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Abstract: Depending both on structure and properties of the starting carbonaceous material,
and on the fluorination conditions, fluorine can bond to carbon fibres in various ways. This
review aims to investigate the versatility of the C-F bonding and its influence on the fibre
properties. Morphology and surface properties, such as diameter, Scanning Electron
Microscopy observations, specific surface area, wettability and surface acidity are discussed
according to the fluorine content and the fluorination route. Structural and bulk properties of
fluorinated carbon fibres, regarding Raman spectroscopy, X-ray diffraction analysis, electrical
and mechanical properties, and bonding with polymers are also studied. 114 papers are
reviewed in order to both extract general trends on those characteristics and highlight
applications as fillers in composites and sensitive materials in gas sensing.

Keywords: Fluorination; Oxyfluorination; Carbon fibers; Surface and Bulk Properties; XPS;
Wettability.



1 Introduction

Carbon fibres are known to be high-strength materials, which offer one of the highest Young
moduli (up to 760 GPa) and strengths (up to 5.65 GPa) amongst reinforcing fibres. They are
often used as reinforcement materials for composites in several fields such as aerospace,
nuclear and transport [1,2]. However, in order to exploit the outstanding mechanical
properties of carbon fibres in composites, the adhesion at the interface between the fibres,
which support the stress, and the matrix, which distributes it, has to be optimised [3]. As
carbon fibres are known to be highly inert materials due to their graphitic structure [4], their
surface has to be functionalised to achieve maximal stress-transfer properties.

Numerous ways of functionalisation have already been successfully developed in literature for
carbon fibres. The most known are based on oxidative treatments [5-7], plasma treatments
[8,9], electrografting [10,11], or chemical grafting of oxygenated [12] or nitrogenated [4,13—
15] species. Other innovative and promising methods exist, such as microwave irradiation
[16,17], metal oxide coating [18,19], or bio-inspired functionalisation [20,21]. Independently
of the retained method, similar trends are observed: fibre tensile properties are maintained,
while fibre wetting with resin, interfacial shear strength (IFSS), and fibre-based composite
tensile strength are improved.

Another well-known way to functionalise carbonaceous materials is fluorination. This
treatment offers interesting advantages over other surface modification methods:

— Direct fluorination is a dry process, meaning that it does not require use and storage of
often toxic solvents. Moreover, optimised fluorination conditions lead to a low
ecological footprint treatment, without human contact with the reactant [22].

— Safe methods exist to neutralise residual F2 and fluorinated end-products in the
fluorination reactor [23], e.g. soda lime trap.

— Fluorination requires a strict control of the experimental conditions. It is both a
difficulty (as discussed later) and an advantage, because it allows to reach controllable
and repeatable properties on fluorinated materials.

— The versatility of the C-F bond nature, that will be discussed later too, is also a
difficulty and an advantage at the same time: it allows to reach an extraordinary
diversity of properties for fluorinated materials, but requires a good comprehension
and control of the experimental conditions and starting material.

— Most fluorination processes may be performed at the industrial scale, as proved by the
fluorination of car tanks [24].

— If fluorination occurs at room temperature (RT), it is a low energy consuming reaction.
Independently of the reaction temperature, as fluorine is highly reactive, it is a quick
surface modification method.

Fluorinated carbons own highly interesting properties, such as chemical stability, tunable
bandgap, good thermal conductivity, or super-hydrophobicity [25]. However, the
comprehension of the phenomena at stake during the fluorination treatment can be complex,
due to both the versatility of the C-F bond nature [26] and the large panel of fibre precursor
properties, such as crystalline order, specific surface area, texture, or morphology [27]. Both
the structure and properties of starting material, as well as the chosen fluorination conditions,
for instance temperature, pressure or duration, can explain this versatility [28], which will be
highlighted all along this review. Moreover, the presence of oxygen atoms also plays a key
role. The properties conferred by fluorination to carbon fibres, such as wettability, structural
evolution or mechanical properties, will indeed depend of the C-F bond nature, which can be



evidenced using either X-ray photoelectron spectrometry (XPS) or solid state Nuclear
Magnetic Resonance considering *°F and/or **C nuclei [29,30].

As a matter of fact, this review aims to sum up the main findings that have been reported in
works about the fluorination and oxyfluorination of carbon fibres. How fluorine atoms graft to
the fibre surface will be investigated first, before going further on the study of surface and
bulk properties induced by (oxy)fluorination treatments.

2  Fluorination and oxyfluorination routes

The grafting of fluorine atoms onto the surface of the fibres or into their bulk requires the use
of a strong oxidant such as molecular fluorine (F2), for which the reactivity may be either
decreased by dilution with an inert gas (e.g., He, N2) or increased in gaseous mixture with HF
or O2. The reactive gas or its mixture may be introduced either in dynamic mode with a
continuous flux in an opened reactor (always passivated with NiF, coating and linked to a trap
to remove the excess of F, and side products such as CF4, C2Fs, HF, OF; according to the
chemical composition of the precursor) or in a static mode. In this latter case, a defined
amount of gas is introduced in a closed passivated reactor (the trap is then useful at the end of
the process during the flush with an inert gas). The reaction kinetics differ according to the
fluorination mode [31]; static fluorination provides the non-decomposition of the
carbonaceous matrix during fluorination.

The fibres exhibit the same trends than graphite regarding their reactivity towards molecular
fluorine. The higher the graphitization degree, the higher the fluorination temperature [32].
When the specific surface area is increased, through a nanostructuration (e.g. nanofibres [33]
or multiwalled carbon nanotubes, MWCNTSs [34]), or porosity [35], the reactivity increases as
well the risk of decomposition under F> atmosphere. It is important to note the risk of
exfoliation when the reactive gas is introduced at high temperature with high reactive gas
flux. The case of nanofibres perfectly evidences such a phenomenon [36]. When the carbon
lattice exhibits a curvature, the reactivity towards F> increased; fullerenes and derivatives
(nanotubes) may be fluorinated at low temperature and even at room temperature [37].

When only the surface must be fluorinated, reaction in fluorine-containing gas assisted by
plasma is an alternative. For many years, this technique has been used in order to modify the
surface properties of different materials. Indeed, if first employed for changing the surface
properties (hydrophobicity, adhesion, friction, bio-compatibilization, etc.) of different
polymers [38], plasmas were quickly used to treat carbon fibres during the 80’s [39-41].

The main use of these fibres is polymer matrix reinforcement for the preparation of
composites. Thereby, all of these treatments were aiming at preparing the surface of the fibres
in order to improve the interface properties between both components of these materials.
Treatment are therefore mainly devoted to cleaning the surface by removing the impurities,
creating a surface roughness to improve the mechanical anchorage of the resin, or the
chemical grafting on the fibre surface to create chemical interactions between the fibres and
the matrix [42]. Thereby, as an example, some researchers have demonstrated that plasma
treatment of carbon fibres allows the surface roughness of fibres to be increased and,
consequently, enhances their adhesion with polymers [43-45]. Some others have carried out
experimentations that aim at grafting chemical groups at the outmost surface of carbon fibres.
Most of the time, oxygen-based plasma were carried out in order to graft oxygen groups
(COOH, C-OH, C=0) at the fibre surface, especially to improve the carbon fibres/epoxy
matrix interface via the addition of these polar groups [39,46-48].



On the other hand, if fluorinated plasmas were first developed for micro-electronic etching
[49], they were quickly employed to modify surface properties of various carbon compounds
(graphite, diamond, etc.) [50,51], in order to confer to the latter ones surface properties of
fluorocompounds (hydrophobicity, corrosion resistance, low dynamic friction, high scratch
resistance, etc.) without modification of the bulk properties in the same way than direct
fluorination. Typical used fluorinating agents are SFe, NF3, CF4, CHF3, CoFg, C3Fs and CaFs
gases [52,53]. In the reactor, electrons which compose the plasma will acquire enough energy
to initiate dissociation, ionization or attachment reactions with the molecule radicals or atoms
[49], which are very effective reactions on carbon compounds. However, it is only in 1987
that Loh et al. [40] published one of the first papers on carbon fibre fluorination in plasma,
using CFs-He and F>-He plasmas at various flow rates to modify the surface properties of
these compounds [40]. Results demonstrated covalent grafting of fluorine atoms at the
outmost surface of carbon fibres by forming a chemical structure similar to that of graphite
fluoride. Thereafter, it would be necessary to wait Ho et al. works to really discover the
possibilities brought by fluorination treatments in the composite field. Indeed, by using a N2 +
CHCIF, gas mixture atmospheric plasma jet treatment, the authors succeeded to increase the
water contact angle of fibres from 55° to 103° but with the appearance of pinholes on the
fibres surface [54]. This modification allowed to increase the compatibility of these fibres
with polyvinylidene fluoride (PVVDF) matrix. Indeed, results showed that the contact angle
between treated fibres and melt PVDF is reduced, interfacial shear strength is increased, and
this without modifying the bulk mechanical properties of the fibres [55-57]. The interest of
fluorinated plasma treatments for composite applications is well highlighted by this last
example.

