
perature, a preference for a distinct I;CHP configuration (B—B—B)
was observed, reflecting the aforementioned specific adsorption con-
figuration (Fig. 44(b,e)). Covalent coupling to extended, disordered
oligomers was only realized for high molecular coverages annealed
above 800 K (Fig. 44(c)). This study demonstrated that while hBN can
promote the activity needed to trigger dehalogenation reactions of
adsorbed species, it does not necessarily reflect a “smooth” support.
Clearly, site-specific interactions between the precursor/the inter-
mediates and the hBN/Rh(111) substrate govern the on-surface reac-
tion [681].

3.3.5. hBN/Ruthenium(0001)

Recently, Wdckerlin et al. studied TbPc, SMMs (#3 in Fig. 32)
on different supports, including the hBN/Ru(0001) nanomesh by
XMCD [680]. These lanthanide-based double-decker SMMs adsorb
with their macrocycles parallel to the surface plane. Impor-
tantly, the magnetization curves obtained with XMCD for 0.3 ML
TbPc,/hBN/Ru(0001) at 3 K show an opening of a hysteresis loop,
with an area of the hysteresis opening exceeding the one for
TbPc,/Ag(100) by roughly a factor of four and the one of TbPc, mul-
tilayers by a factor of two (Fig. 43(i)). However, MgO multilayers out-
perform the hBN monolayer as insulating spacer as evidenced by the
giant hysteresis observed for TbPc,/MgO/Ag(100), featuring a hys-
teresis area more than twice as large as in the TbPc,/hBN/Ru(0001)
case [680].

3.3.6. hBN/Iridium(111)

The interaction of CoPc with hBN/Ir(111) was explored in
exquisite detail by Schulz et al., employing low-temperature STM,
STS and complementary DFT and TDDFT calculations [251,679]. At
low sub-molecular coverage, individual CoPc units are trapped in
the pore regions of the hBN/Ir(111) moiré (Fig. 45(b)). The STM data
indicate a preferred off-center position, reminiscent of Pc adsorp-
tion on hBN/Rh(111), even though the pore size is considerably
smaller for hBN/Ir(111). After saturation of the pores, the molecules
occupy the wire regions, locally forming dense-packed square arrays
(Fig. 45(c)). When increasing the CoPc coverage beyond one ML, sec-
ond layer molecules nucleate site-selectively on pore molecules. STM
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Fig. 43. Single-molecule magnets on hBN/Rh(111) and hBN/Ru(0001). (a) STM image of Mn;, adsorbed in the nanomesh pores. Inset: zoom-in. (b) STS data on Mn,, (top panel:
dI/dV, bottom panel: d?I/dV?) showing spin-flip excitations on hBN/Rh(111) but not on Au(111). (c) Schematic energy diagram of Mnj,. The arrows indicate possible excitations
(see (b)). (d-f) STM images with increasing Fe,H coverage (d: 0.001 ML, e: 0.06 ML, f: 0.7 ML). Inset in (d): individual Fe H. (g) dI/dV spectra of Fe,H on the wire (top panel) and pore
(bottom panel) areas of the nanomesh. (h) Spin-dependent PDOS calculated for a free Fe,H molecule. The colors represent projections onto distinct moieties. (i) Magnetization
curves of 0.3 ML TbPc,/hBN/Ru(0001) showing a hysteresis opening of 56 ] mol~'. (a-c) Adapted with permission from Ref. [692] © (2012) American Chemical Society, (d-h)
Adapted with permission from Ref. [693] © (2015) American Chemical Society, (i) Adapted with permission from Ref. [680] © (2016) John Wiley and Sons. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

and STS data on an intermediate CoPc coverage recorded at 5 K reveal
a characteristic, position-dependent molecular contrast and spec-
tral fingerprint, assigned to site-selective gating and charging. On
the pore regions, the molecules get negatively charged, i.e., corre-
spond to CoPc~!, while remaining neutral on the wire sites (CoPc?)
(Fig. 45(a)). This static charging effect on the pores is reflected in
a downshift of the pristine LUMO by about 1.1 eV, placing it well
below Ep and thus turning it into the HOMO. This considerable
energy shift includes the decrease of the local work function when
going from the wire to the pore regions (~0.4 eV) and a relevant
charging energy (~0.7-0.9 eV). The wire molecules feature a gap
between occupied and unoccupied orbitals on the molecular arms
of about 2.75 eV (Fig. 45(e)). In addition, the molecular resonances
exhibit vibronic satellite peaks featuring a Lorentzian line shape
with a width limited by the lifetime (Fig. 45(f,i)). The small aver-

age line width (37 meV on the wire and 60 meV on the pore) sig-
nals a considerably reduced electronic coupling of wire molecules
to the metal support. From STS measurements of the CoPc’s LUMO,
a vibrational mode with an energy of 105 meV was deduced, that
compares well with the uncorrected value (97 + 5 meV) reported in
Ref. [678] for the HOMO of MnPc/hBN/Rh(111), while an electron-
vibration coupling strength of 0.4 was estimated (Fig. 45(f)). Inter-
estingly, a description of the CoPc’s electronic structure in the
single-particle picture failed to correctly reproduce the orbital
order and the respective energy positions. Only when includ-
ing a series of many-body excitations of the different ground
states, the experimental spectroscopic data could be reproduced
(Fig. 45(g and h)). CoPc/hBN/Ir(111) thus represents a rare case
where many-body effects in adsorbed molecules are experimentally
pinpointed [679].
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3.3.7. Comparison and discussion

Despite the large variety of hBN/metal interfaces (intro-
duced in section 2.2), experimental work with large (metal-
)Jorganic molecules focused on a few systems, mainly hBN/Ni(111),
hBN/Cu(111), hBN/Rh(111), and hBN/Ir(111). In the following, we
comparatively assess some of the findings reported above, highlight-
ing common aspects of molecule/hBN/metal structures, as well as
differences between them, and peculiarities of specific systems. Fur-
thermore, we refer to observations and predictions for related inter-
faces, such as molecules on graphene/metal, bulk-like hBN, and free-
standing hBN sheets.

Distinction from metal supports. In all cases, the hBN sheet pro-
vides some electronic decoupling of the molecules form the metal,
which is evidenced by the resolution of sharp molecular reso-
nances in STS [251,398,678], the temperature-controlled switching
of orbital occupancy [682], the manifestation of many-body phe-
nomena [679], the persistence of single molecule magnet prop-
erties [680,692,693], or the access to optical transition energies
[687,688]. Regarding self-assembly, a number of systems intro-
duced in this section exhibit distinct differences to architectures
in direct contact with metal surfaces. We mention three examples
of molecular adsorption and assembly on hBN/Cu(111), where H-
bonding and stronger metal-coordination interactions lead to sub-
stantially different behavior than on metal substrates. In the first
case, qdc molecules formed densely-packed chevron assemblies on
hBN/Cu(111), where the molecular conformation reflects consider-
able, alternating torsions of the phenylene rings. In contrast, qdc
adsorption on Ag(111) results in an open-porous, rhombic pack-
ing with small interphenylene torsion angles [668,706]. In the sec-
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ond case, porphine units assembled into molecular aggregates on
hBN/Cu(111) already at low sub-ML coverages, while individual
molecules are observed on Ag(111) and Cu(111) due to dominat-
ing repulsive interactions [696,697]. In the third case, Co coordina-
tion of carbonitrile-terminated porphyrins (TPCN) on hBN/Cu(111)
resulted in a four-fold motif (see paragraph 3.3.3), whereas a three-
fold motif prevails for Co-coordinated carbonitriles on Ag sup-
ports, with the latter mimicking a forth ligand [684,707]. These
three exemplary cases highlight that hBN can reduce the charge
transfer between metal and adsorbates (i.e., molecules or coordina-
tion centers) and might promote assemblies driven by intermolec-
ular interactions rather than by site-specific molecule - substrate
bonds.

Nonetheless, several of the experiments touched in this section
highlight that surface-supported hBN can not generally be consid-
ered as an inert and homogeneous platform for adsorbates. Rather,
the hBN interaction with the underlying metal offers means to
tune molecular processes such as diffusion, self-assembly, on-surface
reactions, energy level alignment, and charging. Most impressively,
this is demonstrated by the site-specific adsorption of archetypi-
cal m-conjugated molecules (such as tetrapyrroles, PTCDA, or pen-
tacene) on the superstructured hBN/metal interfaces (see below).
Specifically with superstructure pore sizes approximately matching
the lateral extension of molecular adsorbates, hBN can sensitively
affect - and guide - the assembly behavior. Furthermore, the elec-
tronically corrugated hBN/metal interfaces can imprint a periodic
energy variation of molecular electronic levels in adsorbed mono-
layer films. A scheme illustrating such a site-selective gating of a
molecular orbital (LUMO) is provided in the left panel of Fig. 46.

A-B-A A-A-A B-B-B

Sequences for triple dissociation by involved sites

Fig. 44. On-surface reactions on hBN/Rh(111). (a) STM image of I;CHP occupying off-center positions in the nanomesh pores. Inset: Molecular structure. (b) lodine dissociation by
annealing at 680 K leaving I;CHP. (c) CHP oligomer formed upon annealing at 850 K. Top panel: STM image, bottom panel: corresponding structural model. (d) DFT model of I; CHP
on hBN/Rh(111) highlighting the two distinct registries of the carbon iodine bonds (A versus B). (e) Dissociation energies in four selected dehalogenation sequences resulting in

1;CHP. Adapted with permission from Ref. [681] © (2014) American Chemical Society.
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Fig. 45. CoPc on hBN/Ir(111). (a) Schematic illustration of CoPc in two charge states. Inset: Structural model of CoPc. (b) STM image featuring CoPc~! adsorbed in the pore regions
and some additional CoPc species on the wires. (c) Dense-packed array at higher molecular coverage. (d) dI/dV spectra recorded on a pore molecule (CoPc™!, center and off-center
position). (e) dI/dV spectra on CoPc on the wire region. (f) High-resolution dI/dV spectrum showing the vibronic progression for a CoPc molecule. (g,h) Comparison of the calculated
DOS versus energy between the many-body (top) and single-particle picture (bottom) for electron removal (from CoPc~!, g) and electron addition (to CoPc?, h). (i) Double-barrier
tunneling model for hBN-adsorbed CoPc in the STM junction. (a,b,d,e,g,h) Adapted with permission from Ref. [679] © (2015) Springer Nature, (c,f,i) Adapted with permission from

Ref. [251] © (2013) American Chemical Society.

