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ABSTRACT All-solid-state lithium-sulfur batteries (ASSLSBs) hold great promise for safe and
high-energy-density energy storage. However, developing high-performance sulfur cathodes has
been proven difficult due to low electronic and ionic conductivities and large volume change of
sulfur during charge and discharge. Here, we reported an approach to synthesize sulfur cathodes
with a mixed electronic and ionic conductivity by infiltrating a solution consisting of Li;PS, (LPS)
solid electrolyte and S active material into a mesoporous carbon (CMK-3). This approach leads to
a uniform dispersion of amorphous Li;PS; (L3PS) catholyte in an electronically conductive carbon
matrix, enabling high and balanced electronic/ionic conductivities in the cathode composite. The

inherent porous structure of CMK-3 also helps to accommodate the strain/stress generated during
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the expansion and shrinkage of the active material. In sulfide-based all-solid-state batteries with
Li metal as the anode, this cathode composite delivered a high capacity of 1025 mAh g'! after 50
cycles at 60 °C at 1/8 C. This work highlights the important role of high and balanced electronic

and ionic conductivities in developing high-performance sulfur cathodes for ASSLSBs.

INTRODUCTION

The ever-increasing demand on the energy density has posed a serious concern on the safety of
today’s lithium ion batteries.!> All-solid-state batteries using nonflammable solid electrolytes are
being considered as a promising solution for safer batteries.>¢ It is known that the maximum
energy density of a solid-state battery is determined by the cathode composite for a fixed capacity
ratio of negative to positive electrodes (N/P ratio) and a fixed amount of solid electrolyte. Sulfur,
because of its high thermotical capacity, has received intense research interest as the cathode active
material.”® A recent analysis by Janek also pointed out that with a 50-pum thick solid electrolyte,
sulfur is the only cathode that can enable a solid-state battery with exceptionally high energy
density beyond 500 Wh kg1.1% Nevertheless, developing sulfur cathodes with a high performance
in terms of sulfur utilization, cycle life and rate performance is very challenging due to (i) the
insulating nature of sulfur for both electrons and ions and (ii) the large volume change of sulfur

(80%) during lithiation/delithiation. '

Inspired by the success of liquid-electrolyte Li-S batteries,!? tremendous efforts have been done to
improve the electronic conductivity of sulfur cathodes by introducing various electronically
conductive additives such as copper,!3!# acetylene black,'> carbon nanofibers,'® reduced graphene
oxide,!” and graphite'®. However, the performance improvement in ASSLSBs is not as effective

as that in the liquid-electrolyte Li-S batteries. Such a difference is mainly caused by the different
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property of solid electrolytes and liquid electrolytes. Unlike liquid electrolytes that are infiltrative
and flowable, solid electrolytes are usually fixed at their positions once the cathode has been
prepared. As a result, the ionic conduction percolation in the cathode composite is much harder to
achieve in solid-state batteries than that in the liquid electrolyte batteries. In order to improve the
ionic conductivity of the electrodes, several lithium superionic sulfides such as lithium
polysulfidophosphate'® and LisPS; (LPS) coated Li,S?° were fabricated by Liang et al as the
cathodes for ASSLSBs. These superionic sulfides were then mixed with carbon and binder to make
the mixed conductive cathode composites. Despite apparent improvement in the cycling stability
(>100 cycles), these superionic cathodes are usually tested with a low loading of active material
(0.25-0.60 mg cm2).!%2% One main reason for the limited performance improvement is that most
of the above-mentioned work only focused on improving one conductivity at nano-scale, either
electronic or ionic, in the cathode composite, while for an ideal cathode both electronic and ionic
conductivities should be ensured at nano-scale for a high utilization of sulfur. In addition to this,
the huge stress/strain caused by the volume change of sulfur during operation has not been

addressed, which will certainly affect the performance improvement.!!?1->2

In this work, we developed a nano-scale mix-conducive sulfur cathode for all-solid-state lithium
batteries. By infiltrating a solution with highly ionic conductive Li;PS; (L3PS) active material into
mesoporous carbon CMK-3, we were able to fabricate a cathode with both high and balanced ionic
and electronic conductivities and with an inherent porous structure to accommodate the volume
change of active materials. The cathode composite exhibit excellent cycling and rate performance
in an all-solid-state lithium battery even with no additional solid electrolyte and carbon added in

the electrode.

