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ABSTRACT

The synthesis and characterization of two dimensional materials are in the focus of nanomaterial and surface
science, heterogeneous catalytic and nanoelectronic research laying the basis for various technological appli-
cations. Hexagonal boron nitride (h-BN) is an important member of 3D and reduced dimensional materials.
Atomically clean sp*-hybridized 2D nano-layers can be grown on various metal supports by different chemical
and physical vapor deposition techniques. In case of a significant lattice mismatch and a strong interaction at the
h-BN/metal interface, a periodically undulating monolayer - a so-called “moire structure” - is formed. In the
present review, we address some important characteristics of h-BN prepared on several metal surfaces, and we
focus on its application as a template for individual atoms, metal clusters and molecules. Moreover, several
experimental findings are collected about the features and applications of monolayer h-BN nanosheets as sup-
porting materials. We highlight the results of recent surface science studies, which emphasize the unique role of
h-BN including nanomeshes in characteristic adsorption properties, stability and catalytic activity. The charac-
terization of few layer and defective h-BN involving their catalytic applications are also the subject of the present
review. We present a comprehensive overview on the electronic and vibrational states of nanoparticles (covered
by adsorbates, as well) monitored by surface spectroscopy tools, e.g. XPS, ARPES, UPS, LEIS, AES, STS and
HREELS. We also elaborate on the structural and morphological information of h-BN nanoobjects obtained by
scanning probe microscopy (SPM). It is also highlighted that density functional theory (DFT) is considered as a
very important complementary technique contributing to the better understanding of experimental results. Be-
side updated recollection of key findings, we outline the present and future research directions of 2D materials
and their heterostructures including h-BN-based systems.

1. Introduction

Two sp2-bonded layered configurations can be distinguished, i.e. hex-
agonal BN (h-BN) and rhombohedral BN (r-BN) corresponding to
h-graphite and r-graphite. Among these structures, h-BN sheets have
been mostly studied [7-12]. These sheets are isostructural and isoelec-

Boron nitride (BN) is a compound family with alternating linked
boron and nitrogen atoms of 1:1 stoichiometry. BN (so-called “white
graphene”) has recently gained considerable interest, since its different
allotropes are structural analogues to carbon phases [1]. From a struc-
tural point of view, beside the hexagonal, graphite-like layered BN form,
there exist other crystalline forms such as cubic BN (¢-BN) similar to
diamond and wurtzite BN (w-BN) analogous to lonsdaleite. Concerning
dimensionality, different morphological BN configurations can be syn-
thetized [2-5] fullerene-like BN nanospheres, 1D nanotubes, wires (fi-
bers) and nanoribbons, 2D nanosheets as well as 3D nanoporous BN [6].
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tronic to graphene [13,14]. The h-BN is composed of B and N atoms
forming a honeycomb-like structure, where the atoms are linked with
strong covalent bonds [15-17]. However, the electron distribution be-
tween the B-N atoms is significantly different than for C-C as N has a
higher electronegativity than B, therefore attracting the electrons more
strongly [15,18-20]. 3D and 2D h-BN have been applied in many
technological applications in recent years, owing to their interesting
electronic and chemical properties [21-23]. Most importantly, the
electrically insulating 2D h-BN is an excellent decoupling support for
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List of acronyms (in alphabetical order)

0-3D 0, 1, 2, 3 dimensional materials

AES Auger electron spectroscopy

AFM Atomic force microscopy

ALE Atomic layer epitaxy

APCVD  Atmospheric pressure chemical vapor deposition
ARPES  Angle-resolved photoemission spectroscopy
BCN Boron carbon nitride

BE Binding energy in photoelectron spectroscopy
BN Boron nitride

BNNF Boron nitride nanofiber

BNNS Boron nitride nanosheet

BNNT  Boron nitride nanotube

CNT Carbon nanotube
COFs Covalent organic frameworks
CVD Chemical vapor deposition

DCA Aromatic organic molecules

DFT Density functional theory

DRIFTS Diffuse reflection infrared Fourier transform spectroscopy
DRM Dry reforming of methane

EELS Electron energy loss spectroscopy

Eg Band gap

ESCA Electron spectroscopy for chemical analysis
Gr Graphene

h-BN Hexagonal boron nitride

HER Hydrogen evolution reaction

HOMO Highest occupied molecular orbital

HREELS High resolution electron energy loss spectroscopy

HRTEM High resolution transmission microscopy

HRXPS High resolution photoelectron spectroscopy

IPS Ionization potentials

IR Infrared spectroscopy

K Kelvin (temperature unit)

L Langmuir (1L = 107° Torr*s)

LEED Low energy electron diffraction

LEIS Low energy ion scattering

LH Langmuir-Hinshelwood

LO Longitudinal optical phonon

LUMO Lowest unoccupied molecular orbital

MALDI Matrix-assisted laser desorption/ionization mass
spectroscopy

MBE Molecular beam epitaxy

MD Molecular dynamics

ML Monolayer

MLP Machine-learning potential

MO Molecular orbital

MUC Moire unit cell

MS Mass spectrometry

NEXAFS Near edge x-ray absorption fine structure

NP Nanoparticle

OER Oxygen evolution reaction

ORR Oxygen reduction reaction

PAX Photoemission of adsorbed xenon

PES Photoelectron spectroscopy

QD Quantum dots

RHEED Reflection high-energy electron diffraction

RT Room temperature

RWGS  Reversed water gas shift reaction

SAA Single atom adsorbent

SAC Single atom catalysis

SEM Scanning electron microscopy

SFG Sum-frequency generation

SMSI Strong metal support interaction

SPE Single-photon emitter

SPM Scanning probe microscopy

SS Surface states

STEM Scanning transmission electron microscopy

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

TDS Thermal desorption spectroscopy

TEM Transmission electron microscopy

TO Transverse optical phonon

TPD Temperature programmed desorption

TPXPS  Temperature programmed x-ray photoelectron
spectroscopy

UHV Ultra-high vacuum

UPS Ultraviolet photoelectron spectroscopy

vdW Van der Waals

VTSTM Variable-temperature scanning tunneling microscopy

WHSV  Weight hourly space velocities

XAS X-ray absorption spectroscopy

XC Exchange correlation function

XMCD  X-ray magnetic circular dichroism

XMLD  X-ray magnetic linear dichroism

XPD X-ray photoelectron diffraction

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

0] Work function

© Coverage expressed in monolayer

graphene nanoelectronics [24-27]. The extraordinary properties of
h-BN are also beneficial for advancements in emerging photonic and
electronic applications [28]. Nanopores containing 2D h-BN offer
exciting opportunities for applications in energy storage, optical mod-
ulation, DNA sequencing, and quantum information technologies [29,
30]. Recently, it was demonstrated that h-BN is a proper candidate as
oxideless catalyst support [31,32]. Extremely small Au nanoclusters
(Auss) supported on chemically and electronically inert BN surface can
adsorb and activate O, for selective oxidation [33]. Decomposition of
CoHsOH on Au/h-BN/Rh (111), at an optimal Au coverage, showed high
selectivity towards “CO-free” hydrogen production where CoHs0H de-
hydrogenates to hydrogen and acetaldehyde without further trans-
formation [23]. Besides, recent studies demonstrated that h-BN alone or
decorated by small metal nanoparticles is a highly selective catalyst in
hydrogen formation, oxygen evolution, oxidative dehydrogenation,
hydrogenation or partial oxidation reactions [34-38]. Furthermore, it
also turned out that h-BN is an active support or additive in photo- and

electrocatalysis and in electrochemical energy storage including batte-
ries [39-42]. Recent technological advances opened up a new direction
of h-BN research associated with promising gas sensors. A nice review
published recently summarizes several target gases as ethanol, Hy, CHa,
C3Hg, NOy where the performance of h-BN based sensors were
outstanding [43].

The application spectrum of h-BN has been markedly broadened
since it was recognized that the h-BN monolayer formed on Rh (111) has
a highly regular corrugation, which is often termed in the literature as a
“nanomesh”, which is a geometric “moire” pattern. The periodic undu-
lation of continuous h-BN monolayers on Rh (111) and on some other
low index metal surfaces is mostly governed by the lattice mismatch and
the strength of interaction between h-BN and the metal substrate [7,15].
This type of h-BN structure was confirmed using specific spectroscopic,
diffraction and microscopic techniques [44-50]. The fundamental de-
tails of the nanomesh formation was reviewed recently by W. Auwarter
[15]. The unique properties of the moire structure offer a possibility for
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a tailored/templated adsorption of atoms, molecules or metal clusters.
Template effects of 2D nanomaterials, including h-BN, play an essential
role in the integration of supramolecular arrays as well. The resulting
self-assemblies after adsorption of organic molecules, e.g., long chain
alkanes or aromatic molecules have gained more and more interest
primarily due to potential applications in functionalization of two
dimensional nanostructures for tuning their electronic properties and in
nanostructure fabrication [51-53].

In the present review we collect the most recent results about the h-
BN nanomesh, and we emphasize the importance of the template effect
of moiré structures prepared on metal surfaces for adsorption and
catalysis. We also summarize the synthesis of 2D h-BN in different
structures and morphology and the modification of h-BN with different
metal adatoms and metal nanoparticles and clusters, which play a
decisive role in certain catalytic processes. The 2D h-BN nanosheets,
especially the nanomesh structure may direct and control the adsorption
of metal nanoparticles in appropriate electronic and geometric config-
uration, which can lead the catalytic reaction with the desirable selec-
tivity and activity. In this review, we summarize the literature data
obtained on main features of nanoparticles and interfaces collected by
several surface spectroscopic tools, such as XPS, ARPES, UPS, LEIS, AES,
HREELS, etc. We also summarize the morphological information of the
nanoobjects obtained by scanning probe microscopy (SPM) and trans-
mission electron microscopy (TEM). Density functional theory (DFT) as
a complementary tool contributes supporting the experimental findings
and reveal aspects inaccessible to experimental investigations.

2. Preparation of hexagonal boron nitride
2.1. Synthesis of boron nitride in different structure and morphology

First, we briefly introduce the different structural forms of BN
nanomaterials. Reduced dimensional BN nanomaterials were developed
along with their carbon counterparts such as 0D By4Ny4 fullerene
(sphere), 1D nanowires (nanofibers), nanotubes, nanoribbons and 2D
monolayer h-BN nanosheets [6]. Spherical BN nanoparticles can be
prepared by temperature controlled pyrolysis in a No atmosphere, using
boric acid and urea as precursors [54]. The BN nanotubes have the same
nanostructure as carbon nanotubes but are characterized by a signifi-
cantly higher resistance to oxidation at high temperatures. The pro-
nounced resistance of BN nanotubes to oxidation is similar to hexagonal
BN [55]. The structural models of BN nanomaterials are represented in
Fig. 1.

A suggested preparation method of h-BN nanomaterials is

h-BN
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continuously operated chemical vapor deposition (CVD) using different
precursor molecules [11,16,56,57]. Table 1 Shows precursor molecules
for preparation of different BN nanomaterials in the dimensionality
(0-3D) of the BN products. B(OMe)s can be applied as a B source, while
NHj can be used as a N source in the synthesis of 0D BN [58]. Boron
nitride quantum dots, BNQDs, are a 0D version of h-BN nanosheets. In
zero dimension, the ratio of dangling bonds at the surface of BNQDs to
the saturated sp? BN bonds on the bulk of the OD structure is significant.
Several preparation methods for BNQDs are described in recent publi-
cations [59,60]. The BNQDs are relevant also for biology, they can be
used in bio- and chemical sensing. BNQDs have already shown potential
in photocatalysis, and biomedicine [59].

In the literature, a limited number of synthesis routes are suggested
for nanowires and nanotubes. Preparation of h-BN nanowires through
the reaction of No and NH3 over nanoscale a-FeB particles at 1100 °C is
described [61]. Other methods include heating boric acid with activated
carbon, multi-walled carbon nanotubes, catalytic Fe particles or a
mixture of activated C and Fe nanoparticles, in the presence of ammonia
[62,63]. A thick layer of pristine BN nanowires with a uniform diameter
of 20 nm was produced using a CVD process with a new precursor of
boron triiodide (BI3) where N3 and NH3 were used as a nitrogen source
[64,65]. A metal-free synthesis for BN wires (fibers) was reported
recently [66] with some modifications [67]. Boric acid and melamine
are used as starting materials in this preparation method. The precursor
can be defined by composition as melamine-diborate (C3NgHg +
2H3BO3) [68]. Afterwards, a second step of heat treatment of the pre-
cursor in inert atmosphere is necessary to obtain the wire- or fiber-like
structure of the BN lattice.

H3303 + C3N6H6 - C3N6H6 L] 2H3303—>h — BN (1)

A suggested method for BN tube formation is the transformation of
BCN by a subsequent oxidation treatment at 650 °C [11,58]. One of the
important tasks here is to find the optimal preparation procedure for the
synthesis of reduced dimensional BCN. Nanotubes were produced by a
substitution reaction using multiwall carbon nanotubes as a template
using B2O3 and Ny [69]. In this way, BCN tubes with 6-8 nm diameter
can be obtained. Apart from that report, there has been much effort
toward the synthesis of BCN nanotubes applying different methods, e.g.,
arc discharge, hot-filament assisted or CVD methods [70]. BN nanotubes
were prepared in reaction of NiBy powders with Ny atmosphere at high
temperatures [71]. The as-prepared BNNTs were sonicated in 8 M HClL
acid to dissolve the residual Ni particles. BN nanotubes were also pro-
duced by a ball milling and annealing process [72,73]. Amorphous
boron was ball milled in a vertical rolling mill filled by NH3 gas at 300

BN wire

BN sphere
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BN nanotube

BN sheet

Fig. 1. Structural models of different dimensionality BN nanomaterials.
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Table 1
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B and N containing starting species (precursor molecules) for formation of different BN nanostructures (concerning the content of this table - which presents only examples
for special precursors -, we call the attention for several recent overview works for a more completeness [11,15,16,59,60,75,761).

B containing species N containing species substrate for formation preparation BN nanostructure produced References

name/formula name/formula technique

boric acid carbamid carbon spheres pyrolysis B24N2y4 sphere [54]
H3BO; CO(NH,),

trimethyl borate ammonia carbon spheres pyrolysis ByNy sphere [58]
B(OMe); NH;

ammonia-borane metals & non-metals CVD BN quantum dot & [59,60]
BH;3NH3 nanoribbon

o-FeB nanoparticles nitrogen & ammonia a-FeB nanoparticles CVD BN nanowire [61]
o-FeB N & NH3

boric acid melamine self-assembly pyrolysis BNnanofibre, [67-69]

(NH2)3N3C3

boron triiodide nitrogen & ammonia  Fe nanoparticles pyrolysis BN nanowire [64]
BI3 N2 & NH3

boric acid nitrogen & ammonia  Fe nanoparticles pyrolysis BN nanotube [62]
H3BO; N, & NHj

nikkel-borid powder nitrogen - pyrolysis BN nanotube [71]
NiBy N,

amorf boron ammonia stainless steel balls high pressure milling BN nanotube [72,73]1
B NH3

hexamethyl borazine Rh (111), Ir (111) CVD h-BN nanodonuts [771
CeH18B3N3

trimetihyl borate (CHs) ammonia Rh (111) three-step boration-oxidation-nitration h-BN nanomesh [78]
BO, NH,3

ammoniaborane metals & CVD partial and full h-BN monolayer [80]
BH3NH;3 non-metals

borazine Cu(111), Ag (111) ion beam assisted CVD h-BN nanosheet [13,78]
HeBsNs

borazine numerous TRMetal CVD h-BN monolayer [15]
HgB3N3 surfaces

borazine Rh (111) CVD h-BN nanomesh [79-81]
HeB3Ns

borazine Ag (111) single moleculedecomposition induced by functionalized [82]
HeB3N3 STM BN-units

trichloro-borazine Ni(111) CVD h-BN nanosheet [83,84]
B3Cl3H3N3 Pt (111)

diborane ammonia Ni(100) CVD h-BN thin films [85]
B,Hs NH;

boron (target) nitrogen Au (111) magnetron BN nanoflakes [88]
B N, sputtering

boron (segregated) nitrogen-monoxide polycrystalline surface reaction BN layers [86]
B NO Rh surface

kPa. The milled boron was heated in a horizontal tube furnace in an NH3
atmosphere at 1300 °C. Recently, a successful fabrication process of
BNNTs was also reported by using combination of APCVD, thermal
oxidation, and vacuum filtration [74]. Note a recently published review
which collected the synthesis routes and methods for the efficient pro-
duction of h-BN and h-BCN materials for different application purposes
[75].

A plausible route for the preparation of h-BN is the decomposition of
ammonia borane (BH3NH3) or borazine (BsN3Hg). These starting ma-
terials are applied mainly to obtain 2D modifications of h-BN in UHV
conditions. Fabrication techniques, emphasizing new potential appli-
cations for different dimensional BN nanostructures from 0D quantum
dots, 1D BN tubes, 2D nanosheets and 3D framework were summarized
very recently [76].

2.2. Growth of h-BN sheets on metals, hexagonal boron nitride/metal
interfaces

In this section, we focus on the formation of h-BN nanosheets on
metal surfaces. The first successful attempts for producing h-BN mono-
layer on metals were reported in the 1990s; it was distinguished that h-
BN monolayers can be produced on transition metal supports via
chemical vapor deposition (CVD) in ultra-high vacuum (UHV) condi-
tions [87-89]. Note that in the interaction of NO with boron segregated
from the bulk of polycrystalline Rh above 900 K, a single h-BN layer in

monolayer or close to monolayer regime was formed as established by
AES, XPS and UPS [86]. Formation kinetics of an h-BN monolayer on Rh
(111) was first analyzed applying in-situ STM by Frenkens’ group [79].
The preparation of h-BN sheets and the properties of h-BN/metal in-
terfaces have been comprehensively reviewed by Auwarter [15]. The
atomic adsorption energies of boron, nitrogen, hydrogen, atomic oxy-
gen, Cy, BN dimers, Cg, and (BN)3 hexamers, graphene and h-BN without
atomic vacancies were also calculated very recently [90]. Borazine
(B3N3Hg) was used most often as precursor, despite its moisture sensi-
tivity and slow limited shelf life at room temperature. Alternatively,
B-trichloroborazine (B3Cl3H3N3), a solid at room temperature, was also
applied in a few cases on selected supports [83,84]. Ammonia borane
(NH3BH3) is also a popular precursor material [85,91,92]. OnRh (111) a
three-step boration-oxidation-nitration process employing trimethyl
borate was applied for h-BN synthesis [93]. The dehydrogenation of
decaborane with N containing adsorbents was studied on Pt (111) in
order to produce h-BN layer [94]. On catalytically inactive supports like
Ag(111) [13] and Cu(111) [78], in order to enhance h-BN synthesis and
to catalyze growth at lower substrate temperature, electron or ion beam
assisted deposition (CVD) of borazine was applied. At this point we note
that B-N (for example: borazine, ammonia borane) compounds and
boron nitride are not only precursor for h-BN but also have high
hydrogen storage capacity [95-98].

The adsorption-desorption properties of borazine were investigated
on Re (0001) by means of LEED, TDS, AES and EELS [87]. The
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adsorption studies of borazine on Pt (111) and Ru (001) suggested that
the molecule is a planar analog of benzene and exhibits aromaticity in
the ground state [88]. Recently, He ion scattering was used to monitor
and control the growth of a rich variety of h-BN nanoporous phases due
to partial dehydrogenation, breaking of the borazine ring and poly-
merization of the precursor during the CVD process [99]. The epitaxial
growth of h-BN on Ru metal substrate is schematically illustrated on
Fig. 2.

HREELS, UPS, and TDS investigations of adsorbed borazine on Pt
(111) and Au (111) surfaces gave basic information about the adsorption
geometry [89]. The HREELS data show that the borazine is adsorbed
with the ring oriented perpendicular to the Pt (111) surface at low
temperatures. In contrast, under similar conditions the borazine adsorbs
with the ring parallel to the Au (111) surface. The dehydrogenation
process was followed by HREELS and TDS. The important B-H, B-N and
N-H vibrational modes were determined [89]. Adsorbed borazine de-
hydrogenates on Pt (111) above 170 K, forming h-BN on the surface.
Characteristic vibrations of the produced h-BN species by HREELS on Ni
(111), Pd (111), Pt (111) and bulk h-BN were also determined [100].

The adsorption of borazine multilayers, dehydrogenation and h-BN
formation were studied in detail by HREELS complemented by AES and
TPD on Rh (111) [81]. Desorption products were only Hy and BsN3sHg
(borazine) in the temperature range of 100-1000 K (Fig. 3). Borazine
desorbed from the surface with one sharp peak at T, = 176 K, which is
connected to the desorption of the condensed layer with zero order
desorption kinetics. After multilayer desorption at ~176 K hydrogen
abstraction was noticed. TPD spectra indicated that Hy desorption
already started below 200 K and continued - in a very broad tempera-
ture range — up to ~800 K. Proposed dehydrogenation steps are the
following:

B3N3Hg (o) = B3N3Hg_p (o) + nH (g (2)
B3N3Hs n (@ = BN+ (6 —n) H (g 3)
H g +H @~ H C))

The adsorbed borazine on Rh (111) was characterized by HREELS at
140 K [81]. The vibration modes of borazine obtained on Rh (111)
together with gas phase and adsorbed modes on some surfaces (Pt and
Au) are collected in Table 2. The vibrations of borazine detected on Rh
(111) surface at 140 K agree well with the gas phase spectrum of
borazine.

Surface Science Reports 79 (2024) 100637

176

H, (M2)
310 -

Intensity (arb. u.)

200 400 600 800
Temperature / K

B.,N,H, (M80)

200 400 600 800
Temperature / K

Fig. 3. Borazine, M(80) and hydrogen, (M2) TPD spectra following 0.15 L
borazine adsorption on Rh (111) surface at 140 K. Reproduced from Ref. [81].

