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Soni et al. demonstrate the application of the distribution of relaxation times
method as a diagnostic tool for the analysis and prediction of capacity fade and
end-of-life of Li-S batteries. The instability of the SEl and the high rate of Li,S
precipitation are shown to be primary indicators of performance loss.
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SUMMARY

While lithium-sulfur (Li-S) batteries are a promising next-generation
technology, their complex chemistry means they can degrade and fail
via numerous mechanisms. To minimize or overcome these modes of
failure, we must develop tools that can differentiate between chemical
processes in the operating cell, reveal their effects on cell health, and
monitor cells throughout their lifetimes. In this study we undertake a
comprehensive investigation of the failure modes exhibited by Li-S
cells, using the distribution of relaxation times (DRT) method. By eval-
uating the contribution of various electrochemical processes to overall
cell resistance, we establish meaningful correlations between perfor-
mance degradation and specific electrochemical/materials phenom-
ena. Notably, the DRT profiles reveal that the solid-electrolyte
interphase resistance can serve as an early indicator of impending
cell failure. The methodologies and findings presented in this study
hold substantial implications for the advancement of on-board diag-
nostics tailored for Li-S batteries and other cell chemistries.

INTRODUCTION

Despite the promise of lithium-sulfur (Li-S) batteries (i.e., high energy density, low cost,
and comparative safety), their complex modes of cell degradation and tendency for pre-
mature failure still hinder their commercial application. More importantly, although Li-S
batteries can reach capacities close to their theoretical values (1,675 mAh 971)1 in initial
cycles, these usually decline rapidly due to factors including polysulfide (PS) shuttling,”
cracking of positive and negative electrodes, increases in interfacial resistance, and elec-
trolyte loss due to the continuous formation of solid electrolyte interphase (SEI). Unfortu-
nately, although the use of tools to understand the state-of-health (SoH) of Li-S batteries
will be vital for their commercial success, the complexity of the Li-S system means that the
use of more generalized or widely used SoH estimation methods will be very challenging,
even after the usual customization to tailor for a specific cell chemistry.® SoH estimation
methods currently used for Pb acid, Li-ion, and metal hydride batteries are commonly
based on various capacity or impedance measurements and the correlation of these

data with known battery phenomena.*® The application of these simple methods of anal- ) o
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health estimation methods that show a strong and direct correlation with variations in the
Li-S battery chemistry and features are required for their diagnosis.
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diagnosis tool for understanding Li-S battery formation and early-cycle life loss pro-
cesses.®” It was shown to be able to distinguish between a wide range of simultaneously
occurring modes of capacity loss, and to enable the analysis of cell state-of-charge (SoC).
Here, we apply this tool to reveal the processes that drive Li-S battery degradation, SoH,
and failure.

Although several studies have been undertaken to date to decipher the mechanisms of
performance change during Li-S battery cycling, there are still inconsistencies in findings
and, more importantly, few studies identify methods that could be used to predict in-
stances of cell degradation or failure. For example, in their capacity fade analysis for
Li-S cells using EIS, Noh et al. linked improvements in capacity retention at high discharge
currents to the formation of amorphous Li,S at the positive electrode, which led to faster
Li-ion diffusion. This in turn led to low overpotentials and high reversibility compared to
crystalline Li,S, which formed at low discharge currents.'® Yan et al. also linked capacity
fade to LizSy/Li,S films forming on the S positive electrode, via postmortem scanning
electron microscopy analysis, combined with EIS. In tests with different amounts of elec-
trolytes over 100 charge-discharge cycles, the cell with 12 pL/mgss,- electrolyte lost 61%
capacity, whereas the cell with 5 pl/mgs electrolyte lost 30% capacity after 100 cy-
cles."" However, this study did not analyze the negative electrode for its role in capacity
fade. This is important because Risse et al. found a contribution from the negative elec-
trode toward early-cycle life (~50 cycles) capacity fade processes in the Li-S cell inan early
study combining EIS with DRT analysis.'? In particular, they identified a fast capacity loss
process in the initial cycles and low fade process in later cycles using a linear four-state
model. The slowing of charge transfer at the negative electrode was found to primarily
contribute to the fast degradation, whereas the deposition of Li;S in later cycles was
responsible for the slower degradation process. More widely, capacity losses have
been strongly linked to the PS shuttle effect, including irreversible processes leading to
PS oxidation at the negative electrode and quasireversible capacity losses attributed
to the PS dissolution in electrolytes, which can be recovered on slow charging.’®

Here, we demonstrate that DRT analysis of EIS can be used to characterize the multi-
faceted processes that drive Li-S battery degradation throughout cell life, from early-
cycle capacity losses to midlife plateaus and end-of-life drop-off. The understanding
of the Li-S battery characteristics developed enable a deeper understanding of Li-S
battery chemistry and offer a powerful predictive tool to identify cell SoH and even
cell failure. This is achieved using in situ methods that are relevant to onboard bat-
tery management systems, and hence the knowledge gained can significantly
contribute to future Li-S battery efficiency, control, and safety.

