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The growing field of two-dimensional (2D) materials has recently witnessed the emergence of
heterostructures, however those combining monoelemental layered materials
unexplored. In this study, we present the chemical fabrication and characterization of a heterostructure

remain relatively
formed by graphene and hexagonal antimonene. The interaction between these 2D materials is
thoroughly examined through Raman spectroscopy and first-principles calculations, revealing that this
can be considered as a van der Waals heterostructure. Furthermore, we have explored the influence of
the antimonene 2D material on the reactivity of graphene by studying the laser-induced covalent
functionalization of the graphene surface. Our findings indicate distinct degrees of functionalization
based on the underlying material, SiO, being more reactive than antimonene, opening the door for the

development of controlled patterning in devices based on these heterostructures. This covalent
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Accepted 24th March 2024 functionalization implies a high control over the chemical information that can be stored but also
removed on graphene surfaces, and its use as a patterned heterostructure based on antimonene and

DOI: 10.1039/d4ra01029a graphene. This research provides valuable insights into the antimonene—graphene interactions and their
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1. Introduction

The interest in two-dimensional (2D) materials has risen expo-
nentially in the last years and, what is more, this trend is ex-
pected to continue growing."* Beyond that, the combination of
different 2D materials is even more revolutionary, since the
resulting heterostructures could meet the properties of each
component or even exhibit new ones derived from their inter-
action.>* In this context, a crucial aspect involves compre-
hending the interactions between 2D materials to envision their
potential applications.?

Exciting examples of heterostructures have recently been
reported by using various multielemental 2D materials,
including hexagonal boron nitride (hBN), transition metal
dichalcogenides (TMD), and MXenes, as building blocks.
Indeed, combinations like hBN/TMD,* TMD/TMD,””® Ti,C/
Ta,C,” or a blend of a multielemental 2D material with
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impact on the chemical reactivity during graphene covalent functionalization.

a monoelemental one, such as hBN/graphene,"”"> TMD/

graphene,”?* or TMD/phosphorene* have showcased the
potential of these artificial hybrids, pushing the limits of new
materials. However, the experimental studies involving hetero-
structures formed by two monoelemental 2D materials are
scarcer,”®>” computational ones being the most abundant. In
this regard, graphene is probably the most studied 2D building
block and its reactivity is well stablished in the literature.
Specifically, works on graphene/silicene,®** graphene/
phosphorene,**** graphene/antimonene®™° or antimonene/
germanene*" have been reported. Within the realm of the 2D-
pnictogens, the heavy ones (Sb**** and Bi**) are particularly
interesting because of their pronounced interlayer interactions,
inasmuch their atomic orbitals between individual layers
contribute to a strong covalent character, surpassing the typical
van der Waals (vdW) interaction. In this context, antimonene
emerges as an ideal candidate for the preparation of this sort of
heterostructure because it can be produced either by top-down
(micromechanical exfoliation or liquid phase exfoliation,
among others), or bottom-up (epitaxial growth and solution-
phase synthesis) approaches.*” Among these, the colloidal
synthesis yields high-quality, ultrathin antimonene hexagons,
making it particularly appealing for constructing 2D hetero-
structures. Moreover, the impact of combining graphene with
a quasi-van der Waals 2D material such as antimonene on the
chemical reactivity of the former remains unexplored. Besides,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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within this strategy, we can take advantage of the well-
stablished reactivity of graphene to address a proper descrip-
tion of the antimonene reactivity.

In this contribution, we fabricated a graphene-antimonene
heterostructure combining CVD graphene with antimonene
hexagons. Following structural and spectroscopic characteriza-
tion, a covalent reaction scheme was explored, revealing that
the reactivity of graphene towards benzyl radical molecules—
derived from dibenzoyl peroxide (DBPO)—is lower in the case of
the graphene-antimonene heterostructure compared to pristine
graphene supported on Si/SiO, substrates. Moreover, by means
of DFT calculations we rationalized the nature of the interac-
tions between the 2D materials, highlighting their predominant
vdW character. This work provides valuable insights into the
interactions between antimonene and graphene, as well as their
impact on the chemical reactivity during graphene covalent
functionalization. Last but not least, towards this precise
covalent 2D patterning of graphene, a controlled double
chemical laser writing can be achieved: the benzyl—graphene
functionalization and its subsequent antaratopic bonding
between graphene and antimonene. Moreover, this covalent
functionalization is entirely reversible, which implies the write/
read/erase control over the chemical information provided by
the covalent functionalization on the graphene surface.

