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Lithium-sulfur batteries are among the most promising low-cost, high-energy-density
storage devices. However, the inability to host a sufficient amount of sulfur in the cathode
while maintaining good electrochemical stability under a lean electrolyte condition has
limited the progress. The main cause of these challenges is the sensitivity of the sulfur
cathode to the cell-design parameters (i.e., the amount of sulfur and electrolyte) and the
experimental testing conditions (i.e., cycling rates and analysis duration). We present here a
hot-pressing method that effectively encapsulates a high amount of sulfur in the cathode
within only 5 s, resulting in high sulfur loading and content of, respectively, 10 mg cm™ and
65 wt.%. The hot-pressed sulfur (HPS) cathodes exhibit superior dynamic and static
electrochemical performance under a broad cycling-rate (C/20 — 1C rates) and low
electrolyte/sulfur ratio (6 pL mg™) conditions. The dynamic cell stability is demonstrated by
high gravimetric and areal capacities of, respectively, 415 — 730 mAh g*and 7 — 12 mAh cm’
2at C/20 — 1C rates with a high capacity retention of over 70% after 200 cycles. The static cell
stability is demonstrated by excellent shelf-life with low self-discharge and stable cycle life

on storing for over one year.
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The increasing demand for high-energy rechargeable batteries has driven the
development of new electrode materials with higher specific capacities than those based on
traditional intercalation chemistries, such as LiCoO; and LiFePO,. In this regard, lithium-
sulfur batteries have received considerable interest because of the high energy density, low
cost, wide availability, and low environmental impact of sulfur.l 1deally, we aim to realize
the high theoretical capacity of sulfur (1,675 mAh g?) in a practical device,"™? which
corresponds to a high energy density of 2,600 Wh kg™ (3 — 5 times higher than that of
conventional intercalation-based cathodes).!*?

However, it is a challenge to attain/retain the high electrochemical utilization of sulfur
due to its sluggish conversion-reaction kinetics.l**'*3 During cell cycling, the electrochemical
reversibility of sulfur becomes difficult to maintain due to the deposition of insulating
discharge products (Li>S2/Li>S mixtures) on the cycled cathode and the large volume change
(80%) of the active material damaging the structural integrity of the cathode.®®** The
conversion between sulfur and Li,S involves polysulfide intermediates that are soluble in the
liquid electrolyte. The dissolved polysulfides have strong electrochemical activity and high
mobility™*>®! and ideally should function as catholyte, enabling high sulfur utilization and
rate capability.?***®! However, the high mobility of the dissolved polysulfides leads to their
irreversible relocation in the cell,®" resulting not only in a loss of the active material from the
cathode but also in a passivation of the lithium-metal anode by the electrochemically active
polysulfides.®***® This process ultimately degrades both the electrodes.*># The dissolution
of polysulfides also degrades the electrolyte, causing an increase in viscosity and a decrease in
lithium-ion transfer.®®! Previous studies have attempted to address these issues by (i)
sequestering sulfur into porous carbon structures, taking advantage of the strong affinity of
sulfur for carbon-based materials,*>>™ and (ii) reducing active-material loss into the
electrolyte via a strong chemical interaction of polysulfide species with the cathode and

electrolyte additives.!**4%>610l
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It is recognized that a sulfur loading of at least 7 — 10 mg cm™ and a sulfur content of
over 65 wt.% with a low electrolyte/sulfur ratio of less than 11 pL mg™ are necessary to
achieve high-energy-density lithium-sulfur batteries.!*** However, given the polysulfide
challenge, it is difficult to maintain the cycling stability and high-rate capability under these
conditions®*®?4% due to the deterioration of the already sluggish reaction kinetics.'** As
a result, there is a clear need for the development of high-loading sulfur cathodes that can
operate at high rates under lean electrolyte conditions while demonstrating high
electrochemical stability.!>**!

Toward this goal, we demonstrate here a facile hot-pressing process for the preparation
of binder-free, free-standing sulfur cathodes that achieve a high sulfur loading and content of,
respectively, 10 mg cm and 65 wt.%. Comprehensive electrochemical testing reveals the
advanced dynamic and static cell performances of the resulting hot-pressed sulfur (HPS)
cathodes under a low electrolyte/sulfur ratio of 6 uL mg™. During cycling, these cathodes
deliver high gravimetric and areal capacities of, respectively, 415 — 730 mAh g™ (based on the
total mass of the cathode) and 7 — 12 mAh cm™ under a broad range of cycling rates of C/20 —
1C for 200 cycles, retaining over 70% of the peak capacity over this period. During resting,
the HPS cathodes exhibit superior long shelf-life for one year with low self-discharge and
retain excellent cell cyclability. We attribute these strong dynamic (cycle life) and static
(shelf-life) electrochemical stabilities to the heat-sealed sandwich electrode architecture of the
HPS cathodes that retains the active material within the conductive cathode matrix during cell
cycling and resting.!*>*!

