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Plenty of strategies focused on covalent interaction have been developed to functionalize the graphene surface in order to employ it in a wide
range of applications. Among them, the use of radical species including nitrene, carbene and aryl diazonium salts is regarded as a promising
strategy to establish covalent functionalization of graphene. In this work we highlight the effect of the diazonium chemistry on the electronic
properties of graphene on SiC. On the basis of X-ray and synchrotron-based photoemission experiments we are able to prove that the 3,4,5-
trimethoxybenzenediazonium (TMeOD) units, reduced and chemisorbed onto graphene by using electrochemistry, preserve the electronic
structure of the Dirac cone, though inducing an n-type doping of graphene, as revealed by a downshift of the Dirac cone probed by angle-

resolved photoemission experiments.

rehybridization of sp2 carbons of graphene in sp3 at the grafting sites
Introduction takes place. Different reaction methods such as free radical addition,

The past decade has witnessed an overwhelming research towards cycloaddition, nucleophilic addition, substitution and rearrangement

exploring the novel fundamental physical properties of graphene!
along with development of new methods for its synthesis supported
on variety of substrates?. However, in order to fully harness the

reactions have been developed for covalent functionalization of
pristine graphene!2. Free radical addition approach using diazonium
salts is one of the most studied methods®® for covalent

potential of graphene? it is of outmost importance to develop functionalization, as this approach results in a high degree of

methods for a controlled tuning of its physical and chemical
properties. Functionalization by atoms and molecules has been

functionalization.

Aryl diazonium molecules react with graphene via an electron
transfer mechanism, in which the delocalized electrons of
graphene are transferred to diazonium cations, resulting in the
formation of aryl radicals and in the release of N, molecules. The aryl
radical then reacts with a carbon atom of the graphene lattice and
gives rise to the covalent bond (Fig. 1).

studied as a promising approach to modify the intrinsic properties of
graphene. In this regard, numerous experimental methods such as
non-covalent and covalent functionalization by organic molecules*®,
as well as intercalation by atoms and molecules’” have been
developed to engineer the electronic band structure of graphene.
Covalent functionalization by molecules however is by far the most
promising approach as it allows for a robust and stable
functionalization at atmospheric conditions therefore causing the
most significant change in the electronic band structure of  o-cH;
graphene® . Several experimental and theoreticall® 1! studies have

revealed that covalent functionalization of graphene by reactive
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molecules results in chemisorption (grafting hereafter) of molecules r—
on graphene lattice by forming a covalent bond, where the anion

2 |-LAMP and Dipartimento di Matematica e Fisica, Universita Cattolica del Sacro Fig. 1: Schematic of the covalent modification of graphene using aryl
Cuore, Via dei Musei 41, 25121 Brescia, Italy. diazonium molecules, in particular 3,4,5-trimethoxybenzene diazonium
> Division of Molecular Imaging and Photonics, Department of Chemistry, KU (TMeOD). The diazonium compound is activated in the electrochemical cell
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(EC reduction), resulting in the formation of a radical that attaches to the
graphene lattice creating a covalent bond.
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Fig. 2: 200 nm x 200 nm STM images of (a) pristine graphene on SiC and (b) 1 mM TMeOP-grafted units on graphene after an annealing at 80°C in UHV,
acquired at lset= 50 pAand Viias=-0.3 V. (c) 20.5 nm x 20.5 nm and (d) 12 nm x 12 nm STM images after an annealing at 220°C in UHV.

Diazonium molecules with different electron withdrawing or
donating functional groups have been successfully grafted on
graphite and graphene?s. Depending on the electron donating or
withdrawing nature of the functional groups on diazonium
molecules, a robust and stable n-type or p-type doping of graphene
should occur. Although a number of studies on diazonium grafted
graphene suggested a modification of electronic band structure of
graphene, only a few show a clear modification of electronic band
structure by means of angle-resolved ultraviolet photoelectron
spectroscopy (ARPES)'. In this study we combine surface
characterization techniques such as X-Ray Photoemission
Spectroscopy (XPS) and Scanning Tunnelling Microscopy (STM) with
ARPES where we show the impact of functionalization on the
electronic band structure of graphene before and after the covalent
grafting of diazonium molecules. Covalent functionalization by
TMeOP-grafted units (3,4,5 trimethoxyphenyl-units, Fig. 1) results in
a stable n-type doping of graphene as evidenced by ARPES

measurements.

