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The coupling of composite polymer electrolytes (CPEs) with Se/C
cathodes was achieved in this study to address the needs of modern
solid-state lithium batteries, including high-energy density, low
temperature (30 °C) operation, electrochemical stability, and ease of
manufacture. Our solid-state Li—Se battery exhibited exceptional rate
performance at 30 °C and even surpassed contemporary solid-state
Li—S batteries, which operate at elevated temperatures, in terms of
performance. Excellent battery performance was exemplified by
a sustained capacity of 250 mA h g~ over 200 cycles at 2C. We also
fabricated pouch-type solid-state Li—Se batteries using CPEs and
demonstrated their ease of manufacture relative to previous solid-
state Li—Se batteries. This paper presents a promising approach for
advancing all-solid-state batteries through the synergistic utilization
of CPEs and Li—Se chemistry.

With increasing demand for energy storage devices exhibiting
enhanced performance and safety, researchers have started
focusing on the development of all-solid-state batteries
(ASSBs)." ASSBs are considered an attractive power source
because they exhibit superior safety and energy densities
compared with liquid-electrolyte batteries. Solid electrolytes
have received attention due to their non-flammable properties
and the ability to prevent the growth of lithium dendrites.**
Solid-state batteries can achieve greater energy densities by
employing lithium metal anodes, which possess a theoretical
capacity of 3860 mA h g~ '.%” In addition to high-energy-density
Li metal anodes, research has focused on high-energy-density
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cathode materials in solid-electrolyte systems.**'° Lithium-
sulfur (Li-S) chemistry is prominent in this regard due to its
exceptional theoretical energy density (1675 mA h ¢~ ') and the
utilization of cost-effective and eco-friendly cathode resources.
However, contemporary all-solid-state Li-S batteries face chal-
lenges such as sluggish reaction kinetics, voltage decay, and
limited electrochemical stability.*>*> These problems also exist
in liquid-electrolyte systems, which highlights the need for
innovative solutions to unleash the full potential of all-solid-
state Li-S batteries. Liquid-electrolyte systems based on
lithium-selenium (Li-Se) chemistry may overcome the limita-
tions of Li-S batteries."*™** Li-Se batteries exhibit faster reaction
kinetics than Li-S systems due to the greater electrical
conductivity of elemental Se (1 x 10> S m™ ") relative to that of
S (5 x 107*® § m™"). Furthermore, it exhibits more stable elec-
trochemical features than Li-S batteries, contributing to
a significantly extended cycle life. Despite its higher cost
compared to S, Se is often considered a more economical option
than commercially available cathode materials.’*"” These
factors have made Li-Se chemistry a focal point in the devel-
opment of all-solid-state Li-Se batteries (ASSLSeBs).'*®
However, existing ASSLSeBs largely employ inorganic solid
electrolytes (ISEs), which suffer from poor interfacial contact
that seriously limits their manufacture.””*® Our objective is to
enhance the promise of ASSLSeBs by overcoming the limita-
tions of existing ISEs. Herein, we describe a solid-state Li-Se
battery comprising a composite polymer electrolyte (CPE) and
Se/C cathode, as illustrated in Fig. 1a. To formulate a polymer
electrolyte compatible with Se/C cathodes, we prepared CPEs
using PEO as the polymer matrix, LissLasZr,Aly 25Nbg 25012
(LLZANO) as the ceramic filler, lithium  bis(tri-
fluoromethanesulfonyl)imide (LiTFSI) as the lithium salt, and
succinonitrile (SN) as the plasticizer. Garnet-type LLZANO was
chosen among various ISEs due to its exceptional characteris-
tics, including high ionic conductivity at room temperature
(1072 to 107* S cm™"), excellent chemical stability against
lithium metal, and a wide electrochemical stability window (at
least ~5.0 V vs. Li'/Li).?® The crystal structure of LLZANO was
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Fig. 1 (a) Illustration of an ASSLSeB comprising a CPE and a Se/C
cathode. (b) (i) Visual image of a polyethylene oxide (PEO)/LLZANO/
LiITFSI/SN-CPE disk; (ii) CPE surface morphology and elemental
mapping by energy dispersive X-ray spectroscopy (EDS). (c) Micro-
morphologies and EDS elemental mapping results of Se/KB and Se/
MPC cathode materials.