2. Experimental

2.1. Chemicals and materials

SbCl;,1-octadecene (ODE), 1-dodecanethiol (DDT), oleylamine
(0A), dibenzoyl peroxide (DBPO), acetone, dichloromethane
(DCM) and chloroform (CHCl;) were purchased from Sigma-
Aldrich. Graphene monolayers (Trivial Transfer® Graphene)
were purchased by ACSMaterial. Si/SiO, substrates with an
oxide layer thickness of 300 nm was bought and cut into 10 x
10 mm wafer by the “Fraunhofer-Institut fiir Integrierte Schal-
tungen IIS” in Erlangen. Additionally, the substrates were bath
sonicated in acetone for 5 min and in isopropanol for 5 min.
Subsequently, the Si/SiO, wafer were dried using an argon flow.

2.2. Instrumentation

An MB-Labmaster Pro DP glovebox (MBraun) was used to achieve
an argon atmosphere with less than 0.1 ppm of water and less
than 0.1 ppm of oxygen. The glovebox is equipped with a gas
purification system to remove gasses like O, and H,O as well as
solvent vapor. Additionally, the system has an oxygen sensor and
a water sensor to determine the respective content. Atomic force
microscopy was carried out using a Bruker Dimension Icon
microscope in scan-assist-mode. A Bruker ScanAsyst-Air silicon
tip with a diameter of around 10 nm was used to obtain images
with a resolution of 512 x 512 or 1024 x 1024 pixels. The Gwy-
dion software was used for post-processing like flattening, image
correction and extraction of the corresponding thicknesses and
lengths. Raman spectroscopic characterization was carried out
with a Horiba LabRAM Aramis confocal Raman microscope. The
system was equipped with laser of the wavelength A = 532 nm.
The laser spot size was ca. 1 pm (objective: Olympus LMPlanFI
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100x, NA 0.80) and the grating was 1800 or 600. The system has
a filter wheel that can reduce the laser energy from 100% to 50%,
25%, 10%, 5%, 3.2%, 1%, 0.1% or 0.01%. Temperature-
dependent Raman measurements were performed using
a Linkam stage THMS 600, equipped with a liquid nitrogen
pump TMS94 for temperature stabilization. A constant flow of
nitrogen was applied to remove the oxygen in the chamber and to
maintain an inert atmosphere. The samples were measured
using a grating of 1800, a heating rate of 10 °C min " and an
objective with a magnification of 50x. After each heating step,
a waiting period of 5 minutes ensured the temperature stabili-
zation of the sample. Furthermore, the laser energy was kept as
low as possible to avoid damaging the flake. For the function-
alization and the following characterization of the Sb hexagonal
NS and graphene hybrid, a WITec alpha300R confocal micro-
scope equipped with an XYZ table was used. The laser wave-
length was 532 nm. For the functionalization a 5 x 5 pm map
with 20 x 20 points, an acquisition time of 1 s and a laser power
of 1 mW were used. For the following temperature dependent
Raman measurements, a 5 x 5 pm map with 20 x 20 points, an
acquisition time of 1 s and a laser power of 1.5 mW was used. For
this experiment a higher laser power was used, since the laser
had to go through the extra window of the Linkam stage, which
reduces the energy that reaches the sample. Computational
details: we carried out spin polarized density-functional theory
(DFT) calculations within the generalized gradient approxima-
tion on single-layer Sb and graphene using the Quantum
ESPRESSO package.”” The atomic coordinates and lattice
parameters were fully optimized using the Broyden-Fletcher—
Goldfarb-Shanno (BFGS) algorithm until the forces on each
atom were smaller than 1 x 107> Ry au ' and the energy
difference between two consecutive relaxation steps was less
than 1 x 10 * Ry. The electronic wave functions were expanded
with well-converged kinetic energy cut-offs for the wave functions
(charge density) of 40 (350) Ry. A vacuum spacing of 22 A was set
along ¢ direction to avoid unphysical interlayer interactions. The
Brillouin zone was sampled by a fine I'-centered 8 x 8 x 1 k-
point Monkhorst-Pack.*® We employed fully relativistic ultrasoft
pseudopotentials to account for spin-orbit coupling effects. For
the heterostructure Sb/graphene, we constructed supercells of
dimensions 1 x 1 and /3 x v/3 for Sb and graphene, respec-
tively. The dimensions of the supercell were necessary to ensure
a minimum mismatch between both lattices (~3%). Grimme-D2
dispersion corrections were added in order to account for van der
Waals interactions between the different systems in the hetero-
structures.” We considered the chemical functionalization of Sb
with an hexanethiol chain (thus forming a Sb-S covalent bond),
the latter formed by one atom of S, 6C and 13H.

