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A B S T R A C T

Owing to their enormous capacities, Li-S batteries have emerged as a prime candidate for economic and
sustainable energy storage. Still, potential mechanics-based issues exist that must be addressed: lithiation of
sulfur produces an enormous volume expansion (~ 80%). In other high capacity electrodes, large expansions
generate considerable stresses that can lead to mechanical damage and capacity fading. However, the mechanics
of electrochemical cycling of sulfur is fundamentally distinct from other systems due to solid-to-liquid, liquid-
to-liquid, and liquid-to-solid phase transformations, and thus remains poorly understood. To this end, we
measure the evolution of stresses in composite sulfur cathodes during electrochemical cycling and link these
stresses to structural evolution. We observe that nucleation and growth of solid lithium-sulfur phases induces
significant stresses, including irreversible stresses from structural rearrangements during the first cycle.
However, subsequent cycles show highly reversible elastic mechanics, thereby demonstrating strong potential
for extended cycling in practical applications.

1. Introduction

Battery chemistries beyond lithium-ion are required to meet
growing demands for economic and sustainable energy storage/con-
version for grid-scale energy storage, portable electronics, and electric
vehicles. Sulfur has emerged as a leading candidate to replace conven-
tional cathodes primarily due to its enormous capacity (1672mAh/g),
which is an order of magnitude larger than existing transition-metal
cathodes (e.g., 272mAh/g for LiCoO2) [1–5]. Combined with its
abundance in the earth's crust, sulfur cathodes represent a promising
low cost, light weight, and sustainable option for the next-generation of
battery electrodes [6–11].

Previous studies have implemented a number of in-situ techniques to
study the electrochemistry and speciation of discharge products in
lithium-sulfur batteries, including x-ray absorption near-edge spectro-
scopy (XANES) [12], electron paramagnetic resonance (EPR) [13],
nuclear magnetic resonance (NMR) [14], Raman [15–17], UV/Vis
spectroscopy [18,19], x-ray diffraction (XRD) [20–23], and x-ray fluor-
escence microscopy (XRF) [24]. These studies have elucidated a range of
electrochemical issues that cause degradation of the sulfur battery, most
notably the shuttling of electrolyte-soluble polysulfides that leads to loss of
active material [25–30], the clogging of porous cathode architectures, and
the electronically insulating nature of both S and Li2S that results in poor
kinetics and utilization of active material [31–34].

In addition to electrochemical mechanisms of degradation, sulfur
cathodes may also be prone to mechanical degradation. In particular,
an enormous volume expansion of ~ 80% accompanies the conversion
of S to Li2S [2,3,5]. Large volume expansions have resulted in
mechanical degradation and corresponding capacity losses in many
other electrode materials, such as LiCoO2 [35], Si [36–43], Ge [44–46],
graphite [47,48], and LiMn2O4 [49,50], V2O5 [51], among others.
However, sulfur cathodes exhibit fundamentally distinct behavior in
that previously studied electrodes remain in solid form throughout
cycling during intercalation or conversion reactions, whereas sulfur
undergoes solid-to-liquid, liquid-to-liquid, and liquid-to-solid phase
transformations. The influence of such phase transformations on
mechanics (e.g., stress levels) is unknown but could be significant
given the predicted large volume changes during conversion reactions
between S and Li2S.

To fill these gaps in knowledge, this paper aims to provide
fundamental understanding of mechanics in composite sulfur cath-
odes. To this end, we perform in-situ measurements of mechanical
stresses generated during electrochemical cycling of composite sulfur
cathodes. Additionally, we correlate these stresses to electrochemical,
structural, and phase evolution via combined scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and x-ray
diffraction (XRD). These efforts offer insight into basic mechanisms
underpinning structural changes and their ramifications in terms of
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mechanical degradation during electrochemical cycling of composite
sulfur cathodes.

