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Abstract

:

Sulphur-doped graphene was fluorinated using molecular fluorine (F2). First, the fluorination conditions were adapted in order to be mild enough to maintain S in the carbon lattice and form S-F bonds. An unusually weakened C-F bonding for an F/C ratio of 0.71 was then achieved, which allowed enhanced performances when used as a cathode in primary lithium batteries. The material prepared at a moderate fluorination temperature of 70 °C for a period of 60 min exhibits a high mid-discharge reduction potential of 3.11 V at 10 mA/g and a power density of 3605 W/kg at a discharge rate of 2C. These electrochemical properties make the fluorine/sulfur co-doped graphene a promising material.
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1. Introduction


An expanded and/or nanometric structure can improve electrochemical performances, in particular by ensuring better ionic diffusion during the electrochemical reactions. In addition to a nanometric structure favorable to ionic diffusion, the electron density can be modulated by the presence of heteroelements, i.e., doping. For carbonaceous (nano)materials, the heteroelements most commonly used for doping are nitrogen and sulfur, and more rarely phosphorus and boron. In the present work, commercial graphene is used as the carbon matrix in order to combine both homogeneous doping and nanometric size. The presence of nitrogen atoms in graphene increases the conductivity of the material by creating active sites that will favor electron transfer [1]. These atoms can be linked to carbons in different ways: (i) forming a pyrrole type, an aromatic ring of five atoms, one of which is nitrogen; (ii) giving a pyridine type when nitrogen substitutes carbon in a benzene ring at the edge of pinholes or the edge of graphene sheets; or (iii) forming a graphitic type by substituting a carbon atom within the graphitic network [2,3]. Co-doping is possible when multiple types of heteroatoms are introduced into graphene, such as N, F or P, F co-doped graphene. It has been found that the doping of graphene with nitrogen or phosphorus leads to the weakening of C-F bonds [3,4]. N, S co-doping led to the surface defluorination of fluorinated carbons (CFx) with weakened covalent C-F bonds [5]. To the best of our knowledge, studies on doping fluorinated graphene do not show evidence of bond formation between the N, P, or S heteroatom and fluorine [3,6].



Carbons doped with heteroatoms such as nitrogen, phosphorus, or boron are widely used for energy storage [4,5,7,8,9,10,11]. In particular, boron-doped fluorinated graphene (B-CFx) delivers high capacities of up to 1200 mAh/g at 0.01C thanks to the defects created by the boron atoms in the graphene, which allow Li+ ions to adsorb onto the defects, giving extra capacity [7]. B-CFx then delivers a very high energy density of 2974 Wh/kg. Boron doping makes it possible to increase the fluorination rate while maintaining electrochemically active C-F bonds, preferably with weakened covalency, in order to guarantee a high reduction potential. Some research has been performed on sulfur doping. SF6 has been used as a fluorinating agent for the preparation of fluorine and sulfur co-doped amorphous carbon films and fluorine and sulfur co-doped suspended sulfur graphene [12,13]; only covalent C-F bonds were formed, and sulfur was present in C-S-C groups, but no S-F bonds were formed. Peng et al. incorporated sulfur by manual grinding into fluorinated graphene, which formed C=S bonds [11]. In the present work, the direct gas/solid fluorination of sulfur-doped graphene was investigated with molecular fluorine gas (F2). It should be noted that fluorine/sulfur-doped materials have not been tested as cathodes in lithium batteries yet.



Fluorinated graphene exhibits electronic, thermal, and even tribological properties that differ from graphene, making it suitable for use in energy storage systems. The most common route of preparation for fluorinated graphene involves exfoliating fluorinated graphite (top-down approach). Bottom-up methods such as direct gaseous fluorination, plasma fluorination with CF4 or SF6, etc., are also used [14,15,16,17], as well as liquid-phase fluorination using solvents [18,19,20]. Fluorinated graphene can be obtained using graphite oxide as a precursor. The first work on fluorinating graphite oxide with molecular fluorine was carried out by Nakajima et al. [21]. The graphite oxide was also fluorinated with hydrofluoric acid at high temperatures [22]. Graphite oxide (GO) is composed of stacked sheets of graphene oxide (GO) and can be exfoliated to isolate those sheets. The shaping of graphene oxide films produces a light, flexible, and self-supporting material that can be used in energy storage systems. The presence of oxygen in CFx can improve electrochemical performance; Mar et al. obtained higher potentials and capacities in the simultaneous presence of oxygen and fluorine, leading to increased mass-energy densities of 2398 Wh/kg compared with only 835 Wh/kg for a conventional CFx without oxygen [23]. We then seek to take advantage of the simultaneous presence of two heteroelements and sulfur in the present work.