RT-pulsed fluorination has been developed for materials that cannot be fluorinated using
direct fluorination (e.g. carbon aerogels, CA), due to their high specific surface areas or high
sp? hybridised carbon amounts, with the objective to create a fluorination method less
expensive than controlled fluorination [35]. It is similar to static fluorination, although the
pre-calculated amount of fluorine is not introduced at once, but in several small injections,
allowing to observe the fluorine absorption and reaction kinetics, divided into 4 steps
according to the authors: after vacuum and fluorine first injection (step 1), fluorine rapidly
reacts with CA, leading to a purification of the carbon lattice and fluorine grafting on the
surface vacant sites of the carbon (step 2). After several injections, the fluorine absorption by
CA is slower, because vacant sites become rarer (step 3), and the CA ends being saturated
with fluorine, thus stopping the reaction (step 4). RT-pulsed fluorination avoids
decomposition or generation of structural defects.

For both direct fluorination with F. or assisted with plasma, the presence of heteroatoms (e.g.
O, H or N) in the fluorinating agent plays a key role in the reaction mechanisms because they
are involved in functional groups with high reactivity towards fluorinated species. These
heteroatoms allow to reach high fluorine amounts [58-60], because the intercalation of
fluorine is enhanced by the presence of Lewis acids (O2 or HF): they balance the weak
orientational polarizability of fluorine, by forming mobile anions, and allowing fluorine to
intercalate into graphite as the mobile anion [59]. Moreover, the formation of C-F covalent
bonds and hydroxide radicals makes the surface more basic, which hinders the fluorination
reaction to go further. By acidifying the fibre surface, Lewis acids curb this basifying effect
[59].

Another advantage of oxyfluorination, linked to the increased reactivity of fluorine in the
presence of Lewis acids, is that treatments appear to be short with relatively low pressures and
temperatures, with durations as 3-10 min [3,61-63], 30-60 min [64-66] or 120 min [59],
while fluorinations under pure fluorine generally last from 15 min [67] to several hours



[58,60] or days [60,68], under high temperatures for short durations. As shown by the works
cited above about oxyfluorination, despite durations are short, this treatment leads to high-
fluorine and relatively low-oxygen surface contents.

Another promising fluorination route is the fibre sizing one. It is to note that although most
commercial carbon fibres are sized, both to protect them during handling and textile
processing [69] and to improve their compatibility with polymer matrices [70,71], they are
often desized before fluorination [54,67,72] or acquired unsized [3,59,62,63]. If they are
fluorinated with their sizing, its influence is neglected as it burns under strong fluorination
conditions [61,67,72]. However, under mild fluorination conditions, it is possible to achieve a
sizing perfluorination, as shown on carbon [73] and flax [22] fibres. This perfluorination has
conferred interesting properties, e.g. increased hydrophobicity, without modifying the fibre
structure and bulk properties, as it will be studied later.

The fluorination mechanism on Bisphenol A diglycidyl ether (DGEBA) as a sizing agent has
been studied in [22], where a wide variety of potential perfluorinated and overfluorinated
groups derived from DGEBA have been evidenced. Knowing that i) the oxirane ring of
DGEBA has an important internal tension, ii) the aromatic rings are highly reactive, and iii)
the CsF10 ring is stable, some fluorinated groups are more likely to form than others.
Moreover, the authors have established preferential scission sites on perfluorinated DGEBA,
underlining the DGEBA reactivity under fluorine treatment [22].

More generally, fluorination of polymer converts CHx groups in CF, CF2 and CHFy groups
[74,75], with CF2 and CFs being characteristic of respectively perfluorination and C-C
skeleton breaking, while C=C bonds are saturated with fluorine, as extensively proved in
Kharithonov’s studies on polymer fluorination [23,24,76-80].

Other fluorination routes exist, e.g. atomic and controlled fluorination or sub-fluorination.
Their specificities and mechanisms will be detailed in section 3.2.2. Figure 1 summarizes the
most usual routes and their main parameters.
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Figure 1: The fluorination routes for carbon fibres and their main parameters (some figures were reprinted from [56], with permission from
Elsevier, and from [81])




To conclude this part about the (oxy)fluorination routes, the main experimental difficulties
that can be met when fluorinating carbon fibres, beyond fluorine intrinsic hazards, are cited
thereafter:

Exfoliation, mentioned above, happens when the reactive gas is introduced at high
temperature with high reactive gas flux. If high temperatures are required for reaction,
it can be avoided by setting a moderate reactive gas flux.

High gas flux may also, if fibres (or powder) are too close to the gas entry, pulverise
the carbon material into the whole reactor, thus polluting it.

Direct fluorination of carbon materials being highly exothermic, a strict control of the
fluorination duration (second by second) and gas flows (accuracy deviation below 1
mL/min) are necessary to obtain materials with similar fluorination rates.

Industrial carbon fibres are often commercialised as fabric rolls made of carbon fibre
bundles (e.g. 12 000 fibres per bundle). If the post-fluorination application needs the
fibres to be long (e.g. 40 cm), as bundles are poorly foldable, this means that the
fluorination reactor has to be long enough to fluorinate the whole fibre length
homogeneously. Moreover, if the reactor has only one gas entry, the closest portion of
carbon fibre fabric might be more intensely fluorinated than the other ones, raising the
question of fluorine introduction into the reactor. This problem might be solved by
innovative fluorination processes, such as in [56], where the authors have achieved
continuous fibre fluorination.

Another problem, directly coming from the reactor size required for long carbon fibre
fluorination, is the temperature one: if small reactors can be easily and homogeneously
heated at important temperatures, with real temperature close to the setpoint one, this
is more complex with voluminous reactors, which may have important offsets between
real and setpoint temperatures. Before fluorination, this offset should be measured
using a thermocouple. Concerning the temperature homogeneity, it can be improved
by using a double envelope reactor, but still needs time to be achieved.

Standard industrial carbon fibres are usually sized, the sizing being a thin polymeric
coating. It is often an epoxy resin, for further use with epoxy matrix [82] or more
specifically diglycidyl ethers, the most used matrices for composite applications [83].
If fibres are not desized before fluorination and that fluorination temperatures are low,
sizing fluorination takes place [73]. Unless the latter phenomenon is sought, the
fluorination temperature and/or duration should be important enough to fluorinate the
carbon fibre and completely destroy the sizing.

3 Fluorine content and bonding

The differences in surface element content and bonding between pristine and (oxy)fluorinated
carbon fibres reported in literature will be first discussed. These differences were notably
highlighted thanks to elemental analysis (EA), chemical analysis (CA), weight uptake,
chemical titration, and XPS analysis. The latter technique allows to know the outmost surface
(< 10 nm) composition of a sample and the bond nature of the detected elements.

3.1 Study of the carbon fibre surface before the (oxy)fluorination treatment

Elemental and XPS analysis processed before (oxy)fluorination give information about the
initial carbon fibre surface composition. Table 1 computes the compositions reported in
literature.



Table 1: Reported compositions of carbon fibre precursors using XPS and CA

Reference C surface O surface N surface Si surface O/C ratio
content (%) content (%) content (%) content (%)
[68] 100 - - - -
[72] 95.7 34 0.9 - 0.04
[58] 95 5 - - 0.05
[58,59] 94.5 3.8 1.7 - 0.04
[56] 90.6 7 2.4 - 0.08
[68] 89 6 5 - 0.07
[67] 88.7 11.3 - - 0.13
[3,62,63] 88.4 9.6 - - 0.11
[60,68] 83 14 3 - 0.17
[67] 82.1 25 14.1 - 0.03
[54] 75.4 18 1.2 5.4 0.24
[66] 55 45 - - 0.82

Overall, fibre surfaces appear to be mostly constituted of carbon. Heteroatoms like oxygen,
nitrogen or silicon are sometimes present and are considered like impurities, which can
amongst others come from the fibre handling [54]. One could assume that these heteroatoms
could come from the sizing, but some of the fibres with the highest O/C ratio were unsized
[3,62,63] or desized [54], which excludes the hypothesis with the sizing.

It is to note that the most carbonaceous surfaces, reported in [68], correspond to high-
temperature treated (HTT) carbon fibres. This graphitisation at 3000°C has completely
removed the 11% of heteroatoms (bold text in Table 1), and has only left carbon. In that
respect, most of the commercially available carbon fibres studied here have an 80-96% carbon
surface content, a 2.5-14% oxygen surface content, a nitrogen surface content under 5%, and
an O/C ratio under 0.20.

It is now possible to study more precisely how the carbon atoms and heteroatoms are bonded
together on the surface of non-(oxy)fluorinated fibres, thanks to XPS. This technic indeed
allows to determine the nature of the surface atomic bonds, thanks to the study of the C 1s and
O 1s binding energies and their deconvolution in several peaks, which are characteristic of a
specific bonding. Table 2 and Table 3 summarize binding energies of common functional
groups in the C 1s and O 1s areas, while Table 4 computes the calculated amounts of each
bond on carbon fibre surface according to literature.