2.3. Synthesis of Sb hexagonal nanosheets

The Sb hexagonal nanosheets were prepared according to a two-
step procedure reported in literature.*®** Briefly: the first step
consists of the preparation of the Sb-DDT precursor. For this,
vacuum was applied to a 50 mL nitrogen round flask with
a stopcock. Afterwards, the flask was heated with a heat gun,
after which the flask was filled with argon. These steps
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(evacuating/heating/refilling with argon) were repeated three
times to remove all residues of water and oxygen in the flask.
After cooling down to room temperature SbCl; (0.91 g, 4 mmol),
ODE (6 mL) and DDT (4 mL) were added. The flask was sealed
with a septum and heated to 110 °C while stirring continuously.
Then vacuum was applied for two hours to degas the chemicals.
Afterwards, argon was introduced in the flask and the temper-
ature was increased to 150 °C to let all DDT react with SbCl;. At
this point, the precursor solution has a yellow color. After
cooling down to room temperature, the precursor precipitates
out of the solution as a white solid. Therefore, the mixture must
be heated to minimum 60 °C until all of the Sb-DDT precursor is
dissolved again before it can be used for further reactions. The
second step consists of the synthesis of hexagonal antimonene
nanosheets. Herein, OA (0.5 mL) and ODE (4.0 mL) were added
in a 3-neck flask equipped with a septum, a condenser and
a nitrogen adapter. Similar to the Sb-DDT precursor the OA and
ODE mixture was degassed at 110 °C for 30 minutes. Afterwards,
the apparatus was flushed with argon and a bubbler was put on
the condenser, so that pressure equalization can take place.
Thereafter, the reaction mixture was heated to 300 °C, where-
upon Sb-DDT (1 mL) was injected. After 10 s at 300 °C the flask
was cooled down rapidly using a water-ice bath. To obtain clean
and well-defined hexagons, a solvent exchange was performed
to remove all residues of unreacted chemicals. The sample was
centrifuged (10 000 rpm for 5 min) and the solvent mixture was
exchanged with CHCIl;. This was repeated two additional times
to obtain the Sb hexagonal NSs in CHCl;.

2.4. Preparation of the Sb NS/graphene hybrid

A dispersion of Sb hexagonal NSs in CHCI; was drop casted onto
Si/SiO, wafer. In the next step, graphene was transferred with
a wet chemical transfer method. Thereby, the graphene mono-
layer was made to float on bi-distilled water, whereupon the
prepared Si/SiO, wafer with Sb NS was used to fish the graphene
layer. Bi-distilled water was used to avoid any contaminations.
After the transfer on the Si/SiO, wafer the graphene was backed
in a vacuum drying oven to remove the residues of water. The
temperature of the oven was increased slowly over 30 min from
30 °C to 80 °C to avoid damaging the graphene layer. Thereon,
the baking process continued for 16 h at 80 °C. In the end, the
PMMA protective layer of the commercial graphene monolayer
was removed with acetone vapor (90 min) and the wafer was
dried with airflow.

2.5.
NS

Functionalization of graphene on top of Sb hexagonal

For the functionalization of graphene on top of the hexagonal
NS an easy method using DBPO and a laser with a wavelength of
532 nm was used. For this functionalization, a WITec Raman
setup was used. A solution of DBPO (0.242 mg) in DCM (10 mL)
with a concentration of 0.0001 mol L' was prepared. Next, the
solution was drop casted on previously prepared Si/SiO, wafer
with Sb hexagonal NSs and graphene on the surface, resulting
in a coverage of the whole wafer. Then, the material was irra-
diated with the laser beam (1 = 532 nm) at 1 mW with 1 second
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pulses, at room temperature and under atmospheric condi-
tions. After the solvent evaporated, the wafer shows a homoge-
neous coating of DBPO on the surface. After functionalization
the DBPO was removed by putting the wafer in a flask with DCM
and sonicating it for 10 s in a bath using the lowest power
possible. In the following, the surface was cleaned with ten
additional drops of DCM and the surface was dried using an
airflow.

