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Abstract 

Two synthesis pathways are adopted to tune the microstructural characteristics of sulfur-carbon 

(S-C) composites for application in lithium-sulfur (Li-S) batteries. Both methods include intimate 

mixing of either carbon black or multiwalled carbon nanotubes with elemental sulfur, molten 

according to the first approach while dispersed in alcohol and heated according to the second one. 
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Nano- and micro-scale X-ray computed tomography supported by X-ray diffraction and electron 

microscopy shows materials consisting of crystalline sulfur clusters (70 wt.%) with size ranging 

from about 5 to 50 µm, surrounded by carbon. The sulfur cluster size appears limited by direct 

mixing of molten sulfur and carbons, in particular when carbon black is employed, whilst it is 

increased by exploiting the alcohol dispersion. Electrochemistry reveals that small sulfur particles 

lead to an improved rate capability in Li-S cell, whereas large active material domains may favor 

the capacity retention. The composites using carbon black nanoparticles exhibit the highest 

reversible capacity, with a maximum value exceeding 1500 mAh gS
−1, whereas the composites 

involving multiwalled carbon nanotubes show the most relevant capacity retention, with values 

approaching 70% over 150 cycles. Our multi-disciplinary approach will shed light on significant 

aspects aiming to enhance the Li-S battery and favor a practical application. 

Introduction 

Lithium-sulfur batteries are currently considered one of the most promising alternatives to 

conventional lithium-ion systems in view of a remarkable theoretical gravimetric energy density 

(as high as 2600 Wh kg−1 when referred to the Li2S mass) [1]. Furthermore, the favorable 

characteristics of sulfur, including abundance, widespread availability and modest toxicity, are 

expected to lower cost and environmental impact of the cell [2]. Despite the encouraging results 

on the Li-S chemistry reported so far [3], the actual transition of such a promising technology form 

the laboratory into the market is still hindered by unsolved challenges in the material, electrode 

and cell design that need to be overcome to ensure suitable configurations with high capacity over 

long-term cycling [4,5]. Sulfur conversion into solid Li2S evolves via formation of lithium 

polysulfide intermediates that are soluble in conventional electrolyte media [6], can migrate to the 

anode side and may react with lithium, thus leading to active material loss, cell efficiency decrease, 
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and cycle life limitation [7]. Therefore, a large part of the Li-S community has been focusing on 

the investigation of possible strategies to prevent the polysulfide migration towards the anode, 

principally by implementing nanoporous carbon hosts for sulfur that may limit the cathode 

dissolution in the electrolyte [8], as well as by developing modified separators and/or interlayers 

between positive electrode and separator [9–11]. On the other hand, the addition of LiNO3 to the 

electrolyte has provided lithium-metal protection against undesired reactions with the polysulfides, 

via formation of a solid electrolyte interphase (SEI) [12]. Moreover, porous carbon-cloths [13] and 

foams [14] suitable as supports for the cathodic film may actually enhance the reversible 

electrodeposition of elemental sulfur and assist the polysulfide conversion, thereby leading to 

improved performances compared to standard aluminum [15,16]. Consequently, electrode film 

optimization is gaining more attention [17,18] alongside the fine morphological engineering of S-

C composites widely investigated in the pioneering Li-S works [19–22]. Indeed, alternative 

approaches to the conventional sulfur confinement into nanostructured carbon matrices [23], 

possibly dealing with binder and cell configuration improvements [18] or adopting semi-liquid 

configurations based on the soluble active material [24], might actually simplify electrode 

manufacture. In this regard, the simple mixing of micrometric elemental sulfur and carbon may be 

suitable for an efficient electrochemical process in the cell [25], although the electrode architecture 

may play a key role in favoring the conversion reaction within a wide current range [26]. In spite 

of the outstanding performances reported in the literature that benefit from a cathode 

nanoengineering [27], sulfur impregnation pathways based on melting [25,28,29], crystallization 

from an organic solution [30], and solvothermal permeation [31] into commercial carbons offer 

the advantage of being relatively straightforward and ensuring adequate electrochemical results in 

optimized configurations. Hence, understanding the interplay between the carbon morphology 
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[28,32], the cathodic film microstructure [18], and the battery performance appears to be a crucial 

step to mitigate the various shortcomings in the current Li-S cell aiming at practical applications 

[26]. A breakthrough in this challenge may be achieved by employing high-resolution three-

dimensional (3D) imaging to better correlate cathode features and cycling behavior [33]. Among 

3D-imaging techniques, multiscale X-ray computed tomography (CT) sheds light on the spatial 

distribution of the sulfur particles within the composite electrode by providing qualitative data 

associated with the attenuation of the incident beam by the various materials [34]. This technique 

allows a volume reconstruction of the electrode at the nano- and micro-scale and enables a 

quantitative analysis of the morphological parameters [35]. Therefore, micro- and nano-CT may 

advantageously support the various hypothesis suggested by electrochemical measurements as 

well as by conventional electron microscopy to explain the effects of several parameters, such as 

the electrode structure, the synthesis route and the carbon nature, on Li-S battery performance [36]. 

