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ABSTRACT: The impact of the solid film deposit (mainly electrochemical !

Li,S) on the complex electrochemistry of a Li—S cell is formation ofLi,S'
studied in detail. Already a simple, straightforward experiment

chemical formation of LiS through
polysulfide redox mediators

disproportionation reaction

strongly indicates that this impact might be much smaller than | | ebe;\'c"/iesﬂlzﬂiﬂe depletion of polysulfides
usually assumed. Notably, a similar phenomenon is demon- [ =" | difficulties and overpotentia ransport
strated for another battery operated on the same basic S | ‘\

principle: the magnesium—sulfur battery. In order to better | @ lis

detect the surface-specific phenomena associated with 2D growth | max Q crystals grz‘?,th

formation and properties of the solid surface deposit, we - few nm \\1 .

construct special electrochemical cells with a flat glassy carbon I S

disc or other well-defined materials. Different model systems
are prepared in which crucial variables such as the electrode
configuration, separator type, and state of charge are varied in a systematic and controlled way. Electrochemical results are
supplemented with data from microstructural analysis, in particular focused ion beam—scanning electron microscopy (FIB-
SEM) imaging and X-ray diffraction analysis. We show that the growth of the surface film is more complex than generally
assumed and that its defect-rich morphology hardly represents any obstacle for electrochemical reaction(s) to take place.
Rather, the cell operation is limited by diffusional processes and depletion of polysulfide concentration in electrolyte. The new
insight into the occurrence, properties, and especially the impact of solid film deposits on operation of the Li—S system is

expected to have important implications for future design of Li—S practical cells.

1. INTRODUCTION

The Li—S battery seems to be one of the most promising
candidates to replace the predominating lithium ion systems.
Indeed, during the past decade we have witnessed remarkable
improvements in practical energy density, rate performance,
and cycling stability of Li—$S battery cells.' ® Quite
surprisingly, several open questions regarding the very basic
operation of this complex system however remain unanswered.
One point of controversy has been the role of the final solid
product of discharge, Li,S, which gets deposited on the surface
of the conductive substrate (usually a high-surface area carbon)
where the main electrochemical reactions take place. [The
authors acknowledge that the actual mechanism may also
involve deposition of other sulfur species (such as Li,S,).
However, for the present purposes we will denote any solid
deposit formed as Li,S.] The current mainstream view is that
the Li,S deposit is very compact and essentially non-
conductive” and thus severely impacts the operation of the
Li—S cell. In fact, many recent reports assume that it is the Li,S
film that limits the capacity of the system during the discharge
half-cycle.**~"°

A generally accepted mechanism of electrochemical Li,S
precipitation is through nucleation followed by a two-
dimensional (2D) film-like coverage expanding by growth on
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the three-phase boundary of the electrode surface, the already
formed precipitate, and the electrolyte solution. Due to the
nonconductive nature of the Li,S deposit it is expected that
such compact 2D coverage will eventually completely passivate
(block) the covered parts of the electrode, thus preventing any
further cathodic reaction.'®'” This hypothesis has also been
applied in modeling of the discharge process'® and has
initiated several studies involving organic or inorganic redox
mediators in order to enable three-dimensional deposition of
lithium sulfide which could in turn increase the obtained
capacity.” ™!

There are, however, other studies that directly or indirectly
contradict the assumption of the capacity limiting role of Li,S.
For example, a nonencapsulation approach for high-perform-
ance Li—S$ batteries”” has recently been published, where large
(>1 um) particles of Li,S deposit are detected at the end of
discharge, suggesting a growth significantly beyond the
threshold thickness for electron tunneling (generally several
nanometers for insulating films).”> This extensive growth
indicates that Li,S is not necessarily deposited in a form of a
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thin, quasi-2D compact passive layer, as suggested in previous
works.'® Moreover, Walu$ et al.'* also reported formation of a
dense, 150—200 nm thick Li,S layer which is between 1 and 2
orders of magnitude thicker than the maximum value allowed if
the film was compact and nonconductive.”> More indirectly,
our previous study’® demonstrated significant discharge
capacities of special geometry Li—S battery cells where planar
glassy carbon electrodes with merely 2 cm? of surface area were
employed; a simple calculation shows that such a cell should
stop operating almost immediately if its capacity was limited by
a several-nanometers-thick Li,S layer. Finally, it is quite
instructive to make a similar calculation for a conventional
high surface area carbon. Let us assume the following electrode
configuration: a 5 mg cm ™2 sulfur loading, a 1:1 ratio between
carbon and the active sulfur on the carbon electrode, a carbon
surface area of 500 m? g_l, a uniform dense deposition, and a
full discharge. In such an electrode the “passive film” would
only be 1.7 nm thick, i.e.,, much below the usual threshold limit
expected for completely insulating, defect-free materials (5—10
nm).”> This strongly suggests that even if the deposition
proceeded according to the 2D film-formation scenario,
passivation cannot be the main reason for capacity limitation.
Here we show, using a variety of approaches, that even
rather thick and seemingly compact discharge deposits do not,
in fact, block the main polysulfide reactions and that the
reasons for termination of battery operation are of a different
nature, as discussed in detail in the last part of this paper.
Interestingly, the same phenomenon is also identified in
another advanced battery system: the magnesium—sulfur cell.
In order to discriminate between different scenarios, we use
purposely designed electrochemical cells. Electrochemical
techniques such as coulometric titration (galvanostatic
method), impedance spectroscopy at open circuit voltage
(OCV) or under bias, galvanostatic intermittent titration
technique (GITT), and AC voltammetry are combined with
complementary techniques for microstructural analysis, in
particular focused ion beam—scanning electron microscopy
(FIB-SEM) imaging and X-ray diffraction analysis.