The support might also induce other effects, as evidenced for exam-
ple by the stabilization of specific intermediates in on-surface cou-
pling reactions [681]. The metal supporting the hBN is crucial for
catalytic enhancement of reactions, e.g., to perform debromination
reactions with TBB on hBN/Ni(111) [518]. Furthermore, while gener-
ally a high mobility of (metal-)organic molecules on hBN is observed,
it was found that radicals can have a considerable interaction with
the metal-supported hBN lattice, inducing diffusion barriers exceed-
ing the ones on coinage metal surfaces and thus hampering the for-
mation of extended, regular architectures [518].

Differences between hBN templates and molecule/hBN/metal sys-
tems. Despite similarities, such as electronic decoupling and altered
molecular aggregation compared to metal surfaces, it is crucial to
emphasize that the characteristic nature of the manifold hBN/metal
interfaces described in section 2.2 substantially affects the inter-
action with large molecular adsorbates. Distinct - but sometimes

subtle - differences between the different hBN/metal supports are
evident from the examples addressed in this section, going ways
beyond the rough distinction of planar versus corrugated templates.
This opens fascinating options to fine-tune structural, electronic
and magnetic properties in (metal-)organic/hBN/metal heterostruc-
tures.

For example, the trapping mechanisms inducing site-specific
adsorption reveal subtle differences between the superstructured
templates. For the nanomesh structures of hBN/Rh(111) and
hBN/Ru(0001), the confinement of polarizable adsorbates in off-
center positions of the pores was rationalized by the existence of
dipole-rings, i.e., lateral electric fields [233,339,343]. These emerge
from local work function variations and result in electrostatic poten-
tial wells for polarizable atoms, molecules or negative ions (see Fig. 4
g). This trapping mechanism - originally demonstrated for Xe and
CuPc on hBN/Rh(111) [339] - is frequently assumed as reason for
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Fig. 46. Schematic illustration of site-specific gating and charging of molecular adsorbates on electronically corrugated hBN/metal templates (compare Fig. 12). The left panel
illustrates how a pinning of the LUMO to the local vacuum level (E,, solid line) leads to a modulation of the LUMO energy (E; o, dotted line) with respect to the Fermi level (Ep).
The LUMO of molecules trapped in hBN pore regions might be additionally shifted towards E; (indicated by the arrow and the dashed line). This effect represents an increased
molecule-support interaction (e.g., enhancing screening) and thus a reduction of the HOMO-LUMO gap. Pronounced work function variations combined with an energy level
alignment placing a molecular frontier orbital close to E can result in a local charging of adsorbates. This is shown in the right panel, where the LUMO dives below E; in hBN pore
areas, resulting in charge transfer to the molecule. Furthermore, this figure schematically illustrates the difference between a graphene/Ir(111) (left panel) and a hBN/Ir(111) (right
panel) template for the adsorption of CoPc. Despite a similar average work function (¢,,,,), the larger local work function modulation in the hBN case contributes to a charging of

CoPc in the pore areas.

site-specific adsorption in corrugated hBN structures [705]. How-
ever, DFT modeling exploring the adsorption of 2HPc at the pore cen-
ter and near the rim of pores, respectively, showed that the electro-
static contribution emerging from the lateral electric fields is not the
dominant part in the adsorption anisotropy, and thus can not exclu-
sively explain adsorption of 2HPc in off-center sites on hBN/Rh(111)
[337]. Also the hBN/Ir(111) template provides site-specific adsorp-
tion in the pores, featuring strong in-plane electric fields and under-
lining the significance of the mutual interplay between support and
molecule for the site-specific adsorption. However, the significantly
smaller pore size compared to hBN/Rh(111) (see section 2.4) compli-
cates the quantification of adsorption site preferences of archetypical
adsorbates (such as Pcs). In addition, in contrast to the hBN/Rh(111)
and hBN/Ru(0001) nanomesh supports, site-specific charging was
reported on hBN/Ir(111) (see excursus at the end of this paragraph).
For the templating functionality of hBN/Cu(111) - an interface with
smaller geometric corrugation than its nanomesh counterparts -
the local work function (and not primarily its gradient) is relevant
[398]. No preferred off-center adsorption sites at the rim of the pores
were observed [398,469]. Furthermore, large pores - featuring diam-
eters exceeding 6 nm - support the formation of arrays of molecular
islands [398].

The peculiarities of specific molecule/hBN/metal systems are
reflected in the wide range of reported desorption temperatures
(even though such values should be considered with care as they
depend on the experimental parameters). The onset of pentacene
desorption from hBN/Rh(111) was observed at 350K [690], 2HP
desorbed from hBN/Cu(111) at 470 K [314] and Cg, desorbed from
hBN/Ni(111) at 520 K [682], with all three cases highlighting a weak
adsorbate/support coupling. On the other hand, individual Nc and
I3-CHP molecules occupied hBN/Rh(111) nanomesh pores even after
annealing to 650 [240] or 680 K [681], respectively.

We proceed with a short excursus on charge transfer and
level alignment. Static charging (excluding field-induced charg-
ing) of molecules was only reported for some hBN/metal supports
(hBN/Rh(111), hBN/Ir(111), hBN/Cu(111)). Relevant parameters are
the ionisation potential and the electron affinity of the adsor-
bate in comparison to the work function [689] (see compilation
of work function values in Fig. 12 (b)). For the case of F,TCNQ
on hBN/Rh(111), the level alignment places the LUMO of the free
molecule well below the Fermi level of the support (with the elec-
tron affinity exceeding the work function by more than 1 eV), result-
ing in charge transfer to the F,TCNQ [689]. With molecular fron-
tier orbital energies positioned close to the Fermi level of the sup-

port, local work function variations can induce a modulation in the
charge state of adsorbed molecules. In a simplistic picture, the lateral
variation of the local work function can induce a Fermi level cross-
ing of the respective orbital - charging or discharging the molecule
depending on its lateral position on the work function template (see
illustration in the right panel of Fig. 46). A site-specific charging -
representing an extreme case of site-specific gating (left panel of
Fig. 46) - was reported for CoPc/hBN/Ir(111) [251,679] and recently
observed for F;5CoPc/hBN/Cu(111) [698]. Such a pinning of fron-
tier orbitals to the vacuum level - as opposed to Fermi level pin-
ning - is reminiscent of recent findings for other vdW interfaces
[708-710]. It even can occur with a charge redistribution happening
upon adsorption, as known from specific organic - metal interfaces
[711].

We complete the discussion about the importance of the energy
level alignment for the charge state and the self-assembly prop-
erties of molecules on sp?/metal supports by examples based on
TCNQ/graphene. The deposition of F,TCNQ at low coverage on
graphene/Ir(111) results in arrays of individual, charged molecules
[712], whereas TCNQ forms dense-packed islands assembled from
neutral molecules [713,714]. By contrast, both TCNQ and F,TCNQ
feature site-specific adsorption on graphene/Ru(0001) with consid-
erable charge transfer to the molecule [715]. These examples high-
light how modifications - as the fluorination of TCNQ - affect the self-
assembly behavior on distinct nanostructured supports and indi-
cate the relevance of the subtle interplay between adsorbate and
sp?/metal support, including structural relaxation [712]. Such insight
gained from graphene-based systems (see also next paragraph)
might be applied to hBN templates as well, even if the charge transfer
processes can be distinctly different, considering the “metallic” char-
acter of graphene and the “dielectric” character of hBN, respectively.
E.g., the role of the adsorbates’ charge state for the self-assembly was
rarely explored on hBN [251], leaving some room for future experi-
ments.

Comparison to graphene templates. On first sight, many of the
examples discussed in this section bear similarities to adsor-
bates on surface-supported graphene sheets, summarized in
recent reviews (e.g., Refs. [90-92]). Site-selective adsorption at
low coverage was reported for specific molecules on corru-
gated graphene structures (e.g., FePc/graphene/Ru(0001) [716-718],
pentacene/graphene/Ru(0001) [717,719], TBPP/graphene/Ru(0001)
[720], TCNQ/graphene/Ru(0001) [721], F,TCNQ/graphene/Ir(111)
[712,713]). The respective trapping mechanisms for adsorbates
on graphene/metal templates were discussed in analogy to
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the hBN/metal systems, and include lateral electric fields, local
work function modulation, and molecular charging (e.g., Refs.
[705,717,719]).

Nevertheless, differences between hBN/metal and
graphene/metal systems (see section 2.4) affect the adsorption
behavior. The inverted topography between hBN and graphene
nanomesh structures (see Fig. 11) is often directly reflected in the
molecular contrast mapped by STM in dense-packed molecular
arrays. For example, PTCDA molecules appear brightest in the
circular regions of the graphene superstructure on Ru(0001) [722],
while they appear dimmest in the circular regions of the hBN super-
structure on Rh(111) at comparable bias voltage [687]. In addition,
certain aspects as site-selective self-assembly of discrete molecular
aggregates - i.e., arrays of molecular arrays (reminiscent of molecular
assemblies e.g. on the Au(111) herringbone reconstruction [99]) -
were (to this author’s knowledge) only reported for hBN/Cu(111),
enabled by the large moiré periodicities [398].

