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Abstract:

Herein, we have developed a High-Entropy (~ 1.52 R, calculated at M-site) lithium-stuffed
NASICON-type solid electrolyte [Lii.3Sni.73Zr1.73Ti1.73Al0.1S¢0.1Y0.1(PO4)3] (HE-LSZT) with a
total (grain + grain-boundary) ionic conductivity of ~ 1.42 x 10* S cm™ (highest reported among
NASICONSs containing Zr-Sn-Ti) and a low activation energy of ~ 0.33 eV with a relative density
of Conventionally Sintered pellet ~ 94%. Symmetric cells with a PVDF-HFP/LiTFSI buffer layer
showed stable performance for 500 cycles at 0.2 mA cm 2 without short-circuiting. Full cells with
LiFePOg retained ~99% capacity after 100 cycles at 1C, while those with NMC811 delivered ~140

mAh g at C/3.
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As the demand for safer and more efficient energy solutions grows, transitioning to solid
electrolytes becomes increasingly imperative because of traditional liquid electrolytes'
flammability and leakage issues. Solid ceramic electrolytes not only offer enhanced safety but also
enable the application of cathodes with high redox potentials and Li anodes (lowest redox potential
of ~ 0 V vs. Li/Li* and highest specific capacity ~ 3860 mAh g!), paving the way for batteries
with considerable higher energy densities.!™ This has reignited efforts to develop materials that

facilitate rapid lithium-ion conduction.

Among the leading candidates for next-generation rechargeable lithium batteries are
thiophosphates (Li2S-P2Ss), NASICON-framework materials, and garnets.>"!° Thiophosphates
boast excellent total (grain + grain boundary) conductivity (> 102 S cm™ at 25 °C), but their
electrochemical stability with cathode and anode materials, as well as their stability under ambient
conditions, is lacking.!! Conversely, NASICONS, though offering lower ionic conductivity, exhibit
better stability in ambient conditions and with commonly used cathode materials. This has led to
extensive research into NASICON-type compounds (LixM2(PO4); phases, M representing main
group or transition metal elements like Ge, Ti, etc.) to achieve room temperature lithium
conductivity exceeding 10 S cm™.!>!* NASICON (Sodium Super Ionic Conductor) structures are
characterized by their unique three-dimensional framework, consisting of corner-sharing MO6
octahedra and PO4 tetrahedra. This arrangement forms interstitial sites and channels that facilitate

rapid ionic conduction.

Unlike in Na-polymorphs, the rhombohedral phases show superior conductivity to other
NASICON-based Li-conducting structures. Li" conduction in these materials is further enhanced
by substituting aliovalent cations, which create interstitials and tune the bottleneck size for lithium-

ion migration in the crystal structure. '>!7 Furthermore, large anisotropic lattice contraction during



the cooling cycle after sintering causes cracks in these materials. Ultimately, the total conductivity
of the solid electrolyte is overwhelmed by the sluggish lithium-ion conduction across the cracks.'®
Further, a few reports demonstrated that adding ortho-valent elements like AI** improves the ionic
conductivity and acts as a sintering additive with an improved relative density of the

polycrystalline ceramics. '

Recently, the introduction of disorderliness in solid electrolyte materials has garnered much
attention due to the stabilization of highly lithium-ion conductive crystal structures and improved
electrochemical stability.!*?* Very few studies on high entropy (HE), with configurational entropy
>1.5R, NASICON-type Li-ion conducting materials exist. Zeng et al. demonstrated the impact of
local distortions in a HE Li(TiZrSnHf)>(POa)s to obtain a total conductivity of ~ 2.2 x 10> S cm’!
(85% dense pellet), which was much higher than their single metal analogues.?® In addition, the
spark plasma sintering (SPS) in a vacuum or Ar- atmosphere is not preferred for the solid
electrolytes containing elements like Ti, Ge, etc., as Ti and Ge change their oxidation state from
+4 to +3.2° So, it is imperative to develop solid electrolytes that can attain a high relative density
by conventional sintering method to be employed as a solid electrolyte in solid-state lithium metal
batteries. To our knowledge, no HE NASICON-type solid electrolyte has been reported with

aliovalent substitution at the M-site.

