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ABSTRACT: The electrochemical performance of Li,SiON (x = 2, 4, and 6) polymer
electrolytes derived from the agricultural waste, rice hull ash (RHA, 80—90 wt % SiO,), is
reported. Silica can be extracted from RHA by base-catalyzed reaction with hexylene glycol
forming the spirosiloxane [(C¢H;,0,),Si, SP] that distills from the reaction solution.
Li,SiON polymer electrolytes form on reacting SP with xLiNH,, offering a low-cost, low-
temperature, and green synthesis route. The effect of N and Li* concentrations in the
polymer electrolytes are correlated with ionic and electrical conductivity. X-ray
photoelectron spectroscopy studies confirm that N and Li contents increase with
increasing LiNH, content. The amorphous nature and high Li" contents of the LizSiON
electrolyte provide an optimal ionic conductivity (6.5 X 107°) at ambient temperature
when coated on Celgard. Furthermore, the Li SION polymer electrolytes offer high Li*
transference numbers (~0.75—1), enabling assembly of Li symmetric cells with high
critical current densities (3.75 mA cm™2). Finally, Li-SPAN (sulfurized, carbonized
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polyacrylonitrile) half-cells with LizSiON polymer electrolytes deliver discharge capacities of ~765 and 725 mAh/g at 0.25 and 0.5 C

rates over 50 cycles.
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1. INTRODUCTION

Lithium ion batteries (LIBs) have been investigated intensively
due to their high energy and power densities that enable
applications ranging from portable electronics to vehicle
electrification.' ™ Unfortunately, the flammability of currently
used liquid electrolytes and the thermal runaway of traditional
LIBs remain as challenges regardless of significant advances in
battery management systems (BMS)." Thus, solid electrolytes
(SEs) are now highly sought due to their high thermal stability,
reduced flammability, and resistance to lithium dendrite
penetration, potentially enabling new battery designs and
chemistries that can enhance both gravimetric and volumetric
energy densities.”"® These objectives provide tremendous
motivation to synthesize promising SEs with competitive ionic
conductivities and wide electrochemical stabilities equal to or
surpassing liquid electrolytes.””"?

The discovery of LISICON (Li* superionic conductors)' "'
provided motivation to develop oxysalt Li;PO,-Li,SiO, solid
solutions targeting and realizing two order magnitude
improvements in conductivity (107 S/cm) compared to
single-phased Li;PO, electrolytes (107 S/cm)."” This
improvement is attributed to increases in Li interstitial site
concentrations.'* As P> is partially substituted by Si*,
interstitial Li* ions are introduced to the Li,PO, structure.'®
Molecular dynamic simulations of mixed Si/P compositions
reveal the formation of a continuous 3D network of Li'
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conduction pathways with a cooperative-type interstitial
mechanism. "’

Moreover, studies show that N doping of the O site in
Li;PO, promotes faster Li diffusion and improves electro-
chemical stability attributed to introduction of disorder and
decreases in electrostatic energy.'®'” The room temperature
ionic conductivity of amorphous LiPON (~3 X 107°) is 2
orders of magnitude greater than Li;PO,.'®"" This enhance-
ment is ascribed to the presence of N bridges at high Li
contents, which favors the mobility of Li and effectively
renders P/O/N immobility.'”*’

Thus, controlling the nitrogen content is key to achieving a
higher ionic conductivity.”"””> Both computational and
experimental studies have demonstrated that amorphous rather
than crystalline LiPON is a better Li conductor attributed to
increases in diffusion/conduction due to reduction of overall
electrostatic interactions and higher disorder within the
material.'???"?® Recently, we demonstrated that the
introduction of Si into Li,PON polymer electrolytes enhances
ionic conductivity and lowers the activation energy of the
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Scheme 1. Lithiation of SP to Form Li SiON Polymer Electrolytes
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polymer electrolyte (Li,SiPON) by shortening the distance
between Li" binding sites.”** With this background, here we
investigate the effect of N introduction into amorphous
Li,SiO,-like polymer analogs.