A systematic comparison of trapping potentials and molecular
properties on hBN and graphene spacer layers is hampered by the
lack of experimental data on comparable systems. In view of the
relevant roles played by the energy level alignment (see above),
the sp?/metal interface properties [723], and the chemical com-
position of the molecules, such a comparative assessment should
base on identical adsorbate/metal single crystal pairs. For exam-
ple, the functionalization of the Pc macrocycle (2H versus different
metal centers) can sensitively affect the self-assembly/adsorption
behavior [718,724,725]. Representing (to this author’s knowledge)
the only reported identical adsorbate/substrate pair, the compari-
son of CoPc/hBN/Ir(111) with CoPc/graphene/Ir(111) is instructive
to work out distinct differences between graphene and hBN inter-
faces. The latter system was studied in detail by STM and space
averaging techniques (e.g., Refs. [467,725-728]). At sub-ML CoPc
coverage (and rt deposition followed by imaging at low temper-
ature), only hBN/Ir(111) supports arrays of individual molecules
[251], while dense-packed islands assemble on graphene/Ir(111)
[467,727], highlighting the exclusive templating functionality of
the hBN interface for this specific case. At high coverages, a
well-ordered CoPc lattice emerges on graphene/Ir(111), whereas
on hBN/Ir(111) translational symmetry is only seen at small
scales. Such different behavior of molecules on hBN/Ir(111) and
graphene/Ir(111) points to a subtle interplay between molecule-
molecule and molecule-substrate interactions [251]. The different
nature of the two sp?/Ir(111) interfaces is reflected in the elec-
tronic structure of the adsorbed CoPc. For CoPc/graphene/Ir(111),
HOMO-LUMO gaps of typically 1.75 eV were extracted from STS
data. Across the moiré superstructure, the LUMO energy varies by as
much as 200 meV, but the LUMO resonance is located well above the
Fermi level for all molecules (independent of their lateral position).
For CoPc/hBN/Ir(111), the site-specific gating effects are more pro-
nounced, resulting in an occupation of the former LUMO on the pore
regions. Accordingly, the LUMO energy varies by about 1.1 eV across
the hBN/Ir(111) moiré cell. In a rough approximation, this behav-
ior can be rationalized by the larger local work function variations
on hBN/Ir(111) (~500 meV [247], see paragraph 2.2.8) compared
to graphene/Ir(111) (~#60-100 meV, [464,729]). While the average
work function is comparable for hBN/Ir(111) and graphene/Ir(111),
the larger variation on hBN yields lower absolute local work func-
tions in the pore areas, where trapping and molecular charging
occurs (see Fig. 46, where the left panel sketches the situation
for CoPc/graphene/Ir(111) and the right one the CoPc/hBN/Ir(111)
case). Obviously, this simplistic picture fails in capturing all details
of the systems: the reported shifts in molecular energy levels
exceed the work function variations. Thus, additional effects such
as adsorption induced local modifications in the sp?/metal inter-
face, charging effects, and adsorption height dependent polarization

screening might play a relevant role and influence the level align-
ment.

Even if orbital-like resolution in STM points to little hybridiza-
tion of the molecular electronic states with the metals on both sup-
ports, the larger apparent electronic gaps on (the wire regions) of
CoPc/hBN/Ir(111), and the resolution of vibronic progressions reveal
an efficient electronic decoupling combined with considerable site-
specificity on hBN - thus discriminating the hBN system from the
graphene one.

Sticking to the Ir(111) substrate, we complete the hBN/graphene
comparison by mentioning that a Diels-Alder-type coupling reaction
resulting in C—C bonds between FePc and graphene [728] and a sim-
ilar, reversible attachment of F,TCNQ to graphene via cyano groups
[712] were naturally only observed in the graphene systems. In this
context, the binding of radicals to graphene and hBN is a topic of
interest [518], as well as partial sp? rehybridization [712].

Summarizing this paragraph, one can conclude that despite struc-
tural similarities between the two sp? sheets and their interfaces
with metals, the binary elemental composition of hBN and its direct
consequences (e.g., dielectric nature) introduces distinct differences
to the all-carbon graphene systems, which become apparent for
molecular adsorption.

Effects of molecular adsorbates on hBN properties. Rather than
employing the hBN support to tune the properties of molecular
adsorbates, the adsorbates might be used as a tool to modify prop-
erties of the underlying hBN, similar to the cases of atomic and di-
atomic adsorbates discussed in paragraphs 3.1.7 and 3.2.6, respec-
tively. Experiments addressing the influence of molecules on the
hBN/metal interface however are scarce. A Raman study by Cai et
al. showed pronounced shifts in the G band frequency when adsorb-
ing R6G molecules on hBN/SiO, and on suspended hBN, while such
shifts were absent using bulk hBN as support [730]. The Raman shifts
(of opposite signs) are assigned to deformation in the hBN sheet upon
R6G adsorption, building up or releasing strain in the sp? sheet - and
not to electronic doping. This conformational adaptation increased
the adsorption strength of R6G and 4-MBA molecules on hBN mono-
layers compared to hBN bulk. Accordingly, hBN nanosheets outper-
form hBN bulk particles for example in water cleaning applications
[730]. The influence of the support was also highlighted in an exper-
imental study comparing CuPc on hBN/SiO, and graphene/SiO,.
While considerable charge transfer was identified as origin of Raman
enhancement effects in the graphene system, interfacial dipole-
dipole interactions are dominant for CuPc on hBN [731]. This lack
of electronic doping of hBN by physisorbed molecules was related
to the insulating properties of the hBN sheet [730]. On the other
hand, theoretical studies on the molecular doping of free-standing
hBN sheets emphasize the potential to tune the electronic proper-
ties of the sp? layer, converting it for example into an p- or n-type
semiconductor upon interaction with acceptor (e.g., TCNQ) or donor
(e.g., TTF) units (see for example Ref. [699]). Corresponding exper-
iments, adapted for example to quasi-free standing hBN, remain to
be performed. Specifically, the fabrication and local characterization
of interfaces in bi-component molecular arrays on surface-supported
hBN seem rewarding.

Additionally, a multitude of theoretical studies explored inter-
faces of organic molecules with free-standing hBN sheets and mod-
ifications thereof (see Table 10 for selected examples). Such stud-
ies give valuable insights into important processes in model sys-
tems, including for example adsorption [732,733], nucleation and
self-assembly [734], intrinsic affinity scales for different amino-
acid-analogues [735], immobilization of nucleobases [736,737], work
function modification [738], or power conversion [739]. However,
the results summarized in this section indicate that the transfer of
such functionalities to surface-supported hBN systems might not be
straightforward and thus represents an exciting challenge.
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Table 10
Selected theoretical studies addressing “large” molecules on free-standing hBN sheets.
Molecule Substrate Technique(s) Refs.
Benzene (CgHg) - DFT [740]
Metal-arenes (MCgHg, M =Ti, V, Cr, Mn, Fe, Co) - DFT [640]
Triazine (C3H;3N,) - DFT [740]
Borazine (B;N;Hg) - DFT [740]
Trimethylaluminium (TMA) - DFT [643]
Phenol (CgH;OH) B;,N;,Hy, DFT [733]
Guanine (CsH5;N50) B,;N,;H;g DFT [737]
Nucleobases (guanine, adenine, thymine, cytosine, uracil) - DFT [741,742]
Nucleobase pairs - DFT [736]
Amino acid analogues - DFT [735,743]
Glucose (CgH;,0¢) - DFT [568]
two sheet 19-ring model of hBN DFT [744]
Glucosamine - DFT [568]
Thymine - DFT [569]
Polychlorinated biphenyls (PCB) - DFT [745]
Phenyl carbamate derivatives - DFT [746]
Pentacene - MD [704,734]
Parahexaphenyl (6P) - DFT [747,748]
TTF - DFT [699]
TCNQ - DFT [699]
PAHs & PBDEs - DFT, MD [732]
AQ & derivatives - DFT [738]
PCBM Graphene/hBN interface DFT [739]

Table 11

Selected examples of (metal-)organic molecules on bulk-like hBN, exfoliated hBN flakes, or hBN

powders.
Molecule Substrate Technique(s) Refs.
TCPP & melamine hBN/SiO, AFM [749]
PTCDI hBN/SiO, AFM, Fluorescence, DFT [177]
10,12-Nonacosadiynoic acid hBN/SiO, AFM [751,752]
Cg-BTBT hBN/SiO, AFM [753]
Rubrene hBN/SiO, AFM, TEM, GIXD [754]
CuPc hBN/SiO, Raman, XPS, AFM [731]
4-MBA hBN/SiO, NEXAFS, Raman, DFT [730]
R6G hBN/SiO, NEXAFS, Raman, DFT [730]
Alkanes (CgH;4-C 6Hsy4) hBN powder XRD [755,756]

Adsorption on bulk-like hBN. To provide a broader perspective
and to establish some additional context, we will take a (superficial)
look beyond single hBN sheets, where bulk-like hBN samples offer
prospects to study molecular properties in a homogeneous envi-
ronment without interference of a hBN/metal interface - excluding
however the application of STM as an experimental tool (see exam-
ples in Table 11). For example, Korolkov et al. deposited PTCDI and
melamine from solution on bulk hBN and characterized the resulting
porous bi-component supramolecular networks by AFM [749].
Importantly, these architectures proved to be stable under ambient
conditions. In comparison, an iso-structural hydrogen-bonded
network with a periodicity of about 3.45nm was formed from
PTCDI and melamine on graphene, featuring however only limited
domain sizes (40-50 nm) [750]. In a follow-up study, Korolkov et
al. applied similar protocols to assemble and characterize hydrogen-
bonded TCPP networks on hBN and resolved chromatic shifts in
fluorescence spectra assigned to vdW interaction between TCPP and
hBN [177]. Recently, the supramolecular self-assembly of bi-layer
heterostructures was achieved by deposition of trimesic acid (TMA)
on a hydrogen-bonded melanine/cyanuric acid network prepared on
hBN [178].