3. Results and discussion

3.1. Sb NSs and graphene hybrids production

Our research starts with the production of the antimonene
hexagonal nanosheets (Sb NS), following the colloidal synthesis
procedure, and its ulterior combination with monolayer CVD
graphene to finally form the desired heterostructures. Specifi-
cally, the novel Sb/graphene heterostructure was prepared in
three steps. First, we synthetized the Sb hexagons using our
optimized protocol.*> Secondly, we drop-casted the colloidal
dispersion onto a Si/SiO, substrate (Fig. 1a top) and the optical
observation, as depicted in the inset of Fig. 1a bottom left,
revealed the thin height of this hexagon, indicated by its deep
purple color. The bright yellow area in the top left part of the
nanosheet corresponds to an overlapped section of another Sb
nanosheet. Indeed, AFM measurements of the same image
exhibit a thickness of only 12.5 nm together with the fragment
of the overlapped NS and some bulk material in the middle of
the flake, see Fig. 1a bottom left. This hexagonal Sb NS served as
the bottom layer of the hybrid structure. Finally, CVD graphene
was transferred on top of the Sb NS using a wet chemical
transfer method. As a result, not only the whole Sb flake was
covered with a thin graphene layer, but also the SiO,/Si
substrate, as can be seen in Fig. 1a top. The AFM of the hybrid
reveals that some parts of graphene at the right and the left side
of the Sb NS overlaps better with the Sb NS than in the center of
it, which seems to include a hollow space, see Fig. 1a bottom
left. This is related to some solvent impurities on the top side of
the Sb flake, hindering the uniform distribution of graphene
across the entire sample.

Subsequently, Raman measurements were conducted to
examine the interactions resulting from the overlap of the two
elemental layers. The Raman maps of the hybrid can be seen in
Fig. 1b top showing the intensity of the A;,-peak of Sb and the G-
peak of graphene. The Sb NS can be observed in the middle of
the map with a good intensity. On the other hand, the Raman
signal of the G-peak of graphene is present everywhere as ex-
pected, nevertheless, the intensity of this signal exhibits a slight
decrease at the position of the Sb nanosheet. Those statements
are even clearer when comparing the mean Raman spectra at
the area of the prepared Sb NS/graphene hybrid (circled area
labeled as 1) with the area located at the bottom of the waffle
(circled area labeled as 2), where there is not Sb NS but a thin
layer of the transferred graphene. Fig. 1b bottom left shows the
region where typical bulk Sb signals can be found at 110 cm™*
(Ey peak) and 150 cm ™" (A, peak, red trace, area 1). Further-
more, a broad shoulder at higher wavenumbers and a signal
between the main Sb signals is present at ca. 130 cm ™. Actually,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) General scheme procedure of construction of Sb NS/graphene hybrid (top) and AFM image of a hexagonal NS before and after
coverage with a graphene sheet (bottom). Inset: optical image of the Sb NS. (b) Raman maps of the Sb NS/graphene hybrid showing the Sb A4
signal (top left) and the graphene G-signal (top right). Mean Raman spectra of the Sb NS/graphene hybrid (red trace) and graphene (blue trace)
that are depicted in the circled area of the Raman maps focusing on the regions of 50-350 cm ™~ and 1200-2800 cm ™. Inset: zoom of the G
peak.
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a monolayer of antimonene shows an average heigh of ca.
0.9 nm (ref. 50 and 51) and few-layer antimonene displays
a blueshift in Raman bands* in agreement with AFM. Next, the
mean Raman spectra in the region between 1200-2800 cm ™"
reveals the G and the 2D peaks, see Fig. 1b bottom right. In both
recorded areas (1, Sb NS/graphene hybrid vs. 2, pristine gra-
phene) the intensities of both peaks are higher for pristine
graphene (blue trace) than those of the Sb NS/graphene hybrid
(red trace). Indeed, the graphene signals at the Sb NS/graphene
hybrid reach only 80% of the intensity of pristine graphene.
This attenuation of the Raman signal is attributed to an inter-
action between the two distinct 2D materials. This interaction
suggests a non-covalent interaction inasmuch there is no
appreciable sp® defects, since no D-peak is observed and no
covalent addends are present.> Moreover, a slight shift in the G
peak is observed when comparing both signals (see inset of
Fig. 1b bottom) that may involve a charge transfer
interaction.*®

In order to clarify if the weak shift observed at the G peak in
the Raman spectrum involves a real electron transfer interac-
tion between both materials, first-principles calculations were
performed. Firstly, we studied the structural and electronic
properties of single layers Sb and graphene. Our DFT calcula-
tions predicted lattice parameters values of @ = b = 4.12 A for
monolayer Sb and a = b = 2.47 A in case of graphene, which
agree well with previous reports.”®* Then, we calculated the
electronic band structure of Sb (graphene) along the high
symmetry points K-I'-M-K (I'-K-M-T') for the hexagonal unit
cell. From the band structures we can conclude that single layer
Sb presents a semiconductor behaviour, with an indirect sem-
iconducting band gap of around 0.9 eV. On the other hand,
graphene shows a semimetallic character where a massless
Dirac cone can be observed at K (see Fig. S1t). Note that, for
simplicity, in our heterostructure we computed a single layer of
Sb instead of nanosheets of Sb (as experimentally observed),
which represents an efficient model to analyse the interactions
between Sb and graphene.