Figure 1la illustrates the fabrication process of a batch of HPS cathodes. The
fabrication sequence begins by dispersing pristine sulfur powder on a carbon-paper sheet,
followed by covering the material with another carbon-paper sheet to form a sandwich

architecture, as shown in the inset. These partially assembled cathodes are compressed under

a pressure of 200 psi for as little as 5 s at a temperature of 145 °C. By doing so, we allow the
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melted sulfur to be uniformly distributed throughout the inner region between the carbon-
paper substrates to realize high sulfur encapsulation, as the melted sulfur only partially
penetrates the thickness of each carbon-paper sheet.l***? Additionally, the encapsulated sulfur
tightly holds the two carbon-paper sheets together, which provides good mechanical strength
and flexibility to the cathode. This design allows the cathode architecture to skip the use of
additional binder and metal current collector, which otherwise would contribute extra mass
accounting for up to 50 — 60 wt.% of the cathode!*® and bring down the effective gravimetric
capacity.

After releasing the pressure on the hot-press, the as-prepared cathodes are retrieved
and transferred into an argon-filled glovebox for cell assembly and the hot-press is ready for
the next batch of cathode preparation. The cells fabricated with the HPS cathodes possess a
sulfur loading of 10 mg cm™ and sulfur content of 65 wt.% based on the total mass of the
cathode (thermogravimetric analysis (TGA), Figure S1, Supporting Information), with an
electrolyte/sulfur ratio of 6 uL mg™ in order to demonstrate the electrochemical characteristics
of the device under practical conditions.?*?**1-4 The hot-pressing method also allows
fabrication of multiple cathodes at a time and assembly-line manufacturing process, indicating
the potential of this technique for mass production.

The as-prepared HPS cathodes are assembled with lithium-metal counter electrodes to
form lithium-sulfur cells (see Experimental Section in the Supporting Information). We open
freshly-made cells to investigate the microstructure/elemental content of the uncycled
cathodes via scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS). The outer and inner surface SEM/EDS inspections of the HPS cathode are shown,
respectively, in the upper and lower panels of Figure 1b and S2. The inner surface of the HPS
cathode corresponds to the side of the carbon-paper sheet that is exposed to sulfur during the
hot-pressing process. SEM/EDS analysis reveals that the outer surface of the uncycled

cathode displays an unblocked porous network with weak elemental sulfur signals, indicating
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that the outer surface of the HPS cathode is initially free of sulfur species and can trap the
diffusing polysulfides during cell cycling and resting.®*? In contrast, the inner surface of the
uncycled cathode is filled with melted sulfur that infiltrates into the conductive carbon-paper
substrate during the hot-pressing process.’***®! Thus, the freshly-made cells show a
reasonable low resistance of 120 ohms even with a high amount of sulfur and lean electrolyte
(Figure S3). As a result, this unique microstructure indicates a possible polysulfide-trapping
layer formed at the outer region of the HPS cathode, which may help polysulfide retention
within the cathode.*? It also demonstrates strong sulfur encapsulation throughout the
conductive inner region of the HPS cathode prior to cycling, which enables enhanced
electrochemical utilization. >4

We then inspect the HPS cathodes after 200 cycles with SEM/EDS (Figure 1c), as
well as the rested HPS cathode after one year (Figure 1d). Figure S4 and S5 displays the
SEM/EDS images of these cathodes at different magnifications. Both cycled and rested
cathodes reveal an unblocked porous network and weak elemental sulfur intensity on the outer
surfaces of the cathode, as shown in the upper panels of the SEM/EDS images. The lower
panels of Figure 1c,d show the inner surfaces of the cycled and rested HPS cathodes,
demonstrating a uniform distribution and infiltration of the active material, as evidenced by
the filled porous matrix shown in the SEM images and the strong sulfur intensity detected
throughout in the elemental mapping.[2¢5%

The unblocked, sulfur-free outer surface and, in contrast, the sulfur-filled inner region
of the analyzed cathodes shown in Figure 1c,d affirm the strong sulfur encapsulation of the
HPS cathode architecture, which is able to host a high amount of sulfur throughout its
conductive inner region.[***2l As a result, in the electrochemical impedance spectroscopy
(EIS) analysis (Figure S3), the cells after cycling for 200 cycles and after resting for one year

display low resistance values of, respectively, 40 and 100 ohms. The cycled cells demonstrate

a drop in the resistance from 120 to 40 ohms due to the formation of electrochemically active
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polysulfides during the repeatedly cell cycling. The decrease in resistance also suggests that
the generated polysulfides do stay within the cathode and function as a catholyte rather than
diffusing out and creating additional inactive or insulating depositions on the cathode, as
evidenced by the overlapping Bode plots.**! One the other hand, after resting for one year,
the uncycled cells display a slight decrease in the resistance from 120 to 100 ohms, implying
that the HPS cathode design limits the formation of polysulfides during cell resting.[%
Besides, the cycled cells also show almost the same resistance values of 40 ohms before and
after resting for one year. This suggests the strong polysulfide-retention capability offered by
the HPS cathode. According to the analytical results of SEM/EDS and EIS, the cells
fabricated with the HPS cathodes could potentially enhance the dynamic and static
polysulfide retention during, respectively, cell cycling and resting.*®®! Moreover, the
encapsulation of sulfur within a conductive electrode substrate, such as carbon, could enable
the hosted sulfur species to maintain high electrochemical utilization and stability.!>*%12