Table 2: Binding energies (eV) of C 1s atomic bonds commonly found at carbon fibre surface

Reference [84] [85] [86] [87] [88] [89]
Cc=C 284.5 - 284.2 285.2 2845 -
C-C - 284.5 284.9 284.6 ' 285
COH 285.5 285.6 286.6
—Ccoc 286.0 285.9 BT 286.7 -
C=0 287.4 287.3 287.7 - 288.2 288.1

! Values determined by CA



0-C=0 289.1 289.3 288.7 - - 289.3

Table 3: Binding energies (eV) of O 1s atomic bonds commonly found at carbon fibre surface

Reference [84] [90] [91,92] [93] [94]
C=0 531.1 532.2 532.3 532.6 530.9
C-0 533.1 532.8 533.8 534.3 -

0=C-O 532.2 - -

0=C-0-C °34.0 533.7 - - 532

Then, the XPS spectra are deconvoluted in several peaks according to these values. The
comparison between the peak areas allows the amount of each type of bond to be estimated
(Table 4).

Table 4: Reported relative contents (%) of various assignments for C 1s and O 1s cores using
XPS on carbon fibre precursors

Reference  [58,68] [59] [58] [68] [60,68] [66] [67] [67] [64] [6465]

C1s GraphiticC (%) 100 77.8 86.8 70 67 55 48.1 423 42 40

COC COH (%)? - 118 132 21 33 25 44.1 388 34 16

C=0 (%) - 104 - 9 - 20 79 18 24 31

0O-C=0 (%) - - - - - - - - - 13
Undefined (%) - - - - - - - 09 - -

O 1s C=0 (%) - - - - - 54 - - - 45
CO (%) - - - - - 46 - - - 29

0O-C=0 (%) - - - - - - - - - 26

The reported relative contents greatly differ depending on the study, but all fibre surfaces
appear to be mainly constituted of graphitic carbon, and of ether, hydroxyl, carbonyl, and
carboxyl groups. It is of primary importance to know more about the carbon fibres before
their treatment because fluorination will focus preferentially on oxygenated groups [67] and
sp? carbons [95].

3.2 Study of the (oxy)fluorinated carbon fibre surface

3.2.1 Surface atomic contents

As Table 1 and Table 4 have given an overview about the surface composition of the carbon
fibre precursors, a compilation has been done on fluorinated and oxyfluorinated carbon fibres.
For the surface atomic contents, this leads to Figure 2 and

Table 5, where APF stands for “Atmospheric Plasma Fluorination”.

2 For [60,68], C=N is also included in this %
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Figure 2: Relative surface atomic contents of fluorinated carbon fibres according to literature,

using XPS and EA

Table 5: Correspondence between the sample numbers of Figure 2 and the way samples are

referred in literature

Sample Reference Sample Reference  Sample Reference Sample Reference
[68] HTT 1 °
1 [6717300B 11 YR ot 21 [s8]T2 31 [60]n°3
[68] HTT 1 -
2 [67]T300C 12 IPCL 22 [54,]6\%,;” 32 [60]n°a
ST1+ST2
; [67] s [68]|\|ng 1 g [B414min .. [36263
T300D ST1+ST2 APF CFORT
[54] 8 min [3,62,63]
4 [67]T300E 14  [68]IPCL 24 APF 3 CFo-100
[3,62,63]
5 [67]T700B 15  [68]NPL 25  [56]Bach 35 I "o
[56] [
: 3,62,63]
6 [67]T700C 16 [58] C1 26 Continuous =36 crg 400

single sided




[56]

[67] Continuous i
7 T700D 17 [58] C2 27 double 37 [59] CF-20
sided 1
[56]
Continuous [59] CF-
8 [67] T700E 18 [58] C3 28 double 38 105
sided 2
[56]
[68] HTT 1 Continuous [59] CFO-
d P75ST1 19 [58] C4 29 double 39 20
sided 3
[68] HTT 1 )
10 P55 20 [58] T1 30 [60]n°2 40 [59]1;3;0
ST1+ST2

As it can be seen on Figure 2, the surface composition of carbon fibres is highly disparate,
even from one sample to another within the same study. The surfaces are mostly constituted
of carbon and fluorine: the minimum surface content of {carbon + fluorine} is 80% and is
reached on fibres moving through a fluorinated atmospheric plasma (sample n°28 in Figure
2). The fluorine content range is large, from 1.1-1.6% up to 55-65%, depending on the
fluorination treatment.

On one hand, atmospheric plasma fluorination leads to the lowest fluorine grafting (1.1-1.6%)
[54]. A CHCIF2-N2 mixture has been used to generate a plasma that fluorinates fibres for
various durations (1 to 8 min). Even if the fluorine content is low, it can be noted that APF is
intense enough to decrease the surface content of heteroatoms. Another study [56] using the
APF of carbon fibres, with the same gas mixture, has led to surface fluorine amounts from
1.3% up to 4.9%: these amounts are slightly higher than in [54] and the chosen method offers
an interesting processing advantage, as the fibres to be treated are not static anymore but
moving through the plasma jet in a continuous process. But in both cases, it is to note that
these contents remain low compared to the ones reached with more severe fluorination
treatments.

On the other hand, the highest fluorine contents (55-65%) were reached in [67], by using
direct fluorination with molecular fluorine F, (samples n°1-8 in Figure 2). The main
parameter resulting in these fluorine contents appears to be the temperature. As a matter of
fact, this study has involved the highest reported temperatures, i.e. 378°C, to the best of our
knowledge, and it has led to the highest fluorine surface contents.

Other studies have reported samples with high fluorine amounts [58-60]. All of these samples
(n°18, 21, 32, 39 and 40 of Figure 2) have a common characteristic: the reacting gas is not
pure fluorine, but rather a F>-HF or F>-O> mixture, which has been explained in 2. The
importance of Lewis acids is highlighted by the fluorine content gap between samples n°37-
38 (F2 fluorination) and n°38-39 (F2-O oxyfluorination) of Figure 2: the first ones have 14-
16% surface fluorine contents, while the second ones exhibit 60-65% surface fluorine
contents [59].

The treatment duration also seems responsible for an increase of the fluorine surface content.
This is highlighted by the fact that sample n°32 in Figure 2, which has been fluorinated for 9
days, has a higher fluorine surface content (41%) than samples n°30 and n°31 (18-21%),



which have been fluorinated for respectively 1 and 5 hours, with almost the same gaseous
mixture and same pressure [60].

As we consider a heterogeneous gas/solid reaction, another parameter that could increase the
fluorine surface amount is pressure, as highlighted by sample n°17 in Figure 2, which is the
only high-fluorinated sample and has not been fluorinated with a Lewis acid. Two factors
could then explain this high fluorine amount despite a pure F2 fluorination: first, the
fluorination of this sample has lasted for 6 hours. As seen just above, this could enhance the
grafting of fluorine on the carbon fibre surface. Secondly, this sample has been fluorinated
under high pressure (21-26 bars), which could increase the proportion of fluorine grafted.

To briefly talk about other chemical species at the surface of (oxy)fluorinated fibres, there are
traces of nitrogen, from 0% up to 3.1% on sample n°26 of Figure 2 (continuous APF fibres).
About oxygen, it can be found in various amounts, from 0% on sample n°40 (125°C
oxyfluorination) up to 13.6% on sample n°23 (4 min APF fibres), according to Figure 2. It
should be noted that oxyfluorination treatments are not especially leading to rich-oxygen
surfaces, as the oxyfluorinations reported in Figure 2 lead to oxygen surface amounts from 0-
0.5% (samples n°39-40, [59]) up to 10.1-11.3% (samples n°33-36, [3,62,63]).

3.2.2 C-F bonding at the carbon fibre surface and fluorination mechanisms

Now that the species present at the carbon fibre surface and their amounts have been
specified, it is possible to discuss the nature of the chemical bonds between these atoms. To
this end, XPS data from several studies have been summarized in Figure 3 and Table 6.
Figure 4 and Table 7 gather XPS data that could not be included in Figure 3, because XPS
peaks have been deconvoluted independently of each other.

But before studying the nature of these chemical bonds, the ways fluorine can graft to carbon
will be briefly presented, in order to better understand the computed data.

First, fluorine can covalently bond to carbon, by breaking the double bonds of graphitic
carbons and the conversion of carbon hybridization from sp? to sp®. This evolution from
graphitic to tetravalent carbons with the fluorination treatment has already been reported
many times in various studies on fluorinated carbon fibres [58,59,62,67,96], or more widely
on fluorinated carbonaceous (nano)materials [95,97—101]. For ordered carbons, this sp? to sp®
conversion occurs under pure fluorine at high temperatures (process known as “direct
fluorination™), at least 300°C [96], or more generally under strong fluorination conditions
[58,61]. (CF)n and (C2F)n structural types may be formed according to the temperature and
duration. (C2F)» with FCCF/FCCEF stacking sequence is an intermediate phase in the 350-
500°C range whereas (CF)n (FCF/FCF stacking) is formed at the highest temperatures up to
650°C [102]: the higher the temperature, the higher the fluorination level x (x =F:C, 0.5 <x <
1) [103].

Another point of view consists to consider graphite fluorides as covalent graphite intercalation
compounds with stage 1 and 2 for (CF)n and (C2F)n, respectively. Purely covalent C-F bonds
are then formed and are stable up to 500°C [96]. These covalent bonds are evidenced with
XPS, through a peak at 689 eV [67].

