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Solid polymer electrolytes (SPE) have attracted considerable attention as electrolytes for solid-state batteries due
to their toughness, high safety, and ionic conductivities that can be comparable with liquid electrolytes, espe-
cially at higher temperatures. However, polymers have low elastic moduli, which decrease at higher tempera-
tures, limiting their ability to reduce dendrite formation. Mechanical blocking is one method of improving the
interfacial layer and reducing dendritic growth but requires the elastic modulus of the polymer to be high enough
to suppress lithium dendrites growth. Previous studies have focused on using unary metal oxides, which are
limited by the percent of additives that can be included in the polymer before causing negative effects on
electrochemical properties. In this study, we demonstrate a new strategy for improving the performance of
polymers by synthesizing a multielement oxide (MEO) filler, AITiMgLiO, to create a composite SPE with
enhanced electrochemical performance. The synthesized AlTiMgLiO-containing SPE resulted in a voltage win-
dow of 0-6.18 V and a lithium transference number of 0.42. The overpotential voltage during galvanostatic
cycling was reduced due to the improvements made to the morphology. The improvement of the interfacial layer
reduced Li dendritic growth, resulting in a capacity of 99.68 mAh g™! after 500 cycles, and a capacity retention
of 78.69 %. The possible reasons for the improvement are discussed, providing a direction for future studies on
the use of multielement materials as fillers in solid polymers electrolytes.

1. Introduction

The use of lithium-ion batteries (LIBs) to power modern conve-
niences has been increasing over the past two decades. Despite cost
reductions, many LIBs are facing more stringent performance re-
quirements such as higher energy density, fast charging capabilities,
improved safety, and longer cycling life. Current graphite anodes are
nearing their limits to meet these performance demands, and new an-
odes are required. The ideal anode for future LIB is Li metal due to its
high theoretical specific capacity (3860 mAh g™ 1), light weight (0.59 g
em™3), and lowest negative potential (—3.040 V vs. standard hydrogen
electrode) [1]. Unfortunately, due to Li dendrite growth during charge/
discharge cycling, the Li metal anode has seen limited commercialized
success. The dendritic growth problem can be solved by replacing the
liquid electrolytes found in current LIB with solid polymer electrolytes
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(SPE). SPE are light weight, easy to manufacturer for large-scale pro-
duction, low cost, and has high mechanical toughness [2-5]. The most
promising and widely studied polymer for polymer electrolytes is
polyethylene oxide (PEO). One advantage that PEO has over other
polymers is its low glass transition (Tg) temperature of —60 °C [6]. In
fact, ionic conductivity in PEO is low (10721078 S ecm™1) at room
temperature due to decreased carrier mobility in the crystalline region
and increases above the melting temperature (~60 °C) [7,8]. The
amorphous phase of the polymer is the main reason for the migration of
ions [7]. Due to the high reactivity of Li metal, reactions can occur at the
Li metal|polymer interface resulting in poor electrochemical perfor-
mance and decreased lifespans [9,10]. During cycling, this interfacial
layer growth can lead to uneven morphology, larger impedances, in-
creases in overpotential voltages, poor battery lifespans and Li dendritic
growth that can easily pierce the soft SPE [11-13]. While PEO can have
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moderate ionic conductivities, it also has a low Young’s modulus of
205-633 MPa depending on the molecular weight of the polymer [14].
The highest conductivities are found at higher temperatures (~60 °C) in
the amorphous region, while the best mechanical properties are found at
lower temperatures (~20 °C) in the crystalline region. Mechanical
studies of PEO have shown that the shear modulus of the electrolyte
should be twice as high as the Li anode (~10° Pa) in order to suppress
dendritic growth [1].

To overcome the limitations of PEO, fillers such as TiO,, Al;Os,
LiAlO,, and LigN have been added to the polymer matrix to increase
their electrochemical and mechanical properties [15,16]. The inorganic
particles can change the crystallization, mechanical strength, thermal
stability, ionic conductivity, and ion transport of the polymers [17-22].
Additionally, compositions such as Lithium Lanthanum Titanate (LLZO)
have been employed as additive due to their high ionic conductivities
(~107* S em™1) [8]. While incorporating additives into the polymer
structure can improve mechanical performance by increasing the shear
and elastic modulus, at high weight percentages, these additives can
cause adverse effects on the electrochemical properties and process-
ability of the polymer [8,15,23].

