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ABSTRACT

Graphene-h-BN hybrid nanostructures are grown in one step on the Pt(111) surface by ultra-high vacuum chemical vapor deposition using a
single precursor, the dimethylamino borane complex. By varying the deposition conditions, different nanostructures ranging from a fully
continuous hybrid monolayer to well-separated Janus nanodots can be obtained. The growth starts with heterogeneous nucleation on
morphological defects such as Pt step edges and proceeds by the addition of small clusters formed by the decomposition of the dimethylamino
borane complex. Scanning tunneling microscopy measurements indicate that a sharp zigzag in-plane boundary is formed when graphene
grows aligned with the Pt substrate and consequently with the h-BN layer as well. When graphene grows rotated by 30°, the graphene
armchair edges are seamlessly connected to h-BN zigzag edges. This is confirmed by a thorough density functional theory (DFT) study. Angle
Resolved Photoemission Spectroscopy data suggests that both h-BN and graphene present the typical electronic structure of self-standing
non-interacting materials
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Introduction

The rational combination of different 2D nanosheets to
assemble complex hybrid nanocomposites represents a powerful
strategy to produce materials with radically innovative and
improved properties [1]. This method has made possible the
preparation of artificial solids with unique features that can be
easily manipulated according to the nature of the materials that are
used, and the way they are combined [2,3]. So far two main routes
were investigated: the stacking of nanosheets on top of each other
by taking advantage of their 2D nature and scarce intralayer Van
der Waals interactions [4], or the formation of in-plane
heterostructures [5]. The first approach is already well-established
as demonstrated by many seminal works [6,7,8] the second is still
largely unexplored because of the great challenges associated with
the synthesis of interfaces where the atoms of one material are
covalently bonded to those of another one, while maintaining a
precise structural order [9]. The characterization of such systems
is very challenging and requires the use of sophisticated
techniques that are able to investigate chemical and structural
properties at the atomic level. Nonetheless, 2D heterostructures
are currently sparking a great deal of interest: theoretical
calculations predict that in-plane interfaces should possess novel
electronic [10,11,12,13,14,15] and physicochemical properties
[16,17,18,19] which can be the stepping stone for developing new
devices and atomically thin circuitry [20,21,22,23]. Therefore, it
is of great importance to develop strategies for preparing
interfaces engineered at the atomic scale and to characterize their
unique properties. Currently, many substrates and several
procedures have been used to create lateral heterostructures [9]
mostly exploiting heterogeneous nucleation [24] and 2D
heteroepitaxy [25] or complex sequential lithography [20] or
molecular beam epitaxy based methods [26] On the contrary, truly
parallel bottom-up strategies are still extremely rare in the field
[10].

Here we demonstrate how to grow a variety of nanohybrids
made by forming a lateral heterojunction between graphene and
h-BN using a unique precursor bearing carbon nitrogen and boron,
i.e. the dimethylamino borane complex (DMAB). By using
Scanning Tunneling Microscopy (STM), we were able to identify
the growth conditions for the preparation of either full coverage,
continuous films, or well-separated h-BN/graphene Janus
nanostructures characterized by atomically sharp interfaces
involving zigzag/zigzag and newly reported armchair/zigzag
graphene/h-BN grain boundaries. These new interfaces have been
thoroughly investigated by X-ray Photoemission Spectroscopy
(XPS) Angle Resolved Photoemission Spectroscopy (ARPES)
and state-of-the-art density functional theory (DFT) calculations.

