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he fluorination intercalation of
graphene toward high-quality fluorinated
graphene formation†

Kun Fan, Jiemin Fu, Xikui Liu, Yang Liu, Wenchuan Lai, Xiangyang Liu *
and Xu Wang*

A direct gas–solid reaction between fluorine gas (F2) and graphene is expected to become an inexpensive,

continuous and scalable productionmethod to prepare fluorinated graphene. However, the dependence of

the fluorination intercalation of graphene is still poorly understood, which prevents the formation of high-

quality fluorinated graphene. Herein, we demonstrate that chemical defects (oxygen group defects) on

graphene sheets play a leading role in promoting fluorination intercalation, whereas physical defects

(point defects), widely considered to be an advantage due to more diffusion channels for F2, were not

influential. Tracing the origins, compared with the point defects, the unstable hydroxyl and epoxy groups

produced active radicals and the relatively stable carbonyl and carboxyl groups activated the surrounding

aromatic regions, thereby both facilitating fluorination intercalation, and the former was a preferential

and easier route. Based on the above investigations, we successfully prepared fluorinated graphene with

an ultrahigh interlayer distance (9.7 Å), the largest value reported for fluorinated graphene, by

customizing graphene with more hydroxyl and epoxy groups. It presented excellent self-lubricating

ability, with an ultralow interlayer interaction of 0.056 mJ m�2, thus possessing a far lower friction

coefficient compared with graphene, when acting as a lubricant. Moreover, it was also easy to exfoliate

by shearing, due to the diminutive interlayer friction and eliminated commensurate stacking. The

exfoliated number of layers of less than three exceeded 80% (monolayer rate z 40%), and no surfactant

was applied to prevent further stacking.
1. Introduction

Due to its excellent mechanical and chemicophysical proper-
ties, graphene has received ever-increasing attention around the
word and a series of graphene technologies have been devel-
oped.1–3 More importantly, it initiated the research upsurge of
two-dimensional (2D) materials, including phosphorene,
graphdiyne, transition metal dichalcogenides, covalent organic
frameworks, and even organic–inorganic hybrid perovskites
and so on. Accordingly, the “experience” of graphene guides its
preparations, applications and ramications. The supra-
maximal aspect ratio (the ratio of the lateral size to thickness) is
the most important and intrinsic characteristic of 2D materials,
so the broad (transversal direction) and narrow (longitudinal
direction) interlayers spontaneously form in the multilayer
structure or through self-assembly via weak van der Waals
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interactions. Recent advances in 2D materials indicate that
taking advantage of the interlayer and the corresponding
parameters is crucial to numerous applications, such as lubri-
cation,4,5 separation,6 electrochemistry,7 catalysis8 and even
exfoliation.9,10 Therefore, meticulously understanding the
structure dependence for interlayer regulation, especially for
original graphene,11 would bring about a promising harvest in
the research of 2D materials.

Fluorinated graphene, as an important graphene derivative,
effectively regulates the interlayer of graphene, such as
increasing the interlayer distance and reducing the interlayer
surface energy.12,13 Meanwhile, the introduction of uorine
would result in new properties and functions of the resulting
graphene material, which would enable, for example, a tunable
energy gap, high functionalization density and ne chemical
reactivity, and excellent thermal stability, allowing electromag-
netic as well as medical applications.14–17 Thus, uorinated
graphene has great potential for application in a range of elds.
However, graphene structure dependence for uorination
intercalation is always ignored, which severely restricts the
further development of uorinated graphene. That is, it still
remains challenging to prepare the same quality of uorinated
graphene. High-quality uorinated graphene possessing an
This journal is © The Royal Society of Chemistry 2019
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ultrahigh interlayer distance is also difficult to obtain. There is
limited guidance for designing specic graphene to meet the
need of preparing directed uorinated graphene toward
different service environments.

