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Abstract

Surface micro/nano-texturing combined with the presence of fluorine atoms can result in superhydrophobicity. Different strategies are
investigated in order to determine the critical parameters to reach such properties. On the one hand, fluorine atoms were grafted by direct
fluorination of carbon nanofibers (treatment with gaseous F, resulted in samples denoted F-CNF), and on the other hand, fluorinated
polymers such as polyvinylidene fluoride PDVF or poly(ethylene oxide) POE fluorinated with F, as well as commercial hydrophobic polymers
like polystyrene (PS) are used as binders and/or polymer matrix to produce nanocomposites. Stable superhydrophobic properties are
obtained with F-CNF/PVDF nanocomposites micro-textured with femtosecond laser ablation and F-CNF/PS nanocomposites, with water
contact angles of 157° and 155° respectively. Polystyrene was also covalently grafted onto the nanofiber surface through a two-step process:
fluorination followed by monomer grafting. The polymerization of styrene ensures both covalent grafting onto the carbonaceous surface and
a good dispersion of nanofibers inside the polymer lattice. Moreover, C-F bonds exhibit a covalent nature in fluorinated nanofibers, in PVDF,
in fluorinated POE and in the fluorinated resin and ensure an improved chemical stability for studied nanocomposites and micro-textured
resin. Comparison of the water contact angles for nanocomposites with PS, PVDF, POE and fluorinated POE highlights that the polymer matrix
imposes its surface chemistry whereas the emergence of nanofibers results in a necessary nano-texturing.
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1 INTRODUCTION

Superhydrophobic films can be used for many potential applications in optics domains [1], self-cleaning windows, roof tiles,
textiles, solar panels and applications requiring anti-biofouling, drag reduction in fluids (micro/nanochannels) [2] and metal
corrosion resistance [3-5], for example. The surface morphology, namely the roughening, plays a key role for
superhydrophobicity. Two cases may be described: either solid-liquid interface [6], or when air is trapped on a rough interface
between the surface and the liquid droplet [7]. For the second case, surface hydrophobicity is enhanced because air is
considered as an absolute hydrophobic material (contact angle of 180°) [8,9] and because the trapped air reduces the adhesion
of the water droplet. Hierarchical surface micro- and nanostructuring are then very efficient to reach superhydrophobicity.
Examples from nature underline well this assumption: the unique hierarchical surface structure of the Lotus leaf consisting of
papillae, wax clusters and wax tubules makes it an outstanding model. Shark skin is covered by very small individual tooth-like
scales called dermal denticles [10]. The water strider legs are covered by large numbers of oriented tiny hairs (microsetae) with
fine nanogrooves. The air trapped in spaces between the microsetae and nanogrooves leads to the superhydrophobicity
property of the legs, with a contact angle around 167° [11]. Fluorine chemistry was often used to reach superhydrophobicity.
Fluoroalkylsilane molecules were often used as fluorine source when added by a simple reaction of the silane groups on
coatings [12-16], on acid edged surface [17], on carbon nanotubes deposited onto polystyrene (PS) colloidal crystals [18], on
nanofibrils [19] or on monodisperse silica nanoparticles [20]; Using chemical vapor deposition, fluoroalkylsilane was also
grafted onto a electrodeposited poly(3,4-ethylenedioxythiophene) (PEDOT) film to prepare conductive superhydrophobic
coating [21].

Substitution compound of hydrogen atom of hydrocarbon by fluorine atom decreases its surface energy because of the strong
covalence and small polarizability of the C-F bond. A typical hydrophobic material is polytetrafluoroethylene (Teflon). The
surface energy of material depends on the character of terminal group of the material, and decreases in order -CH2 - -CH -
-CF = -CFs and, the critical surface tension of —-CFs is 67 dyn/cm. The surface energy of solid surface is proportional to the
surface fluorine atomic ratio [22]. Nevertheless, the presence of fluorinated groups (CF, CF2 and CF3) on the surface and the
subsequent surface energy decrease are not enough to reach superhydrophobicity. As a matter of fact, flat surfaces with —CF3
terminated groups, having the lowest free energy, exhibit a maximum contact angle of only 120° [23]. Techniques similar to
micro- and nanostructure fabrication, such as lithography, etching, deposition and self-assembly were used to fabricate
superhydrophobic surfaces; The aim was to create the desired roughness. Nevertheless, fluorinated materials have a limited
solubility which makes it difficult to tailor their surface structure afterwards. However, they may be linked or blended with
other materials, which are often easier to roughen, in order to make superhydrophobic surfaces, e.g. using CF4/O2 plasma
etching of polydimethylmethylsiloxane/polytetrafluorethylene (PDMS/PTFE) composite [24]; 1,1,-2,2,tetrahydroperfluorodec-
trichlorosilane (PF3) or perfluorodecyltriethoxysilane (PFDTES) self-assembled monolayer (SAM) deposited on micro-patterned
substrates, silicon [25] or poly(methyl methacrylate) (PMMA) [26], respectively, resulted in superhydrophobicity. An
alternative way is the fluorination of polymer films. The fluorination and the decomposition into CF4 and CyFs species compete
and the surface roughness is increased. A superhydrophobic slippery surface onto PS, low density polyethylene (LDPE) or PDMS