RESULTS AND DISCUSSION

Capacity fade analysis during end-of-life operation

Previous work® identified eight distinct relaxation time constants for Li-S cells, in which
peak P1 (see Figure S1; ~3 ps) was assigned to distributed Ohmic resistance (Ro), P2
(14-28 ps) to double-layer relaxation, P3 (~45 ps) to Li-ion migration through the SEI at
the negative electrode (Rsg), P4-P6 (~0.3, 0.5, and 50 ms), respectively, to the charge-
transfer resistance at the positive electrode, and P7 and P8 (~0.4 and 10 s) to diffusion
processes. The resistance contribution of the above parameters to the total cell resistance
can be quantified by calculating the area under these peaks, which can be correlated to
processes contributing to the performance loss.'* To decipher modes of capacity loss to-
ward the end-of-life of Li-S cells (end-of-life is defined here as the loss of 20% of the initial
capacity during cycling) at low current densities (C/20), we performed DRT measure-
ments after 5 charge-discharge cycles (at 100% SoC) until the cell reached ~80% of
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Figure 1. Impedance data and DRT analysis

DRT profiles (A, C, and E) and the corresponding impedance data (B, D, and F) recorded every 10
cycles at 100% SoC as the cell is cycled at C/20 current density until the cells reach end-of-life (80%
capacity).

the initial capacity'® on cells fabricated with lab-made electrodes (see Experimental pro-
cedures). Figure 1 shows the evolution of the impedance data and DRT profile (time con-
stants and polarization resistance) measured after every 10 charge-discharge cycles
(every 5 charge-discharge cycles are shown in Figure S2) for 3 representative cells until
they reached end-of-life. DRT profiles (Figures 1A, 1C, and 1E) and the corresponding
Nyquist plots (Figures 1B, 1D, and 1F) exhibit continuous change with cycling, indicating
changes in the properties of the positive electrode, negative electrode, electrolyte, and
electrochemical interface; the observed DRT profiles are consistent with those reported
previously.®

In Figure 2, the evolution of several key resistance components is quantified from the
DRT profiles for cells 1, 2, and 3 as they reached end-of-life, plotted alongside the
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Figure 2. Resistance contribution of different cell processes

The trend in resistance contribution of different cell processes in lab-made cells extracted from DRT profiles at C/20.
(A-C) Capacity values measured for cells 1, 2, and 3 at C/20 through end-of-life.

F) Ro values.

) ESR values.

(D
(G
(J-L) Rsg values.
(M-0O) Rcr values.
(P—R) RD,vffvaluesA

See Tables S1, S2, and S3 for values.

cell capacity as a function of cycle number. The initial discharge capacities measured
for cells 1, 2, and 3 (after the formation cycle in which cell capacities were 715, 965,
and 719 mAh 9_1, respectively, which decreased to 623, 915, and 675 mAh g_1 after
5 cycles, aloss of 12.8%, 5.2%, and 6.1%, respectively; Figures 2A-2C). Upon further
cycling, the cell capacity fades steadily, eventually reaching end-of-life after 70, 65,
and 100 cycles, respectively, for the 3 cells; a similar capacity loss during cycling has
been observed in the literature.””'*"" Ro (P1, Figures 2D-2F), the interparticle
resistance, decreases in the initial stage of cycling in all of the cells, which is attrib-
uted to the rearrangement of S and remains largely consistent, with only minor fluc-
tuations toward end-of-life; it can be excluded as a major driver of the performance
change observed because no correlation with degradation events was observed.