We next explore the dynamic electrochemistry of the HPS cathodes (Figure 2). Figure
2a,b displays the voltage profiles of the HPS cathodes during, respectively, the peak-capacity
and the 200" cycle. The HPS cathodes deliver high peak charge-storage capacities of 1,131,
1,113, 969, 747, and 644 mAh g™, respectively, at C/20, C/10, C/5, C/2, and 1C rates. Such
high electrochemical utilization is associated with the cathode design, which encapsulates a
high amount of sulfur directly within the conductive carbon matrix to facilitate fast electron
transfer.l*4%#%] Moreover, benefiting from the high amount of sulfurl®®®** in a current-
collector-free cathode,!**'¥ the HPS cathodes attain high gravimetric capacities of 415 — 730
mAh g™ by taking the total cathode mass into consideration.'*” Moreover, the areal capacity
and energy density of the HPS cathodes approach, respectively, 7 — 12 mAh cm? and 14 — 24
mWh cm™ at C/20 — 1C rates. The effective capacity and energy density values of the HPS

cathodes outperform that of commercial LiCoO, cathodes, which offer just 4 mAh cm™ and

10.08 mWh cm?, respectively.>#! After 200 cycles, the HPS cathodes deliver high
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reversible charge-storage capacities of 793, 773, 694, 639, and 468 mAh g™, respectively, at

C/20, C/10, C/5, C/2, and 1C rates. Such high reversible charge-storage capacities result in an
excellent capacity retention of over 70% under all analysis-rate conditions. At a C/2 rate, the
HPS cathodes attain the highest capacity-retention rate of 85%, a value higher than the
commercial requirements for lithium-sulfur batteries (80% capacity retention after 200
cycles).tP13]

Besides comparing the electrochemical performance of our HPS cathodes with the
expected benchmarks for commercial lithium-sulfur technology, we also summarize the
performances of our cathodes and other lithium-sulfur battery cathodes that have reported a
high sulfur loading and sulfur content at a lean electrolyte condition. The data-analysis table
(Table S1) initially summarizes as a reference the benchmark values that could bring lithium-
sulfur technology into the future energy-storage market.l:**145 The suggested benchmarks
include a sulfur loading of above 10 mg cm?, a sulfur content of above 65 wt.%, a low
electrolyte/sulfur ratio of less than 11 uL mg™ as the cell-design parameters. The resulting
cells are necessary to attain an effective areal capacity of above 2 — 4 mAh cm™with a high
capacity retention of 80% after 200 cycled at C/10 rate.***%) Our HPS cathode represents
one of the promising materials that would benefit the future development of commercial
lithium-sulfur cells. Additionally, as compared to other work in the literature (Figure S6), our
HPS cathodes demonstrate outstanding cyclability by exhibiting the longest cycle life and the
highest retention rate at high cycling rates of up to 1C rate.

In support of the high cycle stability of our cathodes, we studied their discharge and
charge curves from the initial cycle to the 200" cycle, as shown in Figure S7. At various
cycling rates, all the HPS cathodes exhibit overlapping discharge curves and charge curves,
demonstrating the reversible redox reactions.! The complete upper and lower discharge
plateaus indicate, respectively, the good polysulfide retention and the efficient reaction

capability of the HPS cathodes.** As we can see in these plots, with an increase in the
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cycling rates, the polarization of the cells inevitably increases, especially during initial cycles
(shown as black lines). Such high polarization results from the high current density and the
insulating nature of sulfur.l'™®®1 However, after the initial several cycles, the HPS cathode
would have the electrochemically active polysulfides generated within the cathode region to
activate the embedded sulfur clusters so that the polarization reduces (Figure S8).1°*%! After
that, our high-loading cathodes demonstrate good cycle stability even at a high rate of up to
1C at a lean electrolyte condition.

The excellent electrochemical utilization and stability brought about by the HPS
cathodes are confirmed again in the sharp and almost unchanged cyclic voltammograms (CV)
at 0.025 mV s™ (Figure 2c). The cathodic-1 peak starting at 2.4 V is the reduction reaction
from solid-state sulfur to liquid-state polysulfides, while the cathodic-2 peak at 2.1 V
corresponds to the subsequent reduction from liquid-state polysulfides to solid-state sulfides.
Between 2.2 and 2.7 V, two overlapping anodic peaks are observed that indicate the oxidation
conversion from sulfides to polysulfides and sulfur.l®™ At different scanning rates from
0.015 to 0.035 mV s, all HPS cathodes demonstrate overlapping CV curves (Figure S9),
providing solid evidence for high electrochemical efficiency and reversibility of the
cathode,™™™ as well as its high-rate capability.[*>">