In this work, we investigate the impact of the synthesis pathway on S-C cathode microstructure, 

which drives the Li-S cell performance in terms of rate capability and capacity retention. We detect 

the sulfur particles and analyze their size distribution in the electrode film. In detail, we 

comparatively study sulfur-carbon mixtures in the 70:30 weight ratio, respectively, prepared by 

versatile approaches involving either the direct mixing of carbon with molten sulfur or the 

dispersion of the solid precursors in alcohol. Scalable electrodes are obtained by using 

commercially available carbon sources (i.e., carbon black and multiwalled carbon nanotubes) and 

are thoroughly investigated by combining X-ray diffraction, electron microscopy, and energy-

dispersive X-ray spectroscopy results with X-ray CT imaging at the nano- and micro-scale. Our 

findings outline possible pathways for achieving composite electrodes with remarkable specific 

capacity, suitable rate capability, and limited capacity fade. 
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Experimental 

Synthesis of S-C materials 

Sulfur-melting procedure (MP) 

Elemental sulfur (≥99.5%, Riedel-de Haën) and either super P carbon black (SPC, Timcal) or 

multi-walled carbon nanotubes (MWCNTs, >90% carbon basis, D × L 110–170 nm × 5–9 μm, 

Sigma-Aldrich) were mixed in the weight ratio of 70:30, respectively, and heated in a silicon oil 

thermostatic bath at 120 °C to melt sulfur. The mixture was vigorously stirred for ca. 2 h at 120 

°C, cooled to room temperature to achieve a solid composite, and subsequently ground in an agate 

mortar to obtain a fine black powder. The composites prepared via MP using super P carbon and 

multi-walled carbon nanotubes are indicated as S@SPC-MP and S@MWCNTs-MP, respectively. 

Solvent-assisted procedure (SAP) 

Elemental sulfur (≥99.5%, Riedel-de Haën,) and either super P carbon black (SPC, Timcal) or 

multi-walled carbon nanotubes (MWCNTs, >90% carbon basis, D × L 110–170 nm × 5–9 μm, 

Sigma-Aldrich) were dispersed in 2-propanol (≥99.8%, Sigma-Aldrich) under magnetic stirring in 

the weight ratio of 70:30, respectively (the solubility of S in low-molecular weight alcohols at 

room temperature has been reported to be <0.1 wt.% [37]). Afterwards, the mixtures were heated 

up to the boiling point of 2-propanol until full evaporation of the liquid phase, cooled to room 

temperature, and dried at room temperature under vacuum for 3 h to remove any possible trace of 

solvent. Subsequently, the sulfur-carbon precursors were pressed for 30 seconds at ca. 3 t cm2 to 

obtain 14 mm diameter pellets, which were heated at 120 °C for 3 h under air and then ground in 

an agate mortar after cooling to room temperature. The composites prepared via SAP using super 
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P carbon and multi-walled carbon nanotubes are indicated as S@SPC-SAP and S@MWCNTs-

SAP, respectively. 

Electrode preparation 

Electrode slurries were prepared by dispersing the sulfur-carbon composites (80 wt.%), super P 

carbon as conductive agent (Timcal, 10 wt.%), and polyvinilidene fluoride as binder (PVDF 6020, 

Solef Solvay, 10 wt.%) in N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich) 

through an agate mortar and a pestle. The homogenized slurries were cast on a carbon-cloth foil 

(GDL ELAT 1400, MTI Corp.) by means of a doctor blade. Afterwards, the slurries were heated 

at 50 °C under air for about 3 h to evaporate NMP, cut into disks with a diameter of 14 mm, and 

dried overnight at 45 °C under vacuum. The electrode disks had a sulfur loading between 1.7 and 

2.9 mg cm−2 (see Table S1 in the Supplementary data for details on the average sulfur mass loading 

over the electrodes). 

Materials Characterization 

X-ray diffraction (XRD) patterns of the S-C composite powders were collected in the 2θ range 

between 10° and 70° with a scan rate of 0.4° min−1 and a step size of 0.01°, through a Rigaku 

SmartLab diffractometer using a Cu-Kα source. The powders were spread on a glass sample holder 

for XRD. Phase identification was performed by comparing the experimental XRD patterns with 

the reference data of the Inorganic Crystal Structure Database (ICSD). Scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) analyses of the powders were 

carried out by means of a Zeiss EVO MA10 employing a tungsten thermionic electron gun and an 

INCA X-ACT Oxford Instrument analyzer. 
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X-ray nano-CT imaging of the S-C materials was performed using a Zeiss Xradia 810 Ultra 

instrument (Carl Zeiss Inc.) equipped with a micro-focus rotating Cr anode with characteristic 

energy at 5.4 keV (Cr-Kα, MicroMax-007HF, Rigaku) set at 35 kV and 25 mA. Samples for X-

ray nano-CT were prepared by securing the powder on stainless steel (SS) needles by epoxy [2,4,6-

tris(dimethylaminomethyl)phenol, Devcon] with the aid of an optical microscope. The X-ray beam 

was focused onto the sample by a condenser lens in an elliptical capillary hosted inside a He-filled 

chamber (condenser chamber). A Fresnel zone plate inside a further He-filled chamber (optics 

chamber) focused the X-ray beam coming from the specimen onto a charge-coupled device (CCD) 

detector. An optional Au ring inside the optics chamber was used to achieve Zernike phase contrast 

by utilizing phase shifts across the incident X-ray beam. Thus, two different CT scans in 

absorption-contrast and Zernike phase-contrast modes [38], respectively, have been performed for 

each sample by recording radiographs (from 901 to 1201 projections, with exposure times from 

10 to 16 s for the former mode and from 40 to 50 s for the latter mode) through 180° in a field of 

view of 65 µm, with a 2 voxel binning. The acquisition parameters led to a voxel size of ca. 126 

nm. Absorption-contrast and Zernike phase-contrast datasets were reconstructed by the Zeiss 

XMReconstructor software (Carl Zeiss Inc.) using a filtered back-projection algorithm, and then 

visualized and merged through the Avizo 2019.2 software (Visualization Sciences Group, FEI 

Company) [38]. The merged tomographic data were further processed by applying a non-local 

means filter, segmented, and imaged through the Avizo 2019.2 software (Visualization Sciences 

