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Infiltration of sulfur into microporous carbon enables the use of
carbonate-based electrolytes due to the formation of a compact
cathode electrolyte interface. Passivation of the surface pre-
vents direct contact between electrolyte and sulfur. Conse-
quently, the mechanism of sulfur conversion is changed to a
quasi-solid-state mechanism with a single sloping plateau
related to sulfur conversion in the narrow pores. The narrow
size of pores determines the overall pore volume of the
microporous carbon and with that sulfur maximum ratio within
carbon-sulfur composite. Additionally, a confinement of sulfur
in the narrow pores has an impact on sulfur conversion into
Li2S2/Li2S due to volumetric changes when sulfur is reduced. In

this work, we show that the degree of the conversion of sulfur
into end discharge products can be extended by lowering the
cutoff potential during the discharge process. A higher degree
of conversion process causes cracks in the carbon structure
enabling a significant increase of capacity while a compact and
flexible passivation layer prevents contact with the electrolyte.
Quasi solid-state reduction of sulfur is kinetically more favored
compared to the consequent oxidation process. Electrochemical
impedance spectroscopy measurements show diffusional re-
strictions in the lower part of the discharge curve that can be
correlated with hindered transport due to volumetric changes
caused by the reduction of sulfur into Li2S2/Li2S.

Introduction

The worldwide expansion of electromobility and renewable
energy sources demands cheap, sustainable powerful energy

storage devices with higher capacity. Lithium-sulfur batteries
(LSBs) are being considered a strong candidate to replace
lithium-ion batteries (LIBs) since their theoretical energy density
(3745 Whkg� 1 and 2800 WhL� 1) is three times higher than the
state-of-the-art LIBs.[1–4] Also, sulfur as an active material is
cheaper and more sustainable than the current materials of
LIBs that use Co and Ni.[5]

However, before LSBs would have an effective commercial
application some issues need to be solved. During battery
cycling, S8 is reduced to form electroactive polysulfides (PS),
which are soluble in most of the electrolytes used for LSBs.
Long-chain PS diffuse towards the metallic anode where they
are reduced to short-chain PS or to insoluble precipitates in
form of Li2S2/Li2S. These insulating species contribute to the
passive layer formation, resulting in the consumption of active
material. Soluble PS furthermore contributes to a poor
coulombic efficiency through the shuttle effect, where during
charging (oxidation process) long-chain PS are partially or
completely reduced on the surface of metallic lithium. This
phenomenon is responsible for, progressive loss of active
material with cycling, and deactivation of the cell, which results
in a short life cycle of the battery.[6,7] Additionally, S8 and Li2S
possess low electronic conductivity, which can be mitigated by
the addition of carbon with pore volume higher than 1 cm3g� 1.
Such porous carbon can sustain a volume expansion of 80%
during reduction of sulfur to Li2S.

[8,9]

Porous carbon materials possess good stability, non-
toxicity, excellent compatibility with the electrolyte; they can
even be prepared from biomass waste.[10,11] Porous carbon
materials used for LSBs are usually engineered with high
specific surface area (SSA) to improve sulfur utilization; enough
space to accommodate sulfur and its volumetric expansion and
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proper pore size to retain intermediate products.[8] Although
these materials have led to high capacities and good cyclability,
the carbon matrix by itself is not effective enough to avoid the
shuttle effect and capacity fading cannot be stopped by the
use of mesoporous carbon. Other strategies, as the develop-
ment of adsorption additives,[12] ionoselective separators,[13,14] or
the use of carbon materials with a designed porosity,[15,16] are
used to retain polysulfides on the cathodic side of the LSB.

The nucleophilic nature of PS prevents the use of
carbonate-based electrolytes (CBE) in the LSB and the most
used are ether-based electrolytes (EBE).[17] The reaction mecha-
nism in EBE is based on the solid-liquid-solid transformation of
sulfur through the soluble PS with end mixture typically in the
form of mixed solid Li2S2� Li2S phases. The solid-liquid-solid
transformation has well characteristic two potential
plateaus.[4,18–20]

The strategies to improve the LSB performance are focused
on the suppression of PS dissolution or catalytic transformation
of sulfur into end discharge products with low solubility.
Ultramicroporous carbons are very interesting materials due to
their very narrow pores. The sulfur is confined inside the pores
with a narrow diameter smaller than 1 nm. That represents a
barrier for solvation and dissolution and it has impact on the
sulfur conversion mechanism.[20–22] Theoretical studies predict
that only small sulfur molecules have the appropriate size to
accommodate in pores with the size below 1 nm, while long-
chain PS are less likely to be formed inside so narrow pores.[23]

Nevertheless, there are some experimental studies where long-
chain PS species were detected.[20] Sulfur confinement and the
formation of cathode electrolyte interface (CEI) on the surface
of ultramicroporous carbons allow the use of CBE. Once the CEI
is formed, lithiation-delithiation reactions occur through a
quasi-solid-state mechanism, which is evident in the potential/
capacity profile through the appearance of only one ill-defined
plateau.

