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High-Performing Li-lon Battery with “Two Cathodes in One”

of Sulfur and LiFePO, by Strategies of Mitigation of

Polysulfide Shuttling

Juan David Garay-Marin,” Enrique Quiroga-Gonzalez,*® Lorena Leticia Garza-Tovar,”
Florian Reuter,' Christian Kensy,'? Holger Althues,' and Stefan Kaskel™

This work reports on further development of the concept “two
cathodes in one” for lithium-ion batteries. The cathodes are
composed of LiFePO, (high power) and sulfur (high gravimetric
capacity), allowing high discharging rates as well as high
gravimetric capacities, which are especially attractive for
numerous existing applications. In this study, different strat-
egies have been tested to reduce polysulfide shuttling in
batteries with these cathodes, greatly improving their perform-
ance. Batteries which were assembled with electrolyte mixtures
of tetramethylsulfone and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetra-

1. Introduction

Large-scale applications such as renewable energy storage and
effective electromobility (transportation), demand high-tech
improvements in storage technology of lithium-ion batteries."”
However, there is no commercial battery with high energy
density and high power at the same time. In a previous work, a
LiFePO,-Sulfur composite has emerged as a promising cathode
material, under the concept “two cathodes in one”®! The
system worked without reaction between both active materials
during the first cycles, when LiTFSI in ether-based solvents was
used as electrolyte and LiFePO, was coated with carbon.
However, it is necessary to develop a stable electrolyte for this
specific battery to obtain the advantages of both cathode
materials.

Lithium ion batteries with transition metal oxides, such as
LiMn,O, and LiCoO, have been extensively examined as
cathode materials. But, due to its high charge rate capability
and good thermal stability at high temperature with a
theoretical specific capacity of 170 mAhg™', lithium iron
phosphate, LiFePO,, is considered one of the best candidates
for a variety of applications.*® Furthermore, it has attracted

[a] J. D. Garay-Marin, Dr. E. Quiroga-Gonzdlez
Institute of Physics
Benemérita Universidad Auténoma de Puebla
72570 Puebla, México
E-mail: equiroga@ieee.org
[b] Dr. L. L. Garza-Tovar
Faculty of Chemical Sciences
Universidad Auténoma de Nuevo Ledn
66455 San Nicolds de los Garza N.L., México
F. Reuter, C. Kensy, Dr. H. Althues, Prof. Dr. S. Kaskel
Fraunhofer Institute for Material and Beam Technology (IWS)
01277 Dresden, Germany

[c

Batteries & Supercaps 2021, 4, 359-367 Wiley Online Library

fluoropropyl ether (TMS/TTE) show significantly better perform-
ance than with the typical electrolyte composition used for Li—S
batteries. Moreover, various carbons with different pore size
distributions in the C/S composite were mixed with LiFePO, in
an electrode reaching high discharge capacities (72% of the
theorical composite capacity) and stable Coulombic efficiency
of 99%. As a result, an improved active material utilization is
observed, confirming its possible application as a commercial
battery cathode.

considerable attention in the energy storage industry due to its
low cost, environmental attributes, safety and predominantly,
its high instantaneous power delivered near to 3.45 V versus Li/
Li*.®7 Nevertheless, currently the theoretical capacity of the
compound is too low to satisfy applications demanding high
energy density.®¥ Correspondingly, lithium-sulfur (Li-S) bat-
teries are a promising energy storage technology and could be
an option to replace lithium ion batteries due to its gravimetric
energy density and lower cost"” However, dissolution of
lithium polysulfide intermediates and shuttle effect in conven-
tional Li—S electrolytes need to be addressed for practical
application. Polysulfide shuttle is one of the key challenges to
the development of Li—S batteries, due to plenty of chemical
and electrochemical side-reactions, redistribution and irrever-
sible deposition of Li,S/Li,S, on the metallic lithium surface
which leads to the rapid capacity fading during cycling."""
High power and high gravimetric capacity are required by
battery systems to satisfy the demands of nowadays advanced
technologies, for instance electric/hybrid vehicles (EV/EHV) or
for stationary energy storage systems. In the proposed
LiFePO,—S composite, the same issues presented for the Li—S
system must be solved as well. Li—S batteries are cycled at very
modest C-rates (C/10 in average) to retain the capacity; the
reason is primarily limitations of mass transport both in the
electrolyte and on the electrolyte/electrode interface.'® Despite
the fact LiFePO, has low gravimetric capacity, it could provide
the required power when S is limited at high C rates. In the
past, sulfur has been used just in small amounts as dopant,
changing the properties of LiFeP0O,®'*"” Even when there are
efforts combining LiFePO, and S in a battery, they aimed to use
either sulfur or LiFePO, with the other material improving
certain characteristic (electronic transport, polysulfide retention,
ion transport, etc.).'>"®? |n none of the works, the cathode
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was conceived with two active materials (LiFePO,-Sulfur
composites as cathode) from the first charge/discharge cycle.
The first work on this concept is “Two Cathodes in One for Li
ion batteries: voltammetric study of a composite cathode of
sulfur and LiFePO,".”