The cathodic and anodic peaks of the first CV scan at various scanning rates are
recorded and then used to calculate the lithium-diffusion coefficients, according to the
Randles-Sevcik equation (Figure S10), which helps us to understand the potential lithium-ion
diffusion capability of the HPS cathodes.®*%%41%l The [ithjum-ion diffusion coefficients
calculated from the cathodic-1, cathodic-2, and anodic peaks are, respectively, 1.3 x 10°, 7.3
x 10 and 8.1 x 10®cm? s, which are similar to lithium- ion diffusion coefficients reported
in the literature for lithium-sulfur cells with a relatively low amount of sulfur and
simultaneously with much higher electrolyte/sulfur ratios than our HPS cathodes.*¥ This

demonstrates that the heat-sealed sandwich electrode architecture of the HPS cathodes allows
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the sulfur cathodes to retain the same high lithium-ion diffusion capability even as the amount
of sulfur is increased while the amount of electrolyte is simultaneously decreased.!* %%

The fast electron-/ion-transfer capabilities of the cathode result in an enhanced high-
rate capability and stable long-term cyclability of the device (Figure 2d). In Figure 2d, the
high-rate capability and cycle stability of the HPS cathodes are demonstrated together at
various cycling rates. The HPS cathodes exhibit high electrochemical utilization of 68%, 66%,
58%, 45%, and 38%, high discharge/charge efficiency of over 98%, and outstanding capacity
retention rates of 70%, 70%, 72%, 85%, and 73% after 200 cycles, respectively, at C/20, C/10,
C/5, C/2, and 1C rates. The data demonstrate that the high effective capacities and energy
densities of the HPS cathodes outperform those of LiCoO, cathodes during long cycle life at
various cycling rates (Figure S11). The rate capabilities of the HPS cathodes were repeated
again with an increase in the cycling rates from C/20 to 2C in every ten cycles, as shown in
Figure S12. As we mentioned above, giving high-loading sulfur cathodes with a sufficient
activation period at a low rate allows our HPS cathodes to reach even faster cycling rates of
up to 1.5C — 2C and also a higher reversible capacity. At a 2C rate, the cells attain a discharge
capacity of 472 mAh g™ at the 61% cycle. When the cycling rate increases to 2C rate again at
the 131" cycle, the cells demonstrate a high capacity retention of 98%. The high
electrochemical efficiency and stability at 2C rate confirm the high-rate capability of the HPS
cathodes. Therefore, we demonstrate the high-rate capability of the HPS cathodes with high
electrochemical efficiency and long-term cyclability under a strict condition involving a high
amount of sulfur and lean electrolyte.!***®]

After demonstrating the superior dynamic electrochemistry of the HPS cathodes, we
next study the static electrochemistry (Figure 3). Figure 3a illustrates the open-circuit voltage
(OCV) values of the uncycled HPS cathodes (upper panel) and the cycled HPS cathodes after
25 cycles (lower panel) after resting for one year. The uncycled cathodes show almost

constant OCV values at 2.32 V with a narrow standard deviation of 0.03 V. The stable OCV
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demonstrates that no obvious chemical conversion from sulfur to polysulfide/sulfides occurs
during the cell resting period.!®*9*1¢ This result agrees with the similar resistance values that
we obtained with the fresh cells before and after resting for one year (Figure S3). On the other
hand, the cycled cathodes display a slight decrease in OCV from 2.34 to 2.17 V after resting
for one year. This is because the cycled cathodes inevitably generate sulfides and polysulfides
in the cathode region,™*® which results in ongoing reduction reactions with the lithium
salts in the electrolyte and normally reflects in an OCV drop from 2.3 to 2.0 V, as reported in
the literature.[®*1% However, our cycled HPS cathodes still maintain stable OCV values
during the resting period. This is in agreement with the similar cell resistance detected from
the cycled cells after resting for one year (Figure S3). These features suggest the limited
irreversible reduction reaction in the HPS cathodes during cell resting, which prevents
excessive loss of the active material.**®°1% As a result, the stable OCV values as a function
of resting time provide evidence that the HPS cathode design could potentially limit the
chemical reaction of the active material during cell resting at both uncycled and cycled
states.!”**1®l Therefore, the cathodes are able to achieve a long shelf-life with a high
reversible capacity.!*®!

Figure 3b displays the CV profiles of the uncycled HPS cathodes after resting for one
year. The CV curves and their cathodic and anodic peaks are similar to those seen in the
cathodes without resting (Figure 2c and S9), in which no obvious drops nor shifts in the CV
peaks are observed. This demonstrates that the HPS cathodes enable a high amount of the
encapsulated active material to smoothly convert its stored chemical energy to a high charge-
storage capacity after the cells are rested for a long shelf-life of one year.*®"! The overlapping
CV curves again affirm the excellent electrochemical reversibility of the rested cells during
their cycling analysis.?%1%4