In this work, we explore the electrochemical behavior of a
sulfur-ultramicroporous composite with CBE. We study the
dependence of the electrochemical behavior by changing the
low cut-off potential window. We show that a decrease of cut-
off potential improves the utilization of active material while
not affecting the cycling stability. The formation of SEI on the
sulfur-ultramicroporous composite proceeds during the first
reduction polarization and it competes with sulfur conversion.
Once SEI is formed on the surface, a sulfur-ultramicroporous
composite can be even cycled in ether-based electrolytes
without any degradation.

Results and Discussion

Active material characterization

The (BET) specific surface area (SSA), micropore volume (μPV)
and total pore volume (TPV) for MC material are 3108 cm2g� 1,
0.160 cm3g� 1 and 1.74 cm3g� 1, respectively (Table S1). Accord-
ing to these values, the maximum amount of sulfur that could
be hosted in MC is 78 wt% of sulfur. We have selected a mass

ratio 3 :2 of S :C for the preparation of the active material.[2]

After sulfur infiltration, the SSA, μPV and TPV of MC� S
decreased to 347 cm2g� 1, 0.005 cm3g� 1 and 0.21 cm3g� 1,
respectively (Table S1). These remarkable reductions are attrib-
uted to the incorporation of sulfur into the pores of MC. XRD
pattern (Figure S1) shows no sulfur peaks, indicating there is no
crystalline sulfur on the MC� S composite surface. The morphol-
ogies of MC and MC� S composite were studied using SEM as
shown in Figure S2. There is no significant difference between
both samples, big particles with smooth surface and layered
structure can be seen, which indicates the sulfur is incorporated
inside of the pores. Elemental analysis showed that the amount
of sulfur in the composite after infiltration was 56.5 wt%.

Electrochemical characterization

Figure 1 shows the CV and galvanostatic cycling response for
MC� S in a CBE. Two cathodic peaks at 2.2 and 1.4 V appear in
the first CV cycle (Figure 1a), while the following cycles present
only one cathodic peak at 1.7 V. The potential response during
galvanostatic cycling is plotted in Figure 1(b and c). The
discharging profile for the first cycle (Figure 1b, black continu-
ous line) shows two potential plateaus at ~2.3 and 1.6 V,
respectively, while the first charging profile shows a unique
potential plateau at ~2.4 V. For the following discharge cycles
(Figure 1b and c) there is only one potential plateau at 1.7 V.
The presence of two processes in the first discharge and one
on the following discharges is in the agreement with CV results
(Figure 1a). According to the literature, the first cathodic peak
at ~2.4 V corresponds to the conversion of sulfur leftover on
the surface and the second at 1.7–1.6 V is associated with sulfur
conversion in the pores and CEI formation.[20,24] The unique
process observed during the discharge for the following cycles
is assigned to the S8 reduction and formation of PS and Li2S2/
Li2S through a quasi-solid-state mechanism (QSS), without the
occurrence of any soluble PS in the electrolyte.[20,25–28] Specific
capacity and coulombic efficiency (CE) versus cycle number are
plotted in Figure 1(d). During the first cycles, the CE is low but
increases monotonically, reaching 99% after 15 cycles. After
the slight increase of specific capacity in the formation cycles,
the capacity retention is stabilized.

