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The availability of well-defined modified graphene derivatives such as fluorographene, graphane, thio-
graphene or hydroxygraphene is of pivotal importance for tuning the resulting material properties in numer-
ous potential applications. A series of fluorinated graphene with various contents of fluorine was
synthesized by a simple fluorination procedure in an autoclave with a nitrogen/fluorine atmosphere at
different exposure times and temperatures. To investigate the composition, structure and properties all
samples were characterized in detail by a number of analytical techniques such as SEM, XRD, EDS, AFM,
STEM, combustible elemental analysis, STA, XPS, Raman spectroscopy, UV-VIS spectroscopy and cyclic
voltammetry. The fully fluorinated graphene with the overall stoichiometry CiF; 05 had a bright white
color indicating a significant change of band-gap. In comparison to other samples such a high concen-

Received 17th May 2015,
Accepted 9th July 2015

DOI: 10.1039/c5nr03243a

tration of fluorine led to the occurrence of exotic thermal behavior, strong luminescence in the visible
spectral region and also the unique super-hydrophobic behavior observed on the material surface. The
described tunable fluorination should pave the way to fluorographene based devices with tailored
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Introduction

Graphene and graphene derivatives have become some of the
most intensively studied materials."”* This interest originates
from several unique properties such as extremely high electri-
cal and thermal conductivity and high optical transmittance
and mechanical strength.' The pure graphene is a zero band-
gap semiconductor, which implies relatively high charge
carrier density at ambient and higher temperatures. This can
limit several possible applications in the field of optics, opto-
electronics and microelectronics. The electrical parameters
such as the type of conductivity and the band-gap width can
be broadly tuned by chemical modifications with heteroatoms
like boron,? nitrogen,* phosphorus,® sulphur® and halogens.”®
Also the formation of graphene based composites® or hybrids
can significantly improve graphene properties.'® The above
mentioned modifications of graphene 2D structures widely
open the application possibilities e.g. as catalysts,'""** for
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energy storage, " as transistors'* or for the fabrication of bullet
proof materials.™

For applications in electronics and optoelectronics fields,
the possibility of fine band-gap tuning in a wide range of ener-
gies offers significant advantages. This issue is generally
solved using hydrogen atoms covalently bonded to the gra-
phene skeleton."® Highly hydrogenated graphenes with
composition C;H, are referred to as graphane while fully
fluorinated graphenes C;F, are called fluorographene.'”'® The
band-gap of fluorographene can be continuously tuned in the
range of 0 eV for pure graphene up to 3.4 eV for stoichiometric
fluorographene.'” A high-quality insulator with a high Young’s
modulus® can be obtained by graphene fluorination. Halo-
genated graphenes, with highly polar bonds, demonstrate
excellent oxidative and thermal stability, so they can also be
used as flame retardants.™®*°

The preparation of fully fluorinated graphene was first
reported in 2010 using mechanical exfoliation of graphite
fluoride.® In recent years various methods for the preparation
of fluorinated graphene have been reported. Most of these
methods are based on exfoliation of graphite fluoride or the
reaction of graphene with various fluorinating agents such as
XeF,, SFs or elemental fluorine at high temperatures or in
combination with high pressure.>"**> Other methods are based
on electrochemical intercalation or treatment with HF at
elevated temperatures.”

This journal is © The Royal Society of Chemistry 2015
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We report on a very simple and scalable method based on
direct fluorination of thermally reduced graphene prepared by
microwave assisted exfoliation using hydrogen plasma.** A
high degree of starting material exfoliation ensures high reac-
tivity and easier and controllable fluorination of graphene.
The degree of fluorination can be controlled by pressure, time
and temperature leading to the formation of partially fluori-
nated graphene or fully fluorinated graphene, fluorographene.
The fully fluorinated graphene exhibits exceptional properties.

