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Abstract 

Despite their promising theoretical performance, lithium-sulfur (Li-S) batteries are often limited by low 

efficiency, primarily due to the solubility of lithium polysulfides and the low conductivity of sulfur 

electrodes. Enhancing the incorporation of sulfur into porous carbon with improved polarity could 

significantly boost Li-S battery performance. In this study, we doped carbon xerogels with nitrogen 

atoms and decorated them with iron-based nanostructures using a straightforward and scalable method. 

The decomposition of nitrogen-containing additives at varying temperatures—specifically 750°C (FeNC-

750) and 950°C (FeNC-950) resulted in alterations to the porosity of the xerogel compared to the pristine 

structure. After impregnating these structures with sulfur to develop the sulfur electrode, we assessed 

the electrochemical performance of FeNC-750@S and FeNC-950@S, varying the sulfur content and the 

electrolyte-to-sulfur (E/S) ratio. Our results indicated that the electrochemical performance of the sulfur 

electrode with high sulfur content was significantly influenced by both the E/S ratio and the porosity of 

the host materials. Notably, the sulfur electrode with over 80% sulfur content, designated FeNC-

950@S80, achieved a discharge capacity of 600 mAh g⁻¹ with an E/S ratio of 7.5 mL g⁻¹ and an electrode 

loading of 3.5 g cm⁻², demonstrating excellent capacity retention of 96% over 100 cycles at a rate of 0.1 

C. 

 

Introduction  

Despite the overwhelming advantages of lithium sulfur (Li-S) batteries, this system faces several 

challenges, which must be overcome for commercial application. These issues mostly originate from the 

inherent characteristics of the materials involved, such as low electronic conductivity of sulfur and Li2S, 

large volume changes of the active material during charge and discharge processes, and more 

importantly the presence of lithium polysulfides (LiPSs), e.g. intermediate active species, which are 

soluble in the electrolyte. These challenges limit cyclic stability, cause low coulombic efficiency, positive 

electrode collapsing, low voltage efficiency, and low battery lifetime1-5. 



Recently, by employing new sulfur host materials6-9, or by developing new interlayers10, 11 and 

electrolytes12, 13, important steps have been taken toward the commercialization of Li-S batteries in terms 

of improving specific capacity and cycle life. Over the past decade, researchers have proposed various 

advanced carbon materials as sulfur host to enhance the performance of positive electrodes and mitigate 

the polysulfide shuttle effect. Studies have investigated a range of sulfur host materials, including carbon 

black14-17, carbon nanotubes18-20, graphene21-23, heteroatom-doped carbonaceous materials24-29, or 

metal-based structures30-33. Porous carbons are particularly attractive for high-performance sulfur 

electrodes due to their excellent mechanical stability and high void fraction. 

On one hand, carbon micropores effectively confine short-chain LiPSs, while on the other hand, carbon 

mesopores serve as channels that facilitate mass transport28. Despite these advantages, the low polarity 

of carbon materials leads to suboptimal electrochemical performance in Li-S batteries. To overcome this 

limitation, doping the carbon backbone with polar atoms or impregnating it with polar compounds has 

been identified as an effective strategy to enhance carbon polarity34-36. In addition to doping carbon 

with heteroatoms like nitrogen to enhance surface polarity, impregnating carbon materials with iron-

based compounds can also effectively address this non-polarity challenge37, 38. Iron atoms can form 

various phases depending on the synthesis conditions, including single atoms39, carbides40, nitrides41, 42, 

oxides43, sulfides19, 44, and others, all of which can effectively anchor LiPSs to the positive electrode, in 

the sulfur host materials including iron-based phases. 

A well-designed sulfur host material must possess several essential characteristics: (i) excellent electrical 

conductivity to ensure efficient electron transport and address the low electrical conductivities of sulfur 

and lithium sulfide (Li2S), (ii) a large pore volume with a stable structure to accommodate volume 

expansion due to the lower density of Li2S compared to S8, which helps prevent electrode pulverization 

during cycling, (iii) a high surface area to facilitate the conversion reactions of sulfur—especially at high 

sulfur content—and the deposition of Li2S, (iv) sufficient polarity to interact with LiPSs, thereby mitigating 

the shuttle effect and loss of active materials, 45 (v) enhanced conversion kinetics of LiPSs redox reactions 

through the incorporation of electrocatalytic species46, and (vi) their development for commercial 

applications must be both feasible and cost-effective. 

Herein, we designed sulfur host materials by considering the above-mentioned characteristics. First, a 

carbon xerogel which can be described as an assembly of microporous nodules delimiting meso and 

microporous voids was used as the carbon support to physically confine sulfur and LiPSs and ensure the 

required mechanical properties of the electrode. In the next step, the carbon xerogel was doped with 

nitrogen and iron-based compounds. Melamine and FeII were utilized for doping and decorating the 

porous carbon with nitrogen atoms and iron-based compounds, respectively, via a simple pyrolysis 

process. The pyrolysis was performed at various temperatures to obtain different N-doped carbon host 

morphologies incorporating iron-based compounds. The catalytic behavior toward the LiPSs redox 

reactions was evaluated using cyclic voltammetry. The two host structures were then impregnated with 

S to synthesize FeCN-950@S and FeCN-750@S with different sulfur contents (60 wt. % and 80 wt. %). 

