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ABSTRACT

Electrochemical impedance spectroscopy (EIS) is widely used in battery analysis as it is simple to implement and non-destructive. However, the data provided is a
global representation of all electrochemical processes within the cell and much useful information is ambiguous or inaccessible when using traditional analysis
techniques. This is a major challenge when EIS is used to analyse systems with complex cell chemistries, like lithium-sulfur (Li-S), one of the strongest candidates to
supersede conventional Li-ion batteries. Here we demonstrate the application of distribution of relaxation times (DRT) analysis for quantitative deconvolution of EIS
spectra from Li-S batteries, revealing the contributions of (eight) distinct electrode processes to the total cell polarisation. The DRT profile is shown to be strongly
dependent on cell state-of-charge, offering a route to automated and on-board analysis of Li-S cells.

1. Introduction

Lithium-sulfur (Li-S) batteries have emerged as one of the most
promising ‘beyond Li-ion’ technologies due to the high theoretical ca-
pacity [1] (1675 mAh g 1), low cost and low toxicity of sulfur as a
positive electrode material. Although capacities close to the theoretical
values in the initial cycles have been attained [2-4], rapid capacity fade
and poor rate capability are significant bottlenecks that prevent wide-
spread commercialisation [5-7].

A Li-S battery, typically consisting of a lithium negative electrode
and carbon-supported sulfur composite positive electrode, undergoes
numerous complex cell reactions during operation. On discharge,
elemental sulfur is converted to LiyS, proceeding via the formation of a
series of different intermediate polysulfides (PSs), including LisSs, LisSe,
LipSy, LisSo [8], with the reverse theoretically occurring during charge.
However, many of these PSs are soluble, meaning species formed at the S
positive electrode are transported to the Li negative electrode during
cycling, where they can be reduced to LisS or soluble shorter-chain PSs
that can travel back to the S electrode to be further reduced (on
discharge) or re-oxidised (on charge). This PS ‘shuttling’ results in the
loss of active sulfur and capacity fade during cycling. The complexity of
this chemistry makes the non-destructive diagnosis of cell processes and
performance a highly challenging task. Careful analysis of these cell
processes during operation is imperative for addressing
performance-limiting steps.

In situ analysis of batteries at different states-of-charge (SoC) can
provide a wealth of information about the processes that drive degra-
dation and failure and hence, help promote cell stability and prolong
cycle life. Among the in situ techniques available, electrochemical
impedance spectroscopy (EIS) is powerful due to its non-destructive
nature and ability to provide information about electrode processes in
real-time under normal operating conditions [9a,b].

EIS has been widely utilised to study Li-S batteries and factors such as
cell SoC [10], temperature [11] and state-of-health [12], have been
shown to impact the spectra obtained. Early studies were performed by
Canas et al. [10], who proposed an equivalent circuit model (ECM)
quantifying different electrochemical processes in their cells at different
SoC. They assigned the high-frequency semicircle of their Nyquist plots
(real vs. imaginary components of the complex impedance) to charge
transfer reactions at the negative electrode, while mid-frequency loops
were attributed to positive electrode reactions, mainly the charge
transfer reaction of sulfur intermediates and the formation and disso-
lution of Sg and Li»S. However, other studies performed at a similar time
drew different conclusions. For example, Deng et al. [11], who also
measured EIS at different SoC as well as measuring the temperature
dependence, attributed the mid-frequency semi-circle to charge transfer
processes and their relative capacitance and the high-frequency semi--
circle to the interfacial contact resistance in the sulfur electrode bulk.
Canas et al. [10] assigned these same features to the formation and
dissolution of Sg and LisS or charge transfer of sulfur intermediates, and
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anodic interfacial charge transfer, respectively. Similarly, Yan et al.
[13]. studied Li-S cell capacity fade using EIS, comparing the effect of
the electrolyte:sulfur ratio. Once again, the conclusions drawn regarding
the contributions to the Nyquist plots were different, with the semicircle
in the high-frequency region attributed to charge-transfer processes at
the carbon (positive electrode) interface, while the semicircle in the
medium-frequency region was related to the formation of solid
Li»So/LisS films. More recently, Kilic and Eroglu [14] studied the effect
of cell design on the EIS of Li-S batteries, in their analysis they observed
two semi-circles and a diffusion feature in their Nyquist plot, which they
assigned purely to positive electrode reactions. Nonetheless, despite the
inconsistency in interpretation, these studies do highlight the fact that
EIS has great potential to non-destructively diagnose processes within
operational Li-S cells.