Results and discussion

DMAB was used as single precursor for the preparation of h-
BN and graphene layers on the Pt(111) surface. Different
pressures and temperatures were explored, refining our previous
synthesis procedure [27]. As a first step towards gaining an
understanding of the growth of a hybrid layer, we have studied the
decomposition of the precursor on a single crystal Pt surface as a
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function of temperature. Thermal Programmed Desorption (TPD)
data indicate that on the Pt(111) surface, the DMAB undergoes a
first massive dehydrogenation reaction at 270 K (Fig.1). Previous
works suggested that in this temperature range in the presence of
a catalytic metal, amino-borane adducts undergo de-
hydrocoupling and form dimeric cyclic borazanes [28,29]. Also a
subsequent H, desorption that has peaks at 450 K and 588 K is
connected to further dehydrogenation processes involving DMAB,
since H, desorbs from Pt(111) between 200 K and 400 K [30].
These additional de-hydrocoupling steps require both the partial
elimination of methyl groups, which remain adsorbed on the
surface [31] and the formation of variably substituted hexagonal
cycloborazanes units that can be considered h-BN precursors [29].
These data indicate that the DMAB in the early stages of its
decomposition provide the basis for chemical segregation at the
atomic level of h-BN units separated by carbon moieties. At about
580 K, a more extended molecular cracking is observed, resulting
in the formation of molecular hydrogen and CN species (m/z=26).
This is compatible with the reaction between methyl and ammonia
surface species on the Pt(111) with the elimination of hydrogen
[32], which is also experimentally detected. Starting from 800 K,
the signals from methane(m/z=16), ammonia (m/z=17) and
hydrogen are detected, indicating that at this temperature the
DMAB molecule and its intermediate decomposition products can
be fully dissociated into smaller units containing either only C or
N or B. The TPD data suggest that in the deposition condition (>
800 K) on the surface, the most likely species are C, N and B single
units or clusters comprising borazanes rings.

The growth of hybrid layers has been investigated by STM at
different temperatures and exposure times. At about 800 K, after
2 minutes DMAB exposure at 2x1 0™ mbar (see Fig. 2), the surface
is covered by disordered clusters and large graphene islands (Fig.
2a), and it is possible to resolve the typical Moiré pattern of
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Fig. 1. Temperature programmed reaction data of 10 L of DMAB adsorbed at
160 K on the Pt(111) surface and annealed in UHV at 2K/sec to 1000K. The
signals corresponding to hydrogen (m/z=2), carbon (m/z=12), methane
(m/z=16), Borane (m/z=13), ammonia (m/z=17) and CN (m/z=26) fragments
have been recorded with a quadrupole mass spectrum.
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graphene on Pt(111) (see Fig. 2b, where the (3x3)R19°
superstructure is visible) [33]. The islands start nucleating on the
upper rim of the Pt(111) step edges[34] and grow toward the inner
part of the terraces, adopting a disordered wave front that does not
follow a specific crystallographic direction and terminates with
randomly arranged bright spots, as expected for attachment-
limited growth [35,36].

Fig 2. STM images of the Pt(111) surface after dosing DMAB at 800 K for
2’at 2x10™® mbar a) large scale morphology, b) atomic resolution of the
(4x4)R14° Moir¢ pattern inside the graphene islands, ¢) magnified view of one
of the dome-like features that can be observed in the middle of graphene

patches.

The graphene islands often exhibit peculiar morphological
features that consist of dome-like structures characterized by a
corrugation of about 3-4 A high, (Fig. 2c). On these large
protrusions, it is possible to resolve a hexagonal pattern that, on
the very top, is highly distorted, but on the sides, matches perfectly
with that of the surrounding graphene layer. Recently, similar
morphological features structures have been observed during the
early stages of the graphene growth on Pt(111) at 850 K, using
ethylene as carbon source [37]. When compared with DFT model
calculations, these structures were found to be associated with
graphene islands where only the edges interact with the substrate,
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structures [37]. At variance with the morphological disorder
observed close to the edges, the internal parts of graphene islands
are very ordered. Atomically resolved images indicate the
presence of very few defects, which according to data in the
literature can be associated mostly with single atom N dopants,
(see figure S1) [38,39].

If the growth is continued for longer times (up to 30 minutes),
the surface becomes fully covered by graphene patches 30-50 nm
wide that are separated by highly disordered regions formed by the
aggregation of 3D clusters. At this stage, the observed LEED
pattern (not shown) is a mixture of different graphene
superstructures that result in a diffused ring. Notably, there is no
trace of the h-BN (9%9) superstructure [40].

