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Abstract 

 

In this work, we address the properties of fluorinated carbonaceous nanoparticles (F-CNPs) prepared using 

a low-temperature process in molten Li-Na-K carbonates at the eutectic composition. The electrochemical 

performance of these materials is evaluated as the positive electrode of primary lithium ion batteries. 

Structural analyses show that CNPs are composed of both amorphous and graphitized domains with low 

crystallinity that induces presence of different types of C-O bonds. In contrast with commercial CFx 

materials, F-CNPs do not give rise to a flat potential plateau but exhibit a continuous decrease of the 

potential. The difference in the electrochemical performance observed for F-CNPs (CF~0.43) can be 

significantly noted for high discharge at 1C rate, for which the discharge potential is about 0.7-0.9 V higher 

than that obtained with commercial CFx with an increase of the specific capacity to ca. 450 mAh·g-1. 
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1. Introduction  

From several decades, much attention has been devoted to carbon – fluorine compounds used as positive 

electrode materials for non-rechargeable (primary) lithium battery. The first commercial primary lithium 

battery using graphite fluorides, (CFx)n (denoted CFx hereafter) as positive electrode was proposed by 

Watanabe [1,2] and developed in 1970 by Matsushita Battery Industrial. These compounds were prepared 

from the chemical reaction of fluorine gas with carbon at high temperature (> 350 °C) giving rise to 

compositions up to CF [3]. Thus, these compounds are usually non-stoichiometric with an average deviation 

value x in the range 0-1.3 [2,3]. 

Graphite fluorides generally exhibit very low electrical conductivity, which strongly decreases with 

increased fluorine contents, i.e. an increase of x in the CFx formula, because C-F bonds are covalent and 

carbon atoms are sp3-hybridized. Nevertheless, they present some advantages as positive electrode 

materials in primary lithium battery such as high cell voltage (about 2.5 V), flat discharge potential, long 

shelf life (> 10 years at room temperature), and large operating temperature range (from -60 to 40 °C) [3-

4]. For instance, CF used in commercial lithium batteries exhibits a theoretical discharge capacity of about 

870 Ah·kg−1. The irreversible reduction of graphite fluorides in organic electrolysis obeys to a two-steps 

mechanism: at first, the electrochemical insertion of lithium cations into the lattice occurs with formation 

of an intermediate ternary graphite intercalation compound LiyCFx (denoted Li-GIC). Then, the Li-GIC is 

irreversibly decomposed into carbon and lithium fluoride [4]. Consequently, due to this two-step reduction 

mechanism, the working voltage of a CF//Li cell is significantly lower than the theoretical difference 

between electrochemical potential of electrodes; the measured cell voltage is about 1.3-1.5 V. It induces a 

significant reduction of the accessible gravimetric energy from 3900 to about 2200 Wh·kg−1. In addition, 

the low electrical conductivity limits the use of graphite fluorides for commercial development. 

On the other hand, graphite can react with fluorine gas at temperatures below 100 °C in the presence 

of a catalyst such as HF to give fluorine graphite intercalation compounds (F-GICs). In this case, the carbon 

atoms of the graphene layers keep their sp2 hybridization [5, 6]. Such compounds have higher voltage but 

lower capacity than those obtained with CFx in a primary lithium battery. F-GICs have higher electrical 

conductivity compared to CFx due to the presence of semi-ionic C-F bonding, leading to very high value of 

, which can reach 1.6 105 S·cm-1[7], whereas the conductivities of stoichiometric CF compounds are about 

10-14 S·cm-1 due to covalent C-F  bonding. 

Improvements of the electrochemical performances of C-F compounds have been proposed by using 

nanoparticles that exhibit higher potential and energy density values. Recently, several papers have been 

published on the effect of surface modification of CFx by chemical routes or by heat-treatment [8-9]. Thus, 

a positive effect can be obtained with carbon-fluorine nanoparticles since it should combine the properties 

of CFx and nanoscale. The first electrochemical studies on fluorinated nanocarbons in lithium battery have 
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been achieved by Hamwi et al. [10] and Touhara et al. [11], and several papers have been published during 

the last decade on these topics [12-14]. 