After fluorinating the commercial sulfur-doped graphene with molecular fluorine gas sulfur, the product was characterized to study the morphology, structure, elemental distribution, and quantity of the heteroelements (sulfur, oxygen, and fluorine) within the material and the bonds formed after fluorination. Finally, they will be studied as a cathode electrode in a primary lithium battery in order to evidence the possible improvements thanks to the presence of both S and F.




2. Materials and Methods


2.1. Fluorination of Sulfur-Doped Graphene


Sulfur-doped graphene (Sigma Aldrich, Saint Louis, MO, USA) consists of 85–95% carbon, 2.0–4.0% sulfur, and less than 7.5% oxygen, according to the supplier’s data. Sulfur-doped graphene (S-graphene) was fluorinated by static fluorination with molecular fluorine gas using the following procedure: fluorine gas was introduced into the reactor to obtain a relative pressure of 0.5 bar, and the reactor was then filled with nitrogen until atmospheric pressure was reached. An F2/N2 gas mixture (50/50 %vol.) was used for different fluorination temperatures and durations (Table 1). S-doped graphene exhibits both a low crystalline order and a high specific surface area (>500 m2/g according to the product specification) that induce high reactivity towards molecular fluorine [24]; so, dilution of F2 and the low fluorination temperature in the 25–140 °C range were used. The color of the compound changed from black to brown as the fluorination temperature increased, as is generally observed for CFx [25].




2.2. Physico-Chemical Characterization


X-ray diffraction (XRD) patterns were recorded using a PANalytical X’PERT X-ray diffractometer with Cu(Kα) radiation. FTIR experiments were conducted with a Nicolet Summit (Thermoscientific, Waltham, MA, USA) spectrometer in an Attenuated Total Reflection (ATR) mode. For each spectrum, 128 scans with 4 cm−1 resolution were collected between 4000 and 450 cm−1. 19F and 13C solid-state NMR experiments were performed using a 300 MHz Bruker Avance spectrometer at room temperature. A cross-polarization (CP)/magic-angle spinning (MAS) NMR probe operating with 2.5 mm and 4 mm rotors was used at 30 kHz and 10 kHz spinning rates for 19F and 13C measurements, respectively. A probe (Bruker, Billerica, MA, USA) with fluorine decoupling on a 4 mm rotor was used. For MAS spectra, a simple sequence was performed with a single π/2 pulse length of 4.0 and 3.5 μs for 19F and 13C, respectively. 13C NMR was performed at a frequency of 73.4 MHz, and tetramethylsilane (TMS) was used as the reference. 19F NMR was carried out with a frequency of 282.2 MHz and the spectra were externally referenced to CF3COOH, and then to CFCl3 (δCF3COOH = −78.5 ppm/CFCl3). Transmission Electron Microscopy (TEM) samples were prepared with chloroform and ultrasonication. TEM analysis was performed using a JEOL JEM-F200 Multi-Purpose FEG-S/TEM operating at an accelerating voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) spectra were recorded using an ESCALAB 250 Xi, Thermo Scientific, with a monochromated Al K alpha X-ray source (1486.68 eV) and a pass energy of 100 eV and a step energy of 1 eV for survey scans or 20 eV and a step energy of 0.1 eV for region scans. An electrochemical study was performed using both cyclic voltammetry and galvanostatic discharge. The positive electrode of the powdered fluorinated S-graphene compound was composed of the sample (80 wt.%, 2–3 mg), acetylene black (from Mersen, Courbevoie, France, 10 wt.%), to ensure the electronic conductivity and polyvinylidene difluoride (PVDF from Aldrich, 10 wt.%) as the binder. After stirring in propylene carbonate (PC), the mixture was spread uniformly onto a stainless-steel current-collector disk 12 mm in diameter. After PC evaporation, the disk was heated under vacuum at 40 °C and then 120 °C, for 1 h at each temperature, to remove traces of both water and solvent. The electrolyte was composed of lithium hexafluorophosphate (LiPF6) salt dissolved in a mixture of propylene carbonate/ethylene carbonate/dimethyl carbonate (PC:EC:3DMC; 1:1:3 vol%). Three Celgard separators impregnated with the electrolyte were placed between the electrodes, and a lithium foil was used both as counter and reference electrodes. The button cells (CR2032) were assembled in an argon-filled dried glove box. Relaxation was performed for 5 h before any electrochemical process. Then, cyclic voltammetry was carried out at a scan rate of 0.01 mV.s−1 in the potential range between 1.5 V and 4.0 V at room temperature. Galvanostatic discharge curves were recorded at 10 mA/g until 1.5 V. Power tests were performed at different discharge rates considering 1C = 751 mA/g. The tests were carried out using an MPG apparatus from Biologic. For post-mortem 19F NMR analysis, the cell was opened in an argon-filled dried glove box, and the electrode was rinsed with PC and dried before analysis.