EXPERIMENTAL SECTION

3
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Material Synthesis: Li;PS, glass solid electrolyte was prepared by a mechanical milling process.
In brief, 75 mol % of lithium sulfide (Li,S, Sigma-Aldrich) and 25 mol % of phosphorus

pentasulfide (P,Ss, Sigma-Aldrich) were mixed in a zirconia pot at a fixed rotation speed of 510

rpm for 45 h.3% To prepare L3PS—-CMK-3 composite, a mixture of 0.18 g LisPS, glass solid

electrolyte and 0.096 g sulfur (S, Sigma-Aldrich) was dissolved in 6 mL Tetrahydrofura (THF,
Sigma-Aldrich) solvent, while 0.096 g ordered mesoporous carbon (CMK-3, ACS Material)
powders were dispersed in another 6 mL THF solvent. After that, these two solutions were mixed
together and stirred overnight. All the above processes were conducted under Argon. The mixed

solution was then dried at 80 °C for 24 h under vacuum to completely remove THF solvent, and

the L3PS-CMK-3 composite was obtained. A composite of S, Li;PS, glass solid electrolyte and

CMK-3 (demoted as 3S—-LPS—-CMK-3) with the same weight ratio was also prepared by a ball-

milling method (370 rpm for 1h) as a control sample.

Material Characterization: XRD patterns were obtained using a D8 Advance X-ray diffractometer
(Bruker AXS, WI, USA) with Cu Ka radiation. A 532 nm diode-pumped solid-state laser was used
on a Horiba Jobin Yvon Labram Aramis to record Raman spectra. To characterize the
morphologies of samples, TEM images and SEM images were examined with transmission
electron microscopy (TEM, JEM 2100 LaB6) and scanning electron microscopy (SEM, Hitachi
SU-70), separately. N, adsorption/desorption isotherms were measured with Micromeritics ASAP
2020 Porosimeter Test Station. Surface areas were calculated with the Brunauer-Emmett-Teller
(BET) method, and pore volume distribution was obtained using the Barrett-Joyner-Halenda (BJH)

equation.
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Electrochemical Measurement: All solid-state lithium-sulfur batteries were fabricated using

Li;PS, glass as the solid electrolyte, Li metal as the anode, and L3PS-CMK-3 or 3S-LPS—-CMK-

3 as the cathode composite. The ionic conductivities of L3PS at different temperatures were
measured using an ion-blocking Pt/L3PS/Pt cell. The cell was fabricated by pressing 150 mg
L3PS powders into pellets, followed by sputtering of Pt. Then, electrochemical impedance
spectra (EIS) were measured at different temperatures. To assemble all solid-state lithium-sulfur

batteries, 150 mg Li;PS, glass were put in a PTFE tank with a diameter of 1 cm, and 5 mg

L3PS-CMK-3 composite or 3S—-LPS—-CMK-3 composite was presses on top of the solid

electrolyte under 360 MPa. Then, lithium metal was attached directly on the other side of the
solid electrolyte layer. All electrochemical performances including cycling properties and rate
performances were tested using LAND CT-2001A battery cyclers within 1.2-3.0 V at 60 °C. EIS
spectra of all solid-state lithium-sulfur batteries were measured using Solartron workstation in a

frequency range 1 MHz-0.1 Hz with 20 mV AC amplitude.

RESULTS AND DISCUSSION

Figure 1a demonstrates the synthesis process for L3PS—CMK-3 composite. First, CMK-3 powders

were dispersed in THF solvent, and LPS glass and S with a molar ratio of 1:3 were dissolved in

another THF solvent. These two solutions were then mixed together and dried under vacuum to

get L3PS—CMK-3 composite. Figure 1b shows the XRD patterns of S, LPS glass and L3PS-CMK-

3 composite. The XRD pattern of L3PS—CMK-3 in Figure 1b indicates the amorphous structure

of composite and no peaks for S can be observed, while the broad peak at around 18 degree that is
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observed in the XRD patterns of both LPS and L3PS—-CMK-3 is due to the sample holder for the

measurement. The result shows LPS has completed reacted with active S forming a single

amorphous phase, consistent with the study by Liang et al.!?
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Figure 1. (a) Schematic synthesis process for the fabrication of L3PS-CMK-3 composite. (b) XRD

patterns and (c¢) Raman spectra of S, LPS and L3PS-CMK-3. (d) Arrhenius plots and

electrochemical impedance spectra at different temperatures (inset) of L3PS.

The Raman spectra of the L3PS-CMK-3 composite consist of chemical signatures of both LPS

and S, implying that L3PS can be used as both an solid electrolyte and a cathode active material,
i.e. a catholyte. The ionic conductivity of L3PS was also measured from electrochemical

impedance spectra of a Pt/L3PS/Pt cell at different temperatures. The Arrhenius plot and the
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impedance plot at different temperatures are shown in Figure 1d. The activation energy for L3PS

is calculated to be 0.376 eV, and its ionic conductivity can reach 1.25x10* S cm! at 60 °C, which

oNOYTULT D WN =

is close to previous report.!'?
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Figure 2. HRTEM images of (a) CMK-3 and (b) L3PS-CMK-3 composite. (c) N,

adsorption/desorption isotherms and (d) BJH pore size distributions for CMK-3 and L3PS—CMK-3.