In the context of organic devices, where interfaces between
highly ordered organic semiconductor films and dielectric materi-
als are of utmost importance, Matkovic et al. explored the epitaxy
and properties of parahexaphenyl (6P) on exfoliated hBN by AFM

and complementary DFT calculations [747,748]. Needle-like 6P crys-
tallites pointing +5° away from the zigzag directions of hBN were
grown, with individual 6P units aligned along the armchair direc-
tions of hBN. Indeed, DFT calculation on one hBN layer show an
azimuthal alignment of a single 6P molecule with the hBN Ilattice,
featuring a planar configuration with an adsorption height of 3.33 A.
Deposition temperatures between 380 and 400 K were ideal to grow
straight 6P needles, reaching lengths of several pm at heights of
a few nm. Interestingly, the 6P morphology and degree of order-
ing depends on the separation of the molecules from the buried
hBN/SiO, interface and thus on the hBN film thickness. A hBN thick-
ness of about 1.5 nm is needed to avoid detrimental effects of inter-
face roughness and a trapped water layer [747]. Zhang et al. grew
highly ordered pentacene single crystals with a thickness of one
to three layers on hBN flakes [704]. Based on AFM and TEM mea-
surements, the following interfacial structure was suggested: Pen-
tacene in direct contact with hBN aligns with the molecular axis
parallel to the hBN sheet, constituting a wetting or interfacial layer.
The second layer adsorbs upright, in a somewhat tilted configura-
tion, while from the third layer on, pentacene adapts the thin-film
phase with a smaller tilt. DFT calculations confirm a face-on adsorp-
tion of pentacene in the wetting layer with an adsorption energy
of 2.35 eV/molecule, while the reduced interlayer interaction in the
third layer (below 0.3 eV/molecule) supports the thin-film packing.
It should be noted that rather upright-standing pentacene molecules
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were already reported at sub-ML coverages for the hBN/Rh(111)
substrate [690] (compare paragraph 3.3.4). An anisotropy of the
optical properties related to the structure was demonstrated by
polarization-dependent absorption and photoluminescence on two-
and three-layer samples. Interestingly, electrical transport measure-
ments (using a back-gated OFET geometry) showed no conductiv-
ity for the wetting layer, but revealed several features characteris-
tic of high-quality OFETs for the bilayer system and 2D hopping-like
charge transport. The three-layer system finally showed band-like
transport behavior [704]. The assembly process of pentacene into
ordered islands on free-standing hBN sheets was explored by Zhao
et al. applying MD simulations [734], confirming a parallel align-
ment of the pentacene rings with the hBN plane and highlighting
the crucial role of intermolecular vdW interactions in stabilizing the
assemblies. By artificially reducing the pentacene-hBN interactions
to half, the long molecular axis of pentacene is still aligned parallel
to the hBN, the plane defined by the rings however tilts considerably
[734].

Exfoliated hBN also served as a suitable platform for the formation
of extended self-assembled monolayers of 10,12-nonacosadiynoic
acid by dropcasting and spin-coating, as exemplified in Ref. [751].
Subsequent heating or ultraviolet irradiation could trigger an on-
surface polymerization process yielding long polydiacetylene chains.
Here, the photo-polymerization rate was two orders of magni-
tude higher than on graphite, reflecting the large band gap of
hBN [752]. Aiming for quasi free-standing molecular crystals for
high-performance OFETs, He et al. demonstrated the layer-by-layer
growth of Cg-BTBT on exfoliated hBN/SiO,. Hereby, a device based
on a single molecular layer on hBN showed a carrier mobility of
up to 10 cm?V-1s~1 [753]. Thick, high-quality rubrene films with
large single-crystalline domains were grown on hBN/SiO, by Lee
et al. using vapor phase transport, evidencing high carrier mobil-
ity comparable to free-standing molecular single crystals [754]. Such
studies highlight the potential of hBN supports exceeding the ultra-
thin monolayer limit for applications outside a stringent UHV envi-
ronment. Indeed, as highlighted in the introduction, rubene-based
OFETs including hBN were reported [26]. In addition, X-ray scat-
tering techniques gave, e.g., insight into the interaction of alkanes
with hBN powders - revealing differences to adsorption on graphite,
indicating a lower enthalpy of adsorption [755,756]. Depending on
the composition of bi-component adsorbate layers, partial mixing
or phase separation of the molecular constituents was reported
[756]. For example, n-decane can adopt two distinct adsorption
structures on hBN (in contrast to graphite), thus resulting in an
enhanced miscibility of binary mixtures including n-decane [756].
An early NMR study compared the packing and dynamics of flu-
orobenzene molecules adsorbed on graphite and hBN particles. In
both cases, the experiments indicate an adsorption geometry with
the molecular plane aligned parallel to the surface, with rapid reori-
entation about the axis normal to the surface occurring at 141 K
[757].

Summarizing, these example indicate that a fabrication of well-
ordered hBN films with precise control of the number of hBN sheets,
thus covering the range from monolayer to bulk-like systems in a
surface-science setting, which is at most partially achieved to date
is a highly rewarding endeavor (compare future perspectives in
chapter 4). Furthermore, some of the above findings demonstrate
the potential of hBN applications outside stringent UHV and low-
temperature settings.

3.4. Graphene and other 2D materials

Vertical vdW heterostructures - or stacks - combining hBN
with other 2D materials attracted considerable interest over the

last decade, showing a wealth of intriguing physical properties.
hBN proved to be a suitable support for graphene [758-763],
as detailed in a review by Yankowitz et al. [764]. Examples of
its applications include graphene gating, doping or band (mass)
engineering [765-770], valley control [771], etching [772], tran-
sistor devices [24], and light-emitting diodes [773]. Furthermore,
graphene/hBN systems provided access to Fabry-Pérot resonances
in superlattices [774] and allowed to explore the response of Dirac
fermions to individual Co trimers adsorbed on gated graphene [775].
As demonstrated recently, hBN encapsulated twisted graphene
bilayers show Mott-insulating [776] and unconventional super-
conductive behavior [777] for magic-angle alignment. Dynamically
rotatable hBN/graphene heterostructures revealed how the elec-
tronic (transport) properties depend on the interlayer twist angle
[778]. A free-standing vdW heterostructure consisting of an aligned
graphene/hBN bilayer was recently characterized by Argentero et al.,
i.a. using TEM [779]. Interestingly, the suspended structure reveals
pronounced structural out-of-plane distortions with amplitudes
of ~8.5A following the periodicity of the moiré pattern, thus
reflecting some 3D character in intrinsically 2D materials [779]. The
analysis of moiré superstructures in suspended graphene/hBN
bilayers furthermore provided insights into the interlayer
interactions [780].

Complementary theoretical efforts addressed many properties of
layered hybrid systems, including for example the dispersion, abso-
lute band gaps, and the real-space shape of the low-energy elec-
tronic states in the moiré superstructures of graphene/hBN [781],
as well as the modification of graphene’s optical properties on hBN
[782]. Furthermore, distinct registry and stacking effects in hBN
were explored [783,784]. Motivated by graphene-based field effect
transistors, Wang et al. modeled the electronic properties of hBN
films sandwiched between graphene layers using the DFT-based
effective screening medium method, concluding that the interface
with graphene only weakly affects the dielectric properties of hBN
[65].

Getting back to experimental work, impurities at buried inter-
faces in vdW heterostructures were shown to segregate into iso-
lated pockets, e.g., leaving large graphene/hBN areas clean and
atomically flat [785]. The case of buried transition metal dichalco-
genides (TMD)/hBN interfaces is more intricate, with pristine inter-
faces reported for MoS, and WS,, whereas for MoSe, and WSe, con-
taminants are trapped, affecting the interface properties [786]. The
role of defects in exfoliated hBN in the MBE growth of graphene
was explored using AFM, Raman, and complementary DFT modeling
[787].

Most of the heterostructures highlighted above base on exfo-
liation and transfer of 2D materials. In addition to the graphene-
related examples, TMDs (such as WSe, [788]) were transferred to
hBN supports targeting distinct functionalities, such as photolu-
minescence and catalytic activity. Furthermore, hBN encapsulation
of black phosphorus or NbSe, was applied in device fabrication
[31,789].

As such top-down approaches fall beyond the scope of
this review, the reader is referred to recent reviews address-
ing the fabrication, characterization, and applications of vdW
stacks (and lateral heterostructures) including hBN (e.g., Refs.
[54,193,445,446,790-792]).

As an alternative to exfoliation and transfer protocols, graphene
and TMDs were grown by CVD or MBE on hBN flakes. Asides
graphene [761,793,794], examples include WS, [795] and MoS,
[796]. A single MoS, layer on hBN revealed small azimuthal rotation
angles below 5° between the two materials. The band gap of 1.89 eV -
close to the one of free-standing MoS, - signals only minor influence
of the hBN support [796]. Furthermore, furnace-grown ZrS,/hBN
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Fig. 47. vdW heterostructures: graphene/hBN/Cu(111). (a) Schematic illustration of a graphene sheet grown on a metal-supported hBN monolayer. (b) Atomically-resolved
STM image of a graphene patch with an armchair-like edge termination. (c) LEED image of graphene/hBN/Cu(111) showing the alignment of the two sp? lattices. The zoom-
in (bottom panel) highlights the contribution from graphene (g) and hBN, respectively. (d) ARPES data measured along the I'K direction showing the band dispersion of
graphene/hBN/Cu(111). (e) Scheme illustrating the dispersion relations of the 7 bands associated with the hBN and the graphene. (f) Schematic drawing of a graphene/hBN/metal,
highlighting the electrostatic potential and interfaces across the heterostructures (compare to (d) and (e)). (a) Adapted with permission from Ref. [808], (b) Adapted with permis-
sion from Ref. [286], (c-e) Adapted with permission from Ref. [809] © (2013) American Chemical Society, (f) Adapted with permission from Ref. [767] © (2011) American Chemical

Society.

was characterized by SEM, TEM, AFM, and electric measurements in
devices [797,798].