The observed vibrations for borazine and their changes with tem-
perature are suitable to describe the subsequent dehydrogenation of
borazine on the surface. The peak at 1460 cm ™ is attributed to the B-N
asymmetric modes, and the peaks detected with smaller intensity at
2510 and 3480 cm ™! are associated with the B-H and N-H asymmetric
vibrations, respectively. All peaks shrink in intensity due to the multi-
layer desorption at 200 K. Further heating of the adsorbed layer to 300 K
led to the significant attenuation of the HREELS peaks belonging to B-H,
N-H and y-BN at 410, 720 and 920 cm ™, respectively. The spectra at
and above 500 K exhibited completely different results. The peaks from
the B-H and N-H regions disappeared probably due to the almost
complete dehydrogenation process of borazine. At the same time, the
broadened peak at ~720-750 cm ™~ intensified, and above 500 K it was
the strongest one on the HREEL spectra (Fig. 4). The remaining two main
loss peaks are signed to the phonons of h-BN with in-plane polarization;

Fig. 2. Schematic illustration of the epitaxial growth of h-BN by chemical vapor deposition: a gaseous precursor (e.g. borazine, B3N3Hg) is brought into contact with
a (hot) metal surface (Ru), triggering chemical reactions such as dehydrogenation and breaking of the borazine rings followed by the assembly of the epitaxial

overlayer. Reproduced from Ref. [99].
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Table 2
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Characteristic vibrations of borazine in gas phase and on different single crystal surfaces. Recreated from Ref. [81].

Vibration B3N3Hg B3N3Hgon Pt (111) B3N3Hgon Pt (111) B3N3Hg on Au B3N3Hg on Au B3N3Hg on Rh B3N3Hg on Rh
mode gasphase Dy, at 110 K [89] at 170 K [89] (111)at110K [89]  (111)at180K[89]  (111)at140K[81]  (111)at 300K [81]
[89]
Ay ug, y-BH 918 915 910 910 920 920
vo, y-NH 719 710 710 710 720 730
10, -BN 394 400 400 400 410 405
E V11, VasNH 3486 3485 3485 3460 3480 3480
V12, Vas-BH 2520 2535 2535 2490 2510 2530
V13, Vas-BN 1465 1465 1465 1460 1460 1450
V14, Vas-BN 1460
15, -BH 1096
V16, 3-NH 990 955
117, 8-BN 518 560 (?)
processes of borazine were also investigated on Pt (110) using TPD and
UPS [101]. The dehydrogenation (production of Hy) started from 200 K.
Molecular borazine desorption occurred at ~130 K (multilayer) and
: § - T (K) 140 K due to the desorption of a weakly chemisorbed state including the
§ :E h-BN overlayer recombination of partially dehydrogen:?lted .fragn}cints and atorplc
. o hydrogen. Complementary DFT calculations identified the borazine
1100 X0.125 molecular adsorption occurring at the (111) facet of the (1 x 2) missing
. 460 T + 24 L borazine ads. row reconstructed Pt (110) surface with an adsorption energy of —1.88
‘é’ 300 at 900 K eV and a work function decrease of 878 meV [101]. The DFT results
= showed weaker bonding to the Pt (110) and a smaller work function
_e' change due to the vertical BN ring plane, whose best azimuthal orien-
= tation was also identified [101]. The bonding characteristic and elec-
S 1ol tronic structure of h-BN/Pt (110) were reported [102,103].
T by 0 Interestingly, it was shown that the Pt (110) (1 x 2) missing row
5 v +H, reconstruction is converted to (1 x n) with a regular alteration of n = 5
E T < and 6, thus, the reconstructed surface layer of Pt (110) adapts to the
= mooM h-BN overlayer and exhibits a quasi-liquid behavior below
& ‘—"_5/"_' e single-domain h-BN. In another study, the nucleation process of h-BN on
72:0 i . =% borazine Pt (110) was reported. It was concluded from STM and UV photoemis-
= N 11460 c" " sion experiments that large single-crystalline domains can be produced
L2 chlr gy ?480 on this substrate [104]. Concerning non-metal substrates, the lack of
o § : 140 EN 25()8() stabilization of an electronically decoupled h-BN layer on the SiC(0001)
[ . . surface was reported [105]. On Pt (110) surface the nucleation of h-BN is
0 1000 2000 3000 a nonclassical two-step mechanism. The first step is the nucleation of a

Wavenumber (1/cm)

Fig. 4. HREEL spectra detected during transformation of borazine to h-
BN sheet.

the higher energy peak originates from the longitudinal optical (LO)
phonon, and the lower energy one from the TO (transverse optical)
phonon. The detected HREELS curves at 1100 K agreed with the liter-
ature data on h-BN layer [100]. The characteristic vibrations of h-BN
species obtained on various single crystal surfaces (Ni, Pd, Pt and Rh)
together with bulk h-BN are collected in Table 3. The formation of h-BN
using borazine dehydrogenation was also proved by other spectroscopic
methods (XPS, UPS, LEIS) and STM [8,15,46-50].

Table 3 Is reproduced from Ref. [81].

The low temperature adsorption, desorption and decomposition

Table 3

Characteristic vibrations of BN species on different single crystal surfaces.
System 2TOL (cm ™) TO (em™) LO (ecm™Y)
h-BN/Ni(111) [100] 728 1360 1360
h-BN/Pd (111) [100] 784 1384 1432
h-BN/Pt (111) [100] 792 1384 1464
h-BN/Rh (111) [81] 790 1360 1460, 1510
Bulk h-BN [100] 776, 824 1352, 1360 1600

a TOL transverse optical phonons with out-of-plane, LO (longitudinal optical)
and TO|| phonons with the in plane polarization.

h-BN/Pt double layer on the Pt (110) surface. In the second step h-BN
islands are formed in the size of a moire unit cell.

The growth of h-BN was studied by LEIS for the first time on Rh (111)
(Fig. 5) [48]. The adsorption and surface decomposition of borazine at
1000 K led to the attenuation and disappearance of the Rh LEIS signal
(Fig. 5A). The contributions from B and N were not detectable, attrib-
uted to the lower sensitivity of LEIS for light elements. The continuous
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Fig. 5. (A) LEIS spectra obtained at 300 K with He, after exposing the Rh (111)
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The last spectrum is also shown after magnification. (B) Standard XPS spectra of
h-BN/Rh (111) after borazine decomposition at 1000 K. Partially reproduced
from Ref. [48].
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decrease in Rh signal implies that Rh is covered by B-N containing
compounds. Quantitative analysis of LEIS data indicated that the pre-
pared h-BN monolayer was almost fully continuous, exposing <0.001
ML of uncovered metal sites. Parallel XPS measurements show the
development of N 1s and B 1s peak due to h-BN overlayer (Fig. 5B). The
STM image corresponds to h-BN nanosheets with nanomesh (Fig. 11a).
1 ML h-BN coverage means that the h-BN continuously cover the sub-
strate metal.

Very recently distinct self-assembled borazine structures on Ag (111)
and controlled dehydrogenation of single borazine molecules were
investigated by STM and DFT [82]. The adsorption geometry can be
modified by manipulation of individual B3NsHe molecules via
tip-induced voltage pulses, causing higher dehydrogenation yield. This
reaction results in an upright standing configuration of the molecule.

The hydrogen-rich ammonia borane (AB) is also a possible precursor
to produce h-BN. The solid AB is isoelectric to ethane and therefore it is
extremely interesting as a possible hydrogen storage compound [106].
During the h-BN synthesis from AB similar dehydrogenation steps and
intermediates were detected as those identified in borazine decompo-
sition [107]. Ammonia borane shows multiple dehydrogenation steps at
the B and N atoms up to 300 K. The TPD experiments of AB for Hy show
the hydrogen loss over a broad temperature range with a desorption
maximum at 350 K and a tail up to 580 K. This results in various BHyNHy,
species, before the formation of disordered BN and finally h-BN, anal-
ogous to the borazine dehydrogenation. The ammonium borane (AB)
decomposition was systematically followed by temperature pro-
grammed X-ray photoelectron spectroscopy (TPXPS) on Ni(111) as
presented in Fig. 6.

The decomposition pathways of borazine and AB exhibit great sim-
ilarities. Based on TPD and TPXPS results both successive dehydroge-
nation of borazine as well as ring breaking and formation could be the
reaction paths. It can be concluded that the decomposition of ammo-
nium borane (AB) proceeds via ring formation thus borazine is a possible
reaction intermediate. Above 300 K, where equal intermediates are
present with disordered BN and defective BN, eventually are leading to
h-BN.

The substrate temperature and partial pressure of borazine basically
influences the growth process of two-dimensional h-BN. The formation
of single domain and polydomain structures was presented on Pd (111)
[108]. In situ variable-temperature STM (VT-STM) (300-673 K) was
applied to monitor CVD growth of h-BN on Pd (111) from borazine
precursor at pressures up to 10° mbar. VT-STM identified the processes
leading to carpet-like uphill or downhill growth across the Pd steps.
Fig. 7 displays images from two different Pd (111) surfaces during h-BN
deposition from borazine at T = 573 K and p = 10~° mbar (A) and T =
673 K and p = 10”7 mbar (B).

The presented results demonstrated that the higher pressure and low
temperature promote the uphill growth via preferential attachment at
the step-edges. A lower deposition pressure (lower rate) and higher
temperature lead to downhill growth via nucleation and development of
islands on Pd terraces. The results are illustrated in Fig. 8.

Theoretical work simulating the formation of h-BN thin films are rare
up to now. First-principles calculation has only been carried out for the
diffusion of boron and nitrogen atoms on the Pt (111) surface [109,110].
Very recently, the results of theoretical research on the mechanism of
h-BN development on different metal substrates (Cu, Ni, Ru, Ir) are
summarized [111]. This work elaborated that the substrates play a
decisive role in the h-BN formation mechanism. Another new research
trend, the machine learning potential (MLP) calculations based on DFT
are also applied in the growth process of h-BN [112]. The formation of
monolayer h-BN on Pt (111) was studied very recently applying mo-
lecular dynamics combined with machine-learning potentials trained
based on first-principles data. In the growth mechanism, a Y-shaped
node is produced around B, which then creates a quadrangular ring that
transforms into the hexagonal ring [110,113]. Fig. 9 shows the process
for the formation 1D chains (a), thereafter hexagonal structures are
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Fig. 6. TPXPS spectra of adsorption of ammonia borane on Ni(111). Repro-
duced from Ref. [107].

developed (b) during the simulation.

Fine tuning of the deposition ratio of boron and nitrogen can improve
the quality of the produced h-BN crystal on Pt (111). The growth
mechanism of h-BN on the Pt (111) surface is different from that found
on Ni(111), although the solubility of B is high, and the N solubility is
low in both cases. On Ni(111) surface, the hexagon is developed by the
production of B-N bonds at two places between nearby parallel 1D
chains [114-116].

From a technological point of view, the investigation of the exfoli-
ation of h-BN 2D layers is crucial. In this work the h-BN has been
transferred back onto Rh substrate successfully where the bottom-up
CVD grown h-BN was delaminated from Rh (111) and transferred onto
the clean metal surface [117]. This procedure suggests a way to obtain a
2D material from CVD. As we know, the exfoliation is a standard
top-down technique in the application of 2D materials. In the case of
h-BN, few of these methods can meet the crucial demand of preparing
large surface area sheets with high yield and purity [118,119]. Three
most effective methods were frequently applied; (A) based on refluxing
and vigorous sonication in isopropyl alcohol (C3HgO); (B) ball-milling in
urea; (C) with the aid of NHs in a hydrothermal method [118]. Recently,
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Fig. 7. Representative STM images (800 x 800 nm?) acquired in situ during CVD of h-BN on Pd (111) at (A) temperature T = 573 K, borazine pressure p = 10~ mbar
and (B) T = 673 K, p = 10~7 mbar. Deposition times t indicated in the image panels are with respect to an arbitrary time during annealing the sample at the set T in
UHV, at which borazine is introduced into the STM system. The images in the first column show bare Pd surfaces. In panels A and B, complete monolayer coverages
are achieved in t = 245 and 735 s, respectively. STM image acquisition parameters, tunneling bias Vr and current I, are (A) Vy = 1.0 V, Iy = 0.5 nA and (B) Vr = 0.8
V, It = 0.6 nA. Step-edge contrast in these images is enhanced for clarity. Reproduced from Ref. [108].
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Fig. 8. CVD of h-BN/Pd (111) using borazine at low and high temperature and
at high flux and low flux. Reproduced from Ref. [108].

a two-step gas expansion and alkali intercalation seems to be also an
excellent approach to prepare large portions of layered h-BN nanosheets
with vacancies [38].

Here, we mainly focused on the synthesis of monolayer h-BN
controlled by atomic level characterization on different substrates for
model studies. h-BN exhibits unique properties including physical,
chemical, electronic, quantum optics, and many others. It is important to
develop growth strategies producing high-quality h-BN. Recently the
preparation of mono- and multi-layer h-BN on metallic, insulating,
alloyed, single-crystalline, polycrystalline, and liquid catalysts or sup-
ports are reviewed [120,121].

3. Morphology and electronic structure of h-BN monolayers —
the effect of substrate and orientation

3.1. Spectroscopy and microscopy study of h-BN monolayers on closed,
open surfaces and alloys

The epitaxial growth of h-BN layers on metal surfaces has attracted a
lot of attention [15-17]. The h-BN layer has many structural similarities
with graphene, but its electronic properties are significantly different
from the semi-metal graphene, namely, h-BN is an insulator with a band

gap of ~6 eV [122,123]. This value exhibits only a slight difference with
dimensionality. The h-BN/metal interface systems can be categorized on
the basis of lattice mismatch and the strength of interaction. Auwarter in
recent review distinguished weakly and strongly interacting systems
[15]. Weak interaction exists in h-BN/Cu, h-BN/Ag, h-BN/Au and
h-BN/Pt cases where the large average h-BN-metal separation is com-
parable to the h-BN bulk interlayer spacing of 3.33 A. On these metal
substrates h-BN forms a rather flat single monolayer. The group of
h-BN/Co, h-BN/Ni, h-BN/Ru, h-BN/Rh, h-BN/Pd, h-BN/Re and h-BN/Ir
group belongs to the strongly interacting systems [15]. These interfaces
can be described with smaller h-BN-metal separation of around 2.2 A.
This group may have a single domain structure, and a nanomesh
structure appears in case of significant lattice mismatch, i.e., emergence
of a moire-like superstructure with large corrugation in the order of 1-2
A. The moiré systems formed by 2D atomic layer have widely tunable
electronic and optical properties, accompanied by strongly correlated
electronic and topological phenomena [124,125]. Strongly buckled 2D
materials are formed on several hexagonal metal surfaces. Fig. 10 dis-
plays a schematic illustration of top and side view of a proposed h-BN
nanomesh. In this structure the interfacial chemical bond is strong
resulting in an efficient orbital overlap.

Formation of nanomesh of h-BN was evidenced first on Rh (111)
surfaces [7]. In the regular nanomesh formation cases, the appearance of
periodic z-depression zones (“pore”) in the continuous h-BN monolayer,
is driven by the lattice mismatch of the film and the substrate. In the case
of h-BN/Rh (111) this value is relatively high, 6.7 %, the mesh formation
is very pronounced. In the pore regions, N atoms are approximately in on
top positions with respect to the underlying Rh (111). The STM images
confirmed by low-energy electron diffraction (LEED) patterns provide
an atomic structure of the nanomesh. The superlattice spots around the
principal spots show a periodicity of 32 + 1 A, which corresponds to a
supercell of 12-by-12 R h unit cells, or 13-by-13 h-BN unit cells. The
elevated regions (mesh “wires™) of 0.9 + 0.2 nm width are also produced
by the atomic h-BN lattice [7]. In these regions the energetically
preferred on-top coordination is not possible for N atoms due to the
lattice mismatch. The nanomesh structure is thermally stable and can
serve as a template to organize atoms, metal clusters and molecules. A
great part of previous works has been focused on the lattice matched
system of h-BN on Ni(111), where large flat terraces of ML h-BN are
formed with N atoms on top of Ni atoms [126].
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Fig. 9. Atomistic processes are calculated on Pt (111) for the formation of (a) 1D chains and (b) hexagonal structures during the MD simulation at 1300 K. The blue,
light pink, dark pink, and gray balls represent N atoms, surface B atoms, interlayer B atoms, and Pt adatoms, respectively. The gray lines in the background indicate
the substrate Pt atoms. The black dashed lines and red double lines mark the bond formation and breaks between atoms, respectively. The red dashed circles indicate
the location of Pt vacancies. The number above each snapshot is the elapsed time from the beginning of the MD simulation. Reproduced from Ref. [110].

It has been found by LEED, STM, XPS and X-ray absorption spec-
troscopy that on Pt (111) surface, h-BN exhibits a nearly flat monolayer
[127]. On Rh (111), h-BN grows in form of a nanomesh, as originally
observed. The difference between the h-BN/Pt (111) and h-BN/Rh (111)
interface structures is in connection with the strength of chemical
interaction between h-BN layer and the substrate surface. The difference
between the two systems can be recognized in the STM images in Fig. 11.
Note that the vertical corrugations are different in the two cases.

High resolution XPS confirms that there a strongly and weakly
bonding parts of the moire on Rh (111) surface [127].

After preparation of h-BN on Pt (111), the spectrum represents one
signal at binding energy of 397.18 eV. The second peak can result from a
rather weak corrugation of the h-BN monolayer. The spectrum obtained
on Rh (111) is significantly different being composed of two components

N1 and N2 with Eg = 397.90 + 0.05 and 398.58 + 0.05 eV, respectively.
The two-peak structure of the spectrum confirms the coexistence of two
types of h-BN species on Rh (111) in agreement with the STM conclu-
sion. The B 1s XPS peaks from h-BN on Pt and Rh are also consist of one
and two signals, respectively. At the same time, the energy separation in
the case of nanomesh between the two B 1s signals is smaller (~0.42 eV)
than between N 1s peaks, where the separation is ~0.7 eV).

The corrugation of a h-BN nanomesh layer was determined recently
on the (111) surface of rhodium. The corrugation of h-BN nanomesh
from angle- and energy-resolved photoelectron diffraction experiments
was given [49]. These experiments with chemical state resolution give
accurate values for the peak-to-peak corrugation amplitude (0.80 ;\), the
bonding distance to the substrate (2.20 [o\) and the buckling of the B and
N atoms in the strongly bound pore regions (0.07 A) [44]. From the STM
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Fig. 10. Schematic illustration of h-BN nanomesh produced on Rh

(111) surface.

Fig. 11. Atomically resolved (10 x 10 nm?) STM images of h-BN (a) on Rh
(111) and (b) on Pt (111). The supercells are indicated. The tunneling param-
eters are V=70mV, [ = 3 nA for (a) and V= —10 mV, I = 2 nA for (b). Note the
formation of a nanomesh on Rh (111) and a relatively flat monolayer on Pt
(111). Reproduced from Ref. [127].

image of h-BN nanomesh the superstructure unit cell was measured, the
lattice parameter is 3.2 nm (Fig. 12).

The most investigations on interactions between 2D nanomaterials
and their substrates have been carried out for h-BN monolayers grown
on surfaces with hexagonal symmetry, i.e., the (111) surfaces of face-
centered cubic (fcc) systems or the (0001) ones of hexagonal close-
packed (hcp) materials. Nevertheless, (110)-oriented fcc metals could
be also important, because their atomic arrangements show rectangular
symmetry. This surface plane could be an ideal substrate for developing
h-BN-based- or graphene templates for growing one dimensional (1D)
adsorbate superlattices. The characteristics of h-BN monolayers grown
on Rh (110) were investigated by STM and LEED [128]. The h-BN
monolayer grown on Rh (110) surface was dominated by a unique quasi
one dimensional moiré pattern, suggesting considerable interface
interaction. However, an important difference was that the moire ver-
tical corrugation was significantly smaller than those of the
hexagonal-terminated Rh (111) substrate, due to differences in the
binding scenarios at interfaces with differently oriented substrates. The
wavelength of the 1D periodicity of the moire structure on h-BN/Rh
(110) is approximately only half of the 2D moire wavelength for
h-BN/Rh (111). The Pt (110) surface behaves differently from Pt (111)

10
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Fig. 12. (a) STM topography image of h-BN nanomesh on Rh (111), I; = 10 pA,
V. = 1.0 V. The dark regions are depressions (‘pores’) in the continuous h-BN
layer, the bright regions are the elevated ‘wires’. The superstructure unit cell is
highlighted; the lattice parameter is 3.2 nm. The white and black dots mark the
high-symmetry points in the pore and on the wires. (b) N 1s core-level XPS
spectrum measured at hv = 565 eV and normal emission. The plot shows
experimental data (red dots) and a curve-fit with a two-component Gaussian
profile (lines and shaded areas). Reproduced from Ref. [49].

surface due to its missing row structure, so it is a promising template for
nanowire arrays. Some Pt surface atoms are mobile underneath the h-BN
monolayer, even at room temperature [101,102]. The h-BN/Pt (110)
system is a borderline case between nonlocal van der Waals and strong
local interaction. The Pt (110) surface adapts to the h-BN overlayer by
formation of alternating (1 x 5) and (1 x 6) reconstructions [102]. The
work-function change as well as the n and ¢ band binding energies
correlate with other weakly interacting h-BN/metal systems. Alterna-
tively, the structural corrugation, the estimated band structure, and the
LDOS of nitrogen atoms adsorbed close to on-top positions gives strong
indication for a local covalent bonding. The contribution of this local
bonding interaction is rather strong thereby leading to a missing-row
reconstruction [103]. Very recently STM and UPS studies confirmed
the two-step process. The 1st step is the nucleation process on Pt (110),
in the second step h-BN islands are formed in moire unit cell dimension
[104].

Recently, the formation of a moire was also studied on the Pt (110)
[101], Pd (110) [129] and Ir (111) [130-134] surfaces. The STM
topography shows atomic resolution of the h-BN layer and, through a
hole, of the Ir (111) surface (Fig. 13). A corrugated hill-and-valley
pattern was observed.

The atomic rows of Ir (111) surface and h-BN are practically parallel.
The magnifying effect of the moire makes also a small angular
misalignment visible. It was estimated that an angular scatter in the
moire directions is less than +12° and thus an alignment of h-BN and Ir
atomic rows is approximately +1°. The edges of the hole in the h-BN
layer are aligned along the dense-packed directions, which indicates
that they are of zigzag type [134]. The characterized h-BN/Ir (111) with
other related systems represent promising applications in diverse areas
such as magnetic data storage [135], catalysis [136,137] and logical
operation [138]. The Ir (110) substrate offers a very interesting moire
pattern formation during the development of h-BN at low pressure CVD
at 1050-1450 K [139]. At 1500 K, h-BN exhibits single domain aligned
with its zigzag directions parallel to the [110] direction, similar to Pt
(110). At 1050-1450 K, an additional h-BN twisted structure by +(4.7°
+ 1.0°) is detected by LEED. Together with twisted h-BN formation an
(1 x n) reconstruction of Ir (110) was observed. It was suggested that the
same process of domain twist and twin selection could be valid also for
Pd (110), and Rh (110) revealing {112} steps. Electrostatic potential of
the moire from twisted h-BN layers could play an important role in
controlling the properties of an adjacent semiconductor monolayer
[140].

