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Abstract

Graphene functionalization offers the opportunity to modify the chemical-physical properties of graphene,
therefore broadening the variety of its possible applications. In this work, single- and few-layers graphene as
well as highly oriented pyrolytic graphite (HOPG) were functionalized with perfluoropolyether (PFPE) chains
via a peroxide decomposition and radical reaction. Samples were prepared using different amounts of PFPE
peroxide and the effects of the treatment were studied through Raman spectroscopy, grazing angle Fourier-
transform Infrared spectroscopy (GA-FTIR), X-Ray Photoelectron Spectroscopy (XPS) and water contact
angle measurements. A coherent trend of F-C bonds with increasing amount of peroxidic precursor was
detected, attacking the sp®reactive sites of the grains of graphene itself and generating new sp® hybridizations.
The perfluorinated chains were found to give hydrophobic properties to graphenic layers, demonstrating the
functionalization route as an easy and universal strategy for the preparation of hydrophobic graphenic

substrates.

Highlights
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e Thermal decomposition of perfluoropolyether peroxide is confirmed to be an effective method for the
covalent functionalization of graphenic substrates with PFPE chains.
e Functionalization degree, as F/C ratio, is coherent with the concentration of PFPE peroxide precursor.

e Grafted PFPE chains provide hydrophobicity to the treated substrates.
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1. Introduction

Graphene is a widely known and studied carbon material which shows extraordinary electrical, thermal and
mechanical properties thanks to its peculiar lattice structure and electronic configuration [1,2]. It features a
honeycomb lattice with a two-atoms unit cell and its band structure has been studied to show a zero-gap in
correspondence with K points at the edges of its Brillouin zone [3,4]. Adding transparency in the visible range,
the range of properties and applications of graphene becomes broadly extended over many industrial and
technological fields, such as nanoelectronics [5], sensing devices [6-8], energy storage [9-11] and composites
[12,13]. Other than pristine graphene properties, surface modification of graphene is able to introduce new
functionalities and opens up its employment to a countless number of applications. For instance, physical and
chemical properties of the standalone material can be tuned in semiconducting behaviour, magnetic properties,
enhanced mechanical strength, catalytic properties and preferred interaction with species from the surrounding
environment [14,15]. Graphene functionalization can be either non-covalent or covalent [16,17]. In the first
case, functionalities are added to the material without altering its structure by exploiting z-z interactions with
highly conjugated carbon chains. On the other hand, with covalent functionalization a strong interaction arises
between graphene and the functionalizing moieties in correspondence with newly created or already present
sp? lattice sites. The product is usually highly stable and the linkage of a vast number of chemicals is allowed,
from single atoms to polymers [18-21]. Some routes for the covalent functionalization of graphene are
hydrogenation [22,23], fluorination [24,25], substitution of already present oxygenated groups, nucleophilic
addition and electrophilic substitution [26,27], radical reactions [28] or controlled oxidation to give graphene
oxide (GO) [29]. Fluorination and perfluoroalkylation of carbon-based polyaromatic materials have already
been widely studied in order to enhance their chemical-physical stability [30-32]. Functionalization of
graphene with radical reactions have been already mentioned in the literature as a useful tool for graphene
modification and researches using perfluorinated radicals were also reported [16,33,34]. Our group extensively
investigated the linkage of perfluoropolyether (PFPE) to carbon-based materials, such as carbon black and
MWCNTSs, defining a clarified reaction mechanism and obtaining the modification of the wettability and the
electronic properties of the substrates [35-39]. In particular, a radical reaction subsequent to the thermal
decomposition of PFPE peroxides was found to take place and promote the formation of covalent bonds
between the graphitic core of carbon-based substrates and the PFPE segments. In this work, we investigated
the perfluoroalkylation by PFPE peroxides covalent bonding on both graphenic (single and few-layers CVD
grown graphene) and graphitic (HOPG) substrates, demonstrating it as suitable approach for the surface

grafting of PFPE chains to any graphene-like carbon structure. Samples were characterized by different



techniques in order to provide a complete overview of the effect of the functionalization process. Raman
spectroscopy, SEM, STM, AFM and optical microscopy in order to investigate their structure and GA-FTIR

spectroscopy and XPS in order to study the extent of functionalization.