Exploration of Li'-containing oxynitrides as electrolytes has
been limited to thin-film batteries because of their low ionic
conductivities (107 S cm™") at ambient temperature.”*>** In
contrast, oxide-based SEs (LATP, LLZO, and LLTO) offer
optimal ionic conductivities (0.1—1 mS/cm) at ambient
temperature.”*~>” However, the integration of oxide SEs with
high ionic conductivities into the current battery structures
remains challenging mainly due to high resistivities at
electrode/SE interfaces.”>%*!

Most oxide SEs must be sintered at elevated temperatures to
fully densify, form target phases, and reach optimal Li"
diffusivities.”**** This limits the assembly of all solid-state-
batteries (ASSBs) as co-sintering electrolytes with electrodes
will result in unwanted interfacial layers/defects, phase
changes, electrochemistries, and degraded mechanical proper-
ties.”?"** In addition, the ceramics nature (brittleness and
stiffness) of oxide-based SEs restrict both their fabrication and
operation of ASSBs." In contrast, amorphous electrolytes
advantageously offer both isotropic Li* conduction and good
interfacial contact with electrodes.”*

Assembly of commercially viable ASSBs mandates careful
management of both fabrication and material costs especially
for SEs. McCloskey et al.*> suggest that SE costs should be
$10/m? to compete with conventional LIBs. In this light, we
recently developed a novel, amorphous polymer electrolyte,
Li,SiON, derived from rice hull ash (RHA), an agricultural
waste product.’

Scheme 1 illustrates the extraction of silica from RHA by
simple distillation of spirosiloxane, [SP = (C¢H;,0,),Si].
Li,SiON (x = 2, 4, and 6) polymers with varying Li and N
contents can be synthesized simply by reacting SP with
xLiNH,, offerin§ a low-cost, low-temperature, and green
synthesis route.”

In this work, we characterize the physical and electro-
chemical properties of Li,.SION polymer electrolytes by X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Fourier transform infrared spectroscopy (FTIR), and electro-
chemical impedance spectroscopy (EIS) studies. We also
correlate compositional and structural changes as a function of
nitrogen content and degree of lithiation with ionic
conductivities.

Thereafter, we detail the electrochemical stabilities and
diffusion kinetics of Li/Li,SiON polymer electrolyte systems in
symmetric cells. The LisSiON polymer electrolyte shows
optimal ohmic stability at current densities as high as 3.75
mAhem™2. Coincidentally, we explored transference numbers
and electrical conductivities of these polymer electrolytes. The
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compatibility of the polymer electrolyte with SPAN
(sulfurized, carbonized polyacrylonitrile) cathodes was also
investigated.”” The Li-SPAN®" half-cell with the LisSiON
polymer electrolyte delivered a specific capacity of ~725 mAh/
g over 50 cycles.

2. EXPERIMENTAL SECTION

2.1. Materials. RHA was provided by Wadham Energy LP
(Williams, CA). To remove the impurities, RHA was milled in diluted
hydrochloric acid (HCI) following the procedures described else-
where.***" Lithium amide (LiNH,) and hexylene glycol (HG) were
purchased from Acros Organics (Fair Lawn, NJ). Potassium
hydroxide (KOH), lithium metal (~0.75 mm), HCL, tetrahydrofuran
(THF), and N-methylpyrrolidone (NMP) were obtained from Sigma-
Aldrich (St Louis, MO). Prior to use, THF was distilled from sodium
benzophenone ketyl/N,. Coin cell parts and a Celgard 2400 separator
(~25 um) were purchased from MTI Corporation (Richmond, CA).

2.2. Syntheses of Li,SiON Polymer Electrolytes. Detailed
discussion about the synthesis and structural composition of the
Li,SiON polymer electrolytes can be found elsewhere.*® In brief, SP
was directly distilled out by reacting RHA with HG using a catalytic
base at 200 °C. The LiSiON polymer precursors were then
synthesized by reacting SP with various LiNH, contents (Scheme
1) to where the LINH,/SP mole ratio is in the range of ~2.1-6.6.°
The analytical methods used in this work are provided in the
Supporting Information.