3. Results


3.1. Physico-Chemical Characterization


X-ray diffractograms of S-graphene before and after fluorination are shown in Figure 1. Before fluorination, the S-graphene compound shows a diffraction peak at 25.9° for the (002) plane of the initial graphitic matrix. The planes diffract at an angle close to that of graphite (2θ~26.5°), which means that the S-graphene compound is not of a single-layer type but is rather multi-layer. The width of the peak and its lower intensity compared with graphite show that the material exhibits a weakly crystallized structure [26]. In other words, the compound has a lower degree of stacking order between the layers. The peak corresponding to the (002) plane is retained for the F25-60 min compound but has slightly shifted towards a smaller angle value, indicating a d-spacing of 0.36 nm for F25-60 min (compared to 0.35 nm for S-graphene). A new broad diffraction peak appeared near 14°; however, the fluorocarbon matrix is only slightly present in this material, demonstrating that fluorination is not very pronounced. From a fluorination temperature of 70 °C, the (002) peak of a stacked graphene phase disappears, evidencing the completion of fluorination.



Non-fluorinated and fluorinated compounds F70-60 min and F140-60 min were analyzed by transmission electron microscopy (Figure 2). TEM images of the compounds highlight a disordered structure, which becomes even more disorganized after fluorination at 70 °C and 140 °C. The TEM images are consistent with the XRD analysis.



Elemental maps of carbon, fluorine, oxygen, and sulfur have been acquired and are shown in Figure 3. The average atomic percentages of the elements extracted from the EDX measurements are summarized in Table 2 for S-graphene, F70-60 min, and F140-60 min. The elements C and F are clearly visible on the EDX maps for both fluorinated samples. The maps show that fluorine is homogeneously distributed within the graphene material. The chemical compositions show that oxygen in the S-graphene can still be detected after fluorination but in very small quantities. The analysis also shows the presence of sulfur only for the compound F70-60 min in contrast to F140-60 min. Quantification of the elements evidences a decrease in the carbon content from around 94% initially to 91% and 83% after fluorination at 70 °C and 140 °C, respectively, with fluorine appearing at 5% and 17%. The amount of sulfur decreases slightly after fluorination at 70 °C and completely after fluorination at 140 °C.



The infrared spectra of fluorinated S-graphene acquired with ATR mode are shown in Figure 4. We observe the appearance of a broad massif between 1200 and 1100 cm−1 after fluorination, which increases in intensity as the temperature and fluorination time increase. This cluster corresponds to the superimposition of bands related to the vibration mode of covalent C-F bonds at 1210 cm−1 and weakened covalent C---F bonds at 1160 cm−1. At the highest temperature (140 °C), the material contains a majority of covalent C-F bonds, and the shoulder peak corresponding to the weakened covalent C---F bonds has weakened. CF2 groups are also revealed by the vibrational band at 1320 cm−1; their formation is favored by the edges of the graphene sheets. An unusual doublet band centered at 932 and 922 cm−1 was observed, with an absorption maximum for the F70-60 min compound. This doublet was identified in the case of compound SF4 and has been assigned to the vibration of S-F bonds [27]. Fluorination conditions that are too drastic, i.e., 140 °C for 1 h, result in the disappearance of the doublet assigned to S-F. Conversely, conditions that were too mild in terms of the duration (30 min at 70 °C) or temperature (1 h at 25 °C) were not sufficient to form a high amount of S-F bonds, as evidenced by the low intensity of the doublet on the IR spectrum.