XPS measurements (see Supporting Information Fig. S2) show
the presence of several chemically shifted components in the C 1s,
B 1s and N 1s core levels spectra, indicating the formation of
disordered carbon-boron-nitride alloys. However, the analysis of
the C ls photoemission line indicates that the most intense
component, which accounts for 63% of the total intensity, is
associated with C sp2 [31]. From XPS data, we deduce an
elemental composition of B ,5Cy 41N 33. The information provided
by photoemission measurements, combined with the observed
morphology and TPD data, suggest that when DMAB is dosed at
800 K, a graphene layer can be formed by the nucleation of small
carbon clusters, whereas the B and N atoms or cyclic borazane
units are not effectively attached to the growing graphene patch
and remain on the surfaces forming disordered 3D clusters. As a
matter of fact, the attachment of carbon atoms to the growing edge
is one of the possible rate determining steps controlling the growth
of graphene [41,36]. Interestingly, the graphene edges are able to
sort out the type of atoms that can be added to the growing islands.
This atom selection is in line with theoretical calculations that
indicate both on the basis of thermodynamic data [42] and
considerations of bond conjugation and aromaticity [43] that
graphene and h-BN should preferentially form separated phases.

When the growth temperature approaches 1000 K, it is possible
to observe also the nucleation of h-BN islands as confirmed by
microscopy and diffraction data. The corresponding LEED pattern
(Fig. S3) shows the presence of the (9%9) reconstruction of h-BN
and the formation of a diffused intensity ring due to azimuthally

E

-

Fig. 3. Hybrid graphene/h-BN films grown by the decomposition of DMAB at 1000 K. a) partially covering (2 minutes exposure to DMAB) film showing
preferential nucleation at the step edges b) fully continuous film presenting h-BN and graphene patches with disordered areas where the two materials merge c)

details of h-BN and d) graphene island edges.
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Fig. 4. In-plane boundaries (dashed black lines) between h-BN and graphene: a) the angle between the graphene and h-BN lattice is 0° a), 30° b) and 14°c). The
white (black) rhombus corresponds to the graphene (h-BN) unit cell. The insets are enlarged views of the area included in the dotted rectangles.

rotated graphene domains. An enhancement of the diffracted
intensity can be observed at 0° and 30° with respect to the <110>
Pt directions, indicating that some graphene domains are
preferentially formed [33].

The XPS measurements corroborate the diffraction and
microscopy data. The C ls photoemission spectrum shows a
distinctive sharp peak at 284.1 eV assigned to sp’ hybridized C
atoms in graphene [44], which accounts for 81% of the whole
intensity (Fig. S4). Some components due to C-B and C-N bonds
are visible, but are relatively less intense than in the lower
temperature preparation, (Fig. S2). B 1s and N 1s core levels are
also much narrower and with a spectral fingerprint compatible
with #2-BN/Pt(111) layers. The weak components at higher BE are
assigned to a minority sp’ BN, species [40], and to the presence of
the aforementioned bonds with carbon in the case of N 1s, or to
BO, bond in the case of B 1s [31]. The elemental composition of
the layer resulted Cy 59 Bo 15N¢.1900.04, Where the oxygen is due to
the atmosphere exposure after the growth.

The STM ima§es taken at the early stages of growth at 1000 K
(2 minutes at 10” mbar) show the formation of distinct patches of
graphene and h-BN, which can be easily distinguished based on
the peculiar modulation of their moiré pattern and different
orientation of their atomic lattices. Heterogeneous nucleation is
strongly favoured, but with differences between graphene and h-
BN: the former prefers to nucleate on the upper rim of Pt steps
whereas the latter on the lower one, (Fig. 3a). Atomically resolved
STM images indicate that the edges of both h-BN and graphene
islands are very defective, being characterized by bright bumps
that often deviate from a hexagonal arrangement (see Fig. 3c,d).
Therefore it seems that the growth mechanism entails the
progressive addition of atoms or small clusters provided by the
larger particles that can be observed on the uncovered Pt(111)
surface. When the exposure time is increased to 30 minutes, a
continuous patched layer of graphene and h-BN is eventually
formed (Fig. 3b), even if at the boundaries between the two
materials some rough disordered areas can be observed. CO
titration measurements indicate that despite the local defectivity
and complexity of the junctions between the h-BN and graphene,
no Pt atoms are exposed [27].