2. EXPERIMENTAL SECTION

2.1. Materials and Cell Setup for the Li—S Battery System.
Experiments were conducted on cells assembled out of a 2 cm* glassy
carbon (GC, HTW Germany) positive electrode (cathode) and a Li
metal foil (110 ym, FMC) as the anode. Active species were added as
catholyte solutions of various lithium polysulfide species dissolved in
the supporting electrolyte consisting of 1 M LiTFSI in 1:1 (v:v)
TEGDME:DOL. The separator type and thickness varied; either
Celgard 2400 (25 um) or GF/A glassy fiber separator (Whatman, 260
um) were used, as specified in the individual case. The catholyte
amount added to the pouch cell was dependent upon the thickness
and number of separators used and is indicated with each
measurement.

Porous electrodes were produced as 2 cm?* discs by a doctor Blade
application of the desired slurry. The ENSACO 350G carbon
(Imerys) and a corresponding sulfur composite (ENSACO 350G/S)
were prepared in a C:S = 1:2 mass ratio by melt infiltration under Ar
atmosphere at 155 °C. The composite was mixed with a Printex
(Degussa) conductivity additive and a PVAF binder in a mass ratio of
8:1:1 in NMP. Sulfur loading was approximately 1 mg/cm’
Electrodes without sulfur were prepared using a similar procedure,
by replacing the composite with as received ENSACO 350G carbon.
The porous electrode surface area was on the order of 1000 cm?/cm?
of the areal electrode surface. In some cases, carbon felt H14
(Freudenberg) was used as the positive electrode material. Its surface
area was estimated to be 15 cm” per 1 cm® of geometric surface area.
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All electrolyte solutions were prepared inside an Ar filled glovebox
from previously dried solvents, salt, and polysulfide powder. The
LiTFSI salt (Sigma-Aldrich, 99.95%) was dried overnight at 140 °C
under vacuum, while solvents were dried in a multistep process using
Al,O;, molecular sieves, and distillation, after which the water content
was measured by Karl Fischer titration (Mettler Toledo, C20) and
kept below 2 ppm. LiTDI salt (Solvionic, 99,9%) was used as
received. The polysulfides were synthesized inside the glovebox by
mixing the desired stoichiometric amounts of sulfur and metallic Li in
THE at elevated temperature for a few days. After the solid precursor
materials had reacted, the compounds were isolated inside the
glovebox under reduced pressure. Since lithium polysulfides have a
tendency to disproportionate in the used supporting electrolyte, the
given concentrations of catholyte solutions should be considered
nominal.

Pouch cells were assembled with electrodes with 2 cm?® in
geometric surface area. The exact amount of electrolyte or catholyte
solution was added with a micropipette to the separator, after which
the cell was stacked and vacuum sealed inside triplex foil (PET-AIL-PE)
with Ni contacts. The employed vacuum setting was tested to be such
to ensure minimal loss of the electrolyte solvent.

2.2. Materials and Cell Setup for the Mg—S Battery System.
Magnesium polysulfides were synthesized as Mg[N-Melm],Sg
complexes according to the procedure in ref 25. Catholyte solutions
were prepared as 0.01 M Mg[N-Melm]4S; in 0.4 M MgTFSI, and 0.4
M MgCl, in 1:1 (v:v) TEGDME:DOL electrolyte. Before catholyte
preparation, MgCl, (ultradry, Alfa Aesar, 99.99% metal trace) was
used as it is and MgTFSI, (from Solvionic, 99.5%) was dried at 225
°C for 3 days.

Cathodes used in Mg—S experiments were the same as in the Li—S
experiments. For the porous Mg—S cell discharge starting with sulfur,
GF-A separator, 50 yL/mg of sulfur of the 0.4 M MgTFSI, and 0.4 M
MgCl, in 1:1 (v:v) TEGDME:DOL electrolyte, and Mg metal foil
(from Rich metals, 99.99%) were used. For the comparison of
passivated porous electrode and pristine porous electrode without
sulfur, GF-A separator, S0 uL of the above-mentioned catholyte
solution, and Mg metal powder (prepared in the lab) were used. For
the impedance tests with glassy carbon electrodes, GF-A separator, 50
uL of the above-mentioned catholyte solution, and Mg metal foil
(from Rich metals, 99.99%) were used. In all cases, where Mg metal
foil was used, it was brushed inside the glovebox prior to cell assembly
to ensure activation of the anode.