2.3. Cell Fabrication. Electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), and galvanostatic cycling tests were
conducted using an SP-300 potentiostat/galvanostat (Bio-Logic
Science Instruments, Knoxville, TN). The total ionic conductivities
of the Li,SiON electrolytes dissolved in THF (0.05 g mL™") were
measured by assembling symmetric cells using a Celgard separator
(18 mm X 25 pm) and stainless steel (SS) disks (¢» = 8 mm). Prior to
electrochemical characterization, the Li,SiON polymer electrolyte,
Celgard, Li metal, and SPAN electrode (¢) = 6 mm) were stored in a
glovebox (MBRAUN) filled with Ar. For EIS tests, an AC amplitude
of 10 mV over a frequency range of 7 MHz to 1 Hz was used. The
temperature-dependent ionic conductivities were performed between
—10° and 85 °C. The electrochemical stability window of the
Li, SiON electrolyte was investigated by conducting cyclic voltamme-
try (CV) measurements at a scan rate of 1 mVs™,

Symmetric cells were assembled following the standard procedure
described elsewhere.”! To evaluate the stability and critical current
density, the Li/Celagrd+Li SiION/Li symmetric cells were cycled
between +0.75 and 3.75 mA cm™ current densities at room
temperature. Detailed electrode fabrication procedures for SPAN
electrodes can be found elsewhere.””*' The SPAN/Celgard
+LixSiON/Li half-cell was assembled in 2032 coin cells and charge/
discharge between 1 and 3 V at 0.25 and 0.5 C rates.

The Li* transference number (#;*) of the polymer electrolyte was
calculated using eq 1 as suggested by Bruce et al.**

tLi+ = ISS(U - ZO X IO)/IO(U - Zss X Iss) (1)
where I; and I are the initial and steady-state current values obtained
from chronoamperometry measurement, respectively. The initial and
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Figure 1. (a) XRD patterns and (b) FTIR spectra of Li,SiON polymer electrolytes.
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Figure 2. (a) Wide scan XPS spectra, (b) core N 1s, and (c) core Li Is plots of Li,SiON polymer electrolytes.

steady-state resistances obtained from EIS studies are represented by
Z, and Z, respectively. U represents the applied potential.

The electrical conductivities (o,) of the polymer electrolytes were
determined by using eq 2

a=(txI)/(AxU) )

where the thickness of Celgard is represented by t = 25 ym and A is
the area of the electrode (¢ = 8 mm).

3. RESULTS AND DISCUSSION

In this section, discussion focuses on the structural and surface
properties of the Li,SiON polymer precursors as characterized
by XRD, FTIR, and XPS analyses. The second part of the
discussion entails the electrochemical performance of the
Li,SiON electrolytes assessed according to ionic conductivity,
electrical conductivity, transference number, and the stability
of the Li,SiON electrolyte in symmetric and half-cell
configurations.

3.1. Compositional Characterization of Li,SiON
Electrolytes. The LiSiON precursors were dried under
vacuum/1 h/25 °C to evaporate the solvent (THF). The dried
precursors were then compacted into pellets (¢» = 13 mm) at
10 kpsi/25 °C. Figure la shows XRD patterns of the Li, SiON
pellets with broad peaks centered ~20° 26, indicating an
amorphous nature as also seen for amorphous Li,SiO, thin
films.”*** Nakagawa et al.”* report that XRD patterns of pulsed
laser deposited Li,SiO, thin films also present a broad peak at
20° 26, indicating a lack of crystallinity. Amorphous materials
often provide improved char§e carrier mobility in part by
eliminating grain boundaries.”
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In Figure 1b, FTIR spectra of the LiSiON precursors
present broad peaks at ~3400 cm™" corresponding to YN—H,
with N—H overtones at 1600 cm™'.*° The peak at ~3000 cm ™!
is assigned to yC—H. The small peak at ~2250 cm™" might be
CO, absorption by the sample due to brief air exposure. The
sharp peak at ~1400 cm™" is attributed to SN—H/C—H. Peaks
in the range of 1000—1200 cm™" arise from 1Si—O bands,**
while peaks at ~900—1000 cm™" correspond to Si—O—Li.