Experimental
Materials

High purity microcrystalline graphite (2-15 pm, 99.9995%) was
obtained from Alfa Aesar, Germany. Sulfuric acid (98 wt%),
nitric acid (68 wt%), potassium chlorate (>99%), hydrochloric
acid (37%), methanol (>99.9%), isopropanol (99.9%) and N,N-
dimethylformamide (DMF) were obtained from Penta (Czech
Republic). Potassium hydrogen phosphate and potassium
dihydrogenphosphate were delivered by Lach-Ner (Czech
Republic).

Fluorine (20 vol% in N,) was supplied by Solvay, Belgium.
Argon  (99.996%), hydrogen (99.9999%) and nitrogen
(99.9999%) were obtained from SIAD (Czech Republic). De-
ionized water (16.8 Mohm) was used for buffer preparation.

Synthesis procedure

The graphite oxide prepared by the Hofmann method was
termed ‘HO-GO’.>**® Concentrated sulfuric acid (87.5 mL) and
nitric acid (27 mL) were added to a reaction flask containing a
magnetic stir bar. The mixture was then cooled to 0 °C, and
graphite (5 g) was added. The mixture was vigorously stirred to
avoid agglomeration and to obtain a homogeneous dispersion.
While keeping the reaction flask at 0 °C, potassium chlorate
(55 g) was slowly added to the mixture in order to avoid a
sudden increase in temperature and the consequent formation
of explosive chlorine dioxide gas. Upon the complete dis-
solution of the potassium chlorate, the reaction flask was then
loosely capped to allow the escape of the evolved gas and the
mixture was continuously vigorously stirred for 96 h at room
temperature before being poured into deionized water (3 L)
and decanted. The graphite oxide was first redispersed in HCI
(5%) solutions to remove sulphate ions and then repeatedly
centrifuged and redispersed in deionized water until all chlor-
ide and sulphate ions were removed. The graphite oxide slurry
was then dried in a vacuum oven at 50 °C for 48 h before use.

Further, 1 g of HO GO was placed in a quartz glass micro-
wave reactor. The reactor was repeatedly evacuated and purged
with high purity nitrogen. The exfoliation was performed
using 2.45 GHz/1 kW power for 3 minutes under a hydrogen
atmosphere (50 mL min~") under reduced pressure (10 mbar).
During the exfoliation a hydrogen plasma was formed which
further accelerated the exfoliation and reduction of graphite
oxide. The reduced graphite oxide (denoted as TRG herein-
after) was further used for fluorination.

This journal is © The Royal Society of Chemistry 2015
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The fluorination was performed in a Teflon lined Monel
autoclave using a nitrogen—fluorine mixture (20 vol% F,) from
a dedicated fluorine line.>” An amount of 0.5 g of graphene
was placed in the Teflon liner, and the autoclave was evacuated
and filled with a N,/F, mixture under 3 bar pressure. Various
times and temperatures of fluorination were applied to care-
fully control the degree of fluorination yielding fluorinated gra-
phene at 20 °C for 72 hour (termed as FG1), at 180 °C for
24 hours (termed as FG2) and at 180 °C for 72 hours (termed
as FG3).

Analytical techniques

Combustible elemental analysis (CHNS-O) was performed with
a PE 2400 Series II CHNS/O Analyzer (PerkinElmer, USA). In
CHN operating mode (the most robust and interference free
mode), the instrument employs a classical combustion prin-
ciple to convert the sample elements to simple gases (CO,,
H,0 and N,). The PE 2400 analyzer performs automatically
combustion and reduction, homogenization of product gases,
separation and detection. A microbalance MX5 (Mettler
Toledo) was used for precise weighing of samples (1.5-2.5 mg
per single sample analysis). The accuracy of CHN determi-
nation is better than 0.30% abs. Internal calibration is per-
formed using N-fenyl urea.

For the measurement of fluorine concentration the samples
were decomposed for analysis according to the Schoniger
method. The exact amount of the sample (about 2 mg) was
wrapped in ash free paper, burned under a pure oxygen atmo-
sphere and leached out with deionized water, and total ionic
strength adjustment buffer (TISAB) was added. The concen-
tration of fluorine was determined by potentiometric measure-
ment with an ion-selective electrode (ISE).

