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A simple and unique method is presented for the synthesis of fluorinated carbon nanoparticles via exothermic
reaction between fluorotelomer alcohols and sodium metal in a sealed polytetrafluoroethylene crucible. Four
different fluorotelomer alcohols are used as precursors to investigate the effect of chain length on the micro-
structure, chemical structure, and fluorine content of the resulting fluorinated carbons. The materials are
confirmed to be highly hydrophobic, and the effect of the selected precursor on water contact angle is elucidated.

Interestingly, the fluorinated carbons have highly graphitic regions despite the relatively low reaction temper-
ature, and a new catalytic mechanism for this is proposed. Finally, the effect of secondary heat treatment on the
fluorine content and water contact angle is investigated. This work presents an effective method to tailor the
fluorine content of carbons via both chemical and thermal methods.

1. Introduction

The incorporation of fluorine atoms can significantly alter the
physical, chemical, and electronic properties of carbon-based materials.
In particular, fluorination generally leads to enhanced hydrophobicity
due to low surface free energy and reduced van der Waals interactions
[1]. Fluorinated carbons are attracting considerable attention in appli-
cations including tribological coatings [2], electrodes for lithium-ion
batteries [3-5], gas sensors [6], polymer electrolyte fuel cells, and
water electrolysis [7,8]. A wide range of carbon-based materials have
been fluorinated in the literature, with examples including carbon black
[9,10], activated carbon [11], carbon fiber [12,13], carbon nanotubes
[14,15], and graphene [16,17]. Meanwhile, methods for the fluorina-
tion of carbon can be mainly classified into four types: (i) direct fluori-
nation, (ii) indirect fluorination, (iii) plasma fluorination, and (iv)
chemical functionalisation. The direct fluorination method involves the
direct reaction of fluorine gas (F2) with the surface of the target carbon
material at elevated temperature [18]. Meanwhile, indirect fluorination

involves thermal decomposition of a fluorine source such as xenon
fluoride (XeF2) or terbium fluoride (TbF4) in close proximity to the
target carbon material [19-21]. Alternatively, functionalization of car-
bon materials can be achieved via plasma treatment at room tempera-
ture in carbon tetrafluoride gas (CF4) [14,22-26]. Finally, chemical
functionalisation can be achieved via e.g. alkyl fluorination [27,28].
The properties of the resulting fluorinated carbons depend not only
on the type of carbon precursor, but also on the fluorination conditions,
such as the duration of the reaction, the reaction temperature, the re-
action pressure, and the type of fluorine-containing precursor [29].
Depending on these parameters, the C-F bonds which are generated
during the reaction can be classed as ionic, semi-ionic, or covalent [30].
Previous studies have reported that when the proportion of fluorine
atoms in fluorinated graphite is small (e.g. x < 0.5 in CFy), ionic C-F
bonds are generated, resulting in relatively high electronic conductivity
[30]. However, when the concentration of fluorine atoms increases,
covalent bonds are reported to form, resulting in decreased electronic
conductivity due to the formation of sp® bonds [30]. As such, different
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Table 1
Summary of the fluorotelomer alcohol precursors used in this study.
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Sample Name Precursor Molecule Precursor Structure

Boiling Point (Melting Point) (°C) Fluorine Content in Precursor (at.%)

CFx-Cio Perfluoro-1-decanol
(C10H5F17O)
CFy-Cg Tridecafluorooctan-1-ol F F F
(CgHsF130) i b i i
F
F F F H
F F H
CFx-Cg Perfluorohexan-1-ol F F H
(CeHsF90) R r H
F OH
F F H
F F H
CF4-Cs Octafluoro-1-pentanol E B F
(CsH4Fg0O)

113 69.6
(50)

88 to 95 67.8
140 to 143 64.8
141 to 142 65.5

applications for fluorinated carbons may require different degrees of
fluorination [1,5]. Moreover, for lithium batteries high fluorine content
is preferred because C-F bonds act as electroactive species during
discharge [31].

As such, it is of interest to investigate fluorinated carbons in which
the amount of fluorine can be tailored to suit different applications.
Several studies have focused on the effect of the fluorination parameters
on the properties of the resulting fluorinated carbon materials
[17,29,32,33]. Thermal annealing has been applied to different type of
fluorinated carbons to gain insight into the stability of these materials. A
high proportion of fluorine atoms in fluorinated graphene can be
removed at mild temperatures under the inert atmosphere, but for
complete removal a temperature higher than 500 °C is reported to be
required [34,35]. The defluorination of carbon nanotubes has also been
investigated, and it was found that single-wall carbon nanotubes fluo-
rinated in Fy (g) at 250 °C, were completely defluorinated at 400 °C
under inert atmosphere [36].

In previous studies we have investigated the use of microporous
carbon foams in energy applications. These foams are synthesized via
thermal decomposition of sodium ethoxide, during which the precursor
melts and the decomposition gases generate micron-scale pores via self-
blowing. Meanwhile, micropores are generated via activation in the
presence of the generated sodium hydroxide. We confirmed that these
carbon foams are potentially useful in hydrogen storage applications
due to their large surface area [37-39], or as catalyst supports [40,41].

