
Journal of Colloid and Interface Science 524 (2018) 219–226
Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is
Regular Article
Synthesis of fluorinated graphene oxide by using an easy one-pot
deoxyfluorination reaction
https://doi.org/10.1016/j.jcis.2018.04.030
0021-9797/� 2018 Elsevier Inc. All rights reserved.

⇑ Corresponding authors.
E-mail addresses: haguilar@ciq.uchile.cl (H. Aguilar-Bolados), myazdani@ciq.

uchile.cl (M. Yazdani-Pedram).
Héctor Aguilar-Bolados a,⇑, Ahirton Contreras-Cid b, Mehrdad Yazdani-Pedramb,⇑,
Gabriela Acosta-Villavicencio c, Marcos Flores c, Pablo Fuentealba b, Andrónico Neira-Carrillo d,
Raquel Verdejo e, Miguel A. López-Manchado e

a Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Beauchef 850, Santiago, Chile
b Facultad de Ciencias Químicas y Farmacéuticas, Universidad de Chile, S. Livingstone 1007, Santiago, Chile
c Laboratory of Surfaces and Nanomaterials, Physics Department, Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Beauchef 851, Santiago, Chile
d Facultad de Ciencias Veterinarias y Pecuarias, Universidad de Chile, Av. Santa Rosa 11735, Santiago, Chile
e Instituto de Ciencia y Tecnología de Polímeros, ICTP-CSIC, Juan de la Cierva, 3, 28006-Madrid, Spain

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 6 March 2018
Revised 4 April 2018
Accepted 5 April 2018
Available online 6 April 2018

Keywords:
Deoxyfluorination reaction
Reconstruction of Csp2 structure
Fluorinated graphene oxide
Band gap energy
a b s t r a c t

The fluorination of two types of graphene oxides conducted by an easy and scalable deoxyfluorination
reaction is reported. This reaction was carried out using diethylaminodifluorosulfinium tetrafluoroborate,
a stable compound and an efficient reagent for replacing oxygenated functional groups of graphene oxide
by fluoride. The graphene oxide produced by the Hummers’ method (GOH) showed lower reactivity than
that produced by the Brodie’s method (GOB). X-ray photoelectron spectroscopy indicated that the highest
fluorination degree achieved was 4.7 at.% when GOB was used, and the CAF character corresponds to
semi-ionic bonds. Additionally, a partial reduction of GO was concomitant with the functionalization
reaction. The deoxyfluorination reaction changed the crystalline structure of GO, favoring the reconstruc-
tion of Csp2 structure of the graphene lattice and reducing the number of stacked layers. The fluorination
led to the modification of the electronic band structure of this material, increasing the band gap from
2.05 eV for GOB to 3.88 eV for fluorinated GOB, while for GOH the low flurionation led to a slight increase
of the band gap, from 3.48 eV to 3.57 eV.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The discovery of graphene [1] has meant a revolution in the
field of two-dimensional (2D) materials, since this material has
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excellent mechanical properties [2–4], high electrical conductivity
(107–108 S/m) [5] and elevate thermal conductivity (5300 Wm�1

K�1), which is superior to the those exhibited by diamond (K =
2300 Wm�1K�1) [6] and carbon nanotubes (K = 3500 Wm�1K�1)
[7]. Graphene does not present a gap of energy between its valence
and conduction bands, and therefore, graphene is classified as a
semi-metallic or zero-gap material [8]. This fact has limited the
use of graphene in the manufacture of electronic devices, where
semi-conducting materials are used [8,9]. However, there are dif-
ferent strategies to modify the electronic band structure of gra-
phene, seeking the increase of its band gap. These strategies have
mainly relied on the covalent functionalization of graphene by
halogenation, oxidation and hydrogenation reactions, among
others [8–10]. Fluorination is a reaction that leads to a drastic
increase of the graphene band gap [8], since the halogen atoms
covalently bonded to graphene change the hybridization from
sp2 to sp3. This has an effect on the local electronic properties of
graphene, increasing the difference of energy between the valence
and conduction bands [11]. Calculations of band gap values of dif-
ferent halogenated graphenes have been performed using density
functional theory (DFT). The resulted values of band gap of fluori-
nated graphene vary from 3.1 eV [12–14] to 8.3 eV [12,14,15].

