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Sulfur-carbon (S-C-MWCNTSs) composites and sulfur-LiFePO, (S-LFP-MWCNTS) composites were
synthesised with MWCNTSs additive by sulfur sublimation and solid state reaction. As prepared
materials are characterized with scanning electron microscopy, thermogravimetry, FTIR, elemental
analysis, XPS, cyclic voltammetry and galvanostatic charge/discharge tests. The composite S-LFP
cathode with MWCNTSs additive shows improved discharge capacity and performance. It shows an
initial discharge capacity of 1167 mAh/g-sulfur, or 70% of theoretical capacity. The discharge capacity
measured after 20 cycles for S-LFP-MWCNTSs composite cathode was 80% of the initial capacity and
remained stable. After 160 charge/discharge tests, the cathode displays a stable capacity of 561
mAh/g-sulfur at the C-rate of 0.2 C. Combination of sulfur, LiFePO, and MWCNTSs prevents
aggregation and volume change of the cathode particles and improves the conductivity and
electrochemical stability during the long-term cycling. 3-D FTIR spectroscopy measurements
confirmed improved chemical stability and safety of sulfur composites also at higher temperatures.
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1. INTRODUCTION

State of the art Li-ion batteries used in Electric Vehicles (EVs) currently provide a driving
range up to 150 km on a single charge and more than half of the total price of the vehicle is cost of the
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battery. The lithium-sulfur battery is presently being reconsidered as a good candidate to reach both
goals upon further improvement. Conventional Li-ion batteries are based on intercalation process
while Li-S batteries are the conversion type. During the charge and discharge procedure
electrochemical reactions occurs and new chemical compounds are produced [1-3]. Sulfur is the active
cathode material with a theoretical capacity of 1672 mAh/g and an average discharge potential of 2.2
V versus lithium. Energy density up to 500 Wh/kg could be achieved for Li-S batteries and this value
Is three times higher than for classical intercalation batteries [4].

The advantage of lithium-sulfur batteries is high capacity, low price, environmental
compatibility and high energy density. The biggest problem of the sulfur cathode is its poor cyclability
and life-time stability. Intermediate polysulfide ions are created during the discharge process of sulfur
cathodes. Higher polysulfides are easily dissolved in the electrolyte during the charge/discharge
reactions and sulfur active material is lost during the cycling [3,5,6]. Our research will be focused on
the most important challenges in the field of Li-S batteries as polysulfide dissolution, volume
expansion, self-discharge or insulating active material sulfur.

Sulfur cathode performance can be improved using a several combinations of sulfur with conductive
materials, such as creating a sulfur—carbon composites with carbon black, MWCNTSs or nanostructured
carbon that have resulted in much improved characteristics [7-13]. Conductive polymers [14,15],
activated carbons [16], and multi-walled carbon nanotubes [10,13,17] have been reported as absorbing
agents in lithium/sulfur batteries thanks to their strong absorbing properties to the polysulfides and
high electronic conductivity. Conducting polymer polypyrrole with high porosity has also great
absorbing ability to the sulfur and polysulfides. This polymer can also retard solubility of higher
polysulfides [18-20].

In this research paper, we combine LFP, carbon, MWCNTSs and sublimed sulfur to a simple to create
S-C and S-LFP cathode material with MWCNTSs additive with high porosity. Scanning electron
microscopy (SEM), thermogravimetry (TGA), X-ray photoelectron spectroscopy (XPS), 3-D FTIR
spectroscopy, cyclic voltammetry (CV) and charge-discharge measurements of the S-C and S-LFP
composites with MWCNTSs were used for characterization of our electrodes.

2. EXPERIMENTAL

2.1. Preparation of sulfur composites

Sulfur-carbon composite was synthesized by heating the mixture of sulfur (Sigma-Aldrich) and
carbon Super P (Timcal) at 150 °C for 15 minutes. Sulfur at this temperature has low viscosity and can
penetrate into the pores of carbon black. The weight ratio of Super P:S was 1:2. The sulfur content in
the S-C composite measured by TG-DSC was about 48 wit%.

