Published on 04 2023. Downloaded on 11/11/25 10:56:49.

#® ROYAL SOCIETY

Journal of
PPN OF CHEMISTRY

Materials Chemistry A

View Article Online

View Journal | View Issue

High ionic conducting rare-earth silicate

i") Check for updates‘
electrolytes for sodium metal batteriest

Cite this: J. Mater. Chem. A, 2023, 11,
15792 ) ) R . a o A a
Abinaya Sivakumaran,® Alfred Junio Samson,? Afshana Afroj Bristi,? Vishnu Surendran,

Shantel Butler,” Samuel Reid® and Venkataraman Thangadurai@*a

Solid-state sodium-ion batteries (SIBs) are a viable alternative to existing lithium-ion batteries (LIBs) due to
the low cost and abundance of sodium and the high safety of using solid-state components. Here, we
report novel composite sodium silicate electrolytes exhibiting high ionic conductivity for solid-state SIBs.
Rare-earth silicates (3 + x)Na,O-Gd,03-6SiO, (NGS, x = 0, 0.05, 0.1, 0.15, 0.2, and 0.25 mol%,
following the composition NazGdSizOg), are prepared by the conventional solid-state method. The phase
and morphology of the prepared ceramic electrolytes are characterized using powder X-ray diffraction
and scanning electron microscopy. The electrical properties of the samples are investigated using
impedance spectroscopy, with NGS 0.15 mol% NayO, (3.45 Na,O-Gd,O3-6 SiO,; NGS15) sintered at
1075 °C for 6 h exhibiting the highest ionic conductivity of 7.25 x 10™* S cm™! at 25 °C comparable to
that of NASICON electrolytes. Na plating/stripping is conducted to demonstrate the compatibility of the
prepared ceramic electrolyte with a sodium metal anode that exhibits exceptional stability for 1000 h at
a current density of 0.1 mA cm™2. A hybrid battery built using a Na anode, an NGS15 ceramic electrolyte
with 20 pL of liquid electrolyte on the cathode side, and a NazV,(PO4)s cathode exhibited an initial
discharge capacity of 90 mA h gt at 0.1C with a capacity retention of 98.01% for 100 charge—discharge
cycles, highlighting the potential of the sodium rare-earth silicate as a sodium battery separator and
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“rocking chair” mechanism of intercalation and dein-
tercalation.®” Potassium-ion batteries (PIBs) are also gaining

1. Introduction

Lithium-ion batteries (LIBs) are the energy storage of choice for
electric cars, portable gadgets, sensors, and touch displays. LIBs
offer high energy density, minimal maintenance, low self-
discharge, and reliability."* However, supply and production
risks in LIB raw materials such as lithium, nickel, and especially
cobalt are already being predicted by scientists.** Sodium-ion
batteries (SIBs) are a promising replacement for LIBs due to
their abundance, low cost, and the geographically widespread
availability of sodium. Moreover, SIBs also operate via the
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more interest while selecting cathode materials for PIBs is
crucial.® Other energy storage technologies like supercapacitors
are of great interest for flexible electronics. However, the major
drawback is the low energy density compared to commercial
LIBs.>™ Conventional batteries primarily rely on organic liquid
electrolytes for high ionic conductivity and good electrode
wettability; however, flammability and dendrite formation upon
continuous charge/discharge cycles pose severe safety concerns
such as fire and explosions and limit metal anode utilization.*?
Solid electrolytes are an excellent alternative to liquid electro-
Iytes as they enhance safety by eliminating flammability, sup-
pressing dendrite formation and providing superior thermal
stability.****

Na-B-alumina is a widely used solid electrolyte in commer-
cial sodium-sulfur batteries, which operate mainly at high
temperatures, 300 °C.'*" However, this restricts its

This journal is © The Royal Society of Chemistry 2023
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applications, compelling researchers to explore electrolyte
alternatives that operate at lower temperatures. Among the
various solid-state electrolytes for sodium-ion batteries, a class
of compounds with the composition NazZr,Si,PO;,, introduced
as “sodium superionic conductor” (NASICON) ceramics by John
Goodenough and co-workers in 1976, attracted the most
attention due to its excellent room-temperature (RT) ionic
conduction.”® Na;Zr,Si,PO;, has an ionic conductivity of
107% S em ! at RT, good electrochemical and thermal stability,
and a three-dimensional network structure that allows facile
ionic movement. Recent research has shown that the conduc-
tivity of NASICON-type solid electrolytes can be further
improved through elemental doping.**°