In terms of electrochemical performances, one of the most important parameters is the nature of the 

carbonaceous starting material and its affinity to react with fluorine at low temperature. In addition, the 

control of the particle size appears to be another key parameter to enable practical uses in lithium batteries. 

It is generally assumed that one of the keys for developing such storage devices is linked to the control of 

the synthesis of nano-scaled materials (nanoparticles or nanostructured materials). The most popular 

methods for the preparation of electrode materials are currently standard solid-state reactions, chimie douce 

(soft chemistry), high-energy milling, sputtering (for thin films), co-precipitation followed by heat 

treatment, chemical vapour deposition, hydrothermal synthesis, etc. Such methods hardly give highly 

dispersed and small particles, usually without any shape/morphology control. In addition to these methods, 

the electrochemical deposition process presents several advantages notably the synthesis of powders or thin 

films with controlled thickness, morphology, and composition of the deposited films by adjusting the 

operating conditions. Several reports have been devoted to the fluorination of single- [15] or multi-wall 

nanotubes (MWCNTs) [16-19] and amorphous nanocarbons [20]. By surface modification of CFx 

compounds, high-rate capabilities and new functionalization have been reached [21,22]. More recently, 

several papers have dealt with fluorinated graphene as the active component of high performance electrodes 

for primary Li batteries [23-25]. 

Many papers have been published on the surface modification of CFx by chemical or physical treatment 

[8,26-28]. We have developed during the last decade an original route using molten salts to prepare carbon 

nanoparticles (denoted CNPs) based on the electro-reduction of fused carbonates between 450 and 700 °C 

[29]. It has been shown that the size of the CNPs can be controlled by adjusting the temperature of the 

molten salts and/or the operation conditions during the electrolysis of the melt. As the control of the 

particles size plays a key role during the discharge, it is well known that the surface area and interlayer 

spacing of fluorinated graphene layers are the main factors impacting the discharge potential during the 

reduction of CFx. 

The objective of this article is to describe optimized CNP materials for primary lithium batteries that 

requires high power and high energy density, since the main characteristics of the discharge of a CFx 

electrode material is the suppression of the initial voltage delay. To succeed, we propose herewith the 

synthesis of new types of fluorinated CNPs. CNPs prepared in molten carbonates were fluorinated for 

obtaining nano-sized powders. Our goal is to succeed in performing the fluorination of the CNPs at low 

temperature without the use of any precursor or catalyst such as HF, as is conventionally done. Thus, the 

CNPs prepared in molten carbonates have been fluorinated under F2 gas, pure or diluted in Ar, at low 

temperatures (generally at room temperature) to avoid the strong reactivity of the CNPs with this medium.  
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To improve the electrochemical performances of primary Li-batteries, i.e. to find new materials that 

could give rise to higher potential and energy density values, fluorinated carbon- nanoparticles could be 

suitable to be used for such power sources, since they should allow combining the intrinsic properties of 

CFx and those of nanosized particles. We present here a series of experiments obtained with CNPs deposited 

at various electro-deposition potentials in molten carbonates fused at 450 °C or 540 °C; these CNPs being 

washed and thereafter vacuum heat-treated at 600 °C before fluorination treatments.  

 

2. Synthesis procedures and characterization techniques  

 

2.1. Synthesis and characteristics of starting carbon nano-powders (CNPs) 

CNPs have been firstly prepared using the same procedure as that described in detail elsewhere [29]. The 

carbon nano-powders (CNP) were prepared by electro-reduction of fused Li2CO3-Na2CO3-K2CO3 [30-36] 

with the eutectic composition (43.5/31.5/25 mol %). Briefly, the carbonate powders (provided by VWR) 

were melted in a vitreous carbon crucible (Le Carbone Lorraine, France) placed in a cell made of an outer 

stainless steel envelope (amount of salt 180 g). The constituents were dried under vacuum at 150 °C during 

15 h to remove traces of water and then heat-treated very slowly up to the required temperature atmosphere. 