Another possible kind of bonding between fluorine and carbon that can be observed through
XPS is the intercalation of fluorine into the graphitic structure. It has been reported to occur at
quite low temperatures (< 100°C) [62,96], when the gaseous mixture is composed of fluorine
and fluorides, such as HF, CIFs or IFs [59,62,96,103]. When fluorination takes place with F»,
HF and another fluoride, it is described as “catalysed fluorination”. In this case, Guérin et al.



have highlighted that the fluoride choice influences the fluorination level, the latter one being
related to the Lewis acidity of the fluoride and its interaction with HF [103]. They have also
studied the post-fluorination mechanism of low temperature fluorinated graphite depending
on the post-fluorination temperature: fluorine bonding can be weakly covalent with residual
catalyst (T < 400°C), increasingly covalent thanks to catalyst de-intercalation and fluorine
amount increase (400°C < T < 550°C), or totally covalent, with less structural defects than
directly-fluorinated graphite (550°C < T < 680°C).

Intercalation happens because the reaction between pure fluorine and carbon is kinetically
limited at low temperatures: fluorine reacts with the surface carbon to form covalent C-F
bonds, and prevents the fluorine progression deeper in the fibre bulk, and thus further
fluorination [59]. In this case of intercalation, the sp? state of carbon, i.e. the planarity of
graphene layers, is maintained: the fluorine only inserts into the graphitic structure as a
graphite intercalation compound (GIC) and is linked to carbon through ionic (x < 0.25) or
semi-covalent (0.25 < x < 0.5) bonds, i.e. with weakened covalence. GICs have the general
formula CyF, where 1.3 < x < 20, and are unstable, even at low temperatures [59,62,96]. It has
been reported that the more the fibres were graphitised, the more it was possible to intercalate
fluorine in the layered pattern [61,68]. Another source for weakening of the covalence for C-F
is the dilution of C-F bonds that results in neighbouring of C-F bonds with non-fluorinated sp?
C atoms; an hyperconjugation takes place as proposed by Sato et al. [104].

In the case where perfluorinated groups (CF2, CF3) are unwanted, fluorination can be done by
using atomic fluorine F* rather than molecular fluorine F», thus favouring formation of C-F
bonds [103]. This process, called ““sub-fluorination” or “controlled fluorination”, can be
achieved by thermal decomposition of a fluorinated compound called “fluorinating agent”
(FA), e.g. XeF2 or TbhFa, which will release a controlled amount of atomic fluorine into the
reactor. The recombination of two F*® in F; is avoided because the reaction between carbon
and F* is spontaneous [105]. Fluorination, whose kinetics depends on the FA decomposition
rate [105], is then more progressive, less aggressive and homogenous, and leads to (CF)n-type
phase, i.e. highly-fluorinated phase, whatever the fluorination conditions. Few (C2F), phase,
CF2 and CFs groups or dangling bonds are formed [103], while decomposition by
overfluorination is avoided [105].

Fluorination mechanisms have also been studied at a microscopic level, notably by using
Density Functional Theory (DFT) calculations on HF-catalysed fluorinated CNTs [106]. It
has been found that non-regioselective (1,2) equatorial and (1,4) axial additions were
thermodynamically favoured for flat multi-layered carbon materials, such as graphene, while
curved materials such as CNT or locally-buckled graphene were rather fluorinated through
(1,4) addition for low temperatures. For these materials, higher fluorination temperatures
result in to the migration of the fluorine atom to the (1,4) to the (1,2) position thanks to the
formation of a hydrogen bond with the catalyst HF. These additions lead to the emergence of
a pattern of fluorinated bands [105] constituted of C4F or CoF [106]. Zhang et al. [105] have
shown that HF deposition in a pristine zone close to a fluorinated area will lead to its
chemisorption with H atom facing a surface fluorine atom, while a HF molecule deposited in
a non-fluorinated area will sit vertically above a carbon atom, the hydrogen atom being closer
to the tube and will only be physisorpted, thus having a short lifetime: this explains why F-,
which is catalysed by HF, is deposited near from the pre-existing fluorinated areas.

It is to note that the fluorination mechanism of graphite, previously studied, differs from the
one of graphene and CNTSs because fluorine can access to both sides of the carbon layer [106].



Concerning controlled fluorination, DFT calculations have shown that fluorine distribution at
SWCNT surface is controlled by electronic repulsion between incoming fluorine atoms and
carbon-bonded ones, thus explaining the controlled fluorinated homogeneity [105]. On the
other hand, still using DFT, F, fluorination of SWCNTSs has led to the formation of fluorine
bands separated by pristine carbon parts by armchair axial addition of fluorine atoms [107],
highlighting the higher homogeneity of controlled fluorination over direct fluorination.

In all cases (covalent bonding of (CF)n and (C2F)n, hyperconjugation or formation of GICs, or
(1,2) and (1,4) additions), the fluorine grafting on the surface of carbon materials drastically
modifies some of their properties, such as tensile strength, interfacial and structural properties
[58,59], as this will be discussed thereafter.
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Figure 3: Relative contents of the various carbon atoms according to the bond or group where
they are involved at the surface of fluorinated carbon fibres using XPS




Table 6: Correspondence between the sample numbers of Figure 3 and the fluorination

conditions used
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Figure 4: Relative content of the various carbon atoms according to the bond or group where
they are involved at the surface of oxyfluorinated carbon fibres using XPS

Table 7: Correspondence between the sample numbers of Figure 4, their notation and the
reactive gaseous mixture

Sample 1 2 3 4 5 6 7 8

[65] F2:O2 [65] [65] [65] F2:02 [64] [64] [64] [64]
Reference 1:9;[64] F2:0. F2:02 9:1;[64] CEO-2 CFO-3 CFO-4; CFO-5;
CFO-1 3:7 5:5 CFO-6 [66] S3  [66] S4

In Figure 3, the samples n°1-8 stand out from the other ones, notably because of the
homogeneity of the formed chemical bonds between the samples. Fluorine is highly present at
the surface of these samples, as at least 89% of the surface carbons are bonded to fluorine,
through semi-covalent or covalent C-F bonds, or involved in CF, or CF3z groups. The
remaining carbons are mainly involved in C=C graphitic bonds, which is the main kind of
bonds in non-fluorinated carbon fibres, as seen in Table 4. For these samples, considering the
low relative content of remaining graphitic carbons, one could think that covalent grafting has
been the main fluorination mechanism.

Still discussing about these samples, it can be outlined that the high content of CF3 groups is
the last stage of fluorination before the formation of gaseous species CF4 and C2Fs, which can
lead to the removal of carbons by decomposition (combustion). This high amount of CFs3
groups highlights the fact that two antagonist mechanisms are competing during the
fluorination treatment: the first one leads to the desired fluorination of the surface, while the



other one is the formation of the gaseous species cited above [67,72]. Temperature thus
favours fluorination reaction, which can even lead to a degradation of the carbon fibre surface
by forming CFs, CF4 and C>Fe and partial exfoliation as discussed in section 2. Both
decomposition and partial exfoliation may increase the roughness and even the porosity. This
observation has already been made [58,59], and is strengthened by the fact that it has been
proved that temperature was increasing the fluorination rate of polymer surfaces
[23,24,76,79,80]: one could consider that a similar approach can be made on carbonaceous
surfaces.

Another interesting point can be raised by observing the F 1s analysis provided by the
different studies where fibres have been fluorinated (Figure 3): except for samples n°9-10, it
can be noted than fluorine is more likely to form covalent C-F or CF2 bonds than semi-ionic
C-F bonds. This trend is observed on samples n°11-15 and n°22-24, despite the set of
experimental conditions reported in Table 6 (low temperatures, gas mixes containing
fluorides) that could let think that semi-covalent GICs would be preferentially formed than C-
F and CF2 covalent bonds.

However, for oxyfluorinated fibres (samples n°1-8 of Figure 4), this statement is not valid
anymore: depending on the sample, the proportions of semi-covalent and covalent C-F bonds
can be similar (e.g. samples n°2-3), or one type of bonding can be significantly more
represented than the other one (e.g. samples n°7-8). Based on samples n°5-7 of Figure 4, it
can be noted that an oxyfluorination duration of 30 min appears to be the most efficient time
to covalently graft fluorine to the carbon fibres, as 10 min and 60 min durations lead to high
amounts of semi-covalently bonded fluorine. Pressure also seems to increase the proportion of
covalent fluorine: sample n°8 of Figure 4 has a slightly higher proportion of covalent C-F
bonds than sample n°6, and the only difference between them is the F2/O> pressure. Sample
n°8 has indeed been oxyfluorinated at 80 kPa, while n°6 has been fluorinated at 5 kPa [64].