(e) TEM image and corresponding elemental mappings of S, P and C in L3PS-CMK-3 composite.

Figures 2a and 2b compare the HRTEM images of CMK-3 and L3PS-CMK-3 composite,

respectively. While a clear channel structure can be observed in the HRTEM image of CMK-3,
the channels seem to be filled after infiltrating with L3PS. The infiltration of L3PS inside the pores

of CMK-3 is also supported by the reduced surface area (Figure 2c), and more importantly, by the

reduced pore size (Figure 2d) of L3PS-CMK-3 when comparing with pure CMK-3. Figure 2e

displays the elemental mappings in L3PS—CMK-3 composite. A homogenous distribution of S, P

and C can be easily observed in the composite, further confirming that L3PS was uniformly filled
in the CMK-3 carbon matrix. The uniform distribution of L3PS in CMK-3 is also supported by the

SEM images (Figure S1). A much more homogeneous distribution of S, P and C can be observed

in L3PS-CMK-3 than in the 3S-LPS—CMK-3 cathode composite prepared by ball-milling S, LPS

and CMK-3 with the same weight ratio as the SEM image and elemental mappings (Figure S2),

TEM image (Figure S3) and XRD pattern (Figure S4) of 3S-LPS—CMK-3 indicate that it is mainly

a composite of the three phases.
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Figure 3. Electrochemical performances of L3PS-CMK-3 and 3S-LPS—CMK-3 composites in all

solid-state lithium-sulfur batteries at 60 °C between 1.2 V and 3.0 V. The specific capacities were

calculated based on the weight of sulfur and the total weight of the cathode composite. Charge-

discharge curves at different cycles for (a) L3PS-CMK-3 and (b) 3S-LPS—CMK-3 composite

cathodes at a current density of 1/8 C (1C = 1675 mA g'!). (¢) Cycling performances of L3PS—

CMK-3 and 3S-LPS—-CMK-3 composite cathodes at a current density of 1/8 C.
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The electrochemical performances of L3PS—-CMK-3 and 3S-LPS-CMK-3 composite cathodes

were tested in all solid-state lithium-sulfur batteries using LPS glass as the solid electrolyte and Li

as the anode between 1.2 V and 3 V at 60 °C. Figure 3a shows the charge-discharge profiles of

L3PS—-CMK-3 cathode at a current density of 1/8 C (1C=1675 mA g). Only one plateau (2.0 V

for the discharge process and 2.2 V for the charge process) can be observed, which is consistent
with the binary (between Li,S and S) phase transition during cycling,'>?* although the reversible

decomposition of solid electrolyte should also occur and contribute slightly to the capacity of the

cathode composite.’?> Compared with the charge-discharge curves of 3S—-LPS-CMK-3

composite in Figure 3b, a higher specific capacity can be observed for the L3PS-CMK-3 cathode.

Also, L3PS—CMK-3 exhibits smaller overpotentials than 3S—-LPS—CMK-3 composite cathode,

especially after more than three cycles, indicating better kinetics in L3PS—CMK-3 composite.

Correspondingly, much better cycling stability for L3PS-CMK-3 composite can be obviously

observed in Figure 3c. At the current density of 1/8 C, 3S—-LPS-CMK-3 composite presents a

reversible specific capacity of 1004 mAh g! in the first cycle, and the capacity quickly decays to
322 mAh g'! within twenty cycles. However, the L3PS—CMK-3 composite delivers a much high
reversible specific capacity of 1583 mAh g! in the first cycle and the specific capacity maintains
1025 mAh g! after 50 cycles. No apparent segregation of active material can be observed in the

cathode composite (Figure S6), indicating the excellent stability of L3PS—CMK-3 during charge
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and discharge processes. In addition, we also tested the performance of the cathode with higher S

content. Figure S7 shows the charge/discharge curves and cycling performances of the L3PS—

oNOYTULT D WN =

CMK-3, L3.67PS—CMK-3 and L4.33PS—CMK-3, where L3PS, L3.67PS and L.4.33PS correspond

13 to the molar ratio of 1:3, 1:4 and 1:5 between Li;PS, and S. L3PS—-CMK-3 shows much higher

capacities than L3.67PS—CMK-3 and L4.33PS—-CMK-3 over 50 cycles probably due to a well-

balanced electronic conductivity and ionic conductivity and therefore is selected in this work. It

22 should be noted that the S content in the L3PS—-CMK-3 cathode is comparable with or even higher

than the previous reports'>26-29 highlighting the important role of high and balanced electronic

28 and 1onic conductivities in developing the S cathode composite.
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Figure 4. Electrochemical impedance spectra for the all-solid-state Li cells using L3PS-CMK-3

composite and 3S-LPS—-CMK-3 composite as the cathodes. Both cells were fully discharged and

charged for three cycles prior to the EIS test.