To date, several methods for fluorination of graphene have been
reported using different starting materials, from graphene films,
CVD graphene, graphene oxide, graphite or fluorinated graphite
[16]. These methods include direct fluorination [17], plasma fluori-
nation [18], solvothermal fluorination [19–21] or exfoliation by
thermal [22] or ultrasonic treatment of fluorinated graphite. Direct
fluorination of graphene results in F/C ratio values of up to 1.00
[17]. Nevertheless, these methods are hazardous and complex,
requiring special equipment. A simple route for graphene fluorina-
tion is the use of graphite oxide as starting materials. For instance,
Samanta et al. [21] reported a procedure that used BF3-etherate
and activators, such as 1-heptanethiol or n-butylamine to fluori-
nate graphite oxide. This work was based on the presence on gra-
phite oxide of aryl epoxy groups, which are susceptible to undergo
hydrofluorination by ring opening, and on the suitability of BF3 as a
source of nucleophilic fluorine, as it was previously reported by
Cresswell et al. [23]. On the other hand, several authors [19,20]
have reported the successful fluorination of graphene oxide by
reaction with diethylaminosulfur trifluoride (DAST). Although
DAST is widely known as a reagent for deoxyfluorination [24], it
is an explosive and unstable compound difficult to handle in humid
environments [25,26].

A more stable compound, which has been used in deoxyfluori-
nation reactions, is diethylaminodifluorosulfinium tetrafluorobo-
rate (Fig. 1). This compound is more efficient for replacing the
oxygenated functional groups by fluorine [27,28]. Diethylaminod-
ifluorosulfinium tetrafluoroborate is a solid reagent, which facili-
tates scaling up the reaction process [29]. This paper reports, for
the first time, the fluorination of graphite oxide by the use of a salt
of diethylaminodifluorosulfinium. This deoxyfluorination reaction
Fig. 1. Deoxyfluorination reaction using tetrafluoroborate of
diethylaminodifluorosulfinium.
is simple and easily scalable since it can be carried out using labo-
ratory routine equipment. Moreover, the reactivity of two graphite
oxides produced by different oxidation methods is explored.
2. Experimental

2.1. Materials

Natural graphite, fuming nitric acid (99.0%), sulfuric acid
(98.0%), potassium chlorate, potassium permanganate, sodium
nitrate, hydrogen peroxide (30%), triethylamine, triethylamine tri-
hydrofluoride, diethylaminodifluorosulfinium tetrafluoroborate
(XtalFluor-E), dichloromethane, sodium hydrogen carbonate were
supplied by Sigma-Aldrich Co., USA, as ACS grade reagents and
were used as received.

2.2. Oxidation of graphite

2.2.1. Method of Brödie
5 g of natural graphite were added to 100 ml of fuming nitric

acid in a refrigerated reactor (0 �C) and the mixture was left under
stirring. Then, 40 g of potassium chlorate were slowly added to the
mixture and it was left to react for 22 h. Afterward, the mixture
was carefully poured into 1500 ml of cold distilled water. The
resulting suspension was centrifuged at 5000 rpm for 5 min. The
obtained solid was washed with abundant distilled water. The pro-
cesses of centrifugation and washing were repeated several times,
until it reached pH 7. The obtained solid was dried at 70 �C, for 12
h. The resultant graphite oxide is named GOB.

2.2.2. Method of hummers
2 g of natural graphite, 1 g of sodium nitrate and 44 ml of sulfu-

ric acid (98%) were added to a refrigerated reactor (0 �C) and the
mixture was left under stirring. 6 g of potassium permanganate
were then carefully added and, heated to 35 �C for 30 min, fol-
lowed by the addition of 88 ml of distilled water under stirring
for 15 min. Afterward a solution of hydrogen peroxide (3%) was
added to the suspension until its color changed. The resulting sus-
pension was centrifuged at 5000 rpm for 5 min and the obtained
solid was washed with abundant distilled water. This process
was repeated several times, until it reached pH 7. The obtained
solid was dried at 70 �C, for 12 h. The resultant graphite oxide is
named GOH.