The 19F and 13C NMR spectra of fluorinated S-graphene are shown in Figure 5. In 19F NMR, three main contributions are visible in the bulk corresponding to bonds involving fluorine atoms (Figure 6a). The C-F bonds and the CF2 and CF3 groups are highlighted by bands at −173, −120, and −78 ppm, respectively [25,28,29,30]. The covalency of the C-F bonds becomes stronger as the fluorination temperature increases, resulting in a chemical shift moving towards the lower values, i.e., from −150 to −180 ppm. Another band at 58 ppm is attributed to S-F bonds, already identified by infrared spectroscopy (Figure 5). The S-F bond band is more intense in the case of long fluorination (F25-60 min and F70-60 min) at a “moderate” temperature. The S-F bonds disappeared after fluorination at higher temperatures, i.e., 140 °C.



The 13C NMR spectra (Figure 5b) do not show a band assigned to carbon-sulfur bonds. Within the NMR detection limit, our fluorinated materials therefore contain no C-S bonds (C-S-C groups) as reported in the literature [12,13]. Two main bands are present at 84 ppm for covalent C-F bonds and between 120 and 135 ppm for non-fluorinated C sp2 atoms. In a weakly fluorinated environment (F25-60 min), the sp2 C atoms show a resonance at 122 ppm, close to that expected for graphite (120 ppm). When the amount of fluorine is higher (F140-60 min), this band moves towards higher chemical shifts, suggesting a decrease in the hyperconjugation; the more fluorinated the environment of a C-F bond, the less influence the neighboring C sp2 has on the electron density around the 19F nuclei. In other words, the C-F bond is strengthened [29,31]. In the case of a higher degree of fluorination, as for F140-60 min, the quantity of sp2 C atoms decreases in favor of the formation of C-F bonds. The F/C fluorination rate of the compounds is calculated by deconvolution of the 13C spectra (F/C = (SC-F + 2SCF2)/(SC-F + SCF2 + SCsp2 + SCsp3) with S being the integrated surfaces of the bands). The F/C ratios are 0.22 ± 0.02 for F25-60 min, 0.51 ± 0.02 for F70-30 min, 0.72 ± 0.02 for F70-60 min, and 0.82 ± 0.02 for F140-60 min. The fluorination rate increases when the fluorination temperature is higher. It also increases for longer fluorination at the same temperature (70 °C). The compound fluorinated for 60 min has a higher F/C ratio than the compound fluorinated for 30 min. The 19F→13C cross-polarization (CP) NMR spectra of compounds F70-60 min and F140-60 min are shown in Figure 5c. This analysis is in good agreement with the 13C and 19F NMR analyses. CP favors the nuclear resonance of C directly bonded to fluorine atoms. After fluorination at 140 °C, the quantity of non-fluorinated sp2 C is much lower, or even non-existent, in contrast to the compound fluorinated at 70 °C. CF2 groups are much more present after fluorination at 140 °C.



The XPS survey spectra of the non-fluorinated and fluorinated compounds at 70 and 140 °C for 1 h are shown in Figure 6. The C1s, F1s, and S2p XPS spectra of the fluorinated compounds are given in Figure 7 and the experimental data from the analysis of the XPS spectra are given in Table 3. The as-received S-graphene contains 4.6 atomic (at.) % sulfur, indicated by the presence of the S2s and S2p peaks, which is in agreement with the supplier data. After fluorination at 70 and 140 °C, the C1s peak at 290.0 eV decreased significantly in intensity. The carbon content drops from 92 at.% for S-graphene to 52 at.% for F70-60 min and 45 at.% for F140-60 min. The introduction of fluorine is evident with a peak at 688.7 eV and 688.5 eV for F70-60 min and F140-60 min, respectively. The fluorine contents are 47 at.% for F70-60 min and 55 at.% for F140-60 min, which are over-expressed at the extreme surface of the material when the fluorination temperature is higher. The surface fluorination ratios F/C were 0.90 for F70-60 min and 1.21 for F140-60 min. The amount of oxygen, 3.3 at.% in the S-graphene, decreases after fluorination and when increasing the temperature. O is present at 1.30 at.% for F70-60 min and only at 0.48 at.% for F140-60 min. The C1s spectrum of F70-60 min (Figure 7a) can be deconvoluted into six contributions, three of which are in majorities. Most C-F bonds (62.0 at.%) show a binding energy of 290.0 eV, sp2 C atoms with a fluorinated environment (CF-C-CF) emerge at 287.5 eV, and CF2 groups at 292.0 eV. The C1s spectrum of compound F140-60 min (Figure 7d) is also deconvoluted into six contributions, three of which are positioned at the same binding energies. C-F bonds are still dominant (63.9 at.%). The amount of sp2 C (CF-C-CF) is lower after fluorination at 140 °C with 7.8 at.% compared with 18.9 at.% for F70-60 min. However, CF2 groups are present in greater quantities for F140-60 min (24.0 at.% compared with 13.4 at.% for F70-60 min). The presence of fluorine is evident by an F1s peak located near 688 eV corresponding to covalent C-F bonds (Figure 7b,e) [32] for both compounds. Sulfur is present on the surface of the compound only for F70-60 min. The S2p spectra (Figure 7c) are deconvoluted into several contributions corresponding to two major groups, SOx and SFx. Based on several reports [33,34,35], the SOx environments range from 165.5 eV to 170.2 eV. In our case, we have three environments: the first environment is S 2p3/2 S1 (-S=O) at 165.7 eV associated with the S 2p1/2 orbital at 166.9 eV (hatched contribution) with an orbital splitting of 1.2 eV and an intensity ratio of 2. For the second environment corresponding to S 2p3/2 S2 (SO32−) at 167.9 eV, the S 2p1/2 at 169.1 eV also exhibits the same orbital splitting and the same intensity ratio. For the third environment, S 2p3/2 S3 (SO42−) at 169.4 eV 2p3/2 and 2p1/2 at 170.6 eV. As in the reference [36,37], the sum of the two orbitals (S2p3/2 and S2p1/2) of S 2p spectra are highlighted (Figure 7c and Table 3). The higher the oxygen coordination, the more the binding energy shifts towards higher energies.