Figure 2a shows XPS wide scan surveys revealing signature
elements (Li, Si, O, and N). The C peak corresponds to the
formation of LiOH/Li,CO; on the surface due to brief air
exposure, supporting the FTIR data (Figure 1b). Table 1 lists

Table 1. Atomic Ratios of Li, SiON Polymer Electrolytes
Based on XPS Analyses

ratio Li,SiON Li,SiON Li;SiON
Li/Si 1.9 10.8 39.6
Si/N 8.4 33 0.85
c/0 2.4 1.3 1.6

the deduced atomic percentage of Li, SiON precursors dried at
RT/1 h/vacuum. The Li/Si and Si/N ratios increase with
increasing LiNH, content such that the LisSiON polymer
electrolyte has the highest Li concentration. The N atomic
percentage (0.7—0.8) at the surface is much lower than the
calculated values (5),*® indicating the loss of N as NH; during
overnight vacuum treatments prior to XPS studies. The N 1s
core spectra (Figure 2b) of Li,SiON polymer electrolytes show
shifts toward lower binding energies with increasing LiNH,
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Figure 3. (a) Nyquist plots of SS/Celgard+Li,SION/SS symmetric cells and (b) Li/S ratio vs ionic conductivity at ambient temperature.

content. This is attributed to the presence of covalent N—H
bonds that increase the electron density around the nitrogen
atom.”™ The Li 1s peak at ~52 eV corresponds to the presence
of Li,0,* and it seems to increase with increasing LiNH,
content (Figure 2¢).

3.2. Electrochemical Characterization of Li,SiON
Electrolytes. Figure 3a presents Nyquist plots of SS/
Celgard+Li,SiON/SS symmetric cells. The total ionic
conductivities are calculated similarly to conventional liquid
electrolytes-soaked separators. Detailed procedures can be
found elsewhere.”’ Table 2 lists the obtained total ionic

Table 2. Total Ambient Ionic Conductivities of Celgard
+Li,SiON Polymer Electrolytes

polymer electrolytes conductivity (S/cm)

Li,SiON 62 +02x 1077
Li,SiON 2.5+05 % 107
LigSiON 6.5 + 0.03 X 107°

conductivities of the polymer electrolytes. The Celgard
+LigSiON polymer electrolyte shows the highest Li*
conductivity of ~6.5 X 107 S/cm at ambient temperature.
The ionic conductivity improves by an order of magnitude for
Li,SiON polymer electrolytes, suggesting that increasing the Li
content does improve the conductivity.

Studies have shown that the ionic conductivity of Li,SiPON
electrolytes is higher than lithium silicophosphate, attributed to
the introduction of N, which presumably reduces electrostatic
interactions.”"*® However, typically N-doped lithium silico-
phosphates and lithium phosphates are synthesized using gas-
phase deposition techniques, which are costly and require
complicated steps to produce thin films, making them
challenging for the assembly of ASSBs."”~* In contrast, here
we demonstrate a facile polymer precursor route to Li,SION
electrolytes impregnated on Celgard with optimal ionic
conductivity at ambient temperature. Furthermore, our
materials are derived from a plentiful agricultural waste
(RHA), making them attractive from both a cost and
environment-friendly perspective.

One effective method of increasing the ionic conductivity of
electrolytes is to increase the charge carrier density and
mobility of the charged species. The former is difficult to attain
using gas-phase deposition methods, as previously reported by
multiple groups,”””" as Li concentrations seem to approach an
upper limit of 3, nearly irrespective of the deposition method.
Nimisha et al.’” report that N, flow rate is a key process
parameter in gas-phase deposition techniques that governs the
ionic conductivity of N-doped thin films. However, increasing
the N, flow (40 sccm) rate results in a reduction in sputterin,
rate and a decrease in ionic conductivity of LiPON thin films.’
Here, we demonstrate that the ionic conductivity increases
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Figure 6. Nyquist (a—c) and chronoamperometry (d—f) plots of Li/Celgard+Li,SION/Li cells.

linearly with Li/Si ratio (Figure 3b). The polymeric route
allows control of Li* and N concentrations by adjusting initial
LiNH, amounts.