Motivated by purity (see above) and scalability issues of estab-
lished top-down fabrication methods, recent efforts aimed at the
synthesis of vdW stacks by all-CVD processes. E.g, stacked TMD/hBN
heterostructures were achieved in all-CVD processes for MoS, on
few-layer hBN grown on a sulfide-resistant Ni-Ga alloy [799] and
on SiO, (after transfer from Cu) [800], respectively. Furthermore,
oxygen-assisted CVD-grown hBN films on SiO, served as supports
for the CVD synthesis of MoS, and WS, [801]. Specifically, the MoS,
monolayer growth on wafer-scale, CVD-synthesized hBN films high-
lights the potential to prepare extended, high-quality crystalline
TMDs on hBN by bottom-up approaches [802]. Importantly, these
examples base on hBN multilayers. In the following, we will get back
to hBN monolayer systems.

3.4.1. 2D materials on hBN/single crystals

In this short paragraph, we focus on the few studies employ-
ing CVD growth of graphene and TMDs on hBN/metal single
crystal interfaces in UHV. That is, experiments where a surface-
supported hBN monolayer is used as substrate for graphene or
TMD *“assembly” (similar to the cases of atoms and molecules
discussed in the previous sections) are reviewed (see scheme in
Fig. 47(a)).

To this author’s knowledge, the first such study was presented by
Nagashima et al. in 1996, revealing the formation of a graphene over-
layer on hBN/Ni(111) [803], followed by additional reports from the
Oshima group [804-807]. In the pioneering study, a ML-equivalent
of graphene was formed upon exposure of hBN/Ni(111) to about

10° L of acetylene at 873 K. Upon graphene formation, the work
function increased to 4.3 eV (compared to 3.6 eV for hBN/Ni(111),
see section 2.2.9) approaching the value of graphite (4.6 eV). Based
on XPS and ARPES experiments, the interfacial electronic structure
was compared to graphite and it was concluded that the interlayer
interactions are weak, resulting in atomically precise spatial transi-
tions of the electronic properties [803]. In later studies, the graphene
layer was grown by exposing hBN/Ni(111) to about 10° L of ben-
zene at 1073 K, and the resulting interface was probed by HREELS
and LEED, revealing an incommensurate graphene growth. Further-
more, the interaction with the graphene overlayer reduced the hBN-
Ni hybridization, resulting in bulk-like hBN properties (lattice con-
stant, insulating character, phonons) [806]. From a theoretical per-
spective, Avramov et al. described geometric and electronic interface
properties of graphene/hBN/Ni(111) and compared these to related
multilayer systems [359].

In a combined experimental and theoretical endeavor, Bjelke-
vig et al. addressed the growth of graphene on hBN/Ru(0001), pro-
viding evidence for considerable interlayer charge transfer towards
the graphene [327]. Usachov et al. applied a quasi free-standing
hBN layer on Au/Ni/W(110) (see paragraph 3.1.1) as a support for
nearly 0.5 ML graphene, grown at 1023 K by CVD employing acety-
lene (~1.2 x 10% L) [318]. ARPES data reveal a feature with linear
dispersion assigned to the graphene z band, with the apex of the
Dirac cone located close to Ep without indication of a gap [318].
A gap-opening was predicted for a commensurate graphene sheet
on a hBN multilayer [765]. Also a multi-method study (LEED, STM,
XPD, ARPES) by Roth et al. observed a graphene-related band with
linear dispersion, crossing Ep near the K point of the surface Bril-
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louin zone, lacking any indication for a gap opening, but indicat-
ing n-type doping (Fig. 47(d and e)) [809]. In this case, graphene
was grown on hBN/Cu(111) (1100 K, 10° L of 3-pentanone), result-
ing in aligned, incommensurate heterostacks, where the mismatch
between the graphene and hBN lattice constants is close to the
one of the two free-standing layers (1.6%) (Fig. 47(c)). The result-
ing moiré pattern was resolved by STM [809]. The n-type doping
of graphene on hBN/Cu(111) was also inferred from DFT model-
ing of this interface (Fig. 47(f)) [767]. In an attempt to apply the
same approach to grow graphene on a corrugated hBN sheet, Roth
et al. extended their experiments to hBN/Rh(111) [810]. In this case,
the scenario was more intricate. In a first CVD step (1150K, 3-
pentanone at 2.2 mbar), carbon dissolved into the Rh support, weak-
ening the hBN-metal interaction and lifting the nanomesh corruga-
tion, together with the formation of small graphite flakes on hBN.
In a subsequent, identical CVD step, graphene grows on the pla-
narized hBN sheet - in addition to the subsurface interstitial C and
the multilayer graphite flakes, resulting in a situation similar to
graphene/hBN/Cu(111) discussed above [810]. Again, the graphene
and hBN lattices are aligned. Such a preferred relative twist angle
of 0° between the two sp? sheets was also inferred from thermal
annealing experiments of graphene on exfoliated hBN flakes, where
graphene patches with a twist angle below 12° rotated towards 0°
upon annealing, whereas patches with an angle above 12° rotated
to a metastable 30° configuration [811]. Recently, Hwang et al.
reported the formation of sub-ML graphene/hBN/Cu(111) by expos-
ing approximately 0.5 ML hBN on Cu(111) to ethylene (103-10% L)
[286]. Based on STS data, it was concluded that small patches of
graphene grow on hBN/Cu(111) - in addition to graphene islands
on Cu - even before bare Cu(111) areas are fully covered. Armchair-
like and zigzag edges of the hBN flakes, as well as their “bulk-
like” regions far from boundaries were probed by STM (Fig. 47(b))
and STS, revealing distinct spectral signatures. Besides observing
edge states and resonances, the authors speculate about a small
(<10 meV) bandgap in graphene/hBN/Cu(111) based on the STS
analysis [286].

Applying MBE as an alternative scalable method for 2D material
synthesis, Driver et al. grew graphene on about 5 ML hBN/Co(0001)
(compare paragraph 2.2.6). At 800K this substrate was exposed
to carbon evaporated from a graphite rod, resulting in graphene
formation characterized by XPS and LEED. This method allows
for the growth of graphene multilayers azimuthally aligned with
the hBN lattice, featuring domain sizes of about 190 nm [230].
It should be noted that MBE growth of graphene was previ-
ously demonstrated on hBN flakes [812]. Furthermore, a recent
report highlights means to generate and modify strain in graphene,
grown by MBE on hBN flakes exfoliated from single crystals
[813].

The UHV-based synthesis of 2D materials - beyond graphene - on
hBN monolayers on metal single crystal is still in its infancy (see per-
spectives in chapter 4). Zhang et al. reported the successful growth of
MoSe, on hBN/Ru(0001) by MBE [225]. The STM/STS characterization
revealed a MoSe, quasi-particle band gap of 1.90 eV. Its reduction
by about 0.25 eV compared to the situation on graphite or graphene
supports highlights the intricate effects of band structure renormal-
ization at such interfaces. Furthermore, the hBN/Ru(0001) nanomesh
structure was found to imprint a potential modulation in the MoSe,
[225]. Cattelan et al. studied the growth of a WS, monolayer on
hBN/Au/Ni(111) [276]. Photoemission revealed an unperturbed elec-
tronic structure of WS,, suggesting that intrinsic properties of WS,,
such as photoluminescence, can be retained on the hBN/Au/Ni(111)
support [276].

3.4.2. Graphene on hBN/foils

Even though the results summarized in the following were
achieved on metal foils in furnaces outside a UHV environment,
we briefly cover them as examples of two-step CVD growth of
graphene/hBN interfaces. Wang et al. applied hBN/Cu as support
for CVD growth of graphene from methane [620,623,814]. Besides
providing an STM/STS characterization of the interfacial struc-
ture, they showed by cross-sectional TEM measurements that the
graphene/hBN stacks are robust enough to survive the transfer to
other supports as SiO, /Si [814]. Furthermore, the catalytic properties
of hBN/Cu for graphene synthesis were explored as function of the
number of hBN sheets, both in experiments and by theoretical mod-
eling (compare paragraph 3.2.3). As the catalytic activity of the hBN
surface is dictated by charge transfer from the underlying Cu, it is
strongly suppressed with increasing film thickness, but even allows
for graphene growth on hBN films with a thickness approaching 3 nm
[620]. A non-vanishing catalytic activity of hBN/Cu for graphene
growth was confirmed by Song et al., who furthermore demonstrated
the use of PMMA seeds for the nucleation of highly ordered graphene
arrays on hBN/Cu [383]. Kim et al. characterized graphene/hBN inter-
faces at sub-ML coverages prepared in a sequential CVD approach by
AFM, KPFM, SEM, STEM, and Raman [815]. Besides lateral junctions,
vertical heterostructures representing graphene patches expanding
onto hBN flakes were observed at higher methane concentration
and growth time. Here, an AA-like stacking between the sp? sheets
with a very small azimuthal misalignment (< 1°) was identified. The
contact potential difference assessed via the KPFM measurements
showed a reduction of the work function for graphene/hBN/Cu com-
pared to graphene/Cu (see below) [815]. A somewhat different pro-
tocol for CVD of graphene on hBN was introduced by Gao et al.,
applying benzoic acid as precursor, demonstrating the fabrication of
a 4-inch wafer-scale graphene/hBN film. Depending on the temper-
ature of exposure of hBN/Cu, either lateral or vertical interfaces can
be formed. In the latter case, the temperature is kept below 1173 K
to avoid etching of hBN by CO, - a decomposition product of the
precursor - and graphene islands were formed on hBN/Cu [808]. A
characterization of graphene/hBN/Cu by XPS, AFM and STM revealed
moiré patterns with periodicities comparable to the ones described
by Roth et al. ([809], see above) and confirmed an alignment of the
graphene and hBN lattices and the integrity of the latter. In addition,
work function differences were extracted from EFM measurements,
yielding a lower local work function for graphene/hBN/Cu compared
to hBN/Cu [808]. This finding - being in contrast to the situation for
graphene/hBN/Ni(111) discussed above - was rationalized by an n-
type doping of graphene from Cu, even through the hBN spacer layer
[808], in-line with theoretical predictions from Bokdam et al. [767].
Replacing the CVD-synthesis step of hBN by ion beam sputtering
deposition, Meng et al. grew graphene on ML and sub-bilayer hBN
[816].

