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A B S T R A C T   

One of the promising ways to functionalize graphene is incorporation of heteroatoms in carbon sp2 lattice, as it is 
proven to be an efficient and versatile method for controllably tuning chemistry of graphene. We present unique, 
contamination-free method for selectively doping graphene with B dopants, which are incorporated in layer from 
a reservoir created in the bulk of Ni(111) single crystal, during standard CVD growth process, leading to clean, 
versatile and efficient method for creating B-doped graphene. We combine experimental (STM, XPS) and theo
retical (DFT, simulated STM) studies to understand structural and chemical properties of substitutional B dop
ants. Along with previously reported substitutional B in fcc sites, we have observed, for the first time, two more 
defects, namely substitutional B in top sites and interstitial B in octahedral subsurface sites. Extensive STM in
vestigations confirm presence of low and high concentration regions of B dopants in as-prepared B-doped gra
phene, indicating non-uniform boron incorporation. Among two substitutional sites, no preference is observed in 
low-concentration B-doped regions, whereas in high B concentration regions, one of the sublattices is preferred 
for incorporation, along with alignment of defects. This generates an asymmetric sublattice doping in as-grown 
B-doped graphene, which is theoretically predicted to result in notable band gap.   

1. Introduction 

Since its spectacular discovery, graphene, the first free-standing 2D 
material in solid-state physics, has been thoroughly investigated and still 
continues to intrigue researchers with its “yet to understand” properties 
[1,2]. Even though pristine graphene has a unique combination of 
electrical [3], mechanical [4] as well as electronic [5] properties, the 
lack of a band gap prevents the possibility of making next-generation 
graphene devices for practical purposes. To overcome this limiting 
factor, many attempts have already been made to introduce a band gap 
in graphene, for example by its functionalization [6,7]. One of the most 
promising ways to functionalize graphene, among the multiple devel
oped approaches, is the incorporation of heteroatoms in the carbon sp2 

lattice, as it is proven to be an efficient and versatile method for con
trollably tuning the chemistry of graphene [8–10]. Depending upon the 
heteroatom introduced, this chemically modified graphene exhibits 

quite interesting properties such as superconductivity, ferromagnetism 
[11–13] and enhanced chemical [14] and electrochemical [15,16] ac
tivity, which promote a widespread application of graphene-based ma
terials in different technologies. Even though a variety of heteroatoms - 
including S, P, Se, O, Si, and I, as well as different metal atoms - have 
been introduced in graphene, nitrogen (N) and boron (B) have attracted 
most of the scientists attention because their atomic radii are similar to 
that of carbon (C). Specifically, N, the first heteroatom introduced in 
graphene, has been widely exploited for inducing n-type doping, hence 
representing a key element for the development of microelectronic de
vices [17–19]. It also can efficiently boost the catalytic performance of 
graphene in several electrochemical processes, especially for the oxygen 
reduction reaction [17]. Additionally, like other graphene functionali
zation strategies [20], N doping holds great potential in sensing appli
cations [21,22]. N-doped graphene has been the focus of several studies 
resulting in a detailed understanding of its properties [10]. From the 
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electronic point of view, since B has one electron less than C, it repre
sents the other side of the coin, as it induces p-type doping in graphene 
[18,19]. For instance, in a theoretical study on heavily B-doped gra
phene (B-graphene), Dieb et al. discovered that B doping could increase 
the work function by 0.7 eV for concentrations above 3.1 % [23]. Also, it 
is observed that, as compared to N, B atoms can be embedded in gra
phene at higher concentrations, giving broader opportunities to tune its 
properties [24,25]. This makes B-graphene a unique and very attractive 
material from both fundamental and practical viewpoints. Recently Rao 
et al. investigated the B-doped topological line defect in graphene as a 
potential candidate to be applied as a gas-sensing device using a quan
tum mechanics framework for various gas molecules (CO, CO2, NO, and 
NH3) based on a combination of Density Functional Theory (DFT) and 
the non-equilibrium Green’s function method [26]. 

Although the introduction of B can trigger quite interesting chemical 
and electrochemical activity in the graphene basal plane [27,28], 
B-graphene has been less well-explored experimentally: basic questions 
about the dopant structure, dopant distribution, and their effect on the 
electronic properties of graphene remain largely unanswered. 

