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CFx Primary Batteries Based on Fluorinated Carbon Nanocages 
 Aleksei V. Sosunov,a Dominika A. Ziolkowska,b,c Roman S. Ponomarev,a Viktor K. Henner,a,d 
Bhupendra Karki,d Nathan Smith,d Gamini Sumanasekerab,d and Jacek B. Jasinski *b

Fluorinated carbon nanocages were prepared using plasma 
treatment and were tested electrochemically in primary Li/CFx 
batteries. A systematic increase of F/C ratio and specific capacity 
was obtained with increase of fluorination time. For the highest 
fluorinated material (x = 0.98), the specific capacity reached 850 
mAhg-1, i.e., theoretical value predicted for this composition.

Carbon materials, especially many of their nanostructured 
forms, are widely used in various technologies due to their 
unique properties, high performance, and low cost1. Porous 
nanocarbons in particular, which offer high stability, good 
electrical conductivity, large surface area and flexibility in terms 
of their pore structure design, are used as electrode materials 
in many electrochemical energy storage applications2. The 
properties of carbons can be tailored further by 
functionalization. This can be done using either weak π-π or van 
der Waals interactions or through a covalent bonding, which 
involves changes of carbon hybridized sp2 orbitals. One the 
easiest functionalization methods is hydrogenation, where the 
attachment of hydrogen to a graphitic surface causes re-
hybridization of the carbon atoms from a sp2 to a distorted sp3 
configuration3. However, hydrogen binds to carbon relatively 
weakly, which leads to high-temperature stability issues. 
Therefore, there has been a significant interest in using 
fluorination as one of the most effective ways to modify 
physical and chemical properties of carbon materials4, 5. 
Because of its highest electronegativity, fluorine can form 
strong bonds with carbon. During direct fluorination, when 
carbon materials are treated with gaseous fluorine, both ionic 
and covalent bonds can be formed6-9. The ionic bonds are 
formed during intercalation of graphitic layers with fluorine. 
Additionally, especially at high concentrations, fluorine can also 

form covalent bonds with carbon and significantly alter 
physicochemical properties of the material. In recent years, 
numerous studies have been conducted on the fabrication and 
applications of fluorinated carbons10-16. Fluorinated 
nanostructured carbons have been used as promising electrode 
materials for electrochemical energy storage technologies10. 
Lithium/carbon fluoride (CFx) primary batteries, as compared to 
other lithium battery chemistries, typically delivers higher 
gravimetric energy density, higher volumetric energy density, a 
wider temperature range, exceptional shelf-life, remarkably 
good safety record, extremely low self-discharge, and optimum 
price/performance1,9. The overall discharge reaction in these 
batteries can be expressed as CFx + xLi -> C + xLiF 17. They are 
found in a wide range of applications for military2, aerospace3, 
electronics4. They are also very attractive for medical 
applications due to their relatively flat discharge profile, low 
internal resistance, and light weight5, 6,8. One of the main 
challenges for this technology is to increase the energy capacity 
of these batteries with the choice of a novel and low-cost 
material as the cathode. Traditional CFx based cathode 
materials are formed by high-temperature intercalation of 
fluorine gas into graphite powder7 paving the way for high 
energy density (250 Wh/kg), 7-year shelf-life primary batteries.
Here, we report the fabrication and electrochemical testing of a 
new cathode material for Li/CFx technology based on 
fluorination of ultrafine (~2.5 nm) bilayer carbon nanocages 
(CNCs), a novel carbon nanostructured material, synthesized 
using a simple, scalable, and cost-effective method, that has 
been developed in our group, recently18. Samples of such CNCs, 
synthesized following the procedure described by Ziolkowska et 
al18,  were fluorinated between 5- and 30-hours using fluorine 
radiofrequency plasma in a custom-designed, split-ring 
capacitively-coupled radio frequency (RF) plasma system with 
13.56 MHz frequency and 200 W of maximum plasma power 
(Fig. 1). The fluorine source was tetrafluoromethane (CF4), 
which is an odourless, colourless, and non-flammable liquefied 
gas. Although it should be handled carefully inside a fume hood 
with proper ventilation and a leak-free gas handling system, CF4 
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is non-toxic compared to an elemental fluorine gas used 
typically to produce CFx materials. For the fluorination, the CNCs 
were loaded into a ceramic crucible and placed at the centre of 
the plasma rings. The system was first slowly pumped down to 
a pressure of 200 mTorr. CF4 gas was then introduced and the 
plasma was turned on. The flow rate of CF4 gas was adjusted 
between 4-5 sccm and the plasma power was maintained 
between 100 W to 150 W to sustain the strongest plasma 
possible for the experiment without overheating of the system. 
While the sample was undergoing the fluorination, a vibrating 
motor was used to shake the sample and redistribute the 
material to ensure that the entire sample was fluorinated 
uniformly. Once the desired fluorination duration was achieved, 
the plasma system was turned off, vented and the fluorinated 
CNCs were removed and ready to use for the subsequent 
cathode fabrication.
The morphology, structure, and chemical composition of the 
pristine and fluorinated CNC samples was analysed using 
(scanning) transmission electron microscopy ((S)TEM), Raman 
spectroscopy, x-ray diffraction (XRD), and x-ray photoemission 
spectroscopy (XPS). A field emission gun (FEG) 200kV FEI Tecnai 
F20 transmission electron microscope was used for the (S)TEM 
study and a Bruker D8 Discovery for XRD measurements. A VG 
Scientific MultiLab 3000 ultra-high vacuum surface analysis 
system, with the base pressure in the 10-8 Torr range and and Al 
Kα (1486.6 eV) x-ray source was used for the XPS data collection. 
Raman spectra were collected using a Renishaw inVia Raman 
microscope system and a 632 nm He-Ne laser.
CFx electrodes were prepared by combining fluorinated CNCs 
with a binder (carbon black coated with Teflon with the ratio of 
3:1). The carbon binder was added to ensure good electrical 
conductivity. The active material and carbon binder were 
thoroughly mixed in a mortar with a few drops of ethanol to a 
homogenous paste, shaped in the form of a thin disc and 
subsequently pressed into stainless steel mesh, yielding a CFx 
cathode. The CFx batteries were prepared in a two-electrode 
system using a coin cell assembly. A 1M solution of lithium 
hexafluorophosphate (LiPF6) salt dissolved in propylene 
carbonate (PC) was used as the electrolyte. The cells were 
assembled in the glove box environment (argon filled). The cell 
parts were dried in the vacuum furnace at 200 oC for 2 hours 
and inserted to the glovebox in the sealed tube. A piece of 
lithium foil was pressed into the stainless-steel mesh, making 
the lithium anode. The separator (Celgard) soaked with the 
electrolyte was next placed on top of the anode. Next, the CFx 
cathode was placed on top of the separator. After the battery 