Group, FEI Company). Three domains with increasing X-ray attenuation were identified by 

employing grayscale thresholding [35,39] and watershed [40] methods, that is, (i) exterior, (ii) 

carbon, and (iii) sulfur. 
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X-ray micro-CT imaging of the electrodes was carried out using a Zeiss Xradia 520 Versa 

instrument (Carl Zeiss Inc.) equipped with a polychromatic micro-focus source (tungsten target) 

set either at 80 kV and 88 µA or at 90 kV and 89 µA. Samples with a size of about 1 × 1 mm were 

cut from each electrode sheet and stuck to a SS dowel by epoxy [2,4,6-

tris(dimethylaminomethyl)phenol, Devcon]. Tomographic scans were performed by taking 1601 

projections through 360° and acquiring images through a 40X objective lens with an X-ray 

exposure between 40 and 50 s and a 1 voxel binning. Source-specimen and detector-specimen 

distances were set in the ranges from 12.0 to 15.0 mm and from 8.8 to 11.8 mm, respectively. The 

experimental conditions were carefully tuned to ensure suitable X-ray transmission values as well 

as a voxel size within the 192 – 198 nm range and a field of view within the 358 – 385 µm range, 

depending on the sample. Tomographic datasets were reconstructed by the Scout-and-Scan 

Control System Reconstructor software (Carl Zeiss Inc.) using a filtered back-projection 

algorithm, and then processed by applying a non-local means filter, segmented, visualized, and 

analyzed through the Avizo 2019.2 software (Visualization Sciences Group, FEI Company). Four 

domains with increasing X-ray attenuation were identified by employing grayscale thresholding 

[35,39] and watershed [40] methods: (i) exterior, (ii) carbon/binder, (iii) carbon-cloth fibers, and 

(iv) sulfur. Binary datasets were produced for the sulfur domain, processed by particle separation 

tools through the Avizo 2019.2 software (Visualization Sciences Group, FEI Company) and 

further analyzed by means of the ImageJ plugin XLib [41] and the Avizo 2019.2 software to 

calculate the discrete particle size distribution (PSD) and sphericity (shape factor) distribution 

according to equation 1: 

 (𝑆𝑆𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) = 𝜋𝜋⅓
(6𝑉𝑉)⅔

𝐴𝐴
 (1) 

where V and A are the estimated volume and surface of the particles. 
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Electrolyte preparation, cell assembly and electrochemical characterization 

1,3-Dioxolane (DOL, anhydrous, containing ca. 75 ppm of butylated hydroxytoluene, i.e., BHT, 

as inhibitor, 99.8%, Sigma-Aldrich) and 1,2-dimethoxyethane (DME, anhydrous, inhibitor-free, 

99.5%, Sigma-Aldrich) were dried under molecular sieves (3 Å, rod, size 1/16 in., Honeywell 

Fluka) until the water content was below 10 ppm according to a Karl Fischer titration (899 

Coulometer, Metrohm). Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.95% trace 

metals basis, Sigma-Aldrich) and lithium nitrate (LiNO3, 99.99% trace metals basis, Sigma-

Aldrich) were dried under vacuum at 110 and 80 °C, respectively, for 3 days. An electrolyte 

solution was prepared by dissolving LiTFSI and LiNO3 in a 1:1 (w:w) DOL:DME mixture in a 

concentration of either salts with respect to the solvent mass of 1 mol kg−1. CR2032 coin-cells 

(MTI Corp.) were assembled by stacking a lithium disk with a diameter of 14 mm, a Celgard 2400 

separator with a diameter of 16 mm soaked by 50 µl of electrolyte solution, and the sulfur-carbon 

composite electrode (see Table S1 in the Supplementary data for details on the average sulfur mass 

loading over the electrodes and corresponding electrolyte/sulfur ratio in the cells). Electrolyte 

preparation and coin-cell assembly were carried out in an Ar-filled glovebox (MBraun, O2 and 

H2O content below 1 ppm).  

The rate capability of the coin cells was tested by galvanostatic cycling at a current rate 

increasing every 5 cycles, that is, at C/10, C/8, C/5, C/3, C/2, 1C and 2C, and decreasing back to 

the initial value (C/10) at the 36th cycle (1C = 1675 mA gS
−1). The cycle life of the coin cells was 

evaluated by galvanostatic measurements at a current rate of C/3 (1C = 1675 mA gS
−1). The cycling 

tests were carried out within voltage ranges of 1.9 – 2.8 V from C/10 to C/2 and of 1.8 – 2.8 V 

from 1C to 2C, by using a MACCOR series 4000 battery test system. 

All the measurements were carried out at room temperature (25 °C). 
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Results and discussion 

As mentioned in the introduction, viable approaches to achieve composite cathodes for Li-S 

batteries include simple pathways according to which elemental sulfur is thoroughly mixed with 

carbon [25], such as those adopted herein by directly employing molten sulfur (S@SPC-MP and 

S@MWCNTs-MP composites) or by benefitting from an alcohol dispersion as the synthesis 

precursor (S@SPC-SAP and S@MWCNTs-SAP composites). In this regard, the microstructure 

of the positive electrode, depending on both the carbon nature and the synthesis condition, may 

certainly affect the electrochemical characteristics [32,42], although a careful optimization of the 

various cell components is crucial for favoring a reversible sulfur conversion over long cycling 

[9,16,18]. Indeed, the XRD patterns of the four composites reported in Figure 1 reveal the expected 

structure of the orthorhombic sulfur (ICSD # 63082) for all the materials (see experimental section 

for acronyms) and a small peak at about 26° (2θ) for both S@MWCNTs-MP and S@MWCNTs-

SAP due to the graphitic character of MWCNTs [25,43,44]. On the other hand, S@SPC-MP and 