It should be also noted that great difficulty exists in the
investigation of the dependence of uorination intercalation. In
terms of graphene as a raw material, it is a complex matrix with
various structural natures, even in different regions of one
graphene sheet, such as different defect species,18–20 which
makes it difficult to distinguish the respective contributions for
uorination intercalation from different structural factors.
Taking the preparation of uorinated graphene into account,
the raw material of liquid-phase exfoliation is graphite uoride,
where the interlayer is relatively stationary and no uorination
intercalation needs consideration.14,21 Expensive xenon
diuoride (XeF2) is always chosen to uoridize monolayer gra-
phene from chemical vapor deposition in a tiny quantity,14 and
its surface peculiarity has been the focus of attention. For other
uorine sources such as sulfur hexauoride (SF6) and uo-
ropolymer, the generated uorine species are unclear and
impurity elements may be present. Direct uorination between
graphene and uorination gas (F2) has been achieved by
adjusting the F/C ratio (CFn stoichiometry, n¼ 0–1),22,23which is
a favorable and convenient means to investigate uorination
intercalation. As a typical gas–solid reaction, the advantage is its
scalability in practical applications. Nevertheless, in the face of
explaining the mechanism, it has been extensively accepted that
physical defects (point defects) are advantageous for uorina-
tion intercalation due to more gas diffusion channels,22,24

although only straightforward computational simulation
results have been provided and valid experimental evidence is
lacking. Therefore, it is urgent to meticulously investigate the
dependence of uorination intercalation, that is, which types
are favorable and their respective contribution abilities.

In this work, we reveal the dependence of uorination
intercalation, by meticulously distinguishing and purposefully
adjusting the defect species on graphene sheets. It has been
conrmed that point defects provide little help for effective
uorination intercalation, although they possess sufficient
diffusion channels for F2, which goes against conventional
wisdom. Inversely, oxygen group defects play a leading role in
promoting uorination intercalation. Compared with point
defects, unstable hydroxyl and epoxy groups produce active
radicals and the relatively stable carbonyl and carboxyl groups
activate the surrounding aromatic regions, both supporting
effective uorination intercalation, and the former route was
preferential and also has a lower reaction energy barrier, as
demonstrated by in situ temperature-dependent electron para-
magnetic resonance (ISTD-EPR) measurements and density
functional theory (DFT) calculations. Aerwards, we prepared
uorinated graphene (FHGO) with an ultrahigh interlayer
distance (9.7 Å) by uorination intercalation of graphene with
more hydroxyl and epoxy groups, and it presented lower friction
coefficients as solid/liquid lubricants compared with graphene,
due to its excellent self-lubricating ability with an interlayer
interaction of 0.056 mJ m�2. Moreover, the diminutive inter-
layer friction and eliminated commensurate stacking made
This journal is © The Royal Society of Chemistry 2019
FHGO easy to exfoliate by shearing using ball-milling, pre-
senting a promising prospect for large-scale preparation, which
also means that shearing rather than peeling should also be
considered for exfoliating 2D materials to render them with
good self-lubricating ability.

2. Results and discussion
2.1. Inuence of point defects vs. oxygen groups defects

Defects on graphene sheet can be generally divided into two
types:18,25 (1) physical defects, namely lattice stacking, cover
grain boundaries and point defects, while grain boundaries
mainly exist in graphene produced via chemical vapor deposition,
where the point defects are predominant;26,27 (2) chemical defects,
namely bonding groups, here mainly containing oxygen group
defects. In order to expressly investigate the dependence of uo-
rination intercalation from point defects and oxygen group
defects on graphene sheets, two types of graphene namely PG
(mainly with point defects) and OG (mainly with oxygen group
defects), from the same manufacturer with relatively single defect
were chosen as a comparison. As shown in Fig. 1a, a D band is
observed in Raman spectra, which indicates that some defects
exist on the two types of graphene sheets. The measured D to G
band intensity (ID/IG) ratio reects the total defect density.25,28–30

PG had an ID/IG ratio of 1.18, greater than that of OG (0.90),
implying the presence of more defects on the PG sheet. The
average defect distance can be further obtained by the amorph-
ization trajectory according to the following formula: LD