Itis interesting that the equivalent series resistance (ESR) (Figures 2G-2l) of the cells,
to which the electrolyte resistance makes the major contribution, did not increase
abruptly in the initial cycles but instead could be seen to increase slowly in the mid-
dle of cycle life and at a faster rate afterward. For example, in cell 1 (Figure 2G), after
aninitial increase from the precycling value to that measured in cycle 1 (2.40-2.60 Q),
the ESR remained steady between the first to the fifth cycle, exhibiting a nominal
change from 2.60 to 2.62 Q. An increase in electrolyte viscosity will act to increase
ESR, suggesting that in the early cycles, the reduction in any PSs, which significantly
increase electrolyte viscosity, back to Li,S within the positive electrode or on the Li
surface prevents any major increase in electrolyte viscosity.” As the cycling pro-
gresses, the ESR experiences a gradual but consistent increase, culminating in
end-of-life scenarios in which electrolytes saturated with PSs will certainly play a
role. For, example, in cell 2 (Figure 2H), the ESR displays a slight increase during
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the first 25 cycles, ranging from 4.03 to 4.26 Q, followed by a steady increase to
10.17 Q after cycle 65. This behavior is mirrored in cells 1 and 3 (Figures 2G and 2I).

An analysis of the resistance of SEIl (Rsg)), as illustrated in Figures 2J-2L, reveals a
discernible reduction in resistance during the early cycles while the interphasial layer
is forming for all cells, indicative of inherent instability and reactivity within the SEI.
However, Rsg then undergoes continuous and uneven changes, indicating the un-
stable nature of the Li surface; notably, the Rsg; does not manifest any discernible
trend across all of the cells, underscoring the highly dynamic nature of the interphase
due to the continual stripping and plating of Li during discharge and charge cycles.
The inherent instability of the SEI exposes fresh Li after each cycle, contributing to
electrolyte degradation and PS reduction, and thereby contributing to the observed
capacity decay.’” These data show that these events occur concurrently with major
changes in the cell capacity behavior; therefore, the instability of the SEI, when the
Li-S cell is operated at C/20, is likely a major contributor to the capacity decay.

Unlike Rsg, the change in the double-layer polarization (Ry) at the positive electrode
(Figure S3) shows little correlation to the observed phases of performance change.
Changes in Ry do not align with capacity fade and show fluctuations in the values as
the cell is charge-discharged, indicating that the evolution of Ry has little signifi-
cance in the assessment of performance loss and cell diagnosis.

The higher time constants peaks, P4-P6, in the DRT analysis represent charge-transfer
resistance (Rcy) of the positive electrode (Figures 2M-20), and it is interesting to note
that these resistance values show a complicated behavior, fluctuating as the cells
were cycled, but show an overall downward trend. Charge transfer at the positive elec-
trode is influenced by the conductivity of the interface.?’ The absence of any uniform
trend in the Rcr values indicates that the deposition of Li,S and S in the positive elec-
trode following discharge and charge is also dynamic, hence the deposition is likely un-
even and inconsistent when the cell is operated at C/20. Therefore, we find that the evo-
lution of P4-P6 does not demonstrate an intimate correlation with capacity changes in
the cell, suggesting their limited utility for the prediction of cell degradation and failure.
Lastly, diffusion resistance (Rp;) (Figures 2P-2R, P7 and P8) is characteristic of ion-diffu-
sion processes and is influenced by the porosity of the electrode structure and solid-
state diffusion, showing an overall downward trend in cell 1, with a slight increase and
decrease up to 60 cycles, followed by a linear increase toward end-of-life. In cells 2
and 3, the Rpi values are slightly more stable, suggesting that Li,S precipitation is
not a limiting process for the capacity fade at low current density (C/20) until cell end-
of-life. The above analysis of different resistance contributions of the Li-S cell show
that the instability of the SEIl leading to PS reduction and electrolyte decomposition at
the Li negative electrode are largely responsible for the capacity loss in Li-S cells at C/20.

Capacity fade analysis toward cell death

Although understanding capacity fade toward the 'end-of-life’ isimportant, the anal-
ysis and understanding of capacity degradation beyond this widely accepted, but
arbitrarily defined, point as the cell moves towards true cell death is significant for
second-life applications, particularly in high-energy-density systems such as Li-S
batteries.”” Hence, to enable the identification of failure mechanisms in Li-S batte-
ries during long-term cycling toward cell death, and to detect precursors of cell fail-
ure, we monitored cells until their capacity became negligible, measuring EIS at 50
cycle intervals at 100% SoC to allow DRT analysis to be performed. Polarization re-
sistances of various cell processes were quantified to determine the contributions of
different cell polarizations toward cell failure.
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Figure 3. Charge-discharge and impedance data
Charge-discharge (C/5) and impedance data of cell 1 (A and B), cell 2 (C and D), and cell 3 (E and F)
were measured at intervals of 50 cycles until cell capacity became negligible.