Along with the type of dopant, also the chosen underlying substrate 
plays a significant role in the growth process, as well as in the structure 
of the obtained graphene-based system. The most widely used substrates 
are Ni and Cu foils, but also Ru(0001), Co(0001), Ni(111), Ir(111) and 
Cu(111) single crystals [10,29–34]. Among these, the Ni(111) single 
crystal is a popular choice, as its lattice parameters are within 1.1 % 
those of graphene, so that, at certain growth conditions, a high-quality 
epitaxial layer of graphene with a (1 × 1) structure forms. 

However, for B-graphene on Ni(111), a basic understanding of the 
structural organization from large scale to the local environment of B 
dopants is still not that mature, and it is the focus of the present work. 
We performed systematic macroscopic as well as microscopic mea
surements, in an effort to shed light on the local environment of incor
porated B atoms in the graphene network. 

Here, we present a unique, contamination-free method for the se
lective doping the graphene layer with B dopants -which are incorpo
rated in the graphene layer from the reservoir created in the bulk of a Ni 
(111) single crystal- during the standard chemical vapor deposition 
(CVD) growth process, leading to a clean, versatile and efficient method 
of creating B-doped graphene. We have extensively investigated the 
synthesized B-graphene samples by means of Scanning Tunneling Mi
croscopy (STM) to understand the local environment of the dopant. To 
support the observations, X-ray Photoelectron Spectroscopy (XPS) 
measurements as well as extensive DFT calculations, including simu
lated STM images, were performed. Different regions of B-graphene on 
Ni(111), with variable densities of B incorporation, were investigated in 
order to understand first the selectivity and occurrence of specific kinds 
of defects in the network, and, then, their effect on the electronic 
properties of these systems. 

2. Methodology/Experimental 

2.1. STM and XPS experiments 

The experiments were performed in a UHV system with base pressure 
in the range of 1 × 10− 10 mbar, equipped with a standard sample 
preparation facility and an Omicron variable-temperature (VT) STM 
operated by a R9plus controller (RHK Technology). The B-doped (see 
below) Ni(111) single crystal was cleaned by several subsequent cycles 
of Ar+ sputtering at 1.5 kV at room temperature (RT) and annealing at 
700 ◦C, for 10–15 min. Just after cleaning and before starting the gra
phene growth, sample was flash annealed at 600 ◦C for one minute, in 
order to bring B atoms towards the surface of Ni(111) single crystal. 
Single layer B-graphene was then grown by exposing the sample at a 
temperature of 580 ◦C to ethylene (C2H4, P = 5 × 10− 7 mbar) for one 
hour with heating and cooling rate of 2 ◦C/s. In-situ low energy electron 
diffraction (LEED) measurements were used to confirm the growth as 

well as the quality of the graphene layer. In-situ high resolution STM 
images were then acquired in constant-current mode, with typical 
scanning parameters I = 3.0 nA, Vbias = − 0.2 V, to understand the ho
mogeneity as well as the quality of the B-graphene layer. In order to 
understand the repeatability and reproducibility of the as grown sample, 
sample preparation was repeated few times, keeping the growth pa
rameters constant, while several locations of each sample were imaged 
to confirm the quality of the surface. STM images were analyzed using 
the Gwyddion software package with moderate noise filtering [35]. The 
crystallographic orientation of the images was obtained by analyzing the 
epitaxial structure formed by pristine graphene on the Ni(111) single 
crystal, as described in Ref. [36]. The sample was transferred to the XPS 
set up via an ultra-high vacuum suitcase. XPS measurements were then 
performed with a laboratory X-ray source with the base pressure in the 
range of 10− 10 mbar. All spectra were collected at RT in normal emission 
geometry using a Mg K-alpha X-ray source (1253.6 eV) coupled with a 
hemispherical electron energy analyzer. Binding energies were cali
brated by measuring the Fermi level. The best fit of the experimental 
XPS data in the B 1s region was obtained using a Shirley background and 
1 Doniach-Sunjic peak, with binding energy converging to 187.29 ±
0.15 eV. 