2 (nm2) ¼
(1.8 � 0.5) � 10�9 � lL

4 � (ID/IG)
�1,18 where lL is the excitation

laser wavelength (a 532 nm laser was used in the Raman
measurements). The calculated LD values of PG and OG are (16.1
� 0.8) and (18.7 � 0.7) nm, respectively. From the chemical
compositions obtained by X-ray photoelectron spectroscopy (XPS)
measurements (Fig. 1b and Table 1), it was found that little oxygen
(1.94%) exists in PG while OG possesses over 16% oxygen, and the
Fourier-transform infrared spectroscopy (FTIR) spectra (Fig. S2†)
are also in good agreement with this observation. These results
well demonstrate that PGwithmore defectsmainly contains point
defects, and oxygen group defects are dominant in OG. From the
high magnication transmission electron microscope (TEM)
image in Fig. 1c, it can also be seen that some point defects exist
on the PG sheet, while few point defects exist on the OG sheet
(Fig. S1†). Meanwhile, the selected area electron diffraction
(SAED) image of some regions of the OG sheet does not present
typical diffraction spots for the aromatic region, indicating the
existence of oxygen group defects,31 as shown in Fig. S1.†

Having dened the defect species of PG and OG, the same
uorination conditions were set for them to perform uorina-
tion intercalation. Beyond expectation, the F/C ratio of uori-
nated PG (FPG) was only 0.08, far lower than the 0.23 of the
uorinated OG (FOG), as shown in Table 1. From the wide angle
powder X-ray diffraction (PXRD) patterns in Fig. 1d, it can also
be found that the peak shape and position of FPG shows little
change compared with that of PG. From PG to FPG (Fig. 1e), no
obvious signal representing the generation of radicals or para-
magnetic structural defects appears in EPR spectra, implying
that there is little uorine atom functionalization or doping in
Chem. Sci., 2019, 10, 5546–5555 | 5547
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Fig. 1 (a) Raman spectra and corresponding ID/IG ratios of PG and OG, (b) XPS survey spectra of PG and OG, (c) high magnification TEM image of
PG, (d) PXRD patterns of PG and fluorinated PG (FPG), (e) EPR spectra of PG and FPG, (f) Raman spectra of PG and FPG, (g) PXRD patterns of OG
and fluorinated OG (FOG), (h) EPR spectra of OG and FOG, and (i) Raman spectra and corresponding ID/IG ratios of OG and FOG.

Table 1 Chemical compositions of PG, OG, FPG and FOG measured by XPS

Samples

Chemical compositions of the samples

C content (atom%) O content (atom%) F content (atom%) O/C ratio F/C ratio

PG 98.06 1.94 0 0.02 0
OG 83.55 16.45 0 0.2 0
FPG 87.79 5.19 7.02 0.06 0.08
FOG 69.02 14.81 16.18 0.21 0.23
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the PG.22,23 The Raman spectra also show little distinction
(Fig. 1f). These results indicate that it is difficult for uorination
intercalation to occur in the PG, although the many point
defects in PG provide additional channels for F2 entry, as shown
in Fig. 2. In other words, point defects do not contribute toward
promoting the uorination intercalation of graphene.

Defects, widely regarded or demonstrated to promote uori-
nation intercalation, may be mainly attributed to oxygen group
defects rather than point defects. As shown in the PXRD patterns
(Fig. 1g), from OG to FOG, the peak position shis to a smaller 2
theta value (13.5�), indicating that the corresponding interlayer
distance increases (from 3.91 to 6.55 Å) due to successful
5548 | Chem. Sci., 2019, 10, 5546–5555
uorination intercalation (the calculated interlayer distance is
based on the Bragg equation, 2d � sin q ¼ n � l). A typical EPR
signal is observed for FOG (Fig. 1h) and the ID/IG ratio of FOG
(0.98) shows an obvious increase compared with that of OG
(0.90) (Fig. 1i), indicating uorine atom functionalization or
doping.15,31 These results demonstrate that oxygen group defects
indeed promote the uorination intercalation of graphene, as
shown in Fig. 2.

Besides the aforementioned observations, this conclusion
still requires further proof to indicate its rationality. Herein, we
performed uorination intercalation for graphene oxide (GO)
under the same uorination conditions as used in the
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic diagram showing the fluorination intercalation in PG and OG.
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preparation of FOG. GO possesses more oxygen groups (O/C:
0.35) (Fig. 3b) compared with OG (O/C ratio: 0.2, Table 1), so
the corresponding uorinated product (FGO) presents a larger
Fig. 3 (a) Raman spectra of the GO, GO200, GO300, GO450 and GO6
spectra and the O/C ratios of the GO, GO200, GO300, GO450 and GO6
PXRD measurements and the corresponding F/C ratios of the FGO, FG
schematic of pristine graphene oxide (GO) and heat treated GO.