S@SPC-SAP do not show significant crystalline phases besides sulfur due to the predominantly 

amorphous nature of SPC. The full width at half maximum (FWHM) of the sulfur phase indicates 

relatively large crystal domains for all the powders, thereby suggesting the possible formation of 

heterogeneous mixtures of carbon and micrometric sulfur particles, rather than S-embedded into 

the carbons. It is worth noting that electrodes with similar structure, however with lower sulfur 

content [25] or adopting a different preparation technique [32], have already shown suitable 

features in Li-S batteries as well as appealing characteristics in terms of the relative simplicity and 

possible scalability of the synthesis pathway. 
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Figure 1. XRD of the S-C powders recorded using a Cu-Kα source (scan rate of 0.4° min−1, step 

size of 0.01°), with reference reflections of hexagonal graphite (ICSD # 253958, space group 

P63/mmc, No. 194) and orthorhombic sulfur (ICSD # 63082, space group Fddd, No. 70). 

A detailed morphological analysis combining SEM, EDS and X-ray nano-CT (see Figures 

2 and 3) corroborates the hypothesis drawn from XRD, showing that all the composites consist of 

discrete, irregular sulfur particles with a size ranging from a few micrometers to about 50 µm 

surrounded by carbon. Despite the similarities, the materials reveal different morphological 

features depending on both the carbon nature and the preparation route. Accordingly, the SEM 

images at low magnification (Figure2a, e, i, and m) indicate that the MP ensures a better dispersion 

of the electrode components and smaller sulfur particles than the SAP, as indeed evidenced by 

EDS mapping (Figure 2b–c, f–g, j–k, and n–o), while a detail of the carbon phase at high 

magnification (Figure 2d, h, l, and p) clearly shows micrometric aggregates of C nanoparticles for 

S@SPC-MP and S@SPC-SAP and randomly oriented C fibers with nanometric width and 

micrometric length for S@MWCNTs-MP and S@MWCNTs-SAP. 
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Figure 2. Morphological analysis of (a–d) S@SPC-MP, (e–h) S@SPC-SAP, (i–l) S@MWCNTs-

MP, and (m–p) S@MWCNTs-SAP. In detail: (a and d, e and h, i and l, m and p) SEM images at 

two different magnifications in (a, e, i, m) backscattered and (d, h, l, p) secondary electron modes 

(accelerating voltage: 15 kV); (b and c, f and g, j and k, n and o) EDS maps of (b, f, j, n) S and 

(c, g, k, o) C on the samples. 

 



13 

Even though SEM-EDS may be a powerful tool to investigate the composite morphology, 

nanoscale imaging of the bulk by X-ray CT advantageously provides a 3D reconstruction of sulfur-

carbon agglomerates in a field of view of about 65 µm, thereby allowing us to further appreciate 

the effect of the carbon and synthesis procedure on the material microstructure. High-resolution 

datasets, gathering complementary information on both the X-ray attenuation and the 

submicrometric features due to edge enhancement, have been obtained by combining tomographic 

reconstructions of scans in absorption-contrast and Zernike phase-contrast modes, respectively 

[38]. Figure S1 in the Supplementary data shows cross-sectional slices extracted in the xz plane 

(where z is the rotation axis orthogonal to the incident beam). The absorption-contrast imaging 

(Figure S1a, c, e, and g) reflects the different X-ray transmission through sulfur (highly 

attenuating) and carbon (lowly attenuating), which allows us a straightforward phase 

identification, while the Zernike phase-contrast image (Figure S1b, d, f, and h) reveals the diverse 

morphology of SPC and MWCNTs. Thus, the carbon phase in S@SPC-MP and S@SPC-SAP is 

mostly arranged according to a homogenous texture of nanoparticles (see Figure S1b and d), while 

S@MWCNTs-MP and S@MWCNTs-SAP exhibit well-defined features attributed the nanotubes 

(see Figure S1f and h). Therefore, the corresponding images produced by merging phase and 

absorption contrast data, shown in Figure 3a, b, c, and d, suggest that the MP may give rise to a 

lower degree of sulfur aggregation than the SAP (compare panels a and c with panels b and d, 

respectively). Interestingly, the sulfur agglomerates contain micro- and nanopores in S@SPC-MP 

and S@MWCNTs-MP; in contrast, S@SPC-SAP and S@MWCNTs-SAP are characterized by 

large sulfur particles with low porosity and relatively high attenuation of the incident beam. Further 

processing by image segmentation according to grayscale threshold [35,39] and watershed [40] 

methods has been carried out to get a volume rendering of the specimens (see Figure 3e, f, g, and 
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h). The images illustrate the 3D distribution at the nanoscale (voxel size of 126 nm) of the sulfur 

particles (yellow phase) surrounded by carbon domains (gray phase), thus providing a visual 

representation supporting the above reported observations. 