An EIS spectrum is a global representation of the relaxation processes
occurring in the system under consideration. Unfortunately, conven-
tional EIS analysis, i.e., equivalent circuit modelling, is often unable to
resolve or distinguish between the relaxation processes taking place in
overlapping frequency ranges [15]. Battery studies using EIS have
commonly used complex non-linear square (CNLS) circuit fitting, which
is mostly intuitive and based on the features of impedance data, intro-
ducing a high likelihood of missing overlapping processes or those that
occur at close time constants. Analysis is even more challenging for
complex systems like Li-S batteries, where multiple reactions occur at
the positive and negative electrodes leading to the formation of different
products. An alternative approach is to transform the EIS data, which is a
function of frequency, into the time domain, also known as the distri-
bution of relaxation times (DRT). In DRT analysis, the EIS spectrum is
fitted with an infinite Voight circuit (a series of parallel RQ elements,
where R is a resistor and Q is a constant phase element) where each RQ
element represents a time constant {t = (RQ)l/ “}, where 7 is the time
constant, and a is a number between 0 and 1 [16,17]. Hence, DRT
analysis can resolve overlapping relaxation processes into a series of
local maxima where each maximum represents an electrochemical
process. This allows subtle changes in the EIS data to be resolved. The
peak area, position and height can provide quantitative information
about the reaction kinetics and performance-limiting processes [18].
DRT was first applied by Franklin and De Bruin to analyse impedance
data of solid-state electrolytes [19] and it has become increasingly
popular for device studies in the last 20 years, being successfully applied
to solid oxide fuel cells [20-22], polymer electrolyte membrane fuel
cells [23-25], and Li-ion batteries [26,27], revealing internal phenom-
ena during operation. A small number of studies have previously utilised
DRT to deconvolute select EIS data from LiS batteries to deliver insights
into factors including cell capacity fade processes [28a] the effect of
electrode microstructure on performance [28b], or the dynamics of
interfacial processes [28c]. Unfortunately these studies commonly rely
soley on symmetric C||C or CS||CS systems [28b], or primary focus on
the contribution of PSs [28¢], only one of many important comstituents
in Li-S batteries. Where full cells have been tested, the assignment of
DRT features has largely been achieved through the use of literature data
or predicted time constants, rather than through empirical experiments
using equivalent cells or electrodes, and many known Li-S cell processes
could not be linked to the DRT signature [28a,29].

In this work, we apply DRT analysis to full Li-S batteries based on
commercial positive electrodes, allowing in-depth analysis and diag-
nosis of cell SoC, as well as identifying performance-limiting processes.
DRT features are shown to have a strong and characteristic dependence
on cell properties and importantly eight unique polarisation resistances
that comprise the EIS spectrum are identified and experimentally
assigned to distinct cell reactions, with significant implications of Li-S
battery diagnostics. The effects of different electrolyte conditions are
also demonstrated.
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2. Material and methods
2.1. Materials

Nanomyte BE-70 sulfur positive electrodes were purchased from the
NEI Corporation. The electrodes, composed of 70 wt.% sulfur, 10 wt.%
polyvinylidene fluoride binder and 20 wt.% carbon black, were used as
received. The active loading of sulfur was 3.7 mg cm 2 (thickness 55
um). Lithium disks (15.6 mm diameter and 0.45 mm thickness) were
procured from PI-KEM Ltd. For electrolyte preparation, 1, 3-dioxolane
(DOL), 1, 2-dimethoxyethane (DME) solvents, lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI), and lithium nitrate (LiNO3) salts
were supplied by Sigma-Aldrich.

2.2. Cell fabrication

For cell fabrication, pre-dried sulfur electrodes were cut into 14 mm
diameter disks inside an argon-filled glovebox (MBraun, Oy and H30
levels < 0.5 ppm). Two-electrode CR2032 coin cells were constructed by
stacking a Li disk (2072% excess), separator (Celgard-2400, 25 ym) and
a sulfur positive electrode, before an electrolyte containing 1 M LiTFSI
and 1 M LiNOs 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. Cells with an electrolyte to sulfur (ES) ratio of 5 pL/mgsyfur
(lean electrolyte, ES-5) and 15 pL/mgsysr (flooded electrolyte, ES-15)
were used to analyse the effect of electrolyte volume on the cell per-
formance. Symmetric Li||Li and S||S cells were also assembled using the
same process, but in these cases, 50 pL of electrolyte was used. For
recording the impedance of PS solutions, symmetric cells were fabri-
cated with carbon paper (AvCarb P50) electrodes and 10 mM LiySg and
LisS4 dissolved in the aforementioned electrolyte. For the preparation of
PS-electrolyte solutions, a 1 M solution of LipSe and LizSy4, respectively,
were prepared by dissolving an appropriate amount of Li»S and S in DOL
at 50 °C in an argon-filled glove box. From these solutions the required
amount of PS was added into the electrolyte. A PS infused electrolyte
(10 mM Li3Se) was used in the symmetric Li||Li cell to analyse the effect
of PSs at the electrode.