substrates were achieved by CFs4 plasma etching resulting in a simultaneous roughening and fluorinating action [27-30]. Plasma



etching was also carried out on two-dimensional hexagonally ordered honeycomb arrays [31]. An oxyfluorination followed by
a graft polymerization double-step process was used to modify the LDPE surface properties [32]. Coatings prepared with
raspberry-like polymer particles fluorinated by reaction with an excess of a statistical copolymer poly(2-(perfluorooctyl)ethyl
methacrylate-co-glycidylmethacrylate), P(FOEMA-co-GMA) exhibited superamphiphobic properties [33]. Electrically
conductive superhydrophobic coatings were also prepared by electrochemical polymerization methods with fluorinated
monomers [34-37]. Fluorinated polymer films have also been the starting material for treatments. Shiu et al. [38] reported
PTFE film treatment with oxygen plasma resulting in a superhydrophobic surface with a contact angle of 168°. PTFE substrates
plasma chemical roughening followed by a deposition of low surface energy plasma polymer layers has been also successful
[39]. Hierarchical nanostructures were also created on PTFE nanocones [40]. A contact angle of water on the surface of a new
composite, which are made of highly fluorinated polymer and nickel was over 170° (for example Nickel plating 67°, Teflon

110°) [41] .

On the other hand, covalent grafting of fluorine atoms onto different carbonaceous materials was investigated for the aim of
superhydrophobicity, e.g. well dispersed fluoro-containing copolymer onto the carbon fabric [42], MWCNTSs dispersed in
fluoropolymer films [43], carbon nanotubes fluorinated by laser plasma-type [44], carbon black surface covalently grafted with
of perfluorocarbon and perfluoropolyether chains [45] and ordered mesoporous carbon materials treated with

fluoroalkylsilane [46]. In every case, both surface chemistry and roughness influence the superhydrophobic properties.

Among the fluorination methods described in the literature, to the best of our knowledge, the direct fluorination was never
reported. It consists in a gas/solid reaction using several fluorinating agents, molecular fluorine F2 and solid fluorinating agent
that releases atomic fluorine F* by thermal decomposition [47-48]. In the present paper, the direct fluorination was applied to

both polymer and carbonaceous nanomaterials, namely carbon nanofibers, in order to prepare superhydrophobic surfaces.

2 EXPERIMENTAL SECTION
2.1. Materials and methods

Three routes were investigated (Figure 1):

- ROUTE 1. The direct fluorination of micro-textured polymer resin, i.e. micrometric cylindrical plots of 15 um in
diameter and separated by 40 um distance, was considered. The micro-texturing of the resin was performed using
photosensitive resin (SU-8 epoxy-based negative photoresist) and well-designed masks by a conventional
photolithography process. This micro-texturing must be partly preserved after fluorination although the high reactivity
of the polymer resin with the fluorinated agent. Xenon difluoride XeF2 has been chosen as the fluorinating agent
instead of molecular fluorine F2. This way allows a better control of the fluorination, and even diffusion in the bulk,
whereas process with Fz is rather a surface treatment.

- ROUTE 2. Fluorinated nanofibers were included in films with poly(vinylidene fluoride) (PVDF) as a binder. The
fluorinated nanofibers could provide both the fluorinated surface and the adequate nano-roughness because of their
diameter, with an average value of 140 nm. Additional micro-texturing will be added by femtosecond laser ablation.

- ROUTE 3. Such way has been recently published [48] and is discussed in the present paper for comparison.

Hydrophobic polystyrene (PS) was grafted on the same fluorinated nanofibers via a two-step process: fluorination of



the fibers followed by a gaseous styrene monomers grafting. Dangling bonds (radicals) formed on nanofiber surface
during the fluorination act both as grafting sites and initiators of the styrene graft polymerization. PS/fluorinated
nanofibers nanocomposites were then obtained. Films fabricated from that nanocomposite were prepared by

evaporation of the grafted nanofibers dispersion in toluene.