Cells fabricated with lab-made electrodes first underwent a formation cycle
(discharge and charge) at a rate of C/20 (Figure S4; capacities obtained after the
formation cycle, designated as 0 cycle, for cells 1, 2, and 3 were 885, 1,013, and
1,014 mAh g~', respectively), before they were subjected to long-term cycling at
a rate of C/5. Charge-discharge curves and impedance data recorded at intervals
of 50 cycles until cell capacity dropped to negligible are shown in Figure 3; cells
1, 2, and 3 show 630, 780, and 763 mAh g’1 capacity after the first discharge, drop-
ping to 504 (183 cycles), 624 (152 cycles), and 610 (160 cycles) at end-of-life. The ca-
pacity faded consistently in all 3 cells; the charge-discharge profiles show shrinking
of the plateau between 2.4 and 2.0 V and 2.0 and 1.8 V, signifying the formation of
PSs and indicating the loss of active material due to PS dissolution. Furthermore, the
charge-discharge overpotential, measured at the midpoint voltage, gradually
increased with cycling, ascribed to the increase in the internal resistance of the
cell?® (E = Eo — IR, where E is the cell voltage, Eo is the thermodynamic voltage, |
is the current, and R is the resistance). Nyquist plots for 3 cells recorded after a
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Figure 4. DRT profiles and corresponding normalized DRT profiles
DRT profiles (A, C, and E) and corresponding normalized DRT profiles (B, D, and F) of lab-made cells cycled at C/5.

consecutive 50 cycles are shown in Figure 3; the plots show that the EIS profile
changes regularly as the cell is cycled, pointing toward the evolution of the internal
properties of the cell, such as electrode structure, electrolyte resistance, and SEI.

DRT profiles calculated for the above three cells are shown in Figure 4; DRT profiles
measured after the formation cycle show very high resistance for the negative
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Figure 5. Resistance values of different cell parameters extracted from DRT profiles during second-life analysis

(A-C) Capacity values measured for cells 1, 2, and 3 at C/5.
(D-F) Rp values.
(G-I) ESR values.

(J-L) Rsgsvalues. Note that the Rsg values measured after the formation cycle (cycle 0) were 11.23 Q for cell 1, 5.92 for cell 2, and 21.74 Q for cell 3; full

datasets can be found in Figure S5.
(M-O) Rcr values.

(P—R) RD,ffvalues.

For values, see Tables S4-S6.

electrode interface, signifying the presence of a native oxide layer on the Li surface.’
As with the data shown in Figure 1, the DRT profile changes during cycling are char-
acterized by shifts in peak area and peak position (Figures 4B-4D and 4F, normalized
distribution functions), signifying changes in the internal properties of the cell.

Cell capacity and different resistive components quantified from the DRT profiles of
three cells as a function of cycle number are shown in Figure 5. The capacity of the three
cells (Figures 5A-5C) fades consistently as the cell is cycled; however, the capacity fades
at different rates at various stages of the cell cycling. Cell 1 retains 86% of the initial ca-
pacity after 150 cycles, whereas cells 2 and 3 retain 80% and 82%, respectively, during
the same period, representing a rate of capacity fade in cell 1, cell 2, and cell 3 0of 0.09%,
0.13%, and 0.12% per cycle, respectively. In cell 1, from 150 to 400 cycles, the capacity
falls from 546 to 174 mAh g™, a loss of 68% capacity (0.27% fade per cycle), whereas cell
2 lost 66% (0.26% fade per cycle), and cell 3 lost 80% (0.32% fade per cycle). These re-
sults indicate that Li-S cells capacity fade at a faster rate after the traditional defined end-
of-life (20% loss in capacity); therefore, identifying and understanding the process
causing this enhanced degradation is important to enhance the second-life viability of
Li-S batteries. Various cell parameters extracted from the DRT profile of the three cells
as a function of cycle number (plotted in Figure 5) were analyzed to identify processes
responsible for capacity loss.

Ro (Figures 5D-5F) calculated after the formation cycle (0 cycles) was 2.82, 1.07, and
1.57 Qforcells 1,2, and 3, decreasing to 0.50, 0.44, and 0.54 Q, respectively, after 50
cycles. However, after 50 charge-discharge cycles, the Rp decreased more slowly,
reaching 0.20, 0.23, and 0.42 Q, respectively, for the 3 cells at the end of 400 cycles.