 

Figure 3. X-ray nano-CT imaging of (a and e) S@SPC-MP, (e and f) S@SPC-SAP, (c and g) 

S@MWCNTs-MP, and (d and h) S@MWCNTs-SAP, as (a, b, c, d) cross-sectional slices 

extracted in the xz plane parallel to the rotation axis (X-ray attenuation depicted through a 

grayscale) and (e, f, g, h) corresponding three-phase segmented volume renderings (S: yellow; C: 

gray; exterior: transparent); each dataset has been reconstructed from two different CT acquisitions 

in absorption-contrast and Zernike phase-contrast modes, respectively (see the related cross-

sectional slices in Figure S1 of the Supplementary data), performed by taking images (from 901 

to 1201 projections, with exposure times from 10 to 16 s for the former mode and from 40 to 50 s 

for the latter mode) through 180° in a field of view of 65 µm (voxel size: 126×126×126 nm3; 

camera binning: 2; microfocus rotating anode X-ray source set at 35 kV and 25 mA). 
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As already mentioned, the electrode substrate [16] and the microstructure of the deposited 

electrode film [18] may play a crucial role in determining optimal performances besides the 

structural and morphological features of the sulfur-based material. On the other hand, the sulfur 

particle size and shape distributions, as well as the carbon nature, might reasonably affect key 

characteristics of the electrode coating. Therefore, we have investigated by X-ray micro-CT the 

positive electrodes supported on a carbon-cloth current collector, which has been widely 

investigated elsewhere as a promising alternative to conventional aluminum, benefiting from 

suitable porosity and surface properties [15]. Compared to the tomographic surveys at the 

nanoscale in Figure 3, X-ray micro-CT has a lower resolution but it ensures a much larger field of 

view (between 358 and 385 µm in our experimental conditions), which may allow us to build the 

3D reconstruction of a more representative volume for a quantitative analysis of the sulfur phase. 

Moreover, the carbon-cloth is a particularly suitable support for tomography due to its lower X-

ray attenuation with respect to aluminum, which enables an unambiguous sulfur detection and 

facilitates the segmentation by thresholding [36]. Figure S2 in the Supplementary data reports the 

reconstructed electrode renderings imaged, where the grayscale reflects the beam attenuation. All 

the samples consist of composite film with relatively high-density including sulfur, polymeric 

binder, and conductive carbon additive deposited on a low-density cloth. Additional features are 

revealed by Figure 4, showing the reconstructed images of the electrodes in terms of a cross-

sectional slice extracted in the xz plane (where z is the rotation axis orthogonal to the X-ray beam, 

panels a, d, g, and j) and represented by a grayscale indicating the X-ray attenuation, along with 

the corresponding segmented slice (panels b, e, h, and k) and volume rendering (panels c, f, i, and 

l) [35]. The left-hand side panels (Figure 4a, d, g, and j) reveal (i) highly attenuating sulfur particles 

with size and shape distributions related to both the carbon nature in the S-C composite (SPC and 
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MWCNTs) and the synthesis procedure (MP and SAP), (ii) the moderately attenuating cloth fibers, 

and (iii) a lowly attenuating carbon/binder domain. Furthermore, X-ray CT clearly shows the 

carbon-coating of the cloth, having similar attenuation to the carbon/binder domain, which is 

mostly located between the electrode film and the fibers. The corresponding segmented slices 

(Figure 4b, e, h, and k) depict (i) the sulfur particles in yellow, (ii) the carbon fibers in light gray, 

(iii) the carbon/binder phases in dark gray, and (iv) the exterior/pores in black, whereas the right-

hand side panels (Figure 4c, f, i, and l) display the related 3D renderings using the same color map 

except for the exterior/pore which is not considered. Notably, Figure 4 shows that the S@SPC-MP 

electrode is mostly formed by sulfur particles having a size of few micrometers, besides large 

agglomerates approaching 50 µm (see panels a–c), while the other samples mainly contain sulfur 

domains of approximately 10 – 50 µm (see panels d–l). Therefore, the carbon nature remarkably 

affects the electrode microstructure when using the MP (compare Figure 4a–c with Figure 4g–i) 

but has only a minor influence on the sulfur particle size when SAP is employed (compare Figure 

4d–f with Figure 3j–l). Moreover, X-ray micro-CT suggests that the MP might favor the mixing 

between the electrode components with respect to the SAP (compare Figure 4a–c and g–i with 

Figure 4d–f and j–l, respectively). 
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Figure 4. X-ray micro-CT imaging of (a–c) S@SPC-MP, (d–f) S@SPC-SAP, (g–i) 

S@MWCNTs-MP, and (j–l) S@MWCNTs-SAP electrode samples. In detail: (a, d, g, j) cross-

sectional slices extracted in the xz plane parallel to the rotation axis and orthogonal to the electrode 

plane (X-ray attenuation depicted through a grayscale), (b, e, h, k) corresponding segmentations 

(S: yellow; carbon-cloth fibers: light gray; C/PVDF: dark gray; exterior: black), and (c, f, i, l) 

segmented volume renderings (S: yellow; carbon-cloth fibers: light gray; C/PVDF: dark gray; 

exterior: transparent); CT scans performed by taking 1601 projections through 360° in a field of 

view from 358 to 385 µm with X-ray exposure ranging from 40 to 50 s (magnification: 40X; voxel 

size: from 192×192×192 to 198×198×198 nm3; camera binning: 1; source set either at 80 kV and 

88 µA or at 90 kV and 89 µA). See the related volume renderings with X-ray attenuation depicted 

through a grayscale in Figure S2 of the Supplementary data. 
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A quantitative evaluation of the effect of carbon additive and synthesis pathway may be 

achieved through a comparison of the sulfur PSD in the various samples, which has been calculated 

herein by processing binary 3D images reconstructed from the micro-CT datasets of Figure 4. The 

particle size, quantified in Figure 5a, c, e, and g by the radius of related spheres with equivalent 

volume [40], reveals that the MP actually ensures smaller sulfur domains than the SAP as 

previously supposed (compare panels a and e with panels c and g, respectively). S@SMWCNTs-

MP (Figure 5e) exhibits a narrower distribution than S@SPC-MP (Figure 4a), with about the 90% 

of the phase being dispersed in particles of equivalent radius below 13 µm, although a large number 

of sulfur domains in the latter electrode (about 50%) have an equivalent radius smaller than 7 µm, 

whereas S@SPC-SAP (Figure 5c) and S@SMWCNTs-SAP (Figure 5g) have similar distributions 

and significantly larger average size. A further visual representation of the PSD by volume 

rendering in the xy and xz planes (where z is the vertical rotation axis of the sample relative to the 