The first route has used the direct fluorination of a micro-textured resin whereas the two others routes have taken the benefit

of the fillers (carbon nanofibers) fluorination.

2.1.1. Route 1
Commercial resin SU-8 2025 (Microchem) is a high contrast, epoxy based photoresistant resin designed for micromachining
and other microelectronic applications, where a thick, chemically and thermally stable image is desired. It has been designed

as a permanent, highly cross-linked epoxy material and it is extremely difficult to dissolve it in conventional solvents.

Fluorination using XeF:
The resin surface fluorination was carried out with xenon difluoride (XeF2). It is solid and its reactivity relies on its vapour

pressure which is equal to 3.8 mm Hg at 25 °C and 318 mm Hg at 100°C [47].

Figure 1. Direct fluorination to achieve superhydrophobicity. Red color marks the presence of fluorine atoms on the resin

surface (Route 1), in PVDF and nanofibers (Route 2) and in nanofibers (Route 3).

XeF,was decomposed onto the resin surface according to the following equation: XeF2 = Xe + 2F°. It is to note that the reaction
also occurred onto the silicon substrate. This side reaction was beneficial because it avoided severe decomposition of the resin.
XeF, was home made using the reaction of Xe with F at 300°C; XeF» crystals were collected on a cold finger inside the reactor.

Micro-textured resins on a silicon wafer were placed in a stainless container with a gas-tight cover. XeF2 was placed in a smaller



alumina crucible in order to avoid direct contact with the film. Finally, the stainless container was tightly closed and kept at

120°C for 12h.

2.1.2. Route 2

Fluorination of carbon nanofibers

High purity (>90%) carbon nanofibers, 2—20 microns in length, were supplied by the MER Corporation, Tucson, Arizona. They
were obtained by chemical vapor deposition (CVD) and heat treated at 1800 °C in an argon atmosphere to enhance their
graphitization degree.

Fluorination by gaseous F2 was performed in a dedicated fluorinating apparatus: the compound to fluorinate was placed at the
center of a tubular reactor. The latter is made of a nickel tubing passivated with NiF2 and is gas-tight in order to prevent any
fluorine leakage. The reactor was subsequently flushed with nitrogen gas and fluorine was introduced for 1h. After fluorination,
the reactor was flushed with nitrogen to remove unreacted fluorine traces. Fluorinated carbon nanofibers were synthesized
by the direct fluorination using a static method. In this case, pure fluorine gas was used in a closed reactor. The initial pressure
was equal to 1 atm. Static method allowed the increase of the reaction yield and the fluorination of a large amount of fibers.
The fluorination was performed at 450 °C with 100 g of fibers during 6h. The resulting sample is denoted as F-CNF.
Fluorinated nanofibers fluorination level ‘x’ in CFx composition, i.e. the F/C atomic ratio, was determined both by gravimetric
measurements upon fluorination (weight uptake) and by quantitative °F NMR measurements. In this study the F/C atomic
ratio of the fluorinated CNF was equal to 0.8.

Preparation of F-CNF/PVDF nanocomposite film

F-CNF was mixed in acetone with polyvinylidene Fluoride (PVDF), which was supplied by Arkema. The F-CNF weight percentage
was equal to 40 wt. %. The F-CNF/PVDF/acetone mixture was sonicated for 2 h. The dispersion was then deposited onto a glass
substrate and acetone was evaporated (drop casting). Dip coating was also used with the same dispersion.
Microstructuration by femtosecond laser ablation

The as-prepared F-CNF/PVDF composites films were microstructured by laser ablation using a NEWPORT pFab laser
micromachining workstation coupled with a EKSPLA FF3000 femtosecond laser (1030nm, 250fs). The laser beam was focused
by an Olympus objective (NA 0.25) to give a spot size of Sum approximately. The fluence was set to 0.5 J cm™ at a repetition
rate of 2 MHz and the displacement speed has been fixed at 800 um s-'.

2.1.3. Route 3

This work was fully described in a recent paper [50].

2.2, Characterization
FTIR spectra (recorded either with ATR mode -diamond crystal and DTGS TEC detector - or with pressed KBr pellets in
absorbance mode) were measured with Nicolet 5700 FTIR spectrometer. All the spectra were measured at 4 cm™ resolution
and 512 scans were taken for each spectrum.
Multinuclear NMR measurements were performed using BRUCKER AVANCE spectrometer, with working frequencies for 13,

'H and *°F of 73.4, 300.1 and 282.2 MHz, respectively. A magic angle spinning (MAS) probe (Bruker) operating with a 4 mm



rotor was used. For MAS spectra, a simple sequence was performed with a single /2 pulse length of 3.5, 4 and 3.5 ps for H,
1F and 3¢, respectively. A cross polarization/MAS NMR probe (Bruker) with proton decoupling on a 4 mm rotor was used. H
and 3C chemical shifts were externally referenced to tetramethylsilane (TMS). *°F chemical shifts were referenced with respect
to CFCls.