In this study, we report on the use of a multielement oxide (MEO) as
an filler for PEO-based solid polymer electrolytes (SPE). Multielement
materials, due to synergestic contributions of elements, have shown to
provide high chemical, structural, and electrochemical stability [24,25].
These benefits make multielement materials promising candidates for
improving the performance of SPE. In our work, LIBs made from the
MEO incorporated SPEs showed capacity of 99.68 mAh g ! after 500
cycles, resulting in a capacity retention of 78.69 % at 1C. The improved
properties resulted in a more uniform and stable morphology, resulting
is less degradation and higher capacity retention while also increasing
and stabilizing the Coulombic efficiency.

2. Materials and methods
2.1. Materials

Polyethylene oxide (PEO) (My, = 1,000,000), Bis(trifluoromethane)
sulfonamide lithium salt (LiTFSI, 99.95 % trace metals basis), and
Acetonitrile (>99.9 %) were purchased from Sigma Aldrich and used as
received. The multielement oxide fillers were synthesized using a ball
milling and sintering technique [26,27]. Precursors for the MEO
(AITiMgLiO) of aluminum oxide (>98 % Aly03), titanium (IV) oxide
(nanopowder <25 nm, 99.7 %), magnesium oxide (>99 %, —325 mesh)
and lithium carbonate (99.997 %) were purchased from Sigma Aldrich
and used as received.

2.2. Preparation of MEO additives

The MEO filler was synthesized using a ball milling and sintering
technique. The binary metal oxide precursors were combined in equi-
molar amounts (0.002 mols) and ball milled using a SPEX SamplePrep
Mixer/Mill 8000 M for 300 min. After ball milling, the powder was
pressed into a 15 mm pellet at 250 MPa. The pellet was then free sintered
in a Thermo Scientific Lindberg Blue M oven at 1020 °C for 12 h. After
sintering, the pellet was ball milled back into a powder.

2.3. Preparation of PEO-based solid polymer electrolytes

The PEO-based solid polymers were prepared by a solution casting
method. A stock solution of 500 mg of PEO and 181.04 mg of LiTFSI salt
was dissolved in acetonitrile. The salt concentration was kept constant in
all SPE at EO:Li = 18. Various amounts of the MEO powder were added
to each stock solution. Three sets of samples were made for study con-
sisting of no additive, 10 wt% MEO additive, and 60 wt% MEO additive
referred to as SPE-0, SPE-MEO-10, and SPE-MEO-60. The polymer with
no additive served as a control case. The 10 wt% MEO filler was the
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result of a concentration study to find the polymer with the highest ionic
conductivity at room temperature. The 60 wt% MEO additive SPE was
used as an extreme case of additive to study the effects of high con-
centrations. For additional electrochemical comparison, SPEs were
cycled with a unary composition made with 10 wt% fillers of Al;Os3,
referred to as SPE-Al;03-10. The solution was stirred for 8 h at room
temperature until well mixed. The slurry was then cast into a Teflon
petri dish and dried at 40 °C for 3 h to remove the acetonitrile, then
moved to a vacuum oven to dry at 60 °C for 12 h.

2.4. Characterization

Field emission scanning electron microscope (FESEM) and energy
dispersive spectroscopy (EDS) measurements were performed on a 30-
kV JEOL JSM-IT500HR operated at accelerating voltage of 5 kV.
Selected area diffraction pattern (SAED) collection and Energy disper-
sive spectroscopy (EDS) were performed using an aberration corrected
JEOL ARM200CF with a cold field emission gun operated at 200 kV,
equipped with an Oxford X-max 100TLE windowless X-ray detector.
XRD was performed on a Bruker D8 with a 26 range of 10° to 85° at
1600 W (40 kV, 40 mA). The resolution was 0.02° with time steps of 1.5
s. The thickness of the SPE was measured at several locations with a
Rexbeti digital micrometer with a 0.001 mm resolution.