Figure 4 delivers an interesting information about the way oxygen atoms are bonded at the
carbon fibre surface, and can be related to the oxyfluorination mechanism proposed in [59],
which is reminded in Figure 5. Indeed, according to this mechanism, if fluorine and oxygen
are introduced in similar amounts, all carbon radicals created by the attack of fluorine should
become peroxide radicals thanks to oxygen, leading to high amounts of C-O and O-H bonds,
detectable with XPS. This could explain why sample n°3 of Figure 4 has the highest amount
of C-O/O-H bonds in its O 1s peak, as this sample has been oxyfluorinated with a 50/50 vol.
% F2/O2 mixture [65].
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Figure 5: A suggested mechanism of direct oxyfluorination of carbon fibres, adapted from
[59], with permission from Elsevier

When fluorine is introduced in higher quantity than oxygen, one could think that oxygen
would not be able to bond to all the carbon radicals created with fluorine. This could lead to a
fibre with a high number of free radicals, which could recombine in carbonyl bonds during
exposure to H.O from ambient air; a high relative content of oxygen atoms implied in
carbonyl bonds is then expected. This hypothesis could explain the high amount of C=0
bonds detected in the O 1s peak in sample n°4 of Figure 4, which has been oxyfluorinated
with a 90%/10% F2/O, mix [65]. The effect of radicals is thus of primary importance when
the (oxy)fluorination is limited close to the surface.

On the other hand, when the oxygen represents the major part of the F2/O> mixture, and as
oxygen oxidation has been reported to introduce many carbonyls at the surface of carbon
fibres [108], one could expect a high proportion of surface oxygen atoms implied in C=0
groups; the higher the oxygen content of the gas mixture, the higher the relative content of
such groups. This could explain the high amount of carbonyl functionalities of samples n°1-2
of Figure 4, which have been oxyfluorinated using respectively a 109%/90% and a 30%/70%
F2/N2 mix [65].

In conclusion of this section about the chemical composition on and close to the surface
according to XPS data about (oxy)fluorinated carbon fibres, it has been highlighted that the
pressure, the temperature and the nature of the gaseous mixture result in different chemical
bonds, functional groups and fluorine content that act on surface properties. Two bonding
mechanisms of fluorine may exist: covalent bonding under pure fluorine at high temperature,
or formation of semi-covalent GICs in presence of gaseous fluoride, at relatively low
temperatures (< 100°C). Dilution of F atoms results also in weakened covalence.

4 Morphological and surface properties induced by fluorination
4.1 Diameter evolution

Studying the evolution of diameter is useful as it can give information about the
(oxy)fluorination mechanisms. Slight decreases of the fibre diameter with (oxy)fluorination
have already been reported, and attributed to both the partial etching of the fibres by fluorine
and the formation of gaseous fluorocarbons [60,66]. Presence of amorphous parts on the
surface may favour such an etching because of their higher reactivity towards fluorine in
comparison with graphitized areas, as reported on nanofibres [33].

On the other hand, increase of the diameter has also been observed, and imputed to the
diffusion of the fluorinating agent into the bulk of the fibre [67,109]. The interlayer distance is



much higher in (CF), (0.6 nm) and (C2F)n (0.9 nm) [110,111] than in graphitized carbons
(about 0.34 nm) [112]. When both mechanisms occur, it has been highlighted than the
decrease of diameter happens before the swelling [60].

4.2 SEM observations and specific surface area (SSA)

Like in the case of the diameter evolution where two physical phenomena occur, two opposite
observations can be made on the surface of (oxy)fluorinated fibres using scanning electron
microscopy (SEM). First, (oxy)fluorination can smooth the fibre surface, by attenuating the
fibre striations [54,59]. (Oxy)fluorination can also roughen and damage the fibre surface, by
removing weak-bonded surface layers of carbon [54,61,67]. Porous areas along the fibre axis
have also been evidenced [61], as well as more pronounced striations and holes at the fibre
surface [54,61]. Under APF, carbon sputtering has been reported too [54].

When (oxy)fluorination roughens the fibre surface, specific surface area (SSA from BET
method) can either slightly increase (increase of 0.3-0.4 m#/g) and be linked to a tiny surface
roughening [56], or drastically raise (from 0.22-0.47 to 33-38 m#/g), evidencing a surface
damaging [67]. Partial exfoliation may be kept in mind to explain huge increase of the SSA. If
important enough (at least 5-10 m2/g), this roughening could enhance the fibre-matrix
adhesion in composite, by mechanical interlocking [56].

When both roughening and smoothing occur, roughening has been reported to happen before
smoothing [54]; the latter one has been attributed to a fibre desizing by decomposition under
fluorine of the sizing [73].

Correlate surface porous structure of fibrous materials and properties is still an important but
difficult issue. As a matter of fact, SSA of carbon fibres is effected by plenty of factors like
their average length and degree of packing density but there is a lack a data. It this section,
only the available data are discussed.

4.3 Wettability properties

One of the remarkable properties of the (oxy)fluorination of carbon fibres is to confer them a
hydrophobic or hydrophilic behaviour, depending on the chosen experimental conditions and
the nature of formed C-F bond. Such modifications of the surface energy can be useful to
tailor (oxy)fluorinated carbon fibres as reinforcements in polymers or fluoropolymers.

The wettability of carbon fibres with several liquids seems to be enhanced under mild
(oxy)fluorination conditions. This behaviour has been reported in several studies with water
[3,58,64-66,113], glycerol [109] or fluoropolymers [72]. This enhanced wettability has been
linked with a drastic increasing of the polar component of the surface energy [58,64-66],
leading to an increase of the total surface energy, despite a slight decrease of the dispersive
component.

The increase of the polar component has been attributed to the formation of C-O hydrophilic
bonds and C-F semi-covalent bonds [64—66], which can be evidenced in Figure 4. On the
other hand, the decrease of the dispersive component could be explained by the disappearance
of the graphitic character induced by fluorination [58]. As previously discussed, some
(oxy)fluorination parameters were mild enough to induce hydrophilicity, as reported in the
Table 8, rather than hydrophobicity as expected due to the presence of F atoms.



Table 8: Selection of experimental conditions leading to hydrophilicity enhancement

. Source
Fluorination  Temperature Pressure . .
o Duration Gas (experiment
method (°C) (kPa) reported as)
Direct 25-110 130 - 2600 1-60h F2 or CIF3 ninl(?},atfé ég
Direct 25 1.3 3-20 min F2 [113]
Direct RT 5 somin 2020050 [65]
mole fraction)
Direct RT 5 5-10min 1 2/02(050 [66]
mole fraction)
. . F2/O2
Direct 25-100 200 10 min (509%/50%) [3]
Direct RT 5 somin  2/02(050 [64]

mole fraction)

On the other hand, as expected, an increased hydrophobicity of the carbon fibres can be
caused by fluorination. This enhanced hydrophobicity notably leads to a decreased
wettability, higher contact angles (6) and a decrease of the surface energy. Two possibilities
can be considered: the treatment can either directly confer a hydrophobic behaviour to the
carbon fibre [54,56,61,67,114], or can firstly confer hydrophilic properties such as seen
previously, and then render the fibre more hydrophobic when a parameter is modified, e.g.
temperature [3], fluorine content [58], treatment duration and pressure [113], or the gas
mixture composition [54,64,65].

In the first case, this behaviour can be explained by high F/C ratios [67], by the absence of
hydrophilic ionic C-F bonds [67] and by the uncovering of the carbon fibres by sizing
degradation [61]. The experimental conditions leading to this immediate hydrophobicity
increase are reported in Table 9.

Table 9: Selection of experimental conditions leading to a hydrophobicity increase

L Source;
Fluorination  Temperature Pressure . i
o Duration Gas (experiment
method (°C) (kPa)
reported as)
- 100 101.3 - F2 [114]
N2/F2
. 101.3 (20 i . (90%/10%) n°1-8in
Direct 378 mUminy =2 730MIN e soin Tables
fluorine gas)
F2/O2/N2
0, 0, 0,
Direct 25 : 180s  (LWIBWEL% )
10%/0%/90%)
rle(;:slusre(gggo 4 min lonised
APF - P ' (continuous CHCIF2/N2 [56]
kPa at 35 and batch) (2:70)
L/min) )
APE i 101.3 (gas 4 min lonised [54]

pressure: 280 CHCIF>/N>




- 350 kPa at (0.15% of
30 L/min) CHCIF>)

In the second case, the decrease of the wettability, while the chosen treatment initially favours
hydrophilicity of the fibre, can be explained by several parameter variations:

e The carbon fibre nature may be involved; despite close fluorination treatments, it has
been reported than Sigri fibres adopted a hydrophilic behaviour, while Torayca fibres
became more hydrophobic. The treatments compared here are C1 and T1 in [58]. It
highlights the following fact: a treatment that renders some fibres more wettable can
confer a hydrophobic behaviour to other fibres.

e The treatment duration acts too; if short fluorination duration (3 min) has been found
to decrease the contact angle with water, longer durations (20 to 120 min) have led to
a higher contact angle compared to the short fluorination one: 63 min < 620 min < 6120 min
< Bhon fluorinated [113].

e Anincrease in the treatment pressure has been reported as a way to increase the
contact angle. Slight increases of the contact angle with water have been reported in
[113] when increasing the pressure from 10-30 to 50-100 mmHg, while increasing the
pressure of the reactant gas from 5 to 10-80 kPa has led to a huge increase of the
contact angle [65], as reported in Table 10. In the same study, the polar component of
the surface energy has followed the exact opposite trend while the dispersive
component has barely changed, leading the total surface energy to evolve as the polar
component.