8 Cell Reports Physical Science 5, 101833, February 21, 2024
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This decrease is likely caused by the gradual loss of S from within the positive elec-
trode (S is melt infused in the pores of carbon), leaving a more conductive matrix
structure. The observed change has little correlation with overall cell health and
thus will be of little use in predicting cell failure.

A close look at the change in capacity of three cells (Figures 5A-5C) and ESR
(Figures 5G-5I) with cycling reveals a clear link between ESR and capacity loss.
ESR shows a linear increase with charge-discharge in the first 200 cycles consistent
in 3 cells, increasing from 2.57 t0 5.82 Q in cell 1, 2.28 to 5.51 Q in cell 2, and 2.43
to 5.47 Q in cell 3, suggesting an increase in PS concentration in the electrolyte.’’
It is interesting that although ESR may be expected to continue to increase with
further cycling, for cell 1 it reaches a maximum after 250 cycles (5.82 Q), before
showing a continuous decrease, reaching 4.91 Q after 400 cycles. Similar trends
were also observed in cells 2 and 3. As the Li-S cell is charged-discharged, the con-
centration of soluble PSs (Li,Sg.4) gradually increases in the electrolyte, reaching a
maximum at the PS saturation concentration. Evidence for the reason behind the
decrease in ESR after reaching maximum can be found in the progression of Rpi#
(Figures 5P-5R); Rpj increases with a very low rate up to the point of maximum
ESR and afterward shows a large increase. For cell 1, the rate of Rp;increase from
50 to 200 cycles is 0.011 Q cycle™, but jumps to 0.038 Q cycle™ for the next 200
cycles (Rpi cycle 50-200 = 0.013 Q cycle’1 and 0.016 Q cycle’1 for cells 2 and 3,
then Rpi cycle 200-400 = 0.057 and 0.374 Q cycle™"). The diffusion resistance in
the positive electrode is attributed to the precipitation of insulating Li,S film in the
positive electrode.?” The ionic conductivity of the Li,S is extremely low (~107"3'S
em™")?%; therefore, the increase in Rp;# can be assigned to the buildup of LiS after
end-of-life. The results show that the rate of formation of Li,S increases when the
electrolyte becomes saturated with PSs, with a simultaneous increase in capacity
fade caused by the loss of active material.**

The change in the Rgsg, representing the resistance for Li-ion migration in the SEI, is
significantly more dynamic than many of the other DRT peaks, showing a significant
change in the region of cell life where the major capacity fading occurs. The evolution
of Rsgywith cyclingis given in Figures 5J-5L forcells 1, 2, and 3; the Rsg values measured
after the formation cycle were 11.23 Q for cell 1, 5.92 for cell 2, and 21.74 Q for cell 3
(Figure S5). We have shown in our previous report that this initial high Rsg; is associated
with the presence of a native oxide/nitride layer on the fresh Li surface. After 50 charge-
discharge cycles, the Rsg decreased significantly to 0.09,0.11,and 0.12 Qforcells 1, 2,
and 3, respectively, showing that the native film is removed after initial plating and strip-
ping. In all three cells, Rsg; shows a continuous increase up to the point at which 20% of
the initial capacity was lost (defined as end-of-life), but after this point, it decreases and
shows unstable behavior. The positive electrode Rcr also showed similar complex
behavior, increasing up to the cell traditionally defined end-of-life and fluctuating after
this point, showing no clear trend. This is likely to be associated with complexity in the
multiphase nature of positive electrode interphase in which carbon, S, Li,S, binder, and
PSs are undergoing rearrangements as the cell is cycled. The above analysis of different
resistance components of cells indicates that after end-of-life, an increase in the rate of
Li,S precipitation in the positive electrode exacerbated by the saturation of electrolyte
with PS along with the instability of the SEl are main contributors to the performance loss
after end-of-life. Cell 3 suffered a short-circuit during charging after 397 cycles, which
was evident from a sudden voltage decrease (Figure 3E); after this event, a drastic
change was observed in the Rsg value compared to other cell parameters, increasing
by 2.3 times to 0.41. The significance of Rsg  values as a probable indicator of cell failure
is explored later.
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Failure analysis of cells with commercial S electrodes

