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of charge with the aim to investigate the evolution of impedance during discharge/charge and the kinetics of charge transfer
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Lithium-sulfur (Li-S) cells surpass lithium-ion batteries (LIB) in
gravimetric energy density, delivering up to 470 Whkg ™", thereby
yielding an attractive alternative for aerospace and heavy-duty
applications.”> The low cost and high availability of sulfur (S) are
additional advantages that favorably contribute to the cell cost and
sustainability of the system. However, the deployment of batteries in
such demanding applications mandates a compelling cycle life,
which is one of the major challenges the Li-S system faces. The
lithium (Li) metal anode-related instabilities, polysulfide (PS) shuttle
phenomena and cathode-induced limitation factors are among
parameters suppressing the cyclability of these batteries.>*
Regarding the latter, critical issues such as the isolating character
of S limiting the active material percentage, the significant volume
expansion caused by the conversion reaction of Sg to Li,S,/Li,S as
well as sluggish charge transfer (CT) kinetics stemmed from
deposition of Li,S on the composite cathode are remained to be
solved.”™® To address these challenges, highly porous carbon (C)
materials are commonly employed in composite cathodes for Li-S
batteries influencing not only the conductivity of the cathode, but
also the diffusion and charge transport processes as well as PS
retention.”™'? The composition and structure of this class of cathode
are crucial to the electrochemical performance, the achieved energy
density and the stability of the cell.'® Specifically, the volume and
size distribution of the pores in the C host were demonstrated to be
crucial to the capacity retention.'*'® The employment of micro-
porous C enabling S confinement via melt or gas infiltration has been
studied in detail in both ether and carbonate-based electrolytes.!” "
Therein, quasi-solid-state reaction (QSS; direct conversion of Sg to
Li,S,/Li,S) was identified for composite cathodes using micro-
porous C.

To investigate and correlate the electrochemical performance to
the composition and microstructure of the composite cathode,
several techniques such as optical operando methods, including
Raman, infrared, UV—vis spectroscopy and XRD have been devel-
oped and implemented.’*>> Among electrochemical methods,
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impedance spectroscopy (IS) has been established to study cathode-
and electrolyte-related processes and limiting factors in Li-S
cells.'*?*2% In addition to the full cell implemented by Canas
et al. and the 3-electrode (3E) setup employed by Qiu et al., in a
more recent attempt Walus et al. adopted the symmetrical cell
reassembled using two previously cycled electrodes to exclude the
contribution of the anode-related processes to the impedance.?®*°

In the study presented here, with an objective to eliminate the
challenges of electrochemical impedance spectroscopy (EIS) in 3E
setup such as distortion and induction loops and at the same time
avoiding the complications arising from opening and reassembling
the symmetrical cell,>’™ an upgraded configuration with an
integrated Li ring serving as the counter electrode is implemented
which enables recording the symmetrical cathode EIS at different
states of charge (SOCs)/depths of discharge (DODs). Furthermore,
the transmission line model (TLM) characteristics of the porous
electrode, which has been widely used to describe the impedance of
the electrodes in Li-ion battery systems but not fully adopted for the
S composite cathode, is used and discussed in detail within this
work. The classical TLM developed by De Levie®** and further
detailed by Bisquert’®®’ consists of two channels connected by a
transition part. The upper channel describes processes inside the
pore, e.g. resistance for ions confined in the electrolyte-filled pores
while the lower channel is assigned to processes within the electrode
material. The connecting transition part addresses the processes at
the interface, e.g. CT reactions. Adamic et al. employed the TLM to
simulate the impedance response of the PS catholyte-based system
with a C cathode.*® Therein, the conventional TLM is upgraded
considering the additional diffusion of counter ions in the pores of
the electrode which is coupled to the diffusion in the separator. In a
further extension to this work, Drvari¢-Talian et al. employed the
TLM to describe the potential interaction of both active and counter-
ions with two different electrodes at each end of the transmission
enabling the simulation of the full-cell impedance.™

In the present study the attempts are rather devoted to the
composite C-S cathode and the porous behavior associated with such
a structure. The intention hereby is to establish a firm knowledge
about the different electrochemical processes stemming from the
structural properties of the cathode by employing the range of C-S
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composite cathodes using an accessible technique namely EIS. To
this end, C materials offering different porosity including meso-
porous Ketjenblack (KB) and microporous carbon aerogel (CA) with
different pore sizes have been investigated. Using a suitable TLM,
the resistance of bulk and pore electrolyte, inter-particles, and CT
are identified and quantified. Additionally, the effect of different
S-infiltration methods such as gas and mechanical mixing on the
evolution of impedance upon discharge/charge in the first formation
cycle is tackled. The reflection of different CT mechanisms
corresponding to the various redox reactions in the impedance
spectra of the cathode is identified and the respective kinetics are
discussed elaborately, whereby it is shown how the infiltration
method correlated to the porosity of the C material leads to distinct
CT pathways and kinetics.