Table 10: Evolution of the contact angle with water of oxyfluorinated fibres with pressure
(values from [65])

Reaction Untreated 5 10 20 40 80
pressure (kPa)
Contact angle 113 45 55 85 115 115

with water (°)

e The contact angle with water depends on the treatment temperature. As a matter of
fact, oxyfluorinations above 100°C led to an angle increase, while the hydrophilicity
was initially increased by this temperature hike [3]. As reported in Table 11, polar
ratios Xp = yp/y, Where y is the surface energy and p stands for “polar”, have been
found to follow the opposite trend. This evolution could notably be explained by a C-
F bond nature modification [3], as previously seen in section 2.

Table 11: Contact angle with water and polar ratio evolution of oxyfluorinated fibres with
temperature (values from [3])

ReaCtlon . Untreated RT 100 300 400
temperature (°C)
Advancing contacit 83 80 78 88 90
angle with water (°)
Polar ratio Xp 0.07 0.22 0.28 0.25 0.24

e The reactant gas play a role on the wettability, as reported in [54], where APF fibres
with SFe/N2 (0.15% of SFs) have become more hydrophilic than the untreated fibres



with a higher surface energy, while fluorinated fibres with CHCIF2/N (0.15% of
CHCIF,) have become clearly hydrophobic, with a lower surface energy, as reported
in Table 12.

Table 12: Contact angle with water and surface energy of 4 min APF carbon fibres depending
on the reactant gas (values from [54])

Reactant gas Untreated SFe/N2 CHCIF>/N>
Contact angloe with 73 61 103
water (°)
Surface energy (mN/m) 44 48 31

Moreover, it has been found in [65] that the oxyfluorination of carbon fibres confers them an
optimal hydrophilicity when the F2/O> reactant gas is containing 0.5 mole fraction of oxygen
(sample n°3 in Table 7). Modifying this mole fraction has led to an increase of the contact
angle with water, and to a decrease of the surface energy. This observation seems coherent
with Figure 4, as the sample n°3 is the one with the highest content of semi-ionic C-F bonds,
known to be more hydrophilic than covalent ones.

This part, where several studies about wettability of (oxy)fluorinated carbon fibres were
reviewed, highlighted the dependence on the chosen experimental conditions and formed C-F
bonds; different behaviours exist and the surface energy may be tailored in order to either
enhance the hydrophilicity of the fibre while increasing the surface energy, or confer them
hydrophobic properties (decrease of the surface energy).

4.4  Surface acidity

The few studies interested in the surface acidity of (oxy)fluorinated carbon fibres point out the
same result: (oxy)fluorination tends to acidify their surface. This has been highlighted thanks
to three main parameters: the isoelectric point (iep), which focuses on the external surface
charges [115] and obtained through the { = f(pH) curve, the pH, and the acid value. The latter
value is the mass of potassium hydroxide (KOH) in milligrams that is required to neutralize
one gram of a chemical substance.

The acid and pH values have thus been found to evolve respectively from 15 meq.g™* to 18.2-
22.1 meq.g* and from 7.02 to 6.95, after oxyfluorination at various temperatures, from RT to
300°C. This slight acidification of the fibres have been attributed to the formation of acid
groups, such as carboxyl or carbonyl, created because oxygen acts as an oxidant during the
treatment [3,62,63]. This hypothesis is strengthened by FT-IR spectroscopy highlighting the
presence of OH and C=0 groups at the surface of oxyfluorinated fibres in [3].

The iep evolution has been found to decrease from 3.7 to 2.8 under APF treatment,
evidencing a surface acidification which has been attributed to an increase of the number of
carboxyl groups after APF, despite a decrease of the relative content of surface oxygen atoms
[54]. Similar results have been obtained in [67], where the iep decreased from 3.6 to 3.2
(samples n°5-8 of Table 6). On the other hand, in the same study, the iep has not been
lowered for the other tested kind of fibres (samples n°1-3 of Table 6), except for the heavier
fluorination treatment (sample n°4 of Table 6). In both cases, the scattering of the (piateau
values has been assigned to the variation of the amount of -COOH groups, and eventually
from a high desorption of F~ from the fibre bulk for severely fluorinated fibres.



5 Structural and bulk properties induced by fluorination

In order to know how the (oxy)fluorination affects the structure of the fibres, several analyses
were carried out, such as X-Ray Diffraction (XRD), Raman spectroscopy, and Scanning
Electron Microscopy (SEM) or simply by measuring the fibre diameter. These analyses allow
the extension of (oxy)fluorination of the fibre to be evidenced, i.e. either a surface grafting of
heteroatoms or diffusion into the bulk.

5.1 Structural properties

5.1.1 Fluorinated layer depth

The depth of fluorinated layer can be estimated by considering the fibre as a two-phase
material, one phase being the external perfluorinated layer, the other one being the internal
slightly-fluorinated layer. It has been established that the fluorine repartition in the carbon
material can be determined by calculating the ratio [F/Clxps/[F/Clga, Where [F/C]xps and
[F/C]g, are the surface and whole fibre composition, respectively [116].

Three hypotheses are necessary to estimate the fluorinated layer depth:

— The external layer is homogeneously fluorinated, meaning that the XPS ratios
characterise the whole layer. The fluorinated layer depth is dg; .

— The fibre bulk is not fluorinated, meaning that all the fluorine detected in EA comes
from the external layer.

— The fluorination is homogeneous along the fibre longitudinal axis, which allows to
consider only the fibre cross section.

D and S respectively stand for diameter and section, and the subscripts WF, NFB, and FL
respectively stand for “whole fibre”, “non-fluorinated bulk”, and “fluorinated layer”. The
fluorine repartition in the fibre section can then be written as follows:

[F/ClgaSwr = [F/ClxpsSrL
This equation can be developed as:

S =
i 4 4 [F/Clyps
And can be rewritten as:
[F/Clga
Dives = Die (1 ~F/Clxrs

Meaning that:

F/C
dp, = Dwp — Dypp = Dywp| 1 — 1_%
Using the latter equation, the fluorinated layer depths of carbon fibres from various studies are
given in Figure 6, using the data from these studies, whose experimental conditions are given
in Table 6 (samples n°1-8, n°16-21, and n°25-28). The 5 last samples of Figure 6 come from
[62], where the fibres have been (oxy)fluorinated with pure F2 (referred as CF) or a 50/50%
vol. F2:02 mixture (referred as CFO) for 10 minutes at various temperatures (RT, 100°C,
300°C, 400°C), with a F» pressure set at 0.2 MPa. Several factors seem to influence d;



— The latter one appears to increase with the fluorination time, as evidenced by T300-
T700 samples: the only difference between T300B, T300C, T300D and T300E is their
increasing fluorination time, and so does d; . The same conclusion can be made for
T700 fibres.

— The fluorinating gas mixture is also determining, as highlighted by oxyfluorinated
samples, which exhibit deeper fluorinated layers than fluorinated samples: CFO-RT,
CFO-20 and CFO-125 have respectively dg; of 0.39, 0.37, and 0.28 um, against only
0.14, 0.12 and 0.09 um for CF-RT, CF-20 and CF-125. This depth increase could
notably be explained by the fluorination intercalation enhancement allowed by the
presence of a Lewis acid (O here), as already explained in section 2. It has however
been shown through XRD analyses in [3,65,66] that oxyfluorination globally takes
place at the fibre surface, meaning that the calculated depths in this review could be
overestimated.

— Other fluorinating gas mixtures, such as 10/90% vol. HF:F, (C3) and CIF3 (C4),
resulted in deeper fluorinated layers when compared to pure fluorine. It should
however be noted that C4 fibres have been fluorinated during 60 h, which is much
longer than C1 or C2 fibres. Catalytic effect of gaseous HF and MF, species are well
known for graphitized samples [99,103].

— Temperature seems to have an influence on dg;, as shown by the depths of CFO-RT,
CFO-100, CFO-300 and CFO-400 fibres, their only difference being their
oxyfluorination temperature: there is a gap between fibres fluorinated under and above
300°C. High temperatures could then possibly increase the fluorinated layer depth.
This hypothesis is strengthened by the depth similarity of CF-20 and CF-125, 0.12
against 0.09 um: temperature did not seem to be a depth increaser for these
fluorinations under 300°C.
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Figure 6: Fluorinated layer depth depending on the sample

It should be noted that the emitted hypotheses probably lead to an overestimation of the
fluorine content into the fluorinated layer, as it has been assumed to be the [F/C]xps ONe in
the whole layer, with all the fluorine of [F/C]g4 coming from this layer. In reality, the layer



containing fluorine is probably deeper, with a maximal fluorine concentration [F/C]xps Only
at its extreme surface, and a decreasing concentration of fluorine while progressing in the
fibre bulk, to finally end and let some graphitic carbon non-fluorinated. The two discussed
structures are presented in Figure 7.