Figure 3c demonstrates the low self-discharge of the uncycled HPS cathodes,

revealing a high reversible capacity and long shelf-life of over one year. As a function of
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resting time, the average capacity retention of the HPS cathodes are 81%, 70%, and 59% after
resting for, respectively, 120, 240, and 360 days. To be specific, the cathodes at C/5 rate
deliver high reversible charge-storage capacities of 867, 625, and 534 mAh g™, respectively,
after 120, 240, and 360 days. The corresponding discharge curves of the rested cells
summarized in Figure S13 illustrate the complete upper discharge plateaus. This indicates the
inhibited chemical conversion from sulfur to polysulfides and the limited loss of active
material during the one year resting period.”*®! As a result, the rested cells could keep long and
flat lower discharge plateaus, resulting in a high reversible capacity.***% Moreover, it is well
known in the literature that the upper discharge plateau dominates the self-discharge behavior
in lithium-sulfur electrochemistry.”?**® The change of upper-plateau discharge capacity as a
function of time gives a quantified benchmark for evaluating the self-discharge effect, which
is defined as the self-discharge constant.'®® As shown in Figure S14, the HPS cathodes
exhibit a low self-discharge constants of only 0.0015 — 0.0016 per day as compared to those
reported in the literature. 2162164

Additionally, Figure S15 displays a low self-discharge of the cycled HPS cathodes
with a high capacity retention rate of 70%, 63%, and 55% after resting for, respectively, 120,
240, and 360 days. The complete discharge curves (Figure S16) and the low self-discharge
constants (Figure S17) affirm the low self-discharge of HPS cathodes at a cycled state.!**!
The self-discharge constants of the cycled HPS cathodes increase slightly from 0.0012 per
day to 0.0025 per day as the cycling rate increases from C/20 to 1C. This is attributed to the
initial cycling processes applied to the cells before we rest them, which causes the formation
of the discharge sulfur species and the consumption of the active material.”>**% However,
the self-discharge constant is still as low as those reported previously.[*¢ Therefore, we
could comment that both the uncycled and cycled HPS cathodes attain a superior long shelf-
life of one year and exhibit a low self-discharge effect with a high capacity retention and low

self-discharge constant values. The reasons for these excellent static electrochemical
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characteristics are associated with the stable OCV and EIS values as well as the overlapping
CV curves, respectively, suggesting an excellent retention of the active material within the
cathode!® %1% and demonstrating the retained conversion-reaction capability of the
cathode.[**1¢]

After resting for the one-year self-discharge analysis, we cycle the HPS cathodes to
analyze their post-resting cyclability.!** Figure 3d shows the post-resting cyclability at C/20
— 1C rates of the uncycled HPS cathodes. The HPS cathodes show a reversible capacity
recovery™@® during the initial few cycles, which is related to the reactivation of the
embedded active material™™® ! and the use of a high amount of sulfur and lean electrolyte in
the cell.™*% After the activation, the HPS cathodes display stable cyclability and high
electrochemical efficiency at C/20 — 1C rates. The same advantageous features, such as the
reversible capacity recovery and the retained cycle stability, are also found in the post-resting
cyclability of the cycled HPS cathodes after resting for one year (Figure S18). In Figure S19
and S20, the HPS cathodes rested for 120 and 240 days, respectively, also exhibit a low-self-
discharge effect. The electrochemical stability observed in the post-resting cyclability tests is
in agreement with the electrochemical reversibility demonstrated in CV scans, which
demonstrates the capability of the HPS cathodes in hosting a high amount of active material
during cell resting.P**%1% |n addition, the HPS cathodes could convert the encapsulated
active material effectively into a high charge-storage capacity after resting for a long shelf-life
of one year.">'% As a result of the stable static electrochemistry and the retained dynamic
cycle stability, the uncycled HPS cathodes (Figure S21) and the cycled HPS cathodes (Figure
S22) both exhibit high effective capacity and energy density with stable cyclability after
resting for 120, 240, and even 360 days.

In the above investigations of dynamic and post-resting cyclability, we apply three
analysis conditions to our HPS cathodes. In Figure S23, we make a comparison of the cycle

stability of the cells analyzed under these three different conditions: (1) the dynamic
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cyclability with an uncycled cell, (2) the post-resting cyclability with an uncycled cell, (3) the
post-resting cyclability with a cycled cell. In the first case, the cell directly cycled without
long-term resting faces no self-discharge so that it shows a high capacity-retention rate of
93% after 100 cycles at C/2 rate.l**? Although the cells rested for one year at uncycled and
cycled states both reveal reduced post-resting cycle stability after 100 cycles, they still
achieve good capacity retention of, respectively, 78% and 69%.1%"*¢] The cell rested at an
uncycled state exhibits more stable post-resting cyclability than the cell rested at a cycled
state because the latter has some polysulfides formed during its cycling process. The
generated polysulfides might contribute to the electrode degradation during the one-year-
resting period, resulting in the relative low electrochemical stability.*****? However, the cells
analyzed at all three conditions demonstrate high capacity retention, confirming the superior
dynamic and static electrochemical stability of our HPS cathodes.!!