Furthermore, preceding studies have discovered that 1,3-
dioxolane solutions (DOL) are particularly well suited for Li
anodes in secondary batteries, due to the unique surface
chemistry of lithium electrodes in these solutions that partially
prevent dendrite formation and allow facile Li-ion transport
through them.”'? However, DOL solvent is not adequate for
sulfur cathodes, therefore it required electrolyte modifications
with different solvents, additives and Li salts. The shuttle
mechanism is largely avoided by enhancing the passivation of
the Li anodes, using solutions of LiTFSI in DME/DOL with
LiNO,® Lithium nitrate is commonly used as an additive,
which can form a solid electrolyte interface (SEI) on the Li metal
anode, thus suppressing side reactions between polysulfides
and metallic lithium anode.**%*' However, LiNO; is irreversible
consumed during plating of Li metal and finally depleted.””

Recently, an innovative electrolyte composition was intro-
duced for Li—S batteries and Lithium-ion batteries, consisting of
1.5 M LiTFSI, lithium bis(trifluoromethanesulfonyl)imide in a
mixture of TMS/TTE in a 1:1 volume ratio, which greatly
suppresses high order polysulfide dissolution (and indirectly
suppresses polysulfide shuttling), but provides reasonably good
solubility of the lithium salt, improving the cycle life of the
cell 2627

Finally, most recent efforts on Li—S batteries are dedicated
to developing appropriate host materials structures to reduce
the dissolution of polysulfides. Usually, an approach to confine
polysulfides within the pores structure is employed. These host
materials involve mesoporous carbon, hollow carbon spheres,
graphene, hollow carbon nanofibers,?3" transition metal
oxides or carbides.**3? Another approach was demonstrated
with highly porous nitrogen doped carbons, caused by
interaction of nitrogen species with lithium polysulfides
intermediates improving the cycle stability by suppression of
shuttle mechanism.®”!

In this work, different strategies used in common Li—S
batteries were applied for controlling the diffusion of high
order polysulfides (separators, conductive additives, binders,
etc.). Moreover, various electrolyte compositions as well as
different carbon structures are analyzed to improve the
performance of this new cathode material. The cells are utilized
in the whole operation potential window of the composite
cathode, 1.50-3.85V vs Li/Li*. The main objective of this
investigation is the application of this novel composite cathode
as working electrode of a real-life battery offering benefits that
common batteries could not comply.
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2. Results and Discussion

2.1. Electrochemical Characterization of LiFePO,—S-Corncob
Composites with Different Electrolytes

2.1.1. Tests with Standard Electrolyte (DME/DOL) for Li—S
Batteries

Initially in this work, both active materials (LiFePO,/C and S/C)
were examined separately with 1.0 M LiTFSI in DME/DOL
electrolyte and LiNO; additive, with a polypropylene (PP)
separator (Figure 1). In the S-Corncob half cells (Figure 1a) two
characteristic plateau profiles are observed during discharge
process, first one corresponding to the conversion of solid
sulfur Sg to high-order lithium polysulfides (Li,S,, 6 <x<8)
which are formed at approximately 2.35 V and the second one,
corresponds to the transition of low-order lithium polysulfides
(Li,S,_,) to Li,S located at 2.1V. The voltage profile shows a
plateau around 2.3V, indicating a reversible reaction of Li with
sulfur, in delithiation process.'>143837
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Figure 1. Charge/discharge curves of a) S/corncob composite with sulfur
loading of approx. 2.77 mgcm 2 (carbon derived from biomass) and b)
LiFePO, (3.16 mgcm™), with 1.0 M LiTFSI in DME/DOL with 0.25 M LiNO,
additive.
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Furthermore, LiFePO, was tested in the same electrolyte
system and showed lithiation and delithiation plateaus at ~3.4
and 3.45V which are similar to previous reports.®” During
cycling, the capacity increases between first and 30™ cycle to
more than 140 mAhg™' and remains constant until 50" cycle.