Figure 4 shows the impedance plots of all-solid-state batteries using L3PS-CMK-3 composite and

3S-LPS—-CMK-3 composite as the cathode. Each EIS curve is consisted of one semicircle in the

high-frequency region and one slope in the low-frequency region. The semicircle corresponds to
the interfacial resistance from the anode/electrolyte interface and the cathode/electrolyte interface.
Since all anodes are same anode, the difference in the interfacial resistance of these two cells could

be mainly attributed to the interfacial resistance between the cathode and solid electrolyte. The

result demonstrates a much better kinetics of the L3PS-CMK-3 composite than that of the 3S—

LPS-CMK-3 composite. Since we are using exactly the same active material, solid electrolyte,

and electronic conductive additive with exactly the same weight ratio in the two cathodes, the
enhanced kinetics is mainly caused by higher conductivities (both electronic and ionic) due to a
more uniform distribution of active material, ionic conductive material and electronic conductive

material at the nanoscale in the L3PS—CMK-3 composite, as is supported by the higher

conductivity of a single-phase L3PS than that of a 3S-LPS composite.
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Figure 5. (a) Charge-discharge curves of the L3PS-CMK-3 cathode composite at different current

densities and (b) corresponding rate performance of the L3PS-CMK-3 cathode composite. The

specific capacities were calculated based on the weight of sulfur and the total weight of the cathode
composite. These cells were discharged and charged at various current densities from 1/16 C to

1/2 C at 60 °C between 1.2 Vand 3.0 V.

We then tested the rate performance of the L3PS—-CMK-3 composite cathode between 1.2 V and
3 V at 60 °C. The cell was cycled at various current densities from 1/16 C to 1/2 C. At each current
density, the cell was discharged and charged for three cycles. Charge-discharge curves at different
current densities were given in Figure 5a, and the rate capacity was shown in Figure 5b. The L3PS—
CMK-3 cathode could deliver reversible capacities of 1759 mAh g!, 1527 mAh g!, 1208 mAh g’!
and 953 mAh g! at current densities of 1/16 C (0.18 mA cm2), 1/8 C (0.35 mA cm2), 1/4 C (0.69

mA cm?) and 1/2 C (1.38 mA cm™), respectively. Therefore, L3PS—-CMK-3 composite also
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presents excellent rate performance even though no additional solid electrolyte and carbon were
added in the electrode. The high utilization of S and excellent rate performance can be ascribed to
the uniform distribution of active material, solid electrolyte and carbon which leads to high and
balanced ionic and electronic conductivities in the cathode composites. Additionally, the inherent
porous structure of CMK-3 can also buffer the volume change generated during charge-discharge

processes, which helps improve the cycling stability.

CONCLUSIONS

In summary, a mixed-conductive composite of L3PS—-CMK-3 was prepared by infiltrating L3PS

(chemical composition: LizPS;) catholyte into mesoporous CMK-3. This approach results in
intimate contacts between active material, solid electrolyte and carbon and thus leads to a high and
balanced mixed conductivity in the cathode composite. In addition, the porous carbon matrix can
accommodate the strain/stress during cycling. The cathode composite exhibited to excellent
cycling stability (1025 mAh g! after 50 cycles) and rate performance up to 1/2 C in all solid-state
lithium-sulfur battery at 60 °C. While the rate performance of the cathode has been improved
largely due to the enhanced ionic and electronic conductivities, the cycling performance of the
mixed conductive cathode is still limited. Further work is needed to understand more about the

degradation mechanism of this cathode composite.

ASSOCIATE CONTENT

Supporting Information. Electronic supplementary information (ESI) available: SEM images

and corresponding elemental mappings for L3PS—-CMK-3 composite; SEM image and elemental
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mappings, TEM image, and XRD pattern of 3S-LPS-CMK-3 composite; XRD patterns of 35—

LPS and L3PS; SEM image and elemental mappings of 3S—-LPS—CMK-3 after charging and

oNOYTULT D WN =

discharging; electrochemical performance of cathode composites with different molar ratio

13 between Li3PS4 and S during synthesis; ionic conductivities of 3S—LPS and L3PS.
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