In conclusion, the HPS cathodes that are fabricated with a facile hot-pressing process
are able to effectively encapsulate melted sulfur within the sandwiched carbon cathode
structure for superior retention of the active material during cell cycling and resting. To test
the performance of the resulting device, we use optimized cell-design metrics: a high sulfur
loading of 10 mg cm™ and a sulfur content of 65 wt.% in a lean electrolyte condition with a
low electrolyte/sulfur ratio of 6 pL mg™. The HPS cathodes exhibit superior dynamic and
static electrochemical characteristics during, respectively, cell cycling and resting. Cycling the
HPS cathodes at C/20 — 1C rates, we observe high gravimetric and areal capacity values of
415 — 730 mAh gt and 7 — 12 mAh cm™ and achieve excellent capacity retention rates of over
70% after 200 cycles. By resting the HPS cathodes for one year, we also demonstrate their
superior shelf-life with low-self-discharge and high electrochemical reversibility. Therefore,
the promising cell-design and the resulting dynamic and static electrochemical stability of the
lithium-sulfur cells confirm the high performance of the HPS cathodes and the potential of the

hot-pressing cathode manufacturing process.
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Experimental Section

Detailed information is in the Supporting Experimental Section in the supporting information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) lllustration of the HPS cathode manufacturing process. Microstructure of the (b)
uncycled, (c) 200-cycled, and (d) one-year-rested HPS cathodes. In Figure 1b-1d, the upper
and lower panels show, respectively, the outer and inner surface SEM/EDS inspections.
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Figure 2. Voltage profiles at the (a) peak capacity and (b) 200" cycle, as well as (c) CV plots
and the (d) long-term cyclability of the HPS cathodes.
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Figure 3. (a) OCV, (b) CV plots, (c) self-discharge analysis, and (d) post-resting cyclability
of the one-year-rested HPS cathodes. In Figure 3a, the upper and lower panels show,
respectively, the OCV values of the uncycled and cycled HPS cathode after resting for one
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A hot-pressing process enables sulfur cathodes to simultaneously attain a high sulfur loading
and content of, respectively, 10 mg cm? and 65 wt.% and excellent dynamic/static
electrochemical characteristics with a low electrolyte/sulfur ratio (6 pL mg™). The dynamic
cell cyclability demonstrates high gravimetric/areal capacities and stability, while the static
storage capability demonstrates a one-year-long shelf-life with low self-discharge.

Keywords: lithium-sulfur batteries, hot-pressing, high loading, lean electrolyte,
electrochemical stability
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A Facile, Low-cost Hot-pressing Process for Fabricating Lithium-sulfur Cells with
Stable Dynamic and Static Electrochemistry
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Experimental Section

HPS cathode: The HPS cathodes were prepared by hot-pressing two carbon-paper sheets
(weight: 2.2 mg cm™, density: 300 mg cm™, thickness: 70 um, NanoTechLabs, Inc.) around 8
mg commercial sulfur powder (purity: > 99.5%, Sigma-Aldrich), which had been uniformly
dispersed on the bottom carbon-paper sheet, at 145 °C under 200 psi pressure for 5 s. The
carbon-paper sheet consisted of an entangled carbon nanofiber structure, which allowed the
melting sulfur to penetrate through the conductive inner surface of the carbon-paper sheets
and, therefore, interlaced the two carbon-paper sheets into a single composite. The melting
sulfur also circumvented the need for extra binder to hold the two carbon-paper sheets
together. Additionally, no metal current collector was used, which ensured the HPS cathodes
to attain high sulfur loading and content as well as high effective capacity and energy density
values.!*** The resulting HPS cathodes had a sulfur loading of 10 mg cm™ and sulfur content
of 65 wt.%. The HPS cathodes were directly transferred into an argon-filled glovebox for cell

assembly (see Electrochemistry in the next).

Electrochemistry: The dynamic and static electrochemical characteristics of the HPS cathodes
were then analyzed with the fabricated lithium-sulfur cells, a monolayer polypropylene
membrane (thickness: 25 pum, pore size: 64 nm, porosity: 55 %, Celgard 2500, Celgard), a
lithium-metal counter electrode (purity: 99.9 %, trace metal basis, Sigma-Aldrich), and 50 pL
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ether-based electrolyte in CR2032 coin cells.[**1%1%1 The ether-based electrolyte contained a
40 : 55 volume ratio of 1, 2-dimethoxyethane (purity: 99.5 %, anhydrous, Sigma-Aldrich) and
1, 3-dioxolane (purity: 99.8 %, anhydrous, Sigma-Aldrich) as the solvent, into which 1.85 M
lithium bis(trifluoromethanesulfonyl)imide (purity: 99.95 %, trace metal basis, Sigma-
Aldrich) and 0.2 M lithium nitrate (purity: 99+ %, extra pure, Acros Organics) were added as
the lithium salts.?**% The amount of sulfur and electrolyte added into the cells resulted in a
low electrolyte/sulfur ratio of 6 pL mg™.