Sulfur-LFP composite was synthesised by a solid state reaction in planetary ball mill. Sulfur
(Sigma-Aldrich) and LiFePO, (preparation technique described in [15]) were placed into the jar with a
ratio of 70:30 and milled for 30 min at 800 rpm with MWCNTSs additive (5 wt. %).
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2.2. Preparation of cathodes and test cells

Electrode slurries were made by mixing the sulfur composite as the active material with
polyvinylidene fluorid (PVdF) in N-methyl-2-pyrrolidone (NMP) with a weight ratio of 80:20. The
slurry was then coated onto aluminium foil as current collector using the doctor-blade technique. All
samples were dried in a vacuum oven at 120 °C for 18 h. Round electrodes with 18 mm diameter were
cut out of the coated foil, with an area of 2.54 cm? and total mass of 1.5-2 mg on a substrate of Al foil.
Test cells (El-cell®) were assembled in an Ar-filled glove box (Jacomex) with the lithium metal as the
counter electrode and lithium metal as the reference electrode, and the glass fibre separator. The
electrolyte was 0.7 M lithium bis(triuoromethanesulfone)imide (LiTFSI) dissolved in a solvent mixture
of DME and DIOX (2:1) with 0.25 M LiNOs as an additive.

2.3. Sample characterization

Scanning electron microscope Quanta 200 ESEM FEG and JEOL JSM-7000F + EDX INCA
were used to observe the structure and morphology of samples.

Thermogravimetric experiments and the evolutionary FT-IR profiles of scales were collected on a TG-
DTA analyzer SDT Q600 (Thermal instruments). 20 mg of sample was inserted into platinum cup and
heated up to 600 °C (heating rate was 5 °C/min).

X-ray photoelectron spectroscopy (XPS) data were obtained on a Microlab350 using a
Spherical Sector Analyser. The X-ray source was a nonmonochromated MgKa line (E = 1253.6 eV)
working at 300 W and the spot size was 5 x 2 mm?. Survey and multi region spectra of C 1s, O 1s and
N 1s were acquired at high energy resolution (pass energy of 20 eV) to perform quantification and
peak fitting.

Charge/discharge and cyclic voltammetry measurements were performed with BiolLogic
potentiostat in voltage range between 1.8 and 2.8 V vs. Li*/Li at room temperature. A typical sulfur
mass loading on the electrode was 0.8-0.9 mg/cm?.

3. RESULTS AND DISCUSSION

The surface structure and morphology of the sulfur-based composite electrodes were
investigated by SEM and are shown in Fig 1. Two different structures were observed for S-C
composite. Figures 1a,b present the structure of the sulfur—carbon composite. The surface of the
Sulfur-Carbon sample (Figure 1a) is homogeneous without any significant cracks or holes. The overall
structure is porous enough for transport of Li* ions and electrolyte infiltration.

The structure of S-C-MWCNTs sample (Figure 1b) is somewhat different. The porous and
homogeneous basis is saved but MWCNTSs additive induced the formation of larger pores and holes.
The MWCNTSs are also clearly visible and provide the connections between S and C. This network
structure is providing excellent pathways for electrons into the structure containing insulating sulfur.
High porosity of samples created by close contact between the carbon, sulfur and MWCNTSs is creating
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also many adsorbent points on the surface of active material to avoid the loss of the soluble higher
polysulfides.
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Figure 1. SEM images showing the morphology of sulfur-carbon (a), sulfur-carbon-MWCNTSs (b),
sulfur-LFP (c), S-LFP-MWCNTSs (d), S-C-MWCNTSs slurry coated on Al foil (e) and S-LFP-
MWCNTSs slurry coated on Al foil (f).
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Rougher structure of the S-LFP (Figure 1c) cathodes (in comparison with S-C sample) was
observed by SEM microscopy. Sample containing S-LFP-MWCNTSs composite (Figure 1d) presents a
more homogeneous structure with aligned fibres of MWCNTS on the surface.
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Figure 2. SEM images of S-LFP-MWCNTSs (a-e) and S-C-MWCNTSs (g-i) samples coated on Al foil
with corresponding elemental maps captured for the selected region and EDX spectrum for
S-LFP-MWCNTSs sample (f).