With the purpose to test these two materials together as
cathode, the composite, a paste electrode of the composite
LiFePO,—S-Corncob with an enhanced active material content
(80 w%) was prepared and tested in DME/DOL electrolyte,
similarly to the previous publication of the group, where the
concept “two cathodes in one” was introduced.” Figure 2
shows a cyclic voltammetry curve (at cycle number 2) of a half-
cell of LiFePO,—S—C (Corncob)| |Li. As can be observed, the
lithiation and delithiation peaks of both active materials are
present. The peaks B—C are attributed to lithiation of sulfur and
peak Y to its corresponding delithiation.">' On the other
hand, peak A relates with the lithiation of LiFePO,, while the
peak Z comes from the delithiation of this material.’*”

According to the results presented in Figure 1, modest
capacities and relatively good stability are observed for
individually active material. Nevertheless, if the combination of
LiFePO, and Sulfur is analyzed as composite in a half cell, it
shows poor stability in galvanostatic cycling (Figure 3a) and
suddenly increases or decreases in capacity (for example in
cycle 30). This changing capacity behavior is related to
polysulfide shuttling, since the electrolyte presents high
polysulfide solubility'® and the hierarchical porosity of corncob
carbon is not enough to retain sulfur within the pores.
Moreover, in some cycles (Cycle: 1-3, 5-8, 16, 27, 50) the
delithiation voltage of LiFePO, (3.4 V) is reached and in others
was not, which can be a result of the shuttle effect. However,
the non-utilization of LiFePO, does not explain the capacity
reduction of 300 mAhg™". Therefore, the experimental con-
ditions, especially the voltage window for the galvanostatic
testing is adapted to understand these phenomena (the
materials were activated independently). Figures3b and 3c
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Figure 2. Cyclic voltammetry of LiFePO,—S cathodes with carbon-coated
LiFePO, and sulfur infiltrated in porous carbon with 0.7 M LiTFSI in DME/DOL
with 0.25 M LiNO; additive, at a scan rate of 80 pVs™'.
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show voltage profiles of LiFePO,—S-Corncob composite be-
tween 1.60-2.80 V (lithiation/delithiation of sulfur) and 3.00-
3.85 V (lithiation/delithiation of LiFePO,) during various cycles.
Both materials exhibit an enhanced gravimetric capacity,
particularly sulfur. The increment of capacity of sulfur may be
produced by the enhancement of electronic transport by the
addition of LiFePO,."*'¥ On the other hand, the increment in
capacity of LiFePO, may be originated by the presence of sulfur
in the electrolyte. The batteries showed improved electro-
chemical performance after the increase of lattice parameters
of LiFePO, structure due to doping with sulfur (ionic radius of
S*” is larger than O%), which facilitates the transport of Li ions
in the channels of the structure.®'” However, in the first cycles
(from cycle 1 to cycle 5) the cut-off voltage for charging is not
achieved for the sulfur electrode, illustrating the strong shuttle
effect by infinity charge at almost constant voltage (as can be
seen in Figure 3b). A similar behavior has been reported in
previous investigation of Li-S batteries.*? Then, in the next
cycles the effect is less pronounced, but the charge capacities
remain  larger than their corresponding discharge
capacities.">*4°*2 Finally, the performance is almost stabilized
after 10 cycles.