To study the formation of the CEI during the first reduction
process, we have prepared several MC� S cells which were
cycled at galvanostatic conditions between 3.0 V and different
cutoff potentials (Ef), where Ef changes after three cycles
(Figure 2a and b). Selected cutoff potentials are following: 1.8,
1.6, 1.3, 1.0 and 0.5 V. An increase in the discharge capacity is
observed whenever Ef decreases (black asterisks in Figure 2a).
Although this behavior is expected due to a more negative
potential window, the difference between discharge and
charge capacity indicate that part of the charge used in the
reduction process is consumed for irreversible processes related
to the CEI formation.[24,29–31] The potential/capacity response for
the different cutoff potentials is shown in Figure 2(b). The
potential plateau at ~2.4 V appears only during the first
discharge cycle (Figure 2b, 1st cycle – black line, Ef=1.8 V). The
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following cycles do not show any electrochemical activity at
this potential, confirming our assumption that the electro-
chemical signature at ~2.4 V is related to the reaction of sulfur
leftover on the outer side of the pores. Decreasing the cut-off
voltage to Ef=1.6 V (Figure 2b, 4th cycle – red line) the capacity
increases sharply and 60% of the charge is not recovered on
the next charge step, therefore this charge is preferable
consumed for the CEI formation. In the first cycle with a cutoff
potential of Ef=1.3 V (Figure 2b, 7th cycle – blue line) a mixed
behavior appears: one plateau at 1.7 V for QSS sulfur-lithium
reaction and a second plateau at 1.5 V, associated with CEI
formation.[32] For the Ef=1.0 and 0.5 V the electrochemical
behavior is stabilized with a unique potential plateau at 1.7 V
and extra irreversible charge due to CEI formation just for the
first cycle at each potential interval (Figure 2b, 10th cycle and
13th cycle – pink and orange lines, respectively). Capacity
remains stable for cycling between 3.0–0.5 V (Figure 2a). Results
shown in Figure 2(a and b) show mixed reaction mechanism
related to the consumption of available sulfur on the surface
above 2 V, formation of CEI and QSS sulfur-lithium reaction in
the voltage region between 1.3 and 1.7 V. Decrease of cut-off
voltage to lower value contributes a minor part of the
irreversibility in the formation cycles. Further study of how Ef
influence capacity retention and battery stability are shown in
Figure 2(c and d). Here we changed the cut-off potential from
1 V to 0.5 V and 0.25 V. Figure 2(c) shows results for an MC� S
electrode cycled between 3.0 and Ef which was decreased every
5 cycles to lower cut-off value and at the end followed by

extended cycling between 3.0 and 1.0 V. As previously
observed, two potential plateaus appear in the first discharge
of the electrode, at ~2.4 and 1.6 V (Figure 2d, 1st cycle – black
line) and for the following cycles only one potential plateau
window at 1.7 V is obtained what is in the agreement with a
QSS reaction mechanism. Additional irreversibility in the first
cycle is observed when we decrease the cut-off potential to
Ef=0.5 V (6th cycle in Figure 2c – green line in Figure 2d). We
observed the increase of capacity for approximately
250 mAhg� 1. Additional decrease of the cut-off voltage to Ef=
0.25 V (11th cycle in Figure 2c and light blue curve in Figure 2d)
corresponds to further increase of specific capacity close to
theoretical capacity (1610 mAhg� 1), however almost no irrever-
sible loss has been accumulated with this potential change.
Returning to the cut-off voltage Ef=1.0 V, the specific capacity
decreases to 1225 mAhg� 1 which is an almost a 25% increase
of capacity due to activation of material by decreasing the cut-
off potential. Cycling in the potential range shows slow but
pronounced capacity fading. We speculate that with polar-
ization to lower cut-off voltage, a higher degree of sulfur
conversion to Li2S2/Li2S phase is obtained. The required volume
expansion during sulfur conversion to Li2S may provoke an
expansion of the carbonous matrix resulting in more sulfur
electrochemically accessible in the subsequent cycles. Potential
degradation of porous structure leading to possible reaction of
sulfur with CEI can be expected and that would explain slow
capacity fading.

Figure 1. MC� S electrode with CBE. a) Cyclic voltammetry at 0.05 mVs� 1; b) and c) selected galvanostatic curves, d) capacity and CE evolution with cycle
number at 0.2 C.
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To check if cutoff potential of Ef=0.25 V is harmful for the
composite we performed an experiment where the lowest cut-
off potential was Ef=0.5 V. The cycling conditions were in the
formation cycles set-up to Ef=1.0 V for the first 5 cycles, then
low voltage cut-off was changed to Ef=0.5 V between cycle
6–10 and after 10th cycle cut-off potential was shifted back to
Ef=1.0 V for the rest of the cycles (Figure 2e) and f). An increase
of capacity for 26% have been obtained when we compare 5th

and 11th cycles (from 840 to 1060 mAhg� 1) which is very similar
to observed capacity increase when the lowest cut-off was set
to Ef=0.25 V, while the capacity stability is significantly
improved when cutoff potential in the formation cycles is not
below 0.5 V.