In addition, the amorphous nature of the polymer electrolyte
likely provides isotropic Li* conduction, eliminating grain
boundary resistivities. Nakagawa et al.”* report that the ionic
conductivity of Li,SiO, amorphous films deposited by PLD is
~4 X 1077 S/cm at ambient temperature. The N-doped
Li,SiO, polymer electrolyte on Celgard exhibits an order of
magnitude higher conductivity compared to the amorphous
thin film fabricated by gas-phase deposition techniques.

Figure 4a presents typical Nyquist plots for SS/Celgard
+LigSiON/SS cells, where AC impedance measurements were
performed from —10° to 85 °C. The linear fit to the Arrhenius
plot permits calculating the activation energy (0.28 eV) for the
LizSiON electrolyte. Table S1 lists the total ionic conductiv-
ities of the LigSiON electrolyte on Celgard heated to selected
temperatures. In comparison, the reported activation energy of
amorphous Li,SiO, is 0.62 eV.**

In polymer electrolytes, the anions are typically responsible
for ionic conductivity as the cations form a liable bond with
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polar groups of the host polymer matrix. Figure 4b shows the
two regions for the ionic conductivity vs temperature (1000/
T) plots, where the ionic conductivity gradually increases (<25
°C) and the region where conductivity abruptly increases (>25
°C). At high temperatures, the energy is large enough to
overcome potential barriers, facilitating the mobility of ionic
charge carriers.>®

The representative I -U relations of Li/Li,SiON/Li
symmetric cells are shown in Figure Sa—c. As expected from
Ohm’s law, I shows a linear increase with applied potential.
The Li,SiON, Li,SiON, and LicSiON polymer electrolytes
exhibit an average electrical conductivity of 2.7 + 1.4 X 107",
6.4 + 0.4 X 1077, and 2 + 0.1 X 107° S/cm, respectively, as
summarized in Table S2. The electrical conductivity appears to
increase with increasing LiNH, content, supporting the XPS
studies shown in Figure 2b. The electron density seems to
increase with increasing added LiNH, content, which results in
a decrease in binding energy of N 1Is.

In addition to the ionic and electrical conductivity, the
transference number (t;") is a key factor to evaluate the
electrochemical performance of the polymer electrolyte.”
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Electrolytes with high t;;" values enable fast charge—dischar%e
capabilities regardless of relatively low ionic conductivities.”
Furthermore, electrolytes with high #;* values are reported to
suppress lithium dendrites and facilitate long cycling with
metallic Li anodes.’®”” The Nyquist plots of the Li/Celgard
+Li,SiON/Li symmetric cells before and after chronoamper-
ometry measurements at ambient temperature are shown in
Figure 6a—c. The Nyquist plots show two semicircles at high
and low frequencies attributed to impedance of the polymer
electrolytes and solid electrolyte interface (SEI)/charge-
transfer resistance at the metallic Li electrode, respectively.

The impedance spectra show that the symmetric cells
assembled with Li,SiON and Li,SiON electrolytes exhibit
lower total resistivities after steady-state current. However, the
Li/Celgard+LizgSiON/Li symmetric cells show (Figure 6c)
slightly increased resistivity after chronoamperometry measure-
ments. This increase in resistivity is correlated with the
formation of an SEI layer and charge-transfer resistance due to
the high electrical conductivity of the LisSiON polymer
electrolyte. Figure 6d—f presents the chronoamperometry plots
for the Li/Celgard+LisSiON/Li symmetric cells after stabiliz-
ing for 1 h. Since the impedances of the polymer electrolytes
were lower than the interfacial impedance, the steady-state
method used in this work should be considered more of a
qualitative than a quantitative study.