2. Materials and methods

2.1. Cell preparation

We prepared sulfur-carbon composite cathodes through a spin
coating process, with compositions of 50 wt% sulfur nanoparticles
(99.99% US Research Nanomaterials Inc.) as the active material,
40 wt.% TIMCAL Graphite & Carbon Super P (MTI Corporation) as
the matrix, and 10 wt% polyvinylidene fluoride (PVDF, MTI
Corporation) as the binder. We created a dispersion of these compo-
nents in N-methyl-2-pyrrolidone (NMP, MTI Corporation), followed by
magnetic stirring for 3 h. Lastly, we spin-coated the prepared slurry at
1000 rpm for 1min onto mirror-finished T304 stainless steel sub-
strates (Metals Depot). After spin coating, we dried the resulting film at
45 °C for 3 h. We used a profilometer (Veeco Dektak 150 Profilometer)
to measure the thickness of composite sulfur cathode.

A two-electrode electrochemical test cell with a quartz window
(MTI Corporation) facilitated simultaneous electrochemical and me-
chanical measurements, as depicted in Fig. 1. We assembled this cell in
an argon-filled glovebox with oxygen and moisture levels below
0.1 ppm. In addition to the sulfur composite working electrode
described above, the battery consisted of a lithium metal ribbon
(99.9% trace metals basis, Sigma-Aldrich) anode and a Celgard 2400
separator (MTI Corporation). The electrolyte was 1.0M lithium bis-
trifluoromethanesulphonylimide (LiTFSI, Sigma-Aldrich) in (1:1 v/v)
1,3-dioxolane (DOL, Sigma-Aldrich): 1,2-dimethoxyethane (DME,
Sigma-Aldrich), with the addition of 0.5 wt% LiNO3 as an additive
(Sigma-Aldrich). After assembly, we rested the cell for 8 h prior to
electrochemical and mechanical testing to remove the influence of
binder swelling on the stress measurements.

2.2. Structural characterization

X-ray diffraction patterns during cycling were collected in a Bragg-
Brentano geometry using a Brucker D-8 Discovery diffractometer
equipped with a Lynxeye detector (25 kV, 40mA). After discharging/
charging to the desired voltage or state of stress, we disassembled the
cells inside the glovebox and washed the sulfur cathodes with
anhydrous DME to remove any remaining polysulfides. Since the
samples were sensitive to moisture and oxygen, we masked the samples
with KaptonTM tape prior to removal from glovebox. A Cu Kα radiation
source produced the XRD data, recording between 20 and 35° at a scan
rate of 0.0083°s −1.

Scanning electron microscopy (SEM, JEOL JSM-7500F) coupled
with energy-dispersive x-ray spectroscopy (EDX, Oxford Instruments)
enabled characterizing changes in surface morphology and elemental
composition of the sulfur cathodes during cycling. As with the XRD

measurements, we cleaned the samples with anhydrous DME prior to
examination. Sealing the sample in Static-Shielding Press-to-Close
Bags (McMaster-Carr) prevented contamination during transportation
to SEM chamber.

2.3. Electrochemical measurements

Using a PARSTAT MC Multichannel Potentiostat (Princeton
Applied Research), we conducted galvanostatic cycling at a C/10 rate
between 2.8 V and 1.5 V vs Li/Li+ [1,2]. The C rate is based on the
theoretical capacity of sulfur (1672 mAh/g) [1–3]. All experiments
were conducted at room temperature (25 °C).

2.4. Mechanical characterization

A multibeam optical stress sensor (MOS) from k-Space Associates
monitored the change in curvature of the sulfur cathode (ΔK) during
electrochemical cycling, as shown in Fig. 1. To measure this curvature,
the MOS employs an array of laser beams that enables simultaneous
illumination and detection, thereby greatly reducing noise caused by
fluid motion in the electrochemical cell or by ambient vibrations. The
cell was also placed on an antivibration table during testing. To account
for the various media through which the laser beam passes in our setup
(e.g., the air and quartz window), we calibrated the system using a
calibration mirror (radius of curvature of 10m) inside the electro-
chemical cell. Using Stoney's equation, we deduced the stress change
within the composite cathode during cycling [52,53],