The X-ray photoelectron spectra (XPS) were recorded in an UHV chamber equipped with a hemispherical analyzer OMICRON
EA125 and a dual anode Al-Mg X-ray source operating at 240 W under a residual pressure of 1 x 10 Pa. Mg Ka source (1253.6
eV) at an incident angle of 55° and a normal detection were used for analysis. The spectrometer pass energy was set to 50 eV
for survey spectrum and to 20 eV for core peak records. All the binding energies were referenced to the C-C bonds in C1s peak
at 285.0 eV. The treatment of core peaks was carried out using a nonlinear Shirley-type background [49]. A weighted least-
square fitting method using Voigt function was applied to optimize the peak positions and areas. The surface composition
guantification was based on Scofield’s relative sensitivity factors [52] and inelastic mean free pass were calculated from TPP2M

method [53] considering the analyzed depth homogeneous composition.

Morphology and surface composition of samples were also investigated by Scanning Electron Microscopy (SEM). The electron
beam energy was fixed to 3.00 keV and working distance was over 4-6 mm range.

Static contact angle measurements were recorded by an Attension Theta Lite Optical Tensiometer equipped with an imaging
source camera. All contact angles were the averaged values of measurements performed on five different locations on the

sample surface.

3. RESULTS AND DISCUSSION

3.1. Route 1

The SEM images of raw and treated samples with XeF2 micro-textured resins are shown in the Figure 2. The cylindrical geometry
of the plots was not changed after the fluorination in mild condition. Gaseous XeF2 decomposition onto either the resin surface
or Si substrate released a defined amount of atomic fluorine which reacted with the resin and with the Si substrate to form
gaseous SiF4. Such a side reaction allowed milder conditions to be applied for the resin. Nevertheless, the plots cylindrical tops
seemed cut down by the fluorination and appeared less angular. Neither cracks nor holes were observed on the resin surface
after the fluorination, implying the mild attachment of fluorine atoms. In order to evidence the fluorine atom covalent
attachment to the polymer surface, XPS was performed on the fluorinated micro-textured resins and also on 25 um-thick flat
resin film. Three additions of XeF2 were carried out in order to progressively increase the fluorine content. Fluorinated polymer
surface composition and the CHn/CHF and CHF/CF: ratios have been derived from the XPS peaks considering analyzed depth
homogeneous composition (this approximation did not take into account the adventitious species coming from air exposure
but allowed to obtain the relative evolution of the surface composition with the fluorination process). Fig. 3 shows the micro-
textured resin F1s and C1s core peaks before and after the fluorination. Tables 1 and 2 summarize the atomic content and the
assignments of Cls spectra respectively. The sample surface was oxidized and oxygen content depended on the fluorination
conditions. The pristine polymer contained 20.3% oxygen atoms and a O/C atomic ratio was measured at 0.255. The first XeF»
addition induced an O/C ratio increase to 0.527, but further additions resulted in a O/C ratio decrease to 0.488 and 0.442.
Fluorination always resulted in some C-C and C-H bond cleavages and radical (dangling bonds) formation which reacted with

oxygen during the sample re-exposure to air. Oxygenated groups were then formed and the O/C ratio was increased. Two



components have been identified in the O1s: the first one located at 532.5 eV was assigned to C=0 environments and another

at 533.8 eV was attributed to oxygen atoms in C-O-C environment. For all the samples, nitrogen atoms were detected with an

amount over 2.2-5.1% range.

Figure 2. SEM images of raw (a, c) and fluorinated (b, d) micro-textured resins using adequate XeF, amount as a fluorinated

agent. The fluorinated non-textured resin surface is presented for comparison (e).

XeF2 successive additions resulted in a fluorine content increase (Table 1). Indeed, F/C ratio was increased from 0 to 0.612 (the

intermediate values are 0.242 and 0.307). The O/C and F/C ratios for micro-textured resins were equal to 0.474 and 0.498

respectively. Thus the composition determined for the micro-textured resins was very close to the composition of the highly

fluorinated resin which was treated under the same conditions.