Furthermore, nitrogen-doped carbon foams can be synthesized by
reacting sodium metal with a mixture of ethanol and e.g. triethanol-
amine to generate a nitrogen-containing alkoxide intermediate product,
followed by thermal decomposition in inert atmosphere [42-44]. These
nitrogen-doped carbon foams have been applied as non-precious cata-
lysts for the oxygen reduction reaction in polymer electrolyte fuel cells
(PEFCs) [42], and metal-free catalysts for the CO, reduction reaction
[45].

This method was then further modified, resulting in a completely
new and relatively simple method for the synthesis of fluorinated car-
bons. Sodium was directly reacted with 2-perfluorohexyl ethyl alcohol
in a sealed PTFE crucible, and the exothermic decomposition reaction
generated superhydrophobic fluorinated carbon nanoparticles [9]. More
recently, we applied these materials as alternative microporous layers in
PEFCs, resulting in dramatically enhanced performance at high current
density due to the improved water repelling properties [7].

The fluorine precursor used in the above works is a fluorotelomer
alcohol (FTOH). The naming of these molecules commonly depends on
the number of carbons which are fluorinated versus those that bond with
hydrogen atoms. As such the 2-perfluorohexyl ethyl alcohol used above
can be abbreviated to 6:2 fluorotelomer alcohol. Fluorotelomers are

generally used in the production of polyfluorinated alkyl substances
(PFAS) which is used in fire-fighting foams, grease-resistant papers, anti-
fogging sprays and wipes [46].

Here, we further investigate this unique solvothermal method for the
synthesis of fluorinated carbon. Specifically, the effect of using different
fluorotelomer alcohol precursor molecules is examined, with new in-
sights into the microstructure and chemical structure of the resulting
carbons.

2. Experimental

All chemicals were used as received from suppliers without further
purification. Four fluorotelomer alcohols with different chain length
were utilised as precursors for fluorinated carbon synthesis, namely: (i)
perfluoro-1-decanol (CioHsF170, Fluorochem, Ltd. Japan); (ii)
tridecafluorooctan-1-ol (CgHsF130, Funakoshi Co., Ltd., Japan); (iii)
perfluorohexan-1-ol (CgHsF9O, Sigma Aldrich, Japan); and (iv)
octafluoro-1-pentanol (CsH4FgO, Sigma Aldrich, Japan). 0.022 mol of
each respective fluorotelomer alcohol was pipetted into 100 ml poly-
tetrafluoroethylene (PTFE) crucibles (Flon Industry, Japan), followed by
the addition of 0.088 mol of metallic sodium lumps under flowing ni-
trogen. The PTFE crucible was quicky sealed, and then screwed into a
protective stainless steel jacket. This was placed into a preheated oven at
150 °C for 24 h, then cooled naturally to room temperature.

After cooling, the stainless steel jacket was carefully unscrewed in a
well-ventilated fume hood, taking precautions for the possible presence
of hydrogen fluoride fumes. The black powdery product was emptied
into a two-liter glass beaker filled with a 50:50 vol% mixture of deion-
ized water and ethanol, sonicated for one hour, and then stirred at 1000
rpm for 24 h. The dispersion was then washed by vacuum filtration using
OmniporeTM 0.2 pm filters until the filtrate reached neutral pH. Finally,
the resulting black powder was dried in a convection oven at 65 °C for
24 h. Detailed information about the reactions are presented in Table 1.
The samples are named as CFx-Cy. CFyx indicates that the sample is
fluorinated carbon where Cy is the number of carbon atoms in the
precurser that was used to synthesis of fluorinated carbon. For example,
CFx-Cyg corresponds to fluorinated carbon synthesised using perfluoro-
1-decanol (C;oHsF170), which contains 10 carbon atoms in its structure.

The fluorinated carbon products were characterized by field emis-
sion scanning electron microscopy and energy dispersive X-ray analysis
(FE-SEM EDX, SU9000, Hitachi); transmission electron microscopy
(TEM, Titan™ ETEM G2, FEI Company); X-ray photoelectron spectros-
copy (XPS, PHI 5000 Versa probe (II) ULVAC); nitrogen adsorption
analysis (Belsorp Mini X, Microtrac MRB); X-ray diffraction analysis (A
= 1.54 A, SmartLab 9%kw AMK, Rigaku); thermogravimetric analysis
(TGA, Rigaku Themo plus EV02); and Raman spectroscopy (A = 532 nm,
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Fig. 2. SEM images of the four fluorinated carbons synthesized in this work: (a) Cx-CF;¢; (b) Cx-CFg; (c) Cx-CFg; and (d) Cx-CFs,

inVia Raman Microscope, Renishaw). The apparent water contact angle
(WCA) was measured using the sessile drop method with an automated
surface measuring instrument (DMs-401, Kyowa Interface Science Co.,
Ltd, Japan). Fluorinated carbon powders were pressed between two
glass slides to form a smooth surface. The droplet size was set to 1 pL.