Experimental

Cathode preparation and characterization.—Commercially
available KB EC-600 JD (Akzo Nobel) representing mesoporous
C and synthesized CAs as an example of microporous C along with
S powder (99.5%, Alfa Aesar) are used for preparation of the
composite cathodes. The pore size distributions of the employed C
host materials are depicted in Fig. S1 (available online at stacks.iop.
org/JES/169/030505/mmedia). Detailed information on synthesis
route of the CAs can be found in our previous publication.'’
Thereby, the CAs densities and porous structure can be configured
by the use of certain reagents, such as Ar, CO, or N,. Different
preparation methods, i.e. mechanical mixing and gas infiltration, are
undertaken to prepare C/S composites. Firstly, a non-infiltrated,
mixed C/S composite was fabricated by ball-milling the S and C
components for 15 min at 700 rpm. C/S mixtures with ratios of 7:3
and 3:7 were prepared to allow further comparisons with regard to
the active material percentage. Moreover, gas S-infiltrated cathodes
were fabricated via the application of heat treatments in order to
incorporate the S into the porous C structure. Thereby the ball-milled
C/S mixture was heated at 600 °C for 6 h for gas infiltration.'” In
order to remove remaining non-infiltrated surficial S, the infiltrated
C/S compounds were treated with a second heating process step in a
tube furnace by heating up to 200 °C and holding for 12 h.

Subsequently, an aqueous slurry was prepared by mixing the C/S
composites with the binders CMC (carboxymethyl cellulose,
Walocel CRT 2000 PA, Dow Wolff) and PEO (polyethylene oxide,
My = 600 000, Sigma Aldrich) at a weight ratio of 90:3:7 (C/S:
CMC: PEO) in a tumbling mixer. After mixing, the homogenous
slurry was doctor-bladed with different coating thicknesses on a
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C-primed aluminum foil. The full list of the herein prepared
cathodes can be found in Table SI (see supplementary).

Cell assembly.—All measurements were conducted in ECC-
PAT-Core cells (EL-CELL) with a symmetrical 2E or 3E setup. The
cells were assembled in an argon-filled glovebox (Jacomex GPTFF,
< 1 ppm H;0, < 3 ppm O,). For a 2E setup, two identical
C/S cathodes were separated by a GF/C glass fiber sheet (Whatman,
21.6 mm diameter, 260 pum thickness). As electrolyte, 160 pl ether-
based DOL/DME electrolyte containing 1w Lithium bis(trifluoro-
methanesulfonic)imide (LiTFSi) conducting salt (Alfa Aesar) was
added. To enable measurements at various SOCs/DODs, a Li
reference ring with a thickness of 0.6 mm, 19 mm inner and
21.6mm outer diameter was utilized as third electrode/anode.
Prior to each measurement, the cells underwent a rest time of 1h
to allow proper wetting of the separator and the porous electrodes in
order to reach steady state conditions.

Electrochemical impedance spectroscopy and galvanostatic
cycling.—EIS measurements were performed using a Zahner IM6
and ZENNIUM Pro workstation. All measurements were conducted
in potentiostatic mode in a frequency range from 5 MHz to 100 mHz
with an amplitude of 10mV. In addition to the impedance
measurements at the OCV, EIS evolution at different SOCs or
rather DODs were investigated. Therefore, a 3E cell configuration
with Li metal reference ring serving as anode was utilized. To allow
automatic impedance measurements at specified cycling states, the
battery cycling system BaSyTec and the Zahner impedance mea-
surement setup were combined, see Fig. S2. Therefore, an advanced
wiring of the test cell was necessary on the hardware side. The
connection on the software side was implemented by a Raspberry Pi
single-board computer, which connects both systems and has access
to a database specifying the impedance measurement conditions. For
all SOC/DOD related impedance measurements the same test plan
and the same impedance measuring properties as described before
were applied. Before discharging the cells, a prolonged resting
period of at least 5h with hourly impedance recording steps was
included to the test plan.

Discharging/charging was performed at C/10 in between the cut-off
voltages 3.5V and 1V with intermediate EIS measurements at
equidistant capacity steps of 1/10 of the theoretical capacity. A resting
time of two hours was included between every discharge/charge step
and the subsequent EIS measurement, as equilibrium conditions are
crucial to exclude non-linear effects on impedance spectra.