From the crystallographic point of view, different interfaces can
be observed. As suggested by the macroscopic LEED pattern (Fig.
S3), the h-BN is always oriented with the Pt(111) substrate,
whereas graphene can adopt several orientations, but the most
likely ones are those aligned with Pt or rotated by 30°. Atomically
resolved STM images of these heterostructures are presented in
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Fig. 4. When both materials are aligned with the Pt substrate, the
interface runs along the zigzag direction (see Fig. 4a); this 2D
epitaxial matching is that most commonly observed in the
literature, and was found on other h-BN/graphene lateral
heterostructures supported on Ir(111) [45], Cu(111) [46], Rh(111)
[47]. In contrast, when graphene is rotated by 30° a commensurate
interface can be observed, which entails the coupling of armchair
graphene with zigzag h-BN edges. In this case, six graphene units
(6x2.13=12.78 A) are matched with 5 of h-BN (5x2.52=12.6 A),
resulting in a minimum strain (1.4%) even lower than the simple
zigzag/zigzag matching, although it requires the formation of 5
and 7 member rings as also reported in the case of the grain
boundaries of h-BN on Cu(111), (vide infia) [48]. The interface is
quite sharp, but strong variations of the STM contrast atomic and
notable deviations from the positions expected for a perfect
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Fig. 5 ARPES acquisition of graphene h-BN heterostructure synthesized at 1000
K. a) wide energy acquisition to distinguish the h-BN electronic structure in the
high symmetry directions. The green dashed line is a guide for the eyes. b-c)
Wave-vector vs energy high-resolution profiles close to the Fermi edge. b) I to
K cut parallel to h-BN K point, ¢) cut at 30° to h-BN K point (i.e. h-BN M point).
The green and yellow dashed lines are a guide for the eyes for the position of h-
BN band at the K point and graphene © band, respectively.

hexagonal structure can be observed on the graphene side. This is

a general trait of all interfaces: the h-BN side is minimally affected,

@ Springer | www.editorialmanager.com/nare/default.asp
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while the graphene side, is both electronically and geometrically
perturbed. Since graphene can adopt several orientations, also low
angle boundaries characterized by the absence of ordered
structures can be formed, as reported in Fig. 4c, which shows the
formation of an interface between h-BN and a graphene domain
rotated by 14°. Also here it may be seen that the h-BN side is
slightly perturbed with only minor changes in the moiré
periodicity, whereas the graphene side is very defective.

Quite interestingly, when the surface is flash exposed to DMAB
(about 5 seconds) and then annealed in UHV at 1000 K for 25
minutes, the morphology is radically different: instead of large
patches, small well-separated islands are formed, which are less
than 10 nm wide (Fig. S4). Notably, most of these “quantum dots”
are made by two moieties: h-BN and graphene such as in Fig. 4a,
representing special Janus heterostructures.

The electronic properties of the graphene/h-BN heterostructures
obtained at 1000 K were investigated by ARPES. The
measurements were quite challenging because of the small
dimensions of the graphene domains; however, it was possible to
distinguish the spectroscopic features in the whole k-space of both
graphene and h-BN by means of all wave-vector parallel ARPES
acquisitions acquired by Photo Electron Emission Microscopy
(PEEM). In Fig. 5a we report the energy vs momentum dispersion
of h-BN along high symmetry directions. The positions of the
bands are the same as those observed for pure h-BN/Pt(111) [49,50]
which is distinctive of a non-interacting system.