2.5. Cell assembly

The electrochemical properties of the SPEs were determined after
assembly in a CR2032 coin cell in an argon filled glovebox. EIS tests
were conducted on SS || SPE || SS cells (where SS refers to stainless steel)
as seen in Fig. S1A. The cycling tests were performed on LFP || SPE || Li
cells as seen in Fig. S1B with a cathode material composed of LiFePO4
(LFP), Super P carbon black 99 + % and polyvinylidene fluoride (PVDF)
by weighed ratios of 70:15:15 and cast onto aluminum foil. N-methyl
pyrrolidone (NMP) was used as the solvent. The active material loading
of LFP was 1.57 mg cm 2. Lithium metal (thickness 0.25 mm) was used
as the anode. The SPE was punched into 17 mm discs from the main
casting and ranged in thickness from 153 to 247 pm depending on MEO
filler amount. The SPE was used directly as the electrolyte and mem-
brane in each cell. The voltage range during cycling was 2.5-4.2 V ata
rate of 1C (1C = 160 mAh) and a temperature of 80 °C. The LSV was
performed on a Li || SPE || SS cell as seen in Fig. S1C. The over potential
test was performed on a Li || SPE || Li cell as seen in Fig. S1D.

2.6. Electrochemical measurements

All testing was performed on a BioLogic VMP3. Cyclic Voltammo-
gram (CV) tests were conducted in a potential window of 2.5-4.2 V at
0.1 mVs~! and a temperature of 80 °C. The ionic conductivity of the SPE
was measured using electrochemical impedance spectroscopy (EIS) with
a frequency range of 10° Hz to 10~ Hz with a 10 mV potential ampli-
tude. The cells were assembled using a 2032 coin cell, two stainless steel
blocking electrodes and the SPE in an argon filled glovebox.

The charge/discharge tests were performed in the voltage range of
2.5-4.2V at 1C (1C = 160 mAh) and a temperature of 80 °C. The lithium
ion transference number (tfi) of the SPE was measured at 80 °C using AC
impedance and DC polarization in Li || SPE || Li symmetrical cells. The
DC voltage (AV) was 10 mV and the impedance was measured between
1 MHz and 0.01 Hz with an oscillation voltage of 10 mV. The over po-
tential of the SPE was measured at 80 °C with a current of 20 pA cm ™2
and a 60 min charge/discharge cycle [28].

3. Results and discussion

A common method for making polymer electrolytes is to use the
casting process. Polymer and MEO fillers were mixed together and then
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cast into a sample holder and dried. The casting process is described
below in the Experimental Procedures section. The MEO fillers were
synthesized using a ball milling and sintering technique, which was
chosen based on the desired elements used for the MEO filler. The full
process description can be found below in the Experimental Procedures
section.

3.1. Structure of AITiMgLiO MEO powder

The morphology of the MEO fillers and the various SPE were
analyzed using SEM and TEM, as shown in Fig. 1A. The particles
exhibited an irregularly shaped structure with an average particle size of
204 nm (Fig. S2). A TEM image of the AITiMgLiO particles is shown in
Fig. S3. X-ray diffraction (XRD) was utilized to characterize both the SPE
and the MEO additive. The XRD pattern for the AITiMgLiO MEO powder
can be seen in Fig. 1B, which revealed that the synthesized particles can
be characterized as a cubic spinel crystal phase with a lattice constant of
8.11 £ 0.02 A [29,30]. The corresponding selected area electron
diffraction (SAED) pattern for the additive powder is depicted in Fig. 1C,
which displayed the planes for 111, 220, 311, 400, 420, and 262 that
were also found in the XRD results, confirming the spinel crystal struc-
ture of the MEO additive. However, additional peaks not attributed to
the spinel crystal structure were present in the SAED and XRD pattern,
representing areas of the MEO particles that did not coalesce into a
single solid solution during synthesis. The mixing entropy appear to not
be high enough to form a single solid solution under typical synthesis
conditions used during particle synthesis and requires increased tem-
peratures during the heat treatment process. The lower entropy causes
some elements to mix unevenly, resulting in added distortions to the
crystal structure. The distortions can lead to additional peaks forming in
the XRD pattern [29,31]. The STEM-EDS map displayed in Fig. 1D
demonstrated that Ti, Mg, and O were well-mixed, with areas of Al not
uniformly mixed showing that Al did not fully coalesce into the spinel
phase. The uneven mixing seen in the STEM-EDS map confirms the
additional peaks found in the XRD spectrum.