Electrolyte

@ cCarbon Current Collector

Sulfur B Double Layer

Figure 1. (a) Nyquist presentation of OCV impedance of S-free and S-containing KB cathodes; scatter: measured data; line: fitting result (b) TLM used for
fitting for non-S cathodes in OCV; (c) expected TLM for S-containing cathodes in OCV. However, better fits are achieved using blocking EC.
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Examination, modelling and fitting of the recorded spectra were
performed with the stand-alone impedance analysis software
RelaxIS3 (rhd instruments). Previous to fitting, the quality of the
measured data was verified using Kramers-Kronig® transformation.
The quality of the obtained fitting values and the suitability of the
used equivalent circuit model was evaluated with various quality
criteria, such as Chi-square, residual analysis and mathematical error
values for single fitting parameter which are shown/mentioned as
error bars. Furthermore, DRT analysis was applied (using RelaxIS3
software) wherever necessary to distinguish the overlapping pro-
cesses.

Results and Discussion

Impedance response at the open circuit voltage.—The char-
acteristic Nyquist plots of symmetrical 2E cells comprising two
cathodes of pure KB (KBpy, red line) and mixed KB/30 wt% S
cathodes (KB/Sixed .30, blue line) are shown in Fig. la. In case of
pure C, the typical blocking response of the porous electrode (in the
absence of the faradic reaction at the surface) is recorded, which is
manifested in the Nyquist diagram in a 45° incline in the middle
frequency (MF) region characteristic for the resistance of ions within
the pores (R;,,) followed by a straight line with an angle of almost
90° featuring the blocking behavior due to the absence of active
material. Latter is described with Qg4), a constant phase element
(CPE), characterizing the local charge accumulation and double
layer formation at the interface. The equivalent circuit (EC),
depicted in Fig. 1b, is adopted to fit the experimental data for this
sample which is comprised of a blocking TLM describing the
aforementioned processes in series with a resistance (R) attributed
to the ohmic response originating mainly from the electrolyte. The
overall impedance (Z) hereby is calculated using Eq. 1:

1
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where w is the angular frequency of the excitation signal and L the
pore length in the porous electrode. The extent of the x-axis intercept
corresponds to 1/3 of the ionic resistance in the pore. Of note, the
blocking condition appears non-ideal due to parasitic reactions such
as the formation of a passivation layer on the blocking electrode.
This indeed leads to a deviation of the R;,, values measured by the
above-mentioned analysis from the true values. Therefore the
reported R;,, values should be considered as apparent rather than
the true values.

An additional process can be distinguished for an active-material
containing cathode: a semicircle (RQ);, at high frequencies (HF;
0.1 MHz < f < 1 MHz) assigned to the interparticle effects of the
electrical network of the composite electrode,”*™** shown in Fig. lc.
Surprisingly, the composite electrode appears to be blocking despite
the presence of the active material at the OCV. This is due to the
relatively small excitation (10 mV) at OCV potentials. Since the
CT reactions cannot be fully excluded given the presence of S, a

non-blocking TLM is expected. In this case the impedance is given
by Eq. 2:

R: 1/2
Z = R + [Rion - C1V? coth {L(T"] ] [2]

with

-1
¢ = [1 + leqw)a] 3]

R

This yields extremely large CT resistances (R.) values which
mathematically, as shown in Egs. 4 and 5, equals the impedance
of the blocking electrode.

Zwro) = — ! = ! (4]
— + Qg (w)*
Zret  Zoai R ¢
1
ZR0).R—>c0 = W = Zoal [5]

Impedance evolution upon first discharge/charge.—In order to
identify the potential physical as well as the underlying chemical and
electrochemical processes occurring in the impedance behavior of
C/S composite cathodes during cycling, three differently fabricated
composite cathodes (CA(Ar)/Sg,s, KB/Spixeazo and CA(Ar)/
Smixed;30) are considered as model systems. In particular, these
case studies represent the typical galvanostatic cycling character-
istics and the occurring redox reaction mechanism in a Li-S cell
reported in literature.'”*?

Figure 2 summarizes these plausible voltage profiles depending
on the porosity of the C host material as well as the employed
infiltration method. As explained in the introduction section,
infiltration and anchoring of active material into the UMC host
material alters the nature of the occurring CT mechanisms, whereby
the voltage profile and the potentials of the characteristic discharge
and charge plateaus adopt accordingly as shown in Fig. 2a. For the
CA(Ar)/Sy,s cathode, a distinct discharge plateau around a consider-
ably lower potential of 1.6 V can be observed corres(l)Jonding to the
QSS-CT reaction of Sg. potymorph — Li2S (QSS-CT).'>"® In addition
to the expected long plateau at 1.6 V, a negligible plateau around
2.1V is visible at the beginning of the discharge region, pointing
that the dissolution of the remaining surficial S has proceeded to a
small extent. In contrast to this, upon charge a second (2.3 V) and
third (2.4 V) plateau corresponding to the S22 — ngf (PS-CT))
and Sg2~ — Sg (PS-CT,) oxidation reactions can be observed in
addition to the oxidation step of QSS-CT (at 1.8 V). This leads to
dissolution of PS and irreversible capacity upon first cycle in such
systems.'” The main reason for the appearance of this oxidation