This journal is © The Royal Society of Chemistry 2019
interlayer distance (7.6 Å) (Fig. 3c and S3†) due to more effective
uorination intercalation, further conrming the advantage of
oxygen group defects.
00 samples, (b) variations in the ID/IG ratios obtained from the Raman
00 samples, (c) histogram of the interlayer distances obtained from the
O200, FGO300, FGO450 and FGO600 samples, and (d) a structural

Chem. Sci., 2019, 10, 5546–5555 | 5549
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In addition, GO was heated to 200, 300, 450 and 600 �C,
denoted as GO200, GO300, GO450 and GO600, respectively,
then uorination intercalation was carried out on them. The
corresponding uorinated products (FGO200, FGO300, FGO450
and FGO600) present tapering interlayer distances and the F/C
ratios also gradually decreased (Fig. 3c), which indicates that
uorination intercalation gradually becomes more difficult
during the process. Coming back to considering the defect
species of GO200, GO300, GO450 and GO600, the aromatic
region is gradually regained, due to the reduction in the oxygen
group defects (or O/C ratio) (Fig. 3b) aer heat treatment,25,32

while the values of the ID/IG ratio do not decrease and even show
a slight increase (Fig. 3a and b). The Raman spectra imply an
increase in the total number of defects due to the heat treat-
ment. It can be explained that the high temperature and
removal of the oxygen groups inevitably destroys the graphene
sheets, consequently increasing the number of point
defects,27,33 as shown in Fig. 3d. From GO200 to GO600, the
specic surface area (Brunauer–Emmett–Teller, BET) gradually
increases (Fig. S4†), which also demonstrates an increase in the
number of point defects. From the TEM image of the GO600
sheet (Fig. S5†), obvious point defects can be also be observed.
Therefore, from GO200 to GO600, the oxygen group defects
decrease and the point defects increase, but the corresponding
uorination intercalation efficiency gradually decreases. These
results further demonstrate the aforementioned conclusion
that oxygen group defects play a leading role in promoting
uorination intercalation, while point defects are not
inuential.
2.2. Advantages of oxygen group defects

Compared to point defects, why do oxygen group defects
effectively promote uorination intercalation? Here, the effects
of oxygen group defects can be divided into two types. As shown
in the XPS C1s spectra (Fig. S6† and 4a), the existing oxygen
groups on the OG sheet are mainly carbonyl and carboxyl
groups, whereas graphene oxide (GO) mainly possesses
hydroxyl and epoxy groups rather than carbonyl and carboxyl
groups. It has been demonstrated that carbonyl and carboxyl
groups on graphene sheets are more stable compared with
hydroxyl and epoxy groups, so the latter are difficult to retain on
graphene sheets during a reduction preparation process.34–36

The corresponding stability rule of different oxygen groups is
also appropriate for uorination intercalation; that is, aer
uorination intercalation for GO, almost all of the hydroxyl and
epoxy groups are destroyed, whereas the carbonyl and carboxyl
groups are basically preserved (Fig. 4b). These results reveal that
hydroxyl and epoxy groups are unstable and carbonyl and
carboxyl groups are relatively stable during uorination inter-
calation, which may bring about different stimulative effects.