components were assembled, the battery was crimped to 
ensure proper sealing. Electrochemical measurements were 
performed using a Pine Research Instrumentation 
WaveDriver20 Bipotentiostat/ Galvanostat System.
Fig. 2 shows the high-angle annular dark-field (HAADF)-STEM 
image and elemental maps of carbon, oxygen, and fluorine of 
1hr fluorinated CNC sample. It is clear from the elemental maps 
that fluorine is homogeneously incorporated into the CNC 
structure and follows the distribution of carbon and oxygen. 
Both, oxygen and fluorine are incorporated in the form of 
functional groups in the CNC structure. The functional oxygen 
groups are formed during the synthesis of CNCs, as discussed in 
the XPS analysis.
Fig. 3a shows the XPS survey scans for progressively fluorinated 
CNC samples. The characteristic peaks of fluorine, carbon, and 
oxygen, namely F1s, C1s and O1s, are indicated. The signature 
of fluorine, the F1s peak, is not present for the pristine CNCs 
sample, but starts to appear for 5 hours fluorinated sample and 
its intensity grows gradually with the fluorination time, as 
observed for the 15- and 30-hours fluorinated samples. With 
the gradual increase in the area of the fluorine peak, the carbon 
peak simultaneously diminished. The peak deconvolution of the 
high-resolution C1s for all four analysed samples is shown in Fig. 
3b. The evolution of carbon bonding and the changing of 
functionalization is clearly observed with the increasing level of 
fluorination18-21. For the 5-hour sample a weak C-F component 
peak starts to be observed. Its intensity increases significantly 
for the 15 hour sample and even more so for the 30 hours 
sample. Additionally, -CF2 and -CF3 peaks are well-developed for 
the 30 hours sample22-24. Fig. 3c shows the elemental 
concertation data obtained from the quantification of the 
survey spectra shown in Fig. 3a. The value x of these CFx 
materials evaluated from the fluorine to carbon concertation 
ratio was estimated at 0, 0.04, 0.22, and 0.98, for 0, 5, 15, and 
30 hours of fluorination, respectively. XRD patterns of 
fluorinated samples are shown in Fig. S1. The XRD pattern of the 
pristine sample display the presence of two peaks at 44.6o and 
77.3o assigned to (100) and (110) reflections and in good 
agreement with the previous literature18. It is clear that 
fluorination reduces intensity of both the peaks due to the 
gradual degradation of the graphite-like structure of the 

Fig. 1 Schematic setup of fluorination process. 1 - gas, 2 - gas flow controller, 3 - 
sample, 4 - plasma, 5 - radio frequency power source, 6 - vibrator, 7 - pressure 
sensor, 8 – pump.