To elucidate if the sulfur presence affects CEI formation,
electrodes with MC without sulfur were prepared and cycled
between 3.0 V and Ef, where Ef equal to 1.0, 0.5 and 0.25 V

(Figure S3). The first discharge with Ef=1.0 V shows a unique
potential plateau at 1.6 V with an irreversible charge of
530 mAhg� 1 (Figure S3b). This process is not present in the
following cycles with the same potential interval. On the first
discharge with Ef=0.5 V and Ef=0.25 V an irreversible charge
still appears (black and red squares in Figure S3a, respectively)
even in the absence of sulfur in the electrode. These results
show that a fraction of the irreversible charge observed for
MC� S electrodes (Figure 2) is due to the MC contribution to CEI
formation. For further cycling between 3.0 and 1.0 V a small
capacity of 80 mAh g� 1 still appears due to the possibility of
intercalation of Li+ in the graphitic carbon walls of MC.[33]

Figure 3 presents SEM images of an uncycled MC� S
electrode (Figure 3a) and MC� S electrodes after first discharge
with different discharge cut off values (Figure 3b–d). Images for
uncycled electrode show particles with a dimension of several

Figure 2. MC� S electrode in CBE: a), c) and e) cycling performance at 0.2 C and b), d) and f) galvanostatic discharge curves for variable cathodic potential
cutoff (Ef) that is indicated inside each graph.
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micrometers well mixed with conductive additive SEM images
for discharged electrodes with Ef 1.0, 0.5 and 0.25 V (Figure 3b,
c and d respectively) show the surface of the electrodes
covered with a surface film which topography changes with
the discharge cutoff voltage. The image for the electrode
discharged until Ef=1.0 V shows a smooth surface film with
some small cracks. The surface film on the electrode discharged
until Ef=0.5 V becomes rougher and some cracks appear. We
correlate crack appearance with formation of higher amount of
Li2S. The surface for the MC� S electrode discharged until Ef=
0.25 V shows some laminar structures, degradation of the
surface film and more cracks.

The results discussed above show that electrodes cycled
between 3.0 V and 0.5 V present the highest capacity with
stable cyclability. An activation procedure for three cycles at
0.2 C using a low cutoff voltage of 0.5 V has been used for the
cells that were further tested for the rate capability (Figure 4).
Two types of rate capability tests were done: with constant
charging at 0.2 C and discharging at different C-rates (Fig-
ure 4a) and with charging and discharging at the same rates
(Figure 4b). The cutoff potential was setup to 1 V after the
initial 3 cycles. In both cases, the initial C-rate cycling was
performed at 0.2 C to set a reference capacity value. The
corresponding galvanostatic curves presented in Figure S4
show the evolution of capacities and polarization at different

Figure 3. SEM images of cathodes surfaces for a) charged pristine electrode immersed in CBE, discharged electrodes (first cycle) with cut-off potential b) 1.0 V,
c) 0.5 V and d) 0.25 V.

Figure 4. MC� S Rate capability experiments with electrodes previously cycled 3 times between 3.0 and 0.5 V (not included on the graph): a) electrodes
charged at constant 0.2 C and discharged at different current densities and b) electrodes charged and discharged at different current densities (indicated as a
c-rate in the figure).
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current densities during discharge. Polarization increase is very
similar in both measurements while the capacity drop is much
more significant in the case of cycling regime where same
current densities were used for discharge and charge. The rate
capability experiment with a constant charging rate of 0.2 C
(Figure 4a) shows a continuous increase in capacity until
discharge rate of 0.5 C, reaching the maximum value of
808.7 mAhg� 1for 0.2 C discharge rate. For discharge rate of
0.5 C, 1.0 C and 2.0 C capacity slightly decrease to 779.7, 733.9
and 699.5 mAhg� 1, respectively. Moreover, for rate capability
where charging rates are equal to discharging rate the drop in
capacity is significantly higher (Figure 4b). Every time the rate
increases the capacity drops, reaching the lowest value of
310.0 mAhg� 1 at 2 C rate. This shows that an MC� S electrode
can deliver much higher power during discharge (sulfur
reduction), while the kinetics of the oxidation of lithium sulfide
or lithium polysulfides is much slower. A possible explanation
can be derived from the work published by Cheon et al. who
found that the final part of the discharge on a Li� S electrode is
where capacity is most affected by the increase in current
density reaction because of Li2S formation.[34] Conversion from
Li2S to Li2S2 (and vice versa) has sluggish kinetics since a solid-
solid equilibrium is involved.[35] When this reaction is the initial

one (charging step) capacity becomes more sensitive to the
current density increase, limiting the amount of sulfur that
reacts.