The XRD pattern of SPE-0, SPE-MEO-10, and SPE-MEQ-60 are shown
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in Fig. 2D. SPE-0 has two main peaks located at 26 of 19.09° and 23.26°
which appear in all SPE samples. These two peaks are the result of the
PEO crystalline phases in the polymer [32]. There was no discernible
difference in XRD pattern between the SPE-0 and SPE-MEO-10 SPE. SPE-
MEO-60 had several of the higher intensity peaks found in the MEO
additive start to appear in the XRD pattern of the SPE. The appearance of
MEO particle peaks in the XRD pattern of SPE-MEO-60 indicates the
successful incorporation of the MEO additive into the polymer matrix.
The presence of these peaks suggests that the MEO particles retained
their crystal structure in the polymer and did not undergo significant
chemical changes during the casting process.

3.2. Microscopy of PEO solid polymer electrolyte

The optical images for the SPE-0, SPE-MEO-10, and SPE-MEO-60 are
shown in Fig. S4. The SPE are flexible and ranged in thickness from 153
to 247 pm. The morphology of the microsctructure for SPE-0, SPE-MEO-
10, and SPE-MEO-60 are shown in Fig. 2A, B, and C, respectively. SPE-
0 exhibits a spherulitic structure due to the addition of the LiTFSI salt
[33]. As MEO is added to the PEO, the spherulitic structure reduces in
size for SPE-MEO-10 and completely disappear in SPE-MEO-60 speci-
mens. These spherulites can be corrolated to the crystalline phase in the
PEO, and the decrease in their size suggest an increase in amorphous
portion of PEO [34]. The high-resolution SEM image of the SPE is
depicted in Fig. S5, which illustrates the disintegration of the spherulite
structure with the addition of increasing amounts of MEO fillers.

3.3. Ionic conductivity of solid polymer electrolyte

Electrochemical impedance spectroscopy (EIS) was performed on all
of the SPE to determine the bulk resistance of the membrane. EIS pat-
terns for multiple test cells can be seen in Fig. S6 (SPE-0), Fig. S7 (SPE-
Al,03-10), Fig. S9 (SPE-MEO-10), and Fig. S10 (SPE-MEO-60) at tem-
peratures ranging from 30 °C to 80 °C. The bulk resistance of each
electrolyte decreases as the temperature increases and reaches a near-
constant value around 50 °C, close to the melting temperature (Ty,) of
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the PEO. Above Ty, the PEO becomes more amorphous, and its crys-
tallinity increases below Ty, leading to changes in bulk resistance. The
bulk resistance (Rp) and Eq. (1) were used to calculate the ionic con-
ductivities at various temperatures, where L (cm) represents the thick-
ness of the SPE, S (cm2) represents the area of the stainless-steel
electrode, and Ry, (Q) represents the bulk resistance of the electrolyte
membrane, as measured by EIS.

L

G:R (€D)]

Fig. 2F shows the plot of the ionic conductivities for SPE with varying
MEQ fillers. The ionic conductivity of SPE-0 is 4.65 x 1078 S cm™! at
30 °C and reaches a maximum of 9.94 x 10~*S cm™! at 80 °C. SPE-MEO-
10 has an ionic conductivity of 2.00 x 107 S cm™! at 30 °C and a
maximum of 8.39 x 107* S cm™! at 80 °C, while SPE-MEO-60 has an
ionic conductivity of 7.73 x 1077 S cm™! at 30 °C and a maximum of
3.55 x 10~*S cm ™! at 80 °C. Shown in Fig. S8, the ionic conductivity of
SPE-Al,03-101is 1.39 x 107°S cm™! at 30 °C and reaches a maximum of
6.78 x 107* S cm™! at 80 °C. The ionic conductivity in SPE-MEO-10 is
lower than that found in SPE-0 across all temperatures, and as more filler
is added, the ionic conductivity is further reduced. Several factors
contribute to the overall ionic conductivity found in a polymer. One
factor could be related to the increase of mechanical properties of the
electrolyte by the addition of fillers. A common explanation for ionic
conductivity in PEO is attributed to the segmental motion of the amor-
phous regions [36,37]. It is well known that the increase in mechanical
properties of polymer electrolytes can cause a decrease in ionic con-
ductivity [35]. A stiffer electrolyte restricts the segmental motion in PEO
and decreases the overall conductivity [38]. Similar results have shown
that adding non-conducting fillers reduces conductivity in polymer
electrolytes [39]. In this work, the designed SPE became stiffer as a
result of more MEO being added, which can be a factor in the overall
decrease in conductivity found in SPE-MEO-10 and SPE-MEO-60

electrolytes in comparison to the SPEs with no MEO fillers.

