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ABSTRACT: In situ EQCM experiments were used to investigate the stability and
roughness changes occurring in a sulfur—carbon cathode utilized for a Li—S battery
during the charge—discharge process. Results show that the sulfur—carbon cathode
gains mass during the first discharge plateau (~2.4 V) due to the formation of the
long chain polysulfides during the discharge (lithiation) process. However, further
discharge to below 2.4 V yields an increase in the crystal resistance (R.) suggesting
the sulfur—carbon cathode becomes rougher. During the charge (delithiation)
process, the roughness of the sulfur—carbon cathode decreases. Time dependent
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measurements show that the electrode surface becomes rougher with the deeper
discharge, with the change occurring following a step to 1.5 V. The sulfur—carbon cathode exhibits stable R. and frequency
behavior initially, but then becomes rougher in subsequent following cycles.

KEYWORDS: Li—S batteries, EQCM, crystal resistance, polysulfide dissolution, roughness of the sulfur—carbon cathode

1. INTRODUCTION

Li-ion batteries have dominated the consumer -electronics
market over the past few decades, especially in portable devices.
However, their gravimetric and volumetric energy density is
limited (typically around 400 Wh kg™ and 1100 Wh L™ for
LMO,—graphite, where M = Co, Mn...) and insufficient for
more demanding applications such as those attending long-
range electric vehicles."” Lithium—sulfur (Li—S) batteries are
currently receiving substantial attention, primarily due to their
high theoretical capacity of 1675 mAh g™ sulfur (ie.,
considering S only) that corresponds to a high gravimetric
and volumetric energy density (~2600 Wh kg™" and ~2200 Wh
L™)." In addition, sulfur is a naturally abundant element,
nontoxic and one of the cheapest energy storage materials."”

Many technical challenges still attend the Li—S battery
involving the cathode, the anode, as well as the electrolyte.S_m
In general, Li—S batteries suffer from the insulating nature of S
and rapid capacity fading occurring as a result of the generation
of soluble polysulfide intermediates during discharge.”**
Polysulfide dissolution gives rise to a shuttle phenomenon
that contributes to low Coulombic efliciency and active
material loss. The formation of insoluble lithium sulfide
(Li,S) at the end of the discharge process causes a large
volume expansion (~80% from S) of the cathode material,
which also causes the detachment of active material."’
Additional concerns facing Li—S batteries include Li dendrite
formation and the high reactivity of the Li-metal anode, which
results in a nonuniform solid electrolyte interphase (SEI) on
the anode surface. This highly resistive passivation film is also
associated with performance degradation.”

The electrochemical reduction of Sg results in formation of
various polysulfide intermediates through a multistep process.
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Sulfur speciation has been examined by multiple techniques
such as UV—visible absorption spectroscopy (UV—vis),'>"* X-
ray absorption spectroscopy (XAS),"*'® X-ray diffraction
(XRD),"”"® nuclear magnetic resonance (NMR) and Raman
spectroscopy.'” > In general, the electrochemical reduction of
Sg normally exhibits two main reduction steps in ionic liquids
and organic solvents.' 672 Long chain polysulfides such as
Li,Sg and Li,S4 are produced at the beginning of the discharge
process. The long chain polysulfides are reduced to form short
chain polysulfides in the further reduction. The final product at
the end of discharge is the insoluble lithium sulfide (Li,S).

Recent reports address structural and morphological changes
of the sulfur—carbon cathode during charge and dis-
charge."®*°™** In operando transmission X-ray microscopy
(TXM) allows tracking of the individual cathode particles in
real time during the electrochemical cycling."®" The porosity
of the sulfur/super P composite particles increases during the
discharge process.'® In situ X-ray fluorescence microscopy in
conjunction with XAS demonstrated the dissolution and
redistribution of the sulfur during the first cycle.”> AFM,
HRTEM and Raman spectroscopy showed that part of the
polysulfides dissolve into the solution during the reduction
process and leave holes in the sulfur—carbon composite matrix.
Because of the pronounced morphological change upon the
formation of polysulfides, the carbon matrix collapses in part.*’
However, the potential dependence of stability of the sulfur—
carbon network is unclear.
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Figure 1. (A—D) In situ EQCM and the discharge profile along with (E—H) in situ EQCM and the charge profile of the sulfur—carbon cathode
during the third charge/discharge cycle between 3.2 and 1.5 V at a 1C rate (for the weight of accessed sulfur on the cathode). The yellow band
represents the area where AR_ is relative small and the Sauerbrey equation is applicable.