We also performed the analysis discussed above on commercial Nanomyte BE-70
electrodes (Figure S6) to validate the applicability of the DRT method on different
positive electrode compositions. Figure S6A shows charge-discharge data of a
Li-S cell fabricated with a Nanomyte electrode at C/5 until its failure; here, the cell
undergoes charge-discharge for 535 cycles before it fails. The breaks in the continu-
ity of the charge-discharge cycles (Figure S6A) represent the rest periods that were
imposed before each impedance measurement to allow the cell to reach a steady
state. Figure S6B shows the final charge-discharge cycles of this cell, in which it
can be observed that short-circuiting begins to occur. As the cell was charged after
the 535th cycle, the voltage dropped suddenly to ~0 V (Figure S6C), but it then
recovered to an open circuit voltage of 2.29 V, indicating the breaking of the
short-circuit, which was likely driven by Li dendrites. However, when this cell was
subjected to additional charge-discharge, it survived only a further 7 cycles before
the voltage dropped to ~0V again (Figure S6B). Cell capacity variation with each cy-
cle is shown in Figure S6D; the cell capacity initially increased from 130 to 383 mAh
g™ after 36 cycles, after which the cell showed relatively stable performance up to
150 cycles, with only an ~0.2 mAh g~ loss per cycle. The capacity then fell rapidly
up to 300 cycles, at which it again stabilized somewhat at ~150 mAh g~'. Consid-
ering 383 mAh g~ as the maximum capacity, the cell reached 80% of this value af-
ter 148 cycles (184 cycles with respect to the beginning of cycling), which is similar
to the end-of-life measured for lab-made cells. Reported Li-S cells usually show
continuous capacity fade with each cycle; however, the Nanomyte electrodes
used in this study commonly show activation in the initial cycles, likely due to the
relatively heterogeneous-size S particles, followed by a regular capacity loss as
the cell is cycled.®

DRT profiles of the Nanomyte-based cells calculated at 100% SoC are given in Fig-
ure S7A, showing continuous evolution of cell internal properties. Note that the
DRT profiles have the same number of peaks and the same characteristic features
as the lab-made electrodes, albeit with slight differences in the magnitude of the
polarization resistances. This consistency in peak patterns demonstrates that DRT
analysis can be applied as a general diagnostic tool for Li-S cells. Major polariza-
tions in the cell such as Ro, Rsg;, Rer, and Rpis show consistent change throughout
the cycle life and therefore may be useful to track the cell SoH in this type of elec-
trode (Figures S7B-S7G, tabulated values in Table S7). The evolution of Ro during
cycling is shown in Figure S7C; after the formation cycle (0 cycles in Figure S7C),
Rois 1.16 Q, and then it decreases to 0.68 Q after 50 charge-discharge cycles,
consistent with the growth and peak in cell capacity. This decrease in R can be
attributed to the loss of S from the positive electrode because dissolved PS ex-
poses more carbon in the process.® The Ro, however, remains stable up to 200 cy-
cles and only changes significantly after ~350 cycles, where it increases gradually
up to 500 cycles, meaning that it shows little reflection of the most significant
phase of capacity loss.

Continuous accumulation of insulating Li,S with time explains the trend in the evo-
lution of Ro."*?® The trend in Ro is strikingly different from that observed in lab-
made cells, where Rp shows a downward trend. The commercial electrodes are fabri-
cated by mixing carbon black, sublimed S, and binder, whereas lab-made electrodes
are fabricated from the melt-infused S-carbon composite, with S occupying pores in
the carbon. Therefore, the nucleation properties of Li,S in the two cells is likely to be
different, causing varied trends in the Ro.
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The trend observed for ESR (Figure S7D) is consistent with that observed for lab-
made cells. The initial increase in ESR is likely to be caused by the increased electro-
lyte viscosity, whereas at later stages, the increase in ESR can be assigned to the con-
sumption of electrolytes at the negative electrode.”’

The change in the Rsg (Figure S7E) also shows dynamic behavior similar to the lab-
made cells. Although the value is initially low due to the formation of SEI during
first discharge (formation cycle), on subsequent analysis at 50 and 100 cycles,
where cell capacity is at its peak, the Rsg is very low: 0.10 and 0.21 Q, respectively.
An increase in resistance coincides with the commencement of capacity fade (cycle
150), and large increases occur as the cell capacity drops, plateauing close to cycle
300, as does the capacity. This behavior is consistent with the loss of electrolytes
due to its reaction with the Li-metal negative electrode,?® forming a thick layer at
the interface as the cell is cycled.?” Furthermore, polarization associated with Rcr
of the cell (Figure S7F) also increases with cycling; as the cell is charge-discharged,
electrochemically inactive Li,S precipitates at the carbon interface, blocking the
reactive sites and resulting in high resistance for the electron transfer. Also, Rpi#
shows a trend similar to cells 1 and 2, increasing very slowly in the end-of-life
phase; however, it remains stable in the range of 4.3-4.27 © from 300 to 450 cycles
and then increases rapidly to 8.82 and 18.68 Q at the end of 500 and 550 cycles,
respectively.