Table 1. XPS analyses of fluorinated samples.

o/c

F/C

Samples %C %N %0 %F X 100 X 100 CH./CHF  CHF/CF,
Pristine resin ~ 79.7 0 20.3 0 25.5 0 - -
Addition 1 55.3 2.2 290.1 13.4 52.7 24.2 2.30 -
Addition 2 52.9 5.1 25.8 16.2 48.8 30.7 1.95 -
Addition 3 474 29 21.0 29.0 44.2 61.2 1.40 3.19




Micro-texturec

. 49.5 2.3 23.5 24.7 47.4 49.8 1.43 3.84
resin

Table 2. The XPS C1ls components assignment.

Shift (eV)
Chemical bond Relative to the CH» component
at 285.0 eV
CHn -
CH>-CHF / C-O 1.4
CH>-CF, / C=0 2.5
CHF-CH; 3.7
CHF-CF, / CHF-CHF 5.0
CF2-CH:
6.0
CFx-CF-CFx (x,x'=2,3)
CF2-CHF / CF2-CF2 7.0

F1s spectra of fluorinated samples confirmed the covalent nature of C-F bonds (Fig. 3c). Indeed, only covalent C-F bonds were
observed in all the fluorinated sample spectra. F1s component binding energy (686.8 eV) observed in the case of all the
fluorinated samples was attributed to a covalent F-C bond in a hydrocarbon environment [62]. The F1s component was very
slightly shifted to a higher binding energy (+ 0.5 eV) according to the fluorine high content on the surface. Pristine and
fluorinated resin Cls core peaks exhibited five to seven different components depending on the fluorination route. In
agreement with literature data [54-56], Table 2 reviews C1ls components specific assighment. The Cls core peak in Figure 3a
was well characterized for commercial polymers such as polyethylene with a major component located at 285.0 eV attributed
to the polymer carbon and oxygen contaminations which are always present at the polymer surface (286.7 eV). As it was
evidenced by C1s core peak deconvolutions, the fluorination route strongly influenced the carbon environment. Indeed, after
XeF addition, C-F bonds in CHF-CH2 and CHF-CHF were detected at 288.7 eV and 290.0 eV. The CH./CHF ratios were equal to
2.30 and 1.95 for the addition 1 and 2 respectively. Further XeF; addition resulted in CF2 group creation detected at 291.0 eV
(CF2-CH2) and 292.0 eV (CF2-CF») in the C1s spectra and a CF2/CH; ratio of 3.19 was obtained. At the same time, the CHn/CHF
ratio decreased again to a value of 1.40 indicating again the increasing fluorination. In this case, the fluorination content (29.0
at.%) was the highest one. The XPS analysis of the micro-textured resin exhibited nearly the same results as the CH,/CHF and
the CF2/CH: ratios were equal to 1.43 and 3.84 respectively. It is important to keep in mind that this analysis has been
performed on the outmost surface layer which is thinner than 5 nm.

Thanks to mild fluorination conditions when XeF2 was used, the resin micro-texturing was conserved and the surface became
fluorinated. Covalent C-F bonds were evidenced by XPS. The water contact angles were measured on raw and fluorinated resin,

flat and micro-textured.



For the flat non-structured resin film, spreading of the water droplet rapidly occurred; less than 30 s was necessary to reach a

contact angle (called Young angle Oc") lower than 10°. Fluorination did not change this hydrophilic character regardless of the

treatment conditions.

8000 4 = Raw Intensity
Peak Sum * Raw Intensity
——CHn 2000 4 —— Peak Sum
(a) —— oxygen
6000 - contaminations

10000 -

Fls = Raw Intensity
—FcC

(©

8000 -

4000 -

6000 -

Intensity (a.u.)

Intensity (a.u.)

1000 -

Intensity (a.u.)

2000
4000 -

T T T T
T T T T T T T T |
290 288 286 284 282 296 204 292 290 288 286 284 282 280 652 650 o8 o8 o8 o2
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3. The micro-textured resin before (a) and after (b and c) fluorination XPS C1s and F1s spectra.

The micro-textured resin surface was also hydrophilic with nearly the same behaviour, but to the contrary after fluorination,
the averaged contact angle Oc was increased to 131+2 ° (6 recorded values). Thus the following two criteria must be filled to
achieve highly hydrophilicity (6¢" < 10°) into highly hydrophobicity (¢ = 131 £2°) conversion: (i) micro-texturing and (ii) fluorine
atoms on the surface. In order to explain these results more appropriately, the Wenzel and Cassie-Baxter equation can be used
to understand the effect of surface roughness. When the water droplets on the micro-textured surface are in the Wenzel state
[6], all the surface roughness is completely wetted by water. The Wenzel equation is cos Oc = rcos Oc, where r is a roughness
parameter. The results obtained here cannot be explained with the Wenzel equation because it is possible to obtain extremely
high 0c but only if Oc' > 90°. Only the Cassie-Baxter equation can predict extremely high Oc regardless of the Oc" value, which
indicates the presence of air between the droplet and the surface [7]. The Cassie-Baxter equation is cos Oc = rifcos OcY + f — 1.
In this equation, rsis the roughness ratio of the substrate wetted by the liquid, and f the solid fraction and (1 —f) the air fraction.
This equation can lead to superhydrophobic properties if the air fraction is extremely important but also highly hydrophobic
properties if the air fraction is less important. Here, our surfaces are “only” highly hydrophobic because 0c" is extremely low

(6cY < 10°) and also because the surfaces are micro-textured but not nano-textured.