2. Experimental
2.1 Materials

Commercial electroformed nickel foil (GoodFellow, thickness 10 um) was cut in piece of 1 cm x 2 cm and
used as substrates for the CVD process. Single-layer graphene grown by CVD on Cu substrate (1.13 cm?) was
purchased by Graphenea while HOPG (grade ZYB, 20 mm x 20 mm x 2 mm) was obtained by SPI Supplies,
Inc. PFPE was Fomblin® Z (Solvay Speciality Polymers), with linear structure in which the monomeric units
(CF.CF20)m, (CF20), and peroxidic units (O), were randomly distributed along the polymer chain:
T(CF.CF20)m(CF20)a(O)\T’. The chemical characteristics of the peroxidic PFPE are here reported: average
molecular weight of 29000 g/mol, equivalent molecular weight of 1200 g/mol, ratio between perfluoroethylene
oxide (m) and perfluoromethylene oxide (n) groups equal to 1.15, peroxidic content of 1.32%wt. and CFs,
COF, CF,COF as terminals (T, T”). An inert fluorinated solvent, Galden® HT110 (Solvay), was employed for
the dissolution of PFPE peroxide.

2.2 Chemical vapour deposition of few-layer graphene on Ni

Few-layer graphene was grown on Ni foil according to the procedure adopted in previous works [40,41].
Briefly, Ni substrates were inserted in a quartz vial and annealed in a tubular furnace under H; flow at 1000°C
for 60 min. A pre-mixed flow of methane and hydrogen (3% CH,) flowed for 10 min at 1000°C, then the
sample was cooled to 700°C and held for other 10 min. Before starting the procedure, the vial was

deoxygenated under a nitrogen flow to remove any trace of residual oxygen.

2.3 Chemical functionalization with PFPE peroxides

The functionalization of graphene and graphitic substrates with PFPE peroxide was performed readapting the
protocol employed in previous studies on carbon powders [35-38]. Solutions of PFPE peroxide in Galden®
HT110 at different concentrations, namely 0.3 g/L, 2.1 g/L and 21 g/L, were prepared by stirring for 1 h and
the sample surface was then completely covered by casting the solution. The sufficient amount of solution
necessary for the complete coverage was 40 uL for both single and few-layers graphene and 160 pL for HOPG.
For the HOPG only, pure PFPE peroxide was also employed for comparison. Samples prepared are reported
in Table 1 and labelled according to the PFPE peroxide concentration in solution. A thermal treatment in oven
was then applied in N> atmosphere in order to promote the decomposition of the peroxide. The treatment started
with 3 h at 110 °C for the evaporation of the solvent and then samples were heated to 200°C for 2 h. Samples
were then washed in Galden® HT110 in an ultrasonic bath at 355 W for 10 minutes, dried at 110 °C for 30
minutes under vacuum and rinsed in water 3 times. Finally, a decarboxylation thermal treatment at 200 °C for

2 h under vacuum was applied.



Sample PFPE (g/L)

3 SLG -
® _SLGO.3 0.3
O _sLG21 2.1
®»  SLG21 21
= FLG -
® FLGO.3 0.3
O FLG21 2.1
L FLG21 21
o _ HOPG -
S HOPG21 21
T HOPGP pure

Table 1. Sample list and relative PFPE peroxide concentration. Single-layer graphene samples are labelled as

SLG and few-layers graphene samples as FLG.