(a) Highly-fluorinated (b)
external layer, [F/Clyps

Non-fluorinated
graphitic carbon

Fluorinated layer
with a radial gradient
of concentration

Figure 7: Fluorinated carbon fibre structure, (a) according to the previous hypotheses, (b)
most probable structure

5.1.2 Raman observations

Carbonaceous materials exhibit two main peaks during Raman analysis. The first one (G-
band), around 1580 cm, is assigned to the graphitic structure of carbon, while the second one
(D-band), around 1350 cm™, is attributed to disordered finite-size microcrystalline carbon
[117]. The ratio of their intensities, Io/ls, highlights the amount of defective and crystalline
mode in the carbon fibre sample.

Some studies have observed a decrease of Ip/lc ratio under APF, and have linked it to the
carbon sputtering, leading to the removal of surface amorphous carbon by the plasma jet, and
to the emergence of graphitic carbon at the fibre surface [54,56]. On the other hand,
fluorinations of carbon fibres under high temperatures have led to Ip/lg increases from 1.06-
1.08 to 1.17-1.23, that highlights an increase of the fibre disorder during fluorination [67].

To guarantee a specific analysis of the fluorinated phase, the detection depth of Raman laser
should not be greater than the depth of the fluorinated layer, otherwise non-fluorinated
graphitic carbon would also be analysed. The penetration depth d,, of Raman laser is known
as d, = 2/2.3a(2), with a the photoabsorption coefficient of the penetrated material [118],
and A the Raman laser wavelength. The evolution of @ depending on A for graphite is given in
[119] and allows to gather in Table 13 depth penetrations of Raman laser depending on its
wavelength for the articles studied in this section (5.1.2).



Table 13: Depth penetrations of Raman lasers in graphitic materials depending on their
wavelengths

Reference Raman wavelength Photoabsorption Depth
A (nm) coefficient o (um™)3 penetration d,, (um)
[67] 532 5.5-7.5 0.18-0.23
[54,56] 633-634 5.0-6.5 0.15-0.21

It can be seen in Table 13 that if the Raman laser penetration depth is 0.18-0.23 um for the
fluorinated fibres in [67], the fluorinated layer depths are 0.10-0.38 um (T300 and T700
fibres), meaning that for some fluorinated fibres, the Raman analysis also includes graphitic
non-fluorinated carbon, according to these calculations. However, as mentioned in 5.1.1, the
fluorinated layer real depth may be superior to the calculated values.

5.1.3 X-Ray Diffraction evolutions

XRD diagrams in various works [3,58,65,66,73] about (oxy)fluorinations under mild
conditions, reported in Table 1, were barely changed, evidencing that (oxy)fluorination was
only taking place at the fibre surface because of the rigidity of the graphitic lattice, which is
able to resist to intercalation or bulk fluorination under these conditions.

However, it has been highlighted by XRD that depending on the treatment severity,
fluorination could also take place in the bulk of the fibre. Indeed, increasing the treatment
duration and pressure (samples n°22-24 in Table 6) has led to a broadening of the 002 peak of
the graphitic phase, that indicates the diffusion of fluorine in the bulk of the fibres and a
disorder increase, while the slightly fluorinated fibres had the same XRD pattern than the non-
fluorinated ones, meaning that fluorine was rather involved in covalent C-F bonding with
unsaturated carbon atom defects present at the surface.

The influence of treatment duration on diffractograms has also been reported in [67], where
increasing the fluorination time has led to two interesting phenomena: firstly, a shift of the
002 peak to higher 26 angles, indicating a bulk fluorination of the fibres, has been reported
(samples n°7-8 of Table 6). Secondly, the emergence of two new peaks in the XRD patterns
has been observed (samples n°3-4 and n°7-8 of Table 6). The first one, around 10-15°
associated with an interlayer of 6.5-7.4 nm, has been attributed to the 001 plane and to the
formation of a fluorocarbon lattice, while the second one, at 44°, corresponds to the 100/101
lines of the graphitic structure. In this study, contrarily to the previous paragraph, a narrowing
of the 002 peak, indicating an increase of the crystallite size Lc, has been observed when the
fluorination duration increases [67]. This evidences that the fluorination focused on the less
ordered graphitic phases keeping the zones with higher crystallinity unchanged with their high
Lc, as already reported in [95].

Another study, using XRD patterns to follow fluorine intercalation into carbon fibres, has
highlighted that the use of HF in the reactant gaseous mixture leads to a preferential fluorine
intercalation than a fluorination using pure fluorine, as reported in section 3. Rather than
involved in a covalent C-F bond, fluorine has been preferentially intercalated in the
carbonaceous lattice, increasing the disorder and broadening the peaks of the XRD pattern
[120]. In accordance with this, changing the reaction atmosphere from pure fluorine to HF/F»

3 Graphically obtained in [119]



(2:10) mixture has led to the appearance of a XRD peak around 21° in another study, which
indicates the formation of stage 3 CxF [58].

XRD appears as a way to study the way the fluorine interacts with the bulk and the surface of
the carbon fibres. Under standard conditions (direct fluorination under pure fluorine at room
temperature), fluorine rather bonds to the fibre surface than diffuses into the bulk. Whatever
the route, the fluorine interacts with the carbon fibre and allows a wettability evolution, as
described in section 4.3.

5.2 Electrical properties

The electrical properties, resistance R, resistivity p, or conductivity o, the latter one being the
most studied in literature, evolve with both the fluorination degree and the C-F bonding [66].
As a matter of fact, fluorine intercalation leads to enhanced conductivity, while formation of
graphite fluoride tends to decrease conductivity. In both cases, these phenomena are explained
by changes in the n-electron system of the graphitic part of carbon fibres [66], which implies
major modifications of the fibre bulk properties due to diffusion of fluorine [54].

This assumption has also been reported in [58], where mild fluorinations have led to
conductivity increases, while the more severe ones have decreased it: the conductivity of
pristine fibres was 530 S.cm™, while the one of slightly fluorinated fibres was 600-630 S.cm™
(samples n°16-17 in Table 6) and the one of strongly fluorinated fibres dropped to 110 S.cm™
Resistivity and resistance have changed as followed: a weak decrease for slight fluorinations
(from 1.9 Q.cm to 1.6-1.7 Q.cm for resistivity and from 7.3 kQ to 6.7-7.3 kQ for resistance),
followed by a significant increase for severe fluorinations (respectively 9.15 Q.cm and 38
kQ).

Similar results have been observed in [67], where the formation of covalent C-F bonds have
decreased the conductivity from 640 S.cm™ for pristine fibres to 580-590 S.cm™ for
fluorinated fibres (samples n°3-4 in Table 6). On the other hand, the intercalation of
fluorinated species into the sp? structure has increased the conductivity from 900 S.cm™ for
pristine fibres to 990-1020 S.cm™ for fluorinated fibres (samples n°5 and n°7 in Table 6).

These important conductivity decreases have been explained by the change of the carbon
hybridization from sp? to sp?, which is due to the fluorination of the fibre bulk and to the
formation of graphite fluoride already raised in this section [58]. This assumption is
strengthened by the fact that high-temperature fluorinated fibres, where fluorine is covalently
bonded to sp* carbon through (CF)» and (C2F)» phases, are known to be insulators, while low-
temperature (< 100°C) fluorinated carbon fibres, where fluorine is intercalated in the graphitic
sp? lattice as a GIC, exhibit excellent conductivities [96]. More precisely, fibres containing
stage-2 GICs, which are produced under F2 pressures lower than 10 bars, have higher
conductivities, while fibres hosting stage-1 GICs, obtained under severe conditions (fluorine
pressure of 10 bars) have a much higher resistivity than pristine fibres, around one order of
magnitude [120].

To summarize, mild fluorination conditions slightly improve the conductivity while severe
conditions lower it drastically.

5.3 Mechanical properties

Regarding the structural changes which may be important in particular fluorination
conditions, the mechanical properties of carbon fibres must be investigated as they can change
drastically. Several studies have investigated the evolution of the mechanical properties



(tensile strength and Young’s modulus) of carbon fibres with (oxy)fluorination. Table 14
computes these studies as well as their tensile test conditions.

Table 14: Tensile test conditions of (oxy)fluorinated carbon fibres in literature

Reference Gauge length (mm)  Testing rate (mm/min) Number of
measurements
[56] (25-29 in

Table 5) 20-50 0.01 25
[61] 10 10 100
[67] (5-8 in Table 6) 25 0.01 20
[59] (25-28 in Table 6) 20 1 20
[60] (22-24 in Table 6) 20 1 20

The data are disparate. On the one hand, sharp increases of ultimate tensile strength (UTS)
and Young’s modulus have been observed. The UTS and Young’s modulus of fibres
oxyfluorinated at 125°C have indeed been reported to respectively gain 36% and 32% when
compared to the ones of pristine fibres [59]. Similar results have been observed on Fo-HF
fluorinated fibres, with increases of 40% and 30% for UTS and Young’s modulus respectively
[60], and on RT oxyfluorinated fibres, with 12-20% increases of the UTS. These increases
were explained by both a diameter decrease of the fluorinated fibres [61], which allows a
better alignment of the fibre structure [59,60], and by the removal of surface defects by
fluorination [59,60].