35 35 35
304 @ 0] | b s0{| C
251 25 25
E: 20 § 2.0 § 20
1.5 151 1.5
1.0 1.0 1.0
0.5 T v v 0.5 v v 0.5 r v T
0 5 10 15 0 5 10 0 5 10 15
time [h] time [h] time [h]

Figure 2. Characteristic voltage plateaus of cathodes with different material systems: (a) CA(Ar)/Sg,s; (b) KB/Spixed 30: (€) CA(AID)/S mixed,30-
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steps upon charge is the formation and dissolution of semisolid Li;S4
upon oxidation of Li,S.*

Figure 2b depicts the recorded voltage profile of a cell with
KB/Smixed,30 cathode. As KB consists of solely mesopores and no
thermal infiltration process was carried out, the voltage profile upon
discharge shows the characteristic plateaus corresponding to the PS-
based CT mechanisms (solid-liquid-solid) around 2.3V and 2.1 V
attributed to the reduction steps of Sg — ng_ (PS-CT,) and S,>~ —
Li»So/Li»S (PS-CT3), respectively.***> Upon charge, corresponding
plateaus for the oxidation reactions of S,>~ — Sg*> (PS-CT);) and
Sg>~ — Sg (PS-CT) steps can be observed at 2.3V and 2.4V,
respectively. Additionally, the initial oxidation step of Li»S,/Li,S <
S4~~ (PS-CTj;) arising at the very beginning of the charge process
and leading to a sharp incline, is expected to be still active within the
2.3V plateau due to sluggish charge transfer kinetics of solid
Li,S/Li,S, oxidation.*® The foregoing discussion is for simplifica-
tion and does not exclude the formation of S¢>~, the S; ~ radical and
correspondingly the intermediary reaction steps, e.g. the discharge
reactions such as Sg — SgZ~ — S¢> (S37) and S4>~ — S¢Z (S37)
as well as the charge reaction of S¢2~ — Sg.*? In contrast to these
two samples, both CT mechanisms, i.e. QSS-CT and PS-CT, are
observed for the CA(Ar)/Spixed30 sample as depicted in Fig. 2c,
resulting from elemental Sg on the C surface as well as Sg polymorph
species protected by the micropores.*” The charge process for this
sample appears to face a strong PS-shuttle whereby the full oxidation
to higher potentials is hindered.

Herein, the in-situ impedance data was recorded at defined
DODs/SOCs during the first discharge/charge cycle for these three
cathode materials in order to gain a broader understanding on the
underlying mechanisms and kinetics of the CT mechanisms.
Therefore, a symmetrical configuration consisting of two C/S
cathodes and a Li reference, serving as the anode, was implemented.
The charge/discharge profile recorded for such cell design was
compared to a 2-electrode (2E) setup to ensure the elimination of the
originated geometrical effect from the 3E cell setup, see Fig. S3.

The capacity, efficiency and long-time cycling performance of
these various systems has already been investigated in detail in one
of our previous studies.'” As evident from Fig. S4a, the infiltration
and anchoring of the active material within the UMC carbon host
indeed exhibits the highest specific capacity and most stable long-
term cyclability. For mixed CA(Ar)/S and KB/S cells however,
lower and slowly decaying performances are found due to their
tendency to side reactions and PS-shuttle effect, as discussed above.

Gas infiltrated CA(Ar)/S.—In Fig. 3a, the recorded discharge/
charge profile of a full cell in 3E setup with CA(Ar)/S,,, cathodes is
depicted. A prolonged OCV-phase of 50 h was chosen in order to
investigate undesired effects such as self-discharge upon relaxation
period. The colored dots mark the recordings of impedance data. The
voltage peaks at the EIS measurement points can be attributed to the
relaxation breaks, which are not depicted in the plateaus.

Figure 3b shows the corresponding EIS spectra at different
DODs. At the OCV state (0% DOD, measurement 0), the impedance
spectrum of the cell exhibits the same characteristics as observed in
previous OCV investigations for mixed electrodes, i.e. a blocking
response in the LF region, an inter-particle response in the HF area
and the ionic pore resistance in between. Indeed, the impedance
remains unchanged after relaxation, implying that the self-discharge
reactions are suppressed by entrapment of the active material.
Interestingly upon discharge initiation, a remarkable change in the
LF section with an emerging semicircle is recorded. The LF branch
with appendant semicircle decreases during progressing along the
1.6 V plateau and further until the end of the discharge process. The
observed semicircle is attributed to the QSS-CT mechanism
(RQ)qss-ct- The spectra recorded for 8%-72% DOD are fitted
with the EC shown in Fig. 3c. With further discharge, R., decreases
and an additional branch appears in the LF range for deeper DOD
(72%-100% DOD, measurement 9-13), describing a nearly infinite
diffusive process i.e. the solid diffusion of Li-ions fitted using Qs