On the other hand, the signal coming from graphene is less
intense than that of h-BN, even if the graphene covers about 60%
of the surface. This is due to the presence of differently oriented
domains as documented by STM and LEED. Interestingly, the
linear portion of the m band close to the K point is more visible
when the graphene is oriented with h-BN (Fig. 5b), while showing
lower intensity when rotated at 30° (Fig. 5c). This is the first time
that the band dispersion in the valence band of graphene patches
orientated with the main directions of the Pt(111) crystal has been
measured, instead of the ARPES more usually reported, which
pertains to the superstructure rotated by 30° [44,51,52,53] The full
wave-vector ARPES data clearly prove the presence of graphene
oriented with h-BN on a large scale, which occurs due to a 2D
heteroepitaxial growth favoured by the h-BN edges [25,54].

Because of its weak intensity, it is not possible to clearly
visualize the Dirac cones. However, by the extrapolation of the
intensity of the m band, we can estimate a doping level close to
zero for graphene oriented with #-BN as well as rotated by 30°.
Recently a hole doping of 0.44 eV has been found for graphene
growth at similar temperatures to this work on the Pt(111) surface
[51]. The negligible doping observed in the present case is related
to the presence of h-BN in the heterostructures, also the slight
excess of N in the overall composition of the film, which may
point to an excess presence of n-dopants that may counterbalance
the electron transfer to the substrate [55].

Since this is the first time that a zigzag h-BN/armchair graphene
interface has been identified (in the following simply zz-BN/a-G ),

5

and considering its Importance as a p05515|e Tiew clement 1or the

development of atomically thin circuitry, we investigated using
density functional theory calculations, its structure and electronic
properties. We considered several approaches in order to model
this special lateral interface: as a neutral and as a negatively
charged system These are presented in Figures S6 and S7. The h-
BN edge of a nanoribbon can face the edge of a graphene
nanoribbon with a B or an N row of atoms. We proved that, in all
the investigated cases, the B/C interface (a, b, ¢ in Figure S6) is
more stable than the N/C one (d, e, fin Figure S6). The most stable
neutral configuration, which will be considered in this work, is
shown in Figure 6a. This is characterized by a C vacancy at the
interface that allows saturation of all the B-C bonds in the basal
plane. However, one 7 state is not full, but only half-filled (see the
position of the Fermi level in the density of states (DOS) and the
band state crossing the Fermi energy in the band structure of
Figure S8, as obtained with both VdW-DFZCO‘)x/QE and
B3LYP/CRY 14 calculations), leaving a delocalized hole in the
system (shown as a yellow charge density plot in Figure 6a).
Adding an extra electron to this model simply fills the hole state
(Figure S7a). As a next step, we deposited the neutral model of the
zz-BN/a-G interface on the Pt (111) surface and performed atomic
relaxation. The optimized structure is shown in Figure 6b. We
observe a double arching of the nanoribbon with some enhanced
interaction at the interfacing atoms (B and C) and at the borders,
especially in the case of the graphene side. Since we believe that
this effect is partly due to the hole present in the ribbon, we added
an extra electron to the system to heal the hole. However, we
observe that this extra electron does not fill the hole, but goes into
the metal. Therefore, even a negatively charged calculation is still
characterized by the same arching of the nanoribbon. We attribute
this curvature in the hybrid structure (i) to the C/Pt hybridization
as a consequence of the hole state and (ii) to the limited width of
the ribbon, since we observe that the thinner the nanoribbon, the
larger the effect. We also analyzed the charge transfer between the
zz-BN/a-G interface and the metal support (see Figure S9). We
observe some electron charge depletion on those metal atoms that
are more in contact with the nanoribbon and some electron charge
accumulation in the space between the metal and the C atoms of
the nanoribbon closer to the surface. The electronic structure of
the nanoribbon is quite modified by the presence of the metal
surface, as we can observe by comparing Figure S8a and Figure
S10a, with some N p, states from the h-BN (blue line) shifting
towards the Fermi energy.