2.3. Electrochemical tests and DRT analysis

All the electrochemical measurements were carried out using a VSP
Biologic multichannel potentiostat at room temperature. EIS measure-
ments were performed under open-circuit conditions with an applied
amplitude of 5 mV, measurements were made in the frequency range of
50 mHz to 1 MHz (swept from high to low frequency) and 10 points per
decade were recorded during each measurement. Cells were rested for 2
h post-fabrication to allow electrode wetting. Formation cycles were
performed by first discharging the cell to 1.8 V at C/20 (C = 1675 mAh
g™ 1), before a full charge-discharge cycle at C/20 in the voltage range of
1.8-2.6 V was performed. After formation, EIS measurements were
performed during discharge at different SoC (from 100% to 0%). The
cells were brought to required SoC at a rate of C/20. The cells were kept
at OCV for 30 min after bringing the cell to the desired SoC to allow the
cell to achieve steady-state before EIS measurements were made.

The validity of the EIS measurements was checked by performing
Kramer-Kronig analyses using ec-idea software [30]; for valid EIS data
the residuals of the real and imaginary components of the impedance
should be within the limit of 1% (see Supporting Information).
Open-source MATLAB script-based software (DRT Tools) was used to
calculate DRT from the impedance data [31]. The Tikhonov regulari-
zation was used to fit discrete experimental data in a non-linear
least-square manner and the Gaussian method was used for data dis-
cretization. The experimental data were fitted using both real and
imaginary components of the EIS, while the inductive data was dis-
carded. Second-order regularization derivative fitting parameters were
used and the regularization parameter was set at 0.0001 (residuals
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Fig. 1. (a) Nyquist plot of LiS-5 recorded at OCV at 100% SoC and (b) DRT plot of the impedance data shown in (a). The ‘P’ prefix is used here as the cell has

undergone a formation cycle before the measurement was made.

between real impedance and impedance derived from DRT are within
the acceptably low for this value), while radial basis function (RBF) with
FWHM of 0.5 was used; these parameters gave appropriate fitting of the
EIS data. Measured DRT were fitted with a Gaussian non-linear curve fit
using the Levenberg-Marquardt iteration method in Origin to calculate
the polarisation resistance and time constants. For peak fitting, the
number of peaks was manually selected 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 R? ~1).

3. Results and discussion
3.1. Identifying relaxation processes using DRT analysis

EIS data, in the form of a Nyquist plot, for a lean electrolyte (E/S
ratio = 5) Li-S cell in a fully charged state (100% SoC) recorded after a
formation cycle are shown in Fig. 1a. Two semi-circles, one in the high-
frequency region and one in the mid-frequency region, can be seen
followed by a diffusion line in the low-frequency region. Similar features
have been observed for Li-S batteries in earlier studies [11,13,32].
However, as discussed above, the assignment of these two semi-circles to
specific cell processes is disputed, with many literature reports assigning
the high-frequency semi-circle to negative electrode reactions and the
mid-frequency semi-circle to the positive electrode reactions [32,33],
whereas other studies have assigned both semi-circles to positive elec-
trode reactions [13,34].

Fig. 1b shows the DRT plot derived from the data in Fig. 1a, featuring
eight local maxima, each representing a resistance contribution of a cell
process to the total polarisation resistance of the cell. The time constant
(1) is characteristic for each polarisation process and the area under the
peaks represents the polarisation resistance (Rp) contribution of a spe-
cific reaction to the total cell polarisation. Therefore, changes in the DRT
profile can give a direct indication of changes in the nature and
magnitude of the electrode reactions. The eight peaks (P1-P8) each have
a characteristic time constant; peaks P1, P2, P3 and P4 at 2.28, 14.14,
23.6 and 217 ps, respectively, represent polarisations that constitute the
high-frequency semi-circle; whereas peaks P5 and P6 at time constants
5.51 and 47.5 ms represent the reactions identified in the mid-frequency
semi-circle; finally, P7 and P8 at 0.384 and 10.12 s, in the low-frequency
region, constitute the diffusion processes [35]. It is interesting to
observe two peaks in the diffusion region as this indicates two distinct
ion diffusion regimes, a phenomenon previously unidentified in Li-S
batteries. Although multiple peaks were observed by Danzer in
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commercial Li-ion batteries pertaining to diffusion, they were assigned
to a single process (solid-state diffusion) [36], in this analysis of Li-S
cells it is found that the two peaks in the diffusion region represent
different processes, as elaborated below. The labelling convention of
P1-P8 will be used throughout where appropriate.