Electrochemical quartz crystal microbalance (EQCM) is a
gravimetric technique that monitors changes in electrode mass
during electrochemical reactions.”” Substantial prior work using
EQCM interrogated reactions occurring on microporous
carbon-coated electrode surfaces and Li battery systems such
as Li-ion and Li—air batteries has been done.**™*’ For example,
in situ EQCM with dissipation*' was employed to investigate
the initial stage of SEI layer formation on cathode-coated Al
electrodes for Li-ion battery applications.”> The observed
dissipation change suggested that the rigidity of SEI film
decreases with time. The EQCM quantified lithium oxide
formation as a function of potential in the Li—O, battery.*’
EQCM also explored the irreversible reduction of lithium
nitrate, an important additive in Li—S batteries, on bare Au
electrodes.®® However, there is no EQCM study of the sulfur—
carbon cathode in Li—S batteries. The EQCM should be
capable of monitoring the sulfur—carbon electrode during
electrochemical cycling, reporting on changes in mass and
structure.

In this work, we used in situ EQCM to examine the sulfur—
carbon cathode on the Al-coated quartz crystals during
discharge and charge processes in 1 M lithium bis-
(trifluoromethane sulfonyl)imide (LiTFSI) and tetraethylene
glycol dimethyl ether (TEGDME)/1,3-dioxolane (DOL) (1/1,
v/v). As opposed to ordinary EQCM, which relies on the
frequency response alone, we also report on the potential and
cycle dependence of the crystal resistance (R.).*”** Results are
discussed in terms of irreversible changes occurring on the Li—
S cathode surface.

2. EXPERIMENTAL SECTION

Sulfur—Carbon Slurry Preparation. The cathode materials were
made from a slurry consisting of 60 wt % sulfur (99.98%, Sigma-
Aldrich), 30 wt % carbon black (Super-P Li, Timcal Inc.) and 10 wt %
polyvinylidene fluoride (PVDF, Kynar 2801) binder mixed with
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anhydrous N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and stirred
overnight.”>**

EQCM Measurements. EQCM measurements were undertaken
using a Maxtek RQCM-11000000 (Inficon, USA). QCM crystals were
formed from planar, 2.54 cm diameter AT-cut S M Hz quartz crystals
coated on one side with Al. Prior to use, the Al crystal was rinsed with
isopropyl alcohol and sonicated in Milli-Q water for 10 min. After
drying, the sulfur—carbon slurry (0.3—0.5 mg) was added dropwise to
the Al QCM crystal and dried with Ar again.

The EQCM cell was assembled in an Ar-filled glovebox prior to in
sitt EQCM measurements as described previously.>® The sulfur—
carbon slurry was the working electrode whereas Li metal (99.9%, Alfa
Aesar) formed the reference and counter electrodes. Figure S1 shows a
schematic figure of the EQCM cell. The discharge—charge profiles in
the EQCM measurement were carried out at a C rate that was
calculated by using the weight of the accessed sulfur on the cathode.
The accessed sulfur was estimated from the amount of Coulombs
during reduction/oxidation process in the CV as compared with the
CV obtained from Swagelok cell (Figure S2). EQCM measurements
were carried out at 30 °C. All EQCM measurements were carried out
by using 760C and 760D CH Instruments potentiostats.

SEM Measurements. The surface morphology of the sulfur—
carbon cathode before and after different cycles was analyzed using
SEM (JEOL, JSM-7000F). The sulfur—carbon cathodes were cycled in
the cycle region between 3.2 and 1.5 V and emersed at 3.2 V. These
sulfur—carbon cathodes were then dried in an Ar-filled glovebox
overnight and put into a well-sealed container to transfer to the SEM
instrument.