Interestingly, unstable hydroxyl and epoxy groups act as
“blasting fuses” in promoting uorination intercalation. As
shown in Fig. 4d, in situ temperature-dependent EPR (ISTD-
EPR) measurements show that the EPR intensity of GO shows
little change before 100 �C, indicating that no new radicals are
generated and that all of the oxygen groups are stable. Aer
5550 | Chem. Sci., 2019, 10, 5546–5555
100 �C, the EPR intensity begins to increase due to the gener-
ation of new radicals, indicating that the unstable hydroxyl and
epoxy groups begin to decompose, as shown in Fig. 4g and h.
Notably, the EPR spectra in Fig. 4e and f indicate that these new
radicals present great activity, and then fade away in a transitory
time (within 2 min); that is, these active radicals couple to form
new carbon–carbon double bonds (Fig. 4h and i). It should be
noted that uorination of carbon materials (graphene and
carbon nanotubes) under a radical mechanism at high
temperature has been demonstrated, indicating that the
formed radicals are crucial during uorination intercala-
tion.22,23,37 Herein, generated Fc from F2 at high temperature
rapidly and effectively attacks the active radicals, tremendously
decreasing the reaction energy barrier compared with the direct
attack of the original aromatic region of graphene, so uori-
nation intercalation easily occurs, as shown in Fig. 4h–k.
However, the ISTD-EPR measurements indicate that PG does
not generate active radicals at 200 �C (Fig. 4c), which implies
that it is difficult for point defects to promote uorination
intercalation by producing active radicals.

Another type of effect can be attributed to the relatively
stable carbonyl and carboxyl groups, which act as “assisting
members”. As shown in Fig. S7,† the ISTD-EPR measurements
indicate that OG with stable carbonyl and carboxyl groups does
not generate active radicals at 200 �C, revealing that they also
have limited capacity to achieve the same effect as hydroxyl and
epoxy groups. Herein, DFT calculations were applied to quan-
titatively analyze the chemical environments of the aromatic
regions, close to the carbonyl and carboxyl groups and point
defects (Fig. S8†). It was found that the carbonyl and carboxyl
groups increase the condensed Fukui function (CFF) indices of
the surrounding aromatic regions (Fig. 4j), namely an activation
effect, which means that there is a greater possibility for cor-
responding aromatic regions to undergo Fc attack.22 However,
point defects also have limited capacity to achieve the same
activation effect, and the corresponding CFF indices show no
increase (even showing a little decrease) compared with the
original aromatic region (Fig. 4j). Moreover, it should be
mentioned that uorination intercalation of OG with carbonyl
and carboxyl groups requires more reaction time compared
with that of the rapidly produced active radicals from the
hydroxyl and epoxy groups, as demonstrated in Fig. S9.†

Therefore, the uorination intercalation process can be
simply described, as shown in Fig. 4h, k and l; that is, the
produced active radicals of the hydroxyl and epoxy groups in
a transitory time preferentially react with Fc (stage 1), then the
activated aromatic regions of the carbonyl and carboxyl groups
begin to react (stage 2). Interestingly, the different reaction
stages also present different uorination intercalation abilities.
As shown in Fig. 1h and S7,† FOG possesses denite radicals,
while pristine OG does not have any radicals, regardless of room
temperature or high temperature, which reveals that radicals
are generated when Fc attacks the activated aromatic region.
Then, the generated radicals play an important role in
promoting uorination intercalation (Scheme S1a†). The
unstable hydroxyl and epoxy groups directly produce radicals at
high temperature, indicating a lower reaction energy barrier for
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a, b) Curve fitted XPS C1s spectra of GO and FGO, (c) EPR spectra of PG and PG at 200 �C, (d) EPR spectra of GO obtained by ISTD-EPR
measurements from room temperature to 200 �C, (e, f) EPR spectrum of GO obtained by ISTD-EPR measurements after 1 and 2 min at 200 �C,
respectively, (g) structural schematic of graphene oxide (GO), where the red dots represent radicals, (h, i) structural schematic of the removal of
the unstable hydroxyl and epoxy groups of GO under thermal treatment over transitory and long time periods, respectively, (j) the average CFF
indices of the original aromatic region without any defects on the graphene sheet and the aromatic region close to the point defects, and
carbonyl and carboxyl groups, (k) structural schematic of F2 attacking radical sites on the graphene sheets, removing the hydroxyl and epoxy
groups, and (l) structural schematic of F2 attacking the activated aromatic regions on the graphene sheet by the carbonyl and carboxyl groups.
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uorination intercalation (Scheme S1b†). Therefore, compared
with the carbonyl and carboxyl groups, it should be easier for
GO with hydroxyl and epoxy groups to react. It is important to
distinguish the different stimulative effects for uorination
intercalation from the different oxygen groups. For example,
some research groups have recently reported that they have
successfully prepared graphene basically with only hydroxyl and
epoxy groups or only carbonyl and carboxyl groups.35,36,38 In
terms of the former, it is promising to rapidly and easily prepare
uorinated graphene with a high interlayer distance.
This journal is © The Royal Society of Chemistry 2019
2.3. Applications of effective uorination intercalation