(see the EC in Fig. 3d). To make sure the low branch is
corresponding to the diffusion but no other CT processes, the EIS
of a fully discharged cell is recorded up to ultra-low frequencies
(32 pHz), see Fig. S5. Distribution of relaxation times (DRT)
analysis was employed to carry out a more precise classification of
the identified processes with respect to the corresponding frequency
ranges as well as the relaxation times, see Fig. 3e. In addition to the
R, the evolution of Ry, R;,, and Ry, is explored, see Fig. 3f.
Interestingly, R remains almost unchanged at 1.5 Q upon discharge
process. This steady behavior can be attributed to the lack of PS
dissolution in the bulk electrolyte as a consequence of the QSS-CT.
The formation of PSs is shown to increase the viscosity of the
electrolyte, resulting in a higher resistance.*® For the presented
system however, since the trapped S in the micropores is not
dissolved in the electrolyte, no substantial viscosity changes in
the electrolyte and thus no significant resistance alteration arises in
the further discharge steps. Similar trend is observed for the R, at
the OCV as well as early DODs due to the same reason. At the
deeper DOD however R, increases steadily due to the consumption
of Li-ions in the pores and the local depletion in the concentration
of the ionic carriers, and consequential reduction in pore ionic
conductivity. Such an effect is not observed for the bulk, where
the depletion of the cation is compensated fast enough from
the anode during discharge. In the case of Rj,, a stable value
can be noted before plateau. Afterwards R;,, keeps falling explain-
able by the higher ionic conductivity of the solid product Li,S/
Li>Ss (oLns = 1:1077 Sem™! #°) relative to elemental S (ogg =
510 %S cm ™! %), Interestingly, after the plateau (from 1.5V to
1 V) R, begins to increase again, as eventually the Li,S precipita-
tion overlies the surface of the conductive C material, also in
corroboration with rerise of the R;,, after plateau.

For the charging process shown in Fig. 4a at the earlier states, in
addition to the interparticle reaction and the ionic pore resistance, the
QSS-CT semicircle and the LF branch representing solid diffusion
are distinctly evident. At higher SOCs (>70% SOC), different
impedance responses are identified, see Fig. 4b. Considering the
voltage profile, the second plateau at 2.3 V linked to the oxidation
step of S22 — 882_ (PS-CT),) arises at about 70% SOC. This
naturally faster PS-CT reaction (relative to QSS-CT) is emerging at
higher frequencies. In the last EIS spectrum recorded at 100% SOC,
a semicircle becomes ultimately fully visible in the MF region. With
regard to the position in the voltage plateau, this response conforms
the oxidation of long-chain PSs to solid S, Sg>~ — Sg (PS-CTy).
Apparently, this process and the ionic pore response share similar
relaxation times, the 45° incline is superimposed by the oxidation
reaction disabling the application of the TLM. Instead, a serial
connection of two (RQ)-circuit elements is assigned to inter-particle
effects (RQ)inr, oxidation to solid S (Sg2~ — Sg, (RQ)ps.ct2) as well
as the CPE element Qg;s describing the solid diffusion, see Fig. 4c.
The evolution of other resistances upon charge is shown in Fig. S6.
The series resistance, which originates mostly from the electrolyte,
steadily increases from 1.5V to 1.9 Q. The reason therefore is the
mentioned second oxidation step forming semisolid Li,S; which
results in further dissolution to PS. This agrees with the maximum Ry
appearing at the end of the second charge plateau. Furthermore, an
increase of R;,, can be observed within the second half of the charge
process which is in accordance with the overall rise of the R;. Since
the inter-particle resistance R;, is not falling but slightly growing
during charging of the cell, it is evident that the effect of the cathode
passivation occurring due to Li>S,/Li,S formation at the end of the
discharge process is indeed irreversible.

Mixed KB.—In contrast to the CT processes identified for gas
infiltrated CA(Ar)/S cathodes, pure PS-CT mechanism was observed in
the mesoporous C host system mixed with S (KB/Spxed30). As
expected, two characteristic PS-based discharge plateaus at 2.3 V and
2.1V can be noticed, see Fig. S7. Recorded EIS spectra for this sample
during discharge are shown in Fig. 5a. Due to the significant
overlapping of different CT processes, the EIS data has been interpreted
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Figure 3. Cycling of CA(Ar)/Sy,s symmetric cell: (a) Voltage profile; (b) Discharge impedance recordings in Nyquist presentation; scatter: measured data, line:
fitting result; (c) and (d) ECs used for fitting OCV and discharge impedance recordings; (¢) DRT spectra of discharge EIS recordings, for P1-P4 please see
Table I; (f) Evolution of resistances during discharge; relative errors of fitted parameter < 2.3% (<6% for R;,).