Two-Electrode Swagelok-Cell Preparation. The sulfur—carbon
slurry was cast on aluminum foil (Sigma-Aldrich) by using a Gardco
adjustable micrometer film applicator (Microm 5 1/2 in. width). The
sulfur—carbon slurry film was then dried in a convection oven
overnight at 55 °C. Lithium—sulfur batteries were assembled in a
modified Swagelok tube apparatus. The cell consisted of a Li metal
anode, a Whatman glass fiber separator (GF/F, 150 mm diameter) and
a sulfur—carbon cathode to which about 0.2 mL of electrolyte was
added. Charge and discharge processes in the Swagelok cell were
carried out at the rate of 0.1C (calculated using the weight of cathode)
by using an Arbin Battery Tester (Model BT 2043, Arbin Instruments
Corp., USA).
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Electrolyte. The electrolyte was 1 M lithium bis(trifluoromethane
sulfonyl)imide (LiTFSI) in 1:1 (v/v) solution of tetraethylene glycol
dimethyl ether (TEGDME, > 99%, Sigma-Aldrich) and 1,3-dioxolane
(DOL, anhydrous, Sigma-Aldrich). All EQCM experiments were
carried out in the same electrolyte.

3. RESULTS AND DISCUSSION

3.1. In Situ EQCM and Discharge—Charge Process of
the Sulfur—Carbon Cathode in TEGDME/DOL Electro-
lyte. Figure 1A—D shows the results of in situ EQCM
measurements and the discharge profile of the as-prepared
sulfur—carbon cathode during the third charge/discharge cycle
from 3.2 to 1.5 V at a 1C rate. The discharge curve in Figure 1A
shows that there are two plateaus around 2.4 and 2.1 V. In our
previous in situ Raman spectroscopy studies, the first discharge
plateau at ~2.4 V (marked with the yellow band in Figure 1A—
D) is associated with the formation of long chain polysulfides
such as Li,Sg and Li,S4 via opening the Sy ring during the
lithiation process.”* These long chain polysulfides are further
reduced at lower potential. The second discharge plateau at
~2.1 V is associated with the formation of short chain
polysulfides. Li,S is the final product during the sulfur
reduction.”'”'* This discharge curve is in good agreement
with those in the literature, albeit with somewhat reduced
capacity.?”4’8’24

To investigate the origin of the reduced capacity seen in the
EQCM cell, we constructed a more constrained Li—S battery
environment using a Swagelok cell. The capacity obtained from
this cell, using an identical C—S slurry, was ~850 mAh/g sulfur
(Figure S3) Thus, the lower capacity obtained from the EQCM
measurement is not likely due to the preparation method of the
sulfur—carbon cathode, but rather must relate to the
substantially larger solvent volume (60 vs 0.2 mL) required
for the EQCM.

Figure 1B shows the QCM frequency change obtained from
the as-prepared sulfur—carbon cathode during the third
discharge process. The frequency decreases gradually in the
first plateau region at ~2.4 V. The frequency starts to increase
in the region between 2.4 and 2.0 V, which is associated with
the second plateau, and then exhibits a larger increase in the
region between 2.0 and 1.5 V. Figure 1B also shows that the
measured frequency exhibits a noise level of 10 Hz. In contrast,
measurements made with a metallic electrode examining metal
deposition typically exhibit a noise level of 0.1 Hz. This
suggests that the additional noise is associated with the use of a
slurry-based electrode. We found the noise level increased with
the thickness of the slurry utilized. Another manifestation of the
same phenomena is the increased crystal resistance (R_) found
with the slurry relative to a bare metal electrode (ca. 800 vs 300
Q). Figure 1C shows the capacity dependence of the R,
measured simultaneously with the change in frequency. R, is
stable during the first discharge plateau, but increases by ca.
1.5% during the second discharge plateau.