Next, we investigated the deposition of graphene above
a single layer of Sb forming a heterostructure. For such purpose,
we aimed to generate the most compact supercell configura-
tions for each system that accurately represent their lattice
structures and capture important attributes of their stress-free
structures. Thus, we constructed a supercell of dimensions of
V3 x /3 of graphene, meanwhile a 1 x 1 unit cell of Sb was
enough to create such heterostructures. As we are mainly
interested in the properties of Sb, the lattice parameters of our
heterostructure are @ = b = 4.12 A. In the case of stress-free
graphene, the values of a = b = 4.28 A (for a v/3 x /3 super-
cell), and the graphene is compressed to have values of a = b =
4.12 A (thus resulting in a 3.9% of reduction) to match the
lattice of Sb. We studied two possible stacking configurations of
graphene over Sb. For the first case of study, we considered that
one Sb atom is below one atom of C (site A), see Fig. S2,}
meanwhile in the second case we considered that one Sb atom
is placed below the centre of the hexagon of graphene (site B),
see Fig. 2a left. We optimized the atomic coordinates for the two
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proposed configurations and obtained the most stable one by
means of total energy difference. Our calculations predict that
site B is the most stable structure with a difference of energy of
AE = 2.46 meV per atom with respect to site A. The distance
between Sb and graphene was found to be 3.49 A and 3.40 A for
site A and B, respectively. Furthermore, for the most stable
heterostructure (site B), we calculated its electronic band
structure along the high symmetry path K-I'-M-K (Fig. 2a
right). Note that due to the new dimensions of the cell of gra-
phene (\/§ X \/§), the Dirac cone is translated from K to I'. From
the result of the band structure, we can conclude that there is no
charge transfer between both components of the hetero-
structure, as the Dirac cone of graphene remains localized at the
Fermi level.

To confirm the absence of charge transfer in the hetero-
structure we computed a Bader charge transfer analysis for the
most stable configuration (site B). This allows to quantify the
electron density flow along the heterostructure. We observe that
there is only a negligible number of electrons gained by gra-
phene (0.0185 e~ per cell) and depleted from Sb (—0.0185 e~ per
cell), see Table S1 of the ESL.f The analysis reveals that the
overall transferred electrons is zero, as expected in a neutral
system. Furthermore, it also reveals that the charge flows from
Sb to C, as would be expected from the higher electron affinity of
the latter.

Once demonstrated that there is no charge transfer between
Sb and graphene in the described heterostructure, we analysed
the properties of a Sb/graphene heterostructure where the
former is functionalized with an hexanethiol chain using the
same stacking that in the pristine Sb/graphene heterostructure
(Fig. 2b left).*>** Note that after performing the relaxation of the
heterostructure the bond length Sb-S is 2.55 A, resulting in
a covalent attachment of the sulfur to the terminated Sb. On the
other hand, the spacing between the terminal H atom of the
hexanethiol chain and the graphene is 2.62 A. In this case the
interfacial interactions are mainly governed by van der Waals
(vdw) forces.

We calculated the electronic band structure of the hybrid
system along high symmetry path K-I'-M-K (Fig. 2b right). We
can observe that with respect the pristine heterostructure, there
are two new bands at the Fermi level which are coming from Sb
atoms and there is a splitting of the bands of Sb due to SOC.
Furthermore, we observe that there is no charge transfer from
the hybrid antimonene to graphene or vice versa, as the Dirac
cone of graphene keeps localized at I" point and at the Fermi
level.