Taking into account those promising results, the second route was investigated: fluorine atoms were provided both by the
fillers and the polymer matrix. Fluorinated carbon nanofibers with CFo.s composition were used as fillers whereas PVDF acted

as a binder.

3.2 Route 2

SEM images of the fluorinated CNF/PVDF film deposited on a glass substrate are shown in the Figure 4. Films with F-CNF weight
percentages of 40 w.% were prepared by dip coating and drop casting and compared to the film fabricated from nude PVDF.
The F NMR spectrum of the nanocomposite is the superimposition of the spectra for PVDF and F-CNF without changes of
their relative intensities and additional lines (Fig. SI1 in the supplementary information). No chemical changes and transfer of

fluorine atoms occurred during the preparation of the nanocomposite.



SEM images (Fig. 4) of the F-CNF/PVDF nanocomposite film deposited by dip coating underlined interspersed fluorinated
nanofibers homogeneous dispersion. Continuous PVDF matrix acted as a binder. Numerous fluorinated nanofibers emerged
from the surface. Such a morphology increases the contact angle to 133 £ 2° in comparison with flat PVDF (110 % 2°). In order
to evaluate if the surface chemistry is imposed by the binder which totally covers the fillers or the fluorinated nanofibers, both
binder and fillers were changed; poly(ethylene oxide), POE or (CH2CH20)x (Aldrich), and non-fluorinated nanofibers were then
used to prepare the composite film with the same method. In other terms, fluorine atoms are present neither on the polymer
nor on the fillers. Except acetonitrile which replaced acetone for a better dispersion of POE, the operating conditions with dip
coating were similar. The morphology appeared as very close to the one of F-CNF/PVDF with fibers that emerged from the
polymer matrix (Fig. 4c and d). Nevertheless, the contact angle was of 80 + 2° evidencing a hydrophilic character, which is
imposed by POE (Table 3). The fluorination of the nanocomposite film was then carried at room temperature with 50 mbar of
F2 gas for 30 min. In such conditions, carbon nanofibers cannot be fluorinated; a temperature of 380°C is necessary to initiate
the reaction because of CNF high graphitization degree®. Only POE binder was then fluorinated and EDX analysis indicated F/C

value of 0.1. EDX spectrum and cartography are shown in supplementary information (Fig. SI2).

Figure 4. SEM images of F-CNF/PVDF (a, b), CNF/POE nanocomposite (c,d) and CNF/POE fluorinated with 50 mbar pressure of
F2 for 30 min (e,f) (40 w. % of F-CNF or CNF).

By covalent grafting of fluorine atoms onto POE surface the contact angle increased to 153 + 2°. A significant increase from 80
+2°to 153 + 2° was then achieved thanks to the presence of fluorinated layer onto the outmost surface of POE. The fluorinated
POE probably covers the whole surface of the fibers to reach superhydrophobicity. The percentage of the polymer binder (40
w.%), PVDF and POE, seems to be efficient to totally cover the nanofibers and impose its surface chemistry.

The contact angle of F-CNF/PVDF strongly depends on the preparation route, dip coating or drop casting (Table 3). After this
latter process, the value was of 142 + 2°. The control of the texturing remains difficult at the microscale. Micro-texturing of F-

CNF/PVDF nanocomposite film was then performed by ablation with a femtosecond laser. Among the huge range of shapes



and geometries that could be designed, a slot width of 40 um and a pitch of 60 um was selected according to the Cassie-Baxter
model applied to parallelepiped slots. The theoretical contact angle for such a geometry is around 160°.

A representative example of film micro-structuring made with fluorinated nanofibers into a PVDF matrix is shown in figure 5.
A second structuring at the nanometric scale is added by the emergence of nanofibers due to partial polymer decomposition
by energy dissipation in the surrounding irradiated regions. The experimental contact angle was of 157 £ 2° in good accordance
with theoretical value (160°). The obtained surface texturing of F-CNF/PVDF films favored the trapping of air cushions beneath
the water drop, leading to the so-called Cassie state. This latter competed with the Wenzel (impaled) state where the liquid
fully wetted the substrate. The value of 157 + 2° remained unchanged for several weeks in accordance with the inertness of
both the fluorinated nanofibers and PVDF and with the PVDF's efficiency to bind the nanofibers.