The changing R. behavior shows that different processes are
at work on the cathode surface. R. is low and constant when a
purely elastic mass is bound tightly to the surface. However, if
the bound mass is inelastic or the dispersion of the surface is
not constant, then R_ will change.** In this case, the R_ change
must be due to increased energy dissipation by the C—S
cathode during the second discharge plateau.”* The change in
QCM frequency is usually associated with the change in mass
via the Sauerbrey equation. In the limit where AR_ is small, the
Sauerbrey equation is expected to hold.”*** Such is the case in

the first discharge plateau. The mass change of the sulfur—
carbon cathode in first discharge plateau can be therefore
determined by using the Sauerbrey equation:*

Af = —2Amf* /A(up, W2 = —CAm (1)

where Af is the measured resonant frequency (Hz), f is the
intrinsic crystal frequency, Am is the mass change, p, is the
density of quartz (2.65 g/cm?), u is the shear modulus C%2.95 X
10" dyn/cm?) and A is the electrode area. In this study, the
mass sensitivity factor (C;) of the carbon cathode was estimated
by measuring the frequency change during Ag deposition and
stripping on a carbon slurry cathode from a 0.1 M KNO;
solution containing 1 mM AgNOj; as shown in the Supporting
Information (Figure S4). To get C; from the carbon-coated
QCM crystal with a similar R, the amount of the coating
material (carbon slurry) needs to be well controlled and similar
to that used for the Li—S battery work. The slope of the
frequency—charge graph can be used to get Ci. The C; values
obtained from bare Al electrodes (53 Hz-cm®-pg™") and carbon
slurry-coated Al electrodes (S0 Hz-cm®ug™") are close. These
Cs values are also close to the value obtained from Au QCM
crystal (52—57 Hz-cm®pug™') as reported by previous
studies.***” Thus, we used a C; equal to SO Hz-cm®ug™'

Figure 1D shows mass change calculated using the Sauerbrey
equation. The increase of Sauerbrey mass in the first discharge
plateau is consistent with the occurrence of sulfur lithiation in
this region. By the end of the first discharge plateau, the mass
increases by ~0.77 pug/cm? at the point where the capacity is
~130 mAh/g sulfur. On the basis of the charge passed in the
first discharge plateau, the expected mass change resulting from
sulfur ring opening and lithiation is in a range from 1.2 to 2.4
ug/cm?, depending on whether only Li,S is formed (1.2 ug/
cm?) or whether further reduced polysulfides (Li,S,) also
occur. Our EQCM value is ~35% lower than the value
calculated from the charge when only Li,Sg is formed,
suggesting that the sulfur—carbon cathode gains mass in the
first discharge plateau and ~35% polysulfide (active material)
dissolves into the electrolyte (based on the amount of Li,Sg) If
we assume that Li,S, is formed, our EQCM value would be
38% lower than the calculated value. Interestingly, the capacity
we observe at the end of the first plateau (~130 mAh/g sulfur)
represents 65% sulfur available by mass (209 mAh/g sulfur),
again suggesting that approximately 35% is lost to dissolution.

We next examine the origin of the frequency change after
first discharge plateau in Figure 1B. Figure 1C shows that R,
increases after the first discharge plateau. AR, is related to
changes in density (p) and viscosity (1) at the electrode surface
as first proposed by Muramatsu et al."*

AR_= (271'pr11L)1/2A/k2 2)

where AR_ is the resistance change, p; is the density of liquid,
1y, is the viscosity of liquid, A is the electrode area and k is an
electromechanical factor. The inference from Figure 1C is that
the (p7)"? of the product on the surface and sulfur—carbon
network is changing because AR_ is nonzero, at least in the low
voltage discharge region. Thus, the Sauerbrey-mass decrease is
due to crystal resistance (R.) changes and not because of a
change in the actual mass. The changing R. means that the
electromechanical properties of the electrode are changing, the
origin of which we will discuss below.