2.3. Impedance Spectroscopy Measurements and Spectra
Processing. Electrochemical measurements were carried out using a
Biologic VMP3 galvanostat/potentiostat. The spectra at open circuit
voltage (OCV) conditions were measured with a voltage amplitude of
10 mV (rms). The measurements at different depths of discharge
(DOD) were carried out after the cells had been discharged
galvanostatically for a preselected amount of time. Prior to impedance
measurements, the cells were relaxed at OCV conditions for 15 to 30
min, depending on the current magnitude employed previously. The
voltage amplitude of the excitation signal was 10 mV (rms). Dynamic
impedance measurements were done by superimposing the discharge
current with a sinusoidal current signal with an amplitude of 10 to 20
times smaller than the discharge current itself. The frequency range
varied according to the investigated phenomenon and was extended
down to 20 uHz. As indicated in some cases, the number of
measuring points was decreased in order to speed up the
measurement.

2.4. SEM Imaging. For scanning electron microscopy analysis of
the materials, a field-emission scanning electron microscope (FE
SEM) Supra 35VP from Zeiss, Germany, and focused ion beam—
scanning electron microscope (FIB-SEM) Helios Nanolab 650i (FEI,
U.S.A.) were used. If the samples analyzed were sensitive to the
atmosphere, they were prepared inside the glovebox on a custom-
made holder, which was vacuumed inside the glovebox antechamber
and opened when exposed to vacuum inside the SEM instrument.
Discharged electrodes were briefly washed with THEF prior to imaging
in order to remove excess Li salt and long chain polysulfide species.
Micrographs were usually collected with the electron gun accelerating
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Figure 1. (a) Regular discharge of a conventional Li—S cell. After reaching a cut-off voltage of 1.5 V vs Li, the cell was disassembled and a fresh 0.1
M Li,Sg catholyte solution added according to the procedure described in Note 1 of the Supporting Information. The presumably passivated
cathode delivered a capacity of about 400 mA h g™, a value comparable to a cell constructed from pristine porous carbon and the same catholyte
(see panel b). The micrographs in panels (a) and (b) show the appearance of respective electrodes at blue and red points.

voltage of 1 kV, a low setting due to instability of the materials under
the electron beam.

Samples intended for FIB cross-sectional analysis were attached on
an Al-stub using a conductive carbon tape, vacuum sealed in a pouch
bag inside the Ar filled glovebox, and transferred directly to the FIB
instrument—without being exposed to air atmosphere at any point of
the procedure. Sample cross sections were analyzed using FIB-SEM
Helios Nanolab 650i (FEI, U.S.A.), equipped with a Pt gas injection
system and energy dispersive spectrometer X-MAX 50 (Oxford, UK).
Due to high sample sensitivity to the ion beam, the surface was
initially protected with a 200 nm “in situ” deposited Pt film—induced
with electron beam (2 kV @ 0.8 nA). Additional platinum was “in
situ” deposited on top of the initial layer using a Ga* ion beam (30 kV
@ 023 nA) to achieve a Pt surface protective layer with a final
thickness of 800 nm. Cross sections were made using focused Ga*
ions at 30 kV @ 2.5 nA with sequentially reducing currents down to
80 pA for the case of the final ion polishing step. Morphological
images of the surface and cross sections were acquired using a low
electron energy beam (2 kV @ 50 pA) and a standard ETD detector.
Detailed information and phase contrast images on cross sections
were acquired using InColumn integrated SE/BSE detectors and a
premonochromated electron beam at 1 kV energy and 25 pA beam
current.

3. RESULTS AND DISCUSSION

The discharge mechanism of the Li—S battery has been
researched in significant detail. On the cathode (positive
electrode) side the initial elemental sulfur is gradually reduced
to soluble polysulfides of progressively smaller chain lengths. In
the second part of a typical discharge curve Li,S is formed
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which, unlike the higher polysulfides, has a low solubility
(reported values vary between 1.36 X 107> M and less than
1072 M)'®?° and starts to intensely deposit on the surface of
the underlying conductive electrode surface (usually a high-
surface carbon). Li,S itself is a very poor conductor with a
conductivity on the order of 1077 S cm™.”%" It is therefore
reasonable to expect that a thick and compact enough Li,S
deposit would block both the electronic and the ionic access to
the underlying conductive carbon electrode. This should
eventually lead to termination of battery operation. Indeed,
many results in the literature indicate that such a scenario is
very likely.”*~"

However, already a relatively simple experiment opens up
many questions about the actual role of Li,S in the Li—S
battery operating mechanism. For example, Figure 1a shows a
regular discharge of a freshly prepared conventional Li—S cell
consisting of lithium as the anode and elemental sulfur as the
cathodic material embedded in a porous high-surface area
carbon (hereafter termed ENSACO/S composite). However,
after reaching the usual lower cutoff limit (1.5 V vs Li, see
arrow in Figure la) we did not proceed with charging—as
usually done in battery research. Rather, we opened up the
apparently fully discharged cell, washed the positive electrode
to remove any soluble polysulfide species, and replaced the
electrolyte with 20 yL of a 0.1 M Li,Sg catholyte solution in
the conventional supporting electrolyte (for details see Note 1
of the Supporting Information). After carefully reassembling
the cell, we continued the discharge of the cell instead of
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Figure 2. (a) SEM image of a cross section of the porous cathode discharged with C/10 current where the complex porous structure of Li,S (dark
gray) in the carbon matrix (light gray) is visible. (b) 3D tomography image of the top 3 um section of the cathode discharged at C/100 with both
carbon (light blue) and Li,S (purple). Top surface of the box is equivalent to the actual top surface of the electrode (surface facing the separator).
Blue areas on the top surface indicate parts of the carbon electrode not covered with the deposit. (c—e) cross sections of porous carbon electrodes
discharged at a C/3, C/10, and C/100 current rates, respectively. (f, g) top view and cross-section SEM image of the Li,S deposit on glassy carbon.
A thick, porous structured deposit with the thickness in the range from below 100 nm up to ~1 ym can be observed.