investigated by X-ray diffraction (XRD) analysis (Fig. S17),
revealing a cubic structure which exhibits superior ionic
conductivity.**** Although the impurity peaks were observed in
the 20 range of 20-30°, a trace of impurities which were largely
caused by LigsLa,Alys0, did not significantly influence
LLZANO performance.*” The morphology and microstructure of
LLZANO were examined using scanning electron microscopy
(SEM) (Fig. S2a and bt) and EDS (Fig. S2ct), respectively.
LLZANO consists of 5-8 um particles with even contributions
from La, Zr, Al, and Nb. Panel (i) in Fig. 1b contains a photo-
graph of a 75.8 um thick, 19 mm diameter LLZANO-dispersed
CPE disk. Panel (ii) shows EDS mapping of the disk, which
verifies the uniform distributions of C and O (from PEO), S
and N (from LiTFSI and succinonitrile), and La, Al, and Nb
(from LLZANO). Fig. S3t establishes the smoothness of the CPE
surface, which enhances contact with the electrode relative to
that of ISE surfaces. Differential scanning calorimetry (DSC) was
used to examine the impact of LLZANO on the thermal prop-
erties of the CPE. LLZANO significantly lowers the melting point
and glass transition temperature of the PEO-based electrolyte
relative to that of a solid polymer electrolyte (SPE) without
LLZANO (Fig. S47). The reduction in crystalline area increases
the amorphous content, promotes greater segmented polymer
motion, and enhances ionic conductivity. Thus, LLZANO addi-
tion improves the ionic conductivity of the solid electrolyte.
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Electrochemical impedance spectroscopy (EIS) measurements
were performed at 10, 15, 20, and 25 wt% LLZANO in the CPE to
determine the optimal LLZANO concentration (Fig. S5at). A
CPE containing 15 wt% LLZANO exhibited the greatest ionic
conductivity (1.91 x 10~* S em™ ') making it the best candidate
for use in a solid-state Li-Se battery (Fig. S5bt). A transference
number of t;;+ = 0.3 was obtained using a Li symmetric cell
fabricated with 15 wt% LLZANO in the CPE (Fig. S6t). The
oxidative stability of the CPE was evaluated by linear sweep
voltammetry (LSV) (Fig. S7t). When comparing SPE and CPE,
the introduction of LLZANO successfully increased oxidation
stability. The range of voltage stability extends to 4.8 V vs. Li'/Li,
which supports the use of the CPE in solid-state Li-Se batteries.
We investigated two aspects of Li-Se chemistry to identify the
most favorable conditions for CPE utilization. Commercial
mesoporous carbon Ketjen Black EC600JD (KB) and synthetic
microporous carbon (MPC) were examined as host materials for
Se confinement. The properties of nanodimensional pores in
the host materials were characterized by N, adsorption/
desorption analysis at 77 K (Fig. S8at). The results indicate
that KB and MPC possess abundant meso/micropores suitable
for nano-sized Se confinement. The isotherms of Se/KB and Se/
MPC composites approach near-zero adsorption, which
suggests effective filling of nano-sized Se into the meso/
micropores of the hosts via a melt-diffusion process (Fig.-
S8bt). The pore size distributions of the host materials and Se/C
composites also indicate the successful infiltration of Se into
the host-material pores (Fig. S8c and d}). The micromorphol-
ogies of the Se/C composites were identified by SEM. The cor-
responding EDS results establish uniform dispersion of Se
throughout the host material (Fig. 1c). The XRD patterns of the
Se/C composites are amorphous (like those of the host mate-
rials) and lack the distinctive crystalline peaks of elemental Se
(Fig. S9t). Additional insight into the chemical state of Se
confined in the host materials was obtained by X-ray photo-
electron spectroscopy (XPS) (Fig. S10t). The selenium 3d spectra
comprise a well-defined 3d;,-3ds/, doublet and a Se-O inter-
action component in both composites. Accurate quantification
of the Se loading in the cathodes was established by electro-
chemical measurements and thermogravimetric analysis. The
TGA results in Fig. S117 indicate that the KB/Se and Se/MPC
composites contain 70.1 and 49.7 wt% Se, respectively.
Electrochemical evaluation conducted on ASSLSeBs assem-
bled from the CPE and the two Se/C cathodes is described in the
following material. The electrochemical behavior of ASSLSeB
cells was investigated using a galvanostatic charge-discharge
protocol at 0.2C, following a 3-cycle formation protocol at 0.05C
(Fig. 2a). The cells exhibited similar specific capacities that are
close to the theoretical value for Se (675 mA h g~ ') after the first
discharge at a rate of 0.05C. The capacities decrease signifi-
cantly to 310 mA h g~ for Se/KB and 550 mA h g * for Se/MPC
after three formation cycles at 0.05C. The differences in capacity
retention indicate rapid fall-off for Se/KB and more sustained
retention for Se/MPC. The disparity is attributed to the solid-
liquid-solid conversion mechanism of Se/KB, which generates
soluble high-order polyselenides during the (dis)charging
process®** (voltage profiles of Se/KB and Se/MPC are shown in
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Fig.2 Comparison of Se/KB and Se/MPC cathode behavior. (a) Se/KB
and Se/MPC capacities at 0.2C as a function of cycle number after a 3-
cycle, 0.05C formation protocol. (b) Optical image of CPE in cells after
discharge to 1.0 V. (c) Nyquist plots of Se/KB and Se/MPC cells after
formation; the inset contains an equivalent circuit for the fitting. (d)
Resistance parameters (R) and Li* diffusion coefficient (D,;+) obtained
by EIS.