2.3. Synthesis of fluorinated graphene oxides

10 g of XtalFluor-E and 87 ml of dichloromethane were added
to a thermoregulated two-mouth flask at 0 �C. A mixture of 2.95
g of triethylamine and 9.39 g of triethylamine trihydroflouride
was added to the reactor to generate in situ triethylamine dihy-
drofluoride [29]. This mixture was stirred at 0 �C until a homoge-
neous solution was obtained. Then, 1.46 g of graphite oxide was
slowly added and the suspension was left under a continuous
nitrogen flow. The resulting solution was left to react at 0 �C for
30 min. Then, the suspension was heated to 25 �C for 20 h. Subse-
quently, the flask was connected to a reflux system and heated to
40 �C for 2 h. After the reaction time has elapsed, the solution was
brought to room temperature and 500 ml sodium hydrogen car-
bonate (5%) was added to stop the reaction, and the suspension
was let under stirring for 15 min. The resulting suspension was
centrifuged at 5000 rpm for 5 min and the obtained solid was
washed with abundant distilled water. This process was repeated
several times. The resulting solid was dried to 70 �C for 12 h. The
obtained fluorinated graphene oxides were dialyzed for 96 h using
deionized water and a dialysis tubing cellulose membrane (Sigma-
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Aldrich Co., US). The fluorinated graphene oxides are named rGOH-
F and rGOB-F, depending on the oxidation method used, Hummers
or Brodie, respectively.

2.4. Characterization

The chemical composition of different graphitic materials was
studied by means of chemical binding energy of the elements,
through X-ray photoelectron spectroscopy technique (XPS),
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Fig. 2. XPS survey (a), and contributions of the functional gro
using a Perkin Elmer XPS–Auger spectrometer, model PHI 1257
(Massachusetts, USA), which includes an ultra-high vacuum
chamber, a hemispheric electron energy analyzer and a X-ray
source with Ka radiation unfiltered from an Al (hm = 1486.6
eV) anode. The measurements were performed at 400 W and
emission angle of 70� to obtain information from the deep sur-
face. The information provided by the C1s spectra is comple-
mented analyzing the O1s spectra, since it is more surface
specific than the C1s [30].
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The graphitic materials were also characterized by Raman spec-
troscopy using a Renishaw Invia Raman microscope equipped with
a 514.5 nm wavelength laser and 0.02 cm�1 resolution. The spectra
were recorded from 0 to 4000 cm�1. Each Raman spectra were nor-
malized with respect to its highest intensity band. The crystallite
sizes (La) of different graphitic materials were calculated using
Eq. (1) [31].

La nmð Þ ¼ 2:4� 10�10
� �

k4
ID
IG

� ��1

ð1Þ

where k is laser wavelength, ID and IG are the intensity of D and G
band, respectively.

X-ray diffraction analysis of the graphitic materials was carried
out using a Bruker diffractometer model D8 Advance (Mas-
sachusetts, USA) with a Cu Ka radiation source, wavelength k =
0.154 nm and power supply of 40 kV and 40 mA. The incident
angle (2h) was varied between 2� and 80� and the scan rate was
0.02�/s. The interlayer distance (d00l) of graphitic materials was
determined by Bragg’s law Eq. (2).

d00l ¼ k=2senh00l ð2Þ
where h00l is the reflection angle of the reflection plane, and 0 0 l is
an integer number.

Solid-state UV spectra were recorded in a Perkin Elmer Lambda
650 equipment coupled with an integration sphere that consist of
Praying MantisTM Diffuse Reflection Accessory and a ‘‘Sampling Kit”,
model DRP-SAP, Harrick Scientific Products, Inc. (New York, USA).
Band gap value was estimated by extrapolating the first linear
region of the Tauc plots, (ahv)2 vs hv, where a is the absorption
coefficient [32].

3. Results and discussion

3.1. X-ray photoelectron spectroscopy

XPS provides information of the different elements present and
their atomic ratio from the studied graphitic materials. XPS survey
of graphite, GOB, GOH, rGOB-F and rGOH-F are presented in Fig. 2a.
The oxidation reaction leads to a significant increase of the oxygen
content. The O:C atomic ratios are shown in Table 1, GOH has a
higher oxygen content (0.57) as compared to GOB (0.42), which
could be attributed to the different nature of the oxidizing species
produced during these reactions [33].