The t;;* values were further confirmed by using data from
the DC polarization experiments per eq 3

+

t.t=0,"/(co + o,

)

where o;" is the ionic conductivity of the polymer electrolytes
deduced from the Nyquist plots shown in Figure 3a and o,
represents the electrical conductivity obtained from the DC
polarization studies (Figure S).

Table 3 summarizes the #;;* values of the Li, SION polymer
electrolytes calculated using eqs 1 and 3. The Li—SiON

Table 3. Comparison of t;* Calculated Using eqs 1 and 3

chemical interaction seems to facilitate a higher Li* mobility as
indicated by increased f;;" for the Li,SiON polymer electro-
lytes. In traditional liquid electrolytes and dry solid polymer
electrolytes, both the cations and anions are mobile species
resulting in a decrease in the t;;*, which is generally <0.5 due to
electropolarization from anion buildup. The electropolarization
can lead to a decrease in the overall electrochemical
performance due to high internal resistances, voltage losses,
and dendrite growth. By anchoring anions to the polymeric
backbone, the Li,SiON polymer electrolytes with ;" (~0.75—
1) can overcome such challenges as faced by liquid electrolytes.

The calculated t;;* values for the Li,SiON electrolytes using
both DC polarization and chronoamperometric studies are in
good agreement (Table 3). The increase in electrical
conductivity results in a relatively lower f;;" value for the
LigSiON polymer electrolyte. Studies show that both structural
design and material selection can significantly improve the #;"
values of electrolytes. The migration of anions in polymers can
be reduced by anchoring the anions to the polymer backbone
or by adding anion receptors that can favorably interact with
anions.”® The heterojunction and space charge region between
the polymer electrolyte and metallic Li electrodes should be
studied further to elucidate the ion conduction mechanism and
anion mobility.

In addition to #;* measurements, electrochemical stability
window is an important parameter needed in evaluating the
potential stability range for any polymer electrolyte. The
electrochemical stability of the Li,SION polymer electrolyte
was evaluated by assembling a three-electrode half-cell (Li/
Celgard+Li,SiON/SS), where metallic Li was used as both the
reference and counter electrodes and SS was used as a working
electrode. The electrochemical stability of the polymer
electrolyte must be compatible with the operating potential
of the electrodes to be considered for practical battery
applications. The development of ASSBs with high energy
densities strongly relies on the stability of the polymer
electrolyte at high potentials.

sample t,;* from eq 1 t;* from eq 3 Figure 7a presents CV plots for the Li/Celgard+LisSiON/SS
Li,SiON 0.9 + 0.03 1+ 002 half-cells between potential ranges of —1 to 6 V at 1 mV/sec.
Li,SiON 0.8 + 0.06 0.79 + 0.04 Li plating and stripping phenomena are demonstrated by the
LigSiON 0.73 + 0.08 0.76 + 0.06 anodic and cathodic peaks at ~0 V, indicating that the Li* ions
diffuse through the polymer electrolyte and plate onto the
working electrode. Good electrochemical stability is demon-
a) 25 . P b
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Figure 7. (a) cv plot of Li/Celgard+LisSiON/SS at a sweep rate of 1 mV/sec and (b) galvanostatic cycling of Li/Celgard+LisSiON/Li symmetric

cells at ambient temperature.
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Figure 8. (a) Cycle number vs specific capacity and Coulombic efficiency and (b) potential vs charge/discharge profile at selected cycles for
SPAN/Celgard+LicSiON/Li half-cells cycled between 1 and 3 V at ambient temperature.

strated by the quite small current response at a high voltage
(~4.5) vs Li/Li*. The current response difference between the
polymer electrolyte is attributed to variance in electronegativity
of the framework (Figure S1). The increase in Li/Si ratio of
the polymer precursor is postulated to decrease the covalency
of the Li—N framework, resulting in a decrease in the
antibonding energy state.’”