We computed a Bader charge transfer analysis in the hybrid
heterostructure to quantify the electron density flow along the
system, see Table S2 of the ESI.f We show Bader charges for
pristine hybrid antimonene and hybrid antimonene/graphene
heterostructure. Focusing on the former, the analysis reveals
that the overall transferred electrons is zero, as expected in
a neutral system. It also reveals that Sb loses 0.970e ™, which are
gained by S (thus forming the covalent Sb-S bond we described
above). Furthermore, in the hexanethiol chain the charge flows
from H to C. Finally, in the hybrid antimonene/graphene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Top and lateral views of the heterostructure Sb/graphene depicting a stacking where the Sb atoms are placed in the centre of the

hexagons of C. Colour code: C (black) and Sb (pink) (left); and band structure of Sb/graphene heterostructure including spin—orbit coupling
(SOQC) interaction (right). (b) Lateral view of the fully optimized hybrid antimonene/graphene heterostructure (left) and band structure of hybrid
antimonene/graphene heterostructure including spin—orbit coupling (SOC) interaction (right).

heterostructure the distribution of the charge remains almost
constant compared with the hybrid antimonene. This indicates
that the graphene is not interacting strongly with the substrate
and that there is not a flow of electrons between graphene and
the substrate.

3.2. Covalent functionalization of Sb NS/graphene hybrid

Once identified the nature of the interactions between the
monoelemental 2D materials, we are in the perfect scenario to
analyze the chemical reactivity of the heterostructure. Actually,
the covalent bond formation in graphene mediated by radicals
has been widely reported in the literature.*®**" For this, we
applied a recent laser-induced functionalization protocol
developed by Hirsch and co-workers using dibenzoyl
peroxide (DBPO) to graft phenyl groups on the surface of gra-
phene according to Fig. 3a. Briefly, first the Sb NS/graphene
hybrid was prepared on a Si/SiO, substrate as previously
described and then a DBPO solution was used to coat the
sample. After that, the hybrid and the pristine graphene around

62-69
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it were irradiated (green area in Fig. 3a), photo-inducing the
homolytic decomposition of DBPO and generating the two
benzoyloxyl radicals whose subsequent decarboxylation leads to
the formation of two phenyl radicals’®”* that easily functionalize
graphene through covalent bonding.®* Attending to this, three
areas with different covalent reaction schemes were obtained
(Fig. 3a top right): (i) the functionalized Sb NS/graphene hybrid
(exemplified with a red circle), (ii) the functionalized pristine
CVD graphene (black circle); and (iii) the unfunctionalized CVD
graphene (blue circle).

To follow the functionalization of graphene we took advan-
tage of scanning Raman microscopy (using a WITec alpha300R
confocal microscope) monitoring with mappings the A4, G and
D signals of the sample and extracting the mean Raman spectra
from the three mentioned areas (see Fig. 3b top).*»”>”® More
specifically, since the intensity of the D-signal measures the
introduced defects in the sp” graphene surface, this signal is
usually weak in pristine graphene, but as long as the covalent
bonds are formed, an increase in the D-signal intensity is
observed. Besides, comparing the intensity of the D-band to the
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Fig. 3 (a) Scheme of laser-induced functionalization on the top layer of graphene in the Sb NS/graphene hybrid with DBPO, highlighting the
irradiated area in green, as well as the position where the mean Raman spectra were collected (red, black and blue circles). (b) Mean Raman
spectra of the sample at the functionalized Sb NS/graphene hybrid area (red circle/trace), at the graphene functionalized area (black circle/trace)
and at the non-functionalized graphene area in the scheme (blue circle/trace) before (top) and after heating the sample at 400 °C (bottom). Inset:
Raman maps of the functionalized Sb NS/graphene hybrid showing the intensity for the Sb A4 peak (left), D-peak (middle) and G-peak (right). (c)
Raman spectra of the functionalized Sb NS/graphene hybrid area at 25 °C, 250 °C, 300 °C, 350 °C and 400 °C (left); Ip/Ig ratio of the sample at the
functionalized Sb NS/graphene hybrid area (red trace), at the graphene functionalized area (black trace) and at the graphene non-functionalized
area (blue trace) at different temperatures (middle). AFM image of the functionalized Sb NS/graphene hybrid area after the temperature
dependent Raman measurement (right).
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G-band (Ip/Ig ratio) the density of defects can be detected.*>”>7?
In this regard, within the functionalization using benzyl radical,
the increase of the D band and the appearance of the D’ band in
Raman spectroscopy using light at 532 nm has been demon-
strated to be an undirect probe of the functionalization
process.”*”®