X-ray powder diffraction data were collected at room temp-
erature with an X’Pert PRO 6-6 powder diffractometer with para-
focusing Bragg-Brentano geometry using Cu Ka radiation (1 =
0.15418 nm, U = 40 kV, I = 30 mA). Data were scanned with an
ultrafast detector X’Celerator over the angular range 5-80° (26)
with a step size of 0.0167° (26) and a counting time of 20.32 s
per step. Data evaluation was performed using the software
package HighScore Plus.

Thermal behavior was analyzed by simultaneous thermal
analysis (STA). The DTA and TG curves were recorded simul-
taneously on a Linseis STA PT1600 apparatus at a heating rate
of 10 °C min™" from ambient temperature to 800 °C under a
dynamic synthetic air atmosphere (50 mL min™").

The sample morphology was examined using a scanning
electron microscope (SEM) equipped with a FEG source of elec-
trons (Tescan Lyra dual beam microscope). The composition
of the samples was determined using an energy dispersive
spectroscopy (EDS) analyzer (X-MaxN) with a 20 mm* SDD
detector (Oxford Instruments). Data were evaluated using
AZtecEnergy software. Before the measurement, samples were
placed onto conductive carbon tape. All the measurements
were carried out with 20 kV acceleration voltage. A STEM detec-
tor was used to obtain transmission electron microscopy
images. The samples were prepared for measurement by drop-
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casting an isopropanol suspension (1 mg mL™") on 200 mesh
Cu/formvar TEM grids.

High resolution X-ray photoelectron spectroscopy (XPS) was
performed with an ESCAProbeP (Omicron Nanotechnology
Ltd, Germany) spectrometer using a monochromatic alu-
minium X-ray radiation source (1486.7 eV). A wide-scan survey
of all elements was performed, with subsequent high-resolu-
tion scans of the C 1s core level spectra and F 1s. Relative sen-
sitivity factors were used in the evaluation of the carbon-to-
oxygen (C/O) ratios from the survey spectra. Samples were
applied onto conductive carbon tape. The electron gun was
used to eliminate sample charging during measurement (1-5 V).

The FT-IR measurements were performed on an FTIR
spectrometer NICOLET 6700 (Thermo Scientific, USA). A
diamond ATR crystal and a DTGS detector were used for the
measurements in the range of 4000-400 cm ™",

Characterization by Atomic Force Microscopy (AFM) was
performed on an NT-MDT Ntegra Spectra from NT-MDT in
tapping mode. Before the measurements, samples were
diluted in isopropyl alcohol (0.1 mg mL™'), sonicated for
2 minutes and then dropped onto a freshly cleaved mica
substrate.

An inVia Raman microscope (Renishaw, England) was used
for Raman spectroscopy measurements. The spectroscope
operates in backscattering geometry with a CCD detector. An
Nd-YAG laser (532 nm, 50 mW) was used with 50x magnifi-
cation objective. Instrument calibration was achieved with a
silicon reference which yields a peak position at 520 em™. To
avoid sample damage, no more than 5% of the total 50 mW
laser power was used. UV photoluminescence and Raman
spectra were acquired using a He-Cd laser (325 nm, 22 mW)
and 20x magnification UV objective and laser power up to
2.2 mW. Samples were drop-casted on silicon wafer from an
isopropanol suspension (1 mg mL™") for the measurements.

UV-Vis spectroscopy was performed with a Cary 50 spectro-
meter (Agilent, USA) using dispersion in acetonitrile (1 mg
mL ") and a quartz-glass cuvette.