X-ray beam) clearly shows the difference between the specimens (see Figure S3 in the 

Supplementary data). A shape factor analysis quantifying the deviation from the spherical shape 

according to equation 1 (see the experimental section for further details) indicates for S@SPC-MP 

(Figure 5b) a relatively wide distribution with small average values compared to the other samples 

(Figure 5d, f, and h).  
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Figure 5. Analysis of the S phase in the X-ray micro-CT datasets of (a–b) S@SPC-MP, (c–d) 

S@SPC-SAP, (e–f) S@MWCNTs-MP, and (g–h) S@MWCNTs-SAP (see the related imaging of 

Figure 4 and the experimental section for further information). In detail: (a, c, e, g) discrete particle 

size distribution (PSD) [41] and (b, d, f, h) sphericity (shape factor) distribution. See the related 

renderings showing the PSD in the S phase in Figure S3 of the Supplementary data. 
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The above observations might be attributed to a high sulfur nucleation rate by 

crystallization using the MP, which can lead to small sulfur particles and large domains with low 

sphericity perhaps formed by coalescence, particularly enabled by the SPC due to its sub-

micrometric or nanometric morphology [45]. On the other hand, the similar microstructure of 

S@SPC-SAP and S@SMWCNTs-SAP might imply that the SAP, which includes thermal 

treatment of pelletized precursors obtained from the alcohol dispersions, decreases the number of 

sulfur crystallization centers, mitigates the specific S-C interaction, slows down the nucleation, 

and favors the particle growth rate (see the experimental section for the synthetic procedures). A 

detailed visual overview of the electrodes features discussed above is given by the supplementary 

animations obtained by CT tomography (Movies S1, S2, S3 and S4 for S@SPC-MP, S@SPC-

SAP, S@MWCNTs-MP and S@SMWCNTs-SAP, respectively). 

The sulfur particle size and the carbon morphology generally have a remarkable effect on 

the electrochemical reaction kinetics in Li/S batteries [28,32], as indeed demonstrated for the four 

composites studied herein. Figure 6 reports the responses of rate capability tests in lithium cells of 

the S-C electrodes in terms of voltage profiles (panels a–d) and cycling behavior (panel e) at 

current rates increasing from C/10 to 2C (1C = 1675 mA gS
−1). Table S2 in the Supplementary 

data reports the related specific capacity values considering the S mass as well as that of the 

inactive components in the electrode film. All the cells exhibit the typical plateaus at about 2.3 and 

2.1 V during discharge, and at about 2.4 and 2.2 V during charge (see Figure 6a–d), reflecting the 

well-known conversion of elemental sulfur to soluble polysulfides (Li2Sx, where 4 ≤ x ≤ 8), as well 

as to solid Li2S2 and possibly Li2S [6]. The voltage curves reveal a high reversibility and the 

effective mitigation of the polysulfide shuttling by LiNO3 [12], although the extent of the expected 

increase of cell polarization by raising the current may suggest faster reactions for S@SPC-MP 
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and S@MWCNTs-MP when compared to the corresponding materials prepared by SAP, i.e., 

S@SPC-SAP and S@MWCNTs-SAP. Indeed, S@SPC-MP and S@MWCNTs-MP ensure a 

suitable process up to 1C and C/2 rates, while the increasing overvoltage of S@SPC-SAP and 

S@MWCNTs-SAP hinders the second plateau above C/2 and C/3 rates, respectively (compare 

Figure 6a and c with Figure 6b and d). As for the effect of carbon, the SPC-based electrodes have 

enhanced rate capability, a higher capacity, and a lower cell polarization than the MWCNTs-

containing counterparts (compare Figure 6a and b with Figure 6c and d, respectively). 

Accordingly, S@SPC-MP demonstrates the highest rate capability among the investigated 

configurations, with a reversible capacity ranging from about 1510 mAh gS
−1 at C/10 to about 1160 

mAh gS
−1 at 1C, whereas S@MWCNTs-SAP delivers the lowest values, that is, ca. 1180 mAh gS

−1 

at C/10 and ca. 1040 mAh gS
−1 at C/3 (1C = 1675 mAh gS

−1; see Figure 6e). Besides, S@SPC-

SAP exhibits values as high as 1560 and 1510 mAh gS
−1 at C/10 and C/8 but suffers from a more 

pronounced capacity decrease compared to S@SPC-MP as the rate further increases, while 

S@MWCNTs-MP ensures a capacity ranging from about 1340 mAh gS
−1 to about 1110 mAh gS

−1 

within C/10 and C/2 (see Figure 6e). On the other hand, all the cells recover the initial capacity 

when the C-rate reverts to C/10 at the 36th cycle. Therefore, a significant correlation between the 

rate performance and the sulfur PSD as determined by X-ray CT (see Figure 5) is observed. 