recharging it. The result is shown in Figure la, on the right of
the dashed arrow. Obviously, almost half of the capacity
delivered during the first regular discharge (Figure 1a) could
still be achieved. This is in sharp contradiction with the
widespread assumption that at the end of discharge the
cathode is passivated due to the presence of a thick Li,S or
similar solid deposits,' the general appearance of which is
demonstrated in the micrograph of Figure la. Comparing the
capacities on the right and left sides of the dashed arrow in
Figure la, one might argue that even if the solids do not
completely passivate the surface at the end of regular discharge,
they at least considerably limit the accessible surface area and,
hence, a decrease in the capacity from ca. 800 mA h g™ to ca.
400 mA h g~'. However, note that in the first experiment
elemental sulfur was used whereas in the second a solution of
Li,Sg with lower theoretical capacity and a different level of
accessibility to the porous carbon surface was utilized. Thus, a
third experiment was carried out in which a pristine porous
carbon in combination with a solution of Li,Sg was used
(Figure 1b). The capacities of both setups containing Li,Sg are
practically the same, although in one case the porous carbon
cathode was considered completely passivated and in the other
completely free of Li,S deposit (pristine). Admittedly,
however, the shapes of discharge curves do show some
important differences. These are attributed to the different
surface properties of carbon in both setups on the initial
nucleation and growth of Li,S crystallites, as discussed later on.
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In an attempt to explain the intriguing results of Figure 1 we
devised an additional series of experiments using different
approaches and techniques. First, we investigated the proper-
ties of the solid discharge deposit in significant detail (Figure
2). SEM imaging in combination with 3D tomography imaging
of various porous cathode slices (Figure 2a and Figure S1)
reveal that large quantities of deposit exist both on the cathode
surface and inside its pores. The general deposit’s morphology
is highly irregular and porous. To get a better understanding of
the deposit distribution across the porous carbon matrix,
sequential cross sections were obtained by cutting increasingly
further into the electrode discharged at C/100 according to the
procedure described in Note 2 of the Supporting Information.
Using the obtained images, a 3D reconstruction was
performed, yielding the tomography image of the Li,S deposit
as shown in Figure 2b (see additional images in Figure S2).
The 3D images reveal several small areas on the outer surface
of the electrode where Li,S does not cover the carbon
completely and the electrochemical reaction involving the
remaining longer chained polysulfides can still take place.
Further topological details about the deposit can be seen in
two movies added to the Supporting Information. The
observed thicker Li,S deposits (>1 ym) also explain the issues
of the dissolution bottleneck revealed by other researchers
when attempting to charge a Li—S$ battery cell.”® Similarly, this
finding helps us understand much better the reasons leading to
the collapse of carbon matrix observed in some studies.””
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Figure 3. SEM images of the three types of carbon electrodes used: (a) ENSACO 350G porous electrode (total surface area, S, was 1000 cm? per
1 cm? of geometrical surface area), (b) H14 carbon felt (S, = 15 cm?), and (c) glassy carbon electrode (S, = 1 cm?®). (d) Corresponding measured
impedance spectra of three different symmetrical cells based on the three different types of carbon electrodes. (e) Magnification of the high-
frequency region and the charge transfer contributions of both higher surface area electrodes. (f) Schematics showing the meaning of the main
observed impedance features and their contributions to the total cell impedance, Z,,,;(OCV) (see comment in Note 4 of the Supporting

Information).

Although the results presented so far indicate that the solid
deposit detected in this study mainly corresponds to the final
discharge product (Li,S), one might argue that part of these
deposits is due to unreacted sulfur which may remain in the
system due to poor contact to the walls of porous carbon etc.
In order to check this possibility, we carried out ex situ XRD
analysis of a porous Li—S cathode measured after a C/10
discharge. The XRD pattern (Figure S3) revealed that during
discharge all the a-sulfur peaks completely disappeared and
three distinct diffraction peaks from Li,S (denoted with
arrows) appeared in the measured range. By considering peak
broadening the mean crystallite size is found to be about 10
nm. This suggests that the observed large crystalline deposits
(e.g, Figure 2a) are likely multidomain formations of Li,S
whereas the amount of unreacted sulfur, if present, is probably
very small. These results are consistent with previous
observations using operando XRD®"** and operando
XANES** as discussed in Note 2 of the Supporting
Information. Of course, these results do not preclude the
possibility of significant sulfur remainders in other types of Li—
S laboratory cells or in practical Li—S batteries.
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Importantly, contrary to the literature reports'® we find that
the main morphological features of the present deposit are
largely independent of the C-rate used (Figure 2c—e, Figure
S4). These results are inconsistent with the prevailing theory
assuming that the main film growth mechanism is electro-
deposition. If that was the case, the crystallite size should
markedly depend on the C-rate. These inconsistencies call for
a radical revision of the existing growth mechanism of solid
deposit in Li—S cells during discharge, as proposed in the
second part of this article.