Based on the aforementioned investigations, although we have
limited ability to prepare graphene with only hydroxyl and
epoxy groups, graphene with more oxygen groups (O/C: 0.58)
can be obtained by prolonging the oxidation time during
preparation via the Hummers' method, denoted as HGO
(Fig. S10†). Moreover, from GO to HGO, the number of hydroxyl
and epoxy groups increases compared with the number of
carbonyl and carboxyl groups, as shown in Fig. 5a and Table
Chem. Sci., 2019, 10, 5546–5555 | 5551
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S1,† which provides a foundation for more effective uorina-
tion intercalation. By performing uorination intercalation for
HGO, the uorinated product (FHGO) (chemical composition
in Table S2†) shows an interlayer distance of 9.7 Å (Fig. 5b),
which is the biggest value reported for uorinated graphene up
to now.

There is no doubt that the interlayer distance is a crucial
structural factor to regulate the excellent performances of 2D
materials. For example, uorinated graphene has been
supposed to become an advanced lubricant, because effective
uorination intercalation decreases the interlayer surface
energy and simultaneously increases the interlayer distance,
thus improving its self-lubricating ability.13,39 Its self-lubricating
ability, determined by the interlayer van der Waals attraction
energy (EvdW), can be calculated by EvdW ¼ �d0

4g/h4, where d0 ¼
0.335 nm, g is the surface energy and h is the interlayer
distance.31,40 As described in the above-mentioned data, the
interlayer distances of OG and FHGO are 3.91 and 9.70 Å, their
water contact angles are 102� and 138� (Fig. 5c and S11†), and
their surface energies are 21.83 and 3.92 mJ m�2, respectively.
Therefore, the calculated EvdW values of OG and FHGO are
11.763 and 0.056 mJ m�2, respectively. The excellent self-
lubricating ability of FHGO was reected by the testing of its
friction coefficient. As shown in Fig. 5d, FHGO presents a lower
friction coefficient of 0.08 compared with that of OG (0.19),
when tested as an oil-based lubricating additive. Meanwhile, as
a solid lubrication lm, FHGO also shows a lower friction
coefficient relative to OG (Fig. S12†).

More importantly, FHGO with excellent self-lubricating
ability may provide an effective means to guide the exfoliation
of graphene-based materials or other 2D materials into few
Fig. 5 (a) The respective contents of the different oxygen groups (–OH,
corresponding interlayer distance of FHGO, (c) a photograph of the water
FHGO.

5552 | Chem. Sci., 2019, 10, 5546–5555
layers or monolayers, which is a crucial precondition for their
applications. Taking graphene as an example, Sinclair et al.
recently demonstrated that a peeling mechanism should be
targeted rather than a shearing mechanism when designing the
exfoliation process, including surfactants and intercalation
agents for preparing graphene via liquid phase exfoliation.41

They explained that a disadvantageous shearing process was
derived from the existing commensurate stacking in graphene
(for details see Fig. 6a and S13†). However, here it should be
noted that the peeling process needs elaborate operation and
that its large-scale application is inevitably restricted. In terms
of FHGO, effective uorination intercalation changes graphene
with a disordered lattice due to inevitably possessing multifar-
ious congurations such as boat or chair,13,14 and it also
destroys most aromatic regions, thus presenting an amorphous
state, as demonstrated by aberration-corrected transmission
electron microscopy (AC-TEM) and selected area electron
diffraction (SAED) measurements, the results of which can be
found in Fig. S14 and S15.† Therefore, commensurate stacking,
the most stable state for graphene, was damaged in FHGO. The
calculated EvdW value also demonstrates that the interlayer
interaction of FHGO is far lower than that of graphene. Once
a shear force is applied, the top-FHGO sheet easily moves over
the surface of the bottom-FHGO sheet (from 1 to 4 position),
due to the lack of the transformation between the commensu-
rate and incommensurate positions, as shown in Fig. 6b.
Therefore, a shearing process is favored for easily exfoliating
FHGO sheets.