As shown in Fig. 2F, the ionic conductivities exhibit different slopes
in the low-temperature regions (30 °C - 50 °C) compared to those in the
high-temperature regions (60 °C - 80 °C). To analyze this difference, we
calculated the activation energies for the SPE using Eq. (2), where A is
the pre-exponential factor, k is the Boltzmann constant, ¢ is the ionic
conductivity, and E, is the activation energy for lithium-ion conduction
[40].

—E
c=A exp( kTa>

The activation energies are summarized in Table 1, showing values
ranging from 61.32 to 70.67 kJ mol ! in the low-temperature region and
15.63-22.04 kJ mol ! in the high-temperature region. The difference in
activation energies is attributed to the recrystallization of PEO from the
amorphous state when it is cooled to the transition temperature of 60 °C
[8]. This crystallization leads to slower lithium transport through the
PEO explained by the higher activation energy values at 30-50 °C [8]. In
the 30-50C region, the addition of 10 wt.% MEO did not change the
activation energy indicating that the ionic conductivity is still goverened
by PEO.[34] However, the activation energy increased for SPE-MEO-60
specimens pointing to possible heterogeneous distribution of fillers in
PEO that may cause agglomoration of fillers. At high temperatures, all
SPE specimens showed decrease in activation energy, which is expected

(2)

Table 1
Activation Energy (E,) summary for polymer electrolytes.

Electrolyte Below melting point Above melting point
30-50 °C /kJ mol ™" 60-80 °C / kJ mol ™"

SPE-0 62.38 16.82

SPE-MEO-10 61.32 22.04

SPE-MEO-60 70.67 15.63
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in PEO materials due to ease of segmental motions.

3.4. Electrochemical performance of solid polymer electrolyte

3.4.1. Lithium transference number

The results of the DC polarization and impedance spectra are shown
in Fig. S11. The calculated values for the lithium-ion transference
number (t;) for SPE-0, SPE-MEO-10, and SPE-MEO-60 are summarized
in Table 2. These values were calculated using Eq. (3), where currents I,
and I represent the initial and steady state currents during DC polari-
zation, and R, and R represent the electrode resistances before and
after polarization, respectively [41].
. L, (AV—1LR,)
L=, (AV — I4Ry,) 3

As seen in Table 2, the values for t;; initially increase as more MEO is
added, resulting in an increase in t;; for SPE-MEO-10. This increase in
transference number can be corrolated to higher dissociation of Li ions
from their anion compartments in LiTFSI salts due to the presence of
multielement particles. It is expected that the presence of Al, Ti and Mg
cations in MEO results in stronger interactions with salt anions leading
to more mobile Li ions. However, once the SPE reaches 60 wt%, the t};
decreases to below the t;; found in SPE-0. This decrease in t}; is attributed
to the filler having a blocking effect, resulting in higher scattering of Li
ions moving across the SPE. The transference number has a large impact
on the electrochemical performances of Li ion batteries [1]. According to
simulations, a t;; that approaches unity results in Li dendrite growth that
theoretically stops as Li metal can be reversibly plated and stripped in
the electrolyte [42]. The improvement to t;; in SPE-MEO-10 should slow
down Li dendrite growth compared to SPE-0.