In this study, the structure and electrochemical behavior of a High-Entropy (~ 1.52R),
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lithium-stuffed NASICON solid electrolyte Lii 3Sn1.73Zr1.73Ti1.73Al0.1Sco.1Y0.1(PO4)3 (HE-LSZT)
with a total (grain + grain-boundary) ionic conductivity of ~ 1.42 x 10"* S cm™! and a low activation
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energy barrier of ~ 0.33 eV with a relative density of ~ 94% are reported. It has the highest
conductivity reported for germanium-free NASICON-based Li-solid electrolytes with the least Ti
content in the composition. A PVDF-HFP/LiTFSI buffer layer was used to avoid lithium-metal
contact with the HE-LSZT solid electrolyte. At the same time, lithium full cells were fabricated

with NMCS811 and LiFePOg as the positive electrode materials.

The crystal structure of Li13Sn1.73Zr1.73Ti1.73Al0.1Sco.1Y 0.1(PO4)3 (HE-LSZT) synthesized at 1200
°C through solid-state reaction route was investigated through Rietveld refinement of the powder
XRD data. The XRD data was modeled with a 6-order polynomial background and PV-II peak
type along with the rhombohedral R3¢ (Space Group number: 167), as presented in Figure 1(a)

and the goodness of the fit was found to be ~ 1.98.
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Figure 1: (a) Room temperature powder x-ray diffraction data (dark cyan line) for HE-LSZT sample
calcined at 1200 °C for 12 h. The calculated pattern obtained from the refinement is shown as an orange
line; the profile difference is depicted with a grey line. The calculated Bragg positions for HE-LSZT and

TiO; are indicated by royal and wine vertical bars at the bottom, respectively. (b) SEM image of the
sintered HE-LSZT ceramic electrolyte at lower magnification. (c) SEM image of the sintered HE-LSZT
ceramic electrolyte at higher magnification. (d) EDS of the solid electrolyte along with the elemental
distributions of Sc, Al, Ti, Sn, P, O, Zr, and Y.



The rhombohedral phase was most prominent, with a low-intensity tetragonal anatase TiO:
impurity peak with a phase fraction of < 2%. The lattice parameters and volume were determined
to be a= 8.6821(3) A, c= 21.6174(14) A, and V= 1411.17 (14) A3, respectively, with a crystal
density of ~ 3.21 g cm™. 36f sites were assigned to the additional lithium-ions due to the
introduction of aliovalent atoms, and lithium occupancies at 6b and 36f Wyckoff positions were
varied during refinement. Ab initio, molecular dynamics studies have identified the "pushing-out"
mechanism as the reason for the high ionic conductivity seen in Li-rich NASICON-type
electrolytes.?’ This mechanism occurs when an additional lithium-ion is introduced, causing strong
electrostatic repulsion among the positively charged lithium ions. The repulsive force compels the
new lithium-ion to move away from its neighboring ions, overcoming the binding energy that
usually holds a nearby lithium ion in place. This displacement sets off a domino effect where the
displaced ion is similarly repelled by its neighbors, effectively pushing it out of its initial

position.?”> 28

Figures 1(b) and 1(c) depict the high densification of the sintered ceramic sample at 1200 °C (12h).
Archimedes’ method determined the relative density of ~ 94.5% in the HE-LSZT sample, which
is higher or comparable to other NASICON-type materials reported in the literature.!” 1%:2-3% The
successful substitution of various elements at the M-site in the HE-LSZT sample was confirmed
by the uniform elemental distribution, as shown in EDS mapping (Figure 1(d)). Various studies
demonstrated that aliovalent substitutions like Al, Sc, and Y improve the relative density; in
addition, in the HE-LSZT sample, the disorderliness may contribute to sintering. Also, the absence
of any visible inter-grain or intra-grain cracks would facilitate better lithium-ion conduction. As

reported earlier, the high anisotropy in thermal expansion of lattice parameters a and ¢ causes



inter/intra-grain cracks during cooling in the sintering process. Introducing high entropy in the HE-
LSZT may decrease the degree of anisotropic thermal expansion, expediting a crack-free sintered

solid electrolyte sample, which can impede the Li-dendrite-guided micro short-circuits.