by means of DRT analysis, see Fig. S8a. The influences can be
attributed to the various, complex reactions taking place inside the cell
during PS reduction. While in OCV phase the expected TLM with
blocking conditions is visible, a MF semicircle arises shortly after
starting the discharge process, see Fig. 5a, DOD = 17%. With regard to
the discharge profile, EIS measurement 1 at 17% DOD was recorded at
the 2.3V plateau. Thus, the spectrum represents the impedance
response of the first discharge plateau at which the dissolution of solid
S (PS-CT,) occurs and where no distinct ionic pore resistance
contribution is evident. Instead, a semicircle superimposes the relevant
frequency region. Moreover, the transformation of the LF branch
toward a semicircle indicates that another process has already initiated.
With further discharge and reaching the plateau at 2.1 V where the
process S42~ — LibSo/LixS (PS-CT;) is dominated, the semicircle at LF

becomes visible. The assignment of the appearing LF semicircle to
PS-CTj; is corroborating with the early growth of the HF semicircle
which indicates a greater inter-particle resistance induced by deposition
of reduction product at the surface, similarly observed upon solid
reaction in previous discussed samples. Preceding aforementioned, for
the first discharge EIS spectrum at DOD = 17%, fitting was performed
with a serial combination of three (RQ)-elements and a series resistance
depicting the ohmic resistances, see Fig. 5b. The following EIS spectra
from 34% to 68% DOD, recorded at the plateau are fitted employing an
EC illustrated in Fig. 3c as well, where the increase of the (RQ)-element
describing the PS-CTj is increasing with time at the plateau.
Interestingly, distinct behavior can be found for the discharge
impedance data at 85% and 100% DOD where the discharge plateau
is already exceeded. Naturally, the CT resistance of the
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fitting later charge impedance recordings.

Li,S,/Li,S-forming reduction steps is not detectable anymore given
the absence of the formation of respective phase. However, a new
individual process starts to appear at frequencies of 5SkHz < f <
0.5 MHz, which is even higher than frequencies corresponding to the
porous response and dissolution of the (PS-CT5). The origin of this
puzzling process is not fully clear. This relatively fast process on one
hand could be assigned to the reduction of remaining high order PSs
(Sg>~ — S4>~ (PS-CT,)) which fully occurs in liquid state, given the
similar time-constant to the PS-CT; process for previous sample.
Drvari¢-Talian et al. reported a tendency for PSs to disproportionate
resulting in the local depletion at cathode surface at deep
discharge.*” The depleted PS cannot be compensated fast enough
by those PSs that are present in more distant areas, e.g. the separator,
due to slow wandering. Hence, long-chain PSs are still present in the
electrolyte, even though the discharge process has already continued
to further reduction steps and fitting is performed with a blocking
TLM with two serial (RQ)-elements, see Fig. 5c. On the other hand,
an additional plausible interpretation of (RQ)-element appearing at
lower DODs is the partial coating of the cathode surface during the
formation of Li,S. Diffusion of Li ions through such a coating layer
could result in this additional resistance.

Herein, charging was finished faster than discharging and only
four impedance spectra could be recorded, which indicates the loss
of active material. For the first two spectra at 32% and 64% SOC
recorded in the known 2.3V charge plateau, the corresponding
oxidation reaction Li,S/Li>S, — S4°~ (PS-CTj3) as well as the solid
diffusion branch can be observed in the LF region, see Fig. 5d. The
ionic pore response in the MF part is superimposed by a distorted,
enlarged semicircle shape, indicating two processes with similar
relaxation times. With regard to the frequency range and previous
information gained by investigation of the discharge spectra, the two
MF impedance responses depict most likely oxidation reactions of
long-chained PSs, hence S, — S¢2~ (PS-CT;) and Sg*~ — Sg
(PS-CT,). For later charge impedance spectra at approximately 96%

and 100% DOD, blocking behavior is observed. The porous
response is still partially superimposed by PS-CT; apparent from
DRT analysis (Fig. S8b), therefore a serial connection of (RQ)-
circuits depicting the identified processes are chosen as EC, see
Fig. Se for the first and second charge EIS spectrum and Fig. 5f for
later spectra.