The electrochemical characterization was performed by
cyclic voltammetry using a potentiostat Interface 1000 (Gamry,
USA) with a three electrode set-up. A glassy carbon working
electrode (GC), a platinum auxiliary electrode (Pt) and a satu-
rated Ag/AgCl reference electrode were obtained from Gamry.
For the voltammetric measurements fluorinated graphite
oxide was dispersed in DMF (1 mg mL ") and 1 pL was evapo-
rated on a glass carbon working electrode. The GC electrode
surfaces were renewed by polishing with 0.05 pm alumina par-
ticles on a polishing pad and thoroughly washed with de-
ionized water prior to measurements. All the given potentials
are referred to a saturated Ag/AgCl reference electrode. Electro-
chemical experiments were performed in a 50 mM phosphate
buffer solution (PBS, pH 7.0) as the supporting electrolyte for
the 10 mM ferro/ferricyanide redox probe. Cyclic voltammetry
experiments were performed at a fixed scan rate of 100 mV s,
The k3¢ values were determined using the method developed
by Nicholson*® which relates AE, to a dimensionless para-

meter, y, and consequently to k5. The diffusion coefficient
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D =726 x 10°° cm® s™* for [Fe(CN)s**~ was used in our
calculations.?

The surface area was measured by a sorption analyzer
Coulter SA 3100 (Beckman Coulter). The samples were out-
gassed for 4 hours at 95 °C under high vacuum (VALUE) prior
to the sorption experiments. The reason for such a low temp-
erature is to avoid degradation and further decomposition of
oxygen functionalities, present mainly in TRG, on graphene. A
TCD nitrogen cooled (77 K) detector was used for the evalu-
ation of the results using a BET and Kelvin equations.

Results and discussion

Fluorination under different conditions resulted in signifi-
cantly different fluorination efficiencies and fluorine contents
in the prepared fluorographenes. This method can be easily
scaled up and used for the large-scale production of fluori-
nated graphene with exactly controlled degree of fluorination.
The concentration of fluorine had a significant effect on the
colour of fluorinated graphene. The material with concen-
tration below 20 wt% F had a black colour, while increasing
the fluorine concentration led to brown colour and eventually
to white colour for fully fluorinated graphene. The fluorinated
graphenes and the starting material (TRG) are shown in Fig. 1.
The colour of fluorinated graphene is highly sensitive to fluor-
ine content, which is clearly visible in the colour of FG2 and
FG3 samples (Fig. 1). Only a small decrease of fluorine concen-
tration compared to fully fluorinated graphene led to a change
from white to brown colour. Fluorinated graphene is highly
hydrophobic; however, it can form highly stable suspensions
in non-aqueous solvents such as acetonitrile or hydrocarbons.
Fully fluorinated graphene forms colourless transparent sus-
pensions. Graphene with lower fluorine concentration forms
brown to black suspensions depending on the fluorine concen-
tration. The suspension in acetonitrile is shown in Fig. 1.
White colour also demonstrates successful synthesis of fully

Fig. 1 Images of reduced HO-GO (TRG) and samples with various
fluorine concentrations (FG1, FG2 and FG3) as prepared and in a dis-
persion in acetonitrile. The light scattering in a clear suspension of the
FG3 sample using a green laser pointer (532 nm) is shown.

This journal is © The Royal Society of Chemistry 2015
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fluorinated graphene. The presence of a colourless dispersion
of the FG3 sample in acetonitrile is documented by laser light
scattering in Fig. 1.

Firstly the morphology was observed by scanning electron
microscopy (SEM) at various magnifications. The results are
shown in Fig. 2. All the fluorinated samples show platelet
structure, which is typical for graphene based materials. The
typical “worm like” lamellar structure indicates a high degree
of exfoliation. With increasing the fluorine concentration the
defects within fluorographene sheets start to become visible.

Furthermore the element distribution and concentration
was measured by EDS. The results for element distribution are
shown in Fig. SI1f and the concentrations are summarized in
Table 1. A homogeneous distribution of fluorine was observed

Lol 110 pm
\ -3

Fig. 2 SEM images of fluorinated graphenes.

Table 1 Elemental composition of fluorinated graphenes

Sample wt% C wt% F wt% O
FG1 75.05 12.27 12.68
FG2 53.23 42.34 4.43
FG3 52.13 47.35 0.52

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

in all the fluorinated samples. It can be clearly seen that the
fluorine amount rises with more harsh conditions of fluorina-
tion. The composition of the fully fluorinated sample FG3 is
very close to C,F,. From Table 1 it is clearly visible that increas-
ing the content of fluorine is connected to the suppression of
oxygen content. This indicates that fluorine preferentially sub-
stitutes the remaining oxygen functionalities. Differences in
element concentration obtained by EDS and other methods
like elemental combustion analysis originate from the lower
accuracy of EDS on non-planar samples.