In addition to Cu foils, also Co films were employed for the
sequential synthesis of graphene/hBN heterostructures. Xu et al.
demonstrated that C preferentially nucleates on the Co substrate
and on edges of hBN flakes. Higher C dosage resulted in continu-
ous graphene sheets, eventually covering the hBN in a layer-by-layer
fashion [331].

3.4.3. Comparison and discussion

Summarizing this short section, one can conclude that a single
hBN layer on metal single crystals provides a stable platform for
graphene synthesis, even if the catalytic activity of the hBN termi-
nated templates is generally drastically reduced compared to the
bare metals. Several studies indicate that charge transfer through the
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hBN plays a relevant role for the CVD growth and the electronic prop-
erties of graphene (as n-type doping) - thus making the heterostacks
distinctly different from graphene on bulk hBN. On the other hand, no
charge transfer to graphene through hBN was detected when adsorb-
ing Br, on hBN encapsulating graphene [817]. Accordingly, the situ-
ation might sensitively depend on the nature of the metal support
- as discussed in the previous sections about atomic and molecu-
lar adsorbates. Detailed information on the CVD synthesis of vertical
(and lateral) graphene/hBN heterostructures is available in a recent
review article by Wu et al. [447].

Also bulk-like hBN and exfoliated hBN flakes can provide suit-
able supports for graphene-based architectures (see examples in the
introduction of this section) and graphene synthesis [793,818-821],
as evidenced for example by the plasma-enhanced CVD epitaxial
growth of single-domain hBN [761], drastically reduced energy vari-
ations of FER in graphene/hBN compared to graphene/SiO, [822],
or the epitaxy of graphene nanoribbons with widths from 15 to
about 150 nm featuring high carrier mobility [823]. In addition, hBN
model systems are applied in many theoretical studies addressing
the modification of graphene-related interfaces, including for exam-
ple graphene nanoribbons on hBN (e.g., Ref. [824]) or graphene on
functionalized hBN (e.g., Ref. [825]).

On the next level of complexity, graphene/hBN stacks can them-
selves serve as supports for adsorbates. For example, an AFM study
providing sub-molecular resolution on F,TCNQ/graphene/hBN by
Tsai et al. showed regular 2D islands with aligned molecules at
sub-monolayer coverage - in stark contrast to F,TCNQ adsorp-
tion on graphene/metals [826]. This peculiar self-assembly behav-
ior was rationalized by the poorly screening graphene/hBN support.
By implementing graphene/hBN stacks in devices, Riss et al. could
tune the energy levels of adsorbed CVB molecules by a gate, allowing
for an electronic switching between two different molecular states
at fixed sample bias, visualized with sub-molecular contrast by STM
and dI/dV mapping [827]. Gate-tunable charging was also reported
for individual F,TCNQ molecules on graphene/hBN [828] - open-
ing prospects for charged-molecule physics [829]. Furthermore, self-
assembly of CoPc on a graphene/hBN support resulted in extended,
highly regular molecular arrays with lateral extension and electronic
homogeneity exceeding the ones achieved on graphene/SiO, sup-
ports [830].

4. Conclusions and future perspectives

The first successful synthesis of a hBN monolayer on a metal sin-
gle crystal more than two decades ago was the beginning of a fas-
cinating scientific journey and an exciting, still expanding research
field. In this regard - at least in the author’s opinion - the appeal of
atomically-thin hBN sheets relates to their multifaceted roles that
progressed and developed with time. In the early stages, research
focused on the adsorption and decomposition of borazine precur-
sors on metals, i.e., on the elucidation of surface reaction mech-
anisms that resulted in hBN films. Soon afterwards, the potential
of hBN as stable, insulating films interacting weakly with metals
came into focus. Technological applications were envisioned, based
on the abrupt change of electronic properties at the hBN/metal inter-
face. A second atomically-sharp interface was then introduced by
adsorption of atoms or molecules on hBN/metal, employing hBN as
a passive, inert decoupling layer. Later experimental and theoretical
studies recognized that hBN - support interactions can be exploited
to turn inert hBN sheets into catalytically active ones, e.g., foster-
ing site-selective on-surface reactions and providing means to steer
reaction pathways for applications in heterogenous catalysis. More-
over, the rise of graphene boosted the interest in hBN, resulting in
progress both affecting basic research (e.g., properties of heterostruc-
tures) and applications beyond model systems handled in stringent

UHV environments (e.g., transfer protocols, wafer-scale synthesis,
device fabrication).

In these concluding remarks we refrain from providing a some-
what repetitive summary. To recollect the key findings, the reader
is referred to the résumés presented in the respective chapters. We
rather turn to an outlook, compiling some open issues that might
warrant further consideration and briefly outlining rewarding future
research directions involving hBN-based model systems.

Controlled multilayer growth. As obvious from many examples
discussed in this review, hBN monolayers can drastically reduce
the electronic “disturbance” of adsorbates compared to metal sup-
ports - and thus give access to investigations of manifold physi-
cal and chemical phenomena. At the same time, as also obvious
from many examples discussed in this review, they do not neces-
sarily represent “innocent”, insulating supports for adsorbates (e.g.,
reminiscent of findings on ultra-thin oxide films [144]). Besides the
interaction with the metallic substrate, it is simply the atomically
thin character of hBN monolayers that allows some electronic inter-
action including potential charge transfer, and enables for exam-
ple the application of STM. Similar to the setting on ultra-thin
halides (e.g., Refs. [155-158,160,161,831,832]), the STM'’s capabil-
ities to probe adsorbates in a weak-coupling regime with atomic
precision is expected to provide further fascinating insights into
molecular properties, functionalities and on-surface chemistry. For
many experiments and applications however, the hBN monolayer
thickness of course poses a serious limitation: considerably thicker
films would be needed to prevent charge tunneling [179,180] and to
avoid a (spacer layer thickness dependent) influence of the buried
metal on mobility and self-assembly properties [167,168]. In this
respect, innovative approaches to fabricate hBN multilayers in-situ
with controlled thickness and high structural quality in a scalable
fashion need to be further developed, potentially basing on MBE
protocols (see Refs. in paragraph 2.1) and progressing beyond the
current state-of-the-art processes summarized in a recent review
[195].

Structure determination. As emphasized in the first part of this
review (chapter 2) a comprehensive characterization of hBN/metal
interfaces is the basis for their application as templates. Indeed, con-
siderable efforts were dedicated to structure determination through-
out the last decades, with standard surface science tools (XPS,
SXRD, NEXAFS, LEED, STM) yielding a wealth of information, e.g.,
on the electronic properties and on the lateral interface structure,
i.e., superstructure periodicities and registries. Nevertheless, a lack
of quantitative information regarding the vertical interface struc-
ture is apparent. For example, it is truly astonishing that exper-
imental values for the adsorption heights and corrugation of the
most widely studied nanomesh structure (hBN/Rh(111)) are lack-
ing to date, or it is disappointing that no true consensus about
the vertical interface structure of hBN/Cu(111) is reached - espe-
cially considering the plethora of studies relying on hBN growth
on Cu. Clearly, the widely employed STM technique fails in pro-
viding this information and needs to be backed up by other meth-
ods (e.g., XSW, LEED-1V, PED). From a theoretical perspective, the
challenges are as well considerable, as exemplified by the wide
range of adsorption heights (2.65-3.33 A) predicted for hBN/Cu(111)
or by the different corrugation values reported for the nanomesh
structures. As even modest changes in the vertical interface struc-
ture can severely affect its electronic properties, and thus its cat-
alytic or templating functionalities, a precise characterization is
desirable and requests further joint experimental and theoretical
efforts.

Regarding the adsorbate/hBN/metal structures discussed in
chapter 3, the lack of quantitative information about the vertical
interfaces is even more apparent. Specifically, two important ques-
tions remain mainly unaddressed, at least from the experimental
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perspective: What are the adsorption heights of molecules? And how
do the adsorbates modify the buried hBN/metal interface? Again,
these issues can not be solved by STM and ask for other experimen-
tal approaches. E.g., the average adsorption height of Co-Porphine on
hBN/Cu(111) was determined recently by XSW, with no modification
in the hBN-Cu(111) separation observed upon molecular adsorption
[469]. Future research efforts will not only have to focus on modi-
fying adsorbate’s properties by the interaction with the hBN/metal
support, but will increasingly have to deal with the engineering of
hBN/metal properties by adsorbates [699]. Accordingly, addressing
the questions above will likely be a rewarding endeavor.