3. Results and discussion

On removal from the PTFE reactor, the superficial appearance of the
product was similar regardless of which fluorotelomer alcohol was used
as a precursor during synthesis. All four of the generated samples were
observed to be a fine dry black powder, mixed with a small amount of
white residue (Fig. 1a, Fig. S1). This white residue has been identified in
our previous works as sodium fluoride (NaF) [7,9], and this was largely

removed during the washing stage. A speculative non-stoichiometric
scheme for this decomposition reaction is given as follows:

CF3(C;F14)C2H,0H + Na — CFy + NaF + HF + NaO(H)(1).

After the reaction the PTFE crucible was discolored and slighly
deformed. This suggests that the reaction temperature exceeded the
softening point of PTFE (250 °C) despite the oven temperature being just
150 °C, i.e. that the process was exothermic. To confirm this, the pro-
gression of the reaction temperature inside the PTFE crucible was
recorded using a thermocouple for sample CFx-Cg. Only this sample was
measured due to safety considerations when using the thermocouple
during this experimental set-up. This data (Fig. 1b) shows that the
temperature steadily increased for 52 min after the reactor was placed in
the oven, towards the target temperature of 150 °C. However, when the
internal temperature reached 102 °C, a rapid increase in temperature
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was observed, reaching 345 °C in less than a minute. After a maximum in
temperature was observed, the oven was turned off and the vessel is
observed to quickly cool to <150 °C after this. This data confirms that
the reaction between sodium and tridecafluorooctan-1-ol is highly
exothermic, and that the reaction occurs relatively quickly.

The mass yields were calculated for the four different samples, which
were 34, 29, 18 and 32 % for CFx-CFs, CFx-Ce, CFx-Cg, and CFx-Cqg,
respectively, relative to the initial mass of the fluorotelomer precursors.
The yields do follow any obvious trends, but may be due to different
temperatures achieved during the reactions, or loss of product during
sample washing.

Considering the high temperature achieved, and the observed dam-
age to the PTFE vessel, scale up could be challenging. However, there is
the possibility to use more thermally resiliant reaction vessels, such as
graphite, or ceramic coated chambers. Furthermore, nanodiamonds are
currently synthesized at scale by detonation-synthesis, and the high
temperature and high pressure reaction vessels used for that reaction
may also be appropriate.

The microstructure of the four different fluorinated carbon products
was first investigated by SEM (Fig. 2). Each sample is comprised almost
entirely of spheroidal nanoparticles with similar structure to that of
carbon black. These are clustered together in loosely aggregated struc-
tures several microns across, leaving micron-scale voids. Some larger
wall-like structures are also observed in some regions of the sample, but
with extremely low occurrence (Fig. S2). The SEM images clearly indi-
cate that the diameter of the primary nanoparticles mainly varies be-
tween 50 and 100 nm for all four samples, although occasionally much
larger micron-scale particles are also observed (Fig S3). The use of dy-
namic light scattering to determine primary particle size was not
possible due to the highly hydrophobic nature of the materials and ag-
gregation preventing their dispersion in water. It may be of interest in
future to explore dispersion in alternative solvents to determine a more
accurate estimate of primary particle size.

The spherical structure of the nanoparticles strongly suggests that
they are formed from liquid droplets, the shape being driven by surface
tension. This would be analogous to the synthesis of carbon black, in
which a liquid hydrocarbon precursor is injected into a high tempera-
ture reaction vessel as an atomized aerosol, after which it forms sphe-
roidal carbon particles via incomplete combustion. In the case of these
fluorinated carbons, we propose that the precursors enter a supersatu-
rated mixed state within the PTFE vessel, forming suspended droplets
which then decompose to form the observed spheroidal nanoparticles.
This is supported by the fact that the boiling point of tridecafluorooctan-
1-ol is around 95 °C, which is very close to the temperature at which the
reaction is observed to proceed.

All four samples have similar microstructure and particle size dis-
tribution, regardless of the fluorotelomer precursor used. It is unclear at
present why this is, but it may be related to the surface tension of pre-
cursors after they melt in the reactor, since surface tension dictates the
droplet size of liquids. The intermolecular bond strength is likely similar
between the different fluorotelomers, leading to similar surface tension
and ergo similar droplet size. This result also confirms for the first time
that this novel synthetic process is repeatable and can be generalized to
different precursors.