The electrochemical measurements were performed under CO2 atmosphere (p(CO2) = 1 atm) to prevent the 

melt decomposition. The temperature of the molten salt was controlled with a chromel-alumel 

thermocouple. The working and the counter electrodes were a nickel sheet (≈15 cm2) and a graphite rod. 

The reference electrode was constituted of a silver wire placed in an alumina tube containing molten 

Li2CO3-Na2CO3-K2CO3 in the presence of Ag2(SO4) (0.1 mol kg-1) [37]: the Ag+/Ag0 redox couple involved 

in the reaction was used as reference hereafter. 

The electrodeposition of carbon powder CNPs was performed in a potentiostatic mode by applying 

a constant anode (graphite) - cathode (nickel) potential. After deposition, the Ni electrode was immersed 

into distilled water to disintegrate the hard-grey carbon deposit, which contains a large amount of solidified 

salt. Then HCl solution was introduced to remove carbonates from the powders. After washing, the CNPs 

were filtrated to obtain very fine and “quasi-spherical” particles. Finally, the powders were collected and 

dried at 600 °C under vacuum before physico-chemical analysis and testing in a Li primary battery. The 

deposition potentials and drying temperatures were chosen since they allow to obtain carbon powders with 

the highest specific surface area as shown recently [35,36]. The three studied pristine samples, noted A, B, 

and C, were obtained by reduction of carbonates in the following conditions:  

A: Raw CNP deposited at -3V in molten carbonates at 450 °C, rinsed, dried at 600 °C  

B: Raw CNP deposited at -3V in molten carbonates at 540 °C, rinsed, dried at 600 °C  

C: Raw CNP deposited at -4V in molten carbonates at 450 °C, rinsed, dried at 600 °C. 
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Raman spectroscopy is a powerful tool to analyses the crystallinity and the degree of disorder of 

carbonaceous materials [38]. Because the penetration depth of the excitation laser beam for carbon is 

approximately 30 nm, this technique probes mainly the surface of CNP particles. Raman spectra of samples 

A, B, and C depicted in Fig. 1 display a set of two broad peaks at ca. 1590 and 1370 cm-1 that are the 

characteristic G- and D-bands of carbon. The structure of the G-band is associated with the optically 

allowed E2g zone-center mode of crystalline graphite, while the D-band is associated with the disorder-

allowed zone-edge modes of graphite [39]. The intensity ratio of these bands (ID/IG) defines the degree of 

defects within the CFx. The Raman spectrum of sample C (Fig. 1) displays a well-resolved G-band and the 

lowest ID/IG ratio, which match well with the XRD patterns showing a better crystallinity and a decrease in 

defect concentration compared with those of samples A and B. In the following, these two latter types of 

pristine CNP will be more investigated because their reactivity should be more important. 

 

 

Fig.1. Raman spectra of CNPs samples A, B, and C. 

 

In order to emphasize that, whatever the final heat treatment, the carbonaceous powder was 

composed of nanosized particles, SEM and TEM images of 3000 °C-treated CNPs are reported in Fig. 2. 

The average size of the particles is below 100 nm with a narrow size distribution. Moreover, the 

carbonaceous materials exhibit a wide range of morphologies, from turbostratic to amorphous domains, 

together with the presence of graphene evidenced on the TEM images. 
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Fig. 2. TEM images of nano-sized 3000 °C-heat-treated CNPs (upper images), with the occurrence 

of graphene particles (lower image) 

 

2.2. Synthesis of fluorinated carbon nano-powders (F-CNPs) 

Concerning the fluorination procedure, it is well-established that graphite can react with fluorine gas 

at temperatures below 100 °C in the presence of a catalyst such as HF. The resulting products are called 

fluoride graphite intercalation compounds denoted F-GICs (semi-ionic C-F bonds) or graphite fluorides 

(covalent C-F bonds), depending on the experimental conditions [6,40]. Such compounds have higher 

voltage but usually lower capacity than those obtained with CFx when they are used as positive materials 

in primary lithium batteries [41]. F-GICs have higher electrical conductivity compared to CFx due to the 

presence of the semi-ionic C-F bonding and charge transfer between the intercalated electron-acceptor 

species and the graphene layers. This leads to very high conductivity that can exceed 105 S·cm-1, whereas 

the conductivities of CF carbon fluoride range about 10-14 S·cm-1 due to covalent C-F bonds. In the present 

work, CNPs prepared in molten carbonates have been fluorinated in pure or diluted F2, whereby the pristine 