3.4.2. Linear sweep voltammetry

The electrochemical stability of the SPE is an important parameter to
determine practical applications as an electrolyte in lithium-ion batte-
ries. To determine the stability of the SPE, linear sweep voltammetry
(LSV) was performed. As shown in Fig. 2E, both SPE-MEO-10 and SPE-
MEO-60 are found to be more stable than SPE-0. There was no anodic
current in SPE-MEO-10 until 6.18 V, and SPE-MEO-60 showed no cur-
rent until 6.55 V. SPE-0 started showing current flow at 4.66 V. Above
these voltages, the SPE will start to decompose due to oxidation re-
actions. The larger voltage window is attributed to the MEO additive of
Al, Ti, and Mg, as such metal oxides are known to be good insulators due
to high resistivity and high dielectric constants [43-46]. The higher
stability voltage windows found in the SPE-MEO-10 and SPE-MEO-60
indicate the potential of MEO-polymer composites for use in high
voltage lithium batteries.

3.4.3. Voltage polarization

To further study the electrochemical stability of the SPE, the voltage
polarization of the SPE was investigated. Fig. 3 shows the overpotential
values with a current density of 20 pA cm 2. SPE-0 had an average over
potential of —10.66 mV on the negative potential and 10.10 mV on the
positive potential, with an absolute min of —12.1 mV and an absolute
max of 11.6 mV. SPE-Al;03-10 had an average over potential of —12.40
mV on the negative potential and 11.36 mV on the positive potential,
with an absolute min of —17.5 mV and an absolute max of 15.1 mV. SPE-

Table 2
Measured values of parameters from Eq. 3 with corresponding lithium ion
transference numbers (t;) at 80 °C.

Electrolyte I, / mA Is / mA R,/ Q R/ Q AV / mV [

SPE-0 0.0858 0.0530 65.50 51.33 10 0.37
SPE-MEO-10 0.0870 0.0475 48.70 51.16 10 0.42
SPE-MEO-60 0.0818 0.0401 65.97 70.99 10 0.31
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Fig. 3. Voltage polarization versus time for SPE-0 (black), SPE-Al;03-10 (or-
ange), and SPE-MEO-10 (blue) solid polymer electrolytes at 20 pA cm 2. (For
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MEO-10 showed a lower average over potential of —8.80 mV on the
negative potential and 7.97 mV on the positive potential with an abso-
lute min of —9.35 mV and an absolute max of 8.45 mV. The lower
overpotential values in SPE-MEO-10 indicates a higher ease of deposi-
tion/stripping from the foil surface for the SPE with the MEO fillers [28].
The increasing overpotential increasing with cycle number found in
SPE-0 during the first 33 h and in SPE-Aly03-10 during the first 14 h is
an indication of a thick and growing interfacial layers due to uneven
lithium plating that can be detrimental for further cycling [28]. SPE-
Al;03-10 shows a sharp increase in the overpotential in the initial cycles
and a higher overpotential overall, highlighting fast growing interfacial
layers likely due to dendrite formation. SPE-MEO-10 shows a slower
increasing overpotential with increasing cycle number indicating more
uniform growth of the interfacial layer indicative of less Li dendritic
behavior. The voltage polarization remained stable through 500 cycles
and shows safe operation along with the ability to block lithium dendrite
penetration over long cycles [47] Section 3.5.