Regarding template applications of nanomesh, the superstructure
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Fig. 13. Atomically resolved h-BN layer with a triangular hole exposing Ir
(111). Unit cell is indicated by a white rhombus (also in inset). Image size is
144 x 144 A2 U, = 0.48 V, I; = 8.5 nA. Inset: STM topography with imaging
conditions representing h-BN with qualitative geometric contrast (see text).
Image size is 180 x 180 ;\2, U, = —1.0 V, I; = 0.3 nA. The h-BN for the image
and inset was grown by exposure to 2 L of borazine with an exposure time of 30
s at 1100 K. Reproduced from Ref. [134].

A step-type
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periodicities are of considerable interest. The periodicity is changing
from large superstructure periodicities in Ru and Rh cases to small pe-
riodicities in Pt case in the following order; Ru (3.5 nm), Rh (3.22 nm),
Re (3 nm), Ir (2.91 nm), Pt (2.5 nm) and Ag (1 nm). Apart from super-
structure periodicity and corrugation, the structural homogeneity is also
an important factor. A single domain orientation with low defect con-
centration is advantageous for the application of h-BN/metal interfaces
as templates. It was reported that h-BN on Rh (111) and Ru (0001)
exhibited a reduced structural uniformity with distortions [141,142].
Structural defects can diminish the quality of the template in the case of
h-BN/metal systems, especially in the Ru (0001) case, where intercala-
tion is facilitated [143]. Oxygen intercalation of BN presents smaller
activation energy than that of graphene. In real systems the imperfection
might hinder the performance of h-BN sheets as templates as it is already
discussed in the previous review [15]. Published experimental data of
defects at the h-BN/metal interfaces mainly deal with defect lines at
domain boundaries analyzed especially bonding and non-bonding
patching defects in h-BN/Ni(111) [8], h-BN/Ru (0001) [142], and
h-BN/Re (0001) [144]. One dimensional corrugation was observed on
Fe (110) [145]. For mainly catalytic applications, it is worth mentioning
that the defective h-BN on Ni(111) with N vacancy provides possibility
for engineering h-BN-based catalysts [146].

The h-BN-induced faceting across curved surfaces opens a new di-
rection in 2D research. The growth of h-BN on stepped Ni surfaces has
been considered [147]. STM, LEED, ARPES, XPS and NEXAFS tech-
niques showed homogeneous h-BN coating on stepped surfaces with
alternating (111)/(115) and (111)/(110) faceting of Ni. Fig. 14 repre-
sents STM and LEED results for a monolayer of h-BN covering the curved
Ni surface. Both methods suggest the homogeneous wetting by a single
h-BN monolayer, which in turn initiates a structural rearrangement of
the curved Ni substrate underneath.

NEXAFS and XPS investigations support the corrugated interface

B step-type
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Fig. 14. h-BN monolayer on curved Ni(111). Top, STM and, bottom, LEED for a monolayer of h-BN homogeneously covering the curved Ni crystal sketched in the
center. The STM images have been taken at the positions roughly indicated over the sample. LEED patterns correspond to the center ((111) plane), midway (vicinal
angle a = +7°), and densely stepped edges (o« = +15°) of the sample and have been acquired using 63 eV electron impinging parallel to the [111] direction in all
cases. Insets in STM images belong to the indicated line profiles, which prove the presence of h-BN-covered microfacets. Reproduced from Ref. [147].
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area nominally covered by tilted facets. Reproduced from Ref. [147].

scheme in both Ni(115) and Ni(110) tilted facets. In Fig. 15 the B and N
NEXAFS K adsorption edges and photoelectron spectra taken at the
(111) center and near the densely-stepped edges of the h-BN/c-Ni(111)
structure are compared.

Growth of h-BN on vicinal Rh (111) causes periodic (111)/(337)
faceting [149]. Hexagonal BN film develops a continuous layer over the
faceted system with alternated (111) and (337) facets. The h-BN
(111)/(337) heterostructure is an ideal platform to study
phonon-polariton excitations and their dynamics [150]. Rh (111)/Rh
(337) interface covered by h-BN was prepared and characterized by STM
and angle resolved PES (ARPES). The schematic representation of the
h-BN-covered Rh (111)/Rh (337) interface is shown in Fig. 16. CVD
growth of h-BN initiates periodic (111)/(337) faceting of the Rh surface.
The monolayer of h-BN uniformly covers the faceted substrate, illus-
trating an effective lateral h-BN/h-BN heterointerface with periodic
surface potential character. The electronic structure discloses a nano-
scale periodic modulation of the h-BN atomic potential.

The nanomesh formation on alloy system is very interesting. The
structure of h-BN/PtRh (111) intermetallic compound by a multi-
method access was investigated [151]. The h-BN monolayer forms a
similar nanomesh structure as on Rh (111), but the lattice constant is
smaller. Interestingly, during h-BN production, the interfacial layer is
enriched with Rh, while the second layer gets depleted from Rh. The
pore regions of the h-BN nanomesh are bound to Rh sites, while the wire

Surface potential \\‘\“ »
0.175eV o
-0.325 eV
- -1.775eV
— -2.275eV

Fig. 16. Lateral nanopatterning of h-BN through epitaxial growth. Partially
reproduced from Ref. [149].
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regions occur on Pt patches. It is a remarkable finding that while h-BN
forms the nanomesh on Rh (111), and this superstructure is absent on
gold, the nanomesh is present on RhAu alloys up to a gold coverage of
~0.9 ML albeit with a smaller pore diameter. The nanomesh gradually
disappeared at higher gold amounts [48]. This unexpected feature ob-
tained on RhAu alloys offers a new possibility for using the nanomesh as
a template for controlling the underneath composition of surface alloys.
It was shown that the introduction of Au atoms at selected positions
within the nanomesh, i.e. in the weakly interacting wire regions, in-
creases the spatial variation of the electrostatic potential and the local
work function of the h-BN/Au/Rh (111) system by more than 30 %. This
enhanced spatial variation of the electrostatic potential is reflected by a
characteristic signature in the h-BN valence band structure, namely the
increase of the so-called minigap, which we observed in a
momentum-resolved photoemission experiment [152].

3.2. DFT complementary studies for nanomesh characterization
supporting the experimental findings

There is a large number of theoretical works in the literature, which
deal with the formation and characterization of h-BN nanomeshes on
various metal supports, including a review article [153]. Most of the
works employ density functional theory (DFT) at different levels of
exchange-correlation (XC) functionals and dispersion correction (van
der Waals, vdW) schemes to try to accurately describe the systems [154,
155]. The difficulty from the theoretical side is that there is neither a
universal XC functional nor a unique vdW scheme that describes all h-BN
nanomesh structures with experimental accuracy on the same footing.
The various modeling parameters complicate the comparisons among
theoretical studies, and benchmarking among different theoretical
treatments as well as comparisons with experiments are essential, as was
shown, e.g., for h-BN/Ir (111) (and graphene/Ir (111)) [156]. For this
reason the type of experimental research reported in Ref. [49] is highly
useful that provides the “true corrugation” of h-BN nanomesh layer on
Rh (111) in their studied example. Such highly accurate experimental
results are clearly important to help developing theoretical methods by
providing well-defined benchmark systems. The present review gives a
brief discussion of a few selected theoretical results on the character-
ization of pure h-BN nanomeshes on metals in the last few years, driven
by the above-described difficulties of theoretical modeling. A comple-
mentary overview of the significance of DFT results on h-BN nano-
meshes on metal supports including Ir (111) was given by the excellent
review paper of Auwarter [15]. Recently a h-BN/Ir (111) was investi-
gated. The recent experimental data and DFT calculations are in
agreement with the structure presented in Figs. 13, and Fig. 17 h-BN/Ir
(111) was studied by AFM [132] and the corrugation of the h-BN layer
was reported to be 1.65 A. The moiré of h-BN/Ir (111) is significantly
different than what is found on e.g. Rh (111).

The origin of the difference between the true geometric corrugation
and the apparent corrugation obtained in STM experiments for h-BN/Rh
(111) (and graphene/Ru (0001)) was theoretically studied [157]. It was
proposed that the origin of this effect is of electronic nature, and is due to
the unequal contributions of the low-lying and high-lying atoms in the
2D material layer to the local density of states around the Fermi energy.
The ultimate reason is that the B and N atoms in the pore/wire of the
nanomesh are bound stronger/weaker to the underlying metal substrate.
Interestingly, the obtained true corrugation of h-BN/Rh (111) obtained
by XPD agrees very well with the apparent corrugation observed in STM
[48] and most of the theoretical models overestimate the geometric
corrugation, see Table 1 of Ref. [48]. Recent theoretical results [158] on
the geometric parameters of h-BN/Rh (111) and simulated STM
apparent heights agree very well with the available literature. The moire
pattern wavelength-dependent work function and band gap modulations
in h-BN/Cu(111) heterostructures were studied by STM, STS and DFT.
The Cu(111) surface covered by h-BN, ® value of the system is reduced
compared to the bare Cu(111) surface due to the interlayer interaction
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Fig. 17. (a) Top and (c) side views of GGA + vdW resultant h-BN/Ir (111)
moire structure for (12 x 12) h-BN monolayer on (11 x 11) Ir (111) substrate.
The gray, purple and green spheres represent the first, second, and third layer of
Ir atoms, respectively; vertical heights of B (large spheres) and N atoms (small
spheres) relative to surface Ir layer are indicated by the color scale from black
to yellow. (b) Three representative regions with high local structural symmetry
are abbreviated as BopNrec (fcc), BuepNiop (top), and BeNpep (hep), respectively;

pink and blue spheres denote B and N atoms, respectively. Reproduced
from Ref. [132].
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[159]. It is expected that the results are helpful in the understanding of
the electronic character of moire patterns in other 2D materials.

For electronic structure characterization of h-BN, we highlight the
recent review on band structure measurements and complementary
theoretical calculations mostly focusing on h-BN/Ni(111) [160]. Such
combined experimental-theoretical approach will be useful to study the
electronic structures of strong corrugated h-BN layers on further metals
in the future.

As discussed above [156], the current status of vdW-DFT methods is
insufficient to predict material structures and properties for strongly
corrugated h-BN, 2D materials, or for solids in general. It is anticipated
that recently emerging machine learning and artificial intelligence
methods employed on sufficiently big data will reach that purpose and
speed up materials research and development considerably [161,162].

4. Interactions of h-BN with adsorbates

4.1. Spectroscopy, microscopy and DFT studies of the adsorption and
reaction of molecules on h-BN nanomesh formed on metal surfaces

In this section, we primarily highlight some of the works of recent
years, in which, new information was obtained about the adsorption
properties, stability and modification possibilities of h-BN through mo-
lecular adsorption processes in UHV (Table 4).
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Table 4

Adsorption of selected molecules on different type of h-BN/metal surfaces.

Surface Science Reports 79 (2024) 100637

adsorbent T ads exposure/dosing Substrate and Ref. observed effect/main results Exp. method(s)
pressure
hydrogen at and above 1 x 107® mbar h-BN/Ni(111) no adsorption STM
180 K [163,164]
RT 1x107° h-BN/Pt (111) no dissociation XPS and UPS
Torr [165]
RT 1x107°! h-BN/Pt (111) intercalation, partial dissociation STM, XPS, UPS
Torr [165]
170 K 1L h-BN/Ni(111) hydrogenation, covalently bond to B-H, Tqes at 600 K HR XPS, NEXAFS, UPS,
[166] TPXPS and TPD
170 K 600 L h-BN/Ni(111) intercalation, lifting the h-BN, desorption at 390 K HR XPS, NEXAFS, UPS,
[166] TPXPS and TPD
H atom 170 K 1LH h-BN/Rh (111) hydrogenation, covalently bond to B-H, Tges at 640 K HR XPS
[167] UPS, TPXPS
1000 K from 1260 L h-BN/Rh (111) h-BN started to breakdown above 1100 K HREELS, TPD
[27]
170 K 100-600 L h-BN/Ni(111) B-H formation TPD, XPS
[166]
oxygen 170 K _ h-BN/Ni(111) no reaction HR XPS, NEXAFS, UPS,
[168,169] TPXPS and TPD
240 K 72 L* h-BN/Ni(111) (*oxygen with kinetic E ~0.7 eV) covalently bonded HR XPS, NEXAFS
[168,169] molecular oxygen species
300 K 57 L* h-BN/Rh (111) (*oxygen with kinetic E ~0.7 eV) covalently bonded HR XPS
[167] molecular oxygen species UPS, TPXPS
1000 K from 130 L h-BN/Rh (111) h-BN started to breakdown HREELS, TPD
[27]
water 52K 2L h-BN/Rh (111) ice clusters featuring a water bilayer structure in the STM
[170,171] nanomesh pores DFT
halogens 170-640 K 1 ML h-BN/Rh (111) adsorption in the nanomesh pores XPS
(bromine) [172] DFT
co 170 and 300 K 50 L h-BN/Rh (111) no adsorption HREELS, TPD
[27,173]
CO 300 K low and high h-BN nanoflakes no adsorption TPD, DRIFTS
exposures [671
CH3OH 140 K 6L h-BN/Rh (111) weak chemisorption, no decomposition TPD, HREELS
[81]
C,Hs0H 170 K 4L h-BN/Rh (111) weak interaction, molecular adsorption and complete HREELS, TPD
[23] desorption below 250 K
C2H40 170 K 5L h-BN/Rh (111) no adsorption HREELS, TPD
[174]
CeHio 160 K 3L h-BN/Rh (111) weak interaction TPD, HREELS
[27]
1000 K >13L h-BN/Rh (111) carburization, broken up the BN nanomesh AES, HREELS
[27]
CgHg 160 K 3L h-BN/Rh (111) weak interaction TPD, HREELS
[27]
1000 K ~2600 L h-BN/Rh (111) graphene-like layer, without damaging the h-BN nanomesh AES, HREELS
[27]
Ceo 300 K monolayer h-BN/Rh (111) supramolecular str. On h-BN/Rh (111) STM, STS
40 K and RT h-BN/Rh (110) [7, similar to bulk solid Cgo on h-BN/Rh (110)
175]
azobenzene 130, 170 and 0-100 L h-BN/Rh (111) stability decreases on the order of pore-wall-wire regionstwo ~ TPD, HREELS, STM, DFT
300 K [176] peaks in the sub monolayer regime
phthalocyanine 5K sub monolayer h-BN/Rh (111) selective adsorption in the pore region, weak interaction with ~ STM, DFT
77 K coverages h-BN/Ir (111) wire region
[177,178]
C12F4Ny4 RT 1 molecule per unit ~ h-BN/Rh (111) electron transfer from the substrate to the F4 TCNQ molecules UPS, XPS, STM, DFT
[179]

Several small molecules such as CO, CO2, Hy0, N2O, NO, NO,, and O,
on h-BN monolayers supported on metal surfaces bind very weakly on
the bare h-BN as determined by density functional theory [180]. Inter-
estingly, same particular compounds and gas molecules are chemisorbed
strongly on h-BN, with binding energies of >1 eV, whereas other mol-
ecules still physisorbed, with binding energies about 0.1 eV at most.

Selective covalent functionalization of the h-BN/Rh (111) nanomesh
pores with oxygen molecules and hydrogen atoms was achieved [167].
In this study the adsorption and thermal stability were studied applying
synchrotron radiation-based in situ HRXPS, temperature-programmed
XPS and UPS. When 10 L O, molecules were dosed via backfilling of
the vacuum chamber at room temperature, oxygen functionalization of
the h-BN nanostructure did not occur. However, when supersonic mo-
lecular beam (SSMB) (kinetic energies of 0.3-0.7 eV) was used
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significant adsorption was observed at 300 K. The N 1s was followed
during adsorption, the results are represented in Fig. 18.

The N 1s XPS shape changes dramatically. While the spectrum at
398.11 eV attributed to the wire region of h-BN nanomesh stays almost
constant regarding peak intensity and position, the pore signal decreases
in intensity and a new peak develops at 398.47 eV. This new feature is
dedicated to the oxygen-functionalized pore arising from the modified
chemical environment of the N atoms in the pores. The oxygen func-
tionalization is stable up to about 700 K. After annealing the bare h-BN
nanomesh is restored.

Since molecular Hy doesn’t adsorb on h-BN, atomic hydrogen was
used for functionalization of h-BN on Rh (111) [167]. Fig. 19 displays
the B 1s and N 1s spectra recorded prior to hydrogen functionalization,
after functionalization at 170 K and after annealing to 1000 K.
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Fig. 18. a) N 1s XP spectra recorded normal to the SSMB at 300 K during
exposure of h-BN/Rh (111) to 57 L oxygen with a kinetic energy of 0.7 eV; b)
Fits of selected N 1s XP spectra recorded of pristine h-BN/Rh (111) and of h-
BN/Rh (111) after exposure to oxygen (0.7 eV; 2 x 1077 mbar) for 41 and 383
s. Reproduced from Ref. [167].

The B 1s XPS of h-BN/Rh (111) before adsorption exhibits a broad
signal containing two peaks at 190.72 and 190.29 eV, which corre-
sponds to the pores and wires of the nanomesh. After atomic H
adsorption, a shift to lower BE were observed for both components, and
a new peak developed at 190.45 eV, which was assigned to hydrogen
functionalization in the pore of h-BN. The N 1s behaves similarly, upon
atomic hydrogen adsorption a new species appeared at 398.46 eV
attributed to the hydrogen-functionalized pores. In contrast to the h-BN/
Ni(111) system [166], intercalation of hydrogen atoms was not found.
TPXPS experiments showed that hydrogen atomic hydrogen
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functionalization is reversible up to 640 K. In a separate experiment it
was observed that above 1100 K applying high doses (~1260 L) the
h-BN nanomesh started to decompose [27].

From the experiment it became clear, the oxygen molecules and the
atomic hydrogen prefer to bind in the pores of the nanomesh shown in
Fig. 20.

Strong oxygen-BN interaction was detected in the case of Ni(111)
[168], Rh (111) [27] and on Ru (0001) [181] especially when high
temperature or activated oxygen was used. The electron transfers from
the metal substrate to p, states of h-BN is responsible for the strong
binding at boron atoms [180]. Efficient molecular adsorption and high
selectivity would make the h-BN/metal interface suitable for the appli-
cations such as active component in catalysis, catalyst support, tem-
plates, and gas sensors. Alcohols and aldehydes interact weakly with
boron nitride [27,101,174].

The interaction of hydrogen with h-BN structure is an important
factor. The molecular hydrogen cannot interact strongly with perfect h-
BN layer without activation [27,163-166]. When h-BN/Pt (111) was the
substrate for h-BN, hydrogen dissociation was not observed at low
pressure (1 0> Torr) at room temperature. At higher pressure (0.1 Torr)
due to hydrogen intercalation, the dissociation can happen. XPS, NEX-
AFS, and UPS were used in studying the interaction of h-BN nanosheets
on Ni(111) surface with atomic hydrogen and subsequently the thermal
stability of the system [166]. The study shows hydrogen bond at low
hydrogen exposures and only at medium exposures intercalation is
observed, intercalation and hydrogenation were observed at high dose
of hydrogen. The intercalation leads to quasi-free-standing h-BN. In
hydrogenation reaction, B-H bond formation is detected, which is
accompanied by charge redistribution of the h-BN structure. When Rh
(111) surface was the substrate for h-BN nanomesh formation, the high
doses of hydrogen at 1000 K, the BN started to break up as manifested by
the appearance of CO-Rh HREELS losses at around 1900-2000 cm ™. At
high temperature exposures, the BN phonon features diminished, and
the CO band dominated the HREEL spectrum [27]. In the light of pre-
sented data about the interaction of hydrogen with h-BN produced on
different substrates and the hydrogen intercalation obtained in different
laboratories, it can be concluded that not only the nature of substrate
metal but the applied pressure and preactivation of the hydrogen play a
crucial role.

Recently the adsorption behaviors of different gas molecules (Hy,
CO, NO) on h-BN monolayers were investigated on defective h-BN with
theoretical and experimental methods [182]. The presented data show
that the defective h-BN monolayers strongly adsorbed hydrogen mole-
cules. These new findings help a better understanding for the growth
process of h-BN layer with different gas mixtures.

When significant amount of water is introduced to a pristine h-BN/
Rh (111) nanomesh, the formation of ordered and stable nano-ice
crystals in the pores has been detected [171]. The applied model pro-
posed for the nano-ice cluster trapped in the pore of the nanomesh,
which contains 38 molecules. Nano-ice gives individual insight into the
self-assembly of HoO and suggests it to be a good candidate to study
proton disorder in 2D ice layer [170]. Sum-frequency generation spec-
troscopy (SFG) was used characterizing the hydrophobic behavior of
h-BN [183]. The disappearance of the O-H stretch in adsorbed H»O is
used as an indicator of a hydrophobic surface. This bond originates from
the dangling, nonhydrogen-bonded, O-H group.

The interaction of h-BN nanosheets with different halogens was
investigated mostly by DFT calculations. On F-doped h-BN a signifi-
cantly decreased band gap was calculated compared to pristine h-BN
[184]. A comparative investigation of halogen-doped (Cl, Br, I) h-BN
structures has been performed [185]. DFT data suggested that stronger
halogen bond was found at boron edge during the interaction. The
important message for the experimental studies is that all
halogen-doped h-BN systems have high adsorptive desulfurization
ability. Bromine adsorbs exclusively in pores on nanomesh of h-BN
prepared on Rh (111) surface. No such selective adsorption on graphene
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Fig. 19. a) B 1s and b) N 1s XP spectra of pristine h-BN/Rh (111), 1 L H/h-BN/Rh (111) at 170 K and 1 L H/h-BN/Rh (111) after heating to 1000 K. Reproduced

from Ref. [167].
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Fig. 20. Schematic representation of the arrangement of oxygen molecules and atomic hydrogens in h-BN pores prepared on Rh (111). Reproduced from Ref. [167].

was detected [172].