Nitrogen adsorption/desorption isotherms of all the fluorinated
carbon samples were recorded to provide insight into the microstructure
(Fig. S4). Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods were used to estimate the specific surface area and
pore size distributions from the isotherms. The specific surface areas of
CFx-Cy, CFx-Cg, CFx-Cg, and CFx-Cs were measured to be 25.6, 27.6,
25.7 and 26.6 m?/g, respectively, which are surprisingly low values for
carbon nanomaterials. BJH and micropore (MP) plots show that these
fluorinated carbons have very low mesopore volume and micropore
volume, whilst the small pore volume observed can probably be
attributed to the spaces between the particles observed by SEM, rather
than being inherent to the nanoparticles themselves. All four samples
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Fig. 3. Fluorine content as measured by XPS and EDX.

display Type III isotherms, which are characteristic of non-porous ma-
terials [47].

Overall, the surface area and pore volumes are much lower
compared to the non-fluorinated porous carbons prepared in a similar
manner and previously reported by our group [37,38,44,48]. In those
cases, the high surface area and porosity is attributed to the formation of
sodium hydroxide (NaOH) during synthesis, which acts as an activation
agent to generate micro- and mesopores. However, in the case of fluo-
rinated carbon synthesis, this activation evidently does not occur. This
could be attributed (i) to the high proportion of sodium fluoride (NaF)
which is preferentially formed, decreasing the amount of NaOH acti-
vation agent present in the sample, or (ii) to the lower synthesis tem-
perature in this case (activation is generally held to occur at >500 °C).
Meanwhile, (iii) differences in pressure within the PTFE crucible and the
viscosity of the melting precursors as they decompose may also be a
factor. Furthermore, (iv) fluorination has been previously reported to
decrease surface area and pore volume by blocking micropores [30].

The elemental compositions of the synthesized carbons as deter-
mined by XPS are shown in Table S1, and the corresponding fluorine
contents are plotted in Fig. 3. The results confirm that all the carbon
samples contain a significant amount of fluorine. In addition, the amount
of fluorine detected in the samples correlates strongly with the proportion of
fluorine in the fluorotelomer alcohol precursor, ranging from 5.5 at.% for
CFx-Cs to 9.9 at.% for CFx-Cpo. These values are reasonable considering
that fluorographene reportedly has a C:F ratio of 1:1 [49]. Meanwhile,
the oxygen content varies between 1.4 at.% and 2.1 at.% for all samples,
and trace quantities of sodium are found, attributed to small amounts of
remaining sodium fluoride. This NaF may be encapsulated within the
samples, rendering it inaccessible during the washing step.

Fig. 4 shows the XPS survey and narrow scans for CFx-Cjo, whilst
CFx-Cs, CFx-Cs, and CFx-Cg are shown in Figs. S5, S6 and S7 respectively.
Whilst the amount of fluorine varies depending on the type of fluo-
rotelomer alcohol precursor, the narrow scan and deconvoluted spectra
have remarkably similar profiles. This confirms the reproducibility of
this synthesis method even when different precursors are used. Previ-
ously, it has been reported that either ionic or covalent C-F bonds can be
formed depending on the fluorination conditions, namely ionic bonds
for low fluorine content, semi-ionic for mild fluorination, and covalent
bonds for harsher fluorination conditions [1]. The binding energy of
semi-ionic C-F bonds is generally assigned to around 287 eV in the C 1s
region, and around 685.5 €V in the F 1s region [30]. For covalent C-F
bonds, the binding energy is reported to depend on the amount of
fluorine, varying between e.g. 289 eV for CF and 290.2 eV for CF; in the
C1sregion, and around 688 eV in the F 1s region [50]. Furthermore, due



E.M. Can et al. Applied Surface Science 626 (2023) 157136
C1s (a)

-

2 Fis

‘; F KLL

= 018

0

c

D

i

E \

1000 800 600 400 200 0
Binding Energy (eV)
®) ©
1

3 3
= =

> flyorinated >
> fluorinated " \#P .

c i c

] r"J""\ 32 7]
< g 7 884 A <
A= ) ‘ = .

25‘36 2:34 25;2 2;0 2&8 2é6 2&4 282 280 65;4 652 6:)0 688 Séﬁ 6&4 682
Binding Energy (eV) Binding Energy (eV)
@

3 3
5 =

> >
£ £

7] 7]

c c

] M&M‘ ]

c c
E L el =

538 536 534 532 530 528

Binding Energy (eV)

540

1086 1084 1082 1080 1078 1076 1074 1072 1070 1068

Binding Energy (eV)

Fig. 4. XPS of CFx-C;¢: (a) survey spectrum; (b) C 1s region, (c) F 1s region; (d) O1s region; and the (e) Na 1s region.

to the high electronegativity of fluorine atoms, charging is expected to
shift the spectra to slightly higher binding energy [9].