Results and discussion

To confirm the grafting of the TMeOP units on the graphene-SiC, we
perform STM measurements (Fig. 2). After the functionalization and
an annealing at 80°C in UHV, bright structures are observed, not
present in the pristine graphene-SiC sample, with an average height
of 0.5 nm (Fig. 2a and Fig. 2b). In agreement with literature®3 15, we
can assign these features to covalently bound species and we can
give an estimation of the density of grafted units from the STM
images?’, which results to be p = (2.5 £ 0.13)-103 molecules-nm-2 (Fig.
2b). The distribution of the bright structures suggests that graphene
is randomly grafted by TMeOP. After an annealing at 220°C, the
number of bright features related to the grafted units appears to be
reduced and we can also observe the distortion of the graphene
lattice caused by the sp3 defects with STM13, as shown in Fig. 2c and
2d.

Raman measurements show an increase of Ip/lg intensity ratio

(Supplementary Information, Fig. S1 T) which can be ascribed to the
formation of sp3 sites!® 19, confirming the covalent functionalization
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of graphene by TMeOP units in agreement with earlier studies
conducted on similar radicals?>. To further evaluate the impact of
covalent functionalization on the electronic properties of graphene,
we carried out XPS measurements. The wide XPS spectra for pristine
monolayer graphene on SiC (0001) and 1 mM TMeOP-grafted

graphene are shown in Supplementary Information (Fig. 521).

The chemical environment before and after the graphene
functionalization is investigated by collecting the C 1s core level (Fig.
3). Pristine graphene spectra were fitted by five components (Fig.
3a). The first at lowest binding energy BE = 283.67 eV is ascribed to
the SiC substrate29, while the main peak (C-sp?) at BE = 284.66 eV is
ascribed to the sp? hybridized carbon atoms of the graphene layer.
Two additional components labelled as S1 and S2 can be identified
at BE=285.06 eV and BE = 285.66 eV, respectively. According to Ried|
et al.?3, S1 results from C atoms of the buffer layer bound with one Si
atom of the SiC(0001) and three C atoms in the sp? buffer layer. The
S2 component comes from the sp2 carbon atoms of the buffer layer
not bonded with SiC since not all the C atoms of the buffer layer form
a bond with Si due to the lattice mismatch. The energy position and
the intensity ratio of these peaks are set to be in agreement with
previous studies on graphene-SiC?%22, The component at higher BE =
287.01 eV is associated with the oxygen contamination, C-O. Here, it
is reasonable to consider that the grafting of aryl units takes place
only on graphene and there is no modification of the underlying
buffer layer resulting from the functionalization process. Indeed, the
binding energy and the intensity ratio of the S1 and S2 feature with
respect to the SiC component can be considered comparable with
those of the pristine graphene-SiC%. After the functionalization the
C 1s spectrum of graphene is somewhat modified, as shown in Fig.
3b. Anincrease in the intensity of C-sp2 component is observed which
can be ascribed to additional C-sp? signal coming from the carbon

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 : XPS spectra of (a) pristine graphene- SiC and (b) 1 mM TMeOP-grafted
on graphene-SiC. Both spectra were acquired after an annealing at 80°C, i.e.
below the desorption temperature of the grafted units.

atoms of the phenyl rings of the TMeOP-grafted units. The C-
sp3 peak, associated to the sp3 hybridized carbon atoms of the
functionalized graphene-SiC is at BE = 285.20 eV. Deconvolution also
reveals a peak at BE = 286.30 eV which can be ascribed to the O-CH3
groups of TMeOP-grafted units. In the fitting procedure, the ratio
between the O-C and to C-sp3 spatial features results to be about six
in agreement with the stoichiometry of TMeOP-grafted unit.

Fig. 4a shows the dispersion of the n-bands measured by ARPES on
pristine graphene around the K-point along the I'KM high symmetry
direction of the Brillouin zone. The position of the Dirac point is
downshifted by about 400 meV with respect to the Fermi level due
to an intrinsic n-type doping of graphene as a result of charge
from underlying SiC(0001) substrates?> 24 25, The
photoemission intensity around the Dirac point is originated from

the interlayer coupling between graphene and the SiC buffer layer?5
27

transfer

Fig. 4b shows the ARPES spectra of functionalized graphene of the
same sample, itis to be noted that the sample was not annealed prior
to collecting the spectra. Two important results come out, firstly a
downshift of the Dirac point at binding energy of about 450 meV,
indicating an additional n-type doping of the functionalized graphene
with respect to the pristine case. Secondly, the ARPES spectra do not
show any sign of band gap opening as expected for covalent
modification of graphene!3. We note that the absence of a band gap
could be due to the random grafting of the units on graphene-SiC
observed by STM and/or to the low concentration of the grafted
units28,