To elucidate the origins of P1-8, their behavior at different SoCs was
monitored. A voltage-time profile of a pristine LiS-5 cell as it was dis-
charged is given in Fig. S1a; the cell was discharged to a specific voltage
representing different known cell reactions [8] and rested to reach
steady-state before EIS measurements were made (Fig. S1b-g), this
procedure was repeated until the cell was fully discharged. DRT analysis
of this data is shown in Fig. 2. Similarly, to identify peaks belonging to
negative or positive impedance contributions, complementary mea-
surements were made on symmetric S||S cells and Li||Li (EIS Fig. S2a, b;
DRT Fig. 3a, b), C paper||C paper cells with PSs (LizS4 and Li,Se) dis-
solved in electrolyte (EIS Fig. S2e, f; DRT Fig. 3¢, d), and Cul|Li,S cells
(Fig. S3).

In a freshly prepared cell that has not been through any formation
process (at 100% SoC) only sulfur is present in the positive electrode, the
electrolyte is expected to be close to the as-prepared formula and no
solid electrolyte interphase|positive electrode/electrolyte interface has
been formed; hence the relatively simple appearance of the DRT profile
(Fig. 2a), previously reported to be characteristic of the blocking
behaviour of the sulfur electrode [37]. It should be noted that the ‘F’
prefix is used in Fig. 2 as the time constants for the peaks are in flux and
have not stabilised at their ‘P’ positions. This is because the electro-
de/electrolyte interface and electrode structure, along with the cell
capacitance and resistances, evolve significantly in cells during their
first (i.e., formation) cycle.

Once discharge begins the DRT becomes highly complex, as at 2.3 V
sulfur is reduced to high-order PSs, e.g., LipSg and LizSe [8], which can
be involved with a range of cell processes. At this SoC, modification of
the positive electrode structure also takes place, giving rise to a new pore
structure and the loss of electrode blocking behaviour [37]. The impact
of this can be observed in the polarisation resistance linked to ion
diffusion processes (F8 at 7.05 s), which significantly decreases from
162 Q at 100% SoC to 3.70 Q at 2.30 V (Fig. 2b). On further discharge to
2.13 V (Fig. 2¢) an increase in overall polarisation resistance is observed,
which may be linked to the known increase in the electrolyte viscosity at
this potential as more PSs are formed and dissolve in the electrolyte [8,
13].

By 2.03 V processes including PS precipitation within the positive
electrode and the formation of a LiySy layer have been observed [8],
although any change in DRT here is more subtle (Fig. 2d). However by
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Fig. 3. DRT profiles for (a) a symmetric Li cell; (b) a symmetric sulfur cell; (c) and (d) symmetric carbon paper cells containing 10 mM Li»S4 and Li,Se dissolved in

the electrolyte.

1.95 V, a region where electronically insulating (~107° S cm™1) [38]
and low ionic conductivity 10 B sem™H [39] LioS is formed from
LisSy, significant changes occur (Fig. 2e). In particular an increase in
peaks F5 and F8 and a reduction in magnitude of F3. On complete
discharge (1.8 V, Fig. 2f) the majority of PSs are reduced to Li5S and here
F5 and F8 increase in magnitude, along with a growth in the second
diffusional peak P7.

Despite the data complexity, the DRT profiles shown in Figs. 2 and 3
can allow us to tentatively assign each of peaks P1 to P8 (Fig. 1b) to a
specific cell processes, based on correlations in time constants between
peaks, knowledge of dominant processes at certain potentials based on
prior studies [8] and control experiments. This assignment is justified
below.

The polarisation resistance of P1 shows both fast relaxation times
and synchronously changes with cell equivalent series resistance (ESR),
which represents the total Ohmic resistance with contributions from
ionic resistance and electronic resistance of the electrodes, upon
discharge. It can hence be preliminarily assigned to inter-particle/
distributed Ohmic resistances resulting from the interplay of ionic
resistance in the electrolyte and electronic resistance in the porous
electrode [18], which exhibits a frequency dispersion due
non-uniformity of particle sizes and their distribution in the porous
electrode.

No peak with a time constant close to that of P2 can be resolved in the
freshly prepared cell (Fig. 2a); contributions in this region only become
significant once the cell drops below 2.03 V (Fig. 2d), where processes
including PS precipitation within the positive electrode and the forma-
tion of a LiS, layer are known to occur [8]. Significant contributions are
however retained at lower potentials (Fig. 2d, e) and also occur in the
cell at 100% SoC after formation (Fig. 1b). A similar peak appears at the
same time constant (29.97 ps) in the DRT of the S||S symmetric cell
(Fig. 3b), the C||C cell with PS-infused electrolyte (Fig. 3c, d) and a Li-S
cell at 0% SoC (Fig. S4), but not the Li||Li cell. This observation suggests
these peaks primarily derive from a positive electrode contribution. As
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the region of the EIS spectrum where P2 appears is one where double
layer relaxations are known to be dominant [36], it is also highly likely
this type of contribution leads to this peak. Hence we attribute it to
double-layer relaxations at the positive electrode.

