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A new and simple method of synthesizing fluorinated carbon at gram scale is presented by reacting a fluorinated alcohol 

with sodium at elevated temperature in a sealed Teflon reactor. The resulting carbon nanoparticles are around 100 nm in 

diameter, and display a hollow shell morphology, with significant fluorine doped into the carbon. The nanoparticles 

disperse easily in ethanol, and are thermally stable at up to 400 °C and 450 °C under air and nitrogen, respectively. The 

nanoparticle dispersion was printed onto various different substrates (paper, cloth, silicon), inducing superhydrophobicity. 

Introduction 

Fluorination has proven to be an effective method to tailor the 

properties of a wide range of carbon materials.1 Graphite 

fluoride is the most well established covalently bonded 

fluorocarbon, formed by a harsh fluorination of graphite. It has 

several interesting properties; it is electrically insulating, 

thermally conductive, has low shear strength, and has a wide 

band gap. It is widely used as an electrode in lithium 

batteries,2 as a solid lubricant, and as an additive for weather 

resistant paint.3 

 

Fluorination of carbon-based materials such as carbon blacks;4 

carbon fibers;5–9 single wall carbon nanotubes;10–12 multiwall 

carbon nanotubes;13–16 and graphene,14,17–22 has been explored 

extensively in recent decades. There are several main methods 

for the preparation of fluorocarbons: direct fluorination in F2 

gas at elevated temperature, sometimes in the presence of HF 

or IF5 (at 150 to 600°C);16 radio-frequency plasma treatment in 

CF4 gas;23 chemical vapor deposition from perfluorohexane at 

100 to 500˚C,6 or chemical vapor deposition in CF4 plasma at 

room temperature;19 decomposition of xenon difluoride 

(XeF2);18 mechanical exfoliation of graphite fluoride;24 arc 

discharge between graphite fluoride-containing graphite 

rods;14 coating with fluorinated silane;25 heating carbon in 

TbF4;26 reduction of graphene oxide in HF,27  or the use of 

perfluoropolyether peroxide.28 In addition, coating e.g. carbon 

nanotubes forests with PTFE can result in superhydrophobic 

“fluorinated” carbons.29 Of these methods, direct fluorination 

in F2 or XeF2 is by far the most common.  

 

Fluorination of nanostructured carbons generally results in 

modification of the electronic properties. For example, 

fluorinated graphene has been used as a transistor,22 and 

colossal negative magnetoresistance has been observed.21 The 

optical properties can also be drastically modified; fluorinated 

carbons can be grey, white, or even transparent due to the 

induced wide band-gap of around 3.8 eV.22,30 Fluorographene 

has also been reported to be magnetic,17,31 and has improved 

electron field emission properties.32 

 

In particular, the wettability of the surfaces of materials can be 

modified by fluorination. Fluoropolymers have provided good 

control of surface wettability control, with low hysteresis and 

superhydrophobicity.33–35 Due to the low surface free energy 

and appropriate microscopic surface roughness, fluorocarbons 

can also display superhydrophobic properties.36 

Superhydrophobic surfaces have very weak interaction with 

water, resulting in extremely high water contact angle (CA 

>150°) and low water sliding angle (SA < e.g. 30°).37–42 

Meanwhile, the dispersion of carbon in organic solvents can be 

enhanced by fluorination, thus enabling solution based 

applications.43  

 

Superhydrophobic materials are industrially useful in such 

applications as e.g. self-cleaning surfaces;44,45 fluidic drag 

reduction;46,47 enhancing water supporting force in 

membranes; bio-surfaces; corrosion prevention; preventing 

snow/ice accumulation; enhancing buoyancy; flow 

management in microfluidic devices;48 and oil spill cleaning.49 

In electrochemical devices such as polymer electrolyte 
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membrane fuel cells (PEMFCs), water electrolysis, and 

batteries, water management is of great importance to 

prevent flooding.50 Superhydrophobic materials can be of great 

help in this case. 

 

Here we present a new and simple method of synthesizing 

fluorinated carbon nanoparticles at gram scale by 

solvothermal reaction between fluorine-containing alcohol and 

sodium metal. The resulting carbon coating displays 

superhydrophobic properties.  