2.1.2. Test with TMS/TTE Electrolyte

In the search for an electrolyte that improves a better perform-
ance with the LiFePO,—S compound, it is proposed to
investigate LiTFSI electrolyte with different solvents. LiTFSI salt
in TMS/TTE blended solvents provide reduced solubility for
lithium polysulfides, resulting in high coulombic efficiency (CE).
TTE is an excellent solvent for suppressing polysulfide dissolu-
tion with a boiling point of 93 °C.*? Sulfolane solvent (TMS) has
low toxicity with a permittivity of £=42.12 at 40°C* and a
donor number of 14.7. The dielectric permittivity of a solvent
determines the capability to dissolve lithium polysulfides.*"

Both active materials are examined individually, now a PE
separator was used with this electrolyte, the charge/discharge
profiles of LiFePO,—C and S—C (sulfur infiltrated in active carbon
derived from biomass) are shown in Figure 4. The performance
of S—C composite is presented in Figure 4a. A remarkable
overpotential during lithiation is observed during 50 cycles, the
slope of the curve is changing drastically whereas the activation
process should be developed at constant voltage. The S—C
cathode exhibits poor gravimetric capacity in both charge and
discharge curves. This could be caused trough poor wettability
due to high viscosity of the TMS/TTE electrolyte resulting in a
high polarization and increased cell resistance.”® In contrast,
LiFePO,-electrode shows relatively good performance and
stability according to the theoretical capacity of 170 mAhg™".
Also, a behavior of increasing capacity over cycles in LiFePO, is
determined in figure 4b, the plateaus of lithiation and
delithiation are comparable to the reported potentials in
literature.®” This increase of capacity could be associated with
the stabilization of half-cell battery and enhanced wettability of
the cathode during cycling.
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Figure 3. Charge/discharge curves of LiFePO,—S composite cycled using 1.0 M LiTFSI in DME/DOL with 0.25 M LiNO; under different voltage windows: a) 1.8-
3.85V, b) 1.8-2.6 V (working voltage range of sulfur) and c) 3-3.85 V (working voltage range of LiFePO,). Gravimetric capacity of b) and c) were calculated
using just the mass of the activated material (2.27 mgcm~2 of composite loading) with the purpose to compare these results with the obtained when they

were tested separately.

Figure 5a shows charge/discharge curves of the LiFePO,—S-
Corncob composite with TMS/TTE electrolyte. Prior to the
electrochemical testing, coin cells were treated at 32°C for
2 hours. In the first cycles total capacity of the composite of
700 mAhg™ is observed and both lithiation and delithiation
plateaus are determined at the expected potentials for sulfur (~
23V and 2.1V). LiFePO, is electrochemically addressed,
however, a slight over-potential is observed for the delithiation
process at ~3.5V. On the other hand, Sulfur electrode shows a
good cycle performance and enhanced stability in the first
cycles compared to the previous results with DME/DOL electro-
lyte. Figure 5b depicts a stable CE of 95% after the first 10
cycles. The achieved capacity is promising, and close to the
calculated theoretical gravimetric capacity of 972 mAhg 'c,mp
for the composite. The first discharge plateau is reduced, which
is related to long chain polysulfides, due to restricted
polysulfide solubility in TMS/TTE electrolyte, suppressing degra-
dation caused by the shuttling effect.”® However, significant
fading is presented after cycle 10 probably due to the natural
structure of carbon derived from biomass and pore blocking
effect.
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2.2. Application of Various Carbonaceous Scaffolds for Sulfur

In order to improve the performance of the battery and since
there was still migration of polysulfides, different conductive
scaffolds are investigated as cathode material. Firstly, a
commercially available microporous carbon (Micropore) is
analyzed. Figure 6a illustrates the charge/discharge curves of
the LiFePO,—S-Micropore composite with TMS/TTE electrolyte,
three different plateaus are observed in discharge process, first
and second plateaus at ~2.3 and 2.0 V showing low gravimetric
capacity and the third plateau at ~1.8 V provides the rest of
the total capacity. Moreover, an over-potential for lithiation of
sulfur is determined probably due to polarization effect of the
electrolyte system. Furthermore, LiFePO, capacity contribution
in the total capacity of the composite is increasing up to 50
cycles and its plateaus are present without significant over-
potential and with more than 97% of CE, as can be seen in
figure 6b.