There is little contribution by the B atoms to the mixing with the
metal state, as one can conclude from both the DOS (Figure S10a)
and the projected band structures (Figure S10b). Then, we
performed STM image simulation and compared the result with
the experimental one in Figure 7. Note that various bias voltage
values have been considered, as documented in Figure S11. The
simulated STM image of the model proposed very nicely
resembles the experimental one.

www.theNanoResearch.com | www.Springer.com/journal/12274 1 Nano Research
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Figure 6: (a) Top and side views for the free standing zz-BN/a-G interface with the charge density plot of the half-filled band shown
in Figure S4. The cell has been repeated twice along the periodic direction. The iso-surface value is set to 0.01 ¢/A’. (b) Top and
side views for the Pt (111) supported zz-BN/a-G interface. The corrugation of the interface is labelled in the side view (in A). Color
coding: B atoms in green; N atoms in blue; C atoms in black; H atoms in white and Pt atoms in grey.
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Finally, we tried to compare the stability of the zz-BN/a-G
interface with the more common zigzag h-BN/zigzag graphene one
(later on zz-BN/zz-G, shown in Figure S12). This comparative
analysis is not straightforward since the number of atom is not
exactly the same. Therefore, we present an energy of formation that
has been normalized with the length of the nanoribbon, as defined
in the computational methods: it is +0.71 eV/A with respect to +0.52
eV/A, for the zz-BN/a-G and the zz-BN/zz-G interfaces,
respectively.

Figure 7: Experimental (on the right) and simulated (in the middle
and on the left) STM images for the Pt (111) supported zz-BN/a-G
interface. On the left, the stick model for zz-BN/a-G interface is
superimposed on the simulated STM image. Color coding: h-BN in
green, graphene in red. The bias voltage is -1.5 V.

Conclusions

We have shown that by using a single source precursor a variety
of hybrid layers composed of graphene and h-BN can be prepared.
Since on the Pt(111) surface, graphene can grow according to
different rotational angles, whereas h-BN is pinned to a unique
direction (i.e. aligned with the substrate), several different
combinations of in-plane lateral heterostructures can be formed. In
particular, we reported for the first time the existence of a linear
boundary where the armchair edge of graphene connects with the
zigzag edge of h-BN. This special interface has been thoroughly
investigated by first-principles calculations, elucidating their
structure and electronic properties. A nice agreement between
simulated and experimental STM images has been observed. The
presence of unusually abundant graphene domains oriented with

Pt(111) surface has been proven by ARPES macroscopic acquisition.

We also show that by varying the deposition conditions very small
h-BN/graphene Janus nanodots can be formed with a high yield.
Furthermore, the large density of interfaces that can be obtained by
this synthesis protocol, provides the ideal material platform for
studying the catalytic properties of in-plane
heterostructures[16,17,18,56,57], and their defectivity[58].

Materials and Methods
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Experimental
Dimethylamine borane (DMAB, 97% Sigma-Aldrich) was used
as the source for carbon, boron and nitrogen for the growth of 2D
nanohybrids. Prior to the experiment, the precursor was degassed for
several hours at 41 °C. A clean and ordered Pt(111) surface was
obtained after cycles of Ar™ sputtering and annealing at 700 °C.
DMAB vapors were dosed onto Pt(111) in the range of temperature
from 800 to 1000 K. After cooling down to room temperature (RT),
the sample was examined by a VT Omicron STM. The TPR
measurements were acquired with a HIDEN quadrupole mass
spectrometer, covered by gas-tight quartz shield terminating with a
6 mm hole in proximity of the ionization gauge, which was brought
close (2 mm) to the sample surface. The sample was fixed through
two tantalum wires to a manipulator that could be cooled down to
120 K. The desorption spectra were acquired with a heating rate of
2K/sec. The ARPES spectra were acquired with a NanoESCA II
Energy -filtered PEEM using a non-monochromatic He I (21.2 eV)
source at room temperature from a field of view of approximatively
80 um with a 107 meV overall energy resolution. The XPS spectra
were collected in a UHV systems equipped with a VG Escalab MK
II electron spectrometer using a non monochromated mg x-ray
source.
Computational methods