As a whole, imaging techniques indicate that the solid
deposit formed during discharge is highly porous and does not
cover all of the available carbon surface. This might reasonably
explain why it does not represent a significant barrier for
penetration of electrolyte/catholyte into the inner parts of the
cathode, thus allowing further discharge as demonstrated in
Figure 1a.

However, one might argue that studying the deposit
morphology under the conditions existing in a highly porous
electrode cannot reveal all the essential features, such as typical
deposit thickness, the degree of surface coverage, etc. Thus, we
repeated the experiments by replacing the porous carbon

DOI: 10.1021/acs.chemmater.9b03255
Chem. Mater. 2019, 31, 9012—9023


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.9b03255/suppl_file/cm9b03255_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.9b03255

Chemistry of Materials

ENSACO 350G||Li GCl|Li
+_ 3.0 3.0
a 3 d ;
—125 —25¢
o) iy =
15 I 1 1 I D 15 I 1 D
0 200 400 600 800 1000 0 100 200 300
Specific capacity / mAh g'1 Specific capacity / mAh g™
b / 10 mHz e e
F 0.5 Hz
/ reaction
[ 8 )
G S 10 mHz
Q[ 0.5Hz ) S }f"“"\/ o ,
S ] & S 40 )
€+ H = Erv © /
- N7 3 T S ¢
L / S I K] 20 ‘j _
/ z I ° s
r , r reaction 0 f
A otz . ioHz 020 40
-200 0 200 400 600 0 15000 30000
® Re(Z2)/ Q x Re(2)/ Q
c $10 . f510 —
S == I 8 -
= —— =
S it increase in DOD S
s 0.5 o s 0.5 increase in DOD
T A T
3 3
5 0.0 ‘ ' ‘ : 5 0.0 : —
= 0 10 20 30 40 = 0 2 4 6 8 10 12 14
time / min time / min

Figure 4. (a, d) Discharge voltage profiles with included relaxations (voltage increase) indicating the DOD where impedance was measured (at
OCV) and the calculated value of the total cell resistance at the end of discharge for porous and flat surface electrode. (b, ) Impedance spectra at
different DODs. Inset shows a magnification of the high frequency region of the first recorded spectrum, where the Li anode contribution is
evident. (¢, f) GITT measurement during discharge at the low voltage plateau of ENSACOIILi (during first 45 min) and GCIILi cell (15 min),
respectively. *The absolute values of the voltages are normalized (see Supporting Information, Figure S7, for further elaboration).

cathode with a flat glassy carbon disc in conjunction with the
same catholyte as used in Figure 1b. This way we considerably
reduced the active surface area (from ca. 1000 cm” to 1 cm?)
and amplified the probability of a “blocking nature” of the solid
film; namely, in this case all the solid products are forced to
deposit on the very limited flat surface area rather than spread
into the interior of porous carbon.

The thickness and other morphological features of the
deposit grown on flat glassy carbon were determined by a
cross-section analysis using a focused ion beam—scanning
electron microscope (FIB—SEM). Unexpectedly, the deposit
was again found to be distinctively nonuniform, with
thicknesses ranging from ~20 nm up to 1 um (Figure 2fg
and Figure S5). Namely, such a huge variation in thickness is
incompatible with the widely accepted 2D layer mechanism of
Li,S film formation.'®'”***"*> This mechanism predicts that
the film growth is uniform across the surface which means it
should stop growing once a thickness of about several
nanometers is reached (an upper value for electron
tunnelling”™). It is thus very difficult to explain how such a
very thick film, i.e., up to 50 times thicker than predicted, can
grow based on the 2D layer mechanism. Even more
surprisingly, despite this very big thickness we found that the
deposit did not block the electrochemical reaction.

Whereas the experiments in Figure 1 rather directly point at
a nonpassivating nature of the solid deposit on carbon, the
more precise role of such a deposit in the overall electro-
chemical reaction/transport mechanism remains unclear.
Furthermore, a more essential question emerges: if the cell
operation is not limited by the solid deposited, what is then the
main reason for the steep voltage decline in the last stage of
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discharge curve? And, finally, if the size and morphology of the
deposit are independent of the current rate used, what is the
mechanism of Li,S deposition? In order to find answers to
these questions, we performed several dedicated experiments
using different cell designs and electrochemical methods.

The main contributions to the total internal resistance of a
typical Li—S cell at open circuit conditions were identified by
simplifying the conventional Li—S cell configuration in
different ways—while still retaining all the essential features
related to cathode (electro)chemistry (see Note 3 of the
Supporting Information). Impedance spectra of cathodes with
different surface areas and degrees of porosity (Figure 3a,b)
reveal two distinct features: a high-frequency arc due to charge
transfer resistance (Rcr) and a low-frequency arc due to
diffusion of polysulfides to the reaction sites on the carbon
surface.”™*® As expected, the resistance of the polysulfide redox
reaction (Rcr) decreases inversely proportionally to the
available electrode surface area. Thus, in the case of highly
porous ENSACO 350G carbon the R contribution is
practically negligible in comparison to the contribution of
diffusion (resistance of diffusional arc > 1000 Q, with a peak
frequency around 0.5 mHz). In other words, the total
impedance of cells based on porous carbon electrodes at
open circuit conditions, Z,,,;(OCV), is almost exclusively
determined by diffusional processes whereas the reaction
(charge transfer) part represents only a (very) small fraction of
total impedance (much less than 1% in the high-surface area
cathode configuration). It is important to note that this
observation refers to a cathode in a partially discharged state,
before any solid Li,S deposit has formed.
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Figure S. Schematic representation of the conducted experiment with shown conditions at the surface of the GC electrode and the corresponding