Additionally, Ketjenblack, an often-utilized reference carbon
material is used as host material. Figure 7a displays charge/
discharge profiles of LiFePO,—S-Ketjen composite. In contrast to
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Figure 4. Charge/discharge curves of a) S—C with sulfur loading of approx.
2.77 mg cm~? (carbon derived from biomass) and b) LiFePO,~C with 1.5 M
LiTFSI in TMS/TTE.

the previous analyzed cathode materials an enhanced cycle
performance as well as coulombic efficiency (99 %) is observed.
However, a slight over-potential for the two discharge plateaus
at ~2.20V and 2.0V is determined. The first plateau of high
order polysulfides (Li,S,, 6 <x<8) is longer than expected (the
capacity obtained should be considerably reduced).” High
sulfur utilization is caused by the inter-particle porosity of
Ketjenblack (carbon particles are agglomerated and generate
inter-particular mesopores). Therefore, hierarchical pore struc-
ture seems to be promising for the active material utilization.

Figure 8 illustrates dQ/dV curves of various LiFePO,—S
cathodes with 1.0 M LiTFSI in DME/DOL and 1.5 M in TMS/TTE
electrolyte. Those were calculated from charge/discharge
curves of voltage (V) vs capacity (Q), reported in this
investigation, considering cycle 10 for all tested cells. Electro-
chemical processes in battery cells can be illustrated in detail
with help of dQ/dV slopes to analyze the existence of
phenomena upon charge/discharge cycling, even with more
accuracy than cyclic voltammetry.

Figure 8a corresponds to the lithiation and delithiation of
Corncob LiFePO,—S cathode with DME/DOL electrolyte. This
cathode material exhibits the typical signals of both active
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materials. For the sulfur, peaks at 2.34 and 2.10 V related to the
lithiation and peaks at 2.23 and 2.37 V associated to delithiation
are observed. It is noticeable that peak B at ~2.34V, related to
high order polysulfides, exhibits lower over-potential compared
to the other samples with different electrolyte solvents. Sharp
peaks related to charge and discharge of LiFePO, are well
defined at 3.47 V and 3.39 V, respectively. As the signals of the
corresponding utilization are well distinctive, this cell is used as
reference for the following carbon material comparison.

Figure 8 b, ¢ and d show the lithiation and delithiation
processes of different carbon LiFePO,—S composite in TMS/TTE
solvent. In figure 8b, LiFePO,—S-Corncob composite reveals
comparable peaks compared to the DME/DOL reference.
However, a slightly over-potential is observed for the lithiation
of Sulfur at 228V and 2.08V (DME/DOL: 2.34V and 2.10V).
Interestingly, the delithiation peaks show no polarization
(2.25V and 2.34V). For LiFePO, utilization broad peaks are
observed.

Figure 8c shows peaks of LiFePO,—S-Micropore composite.
The first two signals for sulfur are at similar voltage positions
compared to LiFePO,—S-Corncob composite. However, an addi-
tional peak for the lithiation (M at 1.76V) as well as the
delithiation peak (M* at 2.70V) are observed. The S/C
composite exhibits two conversion mechanism, typical solid-
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Figure 6. a) Charge/discharge curves and b) Galvanostatic cycling perform-
ance of LiFePO,—S-Micropore composite with 1.5 M LiTFSI in TMS/TTE. Active

composite material loading of 2.12 mgcm™.

liquid-solid (voltage profiles with two plateaus) and quasi-solid-
state conversion QSS (single plateau). This mix behavior could
be assigned to a relatively good wettability in micropores
between 1-2 nm and solvent deficient conditions in narrow
micropores lower than 1 nm (QSS conversion).”***” Further-
more, one intense oxidation peak (¥) at 2.26V is noticed,
probably related to the high polarization produced by the
above-mentioned effect in micropores, before the beginning of
the second peak of delithiation process located at 2.34 V.

The dQ/dV curve of LiFePO,—S-Ketjen composite is pre-
sented in figure 8d, all peaks reveal slightly shift to higher
potentials compared to the other carbon materials. Moreover, a
remarkable polarization is observed between lithiation and
delithiation of sulfur peaks C (1.97 V) and X (2.33 V). During
delithiation process of LiFePO, the peak Z is shifted to 3.56V,
probably affected by the enhancement of resistivity of the
complete cell during cycling. Nevertheless, LiFePO,—S-Ketjen
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Figure 7. a) Charge/discharge curves and b) Galvanostatic cycling perform-
ance of LiFePO,—S-Ketjen composite (sulfur infiltrated in ketjenblack carbon)
with 1.5 M LiTFSI in TMS/TTE. Active composite material loading of 2.62 mg

cm™

composite shows enhanced cycle performance after 50 cycles
with CE of 99% and a fading per cycle of about 0.264%,
resulting in a higher final gravimetric capacity among the
samples (Table 1).