The impedance measurements were performed to measure the conductivity of the synthesized
sample at different temperatures. Figures 2(a) & S1 present the Nyquist plots (experimental and
fitted data) at different temperatures within a frequency range of 1 Hz — 1 MHz and with a
sinusoidal input signal of 0.1 V amplitude. Figure 2(a) inset is the equivalent circuit to model the

impedance data, where Q and R stand for constant phase and resistance elements.
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Figure 2: (a) Room temperature Nyquist plot of HE-LSZT sample (inset displays the equivalent circuit
used for fitting the impedance data). The scattered spheres and the orange line represent the experimental
and fitted data, respectively. (b) Linear fitting of temperature-dependent conductivities of HE-LSZT
sample using the Arrhenius equation. (c¢) DC voltage polarization measurement on the Ag| HN-LSZT| Ag
configuration. (d) Cyclic voltammetry curves for Li| HE-LSZT |Li cell at a scan rate of 0.1 mV s™ at room
temperature.



The grain and grain-boundary relaxations are not separately visible in the Nyquist plot. The partial
semicircular arc in the high-frequency region is modeled by the parallel connection of Qguix and
Rauk, where the tail feature at the low-frequency regime denotes the capacitive behavior at the
sample & ion-blocking silver electrode interface. A constant phase element (Qgiectrode) Was used
instead of a pure capacitor due to the non-uniform interface. The conductivity of HE-LSZT at room
temperature was determined to be 1.42 x 10* S cm™ with a low activation energy of ~ 0.334+0.007

eV, calculated using the Arrhenius equation given by:

Ea

o(T) = g,e *sT (1)

where T denotes the absolute temperature, o, and E, represent the pre-exponential factor and

activation energy, respectively (Figure 2(b)). The very low energy barrier of the high-entropy HE-
LSZT sample, as compared to other NASICON-type materials reported in the literature, is
attributed to the flattening of energy landscapes resulting from the introduction of various elements

and additional lithium redistribution at 36f sites in the unit cell.!”- 1331

A DC polarization test was employed on the Ag[HE-LSZT|Ag under 0.2 V to separate the
electronic conduction from the total conductivity of the sample (Figure 2(c)). The electronic

1

conductivity (Ggrectronic) Of the sample was calculated to be around ~ 107! S ecm™ using the

sample’s dimensions, applied voltage, and steady-state current. Li-ion transference number is

calculated using the formula ti: =1 — w ~0.999. Thus, the conductivity of the HE-LSZT
bulk

sample is mostly from Li-ion conduction only. The very low electronic conductivity of the sample
alleviates one of the concerning causes for lithium dendrite propagation in the solid electrolyte,
along with high columbic efficiency, which propels the long cycling stability of the solid-state

battery.



To verify the Li" migration in the HE-LSZT sample, the cyclic voltammetry test was carried out
on the Li|HE-LSZT|Li cell without a buffer layer (Li acting as both positive and negative
electrodes). Figure 2(d) presents the result of CV performed at 0.1 mV s™! for 3 cycles in the voltage
window of —2 V to +2 V. The redox peaks around +0.47 V and —0.43 V affirmed Li" mobility
through the solid electrolyte HE-LSZT. The high polarization voltage may indicate improper
physical contact or the highly resistive passivation layer formed at the solid electrolyte/lithium
metal interface. Further, the upper oxidation voltage value of the electrochemical stability window
was determined to be ~ 5.2 V using linear sweep voltammetry on Li| HE-LSZT |Ag cells (Figure

S2).

The XPS data for various elements was collected from the as-sintered electrolyte sample before
and after the lithium metal contact. As shown in Figure 3(a), no discernible change like asymmetry
or splitting in the XPS plot of various elements (Zr, Sn, Ti, Al, Sc, Y) was observed, indicating the
chemical stability of the synthesized electrolyte in contact with lithium metal. This suggests that
infusing disorderliness in the crystal structure avoids the possible chemical reduction of elements
present at the M-site in the HE-LSZT solid electrolyte in physical contact with lithium metal.
Accordingly, the synthesized electrolyte can be used as an electrolyte if intimate contact with both
the cathode and anode can be designed. In this work, a buffer layer of P(VDF-HFP)-LiTFSI at the
lithium metal interface, whereas a liquid electrolyte at the cathode side was used for proper

physical contact.