2.4 Chemical and physical characterization

Raman spectra were recorded with a Horiba Jobin Yvon LabRAM HR800 Raman spectrometer equipped with
Olympus BX41 microscope. The excitation laser line 532 nm at 25 mW was focused by a LWD 50x% objective
on the sample surface. Spectra were recorded as a double scan integrating the signal over 30 s. Grazing angle-
FTIR analysis was performed with a Thermo Nicolet 380 FT-IR Spectrometer equipped with a Smart SAGA
grazing angle objective with an 80° average angular aperture. X-ray photoelectron spectroscopy spectra were
obtained using a M-probe apparatus (Surface Science Instruments). The source was monochromatic Al K,
radiation (1486.6 eV). A spot size of 200 ym x 750 ym and pass energy of 25 eV were used. 1s level
hydrocarbon-contaminant carbon was taken as the internal reference at 284.6 eV. For each sample, survey
analyses in the whole range of X-ray spectrum have been performed, in order to determinate the surface
elemental composition. Similarly, high resolution scans around C 1s and O 1s were acquired for the
determination of the chemical environment surrounding every species.. A Keysight 5500 model was used for
the topographic characterization. This experimental set-up allows both atomic force (AFM) and scanning
tunnelling microscopy (STM) characterization. Pristine graphite (or samples treated with very low PFPE
concentration) can be studied by both AFM and STM because the sample surface is flat enough. Conversely,
when HOPG undergoes a treatment with pure PFPE peroxide, STM analysis is precluded because it is not
possible to reach a good stability of the STM tip. The latter was an etched W tip driven at constant current.
AFM exploited Si cantilevers (NanoSensors) coated by Al to enhance the laser reflection. Images were
collected in contact mode. The water contact angle instrument used was a Data Physics OCA 150, equipped
with Liquavista Stingray camera and a Liquavista LED light source for background illumination. Three
measures were averaged for every sample and the droplet shape was modelled with an elliptical fit through the
SCA20 software (2.3.9 build 46).



3. Results and discussion

PFPE chains grafting to different carbon nanostructures was already demonstrated by our group [35-39]. Both
CB and MWCNTSs were covalently functionalized with PFPE chains. This functionalization route involves the
homolytic cleavage by thermal decomposition of the peroxidic units of PFPE chains and generation of carbon-
centered perfluorinated free radicals. Perfluorinated radicals are highly reactive towards aromatic carbon and
non-peroxidic PFPE chains are covalently bonded to the carbon matrix by aromatic ring opening and sp?to sp®
carbon state transition. In this work we have investigated the PFPE covalent grafting route to graphenic family
materials to provide a complete overview of the PFPE functionalization strategy to the whole carbon

nanostructures group.

3.1 Structural and chemical analyses

Raman spectroscopy is widely employed to investigate the functionalization of graphene-based materials,
since Raman scattering is very sensitive to the effect of carbon hybridization transition, charge-transfer and
doping induced by functionalization [42—44]. Raman analyses were performed just for SLG samples so as to
exclude the contribution of non-functionalized sub-layers in the case of FLG and HOPG, considering a
penetration depth of around 150 layers (50 nm) for the 532 nm excitation laser [45]. Raman spectra of pristine
and functionalized SLG are reported in Figure 1a. SLG shows the typical Raman fingerprint of monolayer
graphene, with G band centred at 1580 cm, 2D at 2665 cm™ and I/l ratio of 2.5. As a confirmation of good
quality pristine single-layer graphene, no D band is detected. According to the reaction scheme previously
proposed [39], the decomposition of peroxide units results in aromatic ring opening and sp? to sp® carbon state
transition. Raman spectra of functionalized SLG confirm that the reaction mechanism applies also for a pure
and non-defected graphene monolayer. In fact, partial amorphization of the graphenic layer is clearly visible
even at low PFPE concentration, namely sample SLGO0.3, due to the appearance of the D band at 1350 cm™™.
As a consequence of PFPE chains grafting, both G band and 2D bands shift at higher wavenumbers (Figure
1b) Shifts showed to be as large as 21 and 34 cm™ for G and 2D band respectively for SLG21 sample. Shifts
in graphene Raman bands are commonly ascribed to charge-transfer and partial oxidation or reduction of the
carbon lattice that results in charge-carriers concentration variation, known as doping effect [42,46]. In
particular, contrarily to the G band, the 2D band blueshifts or redshifts according to respectively holes or
electrons density increasing by doping. PFPE grafting reasonably induces p-doping due to the high
electronegativity of CF, moieties along the PFPE chain, resulting in an evident blueshift of the 2D band caused
by PFPE functionalization (Figure 1c). Noteworthily, the functionalization degree increases with the PFPE
precursor concentration, as expressed by the 1o/l value that reflects the sp® to sp? carbon ratio [42,43]. Despite
SLGO0.3 and SLG2.1 showing similar Io/lg value (~0.4), a strong amorphization arises in case of excess PFPE
concentration. The Raman spectrum of SLG21 is representative of a mostly amorphous carbon film, with Ip/lg

of 0.85, demonstrating that perfluorinated radicals are efficient in graphene ring-opening reaction. This is



confirmed also by the I2p/l ratio that decreases with increasing functionalization degree as a result of defect

induced suppression of the lattice vibration mode corresponding to the 2D peak.
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Figure 1. Raman spectra for the pristine and functionalized SLG (a). In (b) the blueshift of both G and 2D
bands is evidenced, while in (c) is reported the intensity ratio 1o/l and l.p/lc as well as the Raman blueshift
according to the PFPE precursor concentration. (d) GA-FTIR spectra focused on the C-F spectral window for

SLG samples at different PFPE peroxide concentration, compared with FLG21.