The origin of P3 is indicated in the features observed in the fresh cell
(Fig. 2a) and the symmetric Li||Li cell (Fig. 3a). The DRT profiles of both
cells are strikingly similar, displaying a large peak close to 250 ps,
demonstrating that the EIS response of the fresh Li||S cell is dominated
by the Li negative electrode; the Nyquist plot of the fresh cell (Fig. S1b)
and Li symmetric cell (Fig. S2b) also show comparable features in the
charge transfer region, consisting of a single, broad semi-circle. Previous
studies have identified Li-ion migration to be the rate determining step
in Li metal negative electrodes, while charge transfer and diffusion
processes are negligible, suggesting P3 may be closely linked with Li-ion
migration [40]. The presence of PSs also influences the Li-ion migration
and diffusion characteristics at the anode, indicated by the increase in
peak area and time constant of the distribution peaks of a Li||Li cell
containing a LisSe infused electrolyte (Fig. S5). Interestingly, once the
Li-S cell begins to discharge, the DRT profile quickly changes; after 2.30
V (Fig. 2b) pseudo peak F3’ coalesces with F3 to form a single peak with
a significantly reduced overall area. This suggests that an interfacial
barrier must be overcome at the Li negative electrode upon cell
formation.

The nature of P4 is more ambiguous than the other peaks, in part due
to its appearance as a broad and low magnitude contribution centered
between 1072 and 10™* s in the formed cell. In Fig. 1b it has a time
constant centered close to 220 ps. No peak appears close to this time
constant in the freshly prepared cell (Fig. 2a) or the Li||Li cell (Fig. 3a),
where negative electrode contributions are now known to dominate, but
small features do appear close to this value in the S||S cell (Fig. 2b 276
us) and the PS electrolyte C||C cells (Fig. 3¢,d) inferring a link to S-based
processes and hence the polarisation of the positive electrode.

Peak P5 lies in the second semicircle of the Nyquist plot of LiS-5
(Fig. 1a) indicating an association with charge transfer reactions [36].
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Table 1
Summary of DRT peaks calculated for a Li-S battery at 100% SoC.

DRT Peak Approximate time constant, T Assignment
P1 3us Inter-particle resistance
P2 14.14-28.4 ps Double-layer relaxation
P3 44.88 ps Solid-electrolyte interphase
P4 0.3 ms Positive electrode charge transfer
P5 5 ms Positive electrode charge transfer
P6 50 ms Positive electrode charge transfer
pP7 0.4s Polysulfide diffusion
P8 10s Diffusion

Fresh cell
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Lithium 4
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® Carbon Q Sulfur @ Li,$ éPonsquides

Discharged cell

o7,
Z?

Un -used
Sulfur
Solid electrolyte  Shuttegps 0 o°0VedPS
interphase
Charged cell

Inactive Li,S

Li dendrites Li,S

Energy Storage Materials 51 (2022) 97-107

In the fresh Li-S cell only a very small feature appears in this region
(Fig. 2a), but as the cell is discharged the peak in this zone (F5) becomes
significantly more dominant (Fig. 2b—f). The time constant of P5 is 5.51
ms close to the 8.68 ms for F5 (Fig. 2f, 0% SoC) where a maximum Rp is
reached and the deposition of insulating Li,S is complete. This indicates
that P5 is associated with charge transfer at the positive electrode as LisS
is known to hinder this process. In Fig. 3b, peak S4 occurs at a similar ©
value (2.06 ms), but has a very small Rp, which would be expected as
carbon and sulfur form intimate composite in this electrode increasing
its conductivity.

A characteristic feature of all of the symmetric cells containing PSs
(Fig. 3b-d) is a strong feature close to 50 ms. This same feature also
appears during the formation of the fresh cell (Fig. 2), but contributions
in this region only become significant below 2.13 V where the positive
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Fig. 4. Schematic representation of the changes in a Li-S cell during charge-discharge and the corresponding evolution of the DRT features (the scale is same in the

DRT plots).
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LiS-5 and LiS-15 measured at 100% SoC.

elecyrode and electrolyte are flooded with PSs. Peak P6 eventually
stabilises in this region, which is known to be associated with charge
transfer reactions [36], hence this contribution can be linked to the
charge transfer of PSs.

It has been noted above that unusually two peaks, P7 and P8, appear
in the diffusion region of the DRT profile of a formed cell at 100% SoC
(Fig. 1b). In the freshly prepared cell no signature appears in the P7
region, with a response only appearing at 0.76 s (F7), at or below 2.3 V
on discharge (Fig. 2b) where PSs are present. A peak appears in this
region for the remainder of the discharge (Fig. 2c—f). The DRT of the
symmetric C||C paper cells with PS infused electrolytes (Fig. 3d, e) also
show a peak at a similar © (0.46 s for LiySe), suggesting this peak is
associated with the diffusion of the PSs in the diffusion layer at the
positive electrode [28c]. Interestingly at 2.3 V (Fig. 2b) the diffusion
characteristics of the fresh cell are similar to those found in pristine Cul |
LiS cells (Fig. S3). The Cu||Li5S cell also shows two peaks, D1 and D2, in
the diffusion region at t values of 1.12 s and 12.23 s, as do the C||C cells
with PS infused electrolytes. These observations further support the
assertion that P7 is most likely to be associated with PS diffusion.