Methods 

All chemicals were used as received from suppliers, without 

further purification. C6F13CH2CH2OH was synthesized according 

to a procedure previously reported,51 from the ethylenation of 

C6F13I followed by oxidation in a water / dimethylformamide 

(DMF) mixture. 5 mL (8.35 g) of C6F13CH2CH2OH was directly 

reacted with sodium metal (2.04 g, Sigma-Aldrich) in a sealed 

polytetrafluoroethylene (PTFE) melting pot (Flon Industry, 

Japan) at 180 ˚C for 2 days, and then cooled to room 

temperature. White smoke was emitted when the lid was 

opened which may be HF formed during decomposition of the 

precursor. Therefore great care must be taken when 

performing this reaction. The PTFE in the melting pot was 

discolored and misshapen after the reaction, suggesting that 

the reaction was exothermic and reached a temperature 

higher than recommended for PTFE parts (~220-250 ˚C), and / 

or that the fluorinated precursors strongly interact with PTFE.  

The black, dry product was dispersed with large white lumps 

and white powder. This was dispersed in a 50/50 vol.% mixture 

of ethanol and deionized water, sonicated for 1 h, then 

vacuum filtered in order to remove the byproducts. 

 

Scanning electron microscopy (SEM, S-5200, Hitachi, Japan); 

dark field transmission electron microscopy (TEM) coupled 

with EDX mapping (JEM-ARM200F, JEOL, Japan); high 

resolution TEM (HRTEM) with selected area electron 

diffraction (SAED) (Tecnai-20, Philips, at 200 kV); Brunauer–

Emmett–Teller theory nitrogen adsorption surface area 

analysis (BET, Belsorp Mini II-VS, Bel Japan, Inc.); thermo-

gravimetric analysis (TGA, TG 8120, Rigaku Corp., Japan) 

measured under nitrogen or air at 10 °C min-1; Raman 

spectroscopy (DM2500M, Renishaw, UK, using an argon-ion 

laser at 532 nm); X-ray diffraction (XRD, RINI Ultima III, Rigaku, 

Japan, Cu Kα-radiation, λ = 1.54 Å); X-ray photoelectron 

spectroscopy (XPS, ESCA-3400, Kratos Analytical Ltd., UK); and 

contact angle measurements (Attension Theta system, KSV 

Instruments Ltd., equipped with a CCD camera), were used to 

characterize the material. 

Results and Discussion 

Reaction Description 

The as-synthesized product was a highly flocculent dry black 

powder. The white byproducts were confirmed to be sodium 

fluoride and sodium oxides by XPS. After drying under vacuum, 

the final product mass was 1.75 g, corresponding to a yield of 

20 wt%. A non-stoichiometric reaction scheme detailing the 

probable products of the decomposition is presented below:  

 

�����	������	� + ��	
�
�� ,			����������

��������������� 	��� +�� +�� + ��� + ��	(�)         (1) 

       

We have previously performed similar experiments reacting 

sodium with simple hydrogenated alcohol (ethanol/ 

diethanolamine).52–54 In those cases, sodium alkoxide powders 

were formed, and the material did not directly decompose into 

carbon. Those products were burned in air and decomposed to 

form defective graphene, and nitrogen-doped graphene 

macroporous open-cell foams, with a similar yield of around 15 

wt%. 

 

Electron Microscopy  

SEM (Figure 1a) reveals that the product is comprised of 

interconnected spheroidal nanoparticles with a diameter of 50 

to 100 nm. These nanoparticles cluster together, and are 

interspersed with micron-scale voids. This structure is highly 

uniform over a large scale and these images are representative 

of the whole sample, with the exception of a few clusters of 

much larger spheroidal particles up to around 1 μm in 

diameter. The nanoparticles are highly reminiscent of the 

structure of carbon black (e.g. Vulcan XC-72, Cabot 

Corporation, US, Figure 1b), although with a slightly larger 

particle size. In the case that ethanol is used in place of the 

fluorinated alcohol, a completely different structure is 

produced after decomposition; an open-cell defective 

graphene foam, as explored extensively in our previous 

studies.52–54 TEM images (Figure 1c-f) immediately reveal that 

most of these nanoparticles have a hollow shell morphology, 

and a few are solid. The thickness of the shell walls is around 

10 nm, and there is a relatively electron dense spheroid 

located inside many of them.  