Fig. 4(b) shows the Cls region deconvoluted into different contri-
butions. Peaks at (1) 284.5 eV, (2) 285.6 eV, and (3) 286.7 eV are
assigned to sp? bonding, sp® bonding and C-O bonds, respectively [10].
Meanwhile, the component at (4) 288 eV is attributed to C-F bonds at
structural defects, and/or at the periphery of graphitic domains [50].
The component at (5) 289.1 eV is assigned to covalent C-F bonds at the
alpha position in border CFy groups [50], and the component at (6)
290.2 eV is assigned to border CF and CF groups surrounded by other
CF groups [10]. Finally, the components at (7) 291.8 eV and (8) 293.5
eV are assigned to perfluorinated groups [9]. The F1s region (Fig. 4c) is
deconvoluted into two peaks at 688.4 eV and 692.4 eV which are
assigned to covalent C-F bonds [51-55]. Finally, the Ols region in
Fig. 4d has a broad signal centred at 533 eV, corresponding to C-O
bonds. A small shoulder is observed at 536 eV corresponding to the
sodium auger peak (Na KLL). No significant signals are observed at
lower binding energy in the F1s region (e.g. <686 eV), suggesting that
fluorine atoms are covalently bonded to carbon rather than ionically
bonded.

Table S2 shows the elemental composition of the samples as
measured by EDX. In this case, the elemental composition of all the
samples is similar. The carbon contents vary between 89 and 93 at.%,
whilst the fluorine content remains between 1 and 2 at.% in all cases.
The oxygen content varies from 5 to 9 at.%, and trace amounts of sodium
are detected. Similar to the case of XPS, EDX show that the fluorine
content of the product is proportional to the amount of fluorine in the
fluorotelomer alcohol precursor. However, the atomic concentration of
fluorine (1 to 2 at.%) is much lower than that measured by XPS (i.e. 5 to
9 at.%). This discrepancy is attributed to the fact that XPS is a quasi-
surface sensitive analysis technique with a penetration depth of just
~5 to 10 nm, whilst EDX is a bulk measurement technique with a much
greater penetration depth of 1 to 2 pm. Therefore, the difference in
measured values suggests that fluorination mostly occurs near the sur-
face of the carbon. As such, XPS detects a higher fluorine content
concentrated near the exposed surface of the carbon, whereas EDX re-
cords the average fluorine content throughout the whole sample, which
includes the unfluorinated core of the particles.

Furthermore, the oxygen content of the samples is significantly
higher according to EDX (i.e., 6 to 7 at%) compared to that measured
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Fig. 5. XRD for the four fluorinated carbon samples: (a) Cx-CF10; (b) Cx-CFs; (c)
Cx-CFg; and (d) Cx-CFs.

using XPS (i.e. 1 to 2 at.%). Using the same reasoning, this might suggest
that oxygen is not as highly concentrated at the surface. Conventional
carbon nanomaterials can be relatively hydrophilic, and thus XPS tends
to detect a high concentration of oxygen atoms due to adsorbed water
molecules on the surface. However, fluorinated carbon materials are
generally hydrophobic, and thus water adsorption is not expected to be
significant. The oxygen atoms detected here using EDX could be asso-
ciated with e.g. residual sodium hydroxide encapsulated within the
material and therefore protected from the washing step. Fig. S8 shows
representative EDX mapping of sample CFx-Cg. The presence of fluorine
is confirmed throughout the whole structure, indicating that the sample
is uniform. Meanwhile, in some areas, fluorine and sodium signals have
high intensity and overlapping EDX signals, strongly indicating the
presence of small amounts of sodium fluoride. It is likely that this so-
dium fluoride is encapsulated within the fluorinated carbon particles,
preventing it from being removed during the washing step, as also
observed in our previous studies [7,9].

The crystallographic structure of the synthesized fluorinated carbons
was investigated using XRD (Fig. 5). In all samples, similar peaks posi-
tions are observed, although there are some clear differences in the
relative peak intensities. In some samples, a diffraction peak is observed
at 18 ° (equivalent to a lattice spacing of 0.49 nm). This peak corre-
sponds closely to crystalline PTFE [56]. As such, this indicates
contamination of the sample from the PTFE reaction vessel. Indeed, as
shown in Fig. 1b, the reaction temperature briefly exceeded the melting
point of PTFE and discoloration was observed. As such there is a pos-
sibility that some of the material from the vessel walls was transferred to
the carbon sample, resulting in this XRD peak. This peak has the highest
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intensity for sample CFx- Cs, which may indicate that a higher temper-
ature was reached (although this is yet to be confirmed). This may be
because CFx-Cs has the shortest chain length, leading to more
exothermic (and/or less endothermic) decomposition reactions.

Two narrow peaks are also observed at 25.9 ° and 26.4 °, corre-
sponding to lattice spacings of 0.342 and 0.337 nm, respectively. The
later of these corresponds very closely with the lattice spacing of
graphite (0.336 nm). Meanwhile, the former could be attributed to the
002 planes of surface fluorinated carbon and/or amorphous carbon due
to the introduction of sp® bonds to the graphitic system. Furthermore,
the crystallite size of the graphitic carbon phases in each sample were
calculated using the Scherrer equation on the 002 peak. These were
found to be 36.3, 26.6, 30.5, and 31.8 nm for CFx-C;o, CFx-Cg, CFx-Ce,
and CFx-Cs, respectively. Similarly, two separate peaks are observed at
42.8 ° and 44.5 °, corresponding to lattice spacings of 0.211 and 0.203
nm and attributed to the 100 planes of fluorinated carbon and graphitic
carbon [6,31,32]. Previous studies have shown that the interlayer
spacing of graphite increases due to fluorination, because of an increase
in sp® type bonding [30,57-59]. In addition, two more carbon related
diffraction peaks with much smaller intensity were observed at 54.5°
and 77.5°, corresponding to lattice spacings of 0.168 and 0.123 nm,
respectively. These are assigned to the 004 and 112 crystal planes of
graphitic carbon. Finally, three very small diffraction peaks are observed
at 38.8, 56.0, and 70.3°, which are attributed to the 200, 220, and 222
crystal planes of sodium fluoride [60].