In contrast, a very significant peak appears in the area associated
with P8 in the freshly prepared cell, indicating its association with bulk
ion-diffusion (Fig. 2a). This is supported by the fact that the polarisation
resistance of this ion diffusion peak (at 7.05 s in Fig. 2a) significantly
decreases from 162 to 3.70 Q at 2.3 V, rationalised by the fact that at this
potential dissolution of sulfur (sulfur has low ionic conductivity) and
formation of PSs causes structural changes in the positive electrode,
improving the movement of Li-ions throughout. The diffusion resistance
was then observed to increase upon further discharge, after the initial
drop, likely due to the deposition of poorly ion-conducting LisS
(Fig. 2¢c-f).

DRT profiles calculated upon re-charging the to 100% SoC are shown
in Fig. S6. When the cell is brought back to 100% SoC it shows higher
polarisation resistances and some shifts in the time constant values.
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These results indicate that the cell undergoes irreversible changes in the
electrode structure and cell properties during both charge-discharge,
likely linked to the gradual deposition of Li3S and PS reduction at the
anode.

The assignment of P1-P8 are summarised in Table 1, while the
changes in the Li-S cell chemistry as it is discharged from the 100% SoC
(fresh cell) to 0% SoC and back again are schematically summarised in
Fig. 4.

By understanding these key polarisations, it is possible to dynami-
cally diagnose processes occurring within Li-S cells. The power of this
technique is demonstrated below, showing the impact of the electrolyte:
sulfur loading on cell performance.

3.2. DRT analyses of Li-S cells with lean and flooded electrolyte
conditions

To realise the potential of Li-S batteries, their performance must be
optimised under lean electrolyte conditions where volumetric and
gravimetric energy densities are maximised. Therefore, understanding
of the performance-limiting steps in cells with low electrolyte volumes is
essential to the commercial progress of Li-S batteries. To this end, in situ
EIS measurements were performed on cells under lean (LiS-5, 5
P-lelectrolyte/ mgsuifyr) and flooded (LiS-15, 15 P-lelectrolyte/ mgsulfur) elec-
trolyte conditions and our previous analyses of Li-S DRT profiles were
used to understand the performance-limiting electrode reactions.
Charge-discharge profiles of the cells measured at C/20 after a formation
cycle are shown in Fig. 5a; the cell with lean electrolyte exhibits a ca-
pacity of ~273 mAh g}, which is only 60% of the capacity obtained
with the flooded electrolyte cell (~445 mAh g~1). A greater capacity is
indicative of a higher sulfur utilisation and consistent with an increased
volume of electrolyte dissolving more PSs, i.e., forming more catholyte.
It should be noted that the commercial sulfur electrodes used here
exhibit lower capacities than those reported for lab-made electrodes in
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SoC for LiS-5 and LiS-15, respectively.

the literature, however the consistency between electrodes is signifi-
cantly improved — an essential characteristic for our systematic
investigation.

Nyquist plots of the two cells recorded at 100% SoC are presented in
Fig. 5b. The LiS-5 cell showed an ESR of 7.67 Q, roughly double the
value of the flooded cell (3.64 Q). This increased cell conductance is also
reflected in the charge-discharge profile of the LiS-15 cell, which shows
a higher voltage discharge and lower voltage charge (Ecej = E°-IR, where
E° is the standard electrode potential and R is the ESR) [41]. Interest-
ingly, the two systems show significant differences in both their R, and
diffusion profiles, highlighting the impact of the electrolyte content on
the charge transfer kinetics; lower R values were measured for the
LiS-15 cell than the LiS-5. Impedance spectra of both cells yielded two
semi-circles: a large semi-circle in the high-frequency region and a small
semi-circle in the mid-frequency region, followed by a low-frequency
diffusion line. However, these broad generalisations do not allow ef-
fects on individual cell process to be evaluated.

The corresponding DRT plots of LiS-5 and LiS-15 are given in Fig. 5¢
and d, respectively, where the eight local maxima identified as being
characteristic of Li-S cells can be observed for each cell. It is important to
first note that at 100% SoC (Fig. 5c and d) the features observed here are
different from the freshly prepared (pre-formation cycle) cell at 100%
SoC (Fig. 2a), indicating that the PSs and LiyS formed after discharge are
not completely converted back to sulfur upon charging.