2.2. DFT calculations 

DFT calculations were performed through the Quantum ESPRESSO 
package (QE), using a plane-wave basis set [37,38]. Ultrasoft pseudo
potentials [39] were employed to describe the electron-ion interaction, 
treating Ni (3d, 4s), C (2s, 2p), and B (2s, 2p) as valence electrons. Based 
on convergence tests, energy cutoffs of 46 Ry and 326 Ry were chosen 
for kinetic energy and charge density expansion, respectively. For the 
exchange and correlation energy, we used the no-local vdW-DF2C09x 

functional [40,41], which combines the vdW-DF2 correlation functional 
[40] with the C09x exchange functional [42]. This approach has been 
demonstrated to provide accurate predictions for adsorption geometries 
and electronic properties of graphene adsorbed on (111) metal surfaces, 
consistent with available experimental data [41]. Due to the ferromag
netic nature of Ni, spin polarization was included in all calculations. A 
convergence criterion of 0.026 eV/Å for forces was applied during ge
ometry optimization (in line with previous works for graphene/Ni(111) 
interface [43–45]), with the total energy convergence criterion set at 
10–6 Ry. 

To model the epitaxial graphene/Ni(111) interface, we employed a 
(6 × 6) supercell of graphene on a (6 × 6) supercell of Ni(111), utilizing 
the optimized Ni(111) lattice constant of 2.46 Å, in good agreement with 
the experimental value of 2.4 ± 0.1 Å [46]. Consequently, we slightly 
adjusted the lattice constant of graphene to match the metal (lattice 
mismatch of 0.4 %). A vacuum layer approximately 24 Å thick in the 
direction perpendicular to the surface was included to prevent in
teractions between adjacent images. The Ni(111) surface was repre
sented by a three-layer slab, wherein the bottom layer was fixed to bulk 
positions during geometry relaxation to simulate a semi-infinite solid 
[47]. A Monkhorst-Pack [48] k-points mesh of 3 × 3 × 1 was used for the 
geometry relaxation. STM simulations were performed using the 
Tersoff-Hamann approach [49], where the tunnelling current is pro
portional to the energy-integrated Local Density of States (ILDOS). 
Constant-current and voltage values for the STM simulations were 
selected to be consistent with the experimental data. Ball-and-stick 
models and STM images were rendered with VESTA [50] and Gwyd
dion [35] softwares, respectively. 

3. Results and discussion 

In order to obtain a single B-graphene layer on the Ni(111) substrate, 
a unique, contamination-free, and very clean method was developed. A 
Ni(111) single crystal, held at RT, was first exposed to elemental B 
deposition using an inhouse-built B evaporator for 30 min. The sample 
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was then annealed at 700 ◦C for 30–40 min in order to incorporate the 
as-deposited B in the single crystal bulk. The process of creating this B 
reservoir is schematically presented in Fig. 1a and 1b. The STM mea
surements of this substrate, presented in Fig. S1, depict a surface 
reconstruction which is not observed in the case of clean Ni(111) single 
crystal, in agreement with the theoretical indication that B incorporated 
in the bulk of Ni(111) single crystal tends to cause surface reconstruction 
[51]. 

Xu et al. have previously investigated the stability of on-surface B, 
sub-surface B, and B at the step edges of clean Ni(111) by first-principles 
calculations. They found that B atoms prefer the subsurface octahedral 
(Oct) sites over on-surface sites, and that the B binding energy increases 
slightly with increasing concentration of B atoms. This can be attributed 
to B-B interactions between the neighboring Oct sites and might suggest 
that subsurface B prefers to form subsurface clusters when the concen
tration is higher rather than distribute evenly, which eventually has a 
significant effect on the surface structure of the Ni(111) single crystal. 
The strong interaction between B atoms in neighboring Oct sites leads to 
the formation of B pairs. This in turn causes a surface reconstruction 
where one row of Ni atoms moves up by 0.27 Å, while the other moves 
down by 0.31 Å, so that this reconstructed surface begins to resemble a 
stepped surface [40]. Our STM images, presented in Fig. S1, recall this 
predicted stepped surface, which indicates the incorporation of B in the 
bulk of Ni(111) single crystal. 