E h
h ν
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6 (1− )

∆ ,s s

f s
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where Es is the elastic modulus of the substrate, hs is the thickness of
the substrate, νs is the Poisson's ratio of the substrate, and hf is the
thickness of electrode film (measured via profilometry before the test).
In this study, we take hf as constant, such that the stress calculated is
the nominal in-plane stress. Likewise, previous studies have shown that
the thickness change is negligible for porous composite thin films
fabricated through slurry deposition methods [47,54–56]. We also
measured the thickness change before and after the lithiation, and
found the variation to be negligible. Table 1 shows the values of
parameters used in the above equation.

3. Results and discussion

3.1. Structural evolution during electrochemical cycling

The cycling curve shown in Fig. 2 highlights the complex composi-
tional changes that occur during the charge/discharge process. Point
(a) represents the state of the battery prior to any discharging. Points
(b), (d), (f) and (g) are chosen based on notable electrochemical
features, while points (c) and (e) are chosen based on mechanical
features of interest to be discussed later. This cycling process, involving
a series of phase discontinuities, is substantially more complex than
found in many other cathode materials, i.e., in many others, simple
intercalation/de-intercalation of lithium occurs during cycling [35,47–
50,57]. To fully understand this complicated cycling process, we
charged/discharged the composite sulfur cathodes to various extents
while measuring the evolution of stresses and performed complemen-
tary structural characterization using SEM, EDS, and XRD.

Fig. 3 shows SEM images and EDS maps of the surfaces of sulfur

Fig. 1. A schematic representation of the electrochemical setup, using a split cell with a
quartz viewing window, in which in-situ multibeam optical sensing enables measure-
ments of stress during electrochemical cycling.

Table 1
Parameters used in stress measurements (Stoney's equation).

Es (GPa) hs (µm) hf (µm) υs

203 736 70.3 0.29
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composite cathodes charged/discharged to the corresponding labels in
Fig. 2. We thoroughly rinsed the samples with dimethyl ether (DME)
inside a glovebox prior to analysis by SEM. As a result, the SEM images
only show the solid phases. Likewise, Fig. 4 shows the XRD patterns of
sulfur composite cathodes charged/discharged to the same extents
corresponding to the labels in Fig. 2. From Fig. 3a, the pristine sulfur
composite cathode appeared as a near-uniform film composed of a
homogeneous mixture of sulfur, carbon, and PVDF. The corresponding
XRD pattern at point (a) indicates that sulfur is crystalline orthor-
hombic α-sulfur prior to lithiation (Fig. 4, label a). As the sulfur
converted into electrolyte-soluble polysulfides near the beginning of
lower discharge voltage plateau, a substantial portion of the sulfur
disappeared, leaving voids within the carbon matrix (Fig. 3b).
Correspondingly, the XRD reflections disappeared, indicating the
dissolution and electrochemical conversion of sulfur (Fig. 4, label b).
With further lithiation, solid products nucleated on the carbon matrix
as small islands (Fig. 3c). However, the corresponding XRD reflections
provide no evidence of a crystalline phase (Fig. 4, label c). Combining
these observations suggests that a solid phase of either Li2S2 or Li2S
first formed as an amorphous phase. At the end of lithiation, the
surface was almost entirely covered by solid-phase growth products

Fig. 2. Representative potential response of a composite sulfur electrode during
galvanostatic electrochemical cycling.