After the analysis of the results, the sample LiFePO,—S-
Micropore displayed similar results, as those found in
literature,“**” with 0.108% of fading per cycle due to a good
physical retention of sulfur polysulfides in the completed
microporous structure, but with a relative low initial gravimetric
capacity. On the other hand, it is interesting to observe
different performance between the samples LiFePO,—S-Corn-
cob and LiFePO,—S-Ketjen although they have the combination
of different pore types (micro-meso-macro), but with a different
pore size distribution. LiFePO,—S-Corncob shows the highest
initial gravimetric capacity, but with high 1.115% of fading per

Table 1. Characterization data of the composite LiFePO,—S samples with different carbon supports. 1.5 M LiTFSI in TMS/TTE was used as electrolyte.

Carbon support Max. capacity® Max. capacity® Fading/cycle CE [%] S Charge LiFePO, Charge
[mAhg™] [mAhg™] [%] (50 cycles) Plateau [V] Plateau [V]

Corncob 698 405 1.115 94.9 2.25 3.49

Micropore 433 217 0.108 97.5 2.26 3.49

Ketjen 634 424 0.264 99.0 233 3.56

[a] Considering just the mass of active materials. [b] Considering the total mass of the slurry.
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Figure 8. dQ/dV curves calculated from charge/discharge cycling data of the LiFePO,—S composite cathode with 1.0 M LiTFSI in DME/DOL with a) Corncob
carbon and 1.5 M LiTFSI in TMS/TTE with carbons b) Corncob, c) Micropore and d) Ketjen.

cycle, according to table 1. The nature of corncob carbon
(sheet-like structure) enhances the wettability in the cathode
and reduces delithiation potential of both active materials (2.25
and 3.49 V), as can be noticed in table 1, but this morphology
probably is not beneficial for controlling of polysulfides shuttle.
Similar behavior has been reported when this carbon derived
from biomass was used in Li-S batteries®® Despite its
beneficial high initial gravimetric capacity and low activation
potential, there is a remarkable fading, possibly due to above
mentioned natural carbon structure. Homogeneous distribution
of micro and mesoporous of commercial Ketjenblack results in
a better performance (enough utilization of S and LiFePO,)
during the cycling process of the composite even when
moderate polarization occurs.

3. Conclusions

The outstanding galvanostatic cycling performance of LiFePO,-
sulfur composites in battery half cells with Li as counter
electrode revealed that the new cathode concept “two
cathodes in one” works appropriately in practical Li-ion
batteries. The cell tested with a typical DME/ DOL electrolyte
suffers from strong shuttle effect. On the other hand, batteries
assembled with the electrolyte with TMS/TTE solvents showed
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a stable performance of the LiFePO,-sulfur composite. The
highest capacity was achieved using Ketjenblack carbon as
sulfur support, which confines this material avoiding side
reaction products. With this sample, a high capacity retention
of about 72%, and 99.1% CE, were achieved after 50 cycles.
LiFePO,—S-Micropore cathode, differs from other samples,
presenting a combination of two conversion mechanisms that
should be further investigated. Electrochemical performance
optimization of this new composite cathode could be followed
by modulating pore size distribution of the carbon support for
sulfur, and by varying the composition of the electrolyte (salt/
solvent), looking for high ionic mobility to the active materials
while inhibiting the lithium polysulfide shuttle effect.

Experimental Section

Material fabrication

Different S—C composite materials were used in this work, varying
the type of carbon: corncob carbon (Corncob), hierarchical porous
Ketjenblack (Ketjen) and a microporous YP carbon (Micropore).
Furthermore, LiFePO, covered with carbon was developed to avoid
reaction during operation of the final composite cathode.