More meaningfully, compared to the peeling process, the
shearing process has greater potential of large-scale prepara-
tion. For example, ball-milling, a common technology used in
C–O–C, C]O, COOH) in GO and HGO, (b) the PXRD pattern and the
contact angle for FHGO, and (d) the friction coefficient lines of OG and

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Schematic diagram of a top-graphene sheet moving over a bottom-graphene sheet under shear force, (1) commensurate, (2)
incommensurate, and (3) commensurate positions, (b) schematic diagram of a top-FHGO sheet moving over a bottom-FHGO sheet under shear
force, (c) AFM picture of FHGO after ball-milling and the corresponding height profile, (d–g) TEM images of exfoliated FHGO at different scales,
(h) statistical histogram of the sheet thickness of exfoliated FHGO, (i) zeta potential of exfoliated FHGO, and (j) size distribution of exfoliated
FHGO.
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practical applications, can provide a strong shear force to
exfoliate FHGO. During ball-milling, we extracted the midterm
sample to observe its state, as shown in Fig. 6c. It can be clearly
seen that the L2 layer of the FHGO sheet has moved a denite
distance relative to that of the L1 layer, and that the L3 layer has
nearly broken away from the L2 layer, indicating the successful
exfoliation of FHGO. Finally, from the TEM image of exfoliated
FHGO in Fig. 6d, transparent and ultrathin sheets with a rela-
tively smooth layer structure can be observed. High magnica-
tion TEM images (Fig. 6e–g) show the sheet edge with a folded
structure, indicating the predominant single-, double- and
This journal is © The Royal Society of Chemistry 2019
triple-layered sheets. Moreover, atomic force microscope (AFM)
measurements (Fig. S16†) were carried out to statistically
measure the sheet thickness for exfoliated FHGO, based on over
one hundred sheets. The statistical histogram (Fig. 6h) shows
that thicknesses of 1–4 nm (>80%) are dominant in exfoliated
FHGO, which also indicates that the layer number of most
sheets is lower than three layers. Notably, the exfoliation
process does not require any additional intercalation agents;
meanwhile, no surfactant was applied to present further
stacking, because exfoliated FHGO has a negative zeta potential
of �34.9 mV (Fig. 6i), far lower than the �8.2 mV of graphene
Chem. Sci., 2019, 10, 5546–5555 | 5553
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(Fig. S17†), indicating strong charge repulsion among the
sheets. The size distribution of exfoliated FHGO was charac-
terized by dynamic light scattering (DLS) measurements, from
100 nm to 1 mm (Fig. 6j), basically consistent with the results of
the AFM measurements (Fig. S16†).
3. Conclusions

In this paper, we demonstrated that oxygen group defects on
graphene sheets play a leading role in promoting uorination
intercalation, while point defects are not inuential despite
the existence of sufficient diffusion pathways for F2. The
advantages are that the unstable hydroxyl and epoxy groups
produce active radicals and relatively stable carbonyl and
carboxyl groups activate the surrounding aromatic regions,
thus both facilitating uorination intercalation, with the
former route possessing more advantages. The dependence of
uorination intercalation provides guidance for the specic
design of graphene to meet the needs of preparing directed
uorinated graphene toward different service environments.
Finally, we successfully in preparing uorinated graphene with
an ultrahigh interlayer distance of 9.7 Å, which presented far
lower friction coefficients as solid/liquid lubricants compared
with those of graphene, and it was easy to exfoliate using
shearing. The high-quality uorinated graphene, with an
ultrahigh interlayer distance aer exfoliating, is also expected
to be used in more elds, such as batteries, separation and
drug delivery.
4. Experimental
4.1. Materials

Two types of graphene (PG and OG) were obtained from the
Sixth Elementary Materials Technology Co., Ltd (Changzhou).
Graphene oxide (GO) was prepared by a modied Hummers'
method. A F2/N2 mixture (volume ratio: 1 : 9) with a purity of
99.99% was purchased from Kemeite Fluorine Industry Plastic
Co., Ltd (Chengdu). Commercial analytical grade liquid paraffin
was purchased from Kelong Chemical Reagent Co, Ltd
(Chengdu), and was employed without further purication.
4.2. Preparation of uorinated graphene