For SFx environments [38], they fall in the higher energy range above 170.2 eV, depending on the degree of coordination with fluorine, with up to 178.5 eV for SF6 as cited in the following article from the XPS database. In our case, we have three environments: the first environment is S 2p3/2 S4 (-SOFx) at 171.7 eV associated with S 2p1/2 at 172.9 eV, with x > 2 but less than 5, an intermediate environment between (S 2p3/2 (-SOF2) at 170.2 eV) and SF5. The second environment is 2p3/2 S5 (SF5) at 174.2 eV and S 2p1/2 at 175.4 eV.




3.2. Electrochemical Tests


In order to study the effect of sulfur and the unusual S-F bond on the reversibility of Li/CFx batteries, the compound fluorinated at 70 °C for 1 h (F70-60 min) was tested as a positive electrode in primary lithium batteries using lithium as the anode. The choice fell to the material with the highest fluorination rate (F/C = 0.72 ± 0.02) but that retains the S-F bonds formed during fluorination.



Cyclic voltammetry of compound F70-60 min recorded at 0.01 mV/s with LiPF6 in the EC/PC/3DMC 1M electrolyte is shown in Figure 8. This electrochemical analysis technique highlights the different types of bonds determined during previous analyses by both infrared spectroscopy and solid-state NMR.



The two components centered at 3.12 and 3.04 V are necessary to fit the reduction branch (Figure 8a). Each is related to one type of C-F bond: the stronger the covalence, the lower the discharge potential. Those data are in perfect agreement with the two IR vibration bands, which are assigned to pure and weakened covalent C-F bonds.



Galvanostatic discharge makes it possible to quantitatively evaluate the electrochemical properties of the material in battery applications via the delivered capacity. The galvanostatic discharge curve at 10 mA/g up to 1.5 V for the F70-60 min compound is shown in Figure 9. Compound F70-60 min has a theoretical capacity of 751 mAh/g considering the F/C fluorination rate of 0.72 calculated from 13C NMR. The experimental discharge curve shows a flat profile with a single plateau, whereas two steps were expected at distinct potentials corresponding to the breaking of the two types of bond, as can be seen by cyclic voltammetry (Figure 9). The galvanostatic discharge, applied under these conditions, does not allow the different C-F bonds to be discriminated. The material delivers a capacity of 773 mAh/g through the reduction of up to 1.5 V, which is close to the theoretical value considering the experimental errors. A reduction in the C-F bonds occurred at a half discharge potential of 3.10 V. This value is high for a material with covalent C-F bonds and is more similar to the reduction potential of bonds with weakened covalency [39]. The high potential may also be due to the sp2 hybridized carbon atoms, which ensure better electronic conduction and thus contribute to increasing the potential. A high potential is observed for the case of fluorinated graphite prepared at room temperature with a catalytic gaseous atmosphere [40]. For comparison, the material in question is composed of weakened C-F bonds (C---F) and has an F/C fluorination rate of approximately 0.5, which is lower than for F70-60 min. The level of non-fluorinated sp2 carbons and the resulting hyperconjugation do not explain the high potential of F70-60 min; this point will be discussed later.