© 2020 Wiley-VCH GmbH
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Sulfur/Corncob composite

Porous carbon was obtained using corncobs that were carbonized
in a tubular furnace with an initial heating rate of 3°C/min until
600 °C followed by second thermal ramp of 5°C/min until the final
temperature of 1100°C, that was kept constant for 3 h. Textural
(surface area) and electrical (resistivity) properties of resulting
carbon were evaluated. The resulting carbon shows low resistivity
(4.42 Qcm), high surface area (1745 m?g™") and pore volume of
236 cm’g". It showed micro- and mesoporous structure. Sulfur
was infiltrated into the carbon matrix (S/C) by melt diffusion
method (~56 wt% in the C/S composite), as reported in
literature."”

Sulfur/Micropore composite

The carbon material YP-50F, purchased from Kuraray Chemical Co.,
Ltd has a specific surface area of 1523 m?g~" as well as total pore
volume of 0.81 cm®g™" (microporosity). Sulfur was melt-infiltrated
in the carbon matrix (S/C) at 155°C for 0.5h under ambient

conditions (~50 wt.% in the C/S composite).

Sulfur/Ketjen composite

Ketjenblack EC-600JD, purchased from Akzonobel, is an often-used
reference carbon material as well as conductive additive due to its
high graphitization degree, with a high conductivity and specific
surface area of 1340 m’g~' as well as total pore volume of
2.77 cm®*g™' (micro and mesoporosity). Sulfur was infiltrated in the
carbon matrix (S/C) by using melt-infiltration process at 155 °C for

0.5 h under air (~67 wt.% in the C/S composite).

Carbon covered LiFePO,

To avoid reactions between LiFePO, and sulfur derivatives, LiFePO,
was coated with carbon. This was achieved by hydrothermal
carbonization with sucrose, performed at 180°C in a hydrothermal
reactor for 21 h, followed by a thermal treatment at 650°C under
nitrogen atmosphere. Hydrothermal carbon was prepared using
acetic acid as reaction medium. Final product LiFePO,—C contains
about 50 and 50 wt.%, respectively.

Electrode preparation

The electrodes were prepared by mixing LiFePO,—C, S/C composite,
carboxymethyl cellulose (CMC)/styrene-butadiene-rubber (SBR) 1:1
ratio as binder, and multi-walled CNT (Nanocyl 7000) as conductive
additive. Water was added to the mixture before stirring, to form a
paste, the mixture was milled for 10 min in a vibration mill MM400
from Retsch. The electrode composition of CNT : LiFePO,—S/C :
CMC was 15:80:5 (LiFePO, : S/C ratio of 1:1). A layer of the paste
was casted onto a carbon-coated aluminum foil sheet of 20 um
(MTI) with a doctor blade (200 um wet film thickness), then dried at
80°C for 10 min in a hot air oven and finally dried overnight at
room temperature. Circular electrodes with a diameter of 15 mm
were punched out. Prior to battery assembly, the cathodes were
dried for 2 h at 50°C in a vacuum oven.

Electrochemical characterization

Coin cells were assembled in an argon filled MBraun glove box
with < 0.1 ppm (O, and H,0). Electrochemical characterization was
performed in CR2016 coin cells. The half cells were assembled
using polyethylene (PE) or polypropylene (PP) separators and a
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lithium chip (MTI Corp., 16.5 mm diameter and 250 um thickness)
as counter electrode. Experiments were carried out with a
moderate electrolyte amount of 7 uLmg™',,, ether-based 1M
LiTFSI40.25 M LiNO; in DME/DOL (viv=1:1) and 1.5 M LiTFSI in
TMS/TTE electrolyte. Galvanostatic cycling experiments of all half
cells were performed with a BASYTEC CTS test system. The
LiFePO,—S cells were operated at a constant rate of C/10 (1 C=
972 mAhg” ) in a voltage range of 1.80-3.85V (DME/DOL) or
1.60-3.85V (TMS/TTE). Total gravimetric capacity was calculated
considering the average theoretical capacity of both cathode
materials. The experimental capacity of LiFePO,, in the composite
cathode, was calculated from the beginning of the LiFePO, plateau
of the voltage profile curves. The Coulombic efficiency (CE) was
calculated by dividing the discharge (lithiation) capacity by the
charge (delithiation) capacity.
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