Finally, their electrochemical performance in terms of specific capacity and capacity retention in different 

electrolyte-to-sulfur ratio (E/S) conditions was evaluated and compared to those of the carbon xerogel 

host structure.  

 

Experimental Section  

Preparation of porous carbon xerogel. The synthesis of the porous carbon xerogel used as host was 

described in a previous report47. Briefly, the carbon xerogel with a mesoporous pore size of ~20 nm, 

determined by mercury porosimetry, was synthesized by the polycondensation of resorcinol (R) and 

formaldehyde (F) in an aqueous medium with specific pH using microwave. After polymerization, and 

evaporating the extra water, the dry material was collected and pulverized, then transferred to a tube 

furnace, and carbonized at 750°C under N2 gas to obtain a porous carbon xerogel.    



Melamine (Acros – chemical 99%) as the nitrogen precursor was mixed with the porous carbon in the 

mass ratio of 25 wt%. The mixture was dispersed in 50 mL of solvent mixture (v/v = 1/4) of deionized 

water and ethanol (VWR, 96%). The suspension was sonicated for 1 h then 1.5 wt% of Fe(ac)2 (Acros – 

chemical 95%) vs. porous carbon and 4 mL ammonia solution (Fisher) were added and stirred for 3 h at 

80 ℃ to evaporate the solvent. The powder was collected and transferred to a quartz tube furnace 

operating under N2 gas for 1 h. The nature of the Fe particles environment was modified by varying the 

pyrolysis temperature (from 650 ℃ to 1000 ℃).  After cooling down to room temperature the samples 

at 750 ℃ and 950 ℃ were selected to represent the N-doped carbon including Fe particles at 750℃ 

(FeCN-750), and at 950℃ (FeCN-950), and were used as the sulfur host materials.  

Fe/CN@S, Fe3C/CN@S preparation. The synthesized carbon host materials and the pristine carbon, for 

comparison purpose, were mixed with sulfur (Alfa Assar A7558) in the weight ratio of 2:3 and heated up 

to 160 ℃ under N2 gas for 2 h to achieve sulfur impregnation. The active materials were labeled as FeCN-

950@S60, FeCN-750@S60 and C@S60. To obtain the FeCN-950/CN@S80, FeCN-750@S80 the weight ratio 

of 1:4 (host material/sulfur) was used with the same impregnation process.  

Evaluation of the kinetics of the conversion process. In order to examine the effect of the synthesized 

materials on the kinetics of the LiPSs conversion reaction, the FeCN-750 and FeCN-950 compounds were 

mixed with polyvinylidene fluoride, (PVDF, Solvay Solef 6020/1001) in the ratio of 9:1, respectively. A 

viscous ink was made by adding several drops of N-methyl-2-pyrrolidone (NMP, Thermo Fisher 

Scientific, AcroSeal packaging) and stirring. Then, the obtained homogeneous ink was casted onto the 

surface of a platinum electrode (2 mm diameter). A three-electrode system, including Li metal as 

reference and counter electrode, and the carbon host structure as the working electrode, was used to 

characterize the FeCN-750, and FeCN-950 catalytic properties by cyclic voltammetry (CV). The electrolyte 

was 10 mM of Li2S6 in dioxolane (DOL, anhydrous, 99.8%, Aldrich)/dimethoxyethane (DME, Alfa Aesar) 

(1:1 in vol) + 1 M LiTFSI. CV was performed at different scan rates between 2.0 and 2.8 V vs. Li+/Li. By 

measuring the ΔEp at different scan rates, the kinetics constant (k0) values of the Li2S6/Li2S4 reaction were 

calculated for the two host materials by using the Nicholson’s method48. 

Materials characterizations. The morphology of the materials was characterized by scanning electron 

microscopy (SEM KARL ZEISS Ultra 55) with an electron energy of 5 keV. Conventional transmission 

electron microscopy (TEM) images were obtained by using a JEOL 2010 TEM microscope operated at 

200 kV with a resolution of 0.19 nm. The amounts of iron were obtained by using a PinAAcle 900 Series 

of AA spectometers (PerkinElmer). X-Ray Powder Diffraction (XRD) was carried out on PANalytical X’Pert 

PRO MPD diffractometer with Cu Kα radiation (λ = 1.54178 Å). The isotherms were obtained using an 

ASAP 2020 Plus 2.0, and the specific surface area was calculated using the BET model. The samples were 

degassed at 80°C, under 5.10-3 mPa during 15 h. The adsorption was performed at 77K under nitrogen.  

X-ray photoelectron spectroscopy (XPS) measurement was conducted on Thermo Scientific K-Alpha. 