After the fluorination reaction, XPS data evidenced both the
presence of fluorine and the reduction of the oxygen content. The
highest content of fluorine was achieved for GOB obtaining a F:C
ratio of 0.06. The C1s and O1s signals were decomposed using a
Lorentz function after subtracting a Shirley-type background
(Fig. 2b and c and Table 1). The oxidation reaction of graphite intro-
duces carbonyl and hydroxyl/epoxy groups, decreasing the sp2 sig-
Table 1
Atomic percentage, peak assignment and binding energy for the analyzed samples.

Atomic percentage (%) C1s

C N O F S C-Au Sp2 SP3 CAOH/CAOA

Graphite 96 4 283.0 eV
6.0%

284.7 eV
53.6%

285.6 eV
28.0%

287.3 eV
9.5%

GOB 70 30 283.1 eV
3.5%

284.7 eV
48.4%

286.6 eV
43.9%

GOH 62 1 36 1 283.1 eV
3.0%

284.5 eV
44.4%

286.5 eV
47.0%

rGOB-F 74 4 16 5 1 282.8 eV
1.5 %

284.5 eV
41.8 %

285.4 eV
19.8 %

286.6 eV
27.2 %

rGOH-F 80 18 1 1 283.0 eV
1.3 %

284.7 eV
48.02 %

285.4 eV
16.5%

286.7 eV
16.5%
nal. Deoxyfluorination reaction produces a significant decrease of
hydroxyl/epoxy groups [34]. The contribution of CAF bond could
be associated to the signals observed at binding energies 290.5
eV and 290.3 eV present for rGOB-F and rGOH-F, respectively
(Fig. 2b). Unfortunately, it is not possible to distinguish between
the contributions of the CAF bond and those of the p-p*, which cor-
respond to shake up satellite peak [34]. Nevertheless, F1s signals
provide information of the nature of these bonds. rGOB-F has
two contributions at 686.42 eV and 688.03 eV, which indicate that
CF bonds have mainly semi-ionic nature. In the case of rGOH-F, the
contributions are observed at 687.51 eV and 689.34 eV (Fig. 3), that
have a shared character between semi-ionic and covalent [16].

As previously mentioned, rGOB-F has a higher fluorine content
than rGOH-F, due probably to the differences of reactivity of the
oxygenated functional groups present on both GOs (Table 1).
GOB presents a higher content of CAOH groups (93.3 at.%), respon-
sible for the greater conversion of oxygenated functions into fluo-
rine functions. Deoxyfluorination reaction mechanisms have been
suggested for simpler organic molecules than GO [28,29]. L’Heur-
eux et al. [28] indicate that Xtalfluor-E reagents effectively convert
alcohols to alkyl fluorides and carbonyls to gem-difluorides by the
O1s

C C@O p-p*/CAF C@O CAOH CAO H2O

290.3 eV
3.9%

532.3
45.4%

533.7
54.6%

288.7 eV
4.2%

530.7 eV
4.6%

532.7 eV
93.1%

534.5 eV
2.3%

288.7 eV
5.8%

531.6 eV
21.8%

532.7 eV
73.3%

534.3 eV
5.0%

288.6 eV
7.2 %

290.5 eV
2.6%

531.6 eV
11.9%

532.8 eV
74.9%

534.0 eV
13.2%

288.8 eV
5.6 %

290.3 eV
2.9%

531.6 eV
6.5 %

533. eV 83.3% 534.0 eV
6.5%

535.3 eV
3.7%
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formation of a dialkylaminodifluorsulfane intermediary. Neverthe-
less, since Xtalfluor-E reactions are fluoride-starved, an exogenous
fluoride source is required [28]. This exogenous source corre-
sponds to triethylalmine dihydrofluoride [29], which is in situ gen-
erated by the previous addition of triethylamine and triethylamine
thihydrofluoride to the system.
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Fig. 5. XRD patterns of graphene materials.
3.2. Raman spectroscopy