Fig. S121). High-order polyselenides are known to be trans-
formed into polymer chains.* This conversion is confirmed by
optical micrographs of the CPE after lithiation to 1.0 V (Fig. 2b).
The CPE paired with Se/KB (upper image) becomes discolored
with a dark-brown hue occurring around the electrode due to
polyselenide permeation. Conversely, no color change is
observed in the CPE assembled with Se/MPC (bottom image).
To verify the permeation of polyselenides within the CPE in
each system (Se/KB or Se/MPC), we conducted EDS elemental
mapping analysis on each CPE obtained after electrochemical
reactions. As depicted in Fig. S13a,t the presence of Se species
was confirmed in the CPE surrounding the KB/Se electrode.
Conversely, no Se species were detected in the CPE around the
MPC/Se electrode (Fig. S13bt). The visually evident observa-
tions, based on both optical images and EDS analysis,
unequivocally demonstrate the existence of permeated poly-
selenides in the CPE for each system leading to the clear
conclusion that soluble polyselenides do not form during the
discharging/charging process in the MPC/Se cell.***® EIS studies
demonstrate how the presence of polyselenides is crucial to the
performance of solid-state Li-Se batteries with a CPE. Fig. 2c
shows the Nyquist plots and fitting results (fitted using an
equivalent circuit as shown in the inset) for both cells in a fully
lithiated state (1.0 V) after three formation cycles. The equiva-
lent circuit for the fitting is shown in the inset. Compared to Se/
KB, Se/MPC demonstrated lower bulk/SEI/charge transfer
resistances (Rp, Rsg, and R.) and a higher Li ion diffusion
coefficient (Dy;+) (Fig. 2d). The Ry, values of Se/MPC and Se/KB
before the electrochemical reaction (i.e., polyselenides are
absent) are similar indicating similar ohmic resistances for Se/
MPC and Se/KB (see Fig. S14a and bt). However, when
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polyselenides are introduced into the CPE, the R, of Se/KB
becomes larger than that of Se/MPC owing to polyselenide
permeation into the polymer matrix. Moreover, Rgg and R, are
significantly larger than the corresponding values for Se/KB.*
The diffusional properties of Se/KB cathodes are also negatively
impacted by the presence of polyselenides. Thus, poly-
chalcogenide (polyselenide) regulation plays a crucial role in
solid-electrolyte systems, where a fundamental understanding
of reaction mechanisms is crucial for achieving rapid reaction
kinetics. Consequently, elaboration of a direct solid-solid
conversion mechanism that excludes the formation of soluble
polychalcogenides is a promising approach for developing
solid-electrolyte systems in improved solid-state Li-chalcogen
batteries.