 

Electrochemical measurements on the sulfur electrode. CVs and Galvanostatic discharge/charge 

(GCPL) measurements were performed in the voltage range of 1.60 to 3.0 V vs. Li+/Li. EIS tests were 

performed on Bio-Logic® VMP3 multichannel potentiostat equipped with impedance modules in the 

frequency range of 0.1 MHz to 100 mHz. The composites FeCN-750@S60 and FeCN-950@S60 were mixed 

with 10 wt.% of Super P® (TIMCAL Super C65) as the conductive additive, and 10 wt.% of PVDF as the 

binder. Celgard®2335 was used as the separator and Li metal as the negative electrode, in a CR2032 

coin cell system. The electrolyte consisted of 1.0 M LiTFSI, and 0.2 M of LiNO3 in DOL and DME (1:1 in 

vol.). To increase the ratio of the active materials in the positive electrode, FeCN-950@S80 and FeCN-

750@S80 including 64 wt.% of S in the final electrode and only 8 wt.% of carbon host material were also 

made (same proportions of Super P® and PVDF). 

 



 

 

 

 

 

Results and discussion 

Porous carbon xerogel including micro/mesopores with a high surface area was mixed with melamine 

as the nitrogen precursor and Fe(ac)2 and treated at different temperatures (between 650°C to 1000°C) 

to dope carbon with nitrogen and introduce iron-based compounds (Figure 1). Melamine was chosen 

as the nitrogen precursor, due to the presence of six nitrogen atoms in its structure. The decomposition 

of melamine, after several steps, induces the formation of graphitic carbon nitride from 530°C49. In 

addition, it can release ammonia gas during the pyrolysis step. Ammonia gas at high temperature could 

increase the defect amounts into the carbon backbone and could promote the substitution of the carbon 

atoms with nitrogen (N-doped carbon)26. In addition, it could enhance the microporosity and thus the 

active surface area, which are key factors for sulfur impregnation and confinement of LiPSs in Li-S 

batteries. 

 

 

Figure 1: Schematic representation of the step-by-step synthesis of FeCN-750@S and FeCN-950@S: The process 

involves the impregnation of porous carbon xerogel, characterized by micro- and mesopores, with Fe(II) atoms and 

melamine in a mixture of water and ethanol. This is followed by solvent evaporation and pyrolysis: at 750°C to produce 

FeCN-750 and at 950°C to yield FeCN-950. The final step involves sulfur impregnation by melt diffusion to form the 

composites FeCN-750@S and FeCN-950@S. 

The Secondary Electron Microscopy (SEM) images of the host carbon (Figures 2 a-f ) is composed of 

large particles with a size between 5 and 10 µm, associated to the  pyrolyzed carbon xerogel obtained 

after grinding, in accordance with the literature50. At high magnification, one can observe nanometric 



nodules, about 10 nm in size. Independent of the thermal treatment, no visible modification in the 

carbon morphology can be observed with the addition of melamine, whatever the thermal treatment.  

 

 
Figure 2. Morphological characterizations of the sulfur host materials before doping and after doping in different 

temperature: SEM images captured at various magnifications, showcasing the morphology of the porous carbon xerogel 

and its nanostructure. The pristine carbon structure is illustrated in images a,b), while the FeCN-750 and FeCN-950 

samples are represented in images c,d) and e,f), respectively. 

Transmission Electron Microscopy (TEM) was utilized to analyze the iron-based compounds, as shown 

in Figures 3 a, b) and Figure S1. It was observed that iron atoms aggregate into particles within the 

temperature range of 650°C to 800°C. Under these conditions, the porous carbon becomes adorned 

with iron-based particles, and their size decreases as the temperature increases. Notably, above 800°C, 

a carbon shell forms around the iron particles, as shown in the TEM images (Figure S1), with the 

thickness of this shell increasing with increasing temperatures. The samples processed at 750°C and 

950°C were selected for further investigations, representing two distinct iron morphologies: one without 

a carbon-based shell and the other with the carbon encapsulation of the iron particles. 
Regardless of the pyrolysis temperature, the iron content in the final powders is approximately 0.5 wt.% 

as determined by atomic adsorption spectroscopy (AAS). The X-Ray diffraction (XRD) analysis was 

conducted to investigate the differences in iron phases between the two samples. The XRD patterns 

revealed three peaks at 2θ values of 25°, 45°, and 82°, which correspond to the characteristics of the 

porous carbon present in both samples (Figure S2 a). Due to XRD's low sensitivity to small amounts of 

iron, the iron phases were undetectable at this concentration51. By increasing the iron content in the 

sample to a higher weight ratio of 2 wt.% and applying heat treatment at 950°C under nitrogen gas, 

peaks corresponding to Fe3C were identified, indicating the formation of iron carbides at elevated iron 

concentrations (Figure S2 b).  

As the temperature increases, further changes in the carbon phase, specifically a transition toward more 

amorphous carbon, can be observed through Raman spectroscopy (Figure 3 c, note S1)52. For the 

FeCN-750 sample, the intensity of the D peak at 1340 cm⁻¹ is lower than that of the G peak at 1608 cm⁻¹, 

yielding an intensity ratio of ID/IG = 0.77. In contrast, FeCN-950 exhibits a higher intensity for the D peak, 



with an ID/IG ratio of 1.18. This suggests that increasing the temperature from 750°C to 950°C under 

nitrogen results in a greater number of defects within the carbon structure. 