Fig. 4 shows the Raman spectra of the graphitic materials. GOB
and GOH present G bands shifted to higher frequencies (1581
cm�1 and 1591 cm�1, respectively) compared to that observed for
graphite (1566 cm�1). This shift is attributed to the fact that the oxi-
dation process leaves some isolated double bonds in the structure
and these resonate at higher frequencies [35,36]. The intense bands
observed at 1351 cm�1 and 1354 cm�1 for GOB and GOH, respec-
tively, correspond to the D band. The significant increases in the
intensity of these bands, compared to graphite, are ascribed to
defects in the graphene lattice. These defects could correspond to
sp3-defects, vacancy sites, grain boundaries, among others [37],
which appear as a consequence of the graphite oxidation process.
The Raman spectrum of rGOH-F does not present important
changes compared to that of GOH, since D and G bands appear at
similar Raman shifts, i.e. at 1354 cm�1 and 1591 cm�1, respectively.
This indicates that the deoxyfluorination reaction does not produce
changes in the structure of GOH. Meanwhile, rGOB-F shows signif-
icant changeswith respect to its corresponding graphene oxide. The
D and G bands are narrower compared to those of GOB, indicating
an increase in the crystallinity of thematerial and, hence, the partial
aromatic restoration of the basal plane [35]. This restoration is also
reflected in a sensible decrease of the ID/IG ratio. However, the pres-
ence of the D’ band suggests the existence of substituent atoms or
functional groups at the interface or edges of the crystalline areas
[37]. In addition, rGOB-F presents a well-defined second order 2D
band close to pristine graphite, which originates from in-plane
breathing-like mode [38].

These results suggest that the deoxyfluorination reaction leads
to a structural modification of the GOB sheets favoring the recov-
ering of graphene lattice. These changes are observed only for
the GOB and not for GOH. Hence, GO obtained by different oxida-
Fig. 4. Raman spectra of
tion methods has different reactivity toward the fluorination
reaction.

Cançado et al. [31] proposed a general equation to calculate the
crystallite size (La) of nanographite, which has also been linked to
the average interdefect distance by Ferrari et al. [39]. Fig. 4 pre-
sents the estimated La of the graphitic materials, with a clear
reduction of its value after the oxidation process and being this
effect more drastic for GOH. This indicates that the Hummers
method is a more aggressive method for the oxidation of graphite,
compared with Brodie’s method, as was previously confirmed by
XPS measurements. The deoxyfluorination reaction gives rise to a
different behavior depending on the used oxidation method. La
value of rGOB-F shows a clear increase compared to GOB, whereas
this value hardly changes with the fluorination of GOH. Although
the oxidation of the graphite is more effective with the Hummers
method than with Brodie’s method, the latter generates an effec-
tive restoration of the sp2 structure of the graphene lattice with
fewer defects. Therefore, GOB is more susceptible than GOH to
yield structural changes by the deoxyfluorination reaction.

3.3. X-ray diffraction analysis

Unlike graphite, graphene materials obtained by oxidation reac-
tion or functionalization show a turbostratically stacked layer
graphene materials.
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structure. This is reflected in the diffraction patterns, since they
contain only (0 0 l) and (h k 0) peaks, without any three-
dimensional peak (h k l) (Fig. 5) [40]. The oxidation reaction gives
rise to less intense peaks and a shift to lower angles, which results
from a change of the long-range order of the crystal structure.
Table 2 shows the structural parameters of the graphitic samples.
The interlaminar distance was estimated by the Bragg’s law and
the number of the stacked sheets by the Debye-Scherrer equation,
adjusting the reflection peak (0 0 2) to Lorentz curves. Likewise,
the average size of crystallites (D) was determined from the (1 0
0) plane reflection [41]. Analysis of the diffraction planes of GOs,
showed that these have an average size of crystallites of 31 nm
and 12 nm, respectively, being lower than that of the graphite
(36 nm). Hence, the oxidation reaction degrades the graphitic
structure, being Brodie’s method less aggressive. The oxidation
reaction also decreases the number of stacked layers [42], from
60 layers for graphite to 30 and 12 layers for GOB and GOH, respec-
tively. On the other hand, the deoxyfluorination reaction further
decreases both the average size of crystallites and the number of
estimated layers, suggesting an exfoliation process. Therefore,
XRD analysis is in agreement with the Raman spectroscopy, having
both prove that the Hummers reaction produces larger structural
changes than Brödie’s, while the deoxyfluorination reaction is
more effective on GOB.
Table 2
XRD analysis of the graphene materials.