CNPs were obtained at various electro-deposition potentials in molten carbonates fused at 450 and 540 °C, 

and heat-treated at 600 °C after washing under vacuum. In order to avoid evolution of gaseous phases (CF4), 

most of fluorination experiments on pristine carbon nanoparticles were performed at room temperature in 
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a nickel reactor with F2 (purity: 99.4-99.7%), generally with F2 50% diluted in Ar for 24 h. However, the 

influence of F2 concentrations and reaction temperatures was also studied (see Table 1, Figs. 6 and 8)  

 

2.3. Physical-chemical characterization techniques 

X-ray diffraction (XRD) measurements were performed with a Rigaku Ultima III X-Ray diffractometer 

with a CuKα radiation (λ1=1.540598 Å). The values of d002 and Lc deduced from XRD analysis were 

estimated with an error of 5%. Transmission electron micrographs were obtained with a JEOL JEM 100 

CX II transmission electron microscope equipped with a JEOL high resolution scanning attachment 

(STEM-SEM ASID 4D). Scanning electron microscopy images were obtained with a JEOL JEM 100 CX 

II scanning electron microscope equipped with a JEOL high resolution scanning attachment (SEM-FEG). 

Surface characterizations were done by XPS measurements using a VG 220 i-XL ESCALAB 

spectrometer under ultrahigh vacuum conditions. The radiation was an Al monochromatized source (1486.6 

eV). Silver Ag 3d5/3 at the binding energy BE = 368.2 eV was chosen for the calibration of the spectrometer. 

All the spectra were referenced to C1s located at binding energy (BE) of 284.8 eV. Survey and high 

resolution spectra were recorded, then fitted with an Avantage processing program provided by Thermo-

Electron. Each C1s, O1s, and F1s component was considered as having similar full-width-at-half-maximum 

(FWHM = 1.5 eV) for all samples. Raman spectra were collected with a LabRAM spectrometer controlled 

by LabSpec 5 (Horiba Jobin Yvon) equipped with a laser wavelength of 514.5 nm at low power excitation 

(<1 mW). The spectrometer was first calibrated with Si standard, then the data were recorded with scanning 

time 1-5 min. 

 

2.4. Electrochemical tests 

The F-CNPs tested as cathode materials in lithium batteries were prepared by mixing the active 

carbonaceous material (90 wt.%) with graphite (5 wt.%) as conductive additive and polytetrafluoroethylene 

(PTFE) dried powders (5 wt.%) in a very dry atmosphere. After a drying step of the PTFE binder above 

80 °C, the resulting black paste was then deposited onto a grid and dried at 60–80 °C under vacuum to 

avoid residual moisture and to partially evaporate the solvent.  The electrochemical performances of the 

prepared F-CNPs-based electrodes as cathode materials in a rechargeable lithium battery was studied in 1 

mol·L-1 LiPF6-EC:DMC (1:1) solution (LP30, Merck) at room temperature in a glove box (water content  

5 ppm) under argon atmosphere. The counter and reference electrodes were metallic lithium foils. All 

potential values will be referred to this Li/Li+ reference. The galvanostatic charge-discharge curves were 

performed using a potentiostat/galvanostat (VMP3 Bio-Logic) in the potential range of 1-4 V. 
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3. Physicochemical and electrochemical properties of  F-CNPs 

 

3.1. Morphological and structural characteristics 

After fluorination, elemental analyses of CNPs were carried out by EDX measurements. In Fig. 3 the 

inserted Table lists the weight percentage of C and F for different fluorinated A-, B-, and C-type samples. 

The compound is indeed formed of these two elements, but the presence of oxygen is attested by its K-line 

around 0.5 keV, and will be more definitively characterized by XPS (see Table 1).  Brunauer–Emmett–

Teller (BET) results show that the CNPs prepared in low-temperature conditions exhibit high specific 

surface areas varying from 80 m²·g
-1 to about 1300 m²·g

-1, depending on the experimental electro-deposition 

conditions, notably the temperature of molten carbonates.  