The surface area of the initial carbon xerogel is measured at 660 m²g-1. Following the addition of 

melamine, its decomposition at 750°C results in a slight decrease in specific surface area, reducing it to 

600 m²g-1. In contrast, pyrolysis at 950°C leads to an increase in specific surface area, measuring 744 

m²g-1 (Figure 3 d). This increase can be attributed to the gases released during melamine 

decomposition. Specifically, melamine and other nitrogen-containing solid compounds may initially 

reduce the surface area of the carbon host due to the precipitation of residual precursors within the 

porous structure. However, by employing a carefully controlled pyrolysis route (1 hour duration) and 

selecting an appropriate nitrogen precursor ratio (25 wt.%), it is possible to achieve samples with 

enhanced specific surface areas, consistent with findings in the literature26. 

The pristine xerogel, FeCN-750, and FeCN-950 samples exhibit Type I + IV isotherms, indicating 

microporous (with a high volume absorbed in the low relative pressure range) and mesoporous (with 

hysteresis at higher relative pressures) characteristics. This behavior aligns well with data in the literature 

and is supported by the mercury porosimetry technique results47. The specific surface area associated 

solely with microporosity, as determined by N2 adsorption using the t-plot method, is 436 m²g-1 for the 

pristine carbon. Following melamine addition and pyrolysis at 750°C, this value decreases to 375 m²g-1 

(14% reduction in surface area vs pristine carbon), likely due to melamine residues blocking the 

micropores. Increasing the pyrolysis temperature to 950°C enhances this value to 533 m²g-1 (22% 

enhancement in surface area vs pristine carbon) due to the complete decomposition of melamine and 

the release of NH3 gas. The type of porosity present in the carbon host materials can significantly 

influence Li-S battery performance, especially under lean electrolyte conditions, where the formation of 

LiPSs markedly increases electrolyte viscosity. 

 

Figure 3. The physiochemical characterization of the developed sulfur host materials: TEM images of the iron-based 

structures obtained with the same pyrolysis route with different final pyrolysis temperature, a) 750 ℃ and b) 950 ℃. 

c) Raman spectra of FeCN-750, and FeCN-950, including the calculated ID/IG. d) N2 adsorption/desorption isotherm, 

and pore size distribution of the carbon xerogel, FeCN-750, and FeCN-950. e, f) C1s XPS spectra of sample FeCN-750 

and FeCN-950, respectively. g, h) N1s XPS spectra of sample FeCN-750 and FeCN-950, respectively. 

 

The X-Ray Photoelectron Spectroscopy (XPS) measurements were conducted to further investigate the 

chemical composition of the FeCN-750 and FeCN-950 samples. The survey spectra clearly show that 

both FeCN-750 and FeCN-950 consist predominantly of carbon, with relatively low ratios of nitrogen 

and oxygen. Additionally, traces of iron are observed, attributable to the low wt.% of precursors used 

(Figures S3 a and S3 b) and in accordance with the 0.5 wt.% determine by AAS. The XPS survey spectra 

indicate that increasing the temperature to 950°C results in a reduction in the percentage of nitrogen 

         

          

             
        
        



atoms at the surface compared to the sample obtained at 750°C, which could be partially associated to 

the formation of the carbon core shell at high pyrolyze temperature. In addition, EDX measurements 

were performed (Figures S4 and S5), the mapping (Figure S4) confirms the uniform repartition of 

carbon, oxygen, nitrogen and Fe into the particles. The ratio of the main atoms obtained by EDX analysis 

highlights the lower amount of nitrogen for FeCN-950 than FeCN-750.  

The C1s spectra for FeCN-750 and FeCN-950 can be deconvoluted into several components, exhibiting 

binding energies of 284.5 ± 0.2 eV, 285 ± 0.2 eV, 286.6 ± 0.2 eV, 288.5 ± 0.2 eV, and 291 ± 0.2 eV. These 

contributions are attributed to sp² and sp³ carbon, C–N bonds, O=C–O groups, and π-π* satellite 

features, respectively (Figures 3 e, f). Similarly, the N1s spectrum for FeCN-750 and FeCN-950 is 

deconvoluted into four distinct peaks, occurring at binding energies of 398.3 ± 0.2 eV, 399.6 ± 0.1 eV, 

400.1 ± 0.2 eV, and 404 ± 0.2 eV, corresponding to pyridinic-N, pyrrolic-N, graphitic-N, and NOx species, 

respectively (Figures 3 g, h)27–30. The N1s spectrum indicates that the intensity of graphitic-N, in 

surface, is greater for FeCN-950, confirming that at this temperature (950°C), the N-doped carbon 

structures experience enhanced crystallization.  

The polysulfide adsorption experiment (Figure S6) was performed by the UV-vis. The specific amount 

of the host materials (10 mg of FeCN-950 or FeCN-750) was added to 20 mL of 3 mM Li2S6 solution.  A 

clear decrease in the intensity of the UV-vis peaks was observed, showing the absorption of LiPSs species 

with both FeCN-950 or FeCN-750. No significant difference is obtained for these two materials. Overall, 

the absorption property is insufficient to mitigate the PSs shuttle effect, indeed with a high 

sulfur/carbon-based host material ratio, the total trapping of LiPSs formed during cycling needs an 

uptake higher than a hundred percent of LiPSs per weight of host material, which is far for the absorption 

obtained. 