Both non-treated and treated specimens were analysed by GA-FTIR and X-Ray Photoelectron Spectroscopy
in order to determine their surface chemical composition before and after the functionalization procedure.
Furthermore, FTIR is able to qualitatively prove the functionalization degree according to the intensity
variation of the C-F related peaks. On the other side, XPS effectively records the atomic composition of the
surface, also distinguishing through the peaks, the different type of bonds. The GA-FTIR analyses performed
on SLG samples after the whole functionalization procedure highlighted how the amount of bonded PFPE
increases with increasing concentration of the peroxide solution (Figure 1d, the full spectra are reported in Sl),
coherently with Raman spectroscopy results. Absorption peaks in the 1000-1400 cm range can be attributed
to different C-F stretching of the PFPE chains. In particular, symmetric and asymmetric CF; stretching at 1100

and 1290 cm™ respectively are well visible for the highly functionalized samples [47-49]. The absorption from



C=C of the graphene lattice is not detected and carbon-oxygen functionalities could be ascribed to the
increasing contribution in the 1000-1200 cm™* for 2.1 and 21 g/L PFPE precursor. Noteworthily, GA-FTIR
spectra for SLG21 and FLG21 are almost identical, as a confirmation of PFPE grafting occurring
independently on the graphene layers number. The same results have been quantitatively confirmed by the
XPS analyses. The atomic concentration of fluorine on the surface of functionalized specimens was higher the
more peroxide was present in the initial solution, reaching almost 51% of fluorine in the SLG21, 57.3% for
the sample FLG21 and 42.4% in the HOPG21. The difference in surface fluorine concentration is remarkable
for the 21 g/L samples only, while it is strictly comparable for the SLG and FLG samples at 0.3 and 2.1 g/L.
This difference could be ascribed to local inhomogeneities of the samples due to the high functionalization
degree. The surface fluorine data shown in the table of Figure 2 are coherent with both Raman and GA-FTIR
analysis, confirming that the functionalization degree is strictly dependent on the PFPE precursor
concentration. Moreover, from the F/C ratio trend in SLG and FLG samples reported in Figure 2b, it is clear
that a F/C ratio threshold is reached at 2.1 g/L, roughly corresponding to the C and F stoichiometry in grafted
PFPE chains and revealing that the signal comes exclusively from the PFPE coating while both PFPE and
graphenic substrate contribute in FLGO0.3. The anomalous F/C ratio recorded on FLG21 sample can be ascribed
to the layered structure of this sample, because the PFPE overlayer can attenuate the intensity of C 1s emission,
thus underestimating the content of carbon atoms and overestimating this F/C ratio value.
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Figure 2. Fluorine atomic content of the functionalized samples (a) and F/C ratio from XPS data of SLG and
FLG samples (b).



Focusing on the FLG samples functionalized with 0.3 and 21 g/L of PFPE, the high resolution XPS spectra
acquired in the region of C 1s and O 1s showed the appearance of oxidized carbon atoms and oxygen atoms
not belonging to PFPE, suggesting a slight oxidation of the substrate during the functionalization procedure,
probably caused by oxygen dissolved in the PFPE solution or residual oxygen in the atmosphere during the
functionalization. In Figure 3 XPS spectra in the region of C 1s and O 1s for FLG0.3 and FLG21 are reported.
In the case of spectra acquired in the region of C 1s, the band around 285 eV belongs to carbon atoms from
graphene, both purely sp? at lower binding energy, and sp® or oxidized at higher binding energies. At around
294 eV, the band referred to carbon atoms belonging to PFPE is represented, with the two peaks at higher and
lower binding energy being associated to perfluoromethyl oxide and perfluoroethyl oxide segments,
respectively. The ratio between the total area associated to carbon atoms belonging to PFPE and that related
to carbon atoms belonging to graphene increases with increasing amount of peroxidic precursor, due to higher
coverage degree and /or growing thickness, validating the previous speculation on F/C ratio for FLG samples.
Similarly, two peaks are detected in XPS spectra in the region of O 1s, one at around 532 eV belonging to
oxygen atoms from oxidized graphene and one at 536 eV referred to oxygen atoms from PFPE. In XPS
spectrum in the region of F 1s only one peak at 689 eV can be observed (Figure S3), ascribable to organic
fluorine atoms of PFPE and confirming that there are no other fluorinated species, except for PFPE.
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Figure 3. XPS spectra in the regions of C 1s and O 1s for FLGO0.3 (a,b) and FLG21 (c,d). Peaks deconvolution
was performed using the symmetrical Gaussian model without any constrain. Deconvolved peaks are assigned