Several spectroscopic results and theoretical calculations indicate
that the hydrocarbons interact weakly with h-BN nanomesh due to the
interaction strength, although it is believed that hydrocarbon moieties
could be a source for the production of graphene on h-BN [15]. Nowa-
days, the preparation of the graphene layer on non-metal substrates is
one of the exciting fields in surface and nano science [27,186,187].
Continuous efforts are made in this direction in nanoscience and in
material science due to its technological importance. It was observed by
TPD and HREELS that there is only a weak interaction between cyclic
hydrocarbons (cyclohexane and benzene) and h-BN [27]. Therefore, the
surface activity was investigated at high temperature (~1000 K) in order
to decompose C6 cyclic hydrocarbons to cover the h-BN nanosheets
containing nanomesh by a carbon layer. It turned out that with the high
temperature decomposition of cyclohexene the h-BN is not only covered,
but the nanomesh is also destroyed, and the C layer started to develop in
parallel with the decomposition of h-BN layer. The formation of gra-
phene layer from high temperature decomposition of C6 cyclic hydro-
carbons is displayed in Fig. 21. The layer is complete from CgHg, while
partial carbonization occurs from CgHj9 decomposition.

In another work, the formation of graphene nanoflakes below the
nanomesh wires of the h-BN/Rh (111) structure was reported using
segregation growth, and its effect on pentacene molecular adsorption
has been investigated [20].

Concerning the application of h-BN nanomesh for templated
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Fig. 21. Schematic representation of the formation of graphene layer from high
temperature decomposition of C6 hydrocarbons. Reproduced from Ref. [27].

supramolecular structures, Cgp adsorption gives an excellent example.
The formation of ordered/tailored supramolecular arrangement was
clearly observed by STM with preferential adsorption in the pores of the
nanomesh after deposition of Cgy molecules at roughly a ML coverage on
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Fig. 22. (a) High-resolution image of a region of h-BN nanomesh decorated by Cgo molecules on (Rh (111). Individual molecules are imaged throughout this region,
following closely the topography of the mesh. The positions in the hole centers are occupied by either zero or one Cgg molecule; at two places, large protrusions may
represent additional corralled molecules. (b,c) Orientational order-disorder transition of Cgo on h-BN/Rh (110). Intramolecular features of Cgg acquired at RT and 40
K, indicating an orientational disorder/ordering at RT/40 K. Partially reproduced from Ref. [175].
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Fig. 23. HREEL spectra obtained at different angles of incidence after the
exposure of h-BN/Rh (111) to 100 L of azobenzene at 300 K. The specular
geometry is at 60°. Spectra are not normalized to the elastic peak intensity. The
C-H stretch region is shown magnified in the inset. Reproduced
from Ref. [176].

h-BN/Rh (111) at 300 K [7]. STM imige of Cgo covered h-BN/Rh (111) is
shown in Fig. 23a. When Rh (110) was used as a substrate, which is an
anisotropic and more open surface, and a 1D h-BN superstructure with
smaller corrugation is formed with a much smaller periodicity, a
different Cgp arrangement was detected (Fig. 22b and c¢) [175]. The
images demonstrate the phase transition of Cgo on h-BN/Rh (110)
interface similar to that observed on bulk solid Cgo. The decrease in
thermal energy allows recognition between Cgo molecules. Fullerene
molecules show random orientations at 300 K, while at 40 K such
rotational disorder vanishes and they adopt a general orientation on
h-BN/Rh (110). The orientation, the order-disorder transition and the
orbital appearance of Cgp on h-BN/Rh (110) interface are represented in
Fig. 22.

The azobenzene adsorbs preferentially in pores of the h-BN/Rh (111)
[176]. Adsorption properties of azobenzene — the prototypical molecular
switch — were investigated by means of angle resolved HREELS, TPD and
STM on h-BN nanomesh prepared on Rh (111) surface. TPD results
propose an inhomogeneity of adsorption sites on h-BN nanomesh. At low
coverages azobenzene preferably adsorbs in the pore, followed by wall-
and wire-adsorption, exhibiting a template effect. At larger exposures,
the development of the multilayer structure is controlled by the complex
cooperation between template-driven and molecule-molecule in-
teractions. The production of the second molecular layer simultaneously
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covers the wall and wire regions of the nanomesh [176]. HREEL spectra
were recorded at different angles of incidence after dosing h-BN/Rh
(111) interface to 100 L at 300 K to explore the adsorption geometry of
the molecules (Fig. 23.). The intensities of out-of-plane modes at 720,
796, 965 cm ! decreased drastically at the off-specular geometries,
while the intensity loss of the in-plane peaks (1280, 1510 cm™!) was
lower. Especially the band belonging to the C-H stretch (3070 cm ™) is
important in this case because h-BN has no contribution to the spectral
feature. The intensity of C-H stretch can give information about the
geometry of adsorbed molecules. The HREELS measurements, in
angle-resolved mode, strongly suggest that the adsorption geometry of
azobenzene is parallel to h-BN. If both phenyl rings are parallel to the
surface, then it also implies that the trans-azobenzene is preferred
compared to the cis isomer. STM experiments also revealed a template
effect of the periodically corrugated nanomesh: a strong tendency for
adsorption in the pores is pictured as individual nanodots by STM
(Fig. 24).

DFT approaches gave further details regarding the adsorption ener-
getics and bonding, and confirmed the experimental results that the
azobenzene adsorbs with the phenyl rings parallel to the surface,
favorably in the pores, and also proved an attractive interaction between
the molecules. Trans-azobenzene was found to be most stable. The
energetically favored trans- and cis-azobenzene adsorption configura-
tions are shown on Fig. 25. The cis configuration was not observed
experimentally.

Very recently, an Ullmann-like coupling reaction by a planar
biphenylene compounds, i.e., 1,8-dibromobiphenylene (BPBr3), on h-
BN/Rh (111) surface with an excellent selectivity of the dimer biphe-
nylene compound, containing 4-, 6-, and 8-membered rings was realized
[188]. The rhodium atom is incorporated into a carbon-halogen bond,
developing organometallic surface intermediate complexes and form
C-C covalent bond [189-191]. The BPBr; precursor was chosen, because
it is a planar molecule and it is suitable for direct STM visualizations, on
the other hand it is a candidate to prepare functional low-dimensional
carbon nanostructures in 2D electronic devices [192]. 2D h-BN ex-
hibits a wide band gap with no states near the Fermi level, therefore it is
suitable to decouple the catalyst from the reactions while preserving the
catalytic activity [193]. Fig. 26 represents the scheme of the proposed
model for Ullmann reaction catalyzed by h-BN/Rh (111) without
forming any organometallic intermediate. The investigations were car-
ried out by means of a combination of STM and DFT. The single layer of
h-BN can protect the Rh (111) surface underneath, while preserving the
reactivity of the Rh (111) [188].

The detailed STM results showed that the BPBry molecules favor
selective adsorption on the pores. After heating the BPBry/h-BN/Rh
(111) system to 200 °C, the Ullmann-like coupling of BPBrp molecules to
a dimer, biphenylene occurred. It was concluded that the electron wave
of Rh (111) can penetrate through the single-layer h-BN and generates
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Fig. 24. STM images recorded at room temperature (A) before and after
different exposures of azobenzene on h-BN/Rh (111) surface at 320 K: (B, C, D)
30L, (E, F) 90 L. C and D images show two records (refernce point R) taken up
subsequently, suggesting a tip-induced surface diffusion (newly appeared/a and
disappeared/d) of the molecules. The chain structures indicated by ,w” in E
image refer to 1D-coupling of molecules at high exposure. The size of the im-
ages: (A, G, D, F) 20 x 20 nm?, (B) 50 x 50 nm?, (E) 100 x 100 nm? The
parameters found for the best imaging of the surface covered by azobenzene
molecules: U; = —1 V voltage on the sample and I; = 20 pA current. Reproduced
from Ref. [176].

the Ullmann-like process of BPBr,. Together with the participation of the
h-BN template effect, an outstanding selectivity of the covalently
bonded compound could be realized.

4.2. Adsorption of large organic molecules and organic semiconductors on
h-BN nanosheets supported by metal surfaces

Hexagonal boron nitride has attracted significant attention because
its van der Waals properties together with its insulating character makes
it an ideal substrate for preparation of high quality organic crystalline
thin films without disturbing effect of the substrate. The possibility of
surface fabrication of organic materials for electronic, optoelectronic,
straintronic and spintronic devices are demonstrated nowadays using h-
BN nanosheet [194,195]. Adsorbed rubrene, Cg-BTBT, pentacene, par-
a-hexaphenyl, dihydrotetraazaheptacene, hexacontane, diacetylene,
melamine, 2D porphyrine were studied on exfoliated h-BN by means of
STM, AFM and DFT calculation [196]. The structural, energetic, and
electronic behavior of five molecular donors and acceptors such as tet-
rathiofulvalene (TTF), bithiophene 2 T), pyrene,
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tetracyanoquinodimethane (TCNQ), and fluorinated TCNQ (F4—TCNQ)
adsorbed on freestanding h-BN (and MoS,) single layers were investi-
gated by DFT [197]. These five considered interfaces are stable due to
dispersion interactions with overall flat arrangement on both substrates.
The new observations offer useful directions to design low-dimensional
hybrid interfaces for opto-electronic applications. The hybrid model
interfaces are shown on Fig. 27.

A comparative study of Ce4Hsg (Dibenzo{[f,f’]1-4,4',7,7 -tetraphenyl}
diindeno [1,2,3-cd:1’,2,,3-lm]perylene) adsorption on h-BN and gra-
phene on Ru (0001) and Pt (111) substrates was reported, and unlike
graphene, only h-BN showed sharp orbital resonances in the vibration
spectrum irrespective of the chosen metal substrate [198]. The h-BN/Cu
(111) interface is a frequently used template for investigating other
molecular systems, either individual molecules or self-assembled su-
pramolecular structures, by a combination of experimental and DFT
methods: bis(tetraphenylporphyrinato)thorium (Th (TPP)y) for
actinide-based metal organic complexes [199] and photoactive
pyridin-4-ylethynyl functionalized pyrene derivatives [200] were stud-
ied. The molecular level alignment and charge states of fluorinated co-
balt phthalocyanines on thin h-BN sheets on Cu(111) surface are
published using STM and STS, as well as AFM and complementary
theoretical calculations [201]. The adsorption geometry of F15CoPc on
h-BN/Cu(111) is presented in Fig. 28.

Recently, the formation of azaullazine units and its polymerization
by cycloaddition was studied on Au (111), Ag (111) and h-BN/Cu(111)
using STM, AFM and matrix-assisted laser desorption and/or ionization
(MALDI) mass spectrometry in solid state in the absence of catalysts.
Such kind of intermolecular reactions give a promising route for direct
synthesis of polyaromatic polymers.

The behavior of the adsorbed supramolecular layer depends strongly
on the nature of the substrate material and on the properties of the
interface layers. On surfaces, where the interaction between the sub-
strate surface and the molecules are weak (homogenous metallic sur-
faces or inert 2D materials, like h-BN) typically weak secondary binding
forces (e.g., van der Waals) are formed and the final structure of the
molecular layer is driven by the intermolecular forces. It was found that
the hexacontane monolayer behaves as a representative case of two-
dimensional supramolecular organization on BN structures [52]. Using
h-BN as an insulating substrate enables to study the optical properties of
such structures which were difficult on conducting surfaces. It is
believed that combination of h-BN and van der Waals mediated mo-
lecular organization could be the model system in the research and
technology of surface-stabilized supramolecular arrays [52]. van der
Waals forces result in close-packed constructions in organic field-effect
transistors (OFETs) where the symmetry is controlled by the geometry
of adsorbed molecules. In the operation of OFETs interfaces play a key
role because charge carrier transport is influenced by the interfaces
between semiconductors and electrodes and interfaces between semi-
conductors and insulators [53]. The red shift of the fluorescence of a
two-dimensional supramolecular network on h-BN is due to the
adsorbate-substrate van der Waals interactions. Hydrogen bonding is
utilized to steer porphyrin dye molecules into a stable planar arrange-
ment. As a consequence of this forcing effect the fluorescence spectrum
is influenced significantly by the substrate, and their intermolecular
spacing is determined [202]. Moreover, the template behavior of gra-
phene and h-BN is not confined to the monolayer of molecules (6,
coverage) [203]. The molecules of the second layer of CoPc on h-BN/Ir
(111) align themselves with the pores of the underlying h-BN moire
pattern [178]. Nevertheless, the molecules in the second layer are
electronically more decoupled from the substrate than the first layer and
the third layer will be further decoupled.

Organic molecules on 2D h-BN could be the sources of visible-range
single photon emission (SPEs) which are promising candidates for
quantum information processing [204,205]. The energy of this main
emission peak often changes between emitters within the same sample
from 1.6 to 2.2 eV. SPEs can be prepared from different materials,
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Fig. 25. The energetically favored trans- (A, left) and cis- (B, right, 0.82 eV higher in total energy) azobenzene adsorption configurations after geometry optimi-
zations with dipole correction (top: top view showing the surface unit cell and the different surface regions: pore, wall, wire; middle: top view zoomed on the
molecules; bottom: side view showing the charge transfer upon adsorption). For both isomers the pore region of h-BN/Rh (111) is preferred. The 3D charge transfers
(Psub + mol-Psub-Pmo1) Upon molecular adsorption on the substrate are explicitly shown at the bottom of the figure (isosurface value: 2 x 1074 le| /10\3; blue: electron
accumulation, red: electron depletion). Colors for the atoms: gray (Rh), light green (B), light blue (substrate-N), dark blue (molecule-N), black (C), pink (H).
Reproduced from Ref. [176].
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Fig. 26. Illustration of Ullmann-like coupling without metal atoms on h-BN/Rh (111). Reproduced from Ref. [188] Graph. Abstract.

19



L. Ovdri et al. Surface Science Reports 79 (2024) 100637

(a) hBN (b) TTF@hBN (c) 2T@hBN

® 9 9 9 A
7 Ny %1

7 N S [

O 0. 0. 0. 0. (+]

14 YYYY
©6 06 6 o6 o o

i v d
°N .C H 0-0-0-0=Q=OuOLO=Q=O=0=0=0 0-0~0=0=0=0=QuONO=O=0=0-0

(d) pyrene@hBN (e) TCNQ@hBN (f) F,-TCNQ@hBN

> ©O=-q=0D
17 d d

' '
| '
OO OO OmO=O=O~0~O0 D=0 O-0=O OO0 OO O=-0-0=0=0

¢--

OO~ 0-0-0=0

Fig. 27. (a) A 6 x 6 supercell of h-BN monolayer; top and side views of the hybrid interfaces formed by (b) tetrathiafulvalene (TTF), (c) bithiophene (2 T), (d)
pyrene, (e) tetracyanoquinodimethane (TCNQ), and (f) fluorinated TCNQ (F4—TCNQ) adsorbates. Reproduced from Ref. [197].
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Fig. 28. Preferential adsorption of F;6CoPc on h-BN/Cu(111). a) Chemical structure model of F;5CoPc (light blue:fluorine, gray:carbon, dark blue:nitrogen, pink:
cobalt). b) STM image of 0.06 ML F;5CoPc on h-BN/Cu(111) (Vs = 1 V, I = 38 pA). Dashed white circles mark the pore areas of the h-BN/Cu(111) moire super-
structure. The two types of wire regions are labeled with “hw” (hollow-wire) and “bw” (bridge-wire). c¢) Schematic illustration of the local work function modulation
of h-BN/Cu(111), varying by 0.3 eV between the hollow-wire and the pore areas. Reproduced from Ref. [200].

included liquid exfoliated and mechanically cleaved h-BN as well as biphenyl linking groups) which was prepared on h-BN/Cu(111) and
h-BN grown by CVD [206]. It turns out that the large family of polycyclic characterized by STM and DFT methods [209]. Its energy gap, band-

aromatic hydrocarbons (PAHs) on h-BN are the best candidates to pro- width, and inter-bridge-site hopping amplitudes were determined, the

duce suitable emitters [204,207,208]. data are well correlated with the results of first-principles theoretical
Molecule-based 2D materials belonging to covalent organic frame- predictions. The noncovalent 2D self-assembly of flat aromatic organic

works (COFs) have a broad range of physico-chemical and mechanical molecules (DCA) becomes increasingly important which have similar

properties. They have potential applications in energy storage, organic importance as that of covalent organic frameworks.

electronics and even in catalysis. One of the representatives of this group The molecular film which consists of flat, aromatic 9,10-di-cyano-

is the oligomeric biphenyl-COF (BP-COF) (a boroxine-linked COF with anthracene molecules, DCA was investigated on h-BN/Cu(111)
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hBN/Cu(111)

Fig. 29. Constant-current STM imaging at boundary (indicated by dashed
green curve) of self-assembled DCA domain on h-BN/Cu(111) (bottom half: V},
= 1.1V, I = 50 pA over DCA film; top half: V;, = 4.0 V, I; = 50 pA over h-BN
surface). The DCA LUMO-related superstructure (defined by bright ‘DCA pores’
at bottom half, where DCA LUMO contributes to STM imaging) follows the
moire pattern of the underlying h-BN/Cu(111) substrate (dashed blue ellipses).
Bright ‘h-BN pores’ at top half have lower work function than ‘h-BN wires’.
Reproduced from Ref. [210].

interface [210]. STM imaging at boundary of self-assembled DCA
domain on h-BN/Cu(111) is presented in Fig. 29. The low-temperature
STM and STS experiments disclosed mesoscopic (>100 x 100 nmz),
morphologically homogeneous crystalline domains produced from flat
molecular adsorption and noncovalent in-plane cyano-ring bonding,
with electronically decoupled MO lying within the hexagonal boron
nitride electronic gap. The observed results give directions and useful
information for large-area, atomically-precise, highly-crystalline 2D
organics on electronically-functional broad bandgap insulators.

5. Modification of h-BN nanomesh with metal nanoparticles

5.1. Spectroscopy, microscopy and DFT studies on metal nanoparticles on
h-BN nanomesh; adsorption and intercalation

The highly regular moire of h-BN produced by self-assembly on
several metal surfaces is exhibiting an outstanding role. The moire
pattern, due to its unique properties, can serve as a template for metal
atoms and metal clusters. The template effect often results in a narrower
size-distribution of the metal nanoparticles compared to classic supports
like metal- or oxide surfaces, potentially providing a structurally well-
defined catalyst model. We recall that while templating ability of the
moire h-BN has been demonstrated for several metals for deposition
near room temperature (Table 5.), it is not a general rule. Beside gold, it
has been experimentally verified also for Pt, but not for Ag on h-BN/Rh
(111) in a combined DFT STM study [211]. DFT calculations on Au, Pt,
Ag, Pd, Cu, and Ni on h BN/Rh (111) revealed that although all these
metal adatoms get negatively charged upon adsorption, only Au and Pt
has a sufficiently large pore-to-pore diffusion barrier for the templating.
Moreover, neither Pd nor Ni atoms have a special affinity to any specific
regions of h BN [211]. Accordingly, the formation of large 3D
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nanoparticles has been observed after Ni deposition on h-BN/Rh (111)
at 300 K [212]. As another example for the lack of Volmer-Weber growth
mode and the absence of template effect, the deposition of Sn on h-BN/Ir
(111) resulted in the formation of large metallic 2D islands with \/ 7 X
\/ 7 buckled honeycomb and square structures according to STM. DFT
results indicated only slightly smaller formation energy of the honey-
comb structure in the pores compared to the wires [213]. Intercalation
of metal on the h-BN nanomesh is a common feature in several cases as
indicated in Table 5. Intercalated Au atoms are mostly located in or on
the topmost atomic plane of the Rh (111) surface, since bulk alloying of
gold in rhodium is thermodynamically not allowed, but surface alloying
of Au in Rh (111) is feasible [48,214]. For the better survey of the ob-
tained results published recently, a table is presented, containing the
substrate metal, the precursor molecule(s) used for boron nitride syn-
thesis, the structure of h-BN, the post-deposited metal and their main
characteristics at the interface (Table 5).

In the following, we review relevant results from the literature ob-
tained after the last review paper published by Auwarter [15]. We focus
mainly on the post-deposited catalytically active metals, nanoclusters,
nanoparticles (Au, Pt, Pd, Co, Fe, Ni, Cu). We briefly summarize the
main conclusions about other elements, which are potential candidates
for the modification of the surface with their electron donor-acceptor
properties (Li, K, Cs, Mn). From optical, magnetic and electronic appli-
cation point of view, Si and Sm are of interest.

A relatively large number of data has been collected about the
growth, (electronic) structure, morphology, and surface chemistry of Au
nanoparticles on h-BN using different metal substrates for boron nitride
growth. A template effect was identified on h-BN moire prepared on Rh
(111) [47,48,211,212], Ru (0001) [141,279] and Ir (111) [131]. DFT
calculations, XPS and vibrational spectroscopy on CO adsorption
revealed that gold clusters prepared on h-BN are negatively charged
using Rh (111) [23,44,173,211,277] and Ni(111) [258] as substrates.
However, recent DFT calculations indicate that the charge state of small
Au particles located on h-BN covered Au (111) is characterized by an
odd-even oscillatory behavior: Au clusters consisting of 3, 5 or 7 atoms
are positively charged by up to ~0.3 eV, because the clusters tend to
donate unpaired valence electron to the h-BN/Au (111) substrate [284].
On the other hand, clusters consisting of an even number of gold atoms
are partially negatively charged [284]. This comparison underlines the
role of substrate metal in the charge state of Au clusters, which in turn
can significantly influence their chemical reactivity. The presence of
h-BN defects can also play an important role in charge transfers. For
example, recent DFT studies about h-BN/Ni(111) indicate that gold
adatoms are positively/negatively charged, when adsorbed on bor-
on/nitrogen vacancies, respectively, in accordance with the electro-
negativity of nearest neighbors [258]. The growth of gold on h-BN/Rh
(111) nanomesh has recently been investigated by low energy ion
scattering (LEIS) [48,158]. This technique gives information on the
outermost atomic layer [285], therefore it is very well suited to analyze
the growth mode (e.g. 3D vs. 2D) and intercalation phenomena. LEIS,
XPS and STM experiments pointed out that the growth of Au at h-BN/Rh
(111) interface at room temperature leads to the formation of mainly 3D
gold nanoparticles, although at low coverages (<0.2 ML) 2D particles
were found, which is even more pronounced if gold is deposited at
cryogenic substrate temperatures [47,48]. The intensity of Au LEIS
signal increased steeply at small Au coverages, while it changed
moderately at higher Au doses. The Volmer-Weber growth mode of Au
on h-BN/Rh (111) is illustrated by the STM measurements presented in
Fig. 30. XPS measurements of room temperature deposition of Au on the
nanomesh revealed a lower Au 4f7/2 binding energy [47,48]. Since
previous theoretical studies [44,47] pointed out that Au atoms and small
Au clusters are partially negatively charged on h-BN/Rh (111), the
observed low binding energy can be assigned to an electron transfer
from h-BN (and Rh (111)) to Au nanoparticles.