 

Elemental Mapping  

EDX elemental analysis on the region shown in Figure 1d gives 

a carbon content of 94.9 at.%, a fluorine content of 2.63 at.%, 

and a sodium content of 2.43 at.%. EDX elemental mapping 

(Figure. 1g-i) suggests that the material inside the shell is 

sodium fluoride, whilst the shell itself comprised carbon and 

fluorine. Selective elemental mapping of the dense inner 

material reveals approximately equal proportions of Na (5.76 

at.%) and F (5.21 at.%), confirming the presence of NaF. 

Selective elemental analysis of only the shell region (avoiding 

the NaF particle in the center) gives a carbon content of 96.64 

at.%, a fluorine content of 2.39 at.%, and a sodium content of 

0.97 at.%. This difference confirms that fluorine is doped into 

the walls of the nanoparticles. In comparison, unfluorinated 

carbon derived from ethanol and sodium is measured to have 

a carbon content of 96.4 at.% and an oxygen content of 3.6 

at.%.  
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Fig. 1 SEM images of (a) fluorinated carbon nanoparticles and 

(b) carbon black. TEM images (c-e) of the fluorinated carbon 

nanoparticles. EDX elemental analysis of the fluorinated 

carbon nanoparticles: elemental mapping of (g) F and (h) Na. 

(i) Corresponding composite map. 

 

X-ray Photoelectron Spectroscopy 

Several XPS studies have been carried out on fluorocarbons 

indicating several main bonding types. Mild fluorination or 

intercalation results in weak semi-ionic bonding, whereas 

harsher processing (e.g. at higher temperature) results in a 

greater degree of covalent bonding.4,11,15,55 The C1s spectra of 

fluorinated carbons are generally deconvoluted into separate 

peaks corresponding to CF (~ 289.6 eV), CF2 (~ 291.5 eV) and 

CF3 (~ 294.0 eV), and semi-ionic bonds (~ 286.4 eV), as well as 

sp2 carbon at 284.5 eV and carbon-oxygen bonds at ~ 285.5 

eV. F 1s spectra are not reported to show such distinct regions 

and are generally only deconvoluted into covalent (~ 688.3 

eV), semi-ionic (~ 686.5 eV), and ionic (~ 684 eV) bonds. All of 

these peak assignments depend somewhat upon the structure 

of the carbon skeleton. Additionally, due to the electrical 

resistivity of fluorinated carbons, some charging effects are 

also expected, shifting the spectra in the positive binding 

energy direction. 

 

The XPS wide-scan for the nanoparticles synthesized in this 

work is shown in Figure 2a. High resolution scans (Figure 2b-e) 

reveal the presence of carbon (75.2 at%), oxygen (7.2 at%), 

fluorine (17.1 at%), and sodium (~0.5 at%). There is a 

significant difference between this result and the EDX result, 

since XPS is a more surface-sensitive technique probing only a 

few nanometers in depth, and is therefore unable to detect 

the interior of the nanoparticles. Additionally, XPS is highly 

sensitive to adsorbed moisture, whilst it is difficult to separate 

oxygen and carbon using the EDX technique. There are several 

smaller Auger peaks in the wide-scan corresponding to the C 

KLL, O KLL, F KLL and Na KLL. The sodium content is very low, 

as most of the NaF is encapsulated within the carbon shell (as 

observed in EDX mapping) and therefore cannot be detected 

by XPS. These XPS results suggest that the composition of the 

fluorinated carbon is approximately C4F. 

 

The C1s signal is shown in Figure 2b.  It can be deconvoluted 

into carbon-carbon bonds at 284.5 eV, carbon-oxygen bonds at 

285.6 eV, semi-ionic CF / epoxy groups at 286.6 eV, covalent 

CF at 289.6 eV. There are various small peaks at higher energy 

which may correspond to small proportions of CF2 at 291.5 eV, 

or CF3 at 294.0 eV, or C1s shake-up. The F 1s spectrum (Figure. 