The doping level of graphene can be assessed through an analysis of
the m-band dispersion around the K point of the Brillouin zone.
Considering that the presence of the Dirac cone elongation (neck)
hinders a direct estimation of the Dirac point position, we have firstly
extracted the binding energies of the photoemission intensity
maxima of selected momentum distribution curves (blue dots in Fig.
5) and then we applied a linear fit procedure (black line) in order to
localize the Dirac point. From the intersection point of the linear fits,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4: ARPES map of the Dirac cone of graphene-SiC (a) before and (b) after
the functionalization by 1 mM TMeOP units. The pristine substrate was
annealed at 600°C while the ARPES map of the functionalized sample was
acquired without annealing.

the position of the Dirac point is at (416 + 8) meV and (450 £ 9) meV
for the pristine and grafted graphene-SiC, respectively. We note that
the further shift of the Dirac point from the Fermi level,
corresponding to an increased n-type doping of the grafted
graphene, cannot be ascribed to ambient contamination as oxygen
adsorption on graphene induces a p-type doping of graphene as
reported in literature29-32,

To further confirm this result, we have collected ARPES
measurements after different annealing temperatures of the sample
and, as expected, a shift of the Dirac cone toward the pristine
condition takes place due to the desorption of the aryl units (Fig. 5).
The ARPES spectra, in particular, were acquired after the annealing
at 140°C and 220°C and the Dirac point was observed (408 + 8) and
(409 £ 8) meV,
procedure previously described. The recovery toward the initial

respectively (Fig. 5b and 5c) by following the

energy position can be related to the molecule desorption that takes
place at about 120°C33.34,

From the slope of the linear dispersion of the binding energy versus
the k-momentum (Fig. 5a and 5b), it is possible to obtain the Fermi
velocity of the electrons along the I'K and KM high symmetry
directions. The velocity values are (1.14 + 0.05)-10° m/s and (1.07+
0.05)-106 m/s for the pristine, and (1.04 + 0.05)-106 m/s and (1.09 +
0.05)-106 m/s for the the grafted graphene. The agreement of the
two Fermi velocities within the error bars confirms that the graphene
electronic properties do not change significantly after the grafting
procedure.

From the energy shift of the Dirac point and considering that the
TMeOP-grafted units do not form a multilayer, we are able to
estimate the electron-donating capability of the TMeOP-grafted
units?> 35, In particular, we acquired ARPES data versus azimuthal
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Fig.5: ARPES map of the Dirac cone of graphene around the K point and along the T'KM direction of the Brillouin zone on (a) pristine SiC annealed at 600°C,
(b) after the functionalization by 1 mM TMeOP without any annealing. ARPES maps of the functionalized sample after an annealing at (c) 140°C and (d) 220°C.
(e) — (f) Constant energy maps of the Dirac cone in (a)-(b), respectively taken at the Fermi level and at the binding energies reported in the figure. The dashed

green lines are a guide for the eyes.

angle around the K point of the Brillouin zone before and after the
grafting procedure.

In Fig. 5e and 5f, the corresponding ARPES constant energy maps
collected at the Fermi level, i.e. the Fermi surfaces, and at different
binding energies are shown. For free standing graphene the electron
density (n) in the conduction band is:

N

n=-—
A

Sk
41?2

where A is the graphene area, N the number of filled states in the it
conduction band and Siis the area in the first Brillouin zone occupied
by populated conduction band electron states3®. In our experiment,
we are neglecting a trigonal warping for Si observed for high degree
of doping3®¢in graphene and we are assuming a circular shape for the
Fermi surface, reasonable for a low electron doping. Therefore, to
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carefully extract the surface pockets radius, we have taken the line
profile of the photoemission intensity versus the k-momentum at the
Fermi level and we have fitted it by two gaussian functions (Fig. 5a
and 5b). Here, the estimated values of the electron density are n =
(5.25+0.12) -10%*2 cm2for pristine graphene-SiC, and n = (5.73 £ 0.31)
-1012 cm2 for the grafted sample. Considering the variation of the
charge carrier density from the pristine graphene-SiC and the
TMeOP-grafted sample (An = 0.48 -102 cm?2), and the grafted
103 molecules - nm?2 (0.25 - 1012

molecules/cm?2) measured by STM measurements, we are able to

molecular density p = 2.5 -

estimate an upper limit of electrons donated by the molecules. This
value sets that two electrons, which have been transferred from the
TMeOP-grafted

InformationT for details on the charge transfer calculation). We

units to graphene-SiC (see Supplementary

regards this value as an upper estimation of the electrons transferred

This journal is © The Royal Society of Chemistry 20xx



from the molecules to graphene since it can be influenced by the
total density of the grafted units.