Fig. 3. SEM and EDS images of a sulfur cathode at different states of charge during the first cycle. The green color in the EDS images indicates the presence of sulfur. The letters
correspond to the states labeled in Fig. 2, as follows: a) pristine sulfur composite prior to any discharge), b) at the beginning of the lower voltage plateau (2.1 V) during lithiation, c) one
special point at the lower voltage plateau during lithiation, d) at the end of lithiation, e) one special point during de-lithiation f) at the beginning of the voltage plateau (2.33 V) during de-
lithiation g) at the end of de-lithiation.
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(Fig. 3d), similar to a previous study [58]. The corresponding XRD
pattern shows new reflections, which can be indexed to the emergence
of crystalline Li2S (Fig. 4, label d). Overall, these observations indicate
that lithiation of sulfur involves dissolution of sulfur into electrolyte-
soluble polysulfides, followed by thin film nucleation and growth of
solid phases (between points b and d).

Figs. 3e-3g and Figs. 4e-4g show the evolution of the cathode
surface and corresponding phase changes during de-lithiation.
Between point (d) and (e), the dissolution of the solid lithiated phases
began, as indicated by a reduction in the sulfur signal from EDS
(Fig. 3e). The intensity of the peak corresponding to crystalline Li2S
concomitantly decreased significantly (Fig. 4, label e), likewise indicat-
ing the dissolution of solid crystalline phases. By the time the charging
plateau (2.33 V) was reached at point (f), most of the solid lithiated
phases had dissolved, and the carbon matrix was clearly visible
(Fig. 3f). Moreover, no solid phase of crystalline Li2S remained
according to the XRD results (Fig. 4, label f). At the end of de-lithiation
(Fig. 3g), solid sulfur appeared to re-deposit on the matrix, similar to
previous studies [22,23,58–60]. At this point, the XRD patterns
corresponding to both orthorhombic α-sulfur and monoclinic β-sulfur
appeared (Fig. 4, label g), indicating the presence of both polymorphs,
consistent with other studies. [21,23] This incipient polymorphism of
the deposited sulfur, reflecting the deposition of a metastable phase
under conditions away from equilibrium, contributes to the significant
difference in morphology before and after the first cycle (Fig. 3a and
Fig. 3g).

3.2. Measurements of stress evolution during electrochemical cycling

Fig. 1 shows the experimental setup used to measure stress changes
during electrochemical cycling of composite sulfur cathodes. A multi-
beam optical stress sensor (MOS) monitored the change in curvature of
the sulfur cathode (ΔK) during electrochemical cycling. The results
from MOS measurements are shown in Fig. 5a–c. Fig. 5a shows the
changes in stress in the sulfur composite cathode during the first five
cycles of galvanostatic charge/discharge. We should note that these
stresses represent the average stress in the composite film during
cycling; they do not provide locally differentiable information (e.g.,
stress in sulfur vs. stress in PVDF). However, these measurements
provide useful information regarding the overall mechanics in the
system during electrochemical cycling. The stress generated during
these five cycles was quite repeatable from cycle to cycle with the
exception of the first cycle, i.e., barring the first cycle, features occurred
at similar depths of discharge and with similar magnitudes in each

cycle. We conducted multiple additional tests to confirm these trends.
The first cycle may be different from the others due to the eight-hour
resting period, e.g., the upper voltage plateau does not occur during the
first cycle as seen in other studies [1–5]. However, this rest period is
necessary to ensure that the binder swelling does not contribute
significantly to stress measurements, as noted by Sethuraman et al.
in a previous study [47]. As a result, binder swelling and/or self-
discharge during the resting period may have produced stresses not
accounted for here. Correspondingly, the hysteretic change in stress
(apparently toward residual tensile stresses) during the first cycle may
not be as significant as indicated, as attributed to stress generated
during the resting period. Still, our results suggest that hysteretic
stresses may occur during the first cycle, likely due to plastic deforma-
tion and/or structural evolution (e.g., as in comparing Figs. 3a to 3g).