Interface engineering and self-assembly. Chapter 3.3 presented a
variety of well-ordered, self-assembled supramolecular nanostruc-
tures stabilized by vdW-, hydrogen-bonding- or metal-coordination-
interactions, highlighting the peculiar environment provided by the
hBN/metal supports. Nevertheless, regarding the immense possibili-
ties of supramolecular (coordination) chemistry, these achievements
can only present a starting point for more intense research efforts.
So far, most of the reports describe (nearly) dense-packed homo-
molecular arrays, results on coordination or covalent architectures
are scarce and information on advanced assemblies, introducing for
example chiral building blocks or donor-acceptor pairs is largely
missing. Very little is known about the thermal stability and the role
of the metal centers for functionalities, e.g., in magnetism or hetero-
geneous catalysis. Thus, much can still be done regarding the self-
assembly of specific coordination architectures and the development
of covalent coupling protocols on hBN. Here, additional inspiration
might be provided by studies on graphene, which recently served as a
support for the synthesis of peculiar chain-like organometallic wires
[833], 2D metal-organic networks [834], or bi-component cova-
lent organic frameworks with pore diameters around 3 nm [835].
Regarding covalent bond formation, new, “clean” procedures beyond
Ullmann coupling reactions need to be developed for the forma-
tion of well-ordered covalent nanostructures on monolayer hBN or
its bulk compound - such as the recently reported ylide coupling
mechanism [675]. In view of their promising optoelectronic and
magnetic properties and their peculiar coordination ability already
exploited on metal surfaces, lanthanides bear great promise as ingre-
dients for functional coordination architectures and multi-decker
complexes on hBN [836]. Even regarding atomic adsorbates, distinct
self-assembled structures (such as Au atom chains theoretically pre-
dicted to form on hBN/Rh(111) [527]) deserve experimental atten-
tion.

In addition, we covered some examples highlighting how inter-
calation can be used to tailor the interface properties - includ-
ing macroscopic parameters as wetting angles. However, there
is still tremendous potential for future experiments, as indi-
cated by studies tuning the electronic and magnetic proper-
ties of the graphene/metal interface by intercalation, selectively
combined with alloy formation (e.g., Refs. [837,838]). A recent
report by Bazarnik et al. showcased how Fe or Co intercala-
tion in graphene/Ir(111) can completely alter the self-assembly
of metal-organic molecules on these supports, resulting in rt sta-
ble square, honeycomb, or Kagomé lattices [307]. Au intercala-
tion in graphene/Ni(111) quenched the magnetic coupling between
TbPc, and Ni, but did not perturb the coupling for ErPc, [839].
Given the manifold reports on magnetic coupling between adsor-
bates (atoms or metal-organic complexes) on graphene and mag-
netic supports (e.g., Refs. [840-846]) - an area experimentally largely
unexplored using hBN as spacer layer - intercalation of magnetic
films will considerably expand the playground regarding modi-
fication of adsorbates’ magnetic properties. The intercalation of
tetrapyrroles in hBN/Cu(111) recently demonstrated by the author’s
group [314] might be extended to different functionalized molecu-
lar units, yielding (metal-)organic networks protected by the hBN
cover, a nanoreactor-type setting for confined chemical reactions,

or organic/insulator/organic sandwich structures, where intermolec-
ular coupling effects through the ultra-thin barrier might be stud-
ied.

Controlled modification. From a surface science perspective, the
study and use of deliberate structural modification of hBN sheets
on metal single crystal supports is still in its infancy. Specifi-
cally, the potential of atomic-size defects and dopants in hBN to
tune the systems catalytic, magnetic, and (opto)electronic proper-
ties is enormous, as many theoretical studies emphasize (see para-
graphs 3.1.7 and 3.2.6). However, an experimental implementation
and verification of predicted functionalities is still largely miss-
ing. Even though scarce UHV-based studies reveal the potential of
dopants in sp? sheets to tune, e.g., the properties of large organic
molecules - as exemplified by porphyrin or FePc adsorption on N-
doped graphene [847,848]. Out of all the elements potentially appli-
cable as hBN dopants, C naturally plays a special role, with sev-
eral reports on BNC sheets available (vide infra). For example, BNC
flakes showed enhanced photoelectrochemical performances that
increased with increasing amount of substituted B [849] and BN dop-
ing of graphene is predicted to favor the dissociative adsorption of
H,, water, methane, and methanol [850]. Importantly, theoretical
endeavors point out the relevant role of disorder, phase separation,
and composition fluctuations for the properties of such BNC mono-
layers [851]. However, the fabrication of modified hBN structures
with control over defect density and distribution - ideally reach-
ing atomic precision - is a challenging tasks (see Fig. 48 (b)). In this
respect, the use of self-assembly and on-surface synthesis protocols
employing precursors with embedded dopants or defects might be
one route to follow [448]. Specifically, BN-doped carbon scaffolds
are available as promising starting materials for regular BNC nanos-
tructures [448,449,852-861] that complement lateral hBN/graphene
heterostructures (see below, Fig. 48 (c¢)) and disordered BNC sheets
(Fig. 48 (a)) [443,450,862]. As highlighted by the recent use of a Au-
anchored porous CN framework in electrocatalysis [863], there is also
considerable potential for related systems of only bi-elemental con-
figuration.

A further promising research area, where UHV-based exper-
iments are emerging [189,275], is the covalent functionalization
of hBN monolayers [864] - complementing non-covalent modifi-
cation protocols of hBN and other 2D materials [865]. As men-
tioned in the discussion paragraphs 3.1.7 and 3.2.6, theoretical mod-
eling provides predictions about the tunability of magnetic and
(opto)electronic properties of hBN sheets by out-of-plane function-
alization, which remain to be verified in experiments. As a spe-
cial case, hydrogenation of hBN not only provides prospects for
band-gap engineering, but also for application in hydrogen storage
[189,275], adsorbate anchoring [558], and photocatalytic water split-
ting [587]. Recently, a compression-induced transformation of a sili-
con oxide supported hBN bilayer in the presence of hydroxyl ions to
a conductive, sp3-hybridized BN compound - named bonitrol - was
reported [866], highlighting that the (local) application of pressure
can be an additional control knob to tune properties of BN materi-
als.

Heterostructures and interfaces. As discussed in the introduction
and in section 3.4, an exciting library of 2D materials exists that
can potentially be combined with hBN to form heterostructures (e.g.,
Refs. [22,23,867,868]). The near future will show if hBN monolay-
ers can act as supports for the UHV synthesis of ultra-thin layers
beyond graphene, e.g., other carbon allotropes as graphyne [869],
silicene, germanene, borophene, stanene, phosphorene, transition-
metal oxides, and dichalcogenides. For instance, recent reports show
that few-layer hBN films are robust enough to support the CVD
growth of MoS, crystals [799,800], whereas a hBN monolayer on
Au/Ni(111) was employed as platform for WS, synthesis [276]. Tri-
angular MoS, islands were grown via powder vapor transport on
hBN flakes - achieving orientation control and thus opening up path-
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Fig. 48. Schematic illustration of substitutional heteroatoms and lateral interfaces. (a) Randomly distributed heteroatoms in a hBN sheet. (b) Regular doping pattern, e.g., rep-
resenting C, units on a lattice (orange rectangle) embedded in hBN. (c) Atomically defined lateral hBN/graphene/hBN interface. The orange color highlights the substitutional
heteroatoms and the graphene nanostructures embedded in hBN (blue, yellow), respectively. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

ways to single crystal MoS, films without inversion domain bound-
aries [870]. As theoretically exemplified for the stanene/hBN inter-
face, such heterostacks provide prospects for nanoelectronics and
spintronic applications [871]. Intriguing topological properties are
predicted for germanene/hBN, stanene/hBN, or silicene/hBN inter-
faces, which can be modified by external electric fields [872]. Fur-
thermore, defect-engineering at phosphorene/hBN interfaces can be
used to tune the band gap [873].

Focusing on lateral heterostructures, the combination of
graphene and hBN (providing a close structural match) allows
for the fabrication of atomically-defined interfaces on single-crystal
supports [218,249,273,322,416,421,440-443,447,874], as alluded
to in the paragraph 2.3 about defects. The resulting structures
- reminiscent of systems on foils (e.g., Refs. [388,816,875-877])
- represent an extreme case of BNC nanostructures addressed
above, featuring spatially separated, extended graphene and hBN
patches (see Fig. 48 (c)) [878,879]. Equilibrium shapes of graphene
embedded in hBN (or vice versa) and interface properties are
rationalized by modeling efforts [453]. Even though heterostruc-
tures of distinct geometry, as regular stripe-like phases with stripe
widths below 100 nm [441] could be achieved experimentally on
selected substrates and uniform arrays of hBN/graphene “core/shell”
flakes with separations in the 10 pm range were recently reported
[876], a widely applicable control procedure over shape, size, and
spatial order of the patches by means of bottom-up fabrication is
still lacking, analogous to the above discussion about BN doping
patterns in BNC structures. Importantly, as experimentally demon-
strated for BNC sheets on Ru(0001) by Lu et al.,, dynamic mixing
and demixing processes can be used to tailor the layer properties
(including, e.g., the integration of GNRs), but might interfere with
the stability of intended structures [443]. Furthermore, Nappini
et al. reported the important role of the substrate temperature
in the synthesis of BNC heterostructures on Pt(111) from a single
dimethylamine borane precursor, e.g., achieving either single layers
consisting of graphene and hBN domains or hybridized BNC films
[880,881]. Recently, Petrovic et al. showed how the BNC alloy phase
in between hBN and graphene patches on Ir(111) can be deliberately
modified by adapting the preparation conditions and discussed
the effects of annealing on the hBN/graphene heterostructures
[882].