Electrochemical characterization.  

CV investigations 

The kinetics of the polysulfide conversion reaction of Reaction 1 was studied by CV in three electrode 

system. 

2𝑆6
2− + 2𝑒− → 3𝑆4

2−  (reaction 1) 

CV was conducted at various scan rates, ranging from 10 mV s⁻¹ to 100 mV s⁻¹, for the FeCN-950 and 

FeCN-750 samples (Figures S7 a, b). The cathodic and anodic peaks are well-defined, and as expected, 

an increase in scan rate results in negative and positive shifts in the peak positions, respectively. The 

average k₀ values associated with reaction 1 were calculated to be approximately 1.6 × 10⁻⁴ cm s⁻¹ for 

FeCN-950 and 7.2 × 10⁻⁵ cm s⁻¹ for FeCN-750, determined using Nicholson’s method. The higher k₀ 

value obtained for FeCN-950 indicates better catalytic activity of this host material for this specific 

reaction, which is attributed to the modification on the carbon support (presence of iron-based particles 

with or without a carbon core-shell structure). However, compared to the k₀ values observed for single 

iron atoms, this obtained values for FeCN-950 is lower by a factor of 2 to 4 53. The observed disparity in 

LiPSs conversion kinetics may be attributed to variations in the iron species' concentration and chemical 

state, and/or the morphology of the carbon support.  Specifically, the single-atom iron catalyst (3 wt.% 

Fe) exhibits a different performance compared to the FeCN sample (0.5 wt.% Fe). This suggests that 

modifications to the carbon host structure significantly influence the rate-determining steps of LiPS 

conversion. 

To further investigate the behavior of FeCN, the two host materials were impregnated with 60 wt.% 

sulfur, resulting in samples designated FeCN-950@S60 and FeCN-750@S60. CV in two electrodes 

configuration was conducted at various scan rates, ranging from 0.1 mV s⁻¹ to 0.5 mV s⁻¹, for electrodes 

prepared from FeCN-950@S60 and FeCN-750@S60, within the voltage range of 1.60 V to 3.0 V vs. Li⁺/Li 

(Figures 4 a, b). The CVs of the FeCN-750@S60 and FeCN-950@S60 electrodes under mild conditions 



(relatively low loading: 2 mg cm⁻²; sufficient electrolyte quantity: E/S = 10 mL g⁻¹) display the 

characteristic lithiation/delithiation features typical of sulfur electrodes.  

To analyze the reduction peaks, which are known to be sluggish reactions, Tafel curves were plotted 

from the CVs at scan rates of 0.1 to 0.5 mV s⁻¹ (Figures S8 a, b). For the reduction of S₈ to Li₂S₄ (first 

reduction peak), the fitted Tafel slopes for FeCN-950@S60 and FeCN-750@S60 were found to be 0.15 and 

0.12 mV dec⁻¹, respectively. For the second reduction peak, corresponding to the nucleation of Li₂S, the 

Tafel slopes were 0.66 and 0.71 mV dec⁻¹, respectively. The higher slope values for this reaction are 

consistent with the lower kinetics associated with Li₂S formation. Both materials exhibit similar slopes at 

low sulfur loading and relatively high E/S ratios; however, the kinetics appears to be slightly lower for 

FeCN-950, which demonstrates greater polarization at higher scan rates. 

Nyquist plots derived from EIS are shown in Figure S9.  The Nyquist plot can be divided in three main 

regions. The high frequency (HF) region can be attributed to the ohmic contributions of the cell 

(electrolyte, electrical connections). The vertical straight line at low frequency (LF) is attributed to the 

blocking electronic charge transfer of sulfur electrode at OCV. The loop in the middle frequency (MF) 

region is associated with i) the existence of polarization through the composite electrode due to poor 
electronic contacts between sulfur and carbon particles54 and ii) the passivation layer (Solid Electrolyte 
Interphase, SEI) on the lithium negative electrode. For cells based on FeCN-950@S60 and FeCN-

750@S60, only one main response is obtained, with near the same resistance. This identical response can 

be explained by the fact that it is associated with the SEI on the lithium surface55. No impedance response 

associated with the sulfur electrodes can be identified indicating good electronic percolation, consistent 

with the relatively low amount of sulfur.   

 

Galvanostatic cycling test 

(Figures 4 c, d) display the galvanostatic discharge/charge curves of the FeCN-750@S60, FeCN-950@S60, 

and C@S60 electrodes during the first cycle, all possessing a sulfur loading of 3.0 mg cm⁻² with varying 

E/S ratios of 8 and 6 mL g⁻¹. For the E/S ratio of 8 mL g⁻¹, all electrodes demonstrate high discharge 

capacities of ~1200 mAh g⁻¹, representing 70% of the theoretical capacity at a rate of 0.1 C. The 

discharge curves feature a first plateau with a capacity of about 280 mAh g⁻¹ (corresponding to 70% of 

sulfur into the electrode which was reduce into Li2S4), the capacity obtained during the second plateau, 

is consistent with a complete reduction of Li₂S₄ to Li₂S56. The cell capacity appears to be limited by sulfur 

accessibility, likely due to poor electrode wettability at low E/S ratio, rather than by Li₂S deposition, which 

is enhanced by the high surface area and the accessibility provided by the meso/macropores of the host 

carbon structures. 