After investigating the electrochemical stability and trans-
ference number of these polymer electrolytes, we now focus on
the Li* plating/stripping behavior by charging/discharging the
Li/Celgard+Li, SiON/Li symmetric cells at ambient temper-
ature (Figure S2). Galvanostatic measurements with a constant
current density of 0.75—3.75 mA cm ™2 were used to determine
the stability of the LigSiON polymer electrolyte and Li metal
(Figure 7b). The Li/Celgard+LizSiON/Li symmetric cell
follows ohmic behavior at both low and high critical current
densities, delivering an average interfacial resistance of 8 Q-
cm®. The voltage response is stable at a high current density of
3.75 mAh/cm?, meeting the recéluirement of electrolytes to
enable the assembly of ASSBs.®”°’

The obtained critical current density for the polymer
electrolyte is significantly higher than what is reported for
inorganic solid electrolytes with higher ionic conductivities
(0.1 mS/cm) at ambient temperature. Irrespective of the use of
numerous engineering processes, ie., polishing, grinding,
surface modification, and melting of metallic Li to bind with
electrolyte surfaces, voids/pores, grain boundaries, and surface
impurities exist in most oxide-based inorganic solid electro-
lytes." These surface impurities provide pathways for Li
dendrites to penetrate, resulting in low critical current densities
(<0.5 mA cm™2).*

During the past decade, Li—S batteries have drawn intense
attention as candidates for next-generation energy storage
technologies owing to their high theoretical capacity (1672
mAh/g) and specific energy (2600 Wh/kg).”” Part of the
motivation comes from the fact that sulfur is low cost,
abundant, and an environmentally friendly resource, making it
a very promising cathode material®* Due to its structural
framework, SPAN cathodes are known to suppress polysulfide
shuttle effects and facilitate fast charging capabilities.

Thus, we investigated the stability of the LigSiON electrolyte
with a SPAN cathode, metallic Li anode. The current density
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and gravimetric capacity were calculated based on the mass of
sulfur in the cathode (1 C = 1672 mAh/g = 1 mA/cm?). The
half-cell delivered an initial discharge capacity of ~1300 mAh/
g at ambient temperature (Figure 8a). The reversible capacity
was ~850 mAh/g at 0.25 C, which gradually decreased to 765
mAh/g after 30 cycles. Fast cycling at 0.5 C resulted in a
reversible capacity of 725 mAh/g for the rest of the 20 cycles.
The increase in Coulombic efficiency at earlier cycles indicates
the formation of side reactions; however, the half-cell
maintained a high Coulombic efficiency of ~100% after 15
cycles attributed to the high #;;* value and optimal ionic
conductivity of the LisSiON polymer electrolyte. Figure 8b
shows the discharge (1.7 V) and charge plateaus (2.2 V) of Li-
SPAN half-cells at selected c-rates corresponding to lithiation
and delithation processes, respectively.

4. CONCLUSIONS

We present the detailed electrochemical performance of the
Li,SiON polymer electrolyte, derived from RHA, an
agriculture waste product. XRD studies show the amorphous
nature of the Li SiON polymer electrolyte dried at ambient
temperature. The amorphous nature coupled with the high Li
and N content resulted in an optimal conductivity of the
LigSiON electrolyte (~6.5 X 107 S/cm) at ambient
temperature and low activation energy (0.28 eV). The
Li,SiON polymer electrolytes also exhibit a high Li" trans-
ference number (~0.7—1) attributed to the polymer frame-
work with low anion mobility. The wide electrochemical
stability of the Li,SiON polymer electrolyte makes it attractive
for high energy density applications. Most importantly, the
polymer electrolyte enabled the assembly of Li symmetric cells
with a high critical current density (3.75 mAh cm™2), making it
desirable for fast charging applications. Finally, we assembled
half-cells using SPAN as the cathode, Celgard+LisgSiON as the
separator/electrolyte, and Li metal as the anode. The Li-SPAN
half-cell delivered a reversible capacity of ~725 mAh/g at 0.5
C over 50 cycles.
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