Images obtained by SEM microscopy confirmed that the presence of MWCNTSs in both
samples can cause a significant change in porosity and homogeneity. SEM images of sulfur composites
coated on Al foil are shown in Figures le,f. The coatings of S-C-MWCNTSs (e) and S-LFP-MWCNTSs
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(F) are well adhered without any breakage or holes. The LFP composite cathode (f) showed the more
porous structure. No large bulk particles can be easily observed, suggesting that the sulfur, carbon,
LFP and MWCNTSs are uniformly embedded in the cathode structure. This porous structure could be
expected to be beneficial for a proper electrolyte impregnation, shortening the path for Li* ion and
electronic transport, and leading to a superior rate cycling performance. For further testing we chose
only samples containing MWCNTSs.

To confirm the composition of our samples energy dispersive X-ray spectroscopic (EDX)
characterization and elemental mapping were carried out. EDX map analysis (Fig. 2) proved that the
sulfur is uniformly distributed throughout both samples. Our findings are highly in agreement with the
SEM results and it is clear that sulfur has been homogeneously embedded into the pores of carbon and
LFP particles. EDX map analysis (Fig. 2) proved that the sulfur is uniformly distributed throughout
both samples. Our findings are highly in agreement with the SEM results and it is clear that sulfur has
been homogeneously embedded into the pores of carbon and LFP particles.

The thermogravimetric analysis (TGA and DTA) results for sulfur composites are shown
in Fig. 3. Thermal stability measurements of S-C material in Ar atmosphere show one major weight
loss in the thermogram and also in the differential thermal analysis (TGA-DTA) curves, as shown
in Fig. 3a. That weight loss, taking place between 130-300 °C corresponds to sulfur vaporization, and
amounts to ca. 48 wt %. A previous study on the TGA analysis of a sulfur-conducting material
composite suggested that a weight loss detected between ca. 160-280 °C was mainly due to the
evaporation of sulfur [11,21]. Fig. 3b shows the TGA results collected for the S-LFP-MWCNTSs
composite and also for pure sulfur and LiFePO,. The mass loss of the S-LFP-MWCNTSs composite
starts at 170 °C and is continually decreasing up to 460 °C. The sulfur content was estimated at ca. 62
% in the S-LFP-MWCNTSs composite. The weight change of both samples with sulfur has same trend
and it can be clearly observed that sulfur was evaporated in temperature range 170-500 °C as shown in
Fig. 3b.
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Figure 3. TGA and DTA curve of the sulfur-carbon composite (a) and TGA curves of pure sulfur, pure
LFP and S-LFP composite (b).

3D-FTIR spectra were used to record the decomposition process. This process is very
important to predict the fire safety of materials used in batteries with high energy density. The three
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axes represent the wavenumber, absorbance units and time of the process, respectively (Fig. 4). The
3D-FTIR spectra of S-C-MWCNTs and S-LFP-MWCNTs samples show that the decomposition
products corresponding to the peaks are very similar, indicating only evolved gases consisting of sulfur
and carbon. As shown in Fig. 4a,b, the samples started to produce gases at ca. 200 - 220 °C (40 min,
starting temperature 25°C), generating a massive amount of SO, and CO, gasses. The absorption
peaks at 2359 and 669 cm ™' correspond to the evolution of carbon dioxide. SO, shows a small peak at
1100 cm™' and very strong peak at 1300-1400 cm ™' region. Due to the higher amount of sulfur in S-
LFP-MWCNTs sample we noticed that the absorption intensity is higher in comparison with S-C-
MWCNTs sample (Fig. 4b). However evolution of CO, gas from S-C-MWCNTSs sample gradually
increased from 220 °C to 340 °C and remain constant up to 560 °C (Fig. 4a). The above results show a
strong thermal and chemical stability of both sulfur based samples. These results also confirmed that
no dangerous gaseous products were detected during the thermal decomposition of tested samples.
Hence we can conclude that sulfur based composite samples are safe also at higher temperatures.
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Figure 4. 3D-FTIR spectra of the evolved gaseous products of (a) S-C-MWCNTs and (b) S-LFP-
MWCNTSs sample at a heating rate of 5 °C/min.