Notably, the MP can effectually lead to smaller sulfur particles thereby possibly facilitating the 

Li/S conversion at high current [46], and the nanometric morphology of SPC can further enhance 

the cell performance in terms of both reversible capacity and reaction kinetics. Furthermore, it is 

worth noticing that all the electrode formulations exhibit a satisfactory capacity ranging from 1030 

to 1330 mAh gS
−1 at the C/3 rate. 
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Figure 6. (a–d) Voltage profiles and (e) cycling behavior of the (a) S@SPC-MP, (b) S@SPC-

SAP, (c) S@MWCNTs-MP, and (d) S@MWCNTs-SAP electrodes in Li coin-cells studied at 

current rates increasing from C/10 to 2C (1C = 1675 mA gS
−1). Voltage range: 1.9 – 2.8 V from 

C/10 to C/2; 1.8 – 2.8 V from 1C to 2C. Electrolyte solution: 1 mol kgsolvent
−1 LiTFSI, 1 mol 

kgsolvent
−1 LiNO3 in DOL:DME 1:1 w/w. Temperature: 25 °C. Sulfur loading: from 1.7 to 2.4 mg 

cm−2 (see Tables S1 and S2 in the Supplementary data for details on the average sulfur mass 

loading over the electrodes, the corresponding electrolyte/sulfur ratio in the cells as well as the 

specific capacity values as referred to the S mass, S + C mass in the composite, and S + C +PVDF 

mass in the electrode film). 
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The cells have been tested at a constant current of C/3 over 150 cycles to evaluate possible 

effects of the electrode morphology on the capacity retention and the coulombic efficiency. Figure 

7 shows the corresponding voltage curves (panels a–d) along with the capacity and efficiency 

trends (panel e), whilst Table S2 in the Supplementary data displays the relevant specific capacity 

values considering the S mass as well as that of the inactive components in the electrode film. As 

already observed in previous works focusing on the electrochemistry of similar S-C composites 

[32], all the cells display an increase in reversible capacity after the first discharge reflecting an 

electrochemical activation promoted by the formation of a suitable electrode/electrolyte interphase 

[47], and a subsequent response partially in agreement with Figure 6. Thus, the voltage profiles 

(Figure 7a–d) reveal comparable overvoltage values, reversible capacities strongly depending on 

the carbon nature, and a capacity decay likely influenced by the synthesis procedure. In detail, the 

SPC ensures a higher reversible capacity than the MWCNTs as shown in Figure 6 and discussed 

above, that is, ca. 1470 mAh gS
−1 compared to ca. 1060 mAh gS

−1, whereas the SAP has beneficial 

effects on the capacity retention with respect to the MP (see Figure 7e). These observations suggest 

that large sulfur particles may mitigate the active material loss during cycling, in spite of adverse 

effect on the current capability [46], while carbon nanoparticles may promote the electrochemical 

conversion of the various polysulfides [24]. Indeed, S@SPC-MP suffers from a capacity fading to 

about 60% of the initial value after 150 cycles, although it has shown the best rate performance in 

Figure 6 benefiting from the relatively small sulfur particles size (see Figures 4 and 5) [46], while 

the large domains of electroactive material in S@SPC-SAP improve the retention to about 64%. 

A similar trend is observed for S@MWCNTs-MP and S@MWCNTs-SAP, which deliver at the 

end of the test about 62 and 69% of the initial capacity, respectively (see Figure 7e). The figure 

also provides evidence that composite electrodes consisting of micrometric sulfur particles and 
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carbons of various morphologies prepared according to relatively simple pathways may ensure a 

promising cycling behavior at a C/3 rate [25,42,47], with a coulombic efficiency above 98.8% 

indicating highly reversible conversion processes (see the right y-axis of Figure 6e). 

Notably, galvanostatic cycling in lithium cells leads to remarkable microstructural 

reorganizations in the sulfur cathode, as demonstrated in recent works [36]. In this regard, X-ray 

CT analyses of the positive electrode supported by XRD, SEM-EDS, and electrochemical data 

have shown that polysulfide dissolution in the electrolyte upon discharge and subsequent sulfur 

precipitation upon charge involve net migration of the active species towards the bulk of porous 

current collectors and close to electron-conducting centers [48]. Such rearrangements yield a 

gradual cathode amorphization accompanied by a decrease in sulfur particle size and sphericity 

factor, thus leading to a remarkable drop of the electrode/electrolyte interphase resistance along 

with a reaction potential shift [48]. These findings have evidenced a crucial role played by the 

morphology of the current collector at the positive side as well as by suitable sites for sulfur 

electrodeposition in the cathode, suggesting possible electrode-engineering strategies to enhance 

the conversion reaction. Instead, in this work we have taken into consideration the role of the 

pristine sulfur electrode morphology on the electrochemical performance in lithium cells rather 

than the morphological evolution of the cathode during cycling. The initial electrode 

microstructure appears in fact a key aspect for promoting optimized Li-S cell operation. Indeed, 

this study suggests that pristine sulfur distribution achieved by the different carbons and synthesis 

routes influences the sulfur nucleation sites, the electrode kinetics and electrodeposition upon the 

first cycle, which in turn affect the cell response during the whole cycling process.  



25 

 

Figure 7. (a–d) Voltage profiles and (e) cycling behavior with coulombic efficiency of the (a) 

S@SPC-MP, (b) S@SPC-SAP, (c) S@MWCNTs-MP, and (d) S@MWCNTs-SAP electrodes in 

Li coin-cells studied at a constant current rate of C/3 (1C = 1675 mA gS
−1). Voltage range: 1.9 – 

2.8 V. Electrolyte solution: 1 mol kgsolvent
−1 LiTFSI, 1 mol kgsolvent

−1 LiNO3 in DOL:DME 1:1 w/w. 

Temperature: 25 °C. Sulfur loading: from 1.7 to 2.9 mg cm−2 (see Tables S1 and S3 in the 

Supplementary data for details on the average sulfur mass loading over the electrodes, the 

corresponding electrolyte/sulfur ratio in the cells as well as the specific capacity values as referred 

to the S mass, S + C mass in the composite, and S + C +PVDF mass in the electrode film). 