The EIS data were recorded to evaluate the interfaces in Li| HE-LSZT |Li symmetric cells with
and without P(VDF-HFP)-LiTFSI buffer layer and presented in Figure 3(b) (the inset depicts the
equivalent circuit used for modeling). The high-frequency intercept indicates the solid electrolyte’s

resistance, where the semi-circular feature in the mid-frequency regime presents the interface



resistance, and the tail feature in low frequencies appears due to lithium blocking at the current
collector. The Nyquist plots for the Li symmetric cells without a buffer layer show a bigger
semicircular arc in the mid-frequency region, indicating a high charge transfer resistance across
the two interfaces. In contrast, the presence of a buffer layer at the electrode-electrolyte interface
exhibited a much smaller arc at the same frequency, suggesting a lower interface resistance and a

much-improved interface contact.
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Figure 3: (a) The orange and dark cyan XPS curves of Sn 3d, Zr 3d, Ti 2p, Al 2p, Sc 2p, and Y 3d were
obtained from the solid electrolyte before and after the contact with lithium metal for 24 h at room
temperature, respectively. (b) Room temperature Nyquist plot of Li| HE-LSZT |Li cells without buffer
layer and with buffer layer. (inset displays the equivalent circuit used for fitting the impedance data). The
scattered symbol and the pink line represent the experimental and fitted data, respectively. (c¢) The room



temperature galvanostatic curves indicate lithium plating-stripping in Li| HE-LSZT |Li cell without buffer
layer at a current of 0.05 mA cm™ for 75 h.

The high resistance in the cells with the ceramic solid electrolyte is attributed to the uneven
interfacial contact, which can cause local current hot spots leading to dendrite formation during
charging-discharging.?** The lithium plating-stripping voltage profile of Li| HE-LSZT |Li cells
without any buffer layer at different current densities is presented in Figure S3. In Figure 3(c), a
steady increase in the overpotential (overpotentials at 0 h & 75 h~ 1V & ~ 2V, respectively)
during lithium plating-stripping of LilHE-LSZT]|Li cells without any buffer layer was observed at
a low current density of 0.05 mA c¢cm™. Further, lithium plating-stripping was tested on the
symmetric lithium cell LijHE-LSZT|Li with a buffer layer at different current densities, and the
critical current density was found to be ~ 0.6 mA cm (Figure 4(a)). The lithium plating-stripping
potential increased steadily as the current density increased along with the diminishing flatness of
the voltage profile. At 0.8 mA cm™, the voltage profile suggested an inhomogeneous current
distribution, which got accelerated at 1 mA cm™ with an erratic asymmetric voltage profile. The
high densification enabled the solid electrolyte to prevent the micro-short-circuit or complete
short-circuit in the symmetric cell. At 0.2 mA cm?, the long-term cycling was tested to examine
the interface stability (Figure 4(b)). The voltage profile maintained the flatness, indicating a

uniform lithium plating/stripping onto/from the metal surface.

The HE-LSZT sample was employed as the solid electrolyte to demonstrate the application of a
high-voltage NMC811 cathode in conjunction with a lithium metal anode. A PVDF-HFP/LiTFSI
buffer layer was sandwiched between Li and HE-LSZT, whereas a liquid electrolyte drop was used
at the NMCS811-HE-LSZT interface. The impedance data is presented in Figure 4(c), where the
abscissa and ordinate axes present the real and imaginary parts of the impedance values, along

with the modeled data using an electrical equivalent circuit given in Figure 4(c) inset. The total
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resistance of the full cell was found to be around ~ 1104 Q (Rg ~ 118 Q, R1 ~ 156 Q, R2 ~ 830
Q). The electrolyte resistance and low-frequency diffusive behavior are given by Rg and Qp,
respectively, while the overlapped semicircular arcs are represented by Q1||R1 and Q2||R2. The
high-frequency and mid-frequency impedance responses are ascribed to the SEI and charge