Raman spectroscopy was used to further probe the chemical struc-
ture of the synthesized carbons (Fig. 6), and the spectra strongly
resemble those of graphitic materials commonly reported in the
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Fig. 7. TEM images of the fluorinated carbon samples: (a) Cx-CF;0; (b) Cx-CFg; (c) Cx-CFg; and (d) Cx-CFs.

literature [61,62]. The most prominent features in the Raman spectra of
graphitic materials are the G band at ~1582 cm™! and the D band at
~1350 cm™ !, as well as the D’ band at ~1620 cm ™! and the 2D or G’
band at ~2700 cm™!. The G band is associated with the structural in-
tensity of the sp?-hybridized carbon atom. The D band is generally
associated with defects graphitic (sp?) carbon, and it has been reported
that the intensity of this peak can increase due to the sp® bonding of
fluorine in graphene [63].

In all the fluorinated carbon samples, the D band is centred at ~1342
cm™! has a relatively high intensity, which is attributed directly to the
fluorine content. The G peak is centred at 1580, 1578, 1579, and 1571
cm ™! for CFx-Ci, CFx-Cg, CFx-Cg, and CFx-Cs, respectively. The shifting
of the G peak is attributed to the different layer thicknesses of the
graphitic structure and/or the fluorine doping [61]. Meanwhile, the
ratio of the intensity of the D and G bands is commonly used to estimate
the density of defects in the structure. In this case, the Ip/Ig values are
0.99, 0.99, 1.00, and 0.56 for CFx-Cjq, CFx-Cs, CFx-Ce, and CFx-Cs,
respectively. The lower ratio for CFx-Cs suggests a lower degree of dis-
order, as discussed below, whilst values close to 1 are typical for
amorphous carbons synthesized from metal alkoxides [48]. Further-
more, the 2D peak observed at ~2680 cm ™! has a profile similar to that
of bulk graphite [62]. Between the D and G bands a relatively high signal
intensity is observed for all samples, which is referred to as the D3 band
in the literature. Previous studies suggest that this D3 band originates
from the amorphous carbon fraction in the structure [64]. The D3 band
signal intensity varies between samples. The lowest intensity recorded
for sample CFx-Cs which indicates the relatively smaller amount of
amorphous region compared to other 3 samples.

The highest intensity of the XRD diffraction peak at 25.9° (corre-
sponding to surface-fluorinated graphite) was obtained for sample CFx-
Cyo. This is in agreement with the elemental analysis, which showed that
this sample has the highest fluorine amount, of 9.9 at. %. Meanwhile, the
diffraction peak at 18° (corresponding to PTFE) has the highest intensity
for sample CFx-Cs. This may indicate that this sample contains a higher
degree of PTFE contamination. In addition, this same sample had the
lowest intensity D peak in the Raman spectra, indicating that this is the
most graphitic of the samples, and it also had the lowest fluorine content
(5.5 at.%). These factors combined strongly suggest that this sample
reached a higher reaction temperature than the other three samples.

The local crystal structure was examined in more detail using TEM
and SAED. The TEM images (Fig. 7) clearly reveal the presence of highly
graphitized carbon with well-defined crystal structure, for all four of the
samples. The graphitic structure appears to be more prominent near the
outer surface of the particles, whilst the interior contains more

amorphous regions. This mixture of different crystallographic phases
may explain the combination of the highly developed 2D peak in the
Raman spectra in combination with the large D peak. Meanwhile, the
SAED results confirm the crystalline nature of the fluorinated carbon
samples, with prominent diffraction rings corresponding to the 002,
101, 004, and 112 planes of graphitic carbon (Fig. S9).

Taken as a whole, the XPS, XRD, Raman and TEM data results dis-
cussed above suggest that the fluorinated carbon materials in this work
are made up of amorphous carbon, fluorinated carbon, and graphitic
regions. We suggest that the core of the nanoparticles is mainly
composed of relatively amorphous carbon, whilst both fluorinated car-
bon and highly graphitised carbon phases exist near the surface.