Additionally, the stresses generated here are substantial but are
significantly smaller than those observed in other high-capacity
systems, such as Si [42,61] and Ge [45]. These stresses are compara-
tively small for a number of reasons, due to both the composite nature
of this cathode and likely intrinsic to sulfur itself. First, this cathode is a
composite that employs relatively compliant binders, which tend to
reduce stress levels compared to that intrinsic to the pure active
material as has been demonstrated in other systems. For instance,
Sethuraman et al. reported the yield stress in a silicon composite anode
of 12MPa (using PVDF as binder), which is approximately 100x
smaller than the 1.25 GPa reported for a pure (binder-free) silicon
thin film [55,62]. Additionally, composites with relatively compliant
binders exhibit low stresses, e.g., as found in comparing the stress
levels in a composite silicon anode battery using CMC (70MPa) and
PVDF (12MPa) as binders [55]. Second, this composite has a porosity
of nearly 30%. Thus, stresses are largely accommodated by growth into
the pores of the structure, reducing the stresses that are generated, i.e.,
some stress-free strains occurred. As a result, denser sulfur cathodes
will undoubtedly suffer from even larger stresses, which underscores
the importance of microstructural/geometric design of sulfur cathodes
to prevent mechanical damage. Additionally, these relatively small
stresses likely have some contributions from processes intrinsic to
sulfur. In particular, lithiation/de-lithiation of sulfur produces solid-to-
liquid and liquid-to-solid phase transformations, distinct from other
high-capacity systems (e.g., Si [42,61] and Ge [45]). As determined in
this study, these solid-to-liquid and liquid-to-solid transformations
occur by dissolution and thin film-growth-type-processes, respectively.
These types of transformations likely produce intrinsically smaller
stresses than occur in systems that undergo purely solid-phase-growth,
such as in Si [42,61] and Ge [45].

Fig. 4. XRD patterns of a sulfur cathode at different potentials during the first cycle. The red triangles indicate a peak corresponding to Li2S (PDF number: 00-026-1188). The green
triangles indicate peaks corresponding to monoclinic sulfur (β-sulfur) (PDF number: 01-071-0137). The PDF shown in black (PDF number: 01-078-1889) corresponds to orthorhombic
sulfur (α-sulfur).
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To further highlight specific details of the mechanics, Fig. 5b
displays a zoomed-in view of the stress evolution during the first cycle.
The stresses presented represent changes in stress relative to a
reference stress, which we take as the stress at the beginning of the
first discharge. To reiterate, the upper voltage plateau during lithiation
is absent due to self-discharging during the resting period. Thus, along
with residual stress in the film from the fabrication process, the choice
of reference state may influence the absolute value of the stress. As seen

in Fig. 5b, lithiation of the cathode lead to at least two different types of
mechanical behavior. In Region 1, the conversion of solid sulfur into
liquid polysulfides produced compression relative to our reference
state. In this region, the dissolution of solid sulfur removed residual
stresses from fabrication and resting (which were apparently tensile
here). Next, the stresses generated in Region 2 reflect typical stress
evolution during thin film nucleation and growth processes [63–65].
Namely, solid-phase island formation and coalescence (as seen in
Fig. 3c) initially induced relative tension between points b and c. As
more species were deposited (points c to d), a couple of mechanisms
may have contributed to the induced compressive stresses: 1) As LixS
solids continued to deposit, the inevitable incorporation of atoms from
the electrolyte into the interface between solid LixS and the carbon
matrix created a compressive stress in the film, as observed in lithiation
of other battery systems and are typical of thin film growth
[42,49,62,66]. 2) Solid-phase conversion of Li2S2 to Li2S was initiated,
leading to ~30% volumetric expansion [67]. More specifically regarding
(2), SEM and EDS (Fig. 3c) indicate that some kind of solid phase has
formed at this depth of discharge, but XRD (Fig. 4, label c) indicates
that this phase is amorphous and a clear differentiation between Li2S2
or Li2S is thus not possible. Thus, the increasing compressive stress
during the segment (c)-(d) may correlate with the conversion of Li2S2
into Li2S. Lastly, as point (d) was approached, the slope of the stress-
vs.-time curve gradually approached zero. If nucleation/growth con-
tinued, compressive stresses would likely continue to build up during
(c)-(d). We propose two potential mechanisms that may have con-
tributed to the relatively flat curve near the end of lithiation: 1) The
driving force for introducing additional excess interface atoms de-
creased with increasing compressive stresses, eventually producing a
steady-state balance. 2) Further lithiation caused plastic yielding in
solid lithium sulfide, as has been predicted in simulations [68].