The fluorinated samples were subsequently investigated
using scanning transmission electron microscopy (STEM). The
STEM images are shown in Fig. 3. Single and a few layer gra-
phene sheets can be found in all samples. The increasing
content of fluorine is accompanied by a reduction of fluoro-
graphene sheet size and introduction of defects in the form of
holes into the graphene sheets. This was also clearly visible on
AFM images, which will be discussed later. The formation of
defects is related to more harsh conditions necessary for the
introduction of higher concentration of fluorine. The etching
of graphene sheets and reduction of its size have also been
observed for the fluorination procedure using HF.>°

Fig. 3 STEM images of fluorinated graphenes with various fluorine
concentrations.

Nanoscale, 2015, 7, 13646-13655 | 13649
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The morphology was further investigated by atomic force
microscopy (AFM). The images and the corresponding height
profiles are shown in Fig. 4. All samples showed platelet struc-
ture with layer thickness <1 nm. A decreasing trend (down to
0.8 nm) in thickness with increasing the amount of fluorine
was observed. The thickness of graphene monolayer is typically
around 0.7-1.6 nm.*' The thickness of fluorographenes was
determined to be around 0.6 nm by theoretical calculations.?"
The measured data are in good agreement with those reported
in the literature. These observations proved a successful syn-
thesis of single layer fluorographene. The AFM images demon-
strate that graphene sheets are etched not only on the sides,
but some defects are also formed inside the layer planes. Most
probably the etching starts at the places with highest energy
such as defects and also on oxygen functionalities.

The formation of large defects and fragmentation of gra-
phene sheets during the fluorination procedure are also docu-
mented by a significant increase of surface area measured by
the BET method. For the first two samples a relatively small
surface area is observed, 6.6 m*> ¢”! and 5.4 m* g~ for FG1
and FG2, respectively. The full fluorination led to a significant
increase of surface area to 320.4 m* g~ '. Such a large increase
of surface area can be associated with defect formation and a
reduction in size of large sheets.

The elemental composition was further measured using
elemental combustion analysis (CHN-O). The results are
summarized in Table 2. A systematic increase of fluorine
concentration with increasing reaction time, pressure and

FG1 = IFG

°

0.2 04 06 08 10 12

Line (um)

FG2

0.0 0.5 1.0 15 2.0 25
Line (um)

FG3

0.0 0s 1.0 1.5 2.0 25
Line (um)

Fig. 4 AFM images of fluorinated graphenes with the corresponding
height profiles.
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Table 2 The composition of fluorinated graphenes
Sample at% N at% C at% H at% F at% O
FG1 0.13 58.70 5.93 22.17 13.07
FG2 0.11 41.68 0.55 42.62 15.04
FG3 4.90 36.39 2.88 50.66 5.17

temperature was observed. Simultaneously, the concentration
of oxygen and hydrogen was lowered accordingly. This indi-
cates that the remaining oxygen functional groups such as
hydroxyls were substituted with fluorine. Similar results were
obtained by EDS and XPS. The composition of the FG3 sample
indicates a full fluorination and corresponds to white colour
typical for wide band-gap materials like fluorographene - the
fully fluorinated counterpart of graphene. Unusually a high
concentration of nitrogen was also observed in FG3. This likely
originated from the fluorine/nitrogen mixture used during the
fluorination procedure. Reactive nitrogen compounds such as
NF; or NOF; can be formed under reaction conditions and
they can be introduced into the structure of fluorinated
graphene.

High resolution XPS was used to determine the chemical
composition of fluorinated graphenes. The XPS survey spectra
are presented in Fig. 5, where F 1s, C 1s and O 1s peaks
are clearly visible. The F 1s peak was found at ~687 eV, the
C 1s peak at ~284.5 eV and the O 1s peak at ~533 eV.