The reduction potential of the F70-60 min compound is advantageously high since a high potential coupled with a high capacity will deliver a high energy density. The galvanostatic discharge curves for the F70-60 min compound at different current densities are shown in Figure 10. The applied current densities and experimental electrochemical data such as the capacity (Cexp), half-discharge potential (E1/2), specific energy, power density, and faradic efficiency are summarized in Table 4.



The discharge curves show a conventional profile for CFx as the discharge regime increases with a single plateau corresponding to the breaking of the C-F bonds. More unusually, the material delivers similar capacities whatever the applied current density up to 2C, with faradic efficiencies close to 100%. The potential remains fairly high, i.e., 2.40 V at 2C, enabling high specific energy densities of 1778 Wh/kg to be obtained. In addition, in contrast to conventional CFx, the potential drop at the beginning of the discharge is non-existent thanks to the sp2 C present in the material, which ensures better electronic conduction.



The reduction potential of B-CFx is between 2.75 and 2.90 V at 0.01C with the 1M LiPF6 dissolved in the EC/DMC electrolyte, depending on the fluorination degree of the material [7]. These potentials are still lower than the potential of 3.11 V obtained for the compound F70-60 min at 0.01C. However, it is difficult to compare electrochemical systems directly if they do not involve the same electrolyte and electrode formulation. CFx doped with nitrogen and sulfur (N,S-CFx) on the surface achieved high electrochemical performance up to discharge rates equivalent to 70C [5]. However, the reduction potential is lower in the case of N,S-CFx. For example, at a discharge rate of 0.1C, N,S-CFx delivers a capacity of 787 mAh/g at a potential of 2.59 V, resulting in an energy density of 2038 Wh/kg. In our case, the F70-60 min compound, reduced to a higher discharge rate of 0.2C, delivers a capacity of 764 mAh/g at a potential of 2.74 V, giving an energy density of 2093 Wh/kg. In order to compare the performance of the two materials at the same discharge rate, we will consider the equivalent discharge rate at 1C. The precise values of the capacities and potentials obtained at 1C for N,S-CFx are not given by Zhu et al. but the reduction potential is estimated to be around 2.40 V, whereas our F70-60 min material reduces at a potential of 2.54 V at 1C. In the case of CFx doped with phosphorus (P-CFx), the material demonstrates capacities delivered up to 20C [4]. Polarization of the material at the start of the discharge is present from the 2C regime onwards, unlike the F70-60 min material, which does not show any. Electronic conduction therefore seems to be better in our case. In addition, the average reduction potential is also lower for P-CFx, with a potential of 2.5 V at 0.1C giving an energy density of 2025 Wh/kg. At 2C, the potential appears to be close to 2.3 V, 0.1 V lower than F70-60 min. However, it is important to take into account the differences in the electrode formulation and electrolyte used, which can affect the electrochemical results. The electrode formulation using P-CFx or N,S-CFx involves vertically grown carbon fibers of the dimension 1D, which should provide better electronic conduction than the 0D spherical carbon used in our case (carbon black). In addition, the 1M LiBF4 dissolved in a PC/DMC mixture electrolyte should also lead to better electrochemical performance thanks to the salt used, which proved to be better than the LiPF6 we used. Despite these two points, our material exhibits better performance and a better reduction potential when the most “favorable” conditions are not used. The F70-60 min compound seems to demonstrate better electrochemical performance in terms of the reduction potential, which leads to higher energy densities. The F70-60 min compound also delivers an interesting power density of 3605 W/kg at a discharge rate of 2C.



Cyclic voltammetry and galvanostatic discharge showed a high half-discharge potential, while the types of C-F bonds determined during physicochemical characterization tended to show high covalency for C-F bonds. In the literature, graphs representing the half-discharge reduction potential as a function of the 19F chemical shift of C-F bonds have been drawn up. The figure highlights the correlation between these two parameters: the more negative the chemical shift of the C-F bonds, the stronger the covalency of the C-F bonds, and the lower the reduction potential (Figure 11, [40]). If the data for compound F70-60 min are placed on this type of graph, represented by a star, it can be seen that they lie significantly outside the established trend curves. (Figure 11) The reduction potential of the material appears to be much higher than expected in relation to its chemical shift in 19F NMR, i.e., according to the covalency of the C-F bonds of which it is composed. An effect of the S-F bonds and/or doping on the battery’s discharge potential can thus be indirectly demonstrated. Once again, materials with identical electrode and electrolyte formulations and equal current regimes should be compared.