measured impedance spectrum of (a) a pristine GClcatholytelLi cell; (b)
depleted electrolyte; and (c) the same discharged GC(Li,S)IILi cell with a

a GC(Li,S)IILi cell after prolonged discharge with Li,S deposit and
Li,S deposit, where fresh catholyte was added.

Based on this observation one can hypothesize as follows:
even if during the following discharge a very large portion (e.g,
95%) of a conventional porous carbon electrode surface is
covered with an insulating layer (reducing the available
electrode area by a factor of 20), the charge transfer
contribution will still be much smaller than that of the
diffusional impedance. In other words, it seems that in
conventional cells with high surface area (porous) carbon
electrodes the cell operation will be controlled by polysulfide
diffusion (mass transfer) rather than by polysulfide electro-
chemical reaction. This hypothesis is consistent with the
proposed scenario in a recent rate-capability study.’”

So far, the electrode dynamics were studied on pristine
carbons—in the absence of any surface deposits. For the
present purpose, however, it was essential to monitor the
development of transport-reaction contributions during the
discharge, especially in the region where deposition of solid
film is expected. Three central experiments along this line are
shown in Figure 4 (see Note 5 of the Supporting Information
for experiment design). For easier comparison, “total cell
resistances” were calculated from overvoltages determined
from the relaxation part of the experiment (Figure 4a,d, see
also Note 6 of the Supporting Information). One can see that
both the total cell resistance (Figure 4a,d) and the absolute
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value of impedance at lowest frequencies (Figure 4b,e)
consistently increase toward the end of discharge. Also, it is
evident that the values of both parameters increase as we
decrease the surface area of the cathode. However, already a
rough comparison between the galvanostatic and impedance
measurements shows a large mismatch in observed resistances,
for example, 150 k€2:30 k€2 and 5.5 k€2:0.5 kS for the glassy
carbon and ENSACO electrode, respectively. Most impor-
tantly, we can see that in both cases the value of reaction
resistance is much smaller, at least by a factor of S, than the
total cell resistance.

Clearly, impedance spectroscopy measurements at the open
circuit condition cannot be used to directly probe the rate-
limiting process at the very end of discharge because the
system tends to undergo very fast voltage drift (rise) during
relaxation in the direction of quasi-equilibrium. In order to
understand the underlying causes for the final voltage drop,
GITT relaxation curves were examined (Figure 4c,f). For the
cell based on the glassy carbon electrode (Figure 4f) it is
evident that, with an increase in DOD, fast processes start to
dominate the overpotential (purple curve in Figure 4f shows
>90% of relaxation in voltage in the first 60 s of the
experiment). The latter result can be directly compared with
the impedance response (Figure 4e) where the reaction arc
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with a typical time constant of ~2 s ends at about (40—10)
mHz——corresponding to a typical relaxation time of ~25—100
s.

This observation demonstrates that in the case of severe
limitations in the cathode surface area (planar electrode) the
end of discharge is dominated by the reactional resistance. By
contrast, all the GITT relaxation curves for porous carbon
cathode (Figure 4c) suggest that slow process(es) (time scale
>1 min) are limiting the cell performance whereas the IR
drop together with the reaction resistance remains similar in all
curves measured (see also Figure S7). We argue that only the
bulk transport (polysulfide diffusion) can be a cause of such a
slow relaxation. While already being slow due to the inherently
low diffusion coefficient of polysulfides, this transport may be
further impeded in cases when either the electrode and/or the
deposits exhibit significant tortuosity. At least in principle, the
effect of the latter can elegantly be checked using impedance
spectroscopy as demonstrated recently,”® which will probably
be a topic of our forthcoming studies.

The crucial role of slow diffusion of polysulfides in cell
performance limitation is supposed to be valid quite generally,
regardless of the exact composition of the deposit (note that it
may contain various solid products including some unreacted
sulfur etc.)—as long as this deposit exhibits some porosity and
the diffusion length is on the order of micrometers or longer.
To summarize, although also in the case of conventional
porous carbon electrodes the reaction resistance does increase
toward the end of cell discharge, the resistance due to diffusion
of polysulfides is consistently much higher and represents a
clear rate-limiting step along the whole discharge curve.

In order to further check the validity of this essential finding,
we employed two additional “dynamic” techniques that probed
the system under operation conditions: (1) the so-called
dynamic impedance measurements (Figure S8) and (2)
alternating current voltammetry (ACV, Figure S9). Both
additionally confirmed the findings gathered from experiments
in Figure 4.