—— Experimental
F1s FG1 FG1 &
C1s ——C=C
—C-C/C-H
—C-0
—C=0
—C-F
0-C=0
n=n*

CF,
Ma nafand

o W AN AP
—— Experimental
—Fit
—C=C
——C-C/C-H
—C-0
——C=0
—C-F

0-C=0
——CF,
CF,

MOl

Fls FG2

Intensity (a.u.)

— 'Experi'mentall
——Fit
—C=C
——C-C/C-H
—C-0
—CF
—O0-C=0
n=n*
——CF,
CF,

FG3

O1s

0 282 284 286 288 290 292 294 296

Binding energy (eV)

800 600 400 200

Binding energy (eV)

Fig. 5 XPS survey spectra of fluorinated graphenes and deconvolution
of the corresponding C 1s peaks.
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The composition of all fluorinated samples was calculated
based on C 1s, O 1s and F 1s peak areas and the results are
summarized in Table 3. Also the calculated C/F ratio is shown
in Table 3. It can be clearly seen that the content of fluorine
rises with more violent conditions. The C/F ratio varies
between 0.95 and 2.72. The highest content of fluorine was
found in FG3 and corresponds to the composition (C;F; 95)n-
These results are in good agreement with the chemical ana-
lysis results discussed earlier.

Further, detailed high resolution XPS spectra of the C 1s
core level are shown in Fig. 5, while F 1s and O 1s details are
presented in Fig. SI2.f The C 1s peaks with an asymmetrical
tail at higher energies of fluorinated graphenes were fitted to
quantitatively differentiate between nine different states of
carbon bonding: C=C, C-C/C-H, C-O, C=0, C-F, O-C=0,
n-n*, CF, and CF;. The fitting was performed using energies
284.5 eV for C=C; 285.5 eV for C-C/C-H; 286.7 eV for C-O;
288.2 eV for C=0; 288.5 eV of C-F, 289.5 eV for O-C=0; 290.8
eV for n-n* interaction; 291.0 eV for CF, and 292.4 eV for
CF;.** The population of these bonds is summarized in
Table SI1.t The highest amount of CF, and CF; bonds was
found in FG3, which is in good agreement with all previously
mentioned analyses.

FT-IR analysis in reflectance mode was used for the investi-
gation of specific bond types in the prepared samples (Fig. 6).
Awide band with a maximum ranging from 1000 to 1200 cm™"

Table 3 Chemical composition of fluorinated graphenes calculated
from XPS spectra

at%

C (6] F C/F
FG1 65.69 10.20 24.11 2.72
FG2 53.00 9.24 37.76 1.40
FG3 49.09 5.24 51.66 0.95
&
(0]
(&)
c
S
O
2
Ko
2 | —FaG1
——FG2
—FG3
3600 3200 2800 " 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 6 FT-IR spectra of fluorinated graphenes.
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can be seen in this figure. This band is characteristic for the
C-F covalent bond. With increasing the amount of fluorine a
shift of the C-F vibration band towards higher wavenumbers
was observed. The band shifted from 1100 cm™" for FG1 to
1135 em ™" for FG2 and finally to 1200 cm™" for FG3. Such a
peak shift is related to a change of the C-F bond nature from
“semi-ionic” to covalent type. The vibration band corres-
ponding to C=C bonds at 1590 cm™" can be detected only in
the FG1 sample with the lowest concentration of fluorine. The
vibration band located at 1780 ecm™" and usually associated
with C=O vibration was observed only for the samples with
lower fluorine content (FG1 and FG2).

In the next step, we performed the Raman spectroscopy
using a 532 nm laser. Samples FG2 and FG3 exhibit very
intense luminescence which led to the suppression of D and G
band intensities. Since the exact values of intensity could not
be obtained, the results of Raman spectroscopy are presented
only graphically in Fig. 7. To reduce the problem with back-
ground luminescence the Raman spectroscopy was also per-
formed using a UV laser with the wavelength of 325 nm
(Fig. 7). The unusual shape of Raman spectra obtained using a
UV laser has been reported previously and originates from

—FG1
—FG2

~ | —FG3

>

8

2

‘®

c

2

£

500 1000 1500 2000 2500 3000
Raman shift (cm™)