Electrochemical impedance spectroscopy (EIS) analysis was applied to all assembled
cells with an integrated electrochemical impedance analysis system (SI 1287 potentiostat and
SI 1260 impedance analyzer, Solartron). The EIS data were recorded by Zplot in the
frequency range of 1 MHz to 100 mHz with an AC voltage amplitude of 5 mV. The collected
data were analyzed by Zview and presented as the Nyquist plot and the Bode plot. During the
EIS analysis, we selected the examined cells in a narrow open-circuit voltage range of 2.38 V
with a standard deviation of 0.05. The selected 352 cells were cycled at a C/20 rate between
1.5 and 3.0 V vs. Li/Li* for 2 cycles and rested for one day. These procedures were used to
select the cells that showed similar electrochemical characteristics in order to normalize the
dynamic and static cell performances and analyses.*??°®*] The dynamic electrochemical
characteristics, such as the electrochemical utilization, discharge/charge efficiency, high-rate
capability, cycle stability, and dynamic morphological changes of the cycled cathodes, were
analyzed by cycling the HPS cathodes at 1.6 — 2.8 V at C/20 — 1C rates for 200 cycles. The
static electrochemical characteristics were analyzed after resting the uncycled HPS cathodes
and cycled HPS cathode (25 cycles) for 120, 240, and 360 days in an electronic dry
cabinet (Kingjoy) at 25 °C in order to analyze the open-circuit voltage values, self-discharge
effect, cell shelf-life, post-resting cyclability, and static morphological changes of the rested
cathodes. Electrochemical results were collected with a programmable battery cycler (Arbin

Instruments) and a universal potentiostat (VoltaLab PGZ 402, Radiometer Analytical). Cyclic
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voltammograms (CV) and data points for calculating the lithium-ion diffusion coefficient

were collected with scanning rates of 0.015, 0.020, 0.025, 0.030, and 0.035 mV s™.

Calculation: The lithium-ion diffusion coefficients were calculated according to the Randles-
Sevcik equation: 1 = 268,600 x Neglectron) > X A X Dyiithium)> X V*° X Cithium, in Which 1 is the
current (A) of the CV peaks (cathodic-1, cathodic-2, and anodic peaks), Nelectron) IS the
number of electrons in the reaction, A is the electrode area (cm?), V is the scanning rate (V ¢
1), and Cuithium) 1S the concentration of lithium ions in the electrolyte (mol mL™). By taking the
linear fit of I vs. V*°, the slope generates the lithium-ion diffusion coefficient (Duithium), cm?
sec™).[6p9ed10% The self-discharge constants were calculated according to the equation
proposed by Mikhaylik: Kseit-gischarge) X Tresty =— 1IN (Qn / Qro), in which Kseit.discharge) iS the
self-discharge constant. It gives a quantified standard for understanding the self-discharge
effect in lithium-sulfur battery chemistry during cell resting.!®¥ In this equation, Tes is the
resting period, Qy is the remaining upper-discharge capacity, and Qo is the original value of

the upper-discharge capacity.

Characterization: Thermogravimetric analysis (TGA) was carried out with a
thermogravimetric analyzer (TGA 7, Perkin-Elmer) at a heating rate of 5 °C min™ to 500 °C
under nitrogen atmosphere. The morphological and elemental changes of the HPS cathodes
before and after cycling for 200 cycles, as well as after resting for one year, were inspected by
a field-emission scanning electron microscope (FE-SEM, Quanta 650, FEI). The elemental
mapping results were analyzed by an energy dispersive X-ray spectrometer (EDS, Bruker
AXS Microanalysis). The EDS spectra of the elemental mapping results are summarized as a
reference in Figure S23. The uncycled HPS cathodes were initially assembled in a lithium-
sulfur cell and rested for 1 day. The cycled HPS cathodes were retrieved from the cycled cells

at charged state after 200 cycles. The rested HPS cathodes were retrieved from the uncycled
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HPS cathodes after resting at room temperature for one year. All retrieved cathodes were
rinsed with 1, 3-dioxolane, dried with a kimwipe, and delivered for SEM/EDS analysis within

an argon-filled antechamber.
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Supporting Figures
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Figure S1. TGA of sulfur and the HPS cathode with a heating rate of 5 °C min™ to 400 °C
under nitrogen atmosphere.

Figure S2. Microstructure of the uncycled HPS cathodes inspected from (a,b) the outer
surface and (c,d) the inner surface after opening the cathode.

(@) . o (b)

100 T ——— 10°
o— fresh
< cycled a 107
N & — —
—a— resting at fresh ~ 10"

+— resting after cycled

10
50 10" 10° 10" 10° 10 10" 10° 10°

Z' (@)

] _50 fresh J—
cycled =

™ ;vn g, = Ny
= resting after cycled oy
N\ 3 . ; . . . 50 resting at fresh
0 50 100 150 200 10" 10° 10' 10° 10° 10* 10° 10°
Z' (@) Frequency {Hz)
Figure S3. EIS analysis of the HPS cathodes before and after cycling, as well as the fresh and

uncycled HPS cathodes after resting for one year: (a) Nyquist plot and (b) Bode plot.
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Figure S4. Microstructure of the HPS cathodes after 200 cycles, inspected from (a,b) the

outer surface and (c,d) the inner surface after opening the cathode.