Now, if diffusion of polysulfides toward the active porous
carbon cathode is the rate-limiting process during the whole
discharge, it is reasonable to speculate that the final rapid
overvoltage increase (potential drop) is also due to
progressively decreasing diffusional flux of active species
toward the active electrochemical centers for polysulfide
reaction. This suggests that, most likely, the essential problem
during the last stage(s) of discharge is simply a relatively rapid
decrease of concentration of polysulfides at the electrode

9019

(active) surface. This assumption could be relatively easily
checked—by employing a similar strategy as used during the
initial experiments shown in Figure 1—however using a more
defined system and additional methods such as impedance
spectroscopy.

Thus, we used a flat rather than porous electrode—for better
control of formation of solid deposit. Before forming as thick
as possible a deposit according to a procedure similar to the
one shown previously (see Figure 2f,g and Figure S10), we
measured the impedance response of the pristine cell (Figure
Sa). Impedance measurements were also used at the end of the
procedure of thick deposit formation (Figure Sb). Then the
cell was opened inside an Ar-filled glovebox and a fresh
catholyte solution was added. A large reduction of the reaction
arc was observed (compare Figure Sb and Figure Sc showing a
16-fold decrease of arc). In fact the size of the impedance arc
immediately dropped relatively close to the initial value of
about 3 kS found for a completely pristine electrode without
any Li,S deposit (Figure Sa). This strongly suggests that the
effect of Li,S deposition on reaction impedance is much
smaller than the effect of catholyte (polysulfide) concentration
decrease, as schematically shown in Figure 5. This hypothesis
is further supported by a comparison of impedance spectra
measured under potential bias and the corresponding quasi-
steady-state current responses (Figures S11—S13).

Finally, based on the results of experiments carried out in
this work, we may propose a new mechanism of deposit
formation which is able to consistently explain all the observed
phenomena while also reconciling the apparently contradictory
observations in the literature. As mentioned, the observed
morphological features of deposits and their independence of
the C-rate, both on flat and porous electrodes, are in sharp
contradiction with fundamental predictions of the widely
accepted 2D model of deposit growth. Here we propose a
more complex mechanism which also takes into account the
chemically driven formation of deposit—besides the purely
electrochemically driven growth as assumed in the 2D model.
A central role in the chemically driven part of the mechanism is
given to the known strong tendency of polysulfides toward
disproportionation,">*** through which longer-chained poly-
sulfides act as redox mediators for Li,S deposition (scheme,
Figure 6). This means that a large portion of the Li,S is formed
chemically rather than electrochemically.

We propose that in the first step nucleation and probably
some 2D growth takes place—as we consider this to be more
energetically favorable compared to a direct chemical
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precipitation from solution. However, once nuclei/small 2D
patches of Li,S have formed on the carbon surface, these can
serve as “anchors” for rather rapid and extensive 3D deposition
of Li,S driven by disproportionation reactions. Later on, both
mechanisms can take place simultaneously yielding a
morphologically complex deposit as indeed detected by direct
observation. We note that additional morphological complica-
tion might arise if—due to poor electric contacting etc.—some
of the initial sulfur remains unreacted throughout the discharge
(though in the present specific experiments such unreacted
sulfur was not detected).

As the 2D growth mechanism can only take place at the
three-phase boundary of the already formed deposit whereas
the chemically driven 3D growth proceeds on any chosen
surface of solid Li,S deposits, we assume the latter growth
mode to prevail. In particular, this reasoning can easily explain
the observed wide-range variation of deposit thickness (from
several nanometers up to a micrometer). In fact, this wide
range alone demonstrates the extreme level of deposit
nonuniformity, especially when having in mind that a uniform,
defect-free film extending over the whole surface area would
only be 1.7 nm thick, as can easily be calculated from known
compositional and geometrical parameters of porous carbon
electrode cells used in this work. In terms of electrochemistry
such morphological nonuniformity translates into very poorly
expressed, if any, passivating properties.
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The intensive chemical formation of the Li,S-based deposit
can also explain the rapid increase of overvoltage toward the
end of discharge causing premature end of cell operation.
Although the formed deposit itself does not significantly block
the cathode surface reaction, its rapid formation depletes the
surrounding electrolyte solution of electroactive species. In
principle the consumption of polysulfides from the solution is
expected as this is the main underlying concept of Li—S battery
cell operation. However, this very concept anticipates that the
concentration of polysulfides will gradually drop in the whole
electrolyte volume until all the polysulfides have been
consumed. By contrast, as the present experiments strongly
suggest, the rapid formation of a large amount of solid deposits
depletes the concentration predominantly at the electrode/
electrolyte interface.

Finally, we were wondering whether this “non-passive”
nature of large surface deposits was limited to the Li—S cell or
could this phenomenon have a wider significance and would be
found in other modern systems exploiting surface reactions
such as Li—air, Mg—sulfur, etc. Based on our experience with
the Mg—sulfur system, we decided to repeat the essential
experiments shown above also on a typical Mg—sulfur cell
(Figure 7).