The discharge curve for FeCN-950@S60 exhibits greater polarization compared to both FeCN-750@S60 

and C@S60, consistent with the CV measurements. This overpotential may stem from the sluggish kinetics 

of LiPSs conversion reactions at low E/S ratios. Previous studies have demonstrated that low E/S ratios 

induce significant polarization during cycling, particularly during the Li₂S nucleation reaction stage57. 

Consequently, due to its higher void fraction, the FeCN-950 sample is likely more affected by low E/S 

ratios than both FeCN-750 and the pristine carbon structure. Additionally, the discharge curves for the 

FeCN-750@S60 and FeCN-950@S60 electrodes exhibit multiple discharge plateaus, contrasting with the 

two observed in C@S60. This difference may be attributed to the confinement of various LiPS species 

within the micropores of the carbon structure (which are less than 2 nm in size) 28.  

To investigate the effect of the E/S ratio on the performance of the electrodes, FeCN-950@S60, FeCN-

750@S60, and C@S60 electrodes were assembled with an E/S ratio of 6 mL g⁻¹. Notably, all electrodes 

deliver high capacities even at this reduced E/S ratio (Figure 4 d). However, the FeCN-950@S60 electrode 

displays the highest polarization during discharge at the onset of the second plateau, likely due to the 



influence of micropores, consistent with the elevated polarization observed previously at the E/S ratio 

of 8 mL g⁻¹.  

In contrast, the C@S60 sample exhibits a brief first plateau, significant polarization at the beginning of 

the second plateau, and poor reversibility, with only 850 mAh g⁻¹ available on the first charge. The 

increased polarization observed in the samples with a lower E/S ratio may be attributed to the formation 

of a highly viscous catholyte, as the same amount of LiPSs is dissolved in a reduced volume of electrolyte. 

Additionally, the concentration of Li₂S₄ in this solution is relatively high (0.9 M equivalent; considering 

the amount of sulfur in the electrode and the volume of electrolyte used), yet the solubility of Li₂S₄ in a 

DOL/DME mixture has been reported to be limited to 0.1 M58. The poor reversibility noted for the C@S60 

electrode may stem from the absence of nitrogen doping and the low polarity of the host carbon, both 

of which hinder the trapping of polysulfides. 

Despite the slow kinetics of the electrochemical reaction, the moderate C-rate employed allows for a 

very high capacity in the first cycle, reaching 1400 mAh g⁻¹ with the FeCN-950@S60 electrode. In this 

context, the high micropore volume, which contributes to a large surface area, facilitates the confinement 

of active species within the carbon structure, enabling the electrochemical reactions to occur and 

allowing for Li₂S deposition without passivating the 3D electrode.  

The internal resistances of the cells with FeCN-750@S60 E/S=8 ml.g-1 and 6 ml.g-1 were determined 

during the galvanostatic test, at the end of charge and discharge, by measuring the ohmic drop of the 

cell. The changes in resistance values are shown in Figure S10. For the different E/S, the internal 

resistances of the cell are higher at the end of discharge than at the end of charge, which is due to the 

insulating nature of Li2S, which passivates the carbon host material55. For both cells, a decrease in internal 

resistance is observed at the beginning of the cycling test, which may be associated with i) a decrease 

in the resistance of the SEI formed at the lithium/electrolyte interface, ii) a reorganization of the sulfur 

electrode with an improve of internal contact and/or iii) a decrease in the specific capacity of the cell 

inducing less sulfur or Li2S deposited on the carbon surface. Regarding the impact of the amount of 

electrolyte, its decrease induces an increase in the internal resistance of the cell, which can be associated 

with an increase in the resistance of the electrolyte due to a higher concentration of soluble LiPSs, and 

with a decrease in the kinetics of the redox reaction due to the low solubility of highly concentrated 

LiPSs. The formation of Li2S (end of discharge) is more affected than the formation of sulfur (end of 

charge). 

 

 



 

Figure 4. Electrochemical performances of the cells using developed electrodes with 64%wt. sulfur in the sulfur host 

materials vs. lithium metal negative electrode: CV curves recorded at different scan rates (0.1 mV s-1 - 0.5 mV s-1) for 

a) the cell using FeCN-750@S60 electrode, and b) FeCN-950@S60 electrode. c) and d) The first charge/discharge curves 

of the cells using FeCN-750@S60, FeCN-950@S60 and C@S60 electrodes at 0.1C in different E/S ratios. e) Long-term 

stability of the cells using FeCN-750@S60, FeCN-950@S60 and C@S60 electrodes at 0.1 C, E/S = 8 mL g-1, and f) of cells 

using the FeCN-750@S60 and C@S60 electrodes at 0.1 C, E/S = 6 mL g-1.  