When gold was added on h-BN/Rh (111) at elevated substrate tem-
peratures (400 K), mainly one atomic layer thick 2D islands formed
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Table 5

Adsorption and intercalation of metals on h-BN monolayers prepared on metal substrates.

Surface Science Reports 79 (2024) 100637

Substrate metal Precursor Corrugation (2D/1D/flat), Metal deposits Intercalation Template effect
(orientation) superstructure periodicity on h-BN
Ag(001) borazine [215] N/A N/A N/A N/A
Ag(111) borazine [216] Nearly flat with 2D moire, 1 nm N/A N/A N/A
periodicity [216] non-epitaxial [13]
Au(111) magnetron sputtering of B in 5 % flat epitaxial [197] Au Li-no [218] N/A
No/Ar at 1000 K [217] Li [218] K - yes [218]
K [218]
Co(0001) ammonia-borane [219,220] flat 1 x 1 epitaxial [219,223] Co [222] Au - yes [224] N/A
BCl3+NH; [221,222] borazine Ta [222]
[223,224] Au [224]
Cr(110) borazine [225] 1D 1 x 5[225] N/A N/A N/A
BCl3+NH; [226]
Cu(100) ammonia-borane [227] flat epitaxial domains [227,228] N/A N/A N/A
Cu(110) borazine [229] flat epitaxial domains [227,22.8] N/A N/A N/A
ammonia-borane [227,230]
Cu(111) Borazine [216,229,231] moderate corrugation with 2D moire ~ N/A Ag [216] N/A
ammonia-borane [227,230] [231,232]
Fe(110) borazine [145] 1D, waves [145] N/A N/A N/A
Ir(111) ammonia-borane [133] 2D epitaxial 13 B N on 12 Ir [133, Pt [233,241] Pt — yes [233,241] Pt - yes
borazine [46,130,132,134,178, 134,178,236,240] Sm [132] Si —no [242] Si — yes, but depend on
233-241] Si [242] C-yes [131] deposition temperature
Co [234] Ir — yes [131] [242]
Sn [213] Au -no [131] C—yes [131]
Au [131] Li — yes [235] Ir - yes [131]
C[131] Cs — yes [243] Au - yes [131]
Ir [131] Sn - large 2D islands [213]
Li [235]
Cs [243]
Mo(110) borazine [244] 1D epitaxial waves 4 x 1 [244] N/A N/A N/A
Ni(100) ByHg+NH;3 [85] 1 x 7 structure [85] Ni [247] N/A N/A
B,03+NH; [245-247]
NH3-BH;3 [248]
Ni(110) borazine [249,250] flat [250,251] N/A N/A N/A
B,05+NHj [246,251]
Ni(111) borazine [10,107,126,252-255] flat [126,254-256] Au [254, Au - yes [254,256] N/A
B-trichloroborazine [83] 256-258] Co - yes [255]
ammonia-borane [107,256] Co [255]
B,05+NHj [246]
Pd(110) borazine [129] Lstripe-like” and ,,dot-like” moire N/A N/A N/A
structures [129]
Pd(111) borazine [10,108,259] 2 types of moire (aligned to the N/A N/A N/A
substrate, rotated by 30°) [259]
Pt(110) borazine [101,102,260] nanomesh [102,260-262] Cu [260] Cu —no [260] Cu - only a weak templating
B,05+NH; [261,262] effect [260]
Pt(111) borazine [10,46,88,89,127,193, nanomesh [46,84,127,193, Co [265] N/A Co -no [265]
252,263-265] 264-266]
B-trichloroborazine [84]
Re(0001) ammonia-borane [267] 12 B N on 11 Re nanomesh [267] N/A N/A N/A
Rh(110) borazine [128,175,268] stripe-like moire structure [128,175, N/A N/A N/A
268]
Rh(111) borazine [7,46-48,127,211,212, 13 BN on 12 R h nanomesh [7, Au [44,47,48, Au - yes [48,158] Au - yes [47,48,211,212]
269-275] 45-48,127,211,212,271,273,276] 211,212,277] Rh - yes [158] Pt - yes [211,275]
ammonia-borane [45] Rh [158] Co -yes, only inoxygen  Co — yes BLAG [278]
Co [272,273, presence [272] Fe — yes [274]
278] Mn - yes [45] Rh - yes [158]
Fe [273,274] Pt — no [275] Ni-no [212]
Mn [45,273] Sn - yes [269] Ag -no [211]
Ag [211]
Pd [211]
Pt [211,270,
275]
Cu [211]
Ni [211,212]
Sn [269]
Ru(0001) borazine [46,88,99,141,142,279, 14 B N on 13 Ru nanomesh [46,99, Au [141,279] Au - yes [279] Au - yes [279]
280] 141,142,279,280,282] Cs, K [283] Cs, K - yes [283]
ammonia-borane [281]
w(110) BCl3+NH;3 [226] N/A N/A N/A N/A

*yes: experienced.

**no: not experienced.
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Fig. 30. STM images recorded before and after the deposition of Au at room
temperature. (A and B) h-BN/Rh (111) surface before Au deposition. The two
images of 20 x 20 nm? inserted in (A) (left bottom) show the “pore-wire’’ and
“separated coin’*. The size of the images (A and B) is 50 x 50 nm?. (C) After the
deposition of a very small amount of Au (<0.002 ML) exhibiting a separate Au
nanoparticle grown above the h-BN mesh. Image size is 20 x 20 nm?. (D-F)
STM images taken after the deposition of different amounts of Au at 300 K: (D)
0.13 ML, (E) 1.0 ML and (F) 3.2 ML. The size of the latter images is 50 x 50
nm? (G) Height profiles along the lines drawn on the corresponding images
(D-F). Reproduced from Ref. [48].

(Fig. 31B). Since gold LEIS intensities proved to be much smaller at 400
K deposition compared to gold deposition at room temperature (Fig. 32),
these islands are very probably located below h-BN. At this higher
temperature, the diffusion of gold atoms is more facile, allowing inter-
calation during growth [158].

Post annealing of gold deposits formed at 300 K has been studied on
h-BN/Rh (111) [48,158,286]. Sintering (cluster ripening), intercalation,
surface alloying and desorption of gold have been postulated as ther-
mally activated processes. Even large amounts of gold can be interca-
lated below h-BN [158,256], which was proven by the disappearance of
Au LEIS peak upon annealing completed at ~1050 K (Fig. 33D). At an
initial gold amount of 10 ML, the amount of intercalated gold was ~4
ML, estimated by XPS, while the rest of gold desorbed [158]. LEIS has
also been used to monitor the decomposition of the h-BN monolayer,
which results in the appearance of substrate metal signal at ~1150
K-1200 K (Fig. 33E, F). It has been shown that an interfacing gold layer
significantly improves the thermal stability of h-BN on Rh (111),
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Fig. 31. STM images of 30 x 30 nm? recorded after the deposition of
approximately 0.25 ML of (A1) Rh and (B1) Au on the h-BN covered Rh (111)
surface at 400 K, followed by 5 min annealing at (B) 500 K, (C) 700 K, (D) 1000
K. Reproduced from Ref. [158].
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Fig. 32. Au LEIS intensity normalized to the Rh intensity of the clean Rh (111
surface obtained during deposition of Au on h-BN/Rh (111) at 300 K and 400 K.

attributed to the lower reactivity of gold in the dissociation of B-N bonds
(Fig. 33E, F). The intact h-BN overlayer, in turn, inhibits the desorption
of gold from the interface [158].

Intercalation initiated the investigation of the formation of h-BN
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Fig. 33. LEIS results about metal deposition on h-BN/Rh (111) at 300 K, followed by annealing treatments for 5 min. (A) LEIS spectra after 1 ML Rh deposition and
annealing. For comparison, the LEIS spectrum of the h-BN covered Rh (111) surface is also shown. Inset: magnified spectra of h-BN/Rh (111) and after 1 ML Rh
deposition and annealing at 950 K. (B) Rh peak intensities with different amounts of rhodium dosed on h-BN/Rh (111). (C) A selection of experiments presented in
(B) zooming in the high temperature region. (D) Au intensities obtained after gold deposition and annealing. (E, F) Rh and Au intensities obtained in a selection of
measurements presented in (D) zooming in the high temperature region. (B-F) LEIS intensities are normalized to the Rh intensity of the clean Rh (111) surface. The
sketches on the left serve only to display the sequence of layers after the metal deposition step. Reproduced from Ref. [158].

from borazine on a bimetallic surface, namely on an Au/Rh (111) sur-
face alloy [48]. Au/Rh (111) surface alloys were prepared by dosing
gold at 500 K, followed by annealing at 1000 K. According to XPS
analysis, gold atoms are located in the outermost surface even after
annealing due to the bulk immiscibility of Rh and Au. For subsequent
h-BN growth, LEIS results presented that Rh atoms get covered at much
smaller borazine exposures than Au. It was an important observation
that the nanomesh structure is essentially observable by STM up to
relatively large amounts of gold (0.9 ML). At Au coverages in the range
of 0-0.9 ML the nanomesh periodicity is the same, but it is less regular,
and the pore diameter is decreasing [48]. At large gold amounts (~1.5
ML), the h-BN layer flattens out, as expected because of the weak
interaction between gold and boron nitride.

The adsorption and thermal processes of Rh and gold have been
compared on the same nanomesh prepared on Rh (111) [158]. Both
metals show an essentially 3D growth on h-BN. As shown in Fig. 33, at
larger metal doses (3-10 ML) a sharp drop in metal LEIS intensity was
observed at ~650 K for Rh, and at ~750 K for Au. Since STM mea-
surements indicated only mild changes in Rh cluster parameters (cluster
diameter, height, particle density, cluster-covered area) in this temper-
ature range, it was concluded that the steep LEIS intensity loss is not due
to Rh diffusion and intercalation, but it can be attributed to an encap-
sulation phenomenon. In this scenario, Rh nanoparticles initiate the
dissociation of B-N bonds and the clusters get covered by BN fragments.
It has also been postulated that the rupture of B-N bonds may open new
intercalation channels as well [158]. For the less reactive Au, this
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mechanism is probably not applicable.

DFT calculations [158] of atomic Au and Rh adsorption on h-BN/Rh
(111) revealed that Rh has a larger adsorption energy than Au, which is
in line with the experimentally found larger Rh activation energy for
desorption. While both Au and Rh atoms exhibit preferred adsorption
sites on the nanomesh pore rather than on the nanomesh wire or wall,
there are fundamental differences: (1) Rh-on-top-N and Au-on-top-B
adsorption sites are found energetically favored with negatively
charged Rh and Au atoms of 0.17 and 0.49 excess electrons on them,
respectively. (2) Optimizing the atomic geometries of small atomic
clusters consisting of 19 atoms (~0.13 ML coverage) of Au and Rh
revealed that the Au prefers the formation of a slightly bent 1-atom thick
2D island, and the Rh forms a 2-atoms thick 3D island.

Considering Au and Rh atomic intercalation in h-BN/Rh (111), it was
shown by DFT calculations in several model systems that there is an
energetic driving force for intercalation [158]. Both Au and Rh single
atoms have energetic preference to be located below the h-BN layer in
the wire region rather than adsorbed on the h-BN layer in the pore of the
nanomesh, or located below the h-BN layer in the pore region. The latter
configuration is energetically unfavored since it locally modifies the
h-BN layer and results in a weaker overall interaction of h-BN with the
underlying Rh (111) substrate. In the presence of the Rh substrate it was
also found that Rh atomic intercalation is energetically preferred
compared to that of Au. Further extensive DFT calculations of Au and Rh
atoms on/in defected free-standing h-BN layers revealed some trends of
the atomic intercalation mechanisms [158]. While N vacancies exhibit
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generally higher energy barrier than B vacancies for Au and Rh atomic
intercalation, there is no such identifiable general relation between Au
and Rh as this highly depends on the defect type. A BN divacancy pro-
vided the smallest atomic intercalation energy barrier among the stud-
ied simple h-BN defects. It was also found that the considered simple
defects are too small to promote Au or Rh atomic intercalation through
them, and it was proposed that spatially more extended h-BN defects or
h-BN edges might play a more important role in the atomic intercalation
of Au and Rh, and presumably other metal atoms as well. These calcu-
lations did not address the ability of Rh nanoparticles to break B-N
bonds. However, they are in agreement with the above assumption that
sufficiently large defects created during an encapsulation process may
serve as intercalation channels [158]. Conceptually, during intercala-
tion the diffusion of metal atoms is the key process, while during
encapsulation the dissociation of B-N bonds, and the migration of BN
fragments are the dominant changes. Actually, these two processes can
be deeply intertwined.

At this point, it is worth to mention that the general mechanism of
metal intercalation through h-BN is still elusive. Typically, the formation
of one atomic layer high 2D islands in STM measurements has been
taken as evidence for intercalation. More recently, LEIS with its topmost
layer sensitivity has also been applied to monitor the diffusion of
admetals below h-BN [48,158]. In a combined STM-LEIS study on
Au/h-BN/Rh (111) it was pointed out that intercalation is not always
accompanied by the formation of 2D islands, probably because of the
quick diffusion of gold atoms below h-BN to Rh (111) step edges, and
their alloying into the outermost layer of Rh (111) [48]. On
non-corrugated h-BN/Ni(111), evaporated Co atoms were collected by
defect lines of h-BN. Deposition at 300 K substrate temperature led
mostly to the formation of 3D clusters along these lines, while dosing at
450 K resulted in intercalated 2D islands below the defect lines. In this
case, intercalation therefore mostly proceeds through defects [255].
However, on Ir/h-BN/Ir (111) it was pointed out based on STM mea-
surements that the intercalation of admetal during post annealing is very
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local, and proceeds through preexisting defects, or defects created dur-
ing annealing [131].

The h-BN nanomesh behaves as an outstanding template for Pt
nanoparticles [275]. HR-XPS is suitable tool for differentiating empty
and filled pores of Pt nanoclusters entrapped in the moire-pattern of
h-BN/Rh (111). For a Pt coverage of 0.1 ML, all pores of the h-BN
nanomesh are filled with nanoclusters with an exceptionally uniform
cluster size of ~12 Pt atoms per pore, and high stability up to 400 K. The
stability of Pt clusters, above 0.2 ML coverages, is less. It is a very
interesting observation that Pt cluster superlattice on h-BN/Ir (111)
were observed to be stable up to 650 K [241]. This temperature is at least
200 K higher than that detected for Pt cluster superlattice on other
templates such as h-BN/Rh (111). The thermally stable Pt cluster
superlattice on h-BN/Ir (111) provides with their tunable size and
electronic structure are extremely suitable for systematic catalytic works
with Pt clusters. The aim is to develop a new type of Pt-nanoparticle
carbon-support electrocatalyst [233]. XPS study established conformal
C embedding of the Pt clusters on the moire of h-BN/Ir (111) surface
without degradation of superlattice order, and upon annealing the
production of a homogeneous amorphous carbon (a-C) matrix (Fig. 34).

XPS studies, following C co-adsorption, were executed for a Pt cluster
superlattice produced by deposition of 0.1 ML Pt on h-BN on Ir (111)
surface [50,233]. The Ir 4f; 5 core level of the substrate was monitored
and fitted with three components (Fig. 35). Irg is attributed to the Ir bulk
atoms at the binding energy 60.86 eV (blue in Fig. 35a). Irg is corre-
sponded to Ir surface atoms without bonds to h-BN at 60.34 eV (brown in
Fig. 35a), and Irjy; is attributed to Ir surface atoms binding to the h-BN at
60.63 eV (ochre in Fig. 35a). After deposition of increased amount of
carbon, the Irj, component has grown significantly at the expense of the
Irs component. The increase of Irjy includes an increase of sp3 hybrid-
ization of h-BN, which has to be triggered by chemical bond generation
between carbon and nanosheet.

The moire of a monolayer of h-BN on Ir (111) surface is observed to
be a template also for Ir, C, and Au cluster superlattices [131]. The Ir and

Height [A]
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0 246 810121416
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Fig. 34. STM topographs of Pt cluster superlattices on h-BN/Ir (111) formed by deposition of 0.55 ML Pt at 300 K (a) without and (b, d-f) with additional C deposited.
Carbon amounts are (b) 0.2, (d) 0.4, (e) 0.8, and (f) 1.6 ML. (c) Shows the height along the blue line in (a) and the green line in (b). The inset in (d) is a composite of
the topograph and its derivative to increase the contrast of the molecular orbital resolution. The image size is 34 nm x 34 nm in all cases. Reproduced

from Ref. [233].
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Fig. 35. (a) XP spectra of the Ir 4f;/, core level of the Ir (111) substrate with a
monolayer of h-BN and after subsequent deposition of 0.1 ML Pt and increasing
amounts of carbon measured at a photon energy of hv = 140 eV at room
temperature. The measured data are indicated by blue circles, and the fit is a
black line. From top to bottom: pristine h-BN prior to deposition, after depo-
sition of 0.1 ML Pt resulting in bare clusters and after embedding in 0.2, 0.8,
and 1.6 ML carbon. (b) Intensity of the interface component (Ir;,;) normalized
to the sum of the interface and surface component (Irj,; + Irs) as a function of
carbon coverage. The lower and upper data points at zero coverage represent
the system before and after deposition of 0.1 ML Pt, respectively. Reproduced
from Ref. [233].
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C cluster super lattices show a high thermal stability, before they dete-
rioration by intercalation and Smoluchowski ripening. The template
behavior of an h-BN nanomesh on Ir (111) is visualized in Fig. 36.
Deposition of 0.57 ML Ir at 250 K results in the development of a hex-
agonal lattice of clusters as was observed previously [134]. The topo-
graph taken after larger deposition (1.5 ML) at 350 K exhibits larger
clusters with 175 atoms (Fig. 36b) [131]. The image in Fig. 36¢ displays
the structure after the deposition of 0.05 ML Ir resulting in small clusters
with 6 atoms at 250 K and after that heating to 350 K. One of the final
conclusions of the experiments is that the moire of a monolayer of h-BN
on Ir (111) substrate successfully templates highly ordered clusters of
different materials with average cluster sizes of up to 175 atoms. Ir
superlattice degradation is negligible up to 700 K. Ir clusters bind to the
h-BN moire valley, forming strong Ir cluster atom-B atom bonds, and
strengthening the Ir substrate atom-N atom bonds, which are supported
by ab inito calculations [131].

The morphology and properties of nanoparticles are extremely
important in catalysis. Therefore, the above mentioned conclusions help
to understand certain catalytic processes and the highly regular h-BN
nanosheets and mainly the h-BN nanomesh could fit for catalytically
active metals as suitable template. Supported heterogeneous catalysts
consist of highly dispersed metal clusters on a high surface area support.
The particle size and dispersion of metal are very important factors for
the catalytic efficiency. The frequently used oxide supports can influ-
ence the activity of the oxide supported catalysts, while the oxides
themselves are also active in many cases. One particularly interesting
issue is to follow the catalytic process on metal nanoparticle arrays
grown on a moire patterned two-dimensional support, which is usually
chemically inert, such as h-BN, thereby excluding the effect of the
support.

The highly ordered h-BN moire has other important application
fields such as quantum computing or magnetic storage. The structures of
Sn on h-BN/Ir (111) [213] and h-BN/Rh (111) [269] are of interest in
quantum-based applications due to unique optical and electronic prop-
erties. Co adatom behaves differently on h-BN depending on the sub-
strate. Co composes small nanoparticles in the pores of the h-BN/Rh
(111) nanomesh, which start to coalescence at elevated temperatures
without any significant intercalation. However, even the small amount
of coadsorbed oxygen decreases Co agglomeration and significantly
enhances its intercalation [272,273]. It is remarkable that a significant
effect of metal substrate on the magnetic anisotropy of cobalt on h-BN
nanomesh was observed [234] XAS, XMLD and XMCD experiments show
a large out-of-plane magnetic anisotropy for cobalt individual atoms
adsorbed on h-BN/Ru (0001), while cobalt atoms on h-BN/Ir (111)
surface have basically no anisotropy. The experimental data with DFT
calculation infer that the different magnetic anisotropy derives from
various Co adsorption sites, namely atop nitrogen on h-BN/Ru (0001)
and 6-fold hollow on h-BN/Ir (111) surfaces. The experimental and
theoretical studies clearly represent the dissimilar corrugations of h-BN
on Ru (0001) and Ir (111) substrates [235].

Interestingly, it was reported that the Mn, Fe and Co adsorption on h-
BN/Rh (111) drastically influences the bonding of the nanomesh to the
metal, a single transition metal atom weakens the interaction of more
than 60 neighboring h-BN unit cells to the underlying metal substrate
[273]. Sm growth on h-BN supported by Ir (111) offers a new route to
the formation of magnetic cluster superlattice [132]. The data showed
that Sm;3 clusters are negatively charged upon deposition on the top
center of pore region of h-BN/Ir (111) support. The evolution of a sig-
nificant magnetic moment and huge magnetic anisotropy energy of Smj3
cluster as well as its high stability enables the Sm;3@h-BN/Ir (111)
system for application in magnetic storage.

5.2. Functionalization of h-BN by alkali metals and ions

Functionalization and intercalation of h-BN produced on Au (111), Ir
(111) Ru (0001) [217,235,243,283] and on h-BN film [287] with K, Cs
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Fig. 36. (a) STM topograph of h-BN/Ir (111) after deposition of 0.57 ML Ir at 250 K. Average cluster size, s,y = 65 atoms. Cluster number density n = 1.00 islands per
moire unit cell. In the upper left, a substrate step is located underneath the h-BN template. In the lower right, bare Ir is present. (b) Topograph after deposition of 1.5
ML Ir at 350 K, s,y = 175 atoms and n = 0.98. Two clusters with opposing triangular envelop are marked by white dots. Two clusters each displaying two different
height levels are highlighted by white arrows. (c) STM topograph after deposition of 0.05 ML Ir at 250 K and subsequent annealing to 350 K resulting in s,, = 6 atoms.