Specifically, we tested whether the conventional porous
electrode was passivated after the end of discharge also in the
Mg—S cell (direct comparison with Figure 1) and how the
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impedance changed after prolonged discharge and upon
addition of fresh polysulfide species (to compare the behavior
with Figure S). As evident from Figure 7, the magnesium—
sulfur cell shows very similar behavior as demonstrated for the
lithium—sulfur cell. For example, the capacity obtained using
the already “passivated” electrode is almost identical to the one
obtained from the discharge of the pristine porous carbon cell
with catholyte solution (compare Figure 7a with Figure 7b).
Similarly as in the case of Li, the discharged electrode was
examined under SEM (micrograph in blue squares) and
showed a film-like deposit on the surface of the carbon
particles. The absence of crystalline particles is in line with
previous reports for discharged magnesium—sulfur electro-
des.*” Although in this case the deposit is probably amorphous
rather than crystalline, it can reasonably be assumed that it
precipitates in a similar solution-mediated fashion and, most
importantly, does not electrochemically block the surface
reactions. This is corroborated with the three-step impedance
measurements (Figure 7c—e) using a flat glassy carbon
substrate. Very similar as in the case of lithium, after prolonged
discharge (C/200 and constant voltage hold at 0.25 V vs Mg
for 24 h), the initial arc size of 20 kQ (Figure 7d) increases by
several orders of magnitude (to ca. 20 M, Figure 7d). After
the discharge, the cell was opened inside a glovebox and fresh
magnesium polysulfide solution was added—without changing
the separator or magnesium anode. Subsequently, the
impedance of this cell greatly decreased, indicating that (i)
the magnesium anode was not the source of the increase of
impedance at the end of discharge and (ii) depletion of
magnesium polysulfides is again the lead cause behind
overpotential increase.

At a first glance the similar behaviors of Li—S and Mg—S—
that is, two systems with significantly different chemistries—
could be surprising. However, the surface film properties are
largely determined by its growth mechanism and based on
present results it is reasonable to assume that both proceed
according to the general mechanism displayed in Figure 6. In
other words, if the electrochemical deposition is strongly
interfered with by rapid chemically driven deposition, one can
expect the final deposit to be porous and full of defects,
inclusions, and other irregularities, leading to very poor surface
protection.

4. CONCLUSIONS

We showed—using several independent approaches, different
electrode types, and innovative cell design—that the
occurrence of solid deposits in a typical Li—S cell does not
essentially block the main electrochemical reaction. Interest-
ingly, the same phenomenon was observed for an essentially
different system: magnesium—sulfur. Although the solid
deposits are locally even thicker (up to 1 ym) than usually
assumed, they are extremely nonuniform in thickness (the
latter may vary from several nanometers to 1 gm) and
considerably porous, both of which allows relatively
unhindered penetration of active polysulfides across the
deposit to the active carbon surface. The unusual morpho-
logical features of the deposit were explained by upgrading the
prevalent 2D film formation mechanism with another step, that
is, chemically driven deposition based on the well-known
tendency of polysulfides to disproportionate. A natural
consequence of the proposed mechanism is a (strong)
depletion of polysulfide concentration in the surrounding
electrolyte solution. Dedicated experiments confirmed that
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indeed the faster-than-expected polysulfide depletion is
probably the main culprit for (premature) termination of cell
operation. The depleted polysulfides cannot be efficiently
compensated for by those that are still present in more distant
areas, such as within the relatively thick separator, as the
diffusion of those “wandering” polysulfides toward the active
surface of positive electrode proceeds very slowly. This slow
diffusion generates high impedance values already over
distances on the micrometer range, as demonstrated in our
previous work.”*

An ultimate approach that would mitigate the complications
due to polysulfide depletion would be to use an ion-selective
interlayer between the cathode and the separator or other
measures for effective retention of polysufides inside the
cathode composite. Another commonly met proposal for
improvement of Li—S battery performance is through
decreasing the electrolyte-to-sulfur ratio. However, at least in
the case of the present electrolyte system, such a strategy may
be questionable. First we note that combining a high sulfur
loading with a low electrolyte/sulfur ratio (a setup intended for
practical applications), polysulfide saturation is eventually
reached. Generally, maximization of the concentration of
active species is desirable as it tends to minimize the
overpotentials due to diffusion and reaction which ultimately
can increase the practical capacity. However, in some cases
(and notably in the present system) the increase in
concentration is accompanied by significant increase in
viscosity of the electrolyte solution. If the latter prevails, the
polysulfide transport can be negatively affected and the
corresponding overpotential exceedingly increases before the
start of the second plateau where Li,S deposition begins. In
extreme cases the cutoff voltage may be reached prematurely
and the cell capacity severely reduced.

In any case, when designing improved Li—S cells by
maximizing the sulfur content, one can keep the specific
surface area of the cathode at moderate values. This results
directly from the present finding that capacity is not limited
with the blockage of the cathode surface with insoluble
insulating deposit. Similarly, the study refutes the capacity fade
mechanism through loss of contact between Li,S particles and
the electrode surface, since (chemical) redox reactions
between sulfur species can still continue in solution. The
present results strongly indicate that in the conventionally used
electrolytes there is no need for expensive redox mediator
additives, when added in the attempt of promoting 3D growth
of the solid deposition product during discharge—since
polysulfide species themselves act as such.

Finally, we argue that all of the findings presented in this
work are also potentially relevant for improved understanding
of other electrochemical systems involving soluble intermedi-
ates that can interact and disproportionate, in particular
magnesium—sulfur as partly demonstrated in the last experi-
ment and also Li—air batteries.
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