The surface chemical composition and of the samples was investigated also by X-ray
photoelectron spectroscopy (XPS), as shown in Fig. 5. The survey XPS spectrum (Fig. 5a) of the S-C-
MWCNTSs and S-LFP-MWCNTSs composites confirms the presence of sulfur which is in agreement
with our previous results. The binding energies (BE) of O 2s, S 2p, S 2s, C 1s and O 1s, were
determined to be 28.10 eV, 165.08 eV, 230.20 eV, 286.10 eV and 538.20 eV respectively. The S 2p
spectra (Fig. 5b) of the S-LFP-MWCNTSs sample can be divided into three peaks. The peaks of 163.90
eV and 165.08 eV may be contributed by the S 2p3z, and S 2py, sulfur species confirming S-S bond in
low chain S (x<8). Peak with binding energy 168.28 eV is related to the sulfate species. The binding
energy of the S 2ps; peak (163.9 eV) is lower than that of elemental sulfur (164.0 eV) [22, 23] which
can confirm creation of bonds between atoms of sulfur and carbon during the solid state reaction in
ball mill. Absence of Fe and P peaks confirmed that the LFP particles are homogeneously covered by
sulfur (analysis depth max 5-10 nm).
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Figure 5. XPS spectra of the surface chemical composition of S-C-MWCNTs and S-LFP-MWCNTSs
samples (a), S2p XPS spectrum of the S-LFP-MWCNTSs sample (b).

The charge/discharge curves of the sulfur based electrodes with and without LFP for the 1% and
2" cycle at a C-rate 0.1 C are depicted in Fig. 6. Electrode material consisting of S-C sample (Fig. 6a)
after assembling the testing cell was in charged state and therefore we can observe shorter charging
cycle. During the first two cycles formation of the electrode is running what was confirmed by
electrochemical charge/discharge measurements. Two discharge plateaus are observed in the discharge
profiles of both samples (plateau 1. and plateau 2.). The same behavior was found also in charge
profile (plateau 3. and plateau 4.) of the sulfur—carbon composite cathode. Two plateaus were observed
also for S-LFP composite cathode (Fig. 6b). The gap potential between the charge and discharge
plateaus for sample containing LFP is reduced, suggesting the smaller polarization and thus the faster
kinetics of electrochemical reaction. This result confirmed that sulfur was adequately confined to
carbon/MWCNTSs matrix which provides protection against the polysulfides diffusion.
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Figure 6. First two charge and discharge cycles of sulfur-carbon composite cathode (a) and sulfur-LFP
cathode (b) at C-rate C/10.



Int. J. Electrochem. Sci., Vol. 13, 2018 559

Initial discharge capacity measured for S-C-MWCNTSs sample was 1140 mAh/g-sulfur and for
S-LFP-MWCNTs sample it was 1167 mAh/g-sulfur. These values correspond to 67% and 70% of the
theoretical capacity of the sulfur. Our calculations based on the discharge capacity confirmed that at
least 1.4 electrons per sulfur atom were involved in the electrochemical reactions of the S-LFP
composite. Both electrodes (Fig. 6a,b) show two discharge and two charge plateaus, which is in
accordance with CV curves (Fig. 8a).