 

 

Fig. 3. EDX spectrum of CNP A-sample heat-treated at 600 °C and fluorinated with 50% diluted F2 at room 

temperature. The inserted table lists the elemental analysis of the different types of pristine-CNPs, 

fluorinated in similar conditions. 

 

As explained above, mild fluorination conditions: i.e., diluted F2 and temperatures below 100 °C, 

have allowed to maintain the nano-morphology of F-CNPs, as illustrated in Fig. 4. 
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Fig. 4. TEM image of fluorinated (F2 50%, RT) CNP (pristine A-sample), clearly showing that the nano-

structure of CNPs is preserved after fluorination. 

 

It is well-known that carbon and fluorine have a strong reactivity even at room temperature (RT) 

generally in the presence of a catalyst (such as HF). The XRD characteristics of CNPs strongly depend on 

the deposition conditions of molten carbonates and on the washing procedure as shown in Fig. 5. However, 

whatever the starting materials, it was observed that the fluorination of CNPs using pure fluorine gas is 

somewhat difficult to control and gives rise to a highly exothermic reaction with the evolution of gaseous 

CF4. The amount of remaining solid product at the end of the reaction is very small. Such reactivity could 

be explained by the presence of very reactive C-O, C-OH bonds onto the surface, as will be discussed 

hereafter in the XPS session. Thus, a dilution of F2 into a neutral gas such as Ar has been generally preferred. 
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Fig. 5. XRD patterns of F-CNP powders prepared by fluorination of various pristine samples at room 

temperature for 24 h under 50% F2. 

 

Fig. 6 gives the XRD patterns of a pristine sample –B-type taken as an example- and those of samples 

fluorinated at room temperature with different percentage of F2 in the F2:Ar gas mixture, that is from 10 to 

100%. In the pristine sample, the peak at about 26.4° before fluorination is attributed to the (002) diffraction 

line of graphitized carbon as previously reported [29]. The F-CNPs exhibit different crystallinities and 

morphologies depending on the experimental fluorination conditions. As shown in Fig.6, the intensity of 

the (002) diffraction line decreases and its FWHM becomes wider as soon as fluorination is carried out (10% 

F2 at RT for 2 h), indicating a loss of crystallinity. For higher F2 contents in the gas mixture, new peaks 

relative to the formation of carbon-fluorine compounds are observed. For 50% F2, the XRD pattern can be 

interpreted as a mixture of graphite fluoride C2F and GIC (CFx). When pure fluorine (100% F2) is used, a 

well-identified peak at 2 18° related to the (001) Bragg line of C2F is evidenced. However, we have 

already mentioned that the use of 100% F2 to prepare F-CNPs is not suitable due to high reactivity of pure 

F2 with the pristine powders, the reaction leading to solid F-CNPs being difficult to control.  However, the 

interplanar distance of d001= 6.2 Å matches well with values of the literature [41] and provides a strong 

evidence for the crystalline nature of the graphite fluoride generated by the used fluorination procedure.  

For these reasons, only F-CNPs fluorinated in more reliable conditions, i.e. under F2 50% diluted in 

Ar will be used in the electrochemical tests. 
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Fig. 6. Influence of the amount of F2 in the Ar:F2 mixture on the XRD patterns of F-CNP powders: a) 

pristine B-type CNP, b) fluorinated under 10% F2 at RT for 2 h, c) under 50% F2 at RT for 2 h, and d) 100% 

F2 at RT for 2 h. 