The results discussed above unequivocally show that MC� S
discharge occurs via a QSS mechanism, and it agrees with our
previous paper where we published a mechanism of sulfur
conversion by using XAS.[20] This is in the agreement with other
papers[24,29–32] where different groups came to the same
conclusion. The formation of CEI in the starting cycles prevents
the direct contact between CBA and sulfur, while lithium
diffusion through interface enables a reversible conversion of
sulfur to Li2S.

[21] To test the compactness of the CEI, an MC� S
electrode was cycled in CBE for 160 cycles, washed and
transferred to a new fresh cell, and cycled using ether-based
electrolyte (EBE). Figure 5 shows the capacity evolution with
cycle number, the continuity between the CBE cycles (black)
and the EBE cycles (red) curves is remarkable, both in capacity
and coulombic efficiency. The cathode is highly stable during
further 40 cycles in the new electrolyte (EBE) what can be
observed from the galvanostatic profiles for cycles on CBE and
EBE which are shown as insets in Figure 5, respectively. When
the electrode cycled in CBE is transferred to a new cell and
cycled with EBE, the potential profile stills shows a unique

Figure 5. a) Capacity and CE evolution with cycle number for cycling in CBE (black symbols) and EBE (red symbols) at 0.2 C. Galvanostatic curves for b) cycle
160 on CBE and c) cycles 162 and 198 on EBE.
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signature of ill-defined single plateau conversion consistent
with a QSS mechanism. The potential discharge profile for an
MC� S electrode cycled in EBE from the first cycle (Figure S5)
shows two potential plateaus according to a solid-liquid-solid
reaction mechanism.[4,36,37] The change in the mechanism of the
electrode cycled in EBE when this electrode is previously cycled
in CBE is an evidence that the CEI formed is responsible for the
change of the reaction mechanism leading to reduction-
oxidation of sulfur confined to the pores. Also, the formed CEI
is stable even in EBE keeping sulfur confined inside the pores.

The operation of the MC� S cathode with CBE was evaluated
using electrochemical impedance spectroscopy (EIS). Figure 6
shows the experimental data, which were obtained by
discharging the cell at 0.2 C, stopping the current every thirty
minutes for a 15 min period of relaxation and subsequently
measuring impedance spectra at OCV. The voltage curve is
shown in Figure 6(a). The curve shows spikes due to the
relaxation periods, while the points of EIS measurements are
labeled with dots. Disregarding the relaxation spikes and
impedance measurement dots, the curve closely resembles the
galvanostatic response of the cell usually obtained in the first
discharge (see Figures 1 and 2). A characteristic impedance
spectrum for the cell is shown in the inset of the Figure 6(b). It
has at least four different distinctive contributions: i) the
electrolyte resistance, ii) Li SEI resistance (300 Hz arc), iii) a small
middle frequency arc (2 Hz) and iv) a low-frequency tail. There

are likely several other impedance features also present in the
impedance response, yet they are merged or too small to be
distinguished.

Calculating from the value of the relaxation voltage (differ-
ence between the galvanostatic curve and EIS OCV measure-
ment point), which is roughly 0.3 V, the expected impedance
contributions should be in the size order of 1 to 2 kΩ.
Considering this, the size of the impedance features in some of
the measured spectra is exceedingly large. See for example the
first three spectra in Figure 6(e), which show considerably
larger impedance, reaching up to 10 kΩ. This low-frequency arc
has capacitance around 0.01 F, which corresponds well to the
capacitance associated with the total surface area of the
microporous carbon cathode matrix. Taking this into account
together with a significant decrease of the feature when the
cell is under load suggests that this contribution could be
connected to the charge transfer process.