Cyclability performance: 

The cycling performance of the FeCN-950@S60, FeCN-750@S60, and C@S60 electrodes was assessed at 

a current density of 0.1 C (Figure 4 e). The FeCN-950@S60 electrode demonstrates good cycling 

performance with an E/S ratio of 8 mL g⁻¹, achieving a discharge capacity of approximately 700 mAh g⁻¹ 

and capacity retention above 64% after 140 cycles. In the case of the FeCN-750@S60-based cell, after a 

gradual decline in the initial cycles, the discharge capacity stabilizes with a capacity retention of 63% 

after 64 cycles. Notably, there is no significant difference in capacity retention and coulombic efficiency 

(CE, n discharge/n charge) observed between these two host materials at E/S = 8 mL g⁻¹. On the other 

hand, the cell using C@S60 electrode shows a rapid capacity decay of 50% over 30 cycles. Given the 

comparable surface area and pore volume between FeCN-750 and the undoped porous carbon, the 

observed performance discrepancy is likely attributable to the increased polarity imparted by nitrogen 

doping and the presence of iron structures within the carbon matrix, both of which contribute to 

enhanced LiPSs retention or reaction kinetic. The CE starts near 100% but decreases during cycling, 

reaching around 88% for all electrodes. These CE values falling below 100% may arise from the well-

known redox shuttle effect, which increases the charge process. The degradation of CE during cycling 

could also be associated with the deterioration of the lithium/electrolyte interphase, attributed to the 

consumption of LiNO₃ and the increase in lithium surface area during cycling, leading to unprotected 

lithium metal.59  

Under lean electrolyte conditions (E/S = 6 mL g⁻¹), the Li-S cell employing FeCN-950@S60 electrode 

exhibited significant polarization, resulting in the suppression of the second discharge plateau and a 

substantial capacity fade (Figure S11 b).  In contrast, cells utilizing FeCN-750@S60 (Figure S11 a) and 

C@S60 (Figure S11 c) electrodes, despite possessing similar surface areas, demonstrated greater 

tolerance to the reduced E/S from 8 to 6 mL g⁻¹, retaining the characteristic two-plateau discharge 

profile.  Specifically, the cell using FeCN-750@S60 electrode achieved superior capacity retention, 

maintaining 650 mAh g⁻¹ over 100 cycles (Figure 4 f), compared to the cell using C@S60 electrode 

(Figure S12), which exhibited a capacity below 500 mAh g⁻¹ under the same conditions, and a large 

polarization especially associated with the nucleation of the Li2S at the beginning of the second 

       

        



plateau57.  The enhanced LiPSs confinement and capacity retention observed in FeCN-750, compared to 

the porous carbon control despite similar surface areas, suggests that the surface modifications 

introduced by the FeCN synthesis are crucial for improved electrochemical performance. 

Sulfur content of 80 wt.%: 

By increasing the sulfur content to ~84 wt.%, the electrochemical performance of the host materials was 

evaluated through CV and GCPL on the cell using the FeCN-950@S80 and FeCN-750@S80 electrodes. The 

CV obtained from the cell using FeCN-950@S80 electrode exhibits two cathodic peaks at 2.28 V and 1.95 

V vs. Li⁺/Li, as well as two anodic peaks at 2.40 V and 2.50 V vs. Li⁺/Li, with a sulfur loading of 1.9 mg 

cm⁻² and an E/S ratio of 15 mL g⁻¹. Similar peaks are observed for FeCN-750@S80 during the reduction 

process at 2.30 V and 2.0 V vs. Li⁺/Li, and for the oxidation route at 2.35 V and 2.45 V vs. Li⁺/Li (Figure 5 

a). This indicates lower polarization during both the reduction and oxidation processes, consistent with 

the observations made at a sulfur load of 60 wt.%.  

The EIS spectra obtained at OCV from the cell using FeCN-950@S80 and FeCN-750@S80 show the same 

shape as those observed with 60 wt.% of sulfur with an increase of the impedance value obtained at MF. 

Furthermore, this response at MF appears to be composed of two semicircles, around 4000 Hz and 800-

400 Hz (Figure S13), the first semicircle (around 4000 Hz) may be related to the existence of polarization 
across the composite electrode due to poor electronic contacts associated with the higher amount of 
sulfur (80 wt.%) and its low electronic conductivity.   

 

Figure 5. Electrochemical performances of the cells using developed electrodes with 84%wt. sulfur in the sulfur host 

materials vs. lithium metal negative electrode: a) CV obtained from the cell using FeCN-750@S80 and FeCN-950@S80 

electrodes at 0.1 mV s-1. b) The GCPL curve of FeCN-750@S80 and FeCN-950@S80 electrodes at 0.1C. c) Long-term 

cycle stability of FeCN-750@S80 and FeCN-950@S80 electrodes at 0.1 C and 0.2 C, respectively. d) Long-term cycle 

stability of FeCN-950@S80 electrode, activation at 0.05 C and cycling at 0.1 C at lower E/S ratio (7.5 mL g-1). e) GCPL 

curves (0.02C, first and second cycles), and f) cycling stability of cell using FeCN-950@S80 electrode with 8.5 mg cm-2 

and 6.5 mL g-1. 