3.4.4. Cycling performance of solid polymer electrolyte

The electrochemical properties of SPE composites were further
studied by investigating the cycling characteristics during charge/
discharge. Fig. 4 shows the charge-discharge profile and cycling per-
formance of SPE-0, SPE-Al;03-10 and SPE-MEO-10. The cycling per-
formance of SPE-MEO-60 was not included due to initial
characterization of the electrolyte which resulted in higher resistance
values and lower ionic conductivity, lower transference number, and
poorer morphology. The voltage profiles for selected cycles are shown in
Fig. 4A, B and C. During the first 50 cycles, SPE-MEO-10 had a much
smaller capacity loss than both SPE-0 and SPE-Al;,03-10. SPE-Al;,03-10
showed a slight improvement in capacity loss over SPE-0. In cycle 1,
SPE-0 had an initial capacity of 140.30 mAh g~!, which reduced to
123.12 mAh g~ ! in cycle 50, resulting in a reduction of 17.17 mAh g~}
(—12.24 %). The unary SPE-Al;,03-10 had an initial capacity of 144.25
mAh g~} in cycle 1 and reduced to 128.94 mAh g™ after 50 cycles, a
reduction of 15.32 mAh g~ (—10.61 %). The unary additive was a slight
improvement over SPE-0 during the first 50 cycles. However, SPE-MEO-
10 had an initial capacity of 126.67 mAh g™ in cycle 1 and reduced to
121.76 mAh g~ ! after 50 cycles, a reduction of only 4.91 mAh g*
(—3.88 %). Fig. 5 highlights the capacity loss by cycling region and
shows not only a lower decrease across all regions in SPE-MEO-10 but a
substantial improvement in the first 50 cycles compared to SPE-0 and
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SPE-Al;03-10. The long-term cycling for SPE-0, SPE-Al;03-10 and SPE-
MEO-10 are shown in Fig. 4D, E, and F. SPE-MEO-10 had a lower initial
capacity than SPE-0 and SPE-Al;03-10 (126.67 vs 140.30 mAh g_l and
144.25 mAh g 1) due to the decrease in conductivity of the SPE, but it
exhibited better long-term cycling performance than the other two SPE.
At higher charging rates, the lower conductivity causes the cell to run
into transport issues as ions cannot move fast enough through the
electrolyte. The higher resistance values in the electrolyte, coupled with
higher charging rates, result in higher ohmic losses, which cause higher
voltage drops. The lower cutoff voltage is reached faster, resulting in a
lower overall capacity. Similar phenomenon have been reported in other
systems where there is a loss in capacity due to lower ionic conductivity
at higher charging rates [48]. However, the MEO additive in SPE-MEO-

10 had a positive effect on the overall stability of the cells, causing less
capacity loss per cycle than SPE-O and SPE-Al;03-10. SPE-O had a
maximum capacity of 140.30 mAh g1 and a capacity of 94.66 mAh g~?
after 500 cycles, resulting in a capacity retention of 64.47 %. The unary
electrolyte, SPE-Alp03-10, had a maximum capacity of 144.25 mAh g’1
and a capacity of 61.53 mAh g™ after 500 cycles, resulting in a capacity
retention of 42.65 %. SPE-Al;03-10 had a lower average Coulombic
efficiency and more variability than both SPE-0 and SPE-MEO-10. In
contrast, SPE-MEO-10 had a maximum capacity of 126.67 mAh g~! and
a capacity of 99.68 mAh g~! after 500 cycles, resulting in a capacity
retention of 78.69 %. The MEO additive in SPE-MEO-10 resulted in a
14.2 % increase in capacity retention and 5.03 mAh g’1 increase in
overall capacity over 500 cycles, demonstrating stable interfacial layers
and better lithium plating due to the MEO fillers. In addition, the
Coulombic efficiency was not only higher in SPE-MEO-10 but was more
stable over the 500 cycles compared to SPE-0 and SPE-Al,03-10.

3.5. Morphology changes in cycled cells

The differences in capacity degradation were studied further by
observing the Li anode after cycling. SPE-0, SPE-MEO-10 and SPE-Al;03-
10 were cycled for 100 cycles to compare how the surface morphology
changes during cycling. Fig. 6 shows a comparison of the Li anode for
different electrolytes. Fig. 6A and E shows the surface morphology of a
fresh Li anode that was not cycled. Here, you can observe a fairly rough
and uneven surface before any cycling has occurred. Fig. 6B and F shows
the Li anode of a cell cycled with SPE-0. The Li anode shares a similar
rough and uneven surface as the fresh Li surface but is thicker and more
interconnected, representing uneven growth of the lithium morphology.
Fig. 6C and G shows the Li anode of a cell cycled with SPE-Al503-10. The
surface is covered by a thick layer of growth. The morphology found in
the fresh Li anode are no longer observable in SPE-Al;03-10 and have
become covered by the formed interfacial layer. The SPE-Al,03-10
shows some evidence of uneven lithium plating explaining the resulting
poor capacity retention.
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Fig. 6. SEM morphology of Li anodes after 100 cycles with low and high magnification. (A & E) Uncycled Li anode. (B & F) SPE-0. (C & G) SPE-Al;03-10. (D & H)

SPE-MEO-10.

Fig. 6D and H shows the Li anode of a cell cycled with SPE-MEO-10.
Here, a dense uniform lithium morphology is observed pointing to the
ability of SPE-MEQO-10 electrolytes to suppress the dendritic lithium. In a
study with silica, these particles improved cycle life and was attributed
to the formation of a smoother and denser layer as observed by SEM
[49]. The MEO filler allows for a slower, more uniform interfacial layer
to form and grow, reducing capacity degradation over time.