Figure Sb5. Microstructure of the HPS cathodes after resting for one year, inspected from (a,b)
the outer surface and (c,d) the inner surface after opening the cathode.
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Figure S6. Performances of the state-of-the-art lithium-sulfur battery cathodes and our HPS
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articles listed in Table S1 in the supporting information.
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Figure S8. Voltage hysteresis of the HPS cathodes at various cycling rates from C/20 to 1C

rates for 200 cycles.
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Figure S12. High-rate capability of the HPS cathodes. The initial 70 cycles with increasing
cycling rates from C/20 to 2C and the subsequent 70 cycles from the 71% to the 140™ cycle
with increasing cycling rates from C/20 to 2C for demonstrating the reversibility.
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Figure S13. Discharge curves of the uncycled HPS cathodes after resting for 120, 240, and
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Figure S14. Self-discharge constant of the uncycled HPS cathodes after resting for one year.
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Figure S17. Self-discharge constant of cycled HPS cathodes after resting for one year. The
cells were tested at C/20, C/10, C/5, C/2, and 1C rates.
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Figure S18. Post-resting cyclability of the cycled HPS cathodes after resting for one year.
The analyzed HPS cathodes were cycled for 25 cycles initially, kept resting for one year, and
then cycled at various cycling rates.
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Figure S19. Post-resting cyclability of the uncycled cathodes after resting for (a) 120 and (b)
240 days.
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Figure S20. Post-resting cyclability of the cycled cathodes after resting for (a) 120 and (b)
240 days. The analyzed HPS cathodes were cycled for 25 cycles initially and then kept resting
for 120 and 240 days.
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Figure S21. Effective capacities and energy density of the uncycled cathodes after resting for
(@) 120, (b) 240, and (c) 360 days and commercial LiCoO, cathodes.
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Figure S22. Effective capacities and energy density of the cycled cathodes after resting for (a)
120, (b) 240, and (c) 360 days and commercial LiCoO, cathodes. The analyzed HPS cathodes
were cycled for 25 cycles initially and then kept resting for 120, 240, and 360 days.
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Figure S23. Comparison of the cyclability of the cells analyzed under three different
conditions: (1) dynamic cyclability, (2) the post-resting cyclability with an uncycled cell, (3)
the post-resting cyclability with a cycled cell. The dynamic-cyclability data is collected from
the 1% — 100" cycles of the C/2 cell shown in Figure 1d. The post-resting-cyclability data with
a cycled cell is the extended cycle performance of the C/2 cell shown in Figure S18.
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Figure S24. EDS spectra of (a) the upper panel and (b) the lower panel of Figure 1b, (c) the
upper panel and (d) the lower panel of Figure 1c, and (e) the upper panel and (f) the lower

panel of Figure 1d.
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Supporting Tables

Table S1. Table benchmarking the performances of our HPS cathodes as well as the required
values (listed in the row denoted as Benchmark) and reported performances (listed in in the
rows denoted as S1 — S18) for developing lithium-sulfur technology into battery market.

Reference Sulfur Sulfur Electrolyte/s | Effective areal | Cycle | Cyclerate | Capacity
loading content ulfur ratio capacity (mA life retention
(mgem?) | (wt%) (uL mg™) h cm?®) (%)
Benchmark >10 > 65 <11 >2-4 > 200 > C/10 >80
S1 11.6 50.0 6.0 11.2 20 C/10 62
S2 10.9 54.0 8.3 9.4 30 C/20-C/10 85
17.3 54.0 7.0 15.1 17 C/20-C/10 79
S3 18.1 55.0 11.0 19.5 75 C/20-C/5 62
S4 10.8 64.0 4.9 124 50 C/10 61
16.5 67.0 3.6 16.5 50 C/10 73
21.2 74.0 35 23.3 150 C/10 52
S5 30.0 80.0 6.8 35.2 100 C/10 67
30.0 80.0 6.8 27.2 100 C/5 70
60.0 80.0 6.8 54.7 50 C/10 77
S6 111 75.0 4.0 11.2 12 C/33 76
S7 10.2 63.0 4.0 10.3 1 C/10 unknown
S8 10.3 62.0 8.0 124 1 C/219 n/a
S9 10.2 64.6 35 11.0 50 C/20 36
14.9 64.6 35 15.0 10 C/20 67
S10 11.2 60.0 2.7 14.8 60 C/100 55
17.7 60.0 2.7 21.9 17 C/100 unknown
S11 19.3 75.0 4.0 4.0 50 C/10 58
S12 12.0 65.0 6.0 124 200 C/10 64
12.0 65.0 5.0 10.7 200 C/10 64
S13 57.6 75.0 6.0 39.2 200 C/10 68
57.6 75.0 5.4 38.2 200 C/10 68
57.6 75.0 4.8 36.5 200 C/10 67
57.6 75.0 4.2 31.4 200 C/10 68
S14 46.0 70.0 6.0 48.3 100 C/10 61
46.0 70.0 6.0 37.8 100 C/5 58
46.0 70.0 5.0 42.6 100 C/10 56
46.0 70.0 5.0 35.2 100 C/5 58
S15 19.8 60 7.8 26.4 5 Cl40 68
S16 10 75.0 10.0 9.4 100 C/5 67
21 75.0 10.0 16.3 50 C/5 79
S17 10.1 61.8 7.5 8.1 20 C/20 75
13.2 61.8 7.5 7.9 20 C/20 67
S18 135 75.2 4.5 14.2 55 C/20 62
This work 10.0 65.0 6.0 7-12 200 C/20-1C 71-85
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