 

0 300 600 900 1200 1500

1.5

2.0

2.5

3.0

0 300 600 900 1200 1500

1.5

2.0

2.5

3.0

0 200 400 600 800 1000

1.5

2.0

2.5

3.0

0 200 400 600 800 1000

1.5

2.0

2.5

3.0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0

200
400
600
800

1000
1200
1400
1600

Vo
lta

ge
 / 

V

Capacity / mAh gS
-1

(a)

 1st

 5th

 10th

 25th

 50th

 75th

 100th

 150th

S@SPC-MP

Vo
lta

ge
 / 

V

Capacity / mAh gS
-1

(b)

 1st

 5th

 10th

 25th

 50th

 75th

 100th

 150th

S@SPC-SAP

Vo
lta

ge
 / 

V

Capacity / mAh gS
-1

(c)

 1st

 5th

 10th

 25th

 50th

 75th

 100th

 150th

S@SMWCNTs-MP

Vo
lta

ge
 / 

V

Capacity / mAh gS
-1

(d)

 1st

 5th

 10th

 25th

 50th

 75th

 100th

 150th

S@SMWCNTs-SAP

D
is

ch
ar

ge
 C

ap
ac

ity
 / 

m
Ah

 g
S-1

Cycle Number

80
82
84
86
88
90
92
94
96
98
100

S@SPC-MP
S@SPC-SAP
S@MWCNTs-MP
S@MWCNTs-SAP

C
oulom

bic Efficiency / %

C/3

(e)



26 

In summary, we show herein that electrodes using the same carbon additive with different 

sulfur particle size distribution in pristine condition have different response in terms of specific 

capacity, rate capability, and cycling stability. Certainly, a full elucidation of this phenomenon 

might require further in situ and/or operando X-ray CT analyses of cathodes of various chemical 

nature and morphology to track their evolution during cycling, although ad hoc cell geometries 

usually employed in these studies appear to be not suitable for a comparison of performance 

between different materials due to the use of small electrode samples and high E/S ratios as 

compared to the typical coin-cell configuration. In this regard, X-ray 3D imaging of a composite 

cathode as a function of state of charge has revealed significant morphological changes occurring 

in the sulfur phase, while the carbon/binder domain was relatively stable during discharging and 

subsequent charging [34]. In particular, elemental sulfur has been reported to grow preferentially 

along cracks within the carbon/binder framework as well as close to the electrode/separator 

interface. Based on these considerations, our observations on the effect of morphology suggest 

that pristine sulfur distribution influences the microstructure of the carbon/binder framework, the 

sulfur nucleation sites and the kinetics of sulfur electrodeposition and, therefore, the cycling 

response of the cell. 

Conclusions 

Straightforward preparation routes of S-C composites for lithium batteries are presented herein, 

which involved mixing of commercial carbons, i.e., super P carbon black (SPC) and multiwalled 

carbon nanotubes (MWCNTs), with sulfur (70 wt.%) by direct melting or by exploiting an alcohol 

dispersion route. Significant insights into the effects of the synthesis pathway and the carbon nature 

on the cathode microstructure, and of the latter on the electrochemical performances in lithium cell 
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were achieved by complementary combination of XRD, SEM, and X-ray imaging at the nano- and 

microscale with galvanostatic cycling measurements across a wide current range. The composite 

cathodes consisted of heterogeneous dispersions of micrometric, crystalline sulfur particles 

surrounded by either SPC or MWCNTs and embedded into the electrode film. Quantitative 

morphological analyses on the cathodes revealed that both the preparation pathway and the carbon 

source may efficiently control the sulfur particle size, thereby allowing a fine tuning of the 

electrode microstructure suitable to achieve an optimal battery performance in diverse testing 

conditions. Thus, our results suggested that small sulfur particles may enhance the rate capability 

but may adversely affect the capacity retention upon cycling by accelerating the active material 

loss. In this regard, sulfur melting and subsequent crystallization via quenching at room 

temperature (MP) led to smaller sulfur domains than the dispersion in an alcohol suspension 

followed by heating (SAP). SPC nanoparticles possibly promoted the nucleation of solid sulfur 

from the molten phase, ultimately decreasing the average particle size with respect to the 

MWCNTs, while the SAP strongly mitigated the effect of the carbon nature on the morphology. 

On the other hand, SPC remarkably enhanced the sulfur conversion kinetics compared to 

MWCNTs, thus enabling an outstanding maximum capacity of about 1500 mAh gS
−1. Remarkably, 

such an improvement was not affected by the sulfur particle size within the electrode, thereby 

suggesting a crucial role played by the SPC on the polysulfide conversion. Therefore, the electrode 

prepared by MP using SPC (i.e., S@SPC-MP) was the preferred combination to improve the sulfur 

dispersion in the electrode and deliver a reversible capacity from 1500 to 1150 mAh gS
−1 within 

the wide current range from C/10 to 1C (where 1C = 1675 mA gS
−1). Besides, the electrode 

prepared by SAP exploiting the MWCNTs (S@MWCNTs-SAP) benefited from a morphology 
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consisting of large sulfur particles ensuring a capacity retention as high as 69% after 150 

charge/discharge cycles. 
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3D  three-dimensional 

BHT  butylated hydroxytoluene 

CCD  charge-coupled device 

CT  computed tomography 

DME  1,2-dimethoxyethane 

DOL  1,3-dioxolane 

EDS  energy dispersive X-ray spectroscopy 

FWHM full width at half maximum 

ICSD  Inorganic Crystal Structure Database 

Li-S  lithium-sulfur 

LiTFSI  lithium bis(trifluoromethanesulfonyl)imide 

MP  melting procedure 
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MWCNTs multiwalled carbon nanotubes 

NMP  N-methyl-2-pyrrolidone 

PSD  particle size distribution 

PVDF  polyvinylidene fluoride 

SAP  solvent-assisted procedure 

S-C  sulfur-carbon 

SEI  solid electrolyte interphase 
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