The B-doped Ni(111) single crystal then underwent the standard 
CVD graphene growth process, in which the substrate, kept at 580 ◦C, is 
exposed to ethylene (C2H4, P = 5 × 10− 7 mbar) for one hour [36]. 
During this process the B atoms, segregating to the surface from the 
previously formed bulk reservoir, are expected to get trapped in the 
growing C network, leading to the formation of single layer of epitaxial 
B-graphene (Fig. 1c). The sample is then held at the growth temperature 
for another 10 min, to complete the growth and desorb any unreacted 
ethylene, and then gradually cooled down to RT at the rate of 2 ◦C/s 
(Fig. 1d). 

For solid and direct evidence of the incorporation of B in the gra
phene network, we performed XPS measurement on the as-grown B- 
graphene on Ni(111). The spectra confirm the presence of B and the 
absence of other impurities. Fig. 2a presents the typical XPS spectrum of 
B 1s core level after several CVD cycles. The peak around 187.29 ± 0.15 
eV can be assigned to the B atoms substitutionally incorporated into the 
C network, i.e. bonded to three C atoms. It has been reported that a 
typical B 1s spectrum recorded from B-graphene exhibits two peaks, at 
188.0 eV and 187.4 eV, assigned to elemental B atoms preferably located 
in the Ni(111) bulk and B atoms substitutionally incorporated into the C 
network, respectively. Whereas, for a low B content, B 1s is reported to 
show only one peak at 187.3 eV [30]. Our measurements thus suggest 
that indeed we have B incorporation in the graphene network, at low 
concentration. 

LEED measurements were performed to assess the long-range struc
ture of the as-grown B-graphene on Ni(111) (Fig. S2). The diffraction 
pattern shows only the typical (1 × 1) graphene hexagonal pattern, 
indicating the absence of nickel boride on the surface. Further, extensive 
STM measurements were performed to understand the quality of as- 
grown B-graphene on Ni(111) at the atomic scale. In the regions 

where B concentration is sufficiently low, B atoms are expected to form 
single impurities, making it easier to determine the structure of B-related 
defects. Fig. 2b represents a typical high-resolution STM image, 
revealing the two most abundant defects observed in the B-graphene 
network. Since these defects do not appear in pristine graphene, their 
origin is assigned to the presence of B incorporated in different lattice 
sites of the sp2 graphene network. The insets presented in Fig. 2c show in 
detail experimental as well as DFT simulated images of these defects 
along with their respective ball-and-stick models in the optimized DFT 
structures. These configurations were identified by replacing one of the 
two non-equivalent C atoms of graphene (C-top and C-fcc) with a B 
atom, followed by structural relaxation. The first defect is characterized 
by a dark triangular-shaped feature (encircled in red in Fig. 2b) centered 
in the fcc position. The second type appears as a brighter clover-like 
feature (encircled in yellow in Fig. 2b), centered in a top site, with the 
first fcc neighboring C atoms appearing brighter than the other C atoms 
of the mesh, which suggests a localized increase in the density of states. 
In general, such a triangular shape of impurities is a typical feature for 
STM images of doped graphene [29,30,52–55]. Considering their reg
istry, we assign these two defects to fcc and top graphitic B configura
tions, respectively. For both these defects, this identification is 
confirmed by DFT calculations and corresponding simulated STM im
ages, which nicely reproduce their appearance. While substitutional B at 
fcc (B-fcc) was already reported [30], to the best of our knowledge this is 
the first time B at top (B-top) defects are observed in B-graphene on Ni 
(111) single crystal. 

Previous studies report that, in the case of low B doping levels, B 
atoms only occupy the fcc substitutional sites of graphene, as this 
configuration is predicted to be the most energetically favored [24]. On 
the other hand, our observation, deducted from different STM images 
acquired at several locations of B-graphene, demonstrates the presence 
of B in both the graphene sublattices, although with a slight preference 
for B atoms to occupy fcc sites. 