Reproduced from Ref. [131].

and Li were investigated earlier. By combining ARPES, XPS and DFT
calculations, it was shown that the metallic substrate easily ionizes the
alkali dopants and exposes h-BN to strong electric fields leading to large
band-energy changes [218]. Adsorbed Cs does not alter the morphology
of h-BN/Ir (111) markedly, whereas an intercalated layer of Cs de-
couples the 2D sheet and smoothens its corrugation [243]. Recently,
detailed STM investigations were carried out on the adsorption of Cs and
K ions in the valleys of h-BN/Ru (0001) [283]. Fig. 37a and b presents
STM topographs of h-BN/Ru (0001) at two Cs surface concentrations.
The moire pattern with periodicity d, ~ 3.2 nm originates from the
lattice mismatch between h-BN layer and Ru (0001) surface. The cir-
cular darker areas correspond to the valley regions, where the distance
between h-BN and the metal substrate is small. The bright dots are alkali
adatoms in the valleys. At low coverages of Cs (Fig. 37a), the majority of
cells are occupied by an alkali atom.

As illustrated above, it turned out that the moire pattern of h-BN/Ru
(0001) is a good template for alkali (Cs and K) atoms. At increasing
alkali coverages, more and more alkali atoms are adsorbed in the pores.
Due to charge transfer from the alkali metal to the Ru (0001) substrate, a
static electric field is formed. The positive charge on Cs and K atoms
makes them repulsive to each other. Furthermore, the different sizes of
Cs and K, the shapes of the template are different for Cs and K, which
leads to the various effective diameter.

Deposition of Li atoms on h-BN monolayer on Ir (111) substrate was

¢

investigated with ARPES and LEED [235]. Stepwise Li deposition
continuously shifts the band structure of h-BN to larger binding energies
due to charge transfer by alkali atoms. At low coverages, Li atoms
intercalate under the h-BN layer, where they are highly charged and
induce a large shift of the band structure. Besides, intercalated Li atoms
effectively decouple h-BN from the Ir (111) surface and as a consequence
decrease its moire corrugation. Fig. 38 shows a typical ARPES map of
h-BN/Ir (111) interface in the I'K direction, which provides proof of
good quality of the h-BN layer, with 61, 63 and © bands noticeable. The
shift of o bands upon Li deposition is visualized in Fig. 39.

Li atom has small size, therefore it is a fascinating candidate for
intercalation of h-BN mono- or multi-layers at a wide range of concen-
trations. It has been pointed out that Li-functionalized h-BN has a po-
tential to serve as an electrode in batteries [288]. Li reduces the band
gap of h-BN from 5.7 eV to 3.7 eV [289]. The transport behavior of Li
ions has an important factor in batteries. A recent study confirmed that
Li ions can migrate with less damping and smaller transport energy
barrier with the help of h-BN in form of nanoflakes (BNNFs). It is
demonstrated that an attractive coupling exists between Li ions and
BNNFs, the tested BN containing electrolyte exhibits excellent ion
transportability [290]. The observed migration property is very similar
to the proton transport in layered h-BN membrane [291].

Mg doping procedure is a promising way to high-quality p-type
doped h-BN films [292]. The important characteristic feature of
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Fig. 37. (a) and (b) STM images of h-BN/Ru (0001) with Cs adsorption. Cs concentration is A = 1.11 MUC™! (moire unit cell) (a) and A = 3.19 MUC™! (b). Image size
is 25.6 x 25.6 nm?. Bias voltage is U, = —2.0 V (a) and Uy, = —2.4 V (b) Tunneling current is Iy = 20 pA. (c) Cs density dependence on the distance to the cell center
obtained from over a hundred singly occupied cells for A = 1.11 MUC™’. Reproduced from Ref. [283].
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Fig. 38. ARPES map of h-BN/Ir (111) system along the I'K direction presented
as (a) raw data and (b) second derivative in the y coordinate. Electronic bands
of h-BN, = and the two ¢ bands (c; and 65) are visible. Additionally, replicated ¢
bands (ogr; and ogro) can be discerned as well. Thin dashed line in panel (b) is
the TBA fit to the = band. The inset in panel (b) shows LEED image of system (E
= 56 eV), with the moire diffraction spots surrounding the first order diffraction
spots of Ir and h-BN. Reproduced from Ref. [235].

Mg-doped h-BN is a collective up shift of the valence bands, which gives
an application possibility for wide bandgap optoelectronic devices.

5.3. The role of vacancies in the interaction with adatoms

Defects in h-BN monolayers can strongly influence adsorption
properties of several gases, for example activated H, molecules or
hydrogen atoms and certain metals atoms like Cr. Such kind of modifiers
may play a decisive role in the growth process of h-BN on different
substrates (metal single crystals, Si(100) or Au/Cr bilayer). The effi-
ciency of the defective h-BN monolayers highly depends on the density
of boron and nitrogen vacancies [181]. The advantages of defects in the
sp? sheet and other imperfections in h-BN system have been discussed in
a nice review published in the last decade [15]. The result obtained in
the near feature will deliver significant development in interface engi-
neering, in the field of magnetic and (opto)electronic including com-
puter science.

Nowadays, a large effort is being made to improve the single atom
catalysis (SAC) in order to achieve high activity and selectivity. At the
same time, the application of such type of catalyst in technology is
limited by their stability. Atom-like active components easily aggregate
on the support under catalytic conditions. The results obtained in this
prosperous and rapidly growing research area are collected recently in a
minireview [293] and in other comprehensive works [294,295]
Recently published works demonstrate that vacancies influence the
binding strength of adatom on h-BN structure [296]. In certain cases, the
metal atoms are more stable on the B vacancy than N vacancy site in
h-BN, in other case, in Au modified system, opposite trend was observed.
The geometry, stability and electronic character of several metal atoms
such as Co, Ni, Cu, Ag, and Au on the vacancy defected h-BNNS/Cu(111)
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Fig. 39. Astack of EDCs at k| = 0.4 A~ for a sequence of Li deposition steps. 1-
Minute-long (left of dashed line) and 2-, 4- and 6-min long deposition steps
(right of dashed line) have been employed. The shifting bands are the ¢ bands of
h-BN. Non-shifting Ir bands are also visible. Reproduced from Ref. [235].

systems were investigated by DFT calculation [297]. Both boron and
nitrogen vacancy defects were used for this purpose. The schematic
summary picture of single-atom-catalysts (SAC) on h-BN/Cu(111) is
shown in Fig. 40.

The structures of metal atoms (Co, Ni, Cu, Ag, Au) on B and N va-
cancy defected h-BN supported on the Cu(111) were optimized [297].
According to the results, the metal atoms are stabilized at vacancy sites
(B and/or N) by strong chemical bonds. The stronger chemical bond
prevents surface diffusion and coalescence to form large particles. The
sequence in the BE of metals is the following: Co > Ni > Cu > Au > Ag.
The metals at the vacancy site bond to three B atoms. The length be-
tween metal and boron increases in the opposite from Co < Ni < Cu <
Au < Ag direction. It should be emphasized that the binding strength of
metal atoms, except Au atom on the NV/Cu is less than that for BY/Cu.
The reason is that the larger electronegativity of Au atoms attracts the
electronic charge from the B atoms of the h-BN sheet. The majority of
metal adatoms is stable on h-BN nanosheet support. The stability of
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Fig. 40. Representation of single-atom catalysts on h-BN/Cu(111). Reproduced
from Ref. [297] Graphical abstract.
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metal atoms is higher on B-vacancy site than N-vacancy site.

The preparation of atomically dispersed metal catalysts is rather
difficult due to coexistence of sites with different nature such as nano-
clusters and nanoparticles. Recently a macro-kinetic theory captured the
competing processes of nucleation and production of single atoms (SA)
stabilized by point defects on h-BN [298]. The theoretical results are
supported experimentally. Pt on exfoliated h-BN was investigated by
aberration-corrected scanning transmission electron microscopy.
Fig. 41a display the elementary reactions with the kinetic model. It
contains different steps: re-evaporation, surface diffusion, capture of
adsorbed Pt atom by point defect, lateral attachment of metal atom and
on-top attachment of metal atom from gas phase to growing nanocluster
(NC). Fig. 41b represents the SA:NC ration with key kinetic parameters.

The 2D h-BN atomic sheets are important electrically insulating
materials, their deep UV bandgap is ~5.5 eV. It is an important finding
that the transition metal doping of h-BN without metal support suc-
cessfully engineers the BN bandgap [299].

In quantum technology it is crucial to protect the engineered elec-
tronic state. h-BN is an outstanding candidate for this purpose due to its
physical, chemical and mechanical properties [15,300-303]. Oxidation
and sulfurization processes were used for this purpose. The formed
nanostructure is passivated by chemically inert (h-BN) layer. The
h-BN/CuS heterostructure are confined within the nanopores, effec-
tively forming an extended array of quantum dots (QD). Very recently, a
scalable segregation-based growth approach, managed by the h-BN
overlayer to develop quantum dot arrays at the h-BN/Cu(111) interface
was presented [304]. The segregated sulfur generated quasi-hexagonal
CuS nanostructures initiating creases in h-BN layer, and increasing
scattering potential and local work function (®) change that allow to
restrict both the Shockley surface state and image potential states (IPS)
of the h-BN/Cu structure. Fig. 42a illustrates the h-BN covered QD array
growth mechanism and the resulting a new electronic structure. A h-BN
layer was produced on Cu(111) through borazine decomposition, and a
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high-temperature treatment initiated the segregation of sulfur from the
Cu(111) bulk (Fig. 42b).

Fig. 42c represents the production of quasi-hexagonal nanoporous
CuS network below the h-BN layer. The local @ is significantly enhanced
atop wrinkles (h-BN/CuS/Cu(111)) as compared to the pore (h-BN/Cu
(111)) regions (Fig. 42c and d). STM and STS confirmed that both the
surface state and the IPSs are trapped at the pore regions of the system
(Fig. 42e and f).

6. Catalytic reactions on functionalized h-BN nanosheets
6.1. Surface reactions of small molecules on metal-supported 2D h-BN

The knowledge of the adsorption properties and reactivity of several
gas molecules on transition metal-supported h-BN monolayer is impor-
tant to understand the mechanism of technologically important surface
reactions. For the first time, BN as an inert support for 55-atom gold
clusters (~1.4 nm) was used in selective oxidation of styrene with
dioxygen [33]. Somewhat smaller conversion was measured on inert
h-BN than on the other small activity SiO at the same surface concen-
tration and Au particles size. A sharp cluster size threshold in catalytic
activity was found, in that particle with diameter of ~2 nm, and above
no activity was found. It was suggested that the small activity increases
from the altered electronic structure intrinsic to small gold nanoclusters.
The surface adsorption behavior for several gas molecules (Hs, N3, CO,
NO and CO») on bare and transition metal-modified h-BN layer has been
studied by means of DFT calculations [305]. Furthermore, a
first-principles study was extended very recently on the adsorption of
NO3, NO, NH3 and CO on noble metal (Rh, Pd, Ag, Pt, Au) modified h-BN
monolayers [306]. NO is easily adsorbed on h-BN monolayer with metal
dopants, principally Pt doped system results in the lowest adsorption
energy of NO. It could not be directly decomposed. In the case of CO
oxidation, the adsorbed product O,gs can bind with CO and produce CO5
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Fig. 41. (a) Competing processes included in the kinetic nucleation theory. (b, c¢) Phase diagrams showing the dependence of the SA:NC ratio (logarithmic scale) and
the mean diameter of NCs on the kinetic parameters involving the total loading of metal atoms, Jt, the density of point defects, Ny, and the effective change in the
nucleation barrier caused by the point defects, RT Inf. The white cross and black symbols on the phase diagrams correspond to the probe and validation experiments;
their approximate positions on the Jt/Ny axis are 12.55, 1.55, 0.35, and 0.07. Reproduced from Ref. [298].
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Fig. 42. Illustration of the h-BN covered QD array growth process and the resulting electronic structure. (a) Growth of h-BN/Cu(111) through borazine decom-
position. (b) High-temperature annealing inducing segregation of sulfur from the Cu(111) bulk. (c¢) Formation of quasi hexagonal nanoporous CuS network below the
h-BN layer after extended annealing. (d) Illustration of the topographic and potential landscape of the architecture. CuS quasi hexagonal structures scatter the Cu
(111) surface state (SS) while the h-BN wrinkle region (h-BN/CuS) with ®1>®0 scatter the IPS. (e) Schematic of the h-BN/Cu(111) and h-BN/CuS/Cu(111) band
structures. Dark (light) orange indicates occupied (unoccupied) bulk states of Cu(111), while green indicates the h-BN conduction band. The red parabola around Er
corresponds to the Shockley surface state of Cu(111), while the one below the vacuum level EV corresponds to the m = 1 IPS. (f) 3D rendered dI/dV maps of the
confined surface state (V = —0.2 V) (left) and confined IPS (V = 3.8 V) (right). Reproduced from Ref. [304].

in gas phase. The knowledge of adsorption behavior of CO is a key issue
in the establishment of the related catalytic reactions and the vibrational
spectroscopy is frequently used to probe the surface properties of metals
on supports by assessing adsorbed CO [307-310]. The adsorption of CO
was investigated by HREELS, TPD, DFT methods on Au/h-BN/Rh (111)
[173,174]. In the case of gold nanoparticles produced on different ox-
ides a significant size effects were concluded based on IR spectra of
adsorbed CO. CO does not adsorbs on defect free h-BN nanomesh pro-
duced on Rh (111). On Au/TiO, the CO band shifts from 2126 to 2122
em ! with gold deposition (from 1.8 to 3.1 nm) [311]. On Au/FeO(111)
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this main character continuously grows and shifts to lower wave-
numbers from 2131 to 2108 cm ™! as a function of Au coverage [312].

The HREELS measurements were performed on a clean and Au
deposited h-BN/Rh (111) surfaces [173]. The CO was dosed at 90 K, Au
coverages were varied between 0.1 and 1.0 ML, the deposition tem-
perature was at room temperature. On the h-BN/Rh (111) interface, only
the transverse optical phonon feature with out-of-plane polarization
(TO.) and the overlapping longitudinal optical (LO), in addition, the in
plane polarization (TO|]) phonon peaks appeared (Fig. 43a). The
absence of any vibrational mode attributable to CO bands on bare
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Fig. 43. HREELS vibrational spectra of 100 L of CO dosed on bare h-BN/Rh (111), and on 0.1 and 1 ML of Au deposited on h-BN/Rh (111) at room temperature. CO
dosing and measurement were done at 90 K. (a) Survey spectra showing all recorded vibrational peaks from 0 to 500 meV (0~4000 cm™ ). (b) Close-up of the C-O
stretching region. Data points are open circles, and fits to the data are solid lines. Each spectrum is fit with a single Gaussian peak using a linear background

subtraction. Reproduced from Ref. [173].
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h-BN/Rh (111) certified that h-BN nanomesh is inert to CO (Fig. 43b).
Following deposition of Au on h-BN/Rh (111), peaks appeared at the
C-O stretching region. CO frequencies depended on the gold coverages.
At very low coverages band was observed at 2066 cm ™ *. A blue-shifts in
CO band with increasing Au coverage was measured, at 1 ML Au
coverage the band appeared at 2078 cm ™. The observed tendency in CO
frequency shift could be associated with decreased back-donation [173].

The interaction of CO with Au/h-BN/Rh (111) structure was inves-
tigated parallel with XPS and HREELS [174]. In Fig. 44a the Au 4f; /2 XPS
peak was followed as a function of Au coverage on h-BN/Rh (111) at
300 K. At very low coverages the Au 4f;,5 XPS was detected at ~83.7 eV,
which is less than bulk value (84.0 eV). This lower binding energy value
at low coverages can be attributed to negative charge on Au particles
due to electron transfer from h-BN/Rh (111) system supported by DFT
calculations [47,173]. The size of Au nanoclusters and the negative
charge at low coverage influenced the position of the CO vibrations on
HREELS on Au/h-BN/Rh (111). In contrast to large particle size, at these
submonolayer gold coverages (small particle sizes) the CO vibration
appeared at 2090 cm™!. At higher gold coverages the peak position
continuously shifts towards the bulk value (Fig. 44b). Small Au clusters
with negative charge and the shift from lower CO frequency to the
higher up to gas phase value (2143 cm™!) were published [313,314].

It turned out that Pt doping can increase the absorption capacity of h-
BN monolayer for the gas molecules and enhance the catalytic activity
for electrochemical elimination of NO. Up to now, there are no sys-
tematic, comprehensive studies available on catalytic behavior for metal
atoms modified h BN. In recent past, it was proven that metal adatom on
h-BN shows excellent catalytic performance for NO reduction [315]. The
interaction of CO with Pt (111) surface has been investigated under 2D h
BN overlayer [316-318]. TEM and in situ surface spectroscopic results
obtained under near ambient pressure conditions suggest that CO mol-
ecules intercalate in monolayer h-BN nanosheets on Pt (111) substrate in
CO atmosphere but desorb from the h-BN/Pt (111) surface even at 300
K. CO oxidation on the single Cu atom supported on two kinds of h-BN
monolayer (boron vacancy, Bv and nitrogen vacancy Nv) was studied by
DFT calculations [296]. Interestingly, spontaneous CO oxidation has
been observed on nitrogen vacancy system. Recently a series of Pt
nanoparticles coated with h-BN nanoreactors (Pt@h-BN) were planned
for photoreduction of CO5 to methane [319]. The important results show
that as the number of h-BN layers increases the selectivity of the COy
photoreaction dramatically changed from CO formation to CHs4
production.

Reactivity and passivation of Fe nanocluster (Fe-NCs) on h-BN/Rh
(111) was studied in CO dissociation [274]. Especially in the
Fischer-Tropsch synthesis, the reactivity of CO and its interaction with
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Hj on low Miller-index Fe single crystal surfaces are technologically
important issues. The dissociation of CO on the Fe nanoparticles was
followed by in situ high-resolution XPS. TPXPS was applied to study the
thermal stability and structural changes of the Fe-NCs.

The as-prepared Fe-NCs were exposed to the CO at 150 K Fig. 45a.
With increasing exposures, the main signal was detected shifting from
285.34 to 285.77 eV, and a shoulder at lower binding energies, shifting
from 284.41 to 284.92 eV. The XPS peak at 285.77 eV is attributed to CO
adsorbed at on-top sites, while the small shoulder at 284.92-284.57 eV
originates from the hollow and the edge sites as. The shift in binding
energy with increasing coverage, indicates lateral interaction of the
adsorbed molecules. The small feature around 284.5-283.8 eV corre-
sponds to graphitic and carbide species, respectively.

After CO adsorption TPXPS was carried out shown in Fig. 45b. The C
1s intensity of CO decreases due to partial desorption. Two new signals
emerge at 283.17 (blue) and 282.82 eV (green), which are attributed to
CO dissociation at ~298 K to Fe3C. On carbon and oxygen precovered
Fe-NCs no adsorption of CO at hollow/edge sites was detected. Fe sites
were blocked by C and O atoms.

6.2. Surface reactions of hydrocarbons, aldehydes and alcohols on metal-
decorated h-BN stabilized on metal supports

Ethylene adsorption, its reaction and coking on Pt/h-BN/Rh (111)
system was followed by synchrotron-based high resolution in-situ XPS
[270]. In this study Pt nanocluster arrays supported on the h-BN/Rh
(111) moire served as a model catalyst for C;H4 dehydrogenation. The
obtained TPXPS results on nanomesh were compared with the CyHy
adsorption on Pt (355) see Fig. 46.

Fig. 46 shows the C 1s XP spectra obtained in situ during adsorption
at 120 K obtained on stepped Pt (355) and on h-BN supported Pt
nanocluster, respectively. The CyoHs-saturated systems were heated to
600 K while continuously recording the C 1s TPXP-spectra. Up to ~250
K, the amount of CoH4 decreases. Above 250 K, there is no ethylene on
both surfaces, the dominant species are the CCHs(edge) CCH3(tacet)
overlapping with CCH, intermediate up to ~400-420 K. CCH species
appeared from ~400 K up to 531-560 K. Undefined carbonaceous
species are produced as the final product of the C;H4 decomposition
above 451 K. These experiments, with stepped Pt (355) and Pt supported
on h-BN nanomesh, well-presented that well defined h-BN monolayer
can serve as a template for the Pt nanoclusters exhibiting edge/step sites
suitable for model catalysis.

CH3CHO is a key intermediate in the transformation of primary al-
cohols, especially CH3CH2OH, on supported metal and oxide surfaces
[320-322]. It was concluded that CH3CHO bound in an nz(C,O)
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Fig. 44. (a) Changes in the Au 4f,,5 XPS peak position and integrated area as a function of gold coverage on h-BN/Rh (111). The Rh 4s contribution was subtracted.
The solid lines are to guide the eye. (b) Effect of gold coverage on the v(CO) HREELS peak after adsorption of 5 L CO on clean and gold decorated Rh (111) at 170 K.

Reproduced from Ref. [174].
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Fig. 45. (a) C 1s spectra collected during CO adsorption on the as-prepared Fe
nanoclusters. The dashed lines indicate the shift of the COyp, (red) and COpoliow,
edge (Orange) species during adsorption. Minor amounts of Cg, and Cgy are
shown by the purple and ocher dashed lines, respectively. CO saturation was
reached at 1.2 L and CO exposure was stopped at 2.6 L. (b) C 1s spectra
collected during TPXPS of the as-prepared Fe nanoclusters. The dashed lines
show the Fe3C (blue) and Fe3C surface (green) species. Reproduced
from Ref. [274].

configuration on well-defined Pt surfaces [323-326] 1’]2-CH3CHOa de-
composes to different products, such as CH,CO,, CHs, CHs, CH, H,, CO,4
and adsorbed carbon. The reaction between neighboring n'-(0)-
CH3CHO species is observed on Rh (111), this interaction leads to the
formation of oligomers or polymers [325,326].