— FG1
— FG2

s |—FG3

8

P
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[

@

IS

1000 1500 2000 2500 3000
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1
500
Fig. 7 Raman spectra of fluorinated graphenes recorded with a 325 nm

laser (upper image) and a 532 nm laser (lower image).
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different sensitivity towards sp® and sp® hybridized carbon
atoms compared to excitation in the visible region of spectra.
In Raman spectra two major peaks were detected. The first
band, D-band, at 1430 cm™, corresponds to sp’ hybridized
carbon atoms and it is associated with defects in graphene
structure and covalently bonded remaining oxygen functiona-
lities. The second band, G-band, located at 1620 cm™" corres-
ponds to sp> hybridized carbon atoms in graphene layers.
The unusual shift towards higher wavenumber can be associ-
ated with covalently bonded fluorine to the graphene skeleton
(usually the D-band is located at 1350 cm™" and the G-band at
1580 cm™').** The D/G ratio obtained using a UV laser was
0.62 for FG1, 0.54 for FG2 and 0.43 for FG3. The Raman
spectra of graphene used for fluorination are shown in the ESI
(Fig. S137).

The structure of fluorinated graphenes was further investi-
gated by X-ray diffraction (Fig. 8). The peak corresponding to
the (001) reflection was found at 26 = 14.4° for FG1, 26 = 12.6°
for FG2 and 26 = 12.1° for FG3. This clearly indicates the
increasing interlayer distance, which is typically 0.338 nm for
pure graphite. Introduction of fluorine led to a significant
increase of interlayer distance to 0.610 nm for FG1, 0.720 nm
for FG2 and 0.731 nm for FG3.** The increase of interlayer dis-
tance is associated with an increase of fluorine concentration.
The broad diffraction peak associated with the (001) reflection
also indicates a high degree of exfoliation. In addition the
(101) reflection can be observed at 260 = 44.46° and the (100)
reflection at 26 = 42.89°. In the case of the FG3 sample we can
also observe a large broadening of the (101) and (100) reflec-
tion associated with the disorder induced by the fluorination
procedure in fully fluorinated graphene.

In the next step, thermal stability towards oxidation/com-
bustion was tested using STA (Fig. 9) under a dynamic air
atmosphere. The beginning of the oxidation started at 462 °C
for FG1. Quite a surprising thermal behaviour was found for
both the remaining highly-fluorinated samples FG2 and FG3.
Higher content of fluorine led to a decrease in temperature of
oxidation, which was 421 °C for FG2 and only 278 °C for FG3.

Intensity (a.u.)

10 20 30 40 50 60 70 80

Fig. 8 X-ray diffraction patterns of fluorinated graphenes.
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Fig. 9 Thermal analysis of fluorinated graphenes.

All exothermal effects are accompanied by adequate weight
losses. Let us note that an opposite trend was found for bromi-
nated graphenes and iodinated graphenes.'®*° This indicates
that thermal stability of fluorinated graphene is closely related
to not only the fluorine content, but also the degree of exfolia-
tion and particle size. This is documented by BET surface area
measurements where the sample FG3 has a significantly
higher surface area compared to FG1 and FG2 samples.

The photoluminescence spectroscopy confirms the assump-
tions of Raman spectra measurements, where a strong lumine-
scence background significantly influenced the measurements
(Fig. 10). While FG1 revealed only a weak luminescence, the
luminescence of the FG3 sample was more than one order of
magnitude higher. Undoubtedly, the increasing content of C-F
bonds is responsible for higher photoluminescence. A blue
shift of visible luminescence with increasing the fluorine con-
centration was observed. While the luminescence maximum of
FG2 is located at 610 nm, it is shifted to 540 nm for the FG3

This journal is © The Royal Society of Chemistry 2015
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Fig. 10 The photoluminescence spectra of fluorinated graphene in the
UV (left) and visible regions (right).

sample. The luminescence in the UV region was also detected;
however, its intensity is significantly lower compared to the
luminescence in the visible region (Fig. 10). Two maxima at
340 nm and 350 nm are clearly visible in the UV region. These
wavelengths correspond to energies of 3.65 eV and 3.56 eV.
This is rather close to the band-gap energy of 4.40 eV predicted
theoretically for fluorographene. It is quite surprising that
almost a similar spectrum in the UV region was observed for
FG1 and FG2. This can be explained by the presence of highly
fluorinated regions where electron-hole recombinations take
place.