Along with these two peculiar defects, there is one which has been 
observed a few times and can be correlated to the presence of a B atom in 
the subsurface of Ni(111) due to its appearance like a protrusion on the 
surface. Fig. 3 represents a region where this defect is present (encircled 
in yellow), along with the more abundant B-fcc (dark triangular-shaped 
feature). Typically, the equilibrium sites for B atoms in the Ni(111) 
subsurface are the tetrahedral and Oct sites, with the latter, where the B 
atom is surrounded by three surface Ni atoms and three subsurface Ni 
atoms, predicted to be the most favorable [56]. To verify this hypothesis, 
we considered various models where an additional B atom was intro
duced into different interstitial sites of Ni(111). After atomic relaxation, 
we found that the most stable configuration is with the B atom at the Oct 
site. As shown in Fig. 3, the simulated STM image closely resembles the 
experimentally observed appearance of this defect, with a bright spot 
corresponding to the C atom positioned directly above the subsurface B 
atom. To the best of our knowledge, this is the first experimental 
observation of the presence of B in the subsurface of Ni(111) single 
crystal. The observation of this type of defect supports the presence of a 
B reservoir in the Ni(111) bulk. 

Besides the above discussed main defects, we have observed a small 
fraction of few other defects with threefold symmetry, presented in 

Fig. 1. Schematic illustration representing: (a) controlled B deposition on Ni(111) by a B evaporator; (b) followed by annealing the substrate to incorporate B in the 
bulk of the crystal; (c) subsequent exposure to ethylene in UHV conditions; (d) formation of single layer B-graphene. 
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Fig. S3. We tried to simulate several structures with one/few B atoms in 
and below the graphene network in order to understand the origin of 
these defects, providing a possible interpretation for two of them. Fig. S4 
shows experimental as well as simulated images of the two most 
occurring defects of this kind, along with their respective ball-and-stick 
models in the optimized DFT structure. 

The STM images presented so far are related to regions with a lower 
concentration of B atoms in the graphene network. We also found a few 
regions where the observed density of B atom defects is much higher. An 
example is shown in Fig. 4(a). Here, the most striking feature is the 
tendency of B-fcc defects to align along the (− 110) crystallographic 
direction. Rectangular marked regions in Fig. 4(a) represent some of the 
most common arrangements of aligned B-fcc defects, as confirmed by 
comparison with simulated STM images (Fig. 4(b), (c), and (d) and ball- 
and-stick models in their optimized DFT structure corresponding to the 
defects marked in the image Fig. 4(a)). 

It should be noted that, with an increasing number of contiguously 
aligned defects, the appearance of the dark triangular feature seems to 
get more intense and darker, indicating a prominent effect on the local 
density of states and suggesting these could be potential active sites, e.g. 
for catalysis and gas sensing. Previous theoretical calculations indicate 
that the B-doped topological line defect in graphene act as a sensing 
material for various gas molecules. These B-doped topological line 
defect are metallic in nature which further favors the adsorption of NO 
and NH3 over CO and CO2 molecules. The electronic transport calcula
tions reveal that the electric current can be confined to the line defect 
region by gate voltage control, revealing highly reactive sites [26]. 

It has been previously observed that mainly the changes in the syn
thesis method, growth conditions, and post-growth treatment 

determines the presence of selective defects and their density on the 
surface, which in turn can tune the electronic properties of as-grown B- 
graphene layers. Here, we have observed such change in defect density 
(low as well as high concentration regions of B) on different regions of 
the samples grown under the same growth parameters. This suggests 
that B atoms are non-uniformly distributed in the subsurface of the Ni 
(111) single crystal. Previous theoretical calculations indicate that, at 
high coverage, B atoms prefer to occupy subsurface Oct sites rather than 
on-surface sites and that the B stability slightly increases with concen
tration [51]. In summary, previous computational studies suggest that 
subsurface B prefers to form clusters rather than distribute evenly [51]. 

Along with the signature defects, namely B-fcc and B-top, and the 
alignment of the B-fcc, two larger and brighter features are visible in 
Fig. 4(a) (encircled in yellow). Similar features were previously 
observed in pristine graphene and assigned to Ni adatoms trapped in the 
graphene network during the growth process [53,57,58]. The active 
participation of such Ni adatoms in the process of graphene formation 
has been extensively demonstrated both experimentally and theoreti
cally. They act as a catalyzing agent in the C–C bond formation during 
the CVD growth process and hence sometimes they remain trapped in 
the graphene network [36,57]. We also mention that C vacancies are 
rarely observed in CVD graphene on Ni(111), as proved in a previous 
combined experimental and theoretical work of some of us [58]. 