To study our system, we firstly attend to the A;,-peak map
that clearly shows the presence of Sb NS located in the middle-
left part of the map and this signal is only noticeable at the
mean Raman spectrum of the Sb NS/graphene hybrid (red
trace). Focusing now on the G-peak intensity map, we observe
that graphene is homogeneously distributed in the whole
sample but over the hexagonal Sb NS the intensity of the signal
decreases. This is attributed to interaction between the Sb NS
and graphene, as previously demonstrated. This can be
confirmed with the mean Raman spectra exhibiting a clear
decrease in the intensity of the G band (blue and black trace vs.
red trace) with the presence of the characteristic D' at
1610 cm ™', showing a good functionalization. Finally, the D-
peak map shows a rather intense signal in the graphene func-
tionalized area except over the Sb NS, where it is reduced. On
the contrary, it is almost negligible in the non-functionalized
area. Actually, the Ip/I; ratio (Fig. S3at) is close to zero in the
non-functionalized area, while it reaches a ratio higher than two
in the free-Sb NS functionalized one, revealing a high density of
defects on graphene and optimal functionalization. In the case
of the functionalized graphene over the Sb NS, the Ip/I; ratio
decrease indicates a lower degree of functionalization over the
Sb NS. This is corroborated through the intensities of the D-
peak at the mean Raman spectra for these three zones, where
there is no signal in the non-functionalized zone (blue trace),
and in the functionalized areas, the intensity in the presence of
Sb NS (red trace) is lower than in its absence (black trace).

To understand this effect, two subsequent phenomena
should be analyzed. The first is the lattice electron distortion on
graphene caused by functionalization with the radical, and
second is the ability of the material below graphene to trap an
electron through a covalent bond and recover stability. The
monotopic functionalization of graphene with the radical
would generate strain energy over carbon lattice.®*’® In our
structure, the material below graphene can stabilize the adduct,
embedding those dangling bonds antaratopic to the function-
alization, this effect is also known as substrate back-
bonding®”*7® and ends in the covalent bonding of graphene
with the material below it. Actually, the antaratopic reaction has
been extensively studied in the literature for graphene mono-
layers over Si/SiO, and Ni substrates,” fluorine derivatives” and
even freestanding graphene monolayers in which the back
bonding takes place abstracting hydrogen atoms from the
polycyclic aromatic hydrocarbon contamination.” However, to
the best of our knowledge, this effect has not been exploited to
functionalize 2D-pnictogen/graphene heterostructures.

Herein, the chemical nature of the back side material of
graphene plays a key role in the functionalization degree.** In
this sense, both the Si/SiO, substrate and the Sb NS allow the
antaratopic back-bonding, since functionalization takes place
in both areas. Nevertheless, the Si/SiO, substrate may promote

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a higher strain relieve than the Sb NS, minimizing the lattice
distortion caused by the functionalization.®>”* This is due to the
presence of SiOH groups and residual water in the Si/SiO,
substrate that easily form the back-bond.** However, the situa-
tion is different when the Sb NS is below graphene due to the
absence of these functional groups in the Sb NS surface,
yielding a lower functionalization. Another drawback for the
functionalization over the Sb NS comes from the physical
distance between a C atom of graphene and an Sb atom of the
Sb NS. According to our computational studies, the distance
between the superficial Sb of the NS to the terminal H atom of
the hexanethiol is 5.17 A, therefore, this distance will be even
higher for the experimental used thiol (1-dodecanethiol), while
the typical values for a C-Sb bond are 2.20 A.*> This distance
may prevent the C-Sb antaratopic backbonding.

The reversibility of the functionalization process was also
studied through temperature-dependent Raman measurements
recording the same Raman maps and mean spectra at 400 °C,
see Fig. 3b bottom. The Raman map and the spectra of the D-
peak shows that no signal is observed after the temperature
treatment regardless the former functionalization, revealing the
removal of sp> defects and thus the phenyl functionalizing
groups. On the contrary, the signal of the G-peak, is still present
on each area, confirming the integrity of the graphene layer as
a sp’ lattice. Regarding the Sb signal, the A,, peak is not
noticeable. The disappearance of this signal is attributed to the
oxidation and decomposition of Sb below 400 °C.*

These statements can be confirmed attending to the mean
Raman spectra of the three studied zones before and after
heating the samples, see Fig. 3b. Looking at the spectra of the
non-functionalized graphene (blue traces), both the G and the
2D peaks are detected in both spectra, revealing the stability of
graphene during the heating experiment. The D signal is not
present due to the absence of functionalization. Focusing now
on the graphene functionalized area (black trace), one can
observe an intense D peak before heating, indicating proper
functionalization. This peak disappears after heating, revealing
a reversible functionalization process. Finally, the analysis of
the functionalized Sb/graphene hybrid area (red trace) exhibits
the presence of Sb before heating and the disappearance of this
signal after heating, since it decomposes and oxidizes below
400 °C. Actually, weak signals can be seen at 190 and 255 cm ™
in the spectrum after heating, which are attributed to Sb,0; ****