transfer during redox processes.>”
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Figure 4: (a) The room temperature galvanostatic curves indicating lithium plating-stripping in Li| HE-
LSZT |Li cell with buffer layer at different current densities. (b) The room temperature galvanostatic
curves indicate lithium plating-stripping in Li| HE-LSZT |Li cell with a buffer layer at a current of 0.05
mA cm? for 500 h. (c) Room temperature Nyquist plot of Li| INMC cells with buffer layer. (inset displays
the equivalent circuit used for fitting the impedance data). The scattered symbol and the pink line
represent the experimental and fitted data, respectively.
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As shown in Figure 5(a), the LiFePO4 cell demonstrated a specific capacity of about 149 mAh g’!
at C/10 (C-rates are estimated assuming the theoretical specific capacity of LiFePOas). This
decreased to ~ 138 mAh g! (at ~ C/5), ~ 125 mAh g'! (at ~ C/3), ~ 101 mAh g! (at 1C), and ~ 62
mAh g (at ~ 2C). Both capacity and energy efficiency decreased as current density increased. In
addition, Figure 5(b) illustrates that the LiFePO4 cells were charged-discharged at a constant
current density (1C) to confirm the long cycling stability seen in lithium symmetric cells. It
retained almost 99% of the capacity of the 1% cycle after 100 cycles. The excellent cycling stability
could be attributed to the excellent ionic conductivity of the solid electrolyte along with the high
cyclability of LiFePO4 cathode materials. To showcase the application of the fabricated solid
electrolyte in conjunction with high-energy cathode materials, the NMC811 cells were tested at
different current densities along with a long cycling test. The NMCS811 cell exhibited a specific
capacity of ~ 164 mAh g at 0.1C (C-rates are calculated assuming the practical specific capacity
of NMC811 ~ 200 mAh g!), which reduced to ~ 140 mAh g at~ C/3 and ~ 112 mAh g at ~ C/2,
as depicted in Figure 5(c). With the increase in current density, both the capacity and energy
efficiency declined. Further, to affirm the long cycling stability demonstrated in lithium symmetric
cells, the NMC811 cells were charged-discharged at a constant current density (C/2), as shown in
Figures 5(d) and 5(e). As the number of cycles increased, the capacity degraded with a widened
gap between the charge-discharge potentials, which can be devoted to the continuous growth of
the SEI layer and cracking in NMC811 active cathode materials. The columbic efficiency of the
cells remained at ~ 99.99 %, indicating very low electronic conductivity of the ceramic sample, as

discussed before.
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Figure 5: (a) The charge-discharge curves of Li| LiFePOy cells with buffer layer at different C-rates
cycled at room temperature. (b) Room temperature long cycling data of Li| LiFePOy cells with buffer
layer at 1C. (c) The charge-discharge curves of Li INMC811 cells with buffer layer at different C-rates
cycled at room temperature. (d) Galvanostatic charge-discharge curves of LiiNMC811 cells with buffer
layer at C/2. (e) Room temperature long cycling data of LiiNMCS811 cells with buffer layer at C/2.
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In conclusion, a high entropy NASICON-type material with a rhombohedral phase exhibited
excellent RT total conductivity of ~ 1.42 x 10 S cm™! with an activation energy of ~ 0.33 eV. The
samples achieved an excellent relative density of ~ 94 % by conventional sintering, and no cracks
were observed in the microstructure. The symmetric cells with PVDF-HFP/LiTFSI buffer layer
were tested at 0.2 mA cm for 500 cycles (each cycle: 30 minutes charge and 30 minutes discharge)
without any sign of short-circuit. The full cells fabricated using LiFePO4 delivered ~ 99% of its
capacity after 100 cycles at 1C rate, while the full cells with NMC811 as the cathode delivered a
specific capacity of ~ 140 mAh g™ at C/3 rate. The satisfactory rate performance and long cycle
performance demonstrate the stability and feasibility of implementing high-performance

NASICON-structured quasi-solid-state lithium batteries.
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1. Experimental method
1.1 HE-LSZT synthesis