Likewise, de-lithiation also exhibited at least two different types of
mechanical behavior. First, in Region 3 the dissolution of solid Li2S
lead to a near-linear relative increase in stress (toward tension) during
the segment (d)-(e), which likely represents removal of the stresses that
developed during lithiation. After dissolution of the active solid phases,
during segment (e)-(f) or Region 3, lower order liquid polysulfides
converted to higher order polysulfides, which had little effect on the
stress since all of (or the majority of) the phase changes occurred in the
liquid state. By comparison, in Region 4, as the higher order poly-
sulfides began to deposit back onto the cathode as crystalline sulfur,
relative tensile stresses initially occurred in the cathode (shortly after
point (f)), followed by relative compression as the sulfur film was
regenerated albeit with a different morphology and phase. In this
sense, Region 4 can also be regarded as thin film nucleation and growth
process, similar to that of Region 2.

Fig. 5c displays a zoomed-in view of the stress evolution during
cycles 2–5. From Fig. 5c, the stresses appeared to behave quite
repeatably with further cycling. Several trends appeared here that
may have significant implications in practical sulfur systems. First and
most importantly, the stress exhibited highly recoverable behavior
during the thin film nucleation and growth period of these cycles. That
is, while the 1st cycle displayed significant hysteresis, the hysteresis
appeared to diminish after the 2nd cycle. An explanation is that the
significant stresses generated during the first cycle produced plastic
deformation in the form of irreversible structural changes (e.g. α-sulfur
changes to a mixture of α-sulfur and β-sulfur at the end of de-lithiation
during first cycle as mentioned above) but such structural evolution
does not significantly occur thereafter. Second, as a related point, the
slope from point e to f (Fig. 5a) is negative (near zero) in cycle 1 while
this slope becomes positive in cycles 2–5 (Fig. 5c). Once again,
irreversible structural changes that occur during the first cycle likely
contribute to this trend (e.g., initially the sample is α sulfur but
transforms to α and β sulfur by the end of the first full cycle).
Overall, these findings suggest the tantalizing idea that the two
polymorphs (α and β) correspond to species favored under different

Fig. 5. a. Potential and corresponding stress response during cycling of a composite
sulfur cathode. b. Potential and corresponding stress response during the initial cycle of a
composite sulfur cathode. c. Stress response during cycles 2–5 of a composite sulfur
cathode.
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strain conditions and the mechanical stresses thus direct the phase
evolution of the materials [69].

4. Conclusions

In summary, this paper presents the first experimental studies of
the mechanical behavior of composite sulfur cathodes during cycling.
We observed four major regions of stress generation associated with
structural evolution: during discharging: 1) solid-phase conversion of
sulfur into electrolyte-soluble polysulfides, followed by 2) deposition of
an amorphous solid phase, which ultimately converts to Li2S, and
during charging: 3) dissolution of Li2S, followed by 4) re-deposition of
crystalline sulfur. Different from previously studied intercalative and
conversion systems, we conclude that liquid-to-solid phase transforma-
tions (nucleation & growth) generate significant stresses during both
charging and discharging. Additionally, the measurements indicated
that significant hysteresis occurred during the first cycles, which may
be attributed to plastic deformation associated with structural trans-
formations. However, subsequent cycles showed nearly elastic and
reversible mechanics. As a result, electrodes that withstand the first
cycle while retaining active species, which can be engineered through
precise mesoscale texturing, hold tremendous promise for structurally
robust sulfur-based cathodes. Going forward, we hope our studies will
provide fundamental insight into the practical design of mechanically
robust sulfur cathodes as well as inspire mechanics-based modeling of
coupled electrochemistry, phase transformations, and mechanics.
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