Role of Rsg, in short-circuit prediction

In Figure S7E, a sudden decrease in Rsg of the Nanomyte cell discussed above, from
2.51 1o 1.77 Q (30% decrease), after 450 cycles and an abrupt increase after 500 cy-
cles can be observed. Drastic decreases and increases in the Rsg; may be indicative
of the formation of soft-shorts (e.g., unstable dendrites); soft-shorts have previously
been reported to occur in Li-ion and Zn-ion batteries.”® Soft-shorts are different from
full short-circuits because they do not cause the cell voltage to drop significantly, but
they can cause self-discharge.®**' Shorting in the cell can also generate heat,
causing faster degradation of the electrolyte, leading to the formation of a thick
SEl layer, which may explain the increased Rsg after 500 cycles®® (Figure S7E). The
formation of soft-shorts is usually reflected in the impedance spectra by a decrease
in semicircle representing SEI charge transfer in the symmetric cells®’; however,
none of the impedance spectra of this cell measured after 400, 450, and 500 cycles
(Figure S8) show a significant decrease in semicircle pointing to the complex situa-
tion in a Li-S full cell. As demonstrated, however, DRT is capable of identifying subtle
changes in the Rsg;, making it a useful tool for cell diagnosis and failure prediction. As
discussed above, cell 3, which was based on a lab-made electrode (Figure 5L), also
showed an abrupt drastic increase in the Rsg values measured at the point of short-
circuit. The Nanomyte cell experienced a first hard short-circuit during the 536th cy-
cle, leading to a voltage drop to 0.14 V, which was followed by a second short-circuit
on cycle 542. A similar observation in the value of Rsg was also noted in two more
Nanomyte-based cells shown in Figure S9. Because short-circuits are mostly associ-
ated with negative electrode reactions, the changes in the Rsg are highly likely to act
as an indicator of cell failure via this common mode of degradation. A close look at
the Rsg values toward the end-of-life shows a huge increase in magnitude in the
measurement immediately before the first short-circuit. A large value of Rsg is indic-
ative of a thick SEI layer that is more capable of short-circuiting than a thin SEI layer
with dendrites. It is interesting that the Rsg, drops after the short-circuit (Figure S7E,
after short circuit), which may be due to the current leak directly from the negative
electrode to the positive electrode through the short-circuit.

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 5, 101833, February 21, 2024 11




¢? CellPress

OPEN ACCESS

CONCLUSION

In this research, we have used DRT analysis to investigate the performance degrada-
tion of Li-S cells and identify distinctive features in the DRT profiles that can serve as
predictive indicators for short-circuiting and cell failure. Our analysis encompassed
cells containing both commercial (Nanomyte-based) and lab-made electrodes, al-
lowing us to gain insights into the diagnostic capabilities of DRT for diverse Li-S
cell configurations. Li-S cells operating at C/20 had a lifespan of only 65-100 cycles,
whereas those operating at C/5 lasted for ~150 cycles. This performance decay dur-
ing end-of-life was attributed to the instability of the Li SEI and the electrolyte
decomposition at Li. In addition, beyond end-of-life, capacity decay was found to
occur at a faster rate due to the increase in the rate of Li,S precipitation at the pos-
itive electrode, which caused the loss of active material. Our findings consistently re-
vealed that changes in the measured values of Rsg, as obtained through DRT anal-
ysis, offer superior diagnostic capabilities for detecting cell failure. A significant
increase in Rsg was found to be indicative of imminent cell failure. Furthermore,
we have detected the occurrence of soft-shorts in Li-S cells during both early and
later cell life, which can have detrimental effects on cell performance. These obser-
vations provide opportunities to develop effective battery management solutions
for Li-S batteries, enabling enhanced safety along with mechanisms to maximize
cell performance and lifetime. Together, these developments can help propel Li-S
batteries toward widespread commercial application. This method can also be
applied to various Li-S chemistries,*? Li-O, batteries,>®> and other metal battery
systems.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Thomas Miller (t.miller@ucl.ac.uk).