Fluorinated graphene was prepared by direct uorination
utilizing uorine gas, similar to in a previous report.23 100 mg
of graphene-based material was placed in an aluminized box,
and was then transferred into an airtight stainless steel
(SUS316) chamber (20 L). Aerwards, the internal air and
moisture were removed by exchanging with N2 up to three
times. Ameasurable F2/N2 amount of 50 kPa was added into the
chamber, and it was heated up to 200 �C from room tempera-
ture at a heating rate of 5 �C min�1. The uorination interca-
lation reaction was maintained for 1 h. Aer completion, the
residual uorine gas and produced gases such as HF were
eliminated by exchanging with N2 three times and were
absorbed by an alkali aqueous solution.
5554 | Chem. Sci., 2019, 10, 5546–5555
4.3. Characterization

Raman spectra were recorded at room temperature using
a LabRAM HR Raman spectrometer with an excitation wave-
length of 532 � 1 nm. The radical or paramagnetic structural
defect signals were captured using electron paramagnetic
resonance (EPR) (Bruker Beijing Science and Technology Ltd,
USA) recorded using a Bruker EPR EMX Plus, with a frequency
of around 9.8 GHz and a standard microwave power of 1 MW.
The interlayer distance was obtained by wide angle powder X-
ray powder diffraction (PXRD), performed at room tempera-
ture using Cu Ka radiation (l ¼ 0.154 nm, U ¼ 40 kV, I ¼ 40
mA) over an angular range of 3.5–50� (2q) with a step size of
0.02� using an Ultima IV powder diffractometer (Rigaku
Corporation). Chemical compositions were characterized by
X-ray photoelectron spectroscopy (XPS) on a Kratos ASAM 800
spectrometer (Kratos Analytical Ltd, UK), equipped with
a nonmonochromatic Al Ka (1486.6 eV) X-ray source (a voltage
of 15 kV, a wattage of 250 W) of radiation, at a vacuum pres-
sure of 10�6 to 10�7 Pa. FTIR measurements were performed
on a Nicolet 560 Fourier-transform spectrometer. Character-
ization of nitrogen sorption isotherms on a Micromeritics
Tristar 3020 analyzer (USA) was applied to measure the
specic surface area.

TEM (Tecnai G2 F20 S-TWIN) and AFM (Nano-
ScopeMultiMole & Explore from Vecco Instruments)
measurements were implemented to observe the morphology
and obtain a statistical sheet thickness. The water contact
angle was obtained by a surface tension meter (Kruss 100,
Hamburg, Germany), and the corresponding surface energy
was calculated using the Drop Shape Analysis soware. The
friction coefficients of OG and FHGO as lubricating oil addi-
tives were tested by a UTM-2 tribometer (USA) in reciprocating
wear mode at room temperature. The applied load, stroke
length, speed and test time were 10 N, 8 mm, 5 mm s�1 and
3600 s, respectively. The ball milling experiments were per-
formed in a planetary ball mill Pulverisette (Nan Jing) under
ambient conditions with a rotation speed of 600 rpm and
a test time of 1 h. Surface charge was characterized from the
zeta potential (Zetasizer Nano-ZS, Malvern, UK) with
a dispersion concentration of 0.1 mg ml�1 using ethanol as
a solvent. Dynamic light scattering (DLS) (Nano-ZS, Malvern,
UK) was applied to measure the size distribution of the
particles.

DFT calculations for model molecules were carried out taking
advantage of the DMol3module ofMaterials Studio 8.0, in order to
calculate the reactivity of the aromatic regions close to the
carbonyl and carboxyl groups and point defects. Geometry opti-
mizations were processed using the generalized gradient approx-
imation (GGA) of the Becke–Lee–Yang–Parr (BLYP) functional, and
the basis was set as DND (comparable to Gaussian 6-31G* basis
sets) with a basis le 3.5. The self-consistent-eld calculations had
a convergence criteria of 10�5 hartree.
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