For a better understanding of the degree of functionaliza-
tion, the I,/ ratio of three studied zones over the course of the
T-dependent Raman measurement were plotted in Fig. 3c
middle. The non-functionalized graphene (blue trace) I,/I ratio
is almost negligible at 25 °C, ca. 0.2 and as the temperature
increases, the ratio slightly decreases at 200 °C and remains
constant until 300 °C. This is attributed to the presence of
possible defects present on the graphene surface, which can be
minimized due to the heating procedure. The functionalized
graphene (black trace) exhibits a high Ip/I; ratio at 25 °C of ca.
2.3 which slightly decreases to 2.0 at 150 °C. As the temperature
increases, the ratio decreases sharply up to ca. 0.4 at 200 °C,
whilst from 200 to 300 °C it decreases slowly to reach ca. 0.1.
Finally, the functionalized hybrid area shows an Ip/I ratio of ca.
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2.1 at 25 °C. However, in this case, the ratio decreases much
faster than in the other functionalized area leading to an Ip/Ig
value of ca. 1.3 at 150 °C. At this point, the ratio decreases to 0.4
at 200 °C to finally reach 0.2 at 300 °C. Comparison of the
decrease of the Ip/I; ratio of the functionalized graphene with
the functionalized hybrid reveals that the ratio of the hybrid
falls faster. Nevertheless, both ratios show hardly noticeable
differences above 200 °C and at even higher temperatures, the
difference is negligible. This proves a complete retro-
functionalization process for both areas that takes place at the
same temperature, which matches well with other published
results for the defunctionalisation of DBPO.**

The temperature dependent mean Raman spectra of the
functionalized Sb NS/graphene hybrid area were studied in
detail at the region of 50-300 cm™" in order to evaluate the
behaviour of the Sb A, and E, signals due to the heating
process, see Fig. 3c left. The analysis shows a slight redshift of
the signals and their complete disappearance at 400 °C. By
heating the sample, the material expands and thus reduces the
frequency of the phonons interacting with the incident
photons, which results in the observed redshift. This effect has
also been reported for other 2D materials like graphene, BP and
MoS,.»** As anticipated, a small oxide signal arises at 300 °C
and 350 °C at 250 cm™". Sb NS usually decomposes at 350 °C,
but in this hybrid, a portion of the laser energy is absorbed by
the graphene layer covering the Sb NS, decreasing the decom-
position temperature.

To gather additional evidence of the final state of the Sb NS
after heating, an AFM image of the sample was recorded, see
Fig. 3c right. Surprisingly, the Sb NS can still be observed, even
though it typically decomposes at around 350 °C. However, its
well-defined hexagonal structure and flat surface have changed,
now remaining as an amorphous flake. This transformation is
attributed to the graphene layer covering the Sb NS, which
prevents Sb evaporation, forming an amorphous Sb flake below
graphene and preventing its total decomposition.

4. Conclusions

In this study, we investigated a heterostructure comprising Sb
NS and graphene, analyzing their interactions through Raman
spectroscopy and DFT calculations, revealing a predominant
van der Waals interaction between the two 2D materials.
Subsequently, we achieved the functionalization of the gra-
phene surface by covalently bonding phenyl radicals, triggered
by light. Raman experiments on the functionalized hybrid
provided insights into the nature of the interaction between
graphene and the Sb NS, indicating a reduced, but still present,
degree of functionalization with phenyl radicals compared to
the Si/SiO, substrate. We attribute this behavior to the antar-
atopic back bonding effect required for graphene functionali-
zation. Specifically, there are fewer functional groups on the Sb
NS surface compared to the Si/SiO, substrate, hindering the
formation of antaratopic back bonding due to the longer
distance between graphene-Sb NS compared to graphene-Si/
SiO,. Our findings suggest that through the well-stablished
covalent functionalization of graphene with the benzyl radical
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using laser irradiation, the covalent bonding between graphene
and the antimonene hexagon interface could also be promoted
through the antaratopic backbonding. Besides, this covalent
bonding can be spatially controlled since it will only take place
where the laser beam has been applied. On the top of that, since
the functionalization with the benzyl radical is reversible, the
covalent bonding is also reversible through a temperature
treatment. This opens avenues for producing graphene-based
heterostructures with varying degrees of functionalization or
patterns based on the combined materials. Additionally, we
demonstrated the reversibility of the covalently linked phenyl
groups through temperature dependent Raman spectroscopy.
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