P1 (inter-particle resistance) at the smallest 7 (highest frequency) is
significantly larger (higher Rp) for LiS-5 (Rp = 1.76 Q) than LiS-15 (Rp =
0.926 Q). Here it can also be observed that the LiS-15 peak has a slightly
greater T value (3.35 vs 2.28 ps), which can be explained by a higher
capacitance caused by the large electrolyte volume, which increases the
area of the electrochemical interface (r = RQl/ 9. In fact the R, for all
polarisations in LiS-5 are significantly higher than for LiS-15, indicating
all processes in the cell with reduced electrolyte are relatively hindered,
and there is also a trend towards slightly higher 7 for the LiS-15 peaks
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also, indicating slow relaxations.

The overall differences noted in the formed 100% SoC cells indicate
differences in cell chemistry. Peak P2, identified as the double-layer
relaxation at the positive electrode, shows the presence of more PSs at
the electrochemical interface in the flooded cell. The PS saturation point
of LiS-15 is higher than LiS-5, therefore the PS concentration is higher in
LiS-15 and reflected in the peak height and position of P2. P3, which is
linked with the polarisation of negative electrode, shows a more resis-
tive SEI may have formed in LiS-5. P4, which highlights the polarisation
of sulfur in the positive electrode, suggests faster charge-transfer kinetics
in the cell with more electrolyte. The subsequent two peaks (P5 and P6),
being indicative of charge-transfer kinetics at the positive electrode,
show lower polarisation resistance in LiS-15 than LiS-5 cells, charac-
teristic of faster charge transfer in the cell with more electrolyte. In LiS-
15, the positive electrode has more exposed carbon due to the high rate
of sulfur dissolution, affording faster electrode kinetics. The same trend
can be observed in diffusion resistance region (P7 and P8), with the
polarisation resistance (Tables S4 and S5) of the flooded cells being
lower than that of the lean electrolyte cell. This trend can be explained
by the fact that higher electrolyte volumes enable easier movement of
ions to reaction centres, helped by the fact that more sulfur and PSs can
dissolve in the LiS-15 cell, resulting in more positive electrode porosity.
The increased catholyte concentration in LiS-5 will also result in
increased electrolyte viscosity (the effect of dissolved PSs on viscosity is
likely more prominent in lean electrolyte conditions), increasing diffu-
sion resistance.

From the above observations, we see that the changes in the cell and
electrode properties such as resistance, electrochemical double-layer,
charge transfer kinetics, and mass-transfer properties can be straight-
forwardly analysed by following changes in the position, height and area
of the DRT peaks, making it a powerful diagnostic tool for LiS batteries.
However, the somewhat uniform changes observed in Fig. 5 cannot be
assumed to be universal, as shown by the data in Fig. 2.
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It is well established that Li-S batteries exhibit different electrode
reactions at different SoC, hence it was necessary to uncover the impact
of electrolyte volume throughout the cell cycle [8]. EIS measurements of
LiS-5 (Fig. 6a) and LiS-15 (Fig. 6b) cells, recorded at 100, 80, 40, 20, and
0% SoC after the formation cycle, provide Nyquist plots that show
similar features at the same SoC, but with marked differences in their
impedance values (See Fig. S7).

The DRT profiles of the EIS measurements at different SoCs for LiS-5
and LiS-15 are shown in Fig. 6¢c and d, respectively; the Rp values of LiS-5
are higher than the Rp of LiS-15 which correlates well with the EIS
measurements. The Rp values show gradual change when the cells are
discharged to 80% SoC in LiS-5 and 40% SoC in LiS-15, the respective
cells on subsequent discharge show drastic increases in Rp. This suggests
that kinetic and mass transfer limitations start to dominate at early
stages of discharge under lean electrolyte conditions.

DRT analysis of LiS-5 and LiS-15 at each SoC are shown in Fig. 7a-h.
LiS-5 continues the general trend of higher Rp values, showing that lean
electrolyte conditions have a substantial effect on the electrode kinetics
and mass transfer, but this is not the case for all the polarisations (P1-8) at
all SoC (Fig. 7). The different DRT profiles of lean and flooded cells are
caused by the varied degree of sulfur and PS solubility, cell conductance
and electrochemically inactive solid precipitation. DRT can isolate various
electrode polarisations which can be quantitatively measured, thus DRT is
better equipped to understand the influence of electrolyte content on the
cell behaviour.