The first step of CH3CH2OH reactions, is the dehydrogenation
forming ethoxide species. Its further reactions are determined by the
nature of support oxide [308,309]. It is commonly believed that large
gold particles are not reactive in many catalytic reactions. However, it is
demonstrated that small particles of Au clusters supported on different
metal oxides show enhanced catalytic activity for different reactions
because the shape, sizes and electronic structures of Au (<2-3 nm) are
different from the bulk properties [137,327-330]. The other dramatic
factor known to influence the catalytic activity is the
strong-metal-support interaction (SMSI), which could influence the ac-
tivity and selectivity of catalysts [331,332]. Besides graphene, the other
catalytically inactive support is the h-BN. The h-BN formed on metal
surfaces can help to avoid the "disturbing effects” of oxides in the
explanation of the nature of active sites on gold nanocatalysts.

The interaction of acetaldehyde (CH3CHO) with Au supported h-BN
prepared on Rh (111) was studied by AES, HREELS and TPD [48,174].
STM, XPS and LEIS experiments were performed to characterize the Au
nanoparticles on h-BN. First it was demonstrated that the h-BN without
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Au adatoms is completely inert toward acetaldehyde at 170 K [173]. Au
deposition allows only molecular adsorption of CH3CHO. Below 0.2 ML
Au exposures no aldehyde adsorption was detected. At rising Au from
0.3 to 2 ML the adsorbed of CH3CHO continuously increased. TPD
spectra showed only aldehyde desorption. An effort was made to iden-
tify CO, Hy, CoHsOH or other possible thermal reaction products without
any success. Depositing 1 and 2 ML Au at 300 K causes the formation of
3D nanoparticles. As it was observed by STM Au nanoparticles nucleated
tendentiously at the pore-wire interface [48,173].

In Fig. 47 a and b the specific vibrations of CH3CHO on Au nano-
particles for 2 ML (a) and 5 ML (b) gold coverages are demonstrated.
Losses showed up at ~850, 1120, 1180, 1350, 1425 and at 2980
cm ™ lafter adsorption of CH3CHO at 170 K on 2 ML Au covered h-BN/Rh
(111) surface in addition to the TO (transverse optical) phonon peak
with out-of-plane polarization (~790 cm™!) and to phonon peak in-
plane polarization (~1350 cm’l) [264]. In the case of 5 ML gold, the
h-BN HREELS loss features were screened by admetal [252]. The char-
acteristic losses for adsorbed CH3CHO disappeared below 300 K. These
HREELS are in agreement with the loss spectra of acetaldehyde detected
on annealed Au layer on clean Rh (111) [174]. It was concluded from the
loss feature that the adsorption structure of aldehyde on Au nanoparticle
sites located at pore-wire interface of h-BN nanomesh is different from
r]z-CH3CHOa form, it represents a rather mixed (different species) layer.
The results obtained on Au covered h-BN/Rh (111) indicated that edge
and corner atoms having negative charges (Fig. 45) are responsible for
the enhanced adsorption capacity.

Before discussing the ethanol interaction with h-BN/Rh (111) and
Au/h-BN/Rh (111), it is useful to make short comparison with the re-
sults obtained on clean Rh (111). According to literature, Rh (111) C-C
bond dissociation, CO and Hy desorption after adsorption of ethanol
were observed [324]. Desorption of CH4 was also observed in a smaller
amount, which is formed through n?-CH3CHO, intermediate. Charac-
teristic vibrations attributable to nz-(O,C)—CH3CHO species at 670,
1105, 1195, 1340, 1410, 2890 and 2980 cm ™! were found in agreement
with former work [325]. The other observation is that the clean Rh
surface acts as an excellent C-C bond rupturing catalyst; the clear
indication is that the adsorbed CO is detected at 2040 cm™ ! [333]. The
adsorption of CH3CH20H on monolayer h-BN at 170 K and following
heating showed that the ethanol interacts weakly with the surface. The
losses due to ethanol appeared but completely disappeared around 250
K [23].

The effect of Au nanoclusters on the reaction path of ethanol on h-
BN/Rh (111) was studied by means of TPD and HREELS [23]. TPD data
were collected at different Au coverages and all the possible reaction
products (CO, Hy, CH3CHO, CH4 and H30) were searched (Fig. 48).
Undecomposed ethanol desorption finished up to 300 K. Hy and
CH3CHO desorption at amu 2 and 29 were detected simultaneously at
350-450 K from the 1.5 ML Au covered h-BN/Rh (111) (Fig. 48A). These
TPD results indicate dehydrogenation reaction path on Au nanoparticles
supported on h-BN/Rh (111) surface; the reaction stopped at acetalde-
hyde formation. The following reaction steps are suggested:

C,HsOHyg —CyHs0H (5)
C3HsOH o) — CoHs0(q) + Hg) (6)
C5H50\q) — CHsCHO ) + Hyg) )
CH3CHO o —CH5CHOyg, )
Ha) + Higy=Ha) 9

Another interesting feature is the gold coverage dependence: a sig-
nificant amount of CH3CHO product was measured only at a certain
coverage range (Fig. 48B). Above 1.5 ML gold coverages aldehyde for-
mation was not measurable. The templated Au clusters in the pores of
the h-BN and a charge transfer between the substrate and Au occurs at
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Fig. 46. C 1s XP spectra measured during adsorption and consecutive TPXPS of [(a)-(c)] ethylene on Pt (355) and [(d)-(f)] 0.7 ML Pt/h-BN/Rh (111) nanocluster
arrays. (a) Waterfall plot of XP spectra from the ethylene adsorption on Pt (355) at 120 K, pethylene = 7 X 10~° mbar; (b) waterfall plot of XP spectra from the follow-
up TPXPS, 120-600 K, p = 0.5 K/s; (c) color-coded density plot of the TPXPS; (d) waterfall plot of XP spectra from the ethylene adsorption on Pt nanoclusters at 140
K, Pethylene = 7 X 10~ mbar; (e) waterfall plot of XP spectra from the follow-up TPXPS, 140-600 K, $ = 0.3 K/s; (f) color-coded density plot of the TPXPS. Reproduced
from Ref. [270].
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Graphical Abstract.

low Au coverage, which could contribute to the selective behavior of
Au/h-BN/Rh (111) catalysts.

It should be mentioned that Au nanoparticles on several supports
showed different selectivity in ethanol decomposition, the products (CO,
CH3CHO, ketone, CH4) were dependent on the nature of oxide supports
[334].

Fig. 49 summarizes the interactions of ethanol with clean metal Rh
(111), h-BN/(Rh (111), Au/h-BN/Rh (111) with low Au coverages and
the fully gold covered Au/h-BN/Rh (111) surfaces. The size of the
nanomesh unit cell compared to gold clusters in schematic cartoon are
over represented for the best impression.

As described in Ref. [23], the adsorption of the gold adatom and the
formation of a 19-atoms Au atomic cluster were modeled by DFT.
On-top-B adsorption of the Au adatom in the pore of the h-BN nanomesh
on Rh (111) was found energetically preferred with 0.49 electrons
negative charge on the Au. To model differently coordinated Au atomic
sites, a 19-atoms Au atomic cluster was considered, and a slightly bent
2D island was formed according to DFT optimization. The negative

charge on the Au atoms is clearly related to the coordination number of
the particular Au site: the less the coordination the larger amount of
excess electrons (negative charge) was found. Thus, the larger negative
charge at the rim of the Au island can be related to the larger catalytic
activity of such Au sites, in agreement with the experimental findings
described in the previous subsection.

Without presence of Au, the preferred adsorption site of atomic
hydrogen is found at the on-top-B site in the pore of the h-BN nanomesh,
just as for the gold adatom. In this case the H has 0.52 electron (nega-
tive). Once the model 19-atoms Au atomic island is present on the h-BN
nanomesh, it covers the otherwise favorable H adsorption site, and the
energetically favored H adsorption occurs at the outer rim of the Au
island: the hydrogen is bound to a 3-coordinated vertex Au and a 4-co-
ordinated edge Au atom, and the H is negatively charged with 0.08
excess electron.

In comparison the adsorption of single ethanol on either the pure h-
BN or the 19-atoms Au island (mimicking the low-coverage Au regime)
in the pore of the h-BN on Rh (111) it was found that there is no clearly
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preferred molecular adsorption site and geometry. These results are in
agreement with the experimental finding of a very weak interaction
between h-BN and ethanol [23]. A 19-atom Au cluster was considered in
DFT calculations to model the essential physics and to understand the
relationship between atomic coordination number and atomic charges
in a small model system.

6.3. Catalytic activity of single-metal atoms, clusters, and nanoparticles
on h-BN structures

Presently the studies of single atom catalysis (SAC) and single atom
adsorbents (SAA) are in the focus of research. A single atom catalyst
based on Co, Ni, Cu atom adsorbed on h-BNNS was investigated using
plane wave based pseudo-potential approach [296]. The geometry and
electronic structure of these metals on B and N vacancy h-BN sheet were
studied first. Fig. 50 represents optimized structures of different atoms
on vacancy defected h-BN.

O, was used as a probe for the characterization of activity of single
atom catalysts. The results showed that the stability of the above
mentioned elements is higher at the vacancy site than on vacancy-free h-
BN. It was concluded that metal atoms at B vacancy donate electronic
charge, while metal atoms at the N vacancy defects accept electronic
charge from the h-BN sheet. The interaction of oxygen with h-BN metals
adsorbed in vacancies showed that the interaction energy is higher at the
N defected site. As a consequence, CO oxidation on Cu@NV leads to
spontaneous CO; formation showing that the metals at N vacancy de-
fects are more active for O—O bond activation. The interaction of O, with
Ni and Au modified h-BNNS was also studied [297]. The obtained results
suggested that Ni/h-BN elongates the O-O bond similar to that in the
unsupported case. The elongation of the O-O bond is significantly
higher in the case of gold atom on h-BNNS than in the unsupported case.
These differences are reflected in the catalytic efficiencies of the two
metals supported on h-BN nanosheets.

Group IIIA single-metal atoms (Ga, In, Ti) embedded in h-BN for
selective adsorption desulfurization via S-M bonds were investigated by
DFT calculation [335]. DFT showed that metal atoms prefer to replace
boron atoms on h-BNNSs rather than nitrogen atoms. A schematic rep-
resentation of this substitution is shown in Fig. 51.

It was concluded that Ga atoms have the strongest bond in vacancy
due to their smaller atomic radius. Quantum chemical calculations
pointed out that the increased adsorption capacity could be contributed
to the newly formed S-M bonds, while the n—x interaction is preserved.
All metal substituted samples (M-BN-SAAs) have better adsorption
desulfurization ability than the pristine h-BN nanosheets. In-BN-SAAs
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are the best adsorbents. M-BN-SAAs exhibit good selectivity to remove
thiophenic compound (THs) rather than aromatic compounds.

Au, Auy and Aug clusters on h-BN nanosheet and its Ni(111) sup-
ported analog was investigated in oxygen bond activation by DFT cal-
culations [257]. The optimized geometries of Au, Auy and Aug on
free-standing h-BN sheets are presented on Fig. 52. Au atom likes to sit
on-top site of the B atom. As agglomeration is strongly expected, Auy and
Aug clusters are bonded to the N site of h-BN. Au dimer bonds perpen-
dicular with one gold atom attached to the nitrogen atom on-top site on
the h-BN with Au-N distance of 2.25 A. The Aug cluster favors planar
configuration, the Au-Au distance lie between 2.63 and 2.71 A.

On free-standing h-BNNS, Au elongates the O-O bond more than Auy
and Aug. On the Ni(111) support, the adsorption sites are influenced,
both Au and Au; favor on-top B atom. On h-BN/Ni(111) the O-O bond
elongation is largest for the on the Aug cluster. The Ni support can
modulate the spin structure of the h-BN sheet and mainly the boron
atoms become more activated which control the O-O bond activation
along with the gold atoms of Aug cluster.

The perfect h-BN could be an ideal support to investigate pure metals
due to its chemical inertness. The pristine boron nitride fiber (BNF)
showed no catalytic activity in the CO, hydrogenation processes [67]. In
order to study the catalytic behavior of Pt particles without disturbing
effect of oxide support, size-controlled (~4.7 &+ 0.6 nm) Pt nanoparticles
were impregnated on the BNF, characterized and tested in COy + Hp

(a) (b)

O

v O

O O

o

Cu

Fig. 50. Optimized structures of the M atom (M = Co, Ni, Cu) on boron and nitrogen vacancy (M@BY and M@N") defected h-BN sheet. While figure a, b and ¢ show
the M atoms on boron vacancy, figure d, e and f show M atoms on nitrogen vacancy sites. The inset of Fig. 50(c) shows the stable structure of Cu embedded BY, where

Cu atom can occupy the in-plane location. Reproduced from Ref. [296].
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(a)

(b)

(c)

dau-au= 2.63 to 2.71 A

Fig. 52. Optimized geometries of Au atom (a) Au dimer (b) and Aug cluster (c) on h-BN sheet. The green, blue and yellow balls indicate B, N and Au atoms,

respectively. Reproduced from Ref. [257].

reaction. As it is presented in Fig. 53, the activity of the Pt/BNF catalyst
is lower than that of the Pt/SiO, (Pt/SBA-15), which is widely used for
reference [336].

It was revealed by XPS measurements that there is no electronic
interaction between Pt nanoparticles and the h-BN support. In situ
DRIFTS experiments suggested that the reaction proceeds via RWGS
mechanism as was predicted by DFT calculation on Pt (111) and Pt
nanoparticles [337]. CO production occurs via a HOCO intermediate.
The nature of active sites was characterized by CO adsorption as a probe
molecule. It was supposed that the bands observed on Pt/BNF are
related to CO adsorbed on {111} facets of Pt nanoparticles as well as
edges, corners, {100} and {110} facets [338]. The band at 2046 cm!
may be associated with higher content of steps, edges [339]. The facets
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containing Pt structure formed on h-BNF are responsible for the small
catalytic activity in COy hydrogenation. The Pt structure on h-BN fibers
are presented in Fig. 54.

Although the BN structure is chemically inert in most cases, it may
influence the catalytic activity of metals. The h-BN nanosheets have an
important behavior, namely they could provide high dispersity for metal
nanoclusters. When the catalytic reaction is structure sensitive, the
dispersity of the active metal has a crucial role. This was the case in
selective hydrogenation of aromatic diamine, which is a technologically
important catalytic reaction [340]. Traditionally, the 4,4-dia-
minodihexyl-methane (PACM) can be produced by hydrogenation of 4,
4'-diaminodicyclohexyl-methane (MDA) at high temperature and pres-
sure with Rh, Ru, or Rh/Ru bimetallic catalysts in the presence of alkali
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Fig. 53. (a) TEM image of the Pt-impregnated BNFs, the inset is the size distribution of the Pt nanoparticles, (b) the CO, consumption rate of the support (BNF) and
the Pt/BNF sample, and (c) comparison of the catalytic performance of different chosen catalyst support with the Pt nanoparticles [67].
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Fig. 54. Schematical representation of Pt structure on h-BN fibers Ref. [67].

ion modifiers [341]. In this type of catalytic process, the reaction is
controlled by hydrogen activation. Recently, it was found that h-BN
nanosheets provide excellent support for highly dispersed Ru, therefore,
the Ru/h-BN nanosheets catalyst exhibited outstanding activity in the
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Fig. 55. Illustration of hydrogenation of MDA to PACM on Ru/h-BN. Repro-
duced from Ref. [35].

hydrogenation of aromatic amines, resulting in corresponding alicyclic
amines [35].

XPS experiments suggested that the Ru interacts with B and N sites
forming Ru-N and Ru-B coordination and promote the production of
ultrasmall particle size Ru clusters. Ho-TPD measurements on Ru/h-BN
catalysts showed that the high dispersity promoted more hydrogen
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adsorption, 5 % Ru content performed an excellent ability for dissocia-
tion of Hy. The catalytic activity of Ru/h-BN catalysts were tested in
hydrogenation of MDA to PACM. It is an important observation that
although the h-BN nanosheets without Ru loading were not active in the
above hydrogenation, with addition of ruthenium the hydrogenation
reaction is significantly enhanced. In a temperature range of 90-110 °C
almost 100 % conversion was reached, the H{MDA intermediate prac-
tically converted to PACM. The reaction is illustrated in Fig. 55.

In the last couple of years, some studies have reported that not only
on oxides but on non-oxide cases support, including h-BN, the SMSI
(encapsulation) phenomena may operate [34,37,158]. Generally, the
SMSI leads to coating the active sites and decreases the catalytic activity
[332,342]. Surprisingly, the SMSI phenomena has been detected
recently between metal nanoclusters, e.g., Ni, Fe, Co, and Ru and inert
h-BN nanosheets [343]. On few oxide-less supports, like BN, reveal a
positive effect of SMSI on stabilizing metal nanoparticles and preventing
their aggregation [344-346]. The catalytic study at Rh/BN interface in
the dry reforming of CH4, (DRM) demonstrated that SMSI effect permits
the Rh nanoparticles to be encapsulated by BOy overlayers [347].
Interestingly, when the partial pressure of reactants was increased
(COy/CH4 = 3/1), no encapsulation layer was observed. At this reaction
condition the Rh/BN interface exhibits increased activity and long-term
stability during the dry reforming. The reactants destroyed the encap-
sulated structure. This observation helps to understand the SMSI effect
at the interface between metal nanoparticles and non-oxide support like
BN. Fig. 56 represents the SMSI effect and catalytic performance of
Rh/BN interface during DRM.

6.4. Structure and catalytic activity of metal-oxides on h-BN support

A corundum-Rhy03 was deposited on h-BN after decomposition of
the Rh(NO3)3 during calcination [348]. Based on TEM results and first
principle calculations it was found that corundum-Rh,03 with (110)
seed plane can be formed on h-BN and successfully applied selectively in
methane partial oxidation to syngas. It is well-known that the unmodi-
fied and modified RhyO3 exhibit high catalytic activity in partial
oxidation of CHy, but due to their structural heterogeneity complex re-
action mechanisms, such as the desired direct path [349] forming CO
and H,, and the undesired indirect route [350], where total CHy4
oxidation occurs, followed by steam- or dry-reforming with the
remaining CH4. From a technological point it is important that the
corundum-Rh203 on h-BN surface works selectively in methane oxida-
tion. Rhy03 structure prepared on h-BN was investigated by Hy-TPR,
XPS and TEM. The results are displayed in Fig. 57.

The H,-TPR picture of Rh/h-BN has only a single symmetric peak
with Tpax = 146 °C, which can be assigned to the reduction of RhyO3
(Fig. 57a). The other supports have at least two peaks originating from
disordered Rh-oxides species. The Rh 3 d spectra obtained on h-BN were
compared to other RhyOs/support systems (Fig. 57b). On RhyO3/h-BN
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314.5 eV (Rh3" 3ds3/2) and 309.7 eV (Rh3* 3ds,2) photoemission peaks
were detected, these values indicate that there are fully oxidized Rh®*
states from RhyOs3 species on Rh/h-BN. The lower binding energies at
~313 and ~308 eV in Rh/y-Al303, Rh/SiO,, and Rh/TiO; indicate the
presence of Rh® (0 < & < 3) species, which belong to the oxygen-
deficient oxides [351]. STEM profiles represent uniform morphology
of Rhy03 on h-BN (Fig. 57¢). RhyO3 nanoparticles having an average size
of 220 + 0.46 nm (Fig. 57d) with (-116)/(—222)/(006) and
(112)/(113)/(005) planes of the corundum-Rh;03 (I) phase are also
shown.

The reaction on h-BN without RhyO3 catalyst performed negligible
activity up to 750 °C, indicating that the Rh species play a significant
role in CO yield of methane oxidation. The catalytic behavior of the
supported RhyO3 nanocatalysts (Rh/h-BN, Rh/y-Al,03, Rh/SiO, and
Rh/Si3Ny) heat treated at 600 °C was investigated for methane partial
oxidation. The catalytic performances of the tested catalysts are shown
in Fig. 58.

Rh/h-BN catalyst demonstrated a 72.5 % yield of CO, as good as that
of one of the most active catalysts, Rh/y-Al;03 at 650 °C at the same
reaction conditions. Rh/SiO; and Rh/SizN4 showed a somewhat lower
yield (Fig. 58a). The lowest yield was measured on Rh/ZrO, and Rh/
TiO5 mainly with total oxidation, (CO5 formation). The Hy/CO ratio at
different weight hourly space velocities was constant (WHSV) on
Rh303/h-BN and the stability of the high activity was observed on this
catalyst (Fig. 58b). In comparison, Fig. 58c represents the CO selectivity
obtained in all catalysts, which clearly shows that the single-phase
Rhy03 (I) in Rh/h-BN catalysts have a significant effect on catalytic
activity in the partial oxidation of methane. The catalytic behavior of
Rh303 prepared on h-BN support contributes to the understanding of the
distinctive metal-oxide support interactions at the nanoscale.

Ag/Fe304@h-BN exhibited outstanding enzyme-mimicking activity.
Both peroxidase- and oxidase-mimicking activities were designed and
successfully fabricated for wastewater treatment [339]. The catalyst
involved an alternative and supplement for wastewater treatment con-
taining complex and nonbiodegradable pollutants. In principle, under
optimal circumstances, over 99.5 % of methyl orange, methylene blue
and rhodamine B were degraded by Ag/Fe3O4@h-BN, while 63.35 % of
As(V) was removed. The Ag can bind stronger to h-BN and it is stabilized
on its surface active sites [27,352]. In addition, doping of metal oxides,
including Fe30y, is an effective strategy to increase the activity of this
type of nanozyme catalysts [353,354]. These are the primary reasons the
complex catalyst could mimic the enzymes activity using h-BN support.