In addition, the UV-VIS spectroscopy was performed on sus-
pension in acetonitrile (Fig. SI4t). The highest absorbance,
which is almost wavelength independent, was observed for the
sample with lowest fluorine concentration (FG1). The absor-
bance of FG2 sample continuously increased to 320 nm, while
in the FG3 sample a strong absorption starting at 320 nm and
reaching the maximum at 270 nm was detected. This shows
that fully fluorinated graphene can be used for surface coating
with high transmittance in the NUV-VIS region.

The inherent electrochemistry was measured in the range
of +0.5 V to —1.8 V. While the fully fluorinated graphene (FG3)
showed none or only minimal reducible functional groups,
both FG1 and FG2 revealed a clear reduction of the remaining
oxygen functional groups starting at —0.3 V and reaching
maxima at —0.95 V and —0.80 V for FG1 and FG2, respect-
ively.*® The results of inherent electrochemistry measurements
using 0.05 M PBS (pH = 7.0) as a supporting electrolyte are
shown in the ESI (Fig. SI5T).

The heterogeneous electron transfer (HET) rate was
measured using a [Fe(CN)e]>*~ redox probe with 0.05 M PBS
as a supporting electrolyte with pH = 7.0 (Fig. 12). The peak-to-
peak separation was strongly dependent on the concentration
of fluorine. The peak-to-peak (AE,_,) separation of FG1 and
FG2 was 202 mV and 208 mV, while the fully fluorinated gra-
phene FG3 exhibited a significantly larger (AE,,) (369 mvV)
and thus slower HET which is comparable to the bare GC elec-
trode (371 mV). Such a significant reduction of HET rate is
related to low conductivity of fully fluorinated graphene.

In order to demonstrate the hydrophobic properties of fluori-
nated graphenes, we performed contact angle measurements on
a silicon wafer coated with the tested material (Fig. 11). The

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 The contact angle of silicon wafer coated with fluorinated
graphenes.

results showed significant dependence of the contact angle on
the fluorine concentration. The contact angle increased from
43.9° for FG1 to 86.8° for FG2 and finally to 142.2° for FG3. For
comparison the contact angle measurement for the starting gra-
phene is shown in the ESI (Fig. SI61) documenting a substan-
tially more hydrophilic behaviour with the contact angle of only
40.2°. Our results show that fully fluorinated graphene can be
used for the preparation of super-hydrophobic surfaces.
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Fig. 12 The HET rate of fluorinated graphenes using 0.01 M K4[Fe(CN)¢l
in 0.05 M PBS as a supporting electrolyte (pH = 7.0).

Conclusions

Fluorinated graphenes were prepared by direct fluorination of
thermally reduced graphenes obtained by microwave plasma
assisted exfoliation of graphite oxide. The fluorine content in
graphene was dependent on the reaction conditions. The deve-
loped method can be used for the synthesis of fluorinated gra-
phene with a tunable concentration of fluorine up to fully
fluorinated graphene - fluorographene with the overall compo-
sition of C;F; ¢5. Moreover the method can be easily scaled for
mass production. Fluorographene can form a stable dispersion
in non-aqueous solvent which is transparent in the NUV-VIS
region. The synthesized materials were characterized in detail
and etching of graphene during the fluorination procedure
was analyzed by microscopic techniques. The studied
materials exhibited a strong luminescence in the visible region
of spectra whose maximum can be tuned by fluorine concen-
tration. Fluorinated graphene can be applied for surface modi-
fication in order to prepare a surface coating with tunable
hydrophobic properties. The fully fluorinated graphene can be
used for the preparation of super-hydrophobic surfaces with
great application potential.
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