The first charge/discharge curves for the cells using FeCN-750@S80 and FeCN-950@S80 electrodes at 0.1 

C are compared in Figure 5 b). For the cell with FeCN-750@S80 electrode discharge shows significant 

      

  

  

  



polarization throughout the state-of-charge (SoC), with performance comparison opposite to that seen 

with 60 wt.% sulfur; here, FeCN-950@S80 exhibits superior performance. The main difference in the 

charge/discharge curves (Figure 5 b) is the length of the second plateau associated with Li₂S₂/Li₂S 

formation. The shorter second plateau for FeCN-750@S80 is likely due to its lower surface area (600 m² 

g-1 vs. 744 m² g-1), limiting Li₂S₂/Li₂S precipitation onto the carbon surface57. 

The cycling stability results are shown in Figure 5 c). After activation at 0.1 C, the FeCN-950@S80 

electrode was cycled at 0.2 C for 240 cycles, achieving 67% capacity retention (390 mAh g⁻¹) by the 

fourth cycle. Conversely, cell with FeCN-750@S80 electrode, tested at 0.1 C, exhibited significant 

polarization, limiting its discharge capacity. During cycling, initially, its capacity increased from 590 to 

660 mAh g⁻¹ but then declined to 360 mAh g⁻¹ after 100 cycles. The polarization of cell using FeCN-

750@S80 electrode did not allow cycling at higher C-rate (i.e 0.2 C).  

The internal resistances of the cells with FeCN-950@S60 E/S=8 ml.g-1 and FeCN-950@S80 15 ml.g-1 were 

determined during the galvanostatic test, at the end of charge and discharge and are compared in 

Figure S14. As observed previously for FeCN-750@S60-based cells, the resistance measured at the end 

of discharge is higher than that obtained at the end of charge for the FeCN-950@S60 E/S=8 ml.g-1 cell. 

For FeCN-950@S80 E/S=15 ml.g-1, the internal resistances obtained at the end of charge and discharge 

are close and higher than those obtained with the other samples at the end of charge. This behavior 

may be linked to the low specific capacity obtained with such a high quantity of sulfur, in addition a high 

E/S allows good solubility of LiPSs and efficient reaction in the soluble state. The resistances of the FeCN-

950@S80 cell, although higher, remain reasonable, explaining the good cycling results obtained. 

To evaluate the electrochemical performance under lean electrolyte conditions (E/S = 7.5 mL g⁻¹), a cell 

using FeCN-950@S80 electrode with sulfur mass loading of 3.5 mg cm⁻² was tested (Figure 5 d). After 

activating at 0.02 C, discharge capacities of ~1000, 800, 760, and 750 mAh g⁻¹ were observed in the first 

four cycles. Long-term stability tested at 0.1 C yielded a capacity of 600 mAh g⁻¹ with ~96% retention 

over 95 cycles. Despite the low amount of electrolyte, the cell using FeCN-950@S80 electrode 

demonstrated high sulfur utilization and excellent cycling stability at high sulfur percentages. Its good 

performance might benefit from the enhancement in the polarity of the high surface area porous carbon 

after treatment. 

 For more challenging conditions, an electrode with 8.5 g cm⁻² sulfur loading was tested at E/S = 6.5 mL 

g⁻¹ at 0.02 C. It achieved a high areal capacity of 6.3 mAh cm⁻² during the first two cycles, demonstrating 

no distortion in the voltage profile (Figure 5 e) and 100% coulombic efficiency. Under lean conditions, 

the combination of iron carbides and N-doped carbon with substantial micropore volume improves LiPS 

conversion kinetics and anchors soluble species to the electrode. The cycling stability of this electrode 

with ultra-high sulfur content (8.5 g cm⁻²) was excellent, maintaining a capacity of 4 mAh cm⁻² and a 

coulombic efficiency of ~94% over 22 cycles (Figure 5 f), confirming great stability and reversibility. The 

comparison of this work with other literature highlights the exceptional electrochemical performance of 

the developed sulfur electrodes under challenging conditions (Table S1). 

 

Conclusion 

We evaluated the effect of the E/S ratio on cell performance for carbon hosts with varying pore sizes 

and surface areas. For electrodes containing 60 wt.% sulfur, those using the FeCN-950 host 

demonstrated significant polarization at low E/S ratios (6 mL g⁻¹) due to their large pore fraction 

detrimental when the amount of electrolyte is low. In contrast, the FeCN-750 sample, with a lower pore 

fraction, achieved a discharge capacity of 650 mAh g⁻¹ after 100 cycles at E/S = 6 mL g⁻¹. For electrodes 

with 80 wt.% sulfur, the FeCN-950 sulfur host attained a discharge capacity of 600 mAh g⁻¹ with 96% 

capacity retention at 0.1 C over 100 cycles with an E/S ratio of 7.5 mL g⁻¹, in such high amount of sulfur, 

high surface area is the main property required to achieve high performance. These findings indicate 

that while enhancing the carbon host's polarity through nitrogen doping and the incorporation of Fe-



based particles improves LiPS adsorption and conversion kinetics, carbon hosts with high surface areas 

and physical confinement from micro- and mesoporosity are vital for retaining capacity at high sulfur 

content. 
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