Mixed CA(Ar)/S.—Subsequently, the impedance evolution of
mixed, i.e. non-infiltrated, CA(Ar)/Spixeqa30 €lectrode upon first
cycle where the characteristics of both kind of CT processes, i.e.
PS-CT and QSS-CT, are evident is investigated. In order to maintain
comparable conditions a S fraction of 30 wt% is chosen, since the S
content of CA(Ar)/Sg, is usually around 20%-30%, see Fig. SO.
Observation of impedance spectra recorded during OCV shows a
decrease in the LF branch which could indicate a slight self-
discharge, see Fig. S10, in contrary to CA(Ar)/Sg,. The recorded
discharge impedance spectra are shown in Fig. 6. As observed
before, the impedance response of the ionic pore resistance is
superimposed by process PS-CT, (Sg — Sg*7), Fig. 6a. A further
semicircle in the LF area can be observed, which increases toward
the end of the first discharge 2plateau at 48% DOD. This behavior is
linked to the reduction of S;~~ — Li,S,/Li,S (PS-CTj).

Simultaneously with the decrease of the LF arc and appearance of
the solid-state process, the HF inter-particle response increases
analogous to CA(Ar)/S,,, sample. Starting from EIS measurement
6 at 60% DOD, the porous characteristics (45° slope) become visible
again in the EIS spectra, see Fig. 6b. In the second discharge plateau,
the impedance evolution is similar to spectra of the gas infiltrated
CA(Ar)/S cell. The LF branch drops toward the real axis and a
semicircle shape becomes apparent.

The distinct presence of both CT mechanisms leads to a more
complicated identification of the corresponding responses in the
charge impedance data, which are shown in Fig. S11. However,
since QSS-CT and PS-CT are dominant in different voltage areas, a
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simultaneous occurrence is not expected. Hence, modelling and
fitting can be achieved by applying the already known TLM as
depicted in Fig. 3d.

All the above discussed processes occurring within cathodes in
this study are listed in Table 1. The QSS-CT has slower kinetics than
the PS-based CT reactions which is mainly due to the limited
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diffusion within the S particles compared to the fast PS dispropor-
tionation steps in solution.**>' Among the PS-based CT mechan-
isms, the PS-CT; reaction which occurs fully in the liquid state owns
the lowest relaxation time constants.

The quantified R, values for the CA(Ar)/Sg,s and KB/Syixed 30
cathodes and their evolution at the main discharge plateau are
depicted in Figs. 7a and 7b. The QSS-CT owns greater R, values
due to the less exothermic reaction of Sg — Li,S compared to PS-
based reduction steps.*> Additionally, the confinement of S in the
ultramicropores and lack of contact between electrolyte and active
material calls for the solid-state diffusion of ions which leads to
overpotentials as well.**

Interestingly, while Rqss.cr in the case of CA(Ar)/S,, cathode
decreases upon discharge at the plateau, the resistance of the PS-CTj;
mechanism occurring in the KB/S,,xeq30 cell appears to rise. The
opposing trends can be explained with the dominating limiting factor
of the different CT mechanisms. Since the QSS-CT mechanism
reacts only in the solid phase, it is predominantly controlled by the
diffusion of the Li-ions in the cathode. Even though both species,
elemental Sg as well as Li,S, are generally considered to be
insulating, the final discharge product Li,S shows to have a greater
ionic conductivity than elemental Sg (o o5 = 111077 Sem™! 5% vs
oss = 51073 S em ™" °°). Hence, with ongoing discharge process
the overall ionic conductivity in the C/S compound cathode grows
whereby the diffusion and CT are facilitated. For PS-based CT
mechanisms in Li/S cells, CT is mainly controlled by the surface
reactions which occur at the three-phase boundary between the PS
solution, insulating lithium sulfides precipitates and conductive C.
With further discharge a growing amount of insulating Li,S,/Li,S
precipitation covers the conductive C surface (evident from the EIS
data as discussed) which suppresses the further nucleation and
growth of reduction products resulting in an increased CT resistance.
Such passivation of the surface by final products of PS-based
reduction reaction and increase in CT resistance at 2plateau is
analogously observed and discussed using in situ TEM.’

Effect of electrolyte.—The combination of gas infiltration and
microporous C enables the application of carbonate-based electro-
lyte whereby the excessive nucleophilic reaction of the carbonate
solvent with the short-chain S-anions could be suppressed. Thereby,
great specific discharge capacities can be obtained, see Figs. S4b. To
assess the implementation of carbonate-based electrolytes within Li/
S batteries employing a S infiltrated UMC host, the evolution of the
EIS upon first cycle is compared to the ether-based electrolyte, see
Figs. 8a. The observed EC/DMC cell was assembled using
CA(A1)/S,,, cathodes in a symmetrical cell configuration and with
cycling parameter analogous to previous investigations executed for
ether-based electrolytes. In the voltage profile, the elimination of the
2.1V voltage plateau in contrary to the ether-electrolyte has been
fully achieved. This is originated in the formation of a passivation
layer on the cathode in contact with the carbonate electrolyte
whereby the S is fully trapped within the carbon matrix.'”
Figure 8a shows the impedance data recorded during the initial