Figure 1E—H shows the results of in situ EQCM
measurements and the charge profile of the sulfur—carbon
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Figure 2. In situ EQCM and third cycle CV profile of the sulfur—carbon cathode during the (A—D) cathodic and (E—H) anodic scan between 3.2
and 1.5 V. The scan rate is 1 mV/s. Red arrows represent the scan direction. The yellow band represent the area where AR_ is relatively small and the

Sauerbrey equation is applicable.

cathode during the third cycle from 1.5 to 3.2 V at a 1C rate.
The yellow band represents the area where the AR_ is relatively
small and the Sauerbrey equation is applicable. The charge
curve in Figure 1E shows a single plateau between 2.35 and 2.5
V that is due to the overlap of two oxidation peaks. These
oxidation processes are associated with the oxidation of
polysulfides to elemental sulfur during the delithiation process
as described in previous work."***

Figure 1F shows the EQCM frequency change obtained from
the sulfur—carbon cathode during the charge process. The
frequency decreases in the region between 1.5 and 2.5 V.
Coincident with the frequency decrease, R, also decreases,
suggesting the Sauerbrey-mass change is not due to an actual
mass change during charge process but rather to a change in the
electromechanical properties of the electrode. The frequency
then increases in the region of 2.5 to 3.2 V. The relatively
constant R_ between 2.6 to 3.2 V suggests that the decrease of
Sauerbrey mass is due to the delithiation process in this
potential region.

3.2. In Situ EQCM and Cyclic Voltammetry of the
Sulfur—Carbon Cathode in TEGDME/DOL Electrolyte. To
probe further the gravimetric response of the sulfur—carbon
cathode, we performed voltammetric measurements. Figure 2
shows the results of the in situ EQCM measurement along with
the CV profile of the sulfur—carbon cathode in a potential
range between 3.2 and 1.5 V during the (A—D) cathodic and
(E—H) anodic scan. The yellow band represent the area where
the AR, is relatively small and the Sauerbrey equation is
applicable. Figure 2A shows that the CV starts from the open
circuit potential (3.2 V) to 1.5 V. The cathodic scan shows
typical sulfur reduction peaks at ~2.45 V (a’) and ~2.27 V (b’'),
respectively. These reduction peaks are associated with the
formation of various polysulfides and are correlated with the
two discharge plateaus in the discharge profile.”'"'>'* In the
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anodic scan from 1.5 to 3.2 V, there are two oxidative peaks at
~2.5V (a) and ~2.43 V (b) with a small shoulder at ~2.31 V
(c). These peaks are associated with the oxidation of
polysulfides to elemental sulfur.'***

Figure 2B shows on the cathodic scan that the frequency is
essentially constant in the region between 3.2 and 2.4 V. The
constant frequency is associated with both a constant R, and
essentially no mass change from 3.2 to 2.4 V. No change is
expected prior to the first reduction peak a’. Following the first
reduction peak both the frequency and R. then increase
between 2.4 and 1.5 V, the magnitude of which becomes
greater at potentials near 1.5 V. The changing R. means that the
Sauerbrey equation no longer applies in this region. Figure 2E—
H shows that both frequency and R_ decrease from 1.5 to 3.2 V
in the anodic scan, returning to values close to those obtained
before the cathodic scan. Thus, both the CV and the EQCM
suggest that reversible processes are occurring in the
voltammetry.

3.3. Time Dependent EQCM Measurement of the
Sulfur—Carbon Cathode in TEGDME/DOL Electrolyte. To
evaluate the stability of the sulfur—carbon electrode under
different potential hold conditions, we measured the time
dependence of the EQCM frequency and AR_ responses.
Figure 3A—C shows the time dependent EQCM measurement
at 2.4, 2.1, 1.8 and 1.5 V. Figure 3A shows the frequency
responses following the different potential steps. The frequency
decreases slightly with the time at 2.4 V (after the first
reduction peak a’ as shown in Figure 2A) and is constant by the
time of a 3 h hold. The small AR, following a step to 2.4 V
allows us to calculate the Sauerbrey-mass gain, which is ~0.25
ug/cm? at this potential. This value is ~25% less than the value
calculated from the charge when only Li,S; is formed.

In contrast to the potential step to 2.4 V, the EQCM
frequency increases when the potential was held at either 2.1 or
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Figure 3. (A—C) Time dependent EQCM measurement of the
sulfur—carbon cathode at 2.4, 2.1, 1.8 and 1.5 V.