Materials and methods

Epitaxial graphene on 6H-SiC(0001) purchased from Graphene
supermarket was annealed in UHV (10 19mbar) at 600° C for 30-60
mins in order to remove oxide impurities prior to measuring pristine
graphene ARPES spectra.

Electrochemical measurements were performed using an Autolab
PGSTAT101 potentiostat (Metrohm Autolab BV, The Netherlands).
The electrochemical modification procedure was carried out in a
homemade single-compartment three—electrode cell with a working
electrode area of 12.5 mm?, a Pt wire counter electrode and an
Ag/AgCl (3M NaCl) 3,4,5-
trimethoxybenzenediazonium (TMeOD) chloride salts are unstable
and decompose rapidly: hence they were synthesized from the

reference electrode.

corresponding  aniline  precursor immediately prior to
electrochemical reduction. This procedure involves 1 mM 3,4,5-
trimethoxyaniline (97%, Sigma-Aldrich) with 0.1 M tetra-n-
butylammonium hexafluorophosphate (98%, Acros) which was
dissolved in 5 mL acetonitrile (99.9+%, Acros). For initiation of the
diazotization reaction we first added boron trifluoride etherate to
the aniline solution. This mixture was gently shaken for 5-10 seconds.
Subsequently, we added the tert-butyl nitrite (90%, Acros) and the
solution was shaken once more for 10-15 seconds. Finally, the
solution was poured into the teflon EC cell. Cyclic voltammetry was
used for the electrochemical activation (Supplementary Information,
Fig. S31). After modification, the TMeOP modified graphene samples
were rinsed with acetonitrile to remove any physisorbed material
from the surface and dried in an argon stream.

In order to prevent molecule desorption, the X-ray photoemission
measurements have been performed after an annealing treatment
of the samples at temperatures lower than 120°C in ultra-high
vacuum conditions. Core level spectra have been collected at 30°
emission angle with respect to the surface normal, with a properly
calibrated3” VG-SCIENTA R3000 analyzer, using the Al Ko line of a
twin anode X-ray source operating at a base pressure of 2x10-10 torr.
Angle-resolved valence band spectra were carried out at the BaDEIPh
beamline of the Elettra synchrotron in Trieste (Italy) using a photon
energy of 34 eV, with p and s polarization, and a hemispherical
electron analyzer SPECS Phoibos 150 with a 2D-CCD detector
system38. Also the ARPES data were collected with the sample at
room temperature (RT) and the images shown below are obtained
summing the data acquired with both p and s polarization. We have
acquired ARPES maps of the as-prepared functionalized sample, i.e.
without undergoing any annealing treatment, and after annealing at
140°C and 220°C.

The STM measurements of the sample after an annealing at 80°C and
220°C in UHV, were collected in ambient conditions and at RT with
an Agilent 5500 apparatus, the parameter of bias and current used
for the measurements were in a range of (-0.3; -0.6) V and (30; 50)

pA, respectively.

This journal is © The Royal Society of Chemistry 20xx

Raman measurements were performed with an OmegaScope 1000 (AIST-
NT) with 632.8 nm He—Ne laser. The laser light was reflected by a long
pass dichroic beam splitter (Chroma Technology Corporation, Z633RDC)
and then was focused onto the sample surface through an objective
(MITUTOYO, BD Plan Apo 100x, N.A. 0.7) with 500 kW cm~2 optical density
at the sample surface. Raman scattering was collected and directed to a
Raman spectrograph (HoribalY, iHR-320) equipped with a cooled-charge
coupled device (CCD) camera operated at -100 °C (Andor Technology,
DU920P) through the dichroic mirror, a pinhole and long pass filter
(Chroma Technology Corporation, HQ645LP). Each spectrum was taken
for 10 seconds of accumulation time repeated 6 times. The samples were
analysed at different focus point in order to obtain spectra of top
graphene layer and underlying SiC substrate. The spectra acquired at the
top of samples were normalized subtracted from SiC spectra in order to
obtain only graphene spectra®.

Conclusions

We have investigated the changes in the electronic band structure of
graphene introduced by randomly TMeOP-grafted units. By STM
images, XPS and Raman measurements we have confirmed the
covalent functionalization of graphene by aryl radicals. These grafted
units introduced a further n-type doping of graphene due a charge
transfer from the molecules to graphene. The covalent modification
with diazonium units is confirmed to preserve the electronic
structure of graphene, as the value of the Fermi velocity along the
high symmetry directions before and after the covalent modification
does not change. These results pave the way to the possibility to
tune, in a controlled way, the doping of graphene by dosing the
quantity of the TMeOP-grafted molecules in the electrochemical
solutions.
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