The change due to decreasing the SOC can be monitored
both through observing the differences in the relaxation
voltage curves (Figure 6c) and through the evolution of the
impedance response (Figure 6d and e). The relaxation curves
can be regarded as an approximation of a GITT experiment,
with the difference being that here, the relaxation was stopped
after 15 min, while in the usual GITT experiment, the OCV
period is stopped after the potential change is sufficiently small
(e.g., a limit of 15 mVh� 1). Figure 6(c) shows the normalized

Figure 6. Impedance spectroscopy experiment during the first discharge of a MC� S cathode cell with CBE: a) potential change during the experiment, the
dots show the points of impedance spectroscopy measurements; b) a typical impedance spectrum measured, c) relaxation voltage curves during discharge;
d) magnification of the high and middle frequency region of impedance spectra change during discharge; e) full impedance spectra measured during
discharge. *The absolute values of the voltages are normalized.
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voltage curves for all the relaxation periods during the first
discharge of the cell from Figure 6(a). The first relaxation curve
is different from the subsequent ones and it does not follow
the same trend. This is expected, since it belongs to an entirely
different process happening at higher voltages in the first short
plateau. The following relaxation curves show a gradual
evolution towards slower relaxations, which indicate that
slower, low-frequency processes (likely some form of diffusion)
are becoming more constrictive for the operation of the cell.
This same change is not readily distinguishable from the
impedance spectra evolution (Figure 6e), most likely due to
being hidden behind the before-mentioned impedance fea-
tures due to charge transfer reactions. There is, nevertheless, an
evident decrease of the small middle-frequency arc (Figure 6d),
which fits in with the general direction of change observed in
relaxation curves. The last four relaxation curves practically
overlap (grey dashed curves in Figure 6c). These were meas-
ured in the lower voltage sloping region of the galvanostatic
curve, where the potential is continuously shifting. This
suggests an additional process taking place in the lower
voltage regions. To explain – if we presume that only a single
electrochemical process takes place in the cell after the start of
the lower voltage plateau until the cell reaches the discharge
voltage cut off, then we would expect the relaxation curves to
mimic this by slightly, yet continuously changing. In the last
section of the first discharge, it is evident that the potential of

the cell starts decreasing (sloped region after approx.
1800 mAhg� 1). If we assume that this is the effect of an
increase in overpotential producing a deviation from an
otherwise flat voltage plateau (the same one as throughout the
lower voltage plateau region), then the relaxation curves are
expected to also change in this same direction. Since the
relaxation curves remain identical, this suggests that the
thermodynamic potential of the cell also changes, which can
be explained by an additional process taking place.

The same experiment was continued through the next cycle
of cell operation (Figure 7). The relaxation potentials (dots in
Figure 7a) again indicate a second low voltage plateau process
associated with a large hysteresis between discharge and
charge. The relaxation voltages (Figure 7b and c) as well as
impedance spectra shape change during discharge (Figure 7e
and f) is the inverse of change during charge. In comparison
with the first discharge (Figure 6), the general shape of the
spectra changes slightly in the high-frequency region (see inset
on Figure 7e). This change indicates that the Li metal anode
contribution is significantly decreasing. This phenomenon has
been associated with the formation of high surface area
lithium/dendrites on the anode, changing the electrode’s
nature from flat to porous, and consequently producing the
evidenced impedance features (the reader is directed to
Ref. [38] for further information). The high-frequency arc at low
SOC (Figure 7d). This arc decreases again on subsequent

Figure 7. Impedance spectroscopy experiment during the second cycle of a MC� S cathode cell with CBE: a) potential change during the experiment, the dots
show the points of impedance spectroscopy measurements; b) and c) relaxation voltage curves during charge and discharge, respectively; d) magnification of
the high and middle frequency region of impedance spectra change during the end of discharge (last four spectra measured); e) and f) full impedance spectra
measured during charge and discharge, respectively.
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charging (not shown). Through a symmetrical cells experiment
(Figure S6) it was determined that this feature belongs to the
lithium metal anode and can be explained by a decrease of the
initially available high surface area lithium decreasing through
the process of stripping taking place on the lithium metal
anode during discharge.

Impedance spectroscopy studies therefore show that the
spectra measured at OCV include a large contribution, which is
most likely associated with the charge transfer reaction. The
experiment also discerned the variation in the lithium metal
anode contribution at high frequencies, which decreases
during charge (formation of high surface area lithium) and
increases during discharge (consumption of the high surface
area lithium).