An 19F NMR post-mortem analysis was carried out on the electrode, i.e., the mixture of F70-60 min, PVDF, and acetylene black, after its preparation without contact with the electrolyte (Figure 12). The spectrum of the electrode showed several peaks. Firstly, there is a doublet at around −93 ppm corresponding to the CF2 groups in the PVDF used for the electrode formulation. Two other changes can be noted:




	-

	
The position of the peak corresponding to the C-F bonds changes to a lower chemical shift. Initially, the C-F bonds resonate at −175 ppm in powdered F70-60 min, indicating the presence of covalent C-F bonds. After electrode formulation, the chemical shift of the C-F bonds fell sharply to −155 ppm. The electron conduction provided by the black acetylene in the electrode interfered with the NMR measurements, even on the 19F nuclei. The peak of CF2 in PVDF also shifted. In addition, the mass of active material is lower in the rotor (close to 2 mg, whereas around 10 mg are compacted in the rotor for powdered F70-60 min). This results in a lower signal-to-noise ratio. It is therefore difficult to say whether the strength of the C-F bond in the electrode material has been weakened during the electrode formulation.




	-

	
If the ratios of the intensities of the peaks linked to the S-F bonds (at 52 ppm) and C-F (−155 or −175 ppm) are considered for the spectra of the electrode and the initial powder, a decrease is noted after the formulation. Some of the S-F bonds were broken during electrode formulation. The unassigned peak at 10 ppm would be related to a decomposition product.









The 19F NMR spectrum of the electrode after its discharge to 1.5 V was recorded (Figure 12). No peak is visible between −150 and −190 ppm, which means that all the C-F bonds were broken during the reduction. The S-F bonds were also completely reduced as evidenced by the absence of the peak at 52 ppm. The electrochemical reduction in F70-60 min formed LiF, which is characterized by an intense peak at −207 ppm





4. Conclusions


Sulfur doping increases the electrochemical performance of fluorinated graphene in primary lithium batteries by weakening the C-F bonds while allowing a high enough fluorination rate to deliver high capacities, unlike CFx composed of semi-ionic C---F bonds, which have a lower fluorination rate and therefore lower delivered capacities [33,40]. Fluorination led to the formation of S-F bonds, which have never been reported in the literature. The formation of these bonds is favored at a moderate fluorination temperature of 70 °C for a period of 60 min but can be eliminated by stronger fluorination conditions. The F70-60 min compound resulting from these mild fluorination conditions has an F/C ratio of 0.71 and covalent C-F bonds but exhibits a high mid-discharge reduction potential of 3.11 V at 10 mA/g. The origin of this abnormally high potential is still ambiguous, and the role of S-F bonds and sulfur doping has yet to be clarified. Moreover, a power density of 3605 W/kg was obtained at a discharge rate of 2C. These electrochemical properties make the F,S co-doped graphene a promising material, and improvements concerning the formulation and chemical composition (e.g., changes in the S content) would confirm the high potentialities. Moreover, doping can be extended to other heteroelements such as B or P in order to tailor the properties, opening a new class of cathode materials for primary lithium batteries.
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Figure 1. X-ray diffractograms of S-graphene compounds before and after fluorination. 
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Figure 2. TEM images of non-fluorinated S-graphene compounds (a), F70-60 min (b), and F140-60 min (c). 
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Figure 3. TEM images of compounds F70-60 min and elemental mapping of compounds of F70-60 min (a) and F140-60 min (b). S mappings are not shown because of the low S content. 
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Figure 4. Infrared spectra of sulfur-doped graphene before and after fluorination under different conditions. 
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Figure 5. 19F (a), 13C (b), and 19F→13C cross-polarization (c) NMR spectra of sulfur-doped fluorinated graphene. 
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Figure 6. XPS spectra of S-graphene before (a) and after fluorination at 70 °C (b) and 140 °C (c) for 60 min. 
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Figure 7. XPS C 1s and F 1s spectra of compounds F70-60 min (a,b) and F140-60 min (d,e) and S 2p spectrum of compound F70-60 min (c). 
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Figure 8. (a) Voltammogram of compound F70-60 min recorded at 0.01 mV/s with 1M LiPF6 in EC/PC/3DMC electrolyte, (b) IR spectrum of F70-60 min. 
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Figure 9. Galvanostatic discharge curve for F70-60 min at 10 mA/g with 1M LiPF6 in EC/PC/3DMC. 
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Figure 10. Galvanostatic discharge curves for F70-60 min at different current densities. 
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Figure 11. Reduction potential at mid-discharge as a function of the 19F chemical shift of the C-F bonds of several materials taken from [40]. The cells used 1M LiClO4 in PC electrolyte. The compound F70-60 min is represented by the red star. IF5 means room temperature graphite prepared with IF5 catalyst and its post-treatment temperature is added, e.g., IF5-350 was post-fluorinated with pure F2 gas at 350 °C. The same notation is used for graphite fluoride with (C2.5F)n structural type. 
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Figure 12. 19F NMR spectra of F70-60 min (grey), of the electrode before any electrochemical process (blue), and of the electrode after electrochemical reduction of up to 1.5 V (red). 
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Table 1. Fluorination temperatures and durations for sulfur-doped graphene.
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	Notation
	Temperature (°C)
	Duration (min)