Peak (0 0 2)

2h (deg) FWHM (deg) d (nm)

Graphite 26.35 0.43 0.338
GOB 15.35 0.51 0.577
GOH 10.31 0.86 0.858
rGOB-F 12.41

21.14
5.32
7.20

0.713
0.420

rGOH-F 12.01
22.59

4.17
7.75

0.736
0.393

1 2 3 4 5 6 7
Energy (eV)

( α
h ν

)2

GOH
GOB

(a)

Fig. 6. Tauc plots of studied phases o

Table 3
Band gap values of graphene oxide and fluorinated graphene oxide.

GOB GOH

Band gap reported in literature 2.16 [43];
1.70–2.40 eV [44]

2.70 eV [45];
2.90–4.40 eV [4

Experimental band gap 2.05 eV 3.48 eV
3.4. Band structure of graphene oxides and fluorinated graphene
oxides

To understand the influence of the oxidation or fluorination
reaction in the electronic band structure, the energy band gap of
the obtained materials was analyzed (Fig. 6). The corresponding
values are summarized in Table 3, where also the band gap values
reported in the literature for graphene oxides and fluorinated gra-
phene are shown. A remarkable difference is observed in the values
of GOH and GOB, being greater the value for GOH (Fig. 6a). This fact
can be explained by the kind of bonds formed in the oxidation pro-
cedures: as deduced from XPS, GOH has a larger content of O and
C@O bonds, responsible for the increase in the energy gap. This
result is consistent with values found in the literature (Table 3).

As already discussed, the fluorination reaction is more effective
in GOB, since it produce a higher functionalization degree. This
leads to a change of its electronic band structure, where the energy
gap increases substantially from 2.05 eV to 3.88 eV (Fig. 6b). How-
ever, other authors have reported discrete band gap increases with
higher fluoride content [20]. To the best of our knowledge, the
deoxyfluorination reaction of GOB favors the reconstruction of
the Csp2 system but the presence of fluorine groups change the
local structure of some carbon atoms and, therefore, the electronic
properties of the resulting material. This could lead to higher band
Peak (1 0 0)

Lc (nm) N 2h (deg) FWHM D (nm)

20 60 42.35 0.51 36
17 30 41.63 0.57 31
9 12 42.35 1.45 12
2
1

4
3

42.28 1.68 10

2
1

4
4

42.79 1.85 9

1 2 3 4 5 6 7

rGOHF
rGOBF

(α
hν

)2

Energy (eV)

(b)

f GOB, GOH, rGOB-F and rGOH-F.

Fluorinated graphene rGOB-F rGOH-F

6]
2.92–3.10 eV [16] – 2.73–3.85 eV [20]

– 3.88 eV 3.57 eV
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gap separation [8]. Contrary to these results, rGOH-F has similar
band gap separation to that exhibited by its starting material
(GOH). The lack of band gap increase could be attributed to low
content of fluorine groups found in rGOH-F (1 at.%). This is proved
by the Raman spectra of rGOH-F and GOH, which indicate that
these materials have similar structures.
4. Conclusions

Fluorinated graphene oxide was successfully prepared through
the deoxyfluorination reaction of GO with diethylaminodifluoro-
sulfinioum tetrafluoroborate. Additionally, a partial reduction of
GO was concomitant with the functionalization reaction. Two
GOs produced by Brodie and Hummers methods were used, show-
ing different reactivity towards deoxyfluorination reaction.
Although the oxidation was less effective with the Brodie’s
method, the resultant GO was more susceptible to yield fluorinated
graphene oxides, leading to a higher functionalization degree. The
deoxyfluorination reaction changed the crystalline structure of
GOB, favoring the reconstruction of Csp2 structure of the graphene
lattice and reducing the number of stacked layers. The incorpora-
tion of fluoride groups modified its electronic band structure,
increasing its band gap energy. The resulting material can be clas-
sified as a semi-conductor and, hence, susceptible to be used in the
manufacturing of electronic devices.
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