Materials availability
This study did not generate new unique materials.

Data and code availability
The data presented in this work are available from the corresponding authors upon
reasonable request. This study did not generate any code.

Materials

Nanomyte BE-70 S positive electrodes were procured from the NEI Corporation. The
electrodes, composed of 70 wt % S, 10 wt % polyvinylidene fluoride (PVDF) binder
and 20 wt % carbon black, were used as received. The active loading of S was 3.4 mg
cm ™2 (thickness 55 um). S, PVDF, and Cyrene (dihydrolevoglucosenone) were procured
from Sigma-Aldrich, whereas Timcal Super C65 and Li disks (15.6 mm diameter and
0.45 mm thickness) were purchased from PI-KEM. For electrolyte preparation, 1,2-dime-
thoxyethane (DME), 1,3-dioxolane (DOL) solvents, Li bis(trifluoromethanesulfonyl)imide
(LiTFSI), and LiNOj salts were provided by Sigma-Aldrich. AvCarb P50 carbon paper was
purchased from Fuel Cell Store.

Electrode preparation

For electrode fabrication, Cyrene was used as a solvent. Carbon and S were mixed
with a mortar and pestle in a 77:23 ratio, which was then heated in a Teflon-lined
autoclave at 155°C for 4 h for melt infusion of S inside the carbon pores. This
S-carbon composite (90 wt %) and PVDF (10 wt %) were then mixed via ball milling
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(300 rpm for 1 h); the total solid content in the slurry was kept at 17%. The final
composition in the electrodes was 70 wt % S, 20 wt % carbon, and 10 wt % PVDF.
The slurry was then drop coated on a carbon (AvCarb P50) current collector
(14 mm disk), which was then dried on a hot plate at 50°C for 6 h in ambient air.
Before cell fabrication, the electrodes were dried in a vacuum oven at 40°C for 12
h. S loading on the lab-made electrodes was between 3 and 3.5 mg/cm?.

Electrochemical measurements

All of the electrochemical measurements were performed on a VSP Biologic multi-
channel potentiostat at room temperature. EIS measurements were performed un-
der open-circuit conditions with an amplitude of 5 mV; measurements were made
by scanning the frequency from 1 MHz to 50 mHz (swept from high to low frequency)
and recording 10 points per decade for each EIS measurement. Cells were rested for
2 h postfabrication to allow electrode wetting. Formation cycles were performed by
first discharging the cell to 1.8 V at C/20 (C = 1,675 mA g~ "), followed by a full
charge-discharge cycle at C/20 in the voltage range of 1.8-2.6 V. The cells were
keptat OCV for 5 h to allow the cell to achieve steady state before EIS measurements
were made.

Cell fabrication

Two-electrode CR2032 coin cells were constructed by stacking a Li disk (0.45 mm
thick, 15.6 mm diameter, 2,072% excess Li in cell), a separator (Celgard-2400,
25 um), and an S* electrode, before an electrolyte containing 1 M LiTFSI and
0.25 M LiNO3 (1 M LiNO3 in Nanomyte cells) in a 1:1 v/v mixture of DOL/DME
was added. Two 0.5 mm spacers and a spring (1.2 mm high and 0.3 mm thick) were
used in the cell. An electrolyte-to-S ratio of 15 pL/mgsir.r was used in all of the cells.

DRT analysis

To conduct the DRT analyses, an open-source MATLAB script-based software (DRT
Tools) was used. The Tikhonov regularization was used to fit discrete experimental
data in a nonlinear least-squares manner with the Gaussian method for data discretiza-
tion. Both real and imaginary components of the EIS were used to fit the experimental
data, with inductive data discarded. Second-order regularization derivative fitting pa-
rameters were used, and the regularization parameter was set at 1 X 10~% (residuals be-
tween real impedance and impedance derived from DRT are acceptably low for this
value), and the radial basis function with a full width at half-maximum (FWHM) of 0.5
was used; these parameters resulted in an appropriate fitting of the EIS data. DRT
spectra were fitted with a Gaussian nonlinear curve using the Levenberg-Marquardt iter-
ation method in Origin to calculate the polarization resistance and time constants. For
peak fitting, the number of peaks was manually selected, with the specific allocation dis-
cussed later and elsewhere,® and the base of the peak was fixed to zero, whereas other
peak parameters such as position, area, and FWHM were not fixed, and the iterations
were performed until the convergence of fit (to reach RZ ~1).
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