Our results establish that Se/MPC is the most favorable
cathode material for solid-state Li-Se batteries based on its
direct solid-solid conversion mechanism. Accordingly, ASSL-
SeBs, incorporating a Se/MPC and a CPE exhibit excellent rate
performances, even at room temperature (RT) (Fig. 3a and b).
The initial discharge of the cell at 0.05C produces a capacity of
approximately 900 mA h g™, which surpasses the theoretical
capacity of Se (675 mA h g™ %). This behavior is commonly
observed for S or Se confined within a sub-nano spaces,*>*
which is recognized as an additional capacity arising from the
reaction that forms the cathode-electrolyte interphase (CEI)
layer.** The cell subsequently displayed capacities of 640, 560,
500, 340, 210, and 150 mA h g~! at rates of 0.05, 0.1, 0.2, 0.5, 1,
and 2C, respectively. Fig. 3c shows the rate performance of our
ASSLSeBs in comparison with chemically similar solid-state Li-
S batteries comprising polymer-based solid electrolytes, which
generally operate at 45-75 °C.*** The limited Li-ion kinetics
imposed by the solid-electrolytes, combined with inherently
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Fig. 3 Electrochemical performance of ASSLSeBs with Se/MPC. (a)
Capacity profiles and (b) voltage profiles at different current densities.
(c) Comparison of operating temperature and practical-to-theoretical
capacity ratio at 0.2C for the Li—Se battery with a CPE and the cor-
responding parameters of contemporary solid-state Li—S batteries
with polymer-based electrolytes. (d) Cycle performance (at 2C) of Se/
MPC and conventional LFP and NCM111 cathodes (at 0.05C for 3
cycles).
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sluggish reaction kinetics of Li-S chemistries, restricts the
operation of solid-state Li-S batteries to the elevated tempera-
ture. Conversely, our ASSLSeBs demonstrate high reversible
capacity and superior rate capability even at 30 °C. The excep-
tional reaction properties of our ASSLSeBs originated from the
intrinsic difference in the reaction kinetics between Li-S and
Li-Se chemistries. First, it's important to note that elemental
selenium generally exhibits several orders of magnitude higher
electrical conductivity than elemental sulfur, as mentioned
earlier. This higher electrical conductivity facilitates faster
charge transfer during electrochemical reactions, enhancing
overall rate performance of electrochemical cells.*® Another
primary factor that significantly enhances the solid-state reac-
tion kinetics in Li-Se chemistries compared to Li-S chemistries
is the superior ionic conductivity of the final reaction product,
Li,Se, in contrast to Li,S. Previous studies have revealed that the
migration barrier for Li-ions in Li,Se is much lower than that in
Li,S."** In solid-state battery systems, mass transport kinetics
are pivotal factors influencing the rate of reaction.>** Conse-
quently, the higher ionic conductivity of Li,Se formed within
cathodes during the electrochemical reaction plays a substan-
tial role in accelerating the reaction rates. Furthermore, the
effective mitigation of polyselenide formation thorough
confinement in sub-nano spaces further facilitated our ASSL-
SeBs to exhibit superior rate performance even under RT oper-
ation. These features highlight the potential of Li-Se
chemistries, which achieve superior rate performance and the
capability of RT operation in solid-electrolyte systems that are
not attainable through Li-S chemistry. Furthermore, the excel-
lent long-term cycling stability of our ASSLSeBs is confirmed by
the cycle test in Fig. 3d. This ASSLSeB maintainsa 250 mAh g™*
capacity at 2C, even after 200 cycles. To demonstrate the supe-
rior performance and potential of our ASSLSeB, we conducted
a comparison with all-solid-state lithium batteries (ASSLBs)
composed of CPE and conventional cathodes (NMC111 and
LFP). In contrast to our ASSLSeB, the ASSLB employing the
NMC111 cathode exhibits rapid capacity degradation within 50
cycles. The oxidation stability of PEO-based solid electrolyte was
unsuitable with the operation voltage window of NMC-based
cathodes without any stabilization treatment, resulting in
degradation of PEO causing fatal damage to the electrolytes—
electrodes interfaces.®>® In contrast, the ASSLB composed of
conventional LFP cathode and CPE shows stable capacity
retention during the cycle test. However, its capacity was far
lower than our ASSLSeB after 200 cycles (250 vs. 75 mA h g™ )
based on the intrinsically lower theoretical capacities. These
compelling results suggest the electrochemical superiority of
Li-Se chemistry within polymer-based solid electrolyte systems
when compared to conventional cathode materials under the
same conditions.