The third route used the same concept, however a conventional commercial polymer (polystyrene) was added onto the
fluorinated nanofibers by an original method: fluorination of the fibers followed by the monomer gaseous phase grafting

(Figure 1).

Table 3: F-CNF/PVDF nanocomposite and PVDF films water contact angle.

Film PVDF F-CNF/PVDF F-CNF/PVDF CNF/POE Fluorinated

40w. % 40w. % 40w.% CNF/POE
(dip coating)  (drop casting) 40w.%
Contact 110+ 2° 133+ 2° 142 £ 2° 80+2° 153 +2°

angle

Figure 5. SEM images of F-CNF/PVDF micro-structured by ablation with femtosecond laser (a, b,c) and corresponding contact

angle (d).



3.3 Route 3

The CNF fluorination ratio was estimated by weight uptake as CFo.26:0.04 in good accordance with NMR data (CFo.21:0.02) [48]. The
chemical composition after grafting was also estimated by weight uptake as CFo.21(CsHs)o.s7. Multi-nuclei solid state NMR has
definitely proven the grafting using both 3C, 1°F and *H MAS and *H—>13C cross-polarization CP-MAS experiments as it is shown
below. The FCNF-PS after toluene evaporation SEM images (Fig. 6) underlined interspersed grafted and fluorinated nanofibers
homogeneous dispersion. Continuous polystyrene matrix acted as a binder, see Figure 6¢c and d. Numerous fluorinated
nanofibers emerged from the surface.

The water contact angle was of 156° + 3° and remained unchanged for several weeks. The surface texturing was also efficient
in this case as for F-CNF/PVDF film. The FCNF-PS film surface texture was stabilized because of two reasons: i) the nanofibers
were strongly embedded into the PS matrix; grafting of styrene monomer occurred onto the carbonaceous surface and the
polymer grew starting from this surface and ii) the surface chemistry was invariant with time and the polymer was covalently
grafted onto the carbonaceous surface. Moreover, the C-F bonds covalence provided high thermal and chemical stability
(heating at temperature higher than 350°C was necessary to remove the fluorine atoms).

Contact angle of PS flat film was equal to 87 £ 2°. The PS film direct fluorination with 50/50 vol.% F2/N: flux at room temperature
resulted in a decrease of this angle to 72 and 69 + 2° when the duration was 5 and 60 min, respectively. FTIR was used to check
fluorination efficiency. Fig. SI3 in supplementary information displays FTIR spectra recorded using ATR mode. Only the upper
surface was analyzed with such way. Vibration modes of —CF— groups (—CHF—, —CF>—, —CF3) between 1300 and 800 cm™ were
observed. The overlapping of those bands results in the observed broad band. Surface tended to become more hydrophilic
after fluorination regardless of the treatment condition. Several reasons can be developed to explain this modification. First,
the polar component has been increased due to a formation of specific polar groups such as —FC=0 and CHF and (C=0)OH,
formed due to —FC=0 groups hydrolysis (-FC=0+H20 - -(C=0)OH + HF) on the polymer surface in dynamic conditions (50/50
vol.% F2/N: flux).



Figure 6. FCNF-PS films SEM images (a to d) and water contact angle (e); SEM images of flat PS film (f) and fluorinated PS film
(g).

Oxygen played also a key role in this increase; several oxygen sources could be involved either during the process or after the
reaction during the exposure to air. Some C-H and C-C bonds could be broken during the fluorination processes, forming
dangling bonds (radicals), which reacted with oxygen and moisture from air.

SEM images of fluorinated flat PS film revealed that the roughness was increased after fluorination. Nevertheless, the
roughness is not as important as for the case of FCNF-PS film. Once again, both presence of fluorine atoms and micro/nano-

texturing are important parameters to consider in order to reach superhydrophobic properties.