1.8 V (following the second reduction peak as shown in Figure
2A). Following a potential step to 1.5 V, the frequency
increases even more dramatically with time. The frequency
changes are also associated with increases in R_ suggesting that
properties of the electrode are changing.*>***7>% At 1.5V, the
R, increase is larger than those found at 2.1 and 1.8 V.
Interestingly, neither the frequency nor R_ stabilize during the 3
h time course of the measurement.

We next discuss the origin of the time dependent frequency
and R, increases following potential steps to between 2.1 and
1.5 V. In the model developed by Kanazawa, the frequency
change Af arising from a materials property change on the
electrode surface is”">

Af, ==/ Gaup) Lom)'"* = (o)1 3)

Here p, and 7, represent the density and viscosity, respectively,
of the initial material on the electrode, and p; and 7, represent
the density and viscosity of the final material. In the present
study, we suggest that the observed frequency change Af is the
sum of the frequency change associated with the (de)lithiation
process (Af(de)lithiation) and the change in (pn) during the
electrode transformation as it is (de)lithiated (Af,,):

Af = Af(de)lithiation + Afm (4)

Hypothetically, the (pn) of polysulfides could be estimated
from R, at different potential steps, using eq 2."**" Af, could
then be obtained by using different (p5) of polysulfides at
different potential steps. Finally, the actual frequency change
due to the (de)lithiation process could be estimated.
Unfortunately, R. does not reach a constant value with time
following a potential step to between 2.1 and 1.5 V. This must
mean that the electrode is continuously evolving following the
potential step and precludes the direct calculation outlined
above.

We next outline possible reasons for the R, development
with potential and time. Equation 2 shows that three terms
could be responsible for the R, change: density, viscosity and
area. We evaluate each of these in turn. First, the density
change going from Sg to Li,S (2.07 and 1.66 g/cm?
respectively) must contribute to the change in R during the
reduction process. The decrease in density of the material on
the cathode during discharge would suggest that R. should
decrease. However, the opposite trend is found experimentally.
This must mean that additional factors contribute to R.
evolution.

The second term in eq 2 that could be associated with a
change in R_ is the viscosity. Polysulfides formed during
discharge could dissolve into the electrolyte and cause an
increase in viscosity. Zhang et al. showed that the viscosity of
the electrolyte gradually increases with a decrease in the
polysulfide chain length and an increase in polysulfide
concentration. The viscosity reaches a maximum value at the
beginning of the second discharge plateau (~2.0 V).® Thus, the
viscosity increase before 2.0 V could be associated with the R,
increase. However, our EQCM results show that R_ increases
after the first discharge plateau (~2.4 V) and, additionally,
exhibits a large increase in the lower potential region, past
where the maximum viscosity change occurs. Thus, viscosity
change is not the major contributor to the R. change.

Third, eq 2 shows that R. depends on the electrode area, A.
The increase in R with time or potential is likely related to
changes in A, (or equivalently electrode roughness) because the
other terms in eq 2 are either constant or evolve opposite to the
experimental trend, as described above. Previous studies also
implicate increases in surface roughness as being associated
with increases in R.. Naoi et al. shows that evolution of a
polymer film to a rough or columnar structure leads to a
substantial increase in effective surface area causing R. to
increase.”

Unrelated to eq 2, other authors suggest that electrode
volume might be the origin of a R, change with a larger change
in electrode volume producing a larger AR.> In the Li—S
battery, discharge from Sg to Li,S leads to a volumetric increase
of 79.2% over the entire discharge region. However, the R_
change is only found after the first discharge plateau. Thus,
volumetric increase by itself does not seem like a major
contribution to R. change in this work. However, we note that
stresses associated with the volume change may result in
cracking or other changes that could give rise to an increase in
area.

We also address the role of solvent alone in the EQCM
response. Figure SS (Supporting Information) shows in situ
EQCM of the bare carbon cathode (without sulfur) in 1 M
LiTFSI with TEGDME/DOL. The figure shows that current,
frequency, and R_ responses are nominal relative to the
dramatic changes occurring when § is included in the cathode.
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Thus, electrolyte insertion does not dominate the EQCM
response in our examination of the Li—S system.