It has been previously reported that, for higher B concentration, B- 
graphene on Ni(111) and Co(0001) single crystals is not well-ordered, 
consisting of many misoriented domains separated by defective grain 
boundaries [30]. Conversely, in the present case, even in the higher 
concentration regions the honeycomb lattice does not appear to be 
distorted, indicating that our growth method, with the B segregation in 

Fig. 2. (a) XPS spectrum of the B 1s core level acquired in the presence of B-graphene, along with the corresponding peak fitting analysis (Pink curve). The black 
dotted line corresponds to the raw data, whereas the red colored line represents the fitting. (b) STM images depicting different defects present on the surface and 
assigned to substitutional B. Scale bar 1.5 nm. (c) The two most abundant types of defects (namely B-fcc, B- top) along with their STM images (experimental and 
simulated) and ball-and-stick models are visualized. Experimental parameters: I = 3.0 nA, Vbias = − 0.2 V. Computational parameters: V = − 0.1 V; ILDOS isosurface 
lying at ≈2 Å above graphene and with ILDOS value of 5 × 10− 5 |e|/a0

3. Color coding of DFT relaxed structures: Ni atoms in the first, second, and third layers are 
rendered in light grey, grey, and dark grey, respectively; B atoms in green; graphene network in black. 
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the bulk of Ni(111) single crystal, allows incorporation of B atoms in the 
graphene network at higher concentration without affecting the quality 
of the layer, which was not possible to achieve so far. 

Finally, Fig. 4(a) also indicates that, when B atoms are present in 
higher concentrations in the B-graphene network, the occupancy of the 
fcc site is dominant over the top site, resulting in asymmetric sublattice 
doping. Theory suggests that asymmetric doping could be a promising 
way to generate a reproducible intrinsic band gap in doped graphene, 
especially in the case of N-doped and B-doped graphene [59–61] while, 
when the substitutional dopants are randomly distributed in the two 
sublattices, the resulting graphene-based material remains gapless [62]. 
Experimental observation of such unbalanced sublattice doping is still 
quite rare [59] an asymmetry doping was detected with STM in N-doped 
graphene, grown on a Cu(111) substrate [63], whereas measurements 
performed on B-graphene on Cu(111) revealed no doping asymmetry 
[29]. Recently, asymmetric B doping was observed in graphene grown 
on Ir(111) by STM measurements and confirmed by DFT calculations 
[64]. 

In order to further understand the effect of this asymmetric doping in 
B-graphene, we considered three isomers formed by choosing different 
doping sites for the same concentration of B atoms. Fig. S5 shows the 
optimized geometries of these three free-standing B-doped structures 
along with their computed band structures. Notably, despite all B atoms 
occupying a single sublattice (as shown in the middle and right panels of 
Fig. S5), the distribution across the graphene lattice significantly in
fluences the degree of band gap opening. Particularly striking is the 
observation that maximal band gap occurs when all dopants are aligned, 
as a consequence of both sublattice symmetry breaking and the level of 
alignment achieved. To further validate this point, we considered three 
different B concentrations (from 2.78 % to 5.55 %), where, even though 
B atoms are present in the same sublattice, there are two distinct ar
rangements (random and line). Figure S6 shows these optimized free- 
standing B-doped structures. Interestingly, looking at the calculated 
band structure (Fig. S7), we observed how the B alignment (Fig. S6, line) 
allows for a larger band gap opening as compared to the equally spaced 
configurations (Fig. S6, random), keeping the same B concentration. 
Hence one can expect that the extent of band gap opening can be tuned 
not only by restricting B atoms in one of the sublattice, but also by 
controlling the extent of their alignment. Finally, to assess the stability 
of B-graphene structures (refer to Figure S6), we determined both the 
lattice cohesive and B dopant formation energies (as shown in Table S1), 
following the methodologies detailed in Ref. [65] and [23] respectively. 
Formation energies for both single and multiple B dopants in graphene 