As highlighted in our previous discussion, the primary
advantages of our CPE-enabled ASSLSeBs lie in their ease of
manufacture, which distinguishes them from previously re-
ported ASSLSeBs."*® To showcase these advantages, we fabri-
cated a pouch-type, solid-state Li-Se battery with 4 cm x 4 cm
electrodes, as shown in Fig. 4a. A preliminary open-circuit-
voltage (OCV) test using a multimeter confirmed successful

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Design of the pouch-type ASSLSeBs. (a) Schematic of the
structure of the solid-state Li—Se pouch cell. (b) Images showing
successful operation of the solid-state Li—-Se pouch cell; (i) open-
circuit voltage confirmation and (ii) red LED operation of a single
pouch cell. (i) Open-circuit voltage confirmation and (iv) white LED
operation of two pouch cells connected in series. (c) Image of
a completely folded solid-state Li—Se pouch cell. (d) Electrochemical
cycle properties of the solid-state Li—Se pouch cell.

fabrication of the cell (Fig. 4b(i)). The powering of a red LED
upon connection further confirms its normal operational
capability (Fig. 4b(ii)). The pouch cell maintains an exception-
ally stable OCV of approximately 3.0 V throughout a 14-day rest
period at 30 °C (Fig. S15%). There is no evidence of self-
discharge, the absence of which is a necessary component of
stable storage. However, it must be noted that Li-Se batteries
operate at a lower voltage (~2.0 V) than conventional Li-ion
batteries (3.5-4.0 V). To overcome this limitation, we con-
nected two solid-state Li-Se pouch cells in series and obtained
an OCV output exceeding 5 V. This configuration enables the
successful operation of a white LED with a threshold voltage of
>3 V (panels (iii) and (iv) in Fig. 4b). Our solid-state Li-Se battery
with a CPE is also resistant to physical stress, as evidenced by its
ability to withstand folding without detrimental effects (Fig. 4c
and Video S17). Finally, Fig. 4d shows that our solid-state Li-Se
pouch cell achieves a specific capacity of 450 mA h g ' at
a current density of 0.2C for up to 40 cycles. This work illustrates
the immense potential of employing a CPE in solid-state Li-Se
batteries. However, additional research focusing on cathode
and CPE composition is needed to fully optimize the overall
performance of these systems. A greater understanding of the
synergism between a CPE and Li-Se chemistry should foster the
design of more advanced ASSLSeBs.

Conclusions

In summary, ASSLSeBs comprising a safe CPE and high-energy
Se confined within nano-dimensional carbon pores provide
solid-to-solid conversion that can fulfill the needs of modern
solid-state lithium batteries including high-energy-density, RT
operation, electrochemical stability, and ease of manufacture.
Our study also reveals the detrimental effects of higher-order
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polyselenides on polymer-based electrolytes. Our ASSLSeB
system, which is fabricated in the absence of higher-order pol-
yselenides, exhibits satisfactory rate performance at 30 °C and
outperforms previously reported solid-state Li-S batteries that
operate at elevated temperatures (45-75 °C). The ASSLSeB also
exhibits excellent cycle stability by maintaining a 230 mA h g™*
capacity over 200 cycles at a 2C-rate. Implementation of the CPE
facilitated fabrication of the first pouch-type, solid-state Li-Se
batteries. The integration of CPEs and Li-Se chemistries
described in this work constitutes a promising approach for
designing advanced ASSBs.
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