The fluorinated carbons synthesized in this work clearly include
highly graphitic regions. This is despite the relatively low temperature
used during the solvothermal reaction (namely, 150 °C). Even consid-
ering the exothermic nature of the reaction, the temperature inside the
vessel only increased to ~350 °C according to Fig. 1. Under normal
circumstances, the synthesis of graphitic carbon requires the application
of very high temperatures. For example, graphitization of carbon is
typically performed at temperatures of >3000 °C [65]. Alternatively,
carbon nanotubes are highly graphitic and are synthesized at interme-
diate temperature (e.g. 650 °C), but the graphitization in this case is
assisted by the presence of a transition metal catalyst, usually in the form
of iron, cobalt or nickel nanoparticles [66]. However, the solvothermal
synthesis of fluorinated carbons from sodium and fluorotelomer alcohol
precursors takes place in a PTFE vessel without exposure to conventional
catalysts. Furthermore, the non-fluorinated carbons synthesized in our
group using similar methods and identical equipment are not only
highly amorphous, but remain so even at pyrolysis temperatures up to
1400 °C [37,42].

As such, the mechanism behind the formation of highly graphitised
regions in these fluorinated carbons is unclear. The recorded reaction
temperature is much lower than that usually required for graphitisation,
and there is no indication of the presence of transition metal catalyst
particles such as iron or cobalt. Instead, we propose for the first time that
HF molecules briefly generated during the decomposition of the fluo-
rotelomer alcohol have a catalytic effect, aiding in the formation of
graphitic C-C bonds at high temperature and pressure. Indeed, HF-
assisted alkylation is commonly used in gasoline production, in which
low-molecular-weight alkenes are converted into alkylate via carbon-
—carbon bond formation [67-69]. This is supported by the observation
that the interior of the nanoparticles is more amorphous, whilst the
outside graphitic, which can be attributed to the outer surface of the
particle being exposed to HF for longer periods of time, producing a
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Fig. 8. Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the synthesized fluorinated carbons: (a) Cx-CFy¢; (b) Cx-CFg; (c) Cx-CFg; (d)
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Fig. 9. Water contact angle (WCA) measurements for: (a) Cx-CF1o; (b) Cx-CFg; (c) Cx-CFg; (d) Cx-CFs.

greater degree of graphitization. This mechanism will be further inves- carbons was investigated using thermogravimetric analysis (TGA) and
tigated in future work. differential thermal analysis (DTA) in flowing air (Fig. 8). Differential
Subsequently, the thermal stability of the synthesized fluorinated thermogravimetry (DTG) is shown in Fig. S10. All four samples display
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Fig. 10. XPS of CFx-Cg-HT: (a) survey spectrum; (b) C 1s region; (c) F 1s region; (d) O1s region; and (e) Na 1s region.

similar profiles and are thermally stable up to ~500 °C. The first mass
loss is attributed to the breaking of C-F bonds, manifesting as a slow
decrease in the TGA curve and a small local minimum in the DTG at
~580 °C. When the temperature reaches ~600 °C, a rapid exothermic
mass loss is observed representing reaction between carbon and oxygen
in the air. The samples were completely consumed once the temperature
reached ~700 °C in all cases.

Due to the low free energy of hydration and in combination with the
large diameter of fluorine atoms (leading to low surface density and
poorer van der Waals interactions with water [70]), fluorinated carbons
are generally hydrophobic. This is also the case with the fluorinated
carbons synthesised in this work. This is the reason for washing with an
ethanol: water mixture, because pure water will not interact with the
resulting carbon materials at all. The relative hydrophobicity of the
carbons synthesised in this work was evaluated using the apparent water
contact angle (WCA) averaged over 10 measurements (Fig. 9). The
average apparent WCAs of Cx-CFpg, Cx-CFg, Cx-CFg, and Cx-CFs5 are
160.0°, 158.5°, 154.6°, and 151.0°, respectively. These results confirm
that all of the synthesised samples display highly hydrophobic nature of
the material. Furthermore, there is a clear trend in which higher fluorine

content results in higher water contact angle. Importantly, this result
shows that is possible to tailor the water contact angle of these fluori-
nated carbons by varying the type of fluorotelomer alcohol precursor,
which could be important in e. g. electrochemical applications. For
example, flooding is one of the major issues at the cathode side of the
polymer electrolyte fuel cells (PEFCs), preventing oxygen from reaching
the catalyst layer and strongly affecting performance at high current
density. Creating electrodes with areas of both high and low hydro-
phobicity can improve oxygen transport by simultaneously providing
water repelling gas transport regions as well as water wicking regions
[71-73].

It has been previously reported that fluorine atoms can be removed
from fluorinated graphene via thermal annealing [34,58]. To explore
the effect of thermal treatment on these fluorinated carbons CFx- Cg was
selected for a secondary heat treatment in a tube furnace at 700 °C (5 °C/
min heating rate) under flowing nitrogen (100 ml/min), for one hour.
The resulting sample is labelled CFx-Cg-HT.