On the other hand, important decreases of the mechanical properties have been reported. The
UTS of carbon fibres fluorinated with BrFs for 30 days have been divided by two (from 2.2
GPa to 1.02 GPa) [109], while the one of high temperature fluorinated fibres have decreased
by 33%, and their Young’s modulus by 20% [67]. Several factors can explain these decreases:
severe fluorination results in damages in both the surface and formation of pit holes [67].
Moreover, the diffusion of fluorine into the fibre bulk [67] and the buckling of sp® C-F layers
compared to the sp? graphitic layers, affect the fibre preferred orientation because of an
increase of the interplanar spacing and of a decrease of coherence lengths La and Lc [121].
The resulting decreases of the mechanical properties do not obligatory disqualify the
fluorinated fibre for reinforcement of composite, thanks to the other obtained properties, for
instance adhesive [109] or hydrophobic ones.

Another interesting parameter which is generally decreasing with the fibre fluorination is
Weibull modulus [56,61], which quantifies the homogeneity of defect dispersion. Its decrease
implies that fluorination increases the heterogeneity of defect dispersion, which could lead to
early breakings.

It is to note that the mild fluorination treatments, such as APF or fluorination located only on
sizing, allow the mechanical properties of the fibres to be maintained [56,73]. In this case, one
could think that these fluorinations did not lead to the formation of critical surface flaws nor
to a diameter evolution.

In this part, the mechanical properties of (oxy)fluorinated carbon fibres have been reviewed.
In accordance with the induced structural changes induced, (oxy)fluorination allows the
mechanical properties to be enhanced if the structure is slightly affected. On the contrary,
strong (oxy)fluorination treatments result in drastic rearrangement, the mechanical properties
are then degraded.



5.4 Potential applications for (oxy)fluorinated materials

(Oxy)fluorinated fibres are almost exclusively used for composite reinforcement. However,
another potential application for fluorinated carbonaceous materials is presented here, even if
the latter ones are not fibres, in order to give perspectives for the use of these materials.

5.4.1 Composite reinforcement

When performed in adequate conditions, fluorination may lead to an enhancement of the
wettability through the tailoring of the surface energies, and the maintaining, or even an
improvement, of the mechanical properties of carbon fibres as previously highlighted in this
review. One could think that all these changes open the way for interaction between
fluorinated carbon fibres and polymers and fluoropolymers in composites.

First, it has been reported that fluorination enhances the adhesion with epoxy resins [113],
which are the most used matrices with carbon fibres [122]. The adhesion thus increases from
75 kg/mm? to 105 kg/mm? under the efficient fluorination conditions: a low fluorine pressure
is required (< 50 mmHg), as higher pressures tend to decrease the adhesion down to the initial
value between non-fluorinated fibres and epoxy resin. This enhanced adhesion for fluorinated
fibres has been related to a higher presence of oxygen-containing groups, which improves the
bonding with epoxy.

This enhanced compatibility with a polymer matrix is promising and has also been reported
with fluoropolymers. As a matter of fact, the contact angle between carbon fibres and four
different liquid fluoropolymers has been reported to decrease from 18.5-19.5° to 14.2-16°
with an average decrease of 4°, highlighting the fact that fluorinated fibres are more
compatible with fluoropolymers than pristine fibres [72]. This compatibility optimisation has
been reached with low fluorine content, i.e. surface F/C ratio of 0.1-0.2), while high F/C ratios
of 1.5-1.9 resulted in higher contact angles than with untreated fibres.

This adhesion strengthening leads to an increase of the interfacial shear strength (IFSS), a
micromechanical value which characterises the quality and the resistance of the fibre/matrix
interface, for example by studying the interfacial resistance of a {single fibre + matrix}
system [123,124]. Fluorination has been reported to increase IFSS between four
fluoropolymers and carbon fibres from 8.2-18.4 MPa to 18.7-28.7 MPa, with an average
increase of 11.5 MPa [72]. As for the case of contact angle measurements with
fluoropolymers, IFSS is enhanced by mild fluorinations, and decreases when fluorination is
too extended. The authors have highlighted that an optimal compatibility is reached for
fluoropolymers when the “matrix to fibre” fluorination ratio is 9:1, meaning that the matrix
must have a F/C ratio 9 times higher than the fibre one [72].

Moreover, fluorination has also been reported to modify macromechanical values, such as the
interlaminar shear strength (ILSS), the critical stress intensity factor Kic, the work of fracture
W+ or the specific fracture energy Gic. Mild fluorination, i.e. 10 min at room temperature
under pure fluorine, has led to a slight decrease of these values compared to the ones of as-
received carbon fibres, while 10 min of oxyfluorination at various temperatures with
50%/50% F»/O> gaseous mixture have increased these values, with an optimal treatment
temperature of 100°C [62]. These macromechanical enhancements have notably been
attributed to an increase of the fibre/matrix interfacial adhesion, of the fibre surface acidity
and of the wettability; the change of the latter one has been related to an increase of surface
polarity. The excellent correlation between the ILSS, Kc and the (Fis + O1s)/Css ratio has
confirmed the effect of the presence of heteroatoms F and O [62].



Impact properties, such as impact strength, impact energy and ductility index (ratio of the
post-peak energy to the energy to peak [125]), have also been reported to be enhanced by the
oxyfluorination procedures described just above, especially at a 100°C treatment temperature.
This improvement of impact properties for oxyfluorinated fibres can be explained by the
increase of hydrogen bonding, which hinders impact failure mechanisms and interrupts the
development of crack paths into the composite [63].

To conclude this section about the way (oxy)fluorinated carbon fibres bond with
(fluoro)polymers, it can be noted that when the fluorination rate is low and involves the
formation of oxygen-containing species, the micromechanical interaction between fibres and
matrix is enhanced, as seen through both the IFSS increase and the wettability decrease. The
conclusion is similar about the wettability and IFSS of weakly fluorinated carbon fibres with
fluoropolymers. Concerning the macromechanical properties (ILSS, critical stress intensity
factor Kic, specific fracture energy Gic, work of fracture W, impact properties), the values
appear to be enhanced with oxyfluorination, which can notably be explained by an increase of
the fibre/matrix interfacial adhesion, of the acidity of the fibre surface, of the fibre wettability,
and of hydrogen bonding, which is allowed by the surface chemistry of oxyfluorinated fibres.

5.4.2 Gas sensing

In industrial environments, new sensors need to be developed in order to detect toxic gases,
e.g. ammonia (NHz3), at rates as low as possible. The example of NH3 was chosen as ammonia
is amongst the most dangerous gases, both for human health and environment [126]. The
electrical properties of carbonaceous materials, especially the nanostructured ones [126],
change under gas absorption, making them ideal materials for gas sensing applications.
Sensors based on CNTs have already allowed the detection of various gases, e. g. NH3 [127—
130] or CH4 [131,132].

In order to increase the reactivity, selectivity and sensitivity of carbonaceous materials to
gases [133], they can undergo treatments. Among processes for gas sensing improvement
such as acid treatments [134,135], plasma ones [136,137], functionalisation with polymers
[138], decoration with nanoparticles [139,140], etc. [141], fluorination exhibits numerous
advantages [142-144]. In particular, it increases the SSA of carbon nanomaterials [145]. First,
fluorinated graphite oxide (GO), using a HF solution, has thus been reported to have a gas
sensing response 20 times higher than pristine GO with a better reversibility [146]. Secondly,
fluorinated graphene (FG) exhibits higher adsorption energies [147], higher sensitivity and
better adsorption [148] of NH3 than the untreated one. FGs have also been reported to detect a
wide variety of molecules other than NH3 [32], such as formaldehyde [149], dopamine [150],
heavy metal ions [151] or humidity [152].

This behaviour of fluorinated carbon materials can be explained both by the strength of the
hydrogen bonding between fluorine and hydrogen atoms, taking benefits of the
electronegativity of F [147], and by the presence of defects in FGs [25]. Fluorine atoms are
also known to play a key role in gas adsorption thanks to their p electrons [145], and their
ability to change the charge distributions on the functional groups [146], and especially when
the fluorination treatment maintains the sp? state of carbon atoms surrounding the CF group
[143,153]. Moreover, it has been highlighted that NH3z and NO> are adsorbed by fluorine
atoms, hydroxyl groups, and carbon atoms close to the functional groups [32].

6 Conclusions



In this review, the C-F bonding in carbon fibres was first investigated, evidencing its
versatility, which depends on the fluorination conditions and the presence of dioxygen in the
reactive gaseous mixture. The surface fluorine content has also been carefully reviewed
through the computation of numerous XPS studies. Using these data, an explanation for the
changes of both surface and structural properties with fluorination is proposed. The diversity
of both the treatment conditions (composition of the reactive mixture, temperature, pressure,
duration) and the type of starting fibres complicates the generalization. Several antagonist
phenomena, such as wettability or electrical evolutions, have been then reported. They act
both on the mechanical properties of carbon fibres and on the way the treated fibres bond with
polymers in composites. This review also highlights the extraordinary diversity of properties
that can be obtained on carbon fibres thanks to (oxy)fluorination and gives the key parameters
to select the (oxy)fluorination conditions in order to enhance the desired properties for a
particular application, e.g. fillers in composites and sensitive materials in ammonia sensing.
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