The lateral #1-BN/graphene interface is constructed by merging a
half 2-BN domain and a half graphene domain into one supercell.
Different interfaces occur depending on the misorientation angle
between A-BN lattice and graphene lattice. Here two kinds of
interfaces were modeled, including zigzag h-BN/zigzag graphene
(zz-BN/zz-G) and zigzag h-BN/armchair graphene (zz-BN/a-G).
For each kind of interface, the interface can be either B-C bonded or
N-C bonded. For the zz-BN/zz-G interface, a zigzag h-BN
nanoribbon unit cell with 7 zigzag chains across the ribbon width
and a zigzag graphene nanoribbon unit cell with 7 zigzag chains are
merged (shown in Figure S12 in the ESI). The zz-BN/a-G interface
was constructed by merging five units of zigzag #-BN nanoribbon
with 7 zigzag chains and three units of armchair graphene
nanoribbon with 11 C-C dimer lines across the ribbon width (shown
in Figure S6). The mismatch is 2.0%. The edges of all the h-
BN/graphene interfaces are saturated by hydrogen atoms. Both
atomic positions and lattice parameters for all the interfaces were
fully relaxed.

The thermodynamic stability of an interface can be characterized
by its formation energy (E,,.,) defined as the energy penalty per unit
length along the interface[59,14,60]:

Eprm = (Erot = NcEc — NpnEgy — NyEp)/L,

where E,; is the total energy of the interface. E, Epy and Ey are
the energy per carbon for the pristine graphene, energy per BN atom
pair for the pristine #-BN monolayer and energy per H for isolated
H, molecule. N¢, Ngy and Ny are the number of carbon atoms, BN
atom pairs and H atoms in the interface supercell, respectively. L is
the periodic length along the interface.

The Pt(111) surface was modeled by a three-layer slab model with
the bottom layer fixed during the geometry relaxation to mimic a
semi-infinite solid. To avoid interactions between adjacent periodic
images, a vacuum space of more than 11 A was included in the slab
model. The Pt(111) supported zz-BN/a-G interface was modeled by
putting a free-standing zz-BN/a-G interface supercell with 2 unit
cells in the periodic direction on a (8 x 9) supercell of the rectangular
Pt(111) unit cell. The lattice parameter for the free-standing zz-
BN/a-G interface supercell (25.31 A) was adopted stretching the
Pt(111) surface by 1.2%.

DFT calculations were mainly performed using the plane-wave-
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based Quantum ESPRESSO package [60]. The ultrasoft
pseudopotentials were adopted to describe the electron-ion
interactions with Pt (5d, 6s), B (2s, 2p), N (2s, 2p), C (2s, 2p), H (1),
treated as valence electrons. To properly take into account weak
interactions, the van der Waals density functional vdW-DF2°** [61],
which has been reported to have good overall performances for
adsorption distances of graphene on metal surfaces, was used.
Energy cutoffs of 30 Ryd and 240 Ryd (for kinetic energy and charge
density expansion, respectively) were adopted for all calculations.
The convergence criterion of 0.026 eV/A for force was used during
geometry optimization and the convergence criterion for total
energy was set at 10° Ryd. The STM images for the Pt(111)
supported zz-BN/a-G interface were simulated by using the Tersoff-
Hamann approximation[62] with a constant height of 2.5 A above
the top atom.

Hybrid functional calculations (B3LYP[63,64]) were carried out
for the free-standing zz-BN/a-G interface using the CRYSTAL14
package [65,66] to compare the results with those from PBE. The
all-electron basis sets are H|5-11(p1), B|6-24++(d1), N|6-24++(d1)
and C|6-31(d1). The convergence criterion of 0.023 eV/A for force
was used during geometry optimization and the convergence
criterion for total energy was set at 10" Hartree.

The geometry relaxation of free-standing zz-BN/a-G and zz-
BN/zz-G interfaces was performed with Monkhorst—Pack k-points
mesh of 1 x 8 x 1 and 1 x 72 x 1, respectively. For electron density
of states of zz-BN/a-G interface, k-points mesh of 1 x 22 x 1 was
used. A k-points mesh of 2 x 3 x 1 was used for Pt(111) supported
zz-BN/a-G interface.
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