XPS analysis reveals that after secondary thermal treatment, CFx-Cg-
HT comprises 97.01 at.% carbon, 2.67 at.% oxygen, 0.16 at.% sodium
and just 0.16 at.% fluorine (Fig. 10). This confirms that most fluorine
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Fig. 11. (a-b) XRD and (c-d) Raman spectra of CFx-Cg and CFx-Cg-HT.

atoms can be removed from the synthesized fluorinated carbons via
thermal annealing. Since the concentration of sodium and fluorine are
similar, the remaining fluorine atoms are likely in the form of encap-
sulated sodium fluoride, which is thermally stable with a melting point
of 993 °C. The oxygen content of CFx-Cg-HT is slightly increased
compared to CFx-Cg (Table S1), which is attributed to an increased
proportion of absorbed water vapor after heat treatment, due to loss of
the hydrophobicity. The Cls region of CFx-Cg-HT is deconvoluted into 5
main peaks, corresponding to (1) sp® carbon at 284.5 eV; (2) aliphatic
sp3 carbon at 285.6 eV; (3) C-O bonds at 286.7 eV; (4) O-C=0 bonds at
288.5 eV; and (5) C1s shake-up. The small F1s peak at 687.5 eV and the
Nals peak at 1072 eV correspond to NaF.

To further clarify the effect of secondary thermal annealing, CFx-Cg-
HT was analysed by XRD (Fig. 11. (a-b). The diffraction peaks at 25.9,
42.8, 54.5 and 77.5 ° are assigned to the 002, 100, 004 and 112 crystal
planes of graphite, respectively. Surprisingly, despite the removal of
fluorine atoms during secondary thermal annealing, the wider d-spacing
associated with surface-fluorinated graphite is retained (namely at
0.342 nm), whilst the narrower d-spacing associated with graphite is less
prominent. This is contrary to reports in previous studies, in which the d-
spacing of graphitic fluorinated carbons contracts upon the removal of
fluorine atoms, reverting back to its graphitic form [58,74,75]. This
effect may be related to the microstructure and chemical structure of the
carbon under investigation. Like the case of non-graphitizable carbons
[76], crosslinking of basic structural units in the structure, and/or
interatomic corrugation, [35] may prevent contraction of the graphitic
layers in this case, despite the removal of fluorine. Alternatively, this
may be related to the presence of regions with different crystallographic
order, with the lower order regions (i.e. more amorphous) being fluo-
rinated more readily [77-79]. Meanwhile, peaks at 38.8, 56.0, and 70.3 °
are assigned to different orientations of crystalline NaF. The relative
intensity of the peaks assigned to NaF increases significantly after the
secondary thermal treatment. This increase in intensity is attributed to

10

the fact that NaF has a melting point of 993 °C, and is therefore unaf-
fected by secondary thermal treatment at 700 °C.

Raman spectra before and after secondary heat treatment are shown
in Fig. 11. (c-d). After thermal annealing, the intensity of the D peak
decreases dramatically, as also reflected by a significant decrease in the
Ip/Ig ratio from 0.99 for CFx-Cg to 0.51 for CFx-Cg-HT. In addition, Isp/
I ratio was 0.51 for CFx-Cg, increasing to 0.73 for CFx-Cg-HT. These
changes are directly attributed to the removal of sp® bonded fluorine
atoms which disrupt the sp? structure of graphitic carbon [34,80].
Overall, these results suggest that the secondary thermal treatment of
these fluorinated carbons successfully removes C-F bonds, whilst
creating a highly graphitic carbon with unusually large d-spacing.

Finally, attempts were made to measure the WCA of the Cx-CFg-HT
sample after secondary heat treatment. However, for this sample droplet
formation was not possible, and the liquid rapidly wetted the surface. As
such, the sample is confirmed to be hydrophilic after thermal annealing.
Since the microstructure is similar after secondary heat treatment, this
confirms that the hydrophobic nature of the synthesised carbons can
also be controlled via thermal annealing. This presents a second method
of tailoring the hydrophobicity of these fluorinated carbons.

4. Conclusion

In this paper a simple method to synthesize hydrophobic fluorinated
carbons with controllable fluorine content was described. Four different
fluorotelomer alcohols with different chain length were used as pre-
cursors and these were reacted with sodium metal at 150 °C. The re-
action was exothermic and the temperature inside the reaction vessel
reached 345 °C in one case. The resulting fluorinated carbon nano-
particles had a non-porous microstructure and low surface area, with
covalently bonded fluorine content ranging from 5.5 to 9.9 at. % near
the surface, depending on the chain length of the fluorotelomer alcohol
precursor. It was proposed that the samples are made up of an
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amorphous carbon core, with a combination of fluorinated carbon and
graphitised carbon near the surface. The highly crystalline graphitic
components were present, despite the low reaction temperature,
attributed to the catalytic effect of HF generated during the reaction. The
carbons were all found to be highly hydrophobic, and the apparent
water contact angle was dependant on the fluorine content. Further-
more, secondary thermal treatment was used to effectively remove
fluorine atoms from the samples, providing a second method of tailoring
the fluorine content and water contact angle.
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