4. DISCUSSION : HOW FLUORINE ATOMS ACT

For the two first routes, the presence of fluorine atoms allows an increase of the hydrophobic character. This shift is not enough
to convert by fluorination the surface of flat resin in route 1. Micro-texturing of the resin with the present geometry does not
avoid the filling of the gap by water because of the high hydrophilicity of the resin. The slight shift of hydrophobicitydue to the

fluorination, denoted 6Hr, allows a metastable state to be obtained: air is still trapped in the gap of the microstructure and the



behaviour turns to highly hydrophobic (i.e. Cassie-Baxter state). Our aim was not to optimize the micro-texturing but to
evidence the role of the fluorine atoms (see figure 7). In the second route, F atoms can be added in a nanocomposite either in
the polymer matrix or onto the fillers. Once again the nano-texturing is fixed because it results from the emergence of the
nanofibers with diameter of around 150-180 nm (only use of fillers with different shape or size may change the nanostructure).
The diameter distribution of raw fibers is quite narrow, included between 80 and 350 nm. The average diameter (<®>) is
estimated to be near 150 nm from TEM and SEM observations of various parts of the raw sample. Because of the
accommodation of the fluorine atoms within the graphene layers, fluorination results in an increase in the average diameter
after fluorination (<®> = 180 nm) [63]. Experiment with POE underlines that the polymer imposes the intrinsic surface energy
of the composite. With a given nano-texturing, 8Hr is also added by the fluorination of POE allowing the superhydrophobicity
because of a Cassie-Baxter state. The same conclusion can be done for FCNF-PVDF composite, efficient F atoms being those of
PVDF matrix. Nevertheless, contact angles are lower for FCNF-PVDF composites (133 and 142°) than for fluorinated CNF-POE
(153°). For the case of FCNF-PVDF, additional micro-texturing is necessary to reach the Cassie-Baxter state; It was achieved by
laser ablation. The difference could be assigned to the swelling of the fibers during fluorination. Nano-texturing consists in tips
of 150 nm (average value) and 180 nm for raw and fluorinated fibers, respectively. The difference between drop casting and
dip-coating may be explained by the thickness of polymer layer onto the fibers that also slightly changes the nano-texturing.
Fluorinated nanofibers are covered with polystyrene in the third route, dHr due to F atoms is then masked but the polymer is
enough hydrophobic to increase the contact angle thank to the nano-texturing. It is to note for this case that the average

diameter of fibers is close to 150 nm because of the low fluorine content (F/C =0.21).

1(5_[:nm \\% 1<S_Enm
mwr\E\ﬁ’;'F AR

0 = 80° CNF/POE 6 =153° Fluorinated CNF/POE
7 Wy, 180nm
/ / 4 OHy; ¥ *’mi E‘li
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Figure 7. Schematic view of the increase in hydrophobicity due to the presence of fluorine atoms (8H¢) or nano-texturing

(6Hnr). Red colour evidences the presence of fluorine.

5. CONCLUSION
Direct fluorination of polymers or carbonaceous materials was not very frequently used to reach superhydrophobicity. It could
be explained by the difficulties in the control of the treatment conditions and in avoiding polymer decomposition, especially

when the polymer was micro-textured. Because of the polymer lattice decomposition into CFs and C:Fs gaseous species in



fluorine atmosphere, the micro-texturing might be lost. Use of atomic fluorine F® released during the decomposition of a
fluorinating agent such as XeF. overcame those difficulties and allowed for the polymer surface micro-texturing to be
preserved. Both presence of fluorine atoms on the polymer surface and micro-texturing were necessary to convert the surface
from hydrophilic (water contact angle 6c <10°) to hydrophobic one (6c =131+2 °) but not sufficient to obtain superhydrophobic
properties. Surface micro/nano-texturing could be formed by the emergence of the fillers from the nanocomposite bulk. On
the other hand, the presence of the fluorine atoms was achieved by the carbon nanofibers direct fluorination (treatment with
gaseous F2). Fluorinated polymer such as PDVF as well as commercial hydrophobic polymers like polystyrene could act as
binders and/or polymer matrices that stabilize the nanocomposite. Polystyrene was covalently grafted onto the nanofiber
surface through a two-step process: fluorination followed by a monomer grafting. The polymerization of styrene ensured both
covalent grafting onto the carbonaceous surface and a good dispersion of nanofibers inside the polymer matrix. Moreover, the
C-F bonds exhibited covalent nature in fluorinated nanofibers, in PVDF, in fluorinated POE and in the fluorinated resin, and
ensured improved chemical stability to the studied nanocomposites and micro-textured resin. The measured water contact
angles of 131, 134, 153 and 156° for fluorinated micro-textured resin, F-CNF/PVDF, fluorinated CNF/POE and FCNF-PS
nanocomposites, respectively, were not changed with time. For F-CNF/PVDF, an additional step of micro-texturing by
femtosecond laser ablation was necessary to reach the superhydrophobity and a contact angle of 157°. Comparison of the
water contact angles for nanocomposites with PVDF, POE and fluorinated POE highlights that the polymer matrix imposes its

surface chemistry whereas the emergence of nanofibers results in nano-texturing.
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