3b) is centered at 688.3 eV, and is largely attributed to a single 

peak corresponding to covalent CF bonds. There are no 

significant signals at 685.6, 684.0, or 684.5 eV corresponding 

to semi-ionic CF, ionic CF or NaF, respectively,56 suggesting 

that the majority of F atoms in this material are covalently 

bonded to carbon. The O1s spectrum is deconvoluted into four 

main peaks at: 530.0 eV (C=O  /NaO), 531.4 eV (C-O), 532.3 eV 

(O-H / NaOH), and 533.5 eV (adsorbed H2O). The Na 1s signal 

(Figure 2e) is deconvoluted into NaO (1073.3 eV) and NaF 

(1071.3 eV) signals. 

 

 
Fig. 2 XPS spectra of the fluorinated carbon nanoparticles. (a) 

Wide-scan spectrum. High-resolution spectra of the (b) C 1s, 

(c) F 1s,  (d) O 1s, and (e) Na 1s regions. 
 

Raman Spectroscopy 

Raman spectroscopy was used to probe the carbon structure. 

Figure 3a shows the Raman spectra of fluorinated carbon, 

carbon black, and the unfluorinated ethanol-derived carbon. 

The Raman peaks observed here are associated only with 
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vibrational modes in the carbon structure. The energy of the 

laser is below that of the energy gap of graphite fluoride and 

therefore Raman signals are not activated by fluorine 

inclusion.20 The peak at 1344 cm-1 is assigned to the D band of 

the sp2 bonded carbon (corresponding to the breathing mode 

of sp2 aromatic rings), while the peak at 1591 cm-1 is known as 

the G band of the sp2 bonded carbon (corresponding to the 

primary in-plane vibrational mode).57 The ratio in intensity of 

the two peaks, ID/IG,  for fluorinated carbon (1.3) is higher than 

that of carbon black (1.0) and the ethanol-derived carbon 

(1.1), indicating that the fluorinated carbon nanoparticles are 

more defective at the atomic scale,58 probably due to 

disruption of the sp2 carbon network by the covalently bonded 

fluorine atoms.  

 

X-Ray Diffraction and Selected Area Electron Diffraction 

Both the fluorinated and unfluorinated carbons were 

characterized using XRD (Figure 3b). In the unfluorinated 

sample, only bands in the spectrum corresponding to broad 

002 (~0.40 nm lattice spacing) and 100 (~0.20 nm) crystal 

planes were observed, suggesting that the material is highly 

defective, with little long-range order. The spectrum of the 

fluorinated nanoparticles displays similar signals 

corresponding to carbon 002 and 100. However several 

different diffraction features are overlaid with this defective 

carbon signal. A sharp double peak at around 26˚ (0.34 nm 

spacing) suggests the presence of some highly crystalline 

carbon in the fluorinated sample. The peaks at 18˚ (0.50 nm), 

42 ˚ (0.20 nm), 39 ˚ (0.23 nm), and 56 ˚ (0.16 nm) correspond 

to CFx (002),14,16 CFx (100) 15 (confirming that fluorination of the 

carbon was successful), and NaF, respectively, in agreement 

with the EDX and XPS results.  

 

The XRD spectrum is averaged over a relatively large area. In 

order to determine if the crystalline phases observed in the 

XRD spectra are representative of the nanoparticles or 

localized in impurities, selected area electron diffraction 

(SAED) was performed (not shown). This revealed that the 

individual nanoparticles are generally amorphous, with only 

diffuse ring-like diffraction patterns. The more crystalline 

phases are attributed to localized agglomerations of larger 

carbon particles, in which more fine-structure was observed in 

the SAED diffraction patterns.  

 

Surface Area and Porosity 

The specific surface area and porosity of the materials was 

investigated using BET nitrogen adsorption. The measured 

specific surface area is as low as 29 m2/g, about an order of 

magnitude lower than that of Vulcan (239 m2/g), and much 

lower than the unfluorinated ethanol-derived carbon (>1000 

m2/g). This may be due in part to the large nanoparticle size of 

the fluorinated carbon compared with carbon black, and the 

presence of relatively dense NaF inside the hollow shells. 

Additionally, fluorination is known to reduce micropore 

volume.5  

 
Fig. 3 (a) Raman spectra for the fluorinated nanoparticles, 

carbon black, and ethanol-derived carbon foam. (b) XRD 

spectra for the fluorinated nanoparticles and unfluorinated 

ethanol-derived carbon. 