On the basis of the discussion above, the increase in the
surface area of the sulfur—carbon network is likely the major
contributor to the R_ increase after the first discharge plateau.
The sulfur—carbon cathode becomes rougher after the first
discharge plateau and the roughness increases drastically in the
lower potential region. The roughness change may result from
short chain polysulfide dissolution after the first discharge
plateau and the detachment of Li,S from the cathode at lower
potential region. The sulfur—carbon cathode becomes less
rough again from 1.5 to 3.2 V during the charge process. We
also found that the roughing process continues over a long time
scale.

Our results are consistent with microscopy studies showing
that the sulfur—carbon electrode surface evolves with potential,
exhibiting much greater porosity and rou§hness at lower
potentials relative to those prior to discharge.'” We suggest that
this roughness increase dominates the QCM response at lower
potentials. Interestingly, we find that R_ increases dramatically
at 1.5 V relative to an excursion to 1.8 V as shown in Figure 3.
We suggest, therefore, that the electrode roughens substantially
at this potential, and this evolution raises questions about
system reversibility following excursion to 1.5 V, as we describe
below.

We next discuss the relationship between Af and AR, to
evaluate further the interaction between the sulfur—carbon
cathode network and polysulfides as a function of cycle number
(Figure 4). The Af—AR plots indicate whether a purely elastic

25
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AR_(Ohms)
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-20
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-80 -60 -40
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L] L)
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Figure 4. Diagram of frequency change (Af) and AR, during different
discharge—charge cycles between 3.2 and 1.8 V.

mass binds to the electrode (Af decreases with AR, = 0) or
whether a viscous material (such as the solution) dissipates
energy at the surface—liquid interface and effectively adds mass
to the electrode (Af decreases with AR, increase)."* Figure 4
shows the Af—AR_ diagram of the sulfur—carbon cathode
during different discharge—charge cycles between 3.2 and 1.8 V.
In the discharge process during the first cycle, Af decreases with
a relatively small AR_ until 2.4 V, suggesting the presence of an
elastic mass change on the surface. However, past 2.4 V, R,
changes dramatically with Af (slope = ~0.3 Q/Hz), a process
we previously associated with roughening of the sulfur—carbon
electrode. On the reverse scan, during the entire first charging
process from 1.8 to 3.2 V, the frequency decreases with the
decrease of R.. The slope is again 0.3 €/Hz, which is similar to
the first discharge process.

A similar pattern was observed in the second discharge—
charge but with a smaller change in Af between 3.2 and 2.4 V.
Interestingly, the Af—AR_ slope is again 0.3 /Hz, suggesting
that the same roughening process found during the first cycle
occurs again in the second (and subsequent) cycles. A steady
state is achieved by the third discharge—charge process.

Figure 4 shows that although the same Af—AR_ slope is
found between 2.4 and 1.8 V for all charge—discharge cycles,
the Af—AR_ plot is offset with cycle number, suggesting the
existence of irreversible processes. To understand the potential
dependence of irreversible changes on the sulfur—carbon
cathode, we next examine the R, and frequency offset in
different cycle regions. Figure SA-B shows the frequency and R,
offset obtained after the discharge—charge process cycling
between 3.2 and 2.4 V, 3.2 and 1.8 V, and 3.2 and 1.5 V plotted
as a function of cycle number. In the cycle region between 3.2
and 1.5V, the frequency and R, offset decrease in the first two
cycles. The frequency and R, are relatively stable until reaching
ca. 20 charge—discharge cycles, after which the frequency and
R, offset start to increase. In the cycle region between 3.2 and
1.8 V (after second discharge plateau), the frequency and R,
offset decrease in the first two cycles and then are relatively
stable until reaching ca. 40 cycles, after which the frequency and
R, offset then increase. In the cycle region between 3.2 and 2.4
V (first discharge plateau), the frequency and R, offset increase
in the first few cycles and are then relatively stable in
subsequent cycles.