Conclusion

In the present work, we show the electrochemical performance
of ultramicroporous carbon with infiltrated sulfur in CBE. MC� S
electrodes cycled with CBE show large reduction capacities in
the formation cycles that are connected with a CEI formation
process and with a QSS reaction mechanism. The electro-
chemical behavior of the electrode depends on discharge cut-
off voltage during the formation cycles. An increase in capacity
was found when the electrodes were discharged to potentials
of 0.5 and 0.25 V vs. Li/Li+. This is attributed to a conversion
ratio of sulfur to the Li2S2 and Li2S phases, which generate an
expansion enabling higher conversion in the continuous
cycling. However, the stability of cycling is affected with a
cutoff potential since electrode cycled to 0.25 V suffers a loss of
capacity with cycling, which indicates possible damages in the
structure of the carbon host matrix and/or in the composition
of the CEI. In addition, the rate capability of this material shows
that the capacity is more sensitive to the current density
applicable for charging. Impedance spectroscopy shows large
importance of charge transfer reaction process. It was shown
that the typical SLS reaction mechanism of an MC� S electrode
cycled in EBE can be changed to a QSS mechanism when the
electrode is previously cycled in CBE due to the protective CEI
formed in the carbon-based electrolyte. This proves not only
the key role that the CEI plays in the lithiation reaction
mechanism and avoiding capacity loss, but also that this CEI is
chemically stable.

Experimental Section

Active material preparation

Elementary sulfur (Sigma Aldrich) without any previous purification
and microporous carbon (MC) provided by SAFT Company (France)
were manually mixed in a proportion of 3 :2 in weight, respectively.
The prepared mixture was heated to 155 °C for 5 h followed by
30 min at 300 °C with a 0.2 °Cmin� 1 heating ramp in a sealed
evacuated vessel to obtain the active material (MC� S). The final S
content was determined by elemental analysis (CHNS).

Characterization techniques

Scanning electron microscopy images were taken by using a field-
emission scanning electron microscope (FE SEM Supra 35 VP Carl
Zeiss) equipped with an energy dispersive X-ray spectrometer INCA
Energy 400 (Oxford Instruments). Samples were prepared inside an
argon-filled glovebox and transferred in a custom-made vacuum
transfer holder to avoid contamination with the atmosphere. X-ray
diffraction was measured in the quartz capillary by using
PANalytical X’Pert PRO (CuKα1 l

1=4 1.5406 Å) diffractometer. Nitro-
gen adsorption measurements were carried out at 77 K on a Tristar
3000 Micromeritics volumetric adsorption analyzer. The samples
were outgassed under vacuum for 2 h at 473 K before the
adsorption analysis. Specific surface areas were determined from
the Brunauer-Emmett-Teller (BET) method.

Electrochemical measurements

MC� S electrodes were prepared by mixing MC� S active material,
poly(vinylidene fluoride) (PVDF), and carbon black C65, in a ratio of
8 :1 : 1 weight respectively, with N-methylpyrrolidone (NMP) as
solvent. The obtained slurry was casted onto carbon-coated
aluminum foil as a current collector. Electrodes with a surface area
of 1.13 cm2 and sulfur loading between 0.7–1.0 mg of sulfur per
cm2 were cut and dried at 50 °C overnight. Coin cells CR2032
assembled inside an argon-filled glove box with a manual crimper
(Hohsen Corporation) were used for electrochemical character-
ization and were disassembled with a coin cell disassembling tool
(Hohsen Corporation) for the post-mortem analyses. All cells were
assembled using Celgard 2320 as a separator and a metallic lithium
disc (1.13 cm2 surface and 110 μm thickness) as counter-electrode.
Solutions of 1 M lithium hexafluorophosphate (LiPF6) in fluoro-
ethylene carbonate (FEC): dimethyl carbonate (DMC) (v/v – 1 :4)
(from now on called CBE) mixture and 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in 1,3-dioxolane (DOL):
dimethylether (DME) (v/v – 1 :1) mixture were used as electrolytes
with 40 μLmg� 1 ratio.

Cyclic voltammetry (CV) experiments where done between 3.0 V
and 1.0 V vs. Li/Li+ at 0.05 mVs� 1 scan rate starting at open circuit
voltage (OCV) to cathodic scan. Electrochemical impedance spec-
troscopy (EIS) measurements were done in the potentiostatic mode
at OCV with 10 mV of amplitude (rms) between 1 MHz and 1 mHz.
CV, using Biologic VMP3 or MPG2. Galvanostatic cycles were done
at 0.2 C current density (except for C rate experiments) between
3.0 and 1.0 V vs. Li/Li+ (except for cathodic cut-off potential effect
experiments) in a MACCOR 4200 galvanostat/potentiostat station.
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