in legends.



3.2 AFM and STM

Figure 4a,b reports a comparison between pristine HOPG and HOPGP at the micrometer length scale. A SEM
image of the treated surface is provided in Sl. Pristine HOPG is characterized by wide, multi atomic steps
while, the functionalized sample shows a roughness enhancement and some residuals well evident from the
reported image. In Figure 4b, steps are still visible but a milky overlayer covers the graphite basal plane.
However, if HOPG undergoes a milder PFPE functionalization (HOPG21), the local structure of graphite can

be visualized by STM analysis, as reported in Figure 4c,d.
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Figure 4. AFM images of pristine HOPG (a) and functionalized HOPG with HOPGP (b), acquired in contact
mode. STM images (lumet = 2 NA, Viias = 100 mV) of pristine (c) and HOPG21 (d).

In pristine HOPG (Figure 4c), we notice the very low roughness that can be evaluated from the colour bar. By
PFPE grafting, the roughness increases, and the atomic resolution is perturbed by tip slipping along the
scanning direction. It is worth noting that the slipping covers some lattice parameters along the scanning
direction while, in the orthogonal one, they are confined within the atomic size. The tip slipping is consequence
of the surface chemical treatment. We speculate that the high spatial confinement of such perturbations can be
an indirect consequence of the PFPE peroxide reaction being localized on the graphite carbon atoms of the

basal plane.



3.3 Wettability

Water static contact angle measurements were performed on all PFPE-functionalized samples and are shown
in Figure 5. Fluorinated polymers are well known to be highly hydrophobic due to the intrinsic low surface-
tension of fluorinated surfaces. Both SLG and FLG samples showed a coherent trend with an increasing contact
angle with increasing concentration of peroxide solution, in agreement with XPS data that report a growing
surface fluorine content related to PFPE chains. For the SLG samples, the CA is raised from 90° of the pristine
substrate to around 100° for the SLGO0.3 and 108° for SLG2.1. At higher functionalization degree, no evident
raising in CA is observed. Despite the higher surface fluorine content, the introduction of hydrophilic oxygen
functionalities, detected by XPS, can effectively mitigate the hydrophobic effect of CF, moieties resulting in
almost constant CA value. On the other hand, F/C ratio for SLG samples revealed that at PFPE concentration
of 2.1 g/L a PFPE covering layer was already produced. The same trend was found for the FLG, where the
threshold CA is achieved even at low PFPE concentration and only a slight but monotonous CA increasing is
recorded. At last, HOPG sample reached the highest possible water static contact angle of 116°, approaching
the value of 115° typical of fully fluorinated flat surfaces.
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Figure 5. Water static contact angle values for pristine and functionalized samples with solutions of PFPE
peroxide at different concentrations.

4. Conclusions

Different graphenic substrates, from single-layer graphene to HOPG, were successfully functionalized with
perfluoropolyether chains. PFPE peroxide thermal decomposition was able to initiate the radical attack to sp?
carbon, promoting ring opening and covalent grafting of the PFPE chains. A coherent trend of the
functionalization degree and fluorine atomic amount, detected on the surfaces of the samples, perfectly
matched the trend of the PFPE concentration. Hydrophobic properties were achieved and confirmed by the
water static contact angles recorded after the functionalization of the substrates. In summary, it is demonstrated
that PFPE can be successfully grafted to any carbon material, regardless of the defectivity of the substrates as

demonstrated by the high fluorine atomic content detected on HOPG surface. As a consequence, adding these



results to previous works, our method is proposed as a universal strategy for PFPE covalent functionalization

applicable to carbonaceous materials.
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