6.5. Therole of vacancy sites of h-BN in heterogeneous catalytic processes

It was discussed above and it is commonly considered that h-BN
behaves as a catalytically inactive material; however, it could serve as
ideal support in studying the catalytic effect of active metal without the
effect of metal-support interaction [355,356]. However, if vacancy
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Fig. 56. Rh/BN catalyst deactivated after dry reforming of methane could be removed by CO, or H,O treatment. Reproduced from Ref. [347] Graphical abstract.
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selected-area FFT pattern. Reproduced from Ref. [348].
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Fig. 58. Catalytic performance of rhodium oxide nanocatalysts. a) MPO test at 650 °C over supported rhodium oxide catalysts (Feed: 4 % CHy, 2 % Oy with Ar
balance, WHSV: 2280 Kg~'h™'). b) H,/CO ratio versus WHSV conditions for MPO at 650 °C over Rh/h-BN, Rh/y-Al,0s3, and Rh/SiO, catalysts. ) CO selectivity and
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defects are prepared, then h-BN could be activated. It was presented that
h-BN upon steam activation generates B-OH groups at the edges of
h-BN, and the activated h-BN efficiently catalyzes the oxidative dehy-
drogenation of propane with a high selectivity toward propylene. It is
supposed that hydrogen abstraction of B-OH groups produces the active
sites for propane dehydrogenation [345]. The activation of BNO site in
dehydrogenation of C3Hg to CH,—CH-CHj3 is demonstrated in Fig. 59.
Pt nanoparticles on vacancy-rich h-BN nanosheets were investigated
and catalytically tested [357]. In a typical fabrication process of B and N
vacancies the commercial h-BN was ramped to 800 °C under air several
times, kept at this temperature for 5 min. After calcination, the sample
was placed into a liquid nitrogen-filled bottle. This catalyst shows an
electronic effect on Pt induced by the BN nanosheets with N-vacancies
and B-vacancies for excellent CO oxidation catalysis [357]. The charge
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analysis pointed out that with Pt on B-vacancies, the h-BN nanosheets
behave as a Lewis acid to accept electrons from Pt, and on the other hand
when Pt sits on N-vacancies, the h-BN nanosheets act as a Lewis base for
donating electrons to Pt. This electronic effect results in an electron-rich
character of Pt on h-BN sheets. Fig. 60 gives an illustration about the
h-BN sheet with B and N vacancies. Fig. 61 displays TEM and STEM
profiles of exfoliated few-layer h-BN nanosheets with high exposure
edge and 5 + 0.5 nm cubic Pt nanoparticles.

On the bare h-BN nanosheets, the charge transfers between Pt and h-
BNNS is very small as can be seen in Fig. 62a. The cluster binding energy
(BE) is —2.00 eV. In the case of N and B vacancies (NV and BY) the Pt
cluster binds at these defective sites with Eg of —7.22 eV and —7.77 eV,
respectively, by developing Pt-N and Pt-B bonds (Fig. 62b and c).

Electron energy loss spectroscopy (EELS) and in situ CO-DRIFT
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Fig. 59. Edge-hydroxylated h-BN as a catalyst for oxidative dehydrogenation of
propane. Reproduced from Ref. [345].

experiments suggest that the interaction between Pt NPs and N-va-
cancies is dominating. The electron-rich Pt favors the adsorption of O,
weakening CO poisoning, hence promoting the catalysis. This type of
new catalytic system may suggest a method to plan and evolve highly
stable supported Pt catalysts with controllable activity and desirable
selectivity for other heterogeneous reactions.

In some cases the metal nanoparticles tend to accumulate at the edge
or grain boundaries of h-BN sheet forming dislocations, B or N defects
and OH terminal groups which could induce certain catalytic reactions
[31,358]. Recently, confined metal catalysis on h-BN/metal interface
was experimentally observed and theoretically studied [15,31,
359-361]. The h-BN layers interact weakly with the metal surfaces
through van der Waals forces, which are available for intercalation of

® Natom

edge. Reproduced from Ref. [357].
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many small gas molecules (Hp, O, HyO, CO, and CH4) [15]. The
confined catalysis may also offer a unique opportunity to tune the
metal-molecule interaction and the catalytic efficiency [359].

An ultrasmall Ni nanoclusters (~1.5 nm) deposited on defective h-
BN nanosheet catalysts were prepared for methanol dehydrogenation.
The produced catalyst has higher CH3OH dehydrogenation ability than
that of some other nickel-based catalysts [38]. The important part of the
preparation of defect-rich h-BN nanosheets consists of combined exfo-
liation method of gas and lithium intercalation-based exfoliation. In the
first step the bulk h-BN was thermally pre-treated at high temperatures
(800 °C). The important remark is that this temperature is lower than the
oxidation temperature of h-BN (1100 °C). The next step is the Ni
nanocluster deposition on the vacancy-abundant BN nanosheets. The
process and the proposed “pit” structure of Ni/h-BN are presented in
Fig. 63.

The nucleation and growth of Ni nanoclusters preferably occurred at
the BN,O defects. A “pit” model structure was supposed for the Ni/h-BN
system, where the nanoclusters sit on bare h-BN nanoflakes and interact
with close edges of h-BN so that the small size of nanoclusters is pre-
served. This arrangement facilitates the CH3OH adsorption, products
transferring resulting in excellent catalytic activity and selectivity. In
Fig. 64, the catalytic activity of Ni nanoclusters on different substrates
for CH3OH dehydrogenation is collected.

Fig. 64A displays the size effect of Ni nanoclusters in hydrogen
production in methanol decomposition on Ni/h-BN catalysts. It can be
seen that the smaller size of Ni nanoclusters favors the dehydrogenation
of CH3OH. In addition, smaller nanoclusters show higher selectivity. On
Ni-based catalysts the decomposition products are the Hy and CO, CHy is
only by-product. Fig. 64B and C shows the Hy and CO selectivity ob-
tained on different Ni catalysts. Fig. 64D displays the long-term stability
of the catalysts. In all respects, the Ni on defective h-BN nanosheets give
the best record in the catalytic decomposition of CH3OH. In summary it

O Batom

Fig. 60. Schematic illustration of h-BNNS with B and N vacancies. (a) h-BNNS with B vacancy and N-terminated edge. (b) h-BNNS with N vacancy and B-terminated

Fig. 61. Representative TEM and STEM images. (a) TEM of Pt/h-BNNS. Scale bar, 50 nm. (b) STEM of Pt/h-BNNS. Scale bar, 50 nm. (c) High-resolution STEM of h-
BNNS with vacancies, as indicated by the boxes. Scale bar, 2 nm. Reproduced from Ref. [355].
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Ny. (¢) Pt4 cluster on h-BNNS with By. Reproduced from Ref. [357].
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Fig. 63. Schematic illustration of the formation of defective h-BN nanosheets and further deposition of Ni nanoclusters. Defective h-BN nanosheets (B) were prepared
from bulk h-BN (A) by a combined exfoliation method of gas exfoliation and lithium intercalation-based exfoliation. Ni nanoclusters were deposited by in situ
reaction of lithium naphthalenide with [Ni(Cp)2] (Cp = CsHs) in the h-BN nanosheets solution. Proposed “pit” structure of the Ni/h-BN nanocomposite (C).

Reproduced from Ref. [38].

can be concluded that the ultrasmall Ni nanoclusters (~1.5 nm)
deposited on vacancy-abundant h-BN nanosheets exhibit outstanding
activity and selectivity in CH30H dehydrogenation. Calculated turnover
frequency (TOF) is the best in comparison with some other Ni supported
catalysts published earlier.

Very recently it was observed that the extent of oxidation state of h-
BN (h-BN(O)) support influences the catalytic efficiency [362]. Au/h-BN
(0) and Pt/h-BN(O) nanohybrid catalysts were studied both in CO
oxidation and CO, hydrogenation reactions. The h-BN particles were
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prepared by plasma-chemical method using boron trichloride. The ob-
tained product was annealed under vacuum at 1500 °C denoted as
h-BNNPs. The catalytic behavior of this unoxidized, pristine h-BN
nanoparticle was compared with its oxidized counterpart (h-BN(O)).
The h-BN(O) nanohybrid catalyst (denoted as h-BNNPsOx) was pro-
duced by oxidation, the h-BNNPs was exposed to air at 1100 °C for 2
min.

Pt/h-BN(O), and Au/h-BN(O) nanohybrids were prepared by
impregnation method from their appropriate salts (HyPtClg-6H20) and
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Fig. 64. Catalytic performance of Ni nanoclusters on various substrates for methanol dehydrogenation. (A) Hydrogen productivity of Ni/h-BN nanocomposite with
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(C) Selectivity and (D) the long-term durability of various catalysts for methanol dehydrogenation (methanol feeding rate, 0.1 mL/min; N, feeding rate, 30 mL/min;

temperature, 300 °C). Reproduced from Ref. [38].

(HAuCly-nH30) [362]. The supported Au and Pt catalysts were charac-
terized by different spectroscopic and microscopic methods. The sum-
mary results are displayed in Fig. 65. Besides the phonon feature of
h-BN, the FTIR spectra indicates B-O and OH bands in the case of
oxidized samples. According to the HRTEM results, the materials are
highly defective and contain several interfaces and edge dislocations.
The XPS spectra contain peaks due to B-N bonds and a contribution at
192.0 eV corresponding to B-N-O bond. BNO-based catalysts exhibit
higher activity compared to their oxygen-free counterparts. Pt/h-BN(O)
shows high catalytic activity in CO conversion and CO; hydrogenation.
The significantly higher CO, conversion rate observed on the
BNNPsOx-supported Au and Pt catalysts is connected with better COy
adsorption on oxidized h-BN. The activity of Pt/h-BN(O) was higher
than that of Au/h-BN(O). The enhanced Pt-h-BN interactions can in-
fluence O, and Hy adsorptions, thereby accelerating catalytic reactions.

The encapsulation tendency could be more pronounced when the h-
BN contains significant amount of defects created by etching processes.
It was found by TEM that weak oxidizing reagents like CO, and HyO
promote the encapsulation of Ni nanoparticles by BOy originated from
the h-BN support during the CH4 + CO2 (DRM) reaction. The encapsu-
lation process on Ni@BOy/h-BN is presented in Fig. 66. It is suggested
that in reaction at 750 °C, BOy is formed during the strong etching of h-
BN. Boron-oxide could encapsulate the Ni nanoparticles.

The results of in-situ surface investigations and theoretical calcula-
tions suggested that surface B-O and B-OH sites in the formed BOy
encapsulation overlayers exhibit synergistic effects with the Ni active
sites to catalyze the CH4 + COq reaction rather than inhibiting the re-
actions. The role of the B-OH groups in the DRM reaction is supported
by DFT calculations. It is revealed that the stable configuration is a
B-O-B structure at the B-zigzag edge of the h-BN nanosheets. The
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estimated thermodynamic energy in each step for DRM is presented in
Fig. 67. Firstly, the CHy4 dissociates hydrogen on Ni sites, the H atom
reacts with B-O-B to form B-OH-B sites. CO; assists in breaking one
B-O bond and adsorbs on B atom and finally dissociates.

6.6. The role of h-BN nanosheets in electrochemistry and photochemistry;
oxygen and hydrogen evolution reactions

Conductive BN is auspicious catalyst support for the oxygen evolu-
tion reaction [40]. The O5 evolution reaction (OER) is an important
electrochemical reaction for batteries, energy storage and conversion.
Recently, carbon based catalysts, CNT, Gr, are the best catalyst support
for these processes due to their electrical conductivity and low cost [363,
364]. The boron nitride unfortunately has low electrical conductivity
which prevents its utilization in electrocatalysis [40]. Very recently,
one-atom-thick boron nitride co-catalyst was found for enhanced oxygen
evolution reactions. Nowadays, theoretical and experimental results
showed that mid-gap state could be prepared with the help of interlayer
B-B dipolar interaction [40]. The recently published results showed that
laser-modified h-BN with C, O dopants (L-BN) is an excellent support for
OER reaction. Pulsed laser is a facile way of breaking chemical bond and
create ones. Therefore, the PLA technique may help to create interlayer
B-B dipolar interactions in BN, making BN an excellent support for
catalysts [365]. Applying laser-induced interlayer B-B dipolar interac-
tion with IrOy catalyst, N-C=N bonds are formed, which are playing an
important role in the high activity and stability. Recently, single-atom
doped catalysts on BN sheets were found as cathode for oxygen reduc-
tion in proton-exchange membrane fuel cells [366]. Very recently highly
efficient OER/ORR bifunctional electrocatalysts were developed on
h-BN co-doped with transition metals such as Fe, Co, Ni and carbon
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[367]. Their excellent ORR activities are comparable to that of Pt (111).
The catalytic systems exhibit high thermodynamic stability. Mn-doped
vacancy h-BN turned out as a noble-metal-free active electrocatalyst
for ORR reaction by DFT calculation. The ORR reaction was found to be
thermodynamically advantageous in the Mn-doped vacancy-BN [366].

In certain cases, metal-supported h-BN monolayers (h-BN/M) were a
new candidates for electrocatalytic application in the reduction process
[284,368]. Several fabrication methods have been recommended to
introduce defective and metal-doped h-BN/Cu(111) systems as electro-
catalysts for the HER. DFT calculation results suggested that
defective/metal-doped h-BN can be modified successfully and the Cu
(111) support plays an important role in tuning the reactivity [368]. It
was also demonstrated that Au clusters on the h-BN/Au (111)exhibit
significant activity in HER reaction. It is usually observed that h-BN is
inert, but a single-layer h-BN with an underlying Au (111) substrate has
chemical activity. The observed charge transfer between the supported
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Au clusters and the h-BN/Au (111) surface enhanced the catalytic ac-
tivity of the Au,@h-BN/Au (111) system for HER [284].

An ordered surface oxide on Cu(111) surface protected by an h-BN
layer through oxygen intercalation was prepared and characterized. XPS
and ARPES features show that the h-BN layer remained intact. Inter-
estingly, during oxidation a new state between the Fermi level (Er) and
the onset of the Cu d bands appeared. It was observed that the con-
duction band is at a sufficient energy to drive the HER for water split-
ting, however, the photoexcited electrons showed short lifetimes [369].
For the future, the h-BN deposition and oxygen intercalation to Cu foil
may direct this system into a useable photocathode. A few years ago it
was observed and studied that fluorinated h-BN nanosheets have effec-
tive performance as cathode material in magnesium batteries [370].

It turned out recently that Pt@h-BN/Al,O3 nanoreactor is very effi-
cient in CO; to CH4 photoreduction [319]. Nearly 100 % CHjy selectivity
was achieved. The best way to reduce the level of CO; is to use it as a
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Fig. 66. SMSI process on Ni@BO,/h-BN during dry reforming of methane at 750 °C. Reprouced from Ref. [343] Abstract.

a I’ y . \\
/
CO +H, <l CH,OH" .' Y co;

Step 3 ¥ 4
\
x=2,AG=135¢eV | N,
x=1,AG,=-0.16 oV S
x=0,AG,=-0.62 eV m
CH, I cu.'_/1 ¥
S35

-
-
7’

Fig. 67. (a) DRM catalytic cycle on Ni@BOy based on experimental and DFT calculation results. B, N, O, C, and H atoms are marked by pink, blue, red, gray, and
white balls, respectively. (b) Classical SMSI effect in Ni/h-BN catalyst. Reversible structure evolution between bare Ni NPs and Ni@BOy induced by CO, or/and H,O
in the DRM reaction atmosphere is shown. Reproduced from Ref. [343].

44



L. Ovdri et al.

starting material for production of more valuable compounds (CO, hy-
drocarbons). The hydrogenation of CO3 to CO and hydrocarbons with
thermal- and photocatalytic application is very promising [137,
371-373]. In the investigation with Pt@h-BN nanoreactors it turned out
that as the number of h-BN coating layers increases, the selectivity of
photocatalysis is altered from nearly 100 % CO5 to CO to nearly 100 %
CO, to CH4 [319]. In situ characterization and theoretical calculation
showed that the optimal 3-layer h-BN coating creates the best confine-
ment effect with more CO; intermediate complex production and with a
higher selectivity. The important step is the C-O bond cleavage in CO
molecules and the key intermediate is the negatively charged CO
(CO32). This work offers a new direction for the gas—solid phase photo-
catalysis of CO, to hydrocarbon formation using h-BN assisted
confinement effect, with Pt nanoparticles.

The use of modified h-BN to tune a semiconductor photocatalyst is
one of the viable ways for the evolution of H, by water splitting [39,374,
375]. This possibility is due to the unique properties of the h-BN,
because it can suppress recombination of the photogenerated charge
carriers and hence enhance in the redox processes. Very recently, h-BN
nanosheets were modified with Ni,P and with excess boron. The h-BN
(B)-NipP composite coating was investigated in solar water splitting.

Combining the narrow band-gap (Eg~1 eV) semiconductor Ni»P with
the insulator (Eg~6 eV) h-BN sheet, a serious drop in the recombination
rate of the photogenerated charge carriers was observed. The transfer of
the holes onto the h-BN sheets prevents their recombination with excited
electrons. The proposed photocatalytic hydrogen production is sche-
matically shown in Fig. 68. Excess boron enhanced the activity of the
composite. This boron increased the concentration of negative charge.
The combined effect of the primary photocatalyst and boron enhanced
the rate of Hy evolution. It was pointed out that by fluorine doping the
band gap of h-BN nanosheets drastically decreased [184]. Bi-layer
structures can be formed with different F doping ratios via van der
Waals interaction. Based on first-principles calculations, it was demon-
strated that h-BNNS bi-layers can be converted to visible light absorp-
tion materials through band-gap tuning. The band edge positions of the
F-doped h-BNNS bi-layers with doping ratios of 6.25 at.%, 25 at.%, 37.5
at.%, and 50 at.% are all well aligned to straddle the redox potentials of
water at pH = 0, which can be used for water splitting. These nano-
composite structures give a possibility to construct materials for

......... + Primary reaction

......... + Secondary reaction

H, + B,0;

Fig. 68. Schematic illustration of the proposed mechanism for the photo-
catalytic H, production in the h-BN(B)-Ni,P composite coating. Reproduced
from Ref. [39].
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photo-voltaic cells and develop new metal-free photocatalysts applied
for example for water splitting.

7. Summary and outlook

The intensive worldwide research in the last 15 years executed for
the fabrication, characterization and application of all possible 2D ma-
terials possessing atomic thickness and macroscopic lateral extent
resulted in an exceptionally great success. This achievement is partially
due to the highly developed arsenal of surface science techniques
widened continuously in the last 60 years and ready for atomic scale
characterization of solid state material surfaces. The other sources of the
success were undoubtedly coming from one side the existence and wide
application of fast quantum mechanical calculation, from another side
the huge international community of research institutes interested in
finding new materials and new perspectives or their application in
different hot topics like energy science, nanoelectronics and green
chemistry. This latter one connects mainly to classical heterogeneous
catalysis and its modern sub-areas like nanocatalysis, single atom
catalysis or chemical nanosensorics.

The present work is dedicated mainly to the different aspects of the
characterization and application of a single 2D material, namely hex-
agonal boron nitride (h-BN). Nevertheless, the structure of this review is
going toward the gradual increase of the complexity of the related h-BN
based materials (starting from its metal supported forms, its decoration
by metal atoms or molecules, investigation of the appearing chemical
reactions, up to the application fields of the related catalytic processes)
can serve as a good example for similar future studies on other 2D ma-
terials, as well.

The monolayer h-BN synthesis has been successfully performed more
than two decades ago, however experimental efforts are developing
nowadays in this field, especially in the atomically-thin h-BN direction.
Within the h-BN nanosheets subject, we put in the focus the formation,
characterization and application of the “nanomesh” produced on metals.
The unique properties of highly regular corrugated h-BN nanomesh
structure offer excellent possibility of the adsorbed atoms or molecules
for a tailored (template) adsorption configuration. We kindly call for
further investigations in this direction. The nanomesh structure may
direct and control the adsorption of molecules and metal nanoparticles
in appropriate electronic and geometric configuration, which can lead to
catalytic reactions with the desirable selectivity and activity. Structure
determination of 2D h-BN nanosheets is in the focus of material science,
nanoscience and surface science, as well. We emphasize that the h-BN
structure will play a significant role in catalysis and chemical nano-
sensorics not only as a support but as an active component. In many
cases the h-BN materials behave as an inactive partner but in certain
cases the functionalized and/or vacancy-BN can initiate new thermal-,
photo- and electrocatalytic properties. Actually, this research area might
demonstrate exciting progress in the coming years.

The controlled modification of h-BN nanosheets with different ele-
ments, mainly with metals, and tailored interface engineering at h-BN/
metal support offers multifunctional applications. The area of potential
technological applications is continuously broadening with the combi-
nation of h-BN with different (other 2D) materials to form hetero-
structures and very intriguing interfaces. 2D h-BN is being extensively
investigated in electronics, optoelectronic, spintronic and magnetic de-
vices due to its electronic and photonic properties. To date, a few reports
discussed the interface engineering by combining h-BN nanosheets with
graphene in energy conversion and electrochemical energy storage de-
vices to further improve their performance. 2D h-BN nanoflakes to
passivate the surface states of some semiconductor films in solar cell
applications were studied in order to improve the performance by
reducing carrier recombination. Over the past few years, considerable
efforts have been devoted to the functionalization of 2D materials,
including h-BN and graphene to improve their properties of several
types of sensing, energy conversion, and storage devices [376]. A few
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experimental and theoretical studies demonstrated that chemical func-
tionalization of few-layered h-BN nanosheets is able to decrease and
tune the bandgap of h-BN nanosheets, which further expands its appli-
cation area. In the present review we also highlight some examples
where the nanopores containing 2D h-BN offer exciting opportunities for
applications in optical modulation, DNA sequencing, and quantum in-
formation technologies. The in-situ fabrication of h-BN multilayers in
controlled size, thickness and structural quality needs to be further
expanded.

As final concluding remarks of the thoughts above, we would like to
emphasize that research activity in the field of 2D materials is far from
»the end”. For example, the recent first steps toward combining 2D
materials (their vertical or horizontal nanocomposites) will certainly
deliver several unexpected new breakthroughs and perspectives. The
research on the formation and characterization of heterobilayers, where
h-BN is one of the layers, will definitely lead to new applications in the
field of 2D devices, such as p-n junctions, or thermoelectric devices.
Furthermore, the modification of BN nanostructures with carbon is
introduced into the focus of research trends nowadays. This effort will be
further amplified in the near future. Along this concept, atomic 2D
materials can be achieved by the formation of uniform hexagons con-
sisting of (BCN),. This scheme can lead one to a new horizon, namely,
the immediate formation of BCN type 2D materials by using special
precursor molecules [11,77]. This way can broaden the range of studied
materials to the so-called “BCN triangle”. Quite importantly, semi-
conducting materials with tunable band gap can be obtained this way.
Among others, the ternary semiconductor boron carbon nitride (B—-C-N
alloy) can catalyze hydrogen or oxygen evolution from water as well as
carbon dioxide reduction under visible light illumination.
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