 

3. 2. Nature of C-F bonds in F-CNPs from XPS investigation 

XPS measurements were carried out with F-CNPs prepared in various conditions to identify the 

electronic modifications induced by the fluorination procedure (samples A and B). The analysis of the 

chemical surface is important since the reactivity of the different types of carbon present in the material not 

only depends on the size of crystallites but also on the presence of residual oxygen (Table 1). The survey 

spectrum of a pristine A-type sample is shown in Fig.7a. It is in agreement with the presence of carbon and 

oxygen only. The oxygen content at the particle surface deduced from the survey spectrum analysis is larger 

before fluorination (about 16.8 ± 0.4%), due to the high reactivity of the nano-structured CNP sample and 

varied types of carbon particles. After fluorination at room temperature with 10% diluted F2 (Fig.7b), the 

O1s contribution has almost disappeared (1.2 atom %), whereas the F1s contribution is 46.2%. For 

increasing fluorination temperatures (denoted TF2) and amounts of F2 in the gas mixture, the oxygen content 

decreases significantly due to the fluorination of the C-O bonds; in parallel, an increase of the F 

concentration is pointed out. Traces of oxygen are still detected on the surface of CNPs, even after the 

fluorination procedure and whatever the fluorination conditions. One cannot exclude that the fluorination 

of the CNPs leads also to the formation of small amount of graphite oxyfluorides. EDX analyses of the bulk 
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product reveals mainly the presence of C and F with sometimes the presence of a trace of oxygen (about 

2%). 

 

 

Fig. 7. Survey XPS spectra of a) A-type pristine CNP sample and b) A-sample fluorinated under 10% 

diluted F2 at RT. 

 

Table 1. Elemental composition (atom %) of fluorinated carbon deduced from analysis of XPS spectra. 

Pristine CNP 

samples 
F2 (%) TF2 (°C) C (%) F (%) O (%) 

A-type 

- - 83.6 - 16.4 

10 RT 50.5 37.4 11.5 

10 100 44.4 49.9 5.7 

100 RT 52.1 46.4 1.5 

100 100 33.8 65.5 0.7 

B-type 

- - 82.8 - 17.2 

10 RT 51.4 37.5 11.1 

10 100 48.0 37.5 6.5 

 

It can be noted that the amount of F2 gas in the Ar:F2 mixture seems to be a more decisive factor 

than the fluorination temperature on the global amount of fluorine. Although the highest fluorine level in 

F-CNP is observed using pure F2 fluorine at 100 °C (F1s: 65.6%), the uncontrolled reaction mechanism 

avoids the use of such a sample in the following. Only a very small amount of fluorinated product remains 

indeed in the reaction boat after the reaction. 
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Fig. 8. Comparison of the XPS C1s (left) and F1s (right) components vs. the fluorination conditions: a) 10% 

F2 at RT, b) 100% F2 at RT, and c) 10% F2 at 100 °C, carried out on a pristine A-type CNP for which the 

C1s spectrum is shown at the bottom. 
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The effect on the XPS C1s and F1s spectra of the amount of F2 in the gas mixture (10% and 100% 

F2) and of the reaction temperature (25 and 100 °C) is shown in Fig. 8. After fluorination with 10% F2-RT, 

the XPS C1s envelope exhibits two maxima at higher binding energy values (> 290 eV), in addition to the 

peak of the starting C1s at around 284 eV. These multiple components at higher BE can be attributed to 

carbon atoms surrounded by an increasing number of F atoms (in particular -CF2 and -CF3 groups). These 

high BE peaks become predominant when increasing the fluorination temperature from 25 to 100 °C (Fig. 

8c) and for increasing F2 contents from 10 to 100% (Fig. 8b). Such a trend is also observed in the F1s 

spectra. For 10% F2 - RT fluorination (Fig. 8a), the envelope can be fit into three components at around 

684, 686, and 687.4 eV that take into account the different types of C-F bonding, i.e. semi-covalent and 

covalent ones. For increasing fluorine contents at TF2 = 25 °C (Fig. 8b), there is a small shift of the F1s 

components towards higher BE with components occurring at 685, 686.6, and 688.1eV, whereas for a 

fluorination experiment at TF2 = 100 °C (Fig. 8c), the maximum of the envelope is shifted to 688.4 eV, with 

the two other components at even higher BE: 690.3 and 691.2 eV. This should mean that only covalent F-

C bonds are found with different types of F environment, whatever the different types of carbon particles 

[42,43]. 