 Fig. 2 Elemental mapping of CNC-F. HAADF-STEM image (a) and elemental 
maps of carbon (b), oxygen (c), and fluorine (d).
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pristine CNCs. This is also consistent with the high-resolution 
TEM analysis of these samples (Fig. 2S).  
Fig. 4a shows the Raman spectra of pristine and progressively 
fluorinated CNCs samples. The characteristic D and G bands 
along with weaker 2D and D+G bands are seen in all 4 samples18, 

25-27. Spectral deconvolution using Lorentzian line shape 
performed after background removal is also shown in each 
spectrum. These four lines are located at 1326, 1590, 2650 and 
2900 cm-1, respectively. The D/G, 2D/G, and 2D/D peak 
intensity ratios obtained for these 4 samples are plotted in Fig. 
4b. Interestingly, only small variations are observed with the 
increasing fluorination time. Based on XPS findings it was 
expected that the fluorinated carbon should possesses even 
more of the disorder structure, especially for the samples 
fluorinated for 30 hrs. This trend is visible by an increase in the 
D/G lines ratio from ~2.3 for pure CNCs to ~2.4 for a 30 h 
fluorinated CFx. This change is much smaller than the surface 
modifications shown in XPS spectra. This suggests that the 
fluorination process affect mostly the top graphitic layers of the 
carbon particles. Fig. 5 shows the specific capacity for each 

sample with varying levels of fluorination (pristine, 5 hours, 15 
hours, and 30 hours). The primary battery with the highest 
amount of fluorination was able to reach a specific capacity of 
850 mAhg-1 whereas the battery without any fluorine had a 
specific capacity of only 72 mAhg-1. The 5 hours of fluorination 
yielded the specific capacity of 123 mAhg-1 and the 15 hours of 
fluorination led to a capacity as high as 304 mAhg-1. A longer 
fluorination time positively induces an additional specific 
capacity of the final material.
The specific capacity of the Li/CFx battery depends on the x, i.e., 
the F/C ratio. For material with x = 1, theoretical capacity is 865 
mAhg-1 28, 29. The specific capacity of our 30-hour sample, 
matches almost exactly the theoretical capacity calculated for 
the F/C ratio of x = 0.98, i.e., the ratio measured for this sample. 
Based on the tap density of 0.602 g/cm-3 (Supporting 
Information), the obtained capacity value of 850 mAhg-1 
corresponds to 1700 Wh/kg and 2824 Wh/L at 2 V. This is one 
of the highest ever reported for a nanostructured CFx material. 
Only in the case of specially-designed systems with additional 
synergistic effects,  such a Li/CFx battery based on graphene co-

Fig. 3 XPS analysis of fluorinated CNCs: (a) XPS survey spectra, (b) peak deconvolution of high-resolution XPS C1s spectra, and (c) carbon, oxygen, and fluorine 
concentration obtained from the survey spectra quantification.

Fig. 4 Raman spectra (a) and Raman peak intensity ratios (b) of pristine and progressively fluorinated CNCs samples.
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doped with fluorine and nitrogen30 or a solid-state Li/CFx 
battery with a solid electrolyte of Li3PS4

29, the higher specific 
capacities, beyond the theoretical limit, namely 1075 and 1095 
mAhg-1, respectively, have been reported. By extension, the 
combination of either of these two strategies, i.e., co-doping or 
application of solid-state electrolyte, with our nanostructured 
carbon in the form of CNCs, may lead to even higher capacity 
values of Li/CFx batteries. 
Fluorinated CNCs were tested against Li as the cathode material 
in CFx primary batteries. These materials showed systematically 
increased F/C ratio, i.e., x value in the CFx formula, and specific 
capacity value with increase of the fluorination time. The CNCs 
fluorinated for 30 hours reached its highest fluorination level of 
x = 0.98 and showed capacity of 850 mAhg-1, i.e., the theoretical 
capacity calculated for this x value. The findings suggest that 
primary Li/CFx batteries with capacities exciding the theoretical 
limit can be obtained by co-doping of fluorinated CNCs and/or 
by application of solid-state electrolyte system. 
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