Fig. 3. STM image showing B at the Oct site in the subsurface. In the inset, the 
STM simulation along with the ball-and-stick model is visualized. Scale bar 1.5 
nm. Experimental parameters: I = 3.0 nA, Vbias = − 0.2 V. Computational pa
rameters: V = − 0.1 V; ILDOS isosurface lying ≈2 Å above graphene and with 
ILDOS value of 5 × 10− 5 |e|/a0

3. Color coding: Ni atoms in the first, second, and 
third layers are rendered in light grey, grey, and dark grey, respectively; B 
atoms in green; graphene network in black. 

Fig. 4. (a) STM image depicting the presence of both signature defects (B-fcc, B-top) in B-graphene along with the alignment of B-fcc defects. Right panels (b, c, and 
d) show the simulated images, along with optimized ball-and-stick models, of the most observed alignments which are marked in the experimental STM image. Scale 
bar 1.5 nm. Experimental parameters: I = 3.0 nA, Vbias = − 0.2 V. Computational parameters: V = − 0.1 V; ILDOS isosurface lying ≈2 Å above graphene and with 
ILDOS value of 5 × 10− 5 |e|/a0

3. 
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fall within the range of 1.2 to 1.5 eV, aligning well with previous 
theoretical findings for similar concentrations [23]. 

We have observed two distinct regions with respect to B concentra
tion in the as-grown graphene network, out of which the higher B con
centration region, especially with the alignment of B-fcc defects, seems 
to exhibit a strong localized effect on the electronic properties. Further 
studies and optimization of growth parameters to maximize the 
coverage of these regions, as well as the alignment of B-fcc defects, 
would be therefore desirable to improve control over tuning the chem
istry of graphene. 

4. Conclusion 

A novel, contamination-free, and versatile method for synthesizing 
selectively B-doped graphene on Ni(111) single crystal is proposed, 
based on the incorporation - during standard CVD growth - of B atoms 
segregating from a reservoir deliberately created in the substrate. This 
highly reproducible method of growing B-graphene leads to the for
mation of high-quality flat layers with several B defects embedded in the 
network. A thorough STM and XPS characterization, complemented by 
DFT calculations and STM simulations, allowed us to identify B atoms in 
the fcc sites of the graphene layer, as well as, for the first time, in the top 
sites. In addition, we demonstrate the presence of B atoms in the sub
surface of Ni, specifically in octahedral configuration, further validating 
our method. Extensive high-resolution STM investigations showed the 
co-existence of low as well as high B-doping concentration regions in the 
graphene layer, probably stemming from the non-uniform presence of B 
in the Ni(111) bulk. Remarkably, in the high B concentration regions, B 
defects tend to align along specific crystallographic directions and show 
a strong preference to occupy one of the graphene sublattices. This re
sults in asymmetric sublattice doping, which is predicted to generate an 
intrinsic band gap in graphene. The designed method for the incorpo
ration of B atoms in graphene could be a substantial step forward in 
understanding or producing asymmetric sublattice doping, fostering its 
application in next-generation electronic devices. Furthermore, the 
aligned B defects can possibly serve as potential active sites, e.g. for 
catalysis and gas sensing. 
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S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. Schlipf, A.P. Seitsonen, A. Smogunov, 
I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, S. Baroni, Advanced 
capabilities for materials modelling with Quantum ESPRESSO, J. Phys. Condens. 
Matter 29 (2017) 465901. https://iopscience.iop.org/article/10.1088/13 
61-648X/aa8f79/meta. 

[39] D. Vanderbilt, Soft self-consistent pseudopotentials in a generalized eigenvalue 
formalism, Phys. Rev. B. 41 (11) (1990) 7892–7895. https://journals.aps.org/pr 
b/abstract/10.1103/PhysRevB.41.7892. 
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[43] H. Muñoz-Galán, F. Vines, J. Gebhardt, A. Görling, F. Illas, The contact of graphene 
with Ni (111) surface: description by modern dispersive forces approaches, Theor. 
Chem. Acc. 135 (2016) 1–9. 
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