	F25-30 min
	25
	30



	F70-30 min
	70
	30



	F70-60 min
	70
	60



	F140-60 min
	140
	60










 





Table 2. Chemical composition in C, O, S, and F of the compounds S-graphene, F70-60 min, and F140-60 min.
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Chemical Composition




	
Compound

	
TEM-EDX




	
C

	
O

	
S

	
F






	
S-graphene

	
93.68

	
2.99

	
2.47

	
---




	
F70-60 min

	
90.75

	
1.93

	
2.00

	
5.02




	
F140-60 min

	
83.02

	
0.46

	
0.00

	
16.82











 





Table 3. Relative contents of carbon-, oxygen-, fluorine-, and sulfur-containing groups from the deconvolution of XPS spectra of compounds F70-60 min and F140-60 min. Because of the low sulfur content, no component of either C-S or S-F is considered.






Table 3. Relative contents of carbon-, oxygen-, fluorine-, and sulfur-containing groups from the deconvolution of XPS spectra of compounds F70-60 min and F140-60 min. Because of the low sulfur content, no component of either C-S or S-F is considered.





	
Element

	
Assignment

	
F70-60 Min

	
F140-60 Min




	
Binding Energy (eV)

	
Relative Amount (at.%)

	
Binding Energy (eV)

	
Relative Amount (at.%)






	
C

	
C (sp3)

	
285.0

	
0.62

	
284.7

	
0.43




	

	
C -CFx (type II) & C-S

	
286.6

	
1.4

	
286.3

	
0.45




	

	
CF-C-CF (type II)

	
287.5

	
9.8

	
287.3

	
3.5




	

	
CF (type II)

	
290.0

	
31.9

	
289.7

	
28.8




	

	
CF2 (type II)

	
292.0

	
6.9

	
291.6

	
10.8




	

	
CF3

	
294.0

	
0.91

	
293.5

	
1




	
O

	
O-C-F

	
535.1

	
1.57

	
534.96

	
0.45




	

	
C-O

	
-

	
-

	
532.15

	
0.11




	
F

	
C-F

	
688.7

	
46.7

	
688.5

	
54.5




	

	
SOx & SFx

	
S 2p3/2

	
S 2p1/2

	

	
-

	
-




	
S

	
S1 (-S=O)

	
165.7

	
166.9

	
0.02




	

	
S2 (SO32−)

	
167.9

	
169.1

	
0.01

	
-

	
-




	

	
S3 (SO42−)

	
169.4

	
170.6

	
0.01

	
-

	
-




	

	
S4 (-SOFx)

	
171.7

	
172.9

	
0.04

	
-

	
-




	

	
S5 (-SF5)

	
174.2

	
175.4

	
0.03

	
-

	
-











 





Table 4. Electrochemical data for F70-60 min obtained at different reduction current densities.
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	C Rate
	Current

Densities (mA/g)
	Cexp ± 10% (mAh/g)
	E1/2 (V)
	Specific

Energy (Wh/kg)
	Power

Density (W/kg)
	Faradic Yield (%) ± 10%





	0.01C
	10
	773
	3.10
	2396
	31
	103



	0.2C
	150
	764
	2.74
	2093
	411
	102



	1C
	751
	675
	2.54
	1715
	1908
	90



	2C
	1502
	741
	2.40
	1778
	3605
	99
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