The C1s spectrum of pristine A-sample (as shown at the bottom of Fig. 8) exhibits a predominant 

component with a binding energy of 284.2 eV (FWHM = 1.54 eV), which is the fingerprint of sp2 

hybridization. In addition, this peak presents a tail toward the high binding energies, which can be fit by a 

series of six peaks with weak intensity. These are attributed to a small amount of sp3 species in the CNPs. 

Upon light fluorination, the C1s photoelectron spectrum (Fig. 8a) presents a more complex envelop, which 

can be decomposed in nine symmetrical Gaussian peaks denoted C1 to C9 and assigned in Table 2. Three 

XPS components exist at binding energies of ca. 291.4, 292.6, and 294.1 eV that can be due to the sp3 

hybridization associated with the -CF2-CF2-, -CF2-CF3 and CF3 groups in a very fluorinated environment, 

respectively [40]. A small contribution due to semi-ionic C-F bonds at 288.5 eV has been taken into account 

as well. The contributions above 285 eV are more and more important (see Fig. 8b, c) with increasing either 

TF2 or the F2 concentration, with a maximum peak of the C1s envelope at around 288 eV. This trend is in 

agreement with increased formation of C-F covalent bonds.  
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Table 2. XPS data deduced from the fitting of C1s photoelectron peak of A-type CNP fluorinated at room 

temperature (see Fig. 8a). 

Peaks BE (eV) Ii (atom %) Assignment 

C1 284.3 30.4 C-C 

C2 285.8 10.2 C-CO and/or C-(CH2-CFx 

C3 287.1 6.1 C=O and/or CH2-CF2 

C4 288.5 7.7 CHF-CH2 and CHF-CHF; semi-ionic C-F bond 

(intercalation) 

C5 289.5 16.5 CHF-CF2 and CFx-CF-CFx, with (x, x' = 2,3) 

C6 290.5 5.6 CF2-CH2, CF groups of first neighbors of CFn groups 

C7 291.4 12.5 -CF2-CF2- 

C8 292.6 8.0 -CF2-CF3 

C9 294.1 3.0 CF3 groups in a highly fluorinated environment 

 

 

3. 3.  Electrochemical features of F-CNPs as positive electrode in a primary lithium battery 

In this section, we investigate the electrochemical performances of F-CNPs as positive electrodes in 

primary lithium batteries. As previously quoted, the same procedure was used: the samples were rinsed, 

then heat-treated at 600 °C, and finally fluorinated. Whatever the samples and the fluorination procedure, 

the chronopotentiograms exhibit always the same shape (Fig. 9): a small plateau is observed at around 3 V 

vs. Li+/Li0, followed by a continuous decrease of the potential vs. time without the occurrence of a well-

defined and flat plateau usually observed in the case of commercial CFx compounds [44-47]. The shape of 

the chronopotentiograms can probably be related to a non-homogeneous fluorination of the F-CNPs. This 

is due to the high reactivity of the CNPs with fluorine as discussed above and the difficulties to control the 

reaction. As a result, a reproducible product may be difficult to obtain for commercial production.  

Fluorine-CNPs were tested in the presence of 1 mol·L-1 LiClO4-propylene carbonate (PC) as electrolyte, 

and their electrochemical performances have been compared with commercial CFx. Typical discharge 

curves obtained at a discharge rate of 18.5 mA·g-1 for pristine A-, B-, and C-CNPs fluorinated at room 

temperature using a gas mixture containing 50% of F2 during 24 h are given in Fig. 9. Whatever the samples 

and the fluorination process, the chronopotentiograms exhibit always the same shape: a small plateau is 

observed at around 3 V vs. Li+/Li0, followed by a continuous decrease of the potential vs. time without any 

occurrence of a well-defined and flat plateau, which is usually observed in the case of commercial CFx 

compounds. The shape of the chronopotentiograms is probably due to a non-homogeneous fluorination of 
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the F-CNPs. This is attributed to the high reactivity of the CNPs with fluorine as discussed above and the 

difficulties to control the reaction of fluorination. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Discharge curves of F-CNPs samples obtained by fluorination of pristine A-, B-, and C-CNPs at 

room temperature using a gas mixture containing 50% of F2 during 24 h. Rate: 18.5 mA·g-1. 