OCYV phase as well as the complete first cycle in a 3D Nyquist plot.
For the carbonate-based electrolyte, in addition to the LF contribu-
tions (CT and the solid diffusion) a second semicircle can be
observed in the MF region (50 Hz < f < 0.5 MHz). This MF process
which superimposes the ionic pore response appears to grow while
discharging the cell. Figure 8b compares the EIS spectra recorded at
the end of the discharge process of CA(Ar)/S,,, cells using DOL/
DME (blue) and EC/DMC (black). During charging of the cell, a
reversed progress of the QSS-CT response in the LF area can be
observed. However, the MF semicircle is still growing while
charging the cell and still visible at the end of the charging process,
see Fig. 8c. This process is assigned to the passivation film to be
known forming on the S cathode in contact with the carbonate
electrolyte. The irreversibility of the process upon charge corrobo-
rates this assumption. Interestingly, the formation of such film on the
cathode leads to an increase in the CT resistance (QSS-CT).

Conclusions

In the presented study, porous C-based S electrodes are system-
atically investigated using EIS. By applying symmetrical cell
configuration, the contribution of the Li metal anode can be
eliminated. Various C materials are used for this purpose, including
commercially available KB and two micro- and micro-mesoporous
CAs with different pore size distributions. The herein prepared
composite cathodes indicate porous impedance response at the OCV.
Therefore, TLMs are employed to thoroughly understand and
evaluate the underlying processes including the porous character-
istics of the cathode materials. Taking EIS and related processes into
account, the overall impedance response of a porous C/S composite
cathode at the OCV could be collectively described by an EC
comprised of the following elements: bulk electrolyte resistance,
electrolyte resistance in the pores, interparticle contact resistance and
CT resistance at the electrode/electrolyte interface parallelly con-
nected to the double layer capacitance.

To identify the plausible physical as well as underlying
chemical and electrochemical processes appearing in impedance
response of C/S composite cathodes upon cycling, three differently
prepared composite cathodes (CA(Ar)/Sgy, KB/Spixea30 and
CA(A1)/Spixeda30) are considered as model systems. These model
systems represent specifically the common galvanostatic cycling
behavior and the possible redox reaction mechanism in a Li-S cell.
Considering the information derived from the recorded impedance
data and extracted DRT spectra at different DODs in combination
with voltage profile upon galvanostatic cycling in addition to the
physical processes contributing to the overall impedance, individual
CT reactions and their relaxation times are identified. Expectedly,
the most sluggish CT process found is the QSS-CT process observed
for the gas infiltrated ultramicroporous CA only appearing at deeper
DODs. Unlike gas infiltrated CAs, the cathodes prepared using
mechanical mixing reveal other CT processes with substantial lower
relaxation time constants and faster kinetics. These faster CT
reactions are assigned to the long- and short-chain PS reduction in

Table 1. Simplified identified processes and their frequency range and relaxation time.

Process Reaction Frequency Range f Relaxation time 7
P1 Inter-particle response 0.1 MHz < f < 1 MHz 8e-7 s
P2 Ionic pore resistance 5SHz < f< 10kHz
P3 QSS-CT 0.0l Hz < f< 10Hz Se-2 s
P4 Solid diffusion f<1Hz
P5 PS-CT;:
Sg?” — S, 5kHz < f < 0.5 MHz 8e-5 s
P6 PS-CT,:
Sg > SgZ~ 1Hz < f< 10kHz le-3 s
P7 PS-CT;:

S42~ > LirSo/LirS

1Hz < f<50Hz 8e-2s
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the solution phase. Among these PS-CTs, the smallest time constant,
i.e. the fastest kinetic, is derived for PS-CT: Sg°~ <« S,2~, the
reduction step which fully occurs in liquid phase. The solution of
solid S in the electrolyte, PS-CT,: Sg <~ Sg>~ has similar relaxation
times to that of the porous response, resulting in an overlap in the
impedance spectra. Therefore, it could be concluded that the lack of
porous response for the C/S composite cathode implies the dissolu-
tion of PSs. For the OCV particularly, this absence is likely to be an
indicator of self-discharge. An additional process observed at 2.1 V
plateau is attributed to the relatively slow PS-CT;: S&7 —
LiS,/Li,S. Although in this study the transmission line theory is
mainly used to describe the porous properties of cathode materials,
the large number of processes with similar relaxation times called for
extended TLMs or connections of different ECs for single responses
in series. For carbonate-based electrolytes, an additional process in
the MF regime growing upon charge and discharge is observed
which is assigned to the passivation film forming on the S cathode
exposed to such electrolytes. In summary, this work successfully
identified the implication of different plausible processes and
phenomena related to the composite C/S cathode in the recorded
impedance spectra.
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