 

Thermogravimetric Analysis (TGA)  

The thermal stability of the hollow fluorinated carbon 

nanoparticles was investigated by TGA and DTA under air and 

nitrogen atmosphere (Figure 4). In air, the material is relatively 

stable up to around 400 ˚C, where the material decomposes 

exothermically. In nitrogen it is stable up to around 450 ˚C, 

where decomposition occurs endothermically. In comparison, 

the unfluorinated analogue derived from sodium ethoxide 

decomposes at around 250 ˚C in both air and nitrogen. This 

suggests that fluorination by this method results in increased 

thermal stability, as commonly observed for fluorinated 

materials.59,60 In addition, a significant mass loss is observed at 

around 100 ˚C in the unfluorinated carbon, suggesting 

significant adsorption of moisture from the air. In the 

fluorinated carbon no such peak is observed, suggesting very 

weak interaction with water. 
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Fig. 4 Thermogravimetric analysis (TGA) and differential 
thermal analysis (DTA) of fluorinated carbon nanoparticles in 
(a) air and (b) nitrogen; and unfluorinated carbon in (c) air and 
(d) nitrogen. 

 

Superhydrophobicity 

Many fluorocarbons are hydrophobic.5,48,61 Therefore, the 

interaction of the fluorinated carbon nanoparticles with water 

was investigated. Initially, the powder was added to deionized 

water and vigorously shaken. No wetting or dispersion of the 

sample occurred, and the powder remained floating on the 

surface of the water, even after several weeks (Figure 5a). 

Conversely, the powder forms a stable dispersion in ethanol 

(2.5 mg/ml, Figure 5b), allowing solution processing of this 

product by printing, spraying, or filtration onto various 

substrates. The ink was vacuum filtered onto: filter paper 

(Kiriyama, Japan); nylon; and cotton (Figure 5c-e). The ink was 

also sprayed directly onto silicon (Figure 5f). All of these 

surfaces were rendered superhydrophobic after treatment 

with the fluorinated nanoparticles.  

 

The hydrophobicity was quantitatively assessed on PTFE 

membranes through contact angle measurements, using a 

sessile drop method. The water contact angle was measured 

to be 168°, which is significantly high, and confirms the 

superhydrophobic nature of this material (Figure 5g). 

However, the interaction between the nanoparticles and the 

substrate is weak, causing the nanoparticles to easily become 

detached. We are currently working to minimize this effect 

and this will be the subject of future publications. The 

interaction with n-hexadecane was also investigated, and the 

contact angle was 0°, showing that the nanoparticles are 

oleophilic, opening up potential applications in e.g. oil 

separation from water.49  

 

In comparison, the contact angles for the non-fluorinated, 

ethanol-derived carbon was 0° for both water and n-

hexadecane, displaying both hydrophilic and oleophilic 

properties, and confirming that fluorination has a significant 

impact on the surface properties of the resulting carbon.  

 

 
Fig. 5 Photographs of fluorinated carbon nanoparticle powder; 

(a) floating on water after agitation, and (b) dispersed in 

ethanol. Printed onto (c) filter paper; (d) nylon; (e) cotton; and 

(f) sprayed onto silicon. (g) Micrograph of a water droplet on a 

fluorinated carbon nanoparticle-coated Millipore membrane. 

(h) Environmental SEM image of a water droplet on a layer of 

fluorinated nanoparticles.  

Conclusions 

Fluorinated carbon nanoparticles were synthesized at the 

gram scale by exothermic reaction between a fluorinated 

alcohol and sodium metal. The nanoparticles have a hollow-

shell morphology and a size of around 50 to 100 nm, and are 

stable up to around 400 ˚C in air. The fluorine content was 

17.1 at% measured by XPS, comprising mainly covalent CF 

bonds. After dispersion in ethanol, the nanoparticles were 

deposited onto a variety of hydrophilic surfaces, rendering 

them superhydrophobic. This is a new scalable method for the 

bottom-up fluorination of carbon powders, which could be 

applied in the mass production of superhydrophobic inks and 

paints, with potential applications in e.g. waterproofing, de-

icing, self-cleaning surfaces, water management in 

electrochemical devices, and removing oil contamination from 

water. 
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