On the other hand, by combining top-down (photolithography &
reactive ion etching) with bottom-up processes (CVD) superstruc-
tures with feature sizes in the 10 pm range were achieved on a Cu foil

[883]. A similar pattern/re-growth procedure was employed to cre-
ate nanoscale-patterned heterostructures with stripe widths as low
as 100 nm [884]. Graphene growth in etched hBN trenches provided
individual GNR featuring widths in the 60 nm to sub-10 nm range
[885]. Given the minimal structure sizes in the 10 nm range achiev-
able by helium ion etching of graphene [886], the potential of such
combined approaches is evident.

Theoretical studies on the adsorption of fullerenes and nanotubes
on a 2D superlattice incorporating graphene and hBN stripes suggest
the use of such systems in excitonic solar cells [739]. Similar stripe-
like hBN/graphene heterostructures might provide the option of con-
trolled CO, capture and release via voltage-induced charging of the
hBN stripes [887].

Reverting to bare sheets composed of graphene and hBN patches,
interesting properties are predicted by various theoretical studies.
E.g., finite hBN areas embedded in a distinct graphene environment
are anticipated to deliver substantial quadratic nonlinear optical
activities [888], while triangular graphene patches embedded in a
hBN matrix become ferromagnetic with full spin polarization [889]
and are expected to act as spin dots operating at temperatures up
to approximately 250 K [890]. Mid-gap states near Ep were pre-
dicted for graphene patches in hBN in case an unequal number of
B and N atoms is substituted by C [891] and core (graphene)/shell
(hBN) quantum dot properties were described in dependence of their
geometric shape and extension [892]. A recent review by Kan et
al. provides an overview about tunable properties in lateral het-
erostructures [893], including a hBN concentration dependent band
gap [894].

Naturally, the coexistence of two chemically distinct surface ter-
minations is appealing in view of templating applications, the most
straightforward one being selective adsorption on one of the 2D con-
stituents guided by differing adsorption enthalpies. Similar effects
readily occur for submonolayer coverages of 2D materials on metal
supports. For example, PTCDA was shown to interact weakly with
borophene, thus preferentially forming self-assembled arrays on
adjacent Ag areas, resulting in well-defined lateral PTCDA/borophene
interfaces [895]. Porphines decorate Cu areas, avoiding graphene
or hBN patches at temperatures where diffusion is operational
[314]. Furthermore, selective oxygen intercalation was observed
in graphene/hBN heterostructure islands on Ru(0001), enabling an
exclusive modification of the hBN/Ru interface [228]. Reports on
molecular decoration of 2D materials beyond hBN and graphene,
as TMDs are currently just emerging (e.g., Refs. [896,897]). How-
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ever, there is no doubt that upcoming studies will provide new
insights, contributing to the fabrication of multi-component 2D tem-
plates. For instance, a recent report introduced a “sowing” mech-
anism applying molecules as seeds in the CVD growth of lateral
heterostructures combining monolayer TMD with graphene or hBN
[898].

Besides the distinct surface terminations, the interfaces between
the 2D constituents - with current research focusing on in-plane
graphene/hBN junctions - offer potential to modify adsorbate prop-
erties and to guide adsorption. As discussed in the introduction of
Ref. [899], zigzag, armchair, or misoriented interfaces (featuring pen-
tagons and heptagons), possess distinct characteristics, e.g., includ-
ing an interface-state localized at the zigzag edge (confirmed exper-
imentally by Drost et al. [322]) or a band-gap opening in arm-
chair terminated graphene stripes [900]. Grain boundaries in hBN
consisting of tetragons and octagons (4|8) are predicted to con-
siderably enhance the adsorption energies of Co adatoms, dimers,
and trimers - without affecting the magnetic properties of the Co
adatoms. Furthermore, this interface induces an anisotropic diffu-
sion behavior, with Co adatoms moving considerably faster along the
4|8 grain boundary than in the direction perpendicular to it [600].
An increased binding strength on the octagons of 4|8 defects was
additionally reported for Cr, Mn, Fe, and Ni - anticipating the forma-
tion of transition metal atom chains introducing versatile electronic
and magnetic properties to hBN [901]. Experimentally, a selective
adsorption of LiF was observed at defect lines in hBN, resulting in a
chemically and mechanically stable hybrid LiF/hBN film for electro-
chemical applications [902]. Thus, grain boundaries or lateral inter-
faces in hBN and 2D multicomponent sheets offer tremendous poten-
tial for guided self-assembly and the study of site-sensitive adsorbate
properties.

Solid/liquid interfaces. Several studies reviewed in chapter 2 high-
light the stability of distinct hBN/metal systems in water and solu-
tion (ultra-pure water [240], perchloric acid (0.01-0.1 M HCIO,)
[240,241,335], common polar and nonpolar solvents [335]) - with
the exception of hot, strongly alkaline solutions [335], suggesting
their use in liquids. Indeed, pioneering studies demonstrate the
applicability of hBN at solid/liquid interfaces, discussing the elec-
trochemical switching of surface texture by hydrogen intercala-
tion [335], the engineering of hBN wettability by covalent func-
tionalization [903], electrocatalysis (e.g., ORR), defect decoration
by Cu underpotential deposition [452], R6G adsorption from aque-
ous solution [730], and trapping of hydrated (WO3); clusters in
hBN/Rh(111) nanomesh pores [904]. These examples not only show
that hBN/metal model systems offer means to study the wetting
behaviour, adhesion and friction [335] - connecting nanoscopic with
macroscopic properties - but also highlight the potential of surface-
anchored hBN in applications such as heterogeneous catalysis [615]
or water cleaning and molecule detection [730]. Ab initio molecu-
lar dynamics simulations for instance show a friction coefficient of
water on hBN that exceeds the one on graphene by about a factor
of three, despite the structural similarity of the interfaces to the two
sp? sheets [42].

Liquid-phase functionalization of hBN sheets in a bulk-like mate-
rial by adenine-terminated polypropylene glycol was applied by
Muhabie et al. for the exfoliation of hBN nanosheets in tetrahy-
drofuran solution, exploiting the considerable adenine-hBN interac-
tions [905] and contributing to established solution-based exfolia-
tion protocols (see Refs. in introduction of section 2.1). Also hBN
powders are readily modified in liquids, as highlighted for exam-
ple by the adsorption of saccarides on hBN in water [744]. While the
controlled synthesis and scanning probe characterization of molecu-
lar nanostructures in solution is largely unexplored on hBN mono-
layers, related studies on graphene highlight the potential of this
approach. For instance, a 2D covalent organic framework (COF) was
prepared by Schiff-base coupling of benzene-1,3,5-tricarbaldehyde

(BTA) and p-phenylene-diamine (PDA) in octanoic acid on copper-
supported graphene. Hereby, the reaction can be limited to the
interface by control of the precursor concentration and the STM
allows one not only to image the porous framework with high
resolution, but also to access and track dynamic processes at the
interface [906]. Colson et al. reported the synthesis of nano-porous
COFs with hexagonal and square symmetry on surface-anchored
graphene by solvothermal condensation, employing 1,4-phenyl-
enebis(boronic acid) (PBBA), 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP), pyrene-2,7-diboronic acid, and NiPc linkers [835]. Such
approaches and protocols - contributing to the overarching goal of
synthesizing highly ordered 2D organic polymers [907] - still need
to be implemented on hBN. In addition, solution-based intercala-
tion processes, e.g., demonstrated for bulk-like hBN in suspensions
of Brensted acids (H,SO,4, H3PO,4, HCIO,4) [317], might offer exciting
possibilities for the reversible modification of interface properties or
chemical reactions in a confined space providing a unique 2D envi-
ronment.

Heterogeneous catalysis. Throughout this review, we repeatedly
touched the potential use of surface-anchored hBN and its struc-
tural modifications in heterogenous catalysis. Indeed, this research
field might see exciting developments in the near future, especially
on the experimental side where studies on highly-defined systems
are scarce to date. At this point, we refrain from repeating the most
prominent systems and reactions with adsorbates, which were dis-
cussed in the respective sections. A recent review by Deng et al. com-
prehensively summarizes catalysis with 2D materials and their het-
erostructures, including the oxygen reduction reaction, water split-
ting, and CO, activation and furthermore discusses the future oppor-
tunities and challenges in this field [908]. It only should be empha-
sized that (carbon doped) hBN already has proven its ability to act
as a stable and sustainable photo- and electrocatalyst (e.g., Refs.
[615,625,909]). In this respect, the scalable synthesis of (doped) hBN
on foils - either by CVD approaches or on-surface covalent coupling
of tailored precursors - offers serious prospects for applications in
heterogenous catalysis. The control over defect and doping struc-
tures, i.e., their density and position however remains a challenging
task. Likewise, the hBN-substrate interaction needs to be carefully
considered to enable electron transport to the catalytically active
centers, which is not given for free-standing hBN [358,655]. The cat-
alytic activity of metal clusters and nanoparticles adsorbed on hBN
monolayer/metal supports also deserves more attention. For exam-
ple, the catalytic activity in CO oxidation predicted for small, neg-
atively charged Au clusters on hBN/Rh(111) [527] or the observa-
tion of hBN-supported Pd-Fe core shell nanoclusters catalyzing a
Suzuki-Miyaura coupling reaction [550] give a flavor of what might
be achievable when tailored cluster/hBN/metal architectures are sys-
tematically explored.

In addition to the synthesis procedures that might rely on a
UHV environment, at least part of the experimental characteriza-
tion of catalytic processes should be performed at ambient atmo-
sphere, high-pressure, or in solution, i.e., beyond a classical UHV
surface science setting. This will likely require an interdisciplinary
approach combining complementary experimental instrumentation
and expertise.
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