3.6. Mechanisms for reduced dendritic growth

The increase in cycling stability is attributed to the enhanced sup-
pression of lithium dendrites achieved through increased mechanical
stiffness of SPE-MEO-10 and also the presence of multielement particles
in the electrolyte. Recent research on lithium dendrite growth indicates
that even minor stresses and imperfections on a surface can initiate and
propagate Li dendrite formation [50]. Thus, relying solely on the strat-
egy of eliminating imperfections may not be practical for large-scale
manufacturing of LIBs. High molecular weight polymers like PEO
demonstrate thermodynamic stability with Li up to temperatures as high
as 100 °C [51]. With minimal interfacial reaction between PEO and fresh
Li, the primary factor limiting the cycle life of Li metal anodes is Li
dendrite growth [1]. It has been demonstrated that PEO alone cannot
effectively block dendrite growth, particularly at elevated temperatures
when the strength of PEO significantly diminishes [1,52]. However,
mechanical blocking is a viable method that can reduce lithium dendrite
growth and improve cycle life [1]. Additionally, multielement materials
exhibit synergistic effects, enhancing the polymer’s electrochemical
properties. The mechanism for improvement in lithium plating with
multielement particles can be seen in Fig. 7. In Fig. 7A, an uncycled Li
anode with a SPE is shown. The Li anode surface has an relatively flat
morphology before any cycling occurs. Fig. 7B. shows the case for SPE-
0 when no MEO particles are used. The SPE is not mechanically strong
enough to suppress the formation of the interfacial layer and also does
not have high selectivity for mobile lithium or voltage stability as we see
in composite electrolyte cases, resulting in dendritic lithium
morphology. Fig. 7C shows the case for SPE-Alp03-10 composites when
Al,Os fillers were used. The Al,Os fillers are mechanically strong enough
to suppress the dendritic growth, which causes different areas of the Li
anode to grow at different rates until a uniform layer is formed. While
Al,O3 particles are able to increase the mechanical properties of the SPE,
the electrochemical properties of the SPE are negatively affected, mak-
ing it incompetent to fully reduce uneven lithium deposition, resulting
in the cycling capacity being greatly reduced. Fig. 7D shows the case for
SPE-MEO-10 when MEO particles are used. The increase of mechanical
properties in SPE-MEO-10, along with the improvement in mobile
lithium selectivity (transference number) and better stability under the
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Fig. 7. Mechanism for reduction in dendritic growth with (A) fresh Li anode.
(B) Cycled Li anode with SPE-0. (C) Cycled Li anode with SPE-Al,03-10. (D)
Cycled Li anode SPE-MEO-10.

electrochemical chanrge/discharge window, allows for more uniform
lithium plating and stripping behavior. The improvements to the lithium
morphology result in improved capacity retention and longer life during
cycling for SPE-MEO-10.

4. Conclusions

Solid polymer electrolytes composed of PEO and multielement oxide
fillers consisting of AITiMgLiO were synthesized and characterized. XRD
and EDS confirmed the presence and distribution of the elements,
revealing that a single solid solution did not form, unlike in the case of
high entropy materials. This lack of formation can be attributed to the
absence of additional elements or the need for higher temperatures
during the synthesis process. The optimized concentration, identified as
SPE-MEO-10, improved the electrochemical properties. This led to an
enhanced lithium transference number of 0.42 and an increase of the
electrochemical stability of SPE-MEO-10 from 4.66 V t0 6.18 V vs Li*/Li.
With the addition of MEO fillers, a smoother and more uniform lithium
deposition forms explaining the improved electrochemical performance.
The improved lithium plating and stripping contributed to enhanced
cycling characteristics, with SPE-MEO-10 having a capacity of 99.68
mAh g~! after 500 cycles and a capacity retention of 78.69 %.
Furthermore, the Coulombic efficiency also showed improvement
reaching an average of 99.46 % over 500 cycles. Our work demonstrates
that fillers based on multielement materials have the potential to
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enhance the cycling and capacity retention of polymer electrolytes in
lithium batteries.
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