Stoichiometric amounts of lithium hydroxide (LiOH), tin (IV) chloride pentahydrate
(SnCls-5H,0), zirconium oxide (ZrO,), titanium dioxide (TiO2), aluminium nitrate nonahydrate
(AI(NO3)3-9H20), scandium oxide (Sc203), yttrium oxide (Y203), and ammonium dihydrogen
phosphate (NH4-H2PO4) raw materials were measured. To compensate for the evaporation of Li2O
at high temperatures, 10 wt.% of excess LiOH was added. The mixture underwent ball milling for
12 h, then heated at 600 °C for 12 h to facilitate thermal decomposition. Subsequently, the obtained
powders were ball milled again for 12 h and then dried. The resulting powders were added to a die
and pressed into ceramic pellets of 10 mm diameter under a uniaxial pressure of ~ 200 MPa.

Finally, the green ceramic pellets were reactive sintered at 1200 °C for 12 h.

1.2 Buffer layer preparation
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P(VDF-HFP) and LiTFSI (in the wt. ratio of 2.5:1) were dissolved in a DMF solvent, followed by
stirring for 6 h. This transparent solution was cast onto the ceramic surface facing the lithium metal
and dried at 60 °C for 24 h in a vacuum oven to eliminate the solvent. The resulting dried P(VDF-
HFP)/LiTFSI buffer layer coated on the ceramic sample was subsequently stored in a glove box

filled with Argon for the fabrication of coin cells.
1.3 Coin cell fabrication

The symmetric lithium cells named Li| HE-LSZT |Li cells were fabricated with lithium metal as
the electrodes with and without a buffer layer. For a full cells’ fabrication, LiFePO4 and NMC811
cathode slurry (solvent: NMP, weight ratio of PVDF: Ketjen black: active material ~ 10: 10: 80)
coated on an aluminium current collector was kept in a vacuum oven (temperature: 120 °C,
dwelling time: 24 h). The punched circular cathodes (diameter: 1 cm) were transferred into the Ar-
filled Glovebox. The active material loading of LiFePO4 and NMC811 cathodes are ~ 1-2 mg cm’
2 and ~ 5 mg cm?, respectively. During the fabrication of full cells, a 5 puL of liquid electrolyte 1M

LiPF¢ in EC: DMC (1:1 vol. ratio) was employed at the HE-LSZT-cathode interface.
14 Characterization techniques

X-ray diffraction (XRD) analysis was conducted using an Empyrean X-ray diffractometer with
Cu-Ka radiation covering the 20 range of 10° to 60°. Rietveld refinement was used to estimate the
crystallographic parameters from the XRD data (employing the TOPAS academic version 6
software). The relative density of the sintered sample was determined by Archimedes’ method.
The microstructural characteristics of the prepared sample were investigated using a JEOL-7610+
field emission scanning electron microscope (FE-SEM). Impedance data were obtained utilizing
an NF Corp. LCR meter (Model: ZM2376) in 1 Hz - | MHz range on sintered HE-LSZT pellets

with silver electrodes painted on either side, as well as the lithium symmetric cells and full cells.
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X-ray photoelectron spectroscopy (XPS) data were obtained using a Thermofisher Scientific
(Naxsa base) instrument (Al Ka X-ray source). DC polarisation tests were carried out in Ag| HE-
LSZT |Ag cells, along with cyclic voltammetry (CV) in symmetric Li| HE-LSZT |Li cells and
linear sweep voltammetry (LSV) in Li| HE-LSZT |Ag cells using a Keithley Source Meter Unit
(model 2450-EC). Galvanostatic charge-discharge (GCD) measurements were also carried out on
lithium symmetric and full cells in a Neware CT-2001A battery tester. All characterizations except

impedance measurements were performed at room temperature (25 °C).
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Figure S1: Nyquist plots of HE-LSZT sample at different temperatures (°C).
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Figure S2: Linear sweep voltammetry result of Li|HE-LSZT|Ag cell.
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Figure S3: Lithium plating-stripping voltage profile of Li|HE-LSZT\Li symmetric cells without any buffer layer at different
current densities.