 

Two additional observations must be underscored whatever the sample. First, the open-circuit 

voltage (OCV) is close to 3.80 V vs. Li+/Li0, a value much higher than the classical one observed with 

commercial graphite fluorides. It can be explained by the presence of non-fluorinated domains as revealed 

by XRD and XPS measurements and the presence of semi-ionic C-F bonds, which render the sample more 

conducting than insulating CFx. Second, due to the conductive properties of the CFx materials, the 

chronopotentiograms of the F-CNPs do not evidence potential delay at the beginning of the discharge 

curves. In other words, even if the fluorine content in the sample is low, F-CNPs can support higher 

discharge rates compared to commercial CFx, as clearly shown in Figs. 10 a, b. In these data, the behavior 

of nano-F-CNPs from B-type CNPs fluorinated with 50% of F2 during 24 h and with approximate CF~0.43 

formula is compared with commercial CFx at C/5 and 1C rates. The behavior of nano-F-CNPs (CF~0.43) at 

various discharge rates: 1C, C/10, and C/100 is illustrated in Fig. 10c. 

 

F- CNP (from A-type) 
F- CNP (from B-type) 

F- CNP (from C-type) 
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Fig. 10. Comparison of the discharge curves obtained with commercial CFx (CF~0.65) and F-CNP (CF~0.43) 

at a) C/5 rate and b) 1C rate. Discharge curves of F-CNPs-based Li-battery at c) 1C, C/10, and C/100 rates. 

 

The difference in electrochemical performances observed for F-CNPS can be significantly noted for 

high discharge at 1C rate (Fig. 10b), for which the discharge potential is about 0.7-0.9 V higher than that 

obtained with commercial CFx. The delivered capacity of CNPs is also slightly increased (450 mAh·g-1) in 

comparison with that of CFx compounds. 

 

4. Concluding remarks 

 

In this work, we have shown that carbon nanoparticles can be produced by direct electrochemical reduction 

of molten Li-Na-K carbonates at the eutectic composition (43.5/31.5/25 mol %). The obtained CNPs are 

composed of both amorphous and graphitized domains, as revealed by XRD, with a low crystallinity. XPS 

investigations have pointed out the presence of different types of C-O bonds. The CNPs prepared in our 

experimental conditions exhibit high specific surface area which can vary from about 80 m² g-1 to about 

1300 m² g-1 depending on the experimental electrodeposition conditions notably the temperature of molten 

carbonates. The CNPs are characterized by the presence of ultra- and super-microporosity, meso- and 

macroporosity. The carbon powders were tested in electrochemical capacitors as negative electrode in 
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presence of aqueous electrolyte. Capacitance values of 135 F·g-1 for single electrode measurement have 

been determined in aqueous 0.5 mol·L-1 K2SO4. Thus, the CNP electrode could be considered as negative 

electrode of so-called hybrid carbon/MnO2 cells; however, their limited potential window due to hydrogen 

evolution reaction occurring at higher potential than standard activated carbon material would hinder their 

applicability. These experiments revealed that CNP can be an interesting alternative to activated carbon for 

electrochemical capacitors applications. However, improvements have to be made in order to monitor 

surface functionalities. The fluorination of the CNPs has been performed using F2 gas. CNPs exhibit a very 

high reactivity vs. fluorine gas due to the nanostructure of the carbon materials and the presence of a large 

amount of C-O bonding onto the surface as revealed by XPS. The obtained F-CNPs were tested in primary 

lithium battery. These materials allow to have higher OCV and to suppress the potential delay generally 

observed during the first time of the discharge reaction in commercial graphite fluorides. The discharge 

capacities observed at high rate (1C rate) were larger than those obtained with commercial CFx. 

Nevertheless, in contrast with graphite fluorides, F-CNPs do not give rise to flat potential plateau but to a 

continuous decrease of the potential (sloppy shape), except at low rates such as C/100. Consequently, efforts 

should be pursued to improve the efficiency of fluorinated nano-carbon particles (F-CNPs). 
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