The decrease in frequency and R_ offset during the first few
cycles suggests that an irreversible change occurs in the
different cycle regions. This irreversible change in the first few

0 0
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Figure S. (AB) Frequency and R, offset obtained after the discharge—charge process between 3.2 and 2.4, 1.8, 1.5 V were plotted as a function of

cycle number.
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cycles may be due to the dissolution of nonaccessed sulfur or
the sulfur—carbon network. After the first few cycles, the stable
frequency and R, offset in the cycle region between 3.2 and 2.4
V (first discharge plateau) indicates that the sulfur—carbon
electrode is stable during the cycling. The increase in the offset
only occurs when the potential was cycled to 1.8 and 1.5 V. As
compared with the cycle region between 3.2 and 1.8, and 3.2
and 1.5 V, the larger increase of the offset was found in the
cycle region between 3.2 and 1.5 V. This result shows that the
sulfur—carbon electrode undergoes irreversible change and
becomes rougher during cycling particularly in the cycle region
between 3.2 and 1.5 V. The relatively greater stability found
cycling between 3.2 and 1.8 V vs 3.2 and 1.5 V suggests that the
roughening process is most pronounced with deeper discharge
cycles, favoring production of more Li,S. The increase after ca.
40 cycles suggests the presence of irreversible processes, likely
related to continued formation and decomposition of Li,S
during charge and discharge.

We used SEM to visualize the morphology in the sulfur—
carbon cathode before cycling and after different charge—
discharge cycles. Figure 6 shows SEM images obtained from a

Figure 6. SEM images of the sulfur—carbon cathode (A) before cycle
and after (B) S cycles, (C) 30 cycles and (D) 100 cycles in the cycle
region between 3.2 and 1.5 V. The black arrows indicate the cracks in
the sulfur—carbon cathode.

sulfur—carbon cathode before (A) and after (B) S, (C) 30 and
(D) 100 charge—discharge cycles performed between 3.2 and
1.5 V. Figure 6A shows the pristine cathode. The bright areas in
Figure 6A are associated with regions of lower electronic
conductivity.”” These bright areas have been previously
associated with ~35—30 um-sized sulfur-rich particles."® EDS
results (Figure S6) also exhibit a larger sulfur/carbon ratio in
the region of the large particles relative to the bare areas. After
five cycles (Figure 6B), the cathode appears fairly uniform,
exhibiting particles of ca. 50 ym in extent with some bright
areas at edges. After 30 cycles (Figure 6C), SEM images show
that the particles are no longer in evidence suggesting that
sulfur is more uniformly distributed in the electrode. However,
there are a few large cracks apparent, marked with an arrow. In
Figure 6D, obtained after 100 charge—discharge cycles, the
cracks are more numerous in good agreement with previous
studies.'™" The development of additional cracking is
consistent with the increase in R obtained from the EQCM

measurements. The cracking may be a consequence the volume
change occurring during the formation of Li,S from Sg.

4. CONCLUSIONS

We used in situ EQCM to evaluate changes in a sulfur—carbon
cathodes during charge and discharge. The sulfur—carbon
cathode gains mass at the first discharge plateau (~2.4 V)
during the discharge (lithiation) process. Upon further
discharge, the increase in R, suggests that the sulfur—carbon
cathode becomes rougher. During the charge (delithiation)
process, the roughness of the sulfur—carbon cathode decreases.
The Af—AR, diagram shows the roughening process is
dependent on cycle history.

Time dependent measurements show that morphology
changes occurring at the sulfur—carbon cathode are small
with a shallow discharge (2.4 V) but become large and increase
throughout the duration of the measurement with deeper
discharge. Irreversible changes in the sulfur—carbon cathode are
marked by changes in R, and increasing frequency offsets with
deeper discharge. The sulfur—carbon cathode is stable during
the initial cycles, but begins to reflect irreversible changes
associated with roughening upon further cycling, changes which
are also evidenced by SEM. Volume changes associated with
charging and discharging may give rise to the roughening
observed.
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