The rate performance of sulfur composite samples are shown in Fig. 7. Figure 7a shows a
discharge capacity of S-C-MWCNTSs and S-LFP-MWCNTSs samples at a scan rate 0.1C. The discharge
capacity of S-C-MWCNTSs sample and S-LFP-MWCNTSs is 1180 and 1160 mAh/g-sulfur respectively,
and retains 980 and 780 mAh/g-sulfur after 20 cycles. LFP containing cathode delivered a stabilized
specific capacity of 980 mAh/g-sulfur a 20 % higher than that of S-C-MWCNT (780 mAh/g-sulfur).
This behaviour can be assigned to LiFePO, additive which can stabilize the polysulfide adsorption
reaction, lowers the polarization for oxidation of Li,S,/Li,S and contribute to the cell capacity at low
current as was confirmed by Kim et al. [24]. Moreover, it is necessary to notice that a stable
passivation film created by LiNOs addition can improve electrochemical performance of sulfur
cathodes [25].
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Figure 7. Cycling performance measured on S-C-MWCNTs and S-LFP-MWCNTS cathodes at a C-
rate C/10 (a), rate performance of S-C-MWCNTSs and S-LFP-MWCNTSs cathodes at various C-
rates (b).

The discharge capacity constantly decreases as the current rate is raised from 0.1 C to 0.5 C for
both of the cells (Fig. 7b). The highest discharge capacities of 1170, 855 and 750 mAh/g-sulfur were
achieved at a current density of 0.1, 0.2, and 0.5 C, respectively for S-LFP composite material.

Fig. 8a shows the cyclic voltammograms (CV) of S-C-MWCNTs and S-LFP-MWCNTSs
samples. Two cathodic peaks are observed at potentials 2.31 V and 1.99 V during the first cycle. The
first cathodic peak at 2.31 V corresponds to the transformation from elemental sulfur to long chain
polysulfides (Li>Sn, 4 <n<8) [26]. The second cathodic peak at 1.99 V is associated to the reduction
of higher-order polysulfides to Li,S, and Li,S. The oxidation reaction from polysulfides back to the
sulfur also result in two stages. The first oxidation peak at 2.4 V corresponds to the production of
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Li,Sy (n>2), which is oxidized to elemental sulfur at 2.49 V. In case of both samples the peak positions
and the peak currents change only slightly.
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Figure 8. The cyclic voltammograms of S-C-MWCNTSs and S-LFP-MWCNTSs sample, scan rate 0.2
mV/s (a), long-term galvanostatic cycling of S-LFP-MWCNTSs sample at various C-rates.

For further investigation of the electrochemical properties, galvanostatic long term cycling was
performed with S-LFP-MWCNTSs sample (Fig. 8b). The S-LFP-MWCNTSs cathode can achieve the
highest initial discharge capacity of 719, 595 and 384 mAh/g-sulfur at rates of 0.2 C, 0.5C, and 2 C,
respectively. After 160 charge/discharge tests, the cathode displays a stable capacity of 561 mAh/g-
sulfur at the C-rate of 0.2 C. The average Coulombic efficiency with different rates is gained around
the level of 91.5% during the 160 cycles. The improved electron and Li-ion diffusion during the
charge/discharge process could be attributed to combination of sulfur and LiFePO, cathode material
[27].

4. CONCLUSIONS

In summary, we have successfully synthesised sulfur composite cathodes using a simple, low-
cost and environmentally friendly procedure. SEM micrographs confirmed that our samples based on
sulfur (S-C-MWCNTs and S-LFP-MWCNTSs) shows high porosity and homogeneity. The sulfur
content in S-LFP-MWCNTs composite determined by TGA measurements was 62 wt. %. Initial
discharge capacity measured for S-C-MWCNTs sample was 1140 mAh/g-sulfur and 1167 mAh/g-
sulfur for S-LFP-MWCNTs sample. Charge/discharge measurements of S-LFP-MWCNTSs sample
confirmed smaller polarization and thus the faster kinetics of electrochemical reaction. After 160
charge/discharge tests, the cathode displays a stable capacity of 561 mAh/g-sulfur at the a C-rate of 0.2
C. MWCNTSs and LFP additive can decrease solubility of higher polysulfides due to increased porosity
of final cathode. Improved electrochemical performance can be attributed to the synergy between
sulfur, LFP and MWCNTSs components. Improved safety of sulfur composite samples was confirmed
by 3-D FTIR spectroscopy measurements where only SO, and CO, gaseous products were detected.
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All results described in this study indicate that the combination of sulphur, LiFePO, and MWCNTSs is a
promising cathode material for high-performance lithium-sulfur batteries.
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