At 80% SoC (Fig. 7a and b), an increase in the Rp for LiS-15, and the
broadening of the peaks in LiS-5 can be observed, indicating an increase
in the polarisation at the electrode surface. The Rp of the ion diffusion
(P8) is slightly larger in LiS-15 (5.12 Q) compared to LiS-5 (4.12 Q),
which can be attributed to the thicker Li,S layer at the positive electrode
(formed during initial charge-discharge); thick LipS precipitates have
been observed previously in excess electrolyte conditions [12]. At 40%
SoC (Fig. 7c and d), when Li3S4 to LiS; conversion is well underway, the
peaks characteristic of PS reactions and diffusion exhibit a drastic in-
crease in Rp and are greatly broadened in LiS-5, whereas Rp in the DRT
profile of LiS-15 increased only slightly with little broadening, implying
that the high electrolyte content can promote faster reaction kinetics. A
large volume of electrolyte (LiS-15) can dissolve more polysulfides,
which depletes the cathode to a greater extent and exposes more
conductive carbon in the process. As the charge transfer reactions are
more fissile on the conductive surface, LiS-15 shows a low charge
transfer resistance. When cells are discharged to 20% SoC (Fig. 7e and f),
the formation of Li,S from LisS; is taking place in both the cells; LisS is
insulating and electrochemically inactive with high ion diffusion resis-
tance. LiS-5 shows very high Rp values (P5 = 23.42 Q, P6 = 3.7 Q) for
the PS reactions compared to LiS-15 (Rp: P5 = 4.39 Q, P6 = 1.86 Q)
indicating high polarisation resistance, it appears that the effect of Li»Ss
deposits is more prominent in the lean electrolyte, which is exacerbated
by limited ion diffusion. At this point, the two systems show similar ion
diffusion characteristics which indicates electrode kinetics have a more
pronounced effect on cell performance than ion diffusion. When the cell
is discharged completely to 0% SoC (Fig. 7g and h), the cells show very
high Rp values; again the resistance is higher for LiS-5 than LiS-15.
However, the Rp of the diffusion resistance (P8) in LiS-15 is almost
twice that observed in LiS-5 (62.1 vs 37.5 Q), which we rationalise by
understanding that while discharging, LiS-15 dissolves more PSs,
therefore, when the limit of discharge is reached more Li,S is formed in
LiS-15, hence high diffusion resistance. This is evident from the Rp
values of P7 (LiS-15 26.5 Q and LiS-5 23.6 Q), characteristic of PS
diffusion. It can be seen that the diffusion characteristics of a Li-S cell is
the complex interplay of the PS concentration in the electrolyte and
electrode structure, which is continuously evolving due to PS dissolution
and LisSy/LisS precipitation as the cell is discharged.

In Fig. 7i—j, the Rp values of polarisations P1-P8 in LiS-5 and LiS-15
are compared. It can be seen that many of the peaks show direct cor-
reation with cell SoC. Importantly, it can be observed for both cell
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compositions several of the peaks (P1-P8) show a direct correlation with
cell SoC. This highlights their potential for cell diagnostics. Both P7 and
P8 generally have a simple inverse relationship with SoC, with signifi-
cant and easy to identify changes in y(t) and R), and are hence excellent
candidates for use in battery management systems for Li-S batteries.
However, as their origins have now been identified, the unique
‘fingerprint’ of P1-P8 means that their use in the detection of specific
modes of cell change, evolution and degradation also offers great po-
tential for on-board battery metrology.

4. Conclusion

This work has deconvoluted the EIS spectrum of Li-S batteries using
DRT analysis, identifying eight characteristic local maxima associated
with inter-particle resistance, double layer relaxations, negative elec-
trode polarisations, positive electrode polarisations, and ion diffusion
resistances. These features represent a ‘fingerprint’ for the Li-S cell.
Importantly, through DRT analysis of pristine cells and those at different
SoC, we found that the impedance response of a Li-S battery is domi-
nated by the positive electrode after the initial charge-discharge,
whereas the impedance features of a pristine cell are dominated by
the Li metal negative electrode. During the cell formation cycles the
position, magnitude and number of peaks are somewhat in flux and
importantly the cell does not recover its original cell configuration when
charged after first discharge, which was reflected in the DRT analysis.
However, a consistent DRT profile emerged post-formation, enabling the
use of this technique for reliable diagnosis of cell change; DRT profiles of
Li-S batteries showed a strong, systematic dependences on the SoC and
several other battery parameters.

Investigations of lean and flooded electrolyte cells showed that high
electrolyte content improves electrode kinetics and ion diffusion,
affording them high capacity, whereas in lean electrolyte conditions
high polarisation resistance throughout discharge was observed. To
enable lean electrolytes in practical cells, dead volume in the positive
electrode should be minimised along with enhancement in electrolyte
wettability, and electrolyte formulations should be designed to maxi-
mize the utilisation of sulfur. These valuable findings can guide the
development of durable and efficient Li-S batteries [42].

More widely, the results presented here demonstrate the power of
the DRT method to analyse complex electrochemical systems, and
should aid in the study of other emerging energy storage chemistries
including Na-S batteries, Zn ion batteries, metal-air batteries and more.
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