Polymer-based solid electrolytes are another type of inor-
ganic solid electrolytes; they are thin, flexible, and easily
synthesized by solution casting.”*** Even though polymers
exhibit lower RT ionic conductivity (~10"> S em ™) compared to
other inorganic solid electrolytes (~107* S cm™'), they have
good interfacial contact with electrodes. In order to obtain the
benefits of both ceramics and polymer, composite electrolytes
with high ionic conductivity and low interfacial resistance to
electrodes have been developed.**® Sulfides are another class
of inorganic solid electrolytes with high RT ionic conductivity
(107 s em™").?"* However, these materials are unstable with
the metal anode and the ambient atmosphere and exhibit
narrow electrochemical stability windows.****

Rare-earth silicates, Na,MSi,O, (M = rare-earth elements),
are materials discovered in the 1970s.*>** Na,MSi, 0, is generally
synthesized using high-temperature melt-quenching and
conventional solid-state methods.>* However, other synthesis
techniques were reported, including freeze-drying, hydro-
thermal, and sol-gel.***>*¢ Silicate materials have a similar
structure to that of NASICON with MOy octahedra and SiO,
tetrahedra. In the structure, SiO, tetrahedra are linked to form
puckered Si;,036 rings parallel to the basal plane of the
hexagonal cell, providing path for facile ionic movement.**?”
These materials also have the advantage of low sintering
temperature (~1500 °C) comparing Na-B-alumina (>1600 °C).*®
The ionic conductivity was found to be lower, even at higher
temperatures. Despite moderate ionic conductivity, obtaining
a single phase of silicates has been a significant concern since
its discovery. Several techniques were carried out to obtain
phase pure silicates by modifying the synthesis routes, archi-
tecture, and sintering temperatures, thus achieving an ionic
conductivity in the range of 10> S cm™" at RT.**** The
application of these silicates as a solid electrolyte is rarely
explored.

In this study, we have revisited the less-studied rare-earth
silicate composition, Na;GdSiz;O,, and attempted to synthesize
using the conventional solid-state method. We have expressed
the composition as a mixture of oxides (3 + x)Na,0-Gd,03—
6Si0, (x =0, 0.05, 0.1, 0.15, 0.2, and 0.25 mol%) with varying Na
excess that compensates for Na volatile losses during high-
temperature sintering. Two solid state synthesis routes were
employed to obtain a phase pure Na;GdSizOo. The study high-
lights the challenge of obtaining a single-phase material.
Despite the multiple phases present in the composition, we
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have found that the oxides exhibit ionic conductivities reaching
approximately 107° S em™" at 25 °C. Further studies could
optimize the material composition, providing prospects for
silicates in solid-state Na batteries.

2. Experimental section
2.1 Solid electrolyte synthesis

Na,0-Gd,0;-Si0, (NGS) ceramic electrolytes were prepared by
a conventional solid-state approach using NaNO; (98%, Alfa
Aesar), Gd,0;3 (99.9%, Alfa Aesar), and SiO, (99%, Alfa Aesar) as
the precursor materials. The targeted stoichiometric composi-
tion was Naz;GdSiz;Oo. Compounds with 0, 5, 10, 15, 20, and 25%
Na excess corresponds to the mixtures 3Na,0-Gd,03;-6SiO,
(NGS-0), 3.15Na,0-Gd,0;-68i0, (NGS-5), 3.3Na,0-Gd,03-
6Si0, (NGS-10), 3.45Na,0-Gd,0;-6S5i0, (NGS-15), 3.6Na,O-
Gd,0,-6Si0, (NGS-20), and 3.75Na,0-Gd,0,-6Si0, (NGS-25),
respectively. Two synthesis routes were carried out to obtain
the targeted phase. In route 1, stoichiometric amounts of the
precursors were mixed in a high-energy ball mill (Pulverisette,
Fritsch, Germany) for 6 h at 200 rpm with isopropanol as the
solvent. The dried powders were then calcined at 900 °C for 6 h
to decompose the nitrates and carbonates. After ball milling,
the resultant powder was pressed into pellets by isostatic
pressing before final sintering at the desired temperature for 6 h
at a heating rate of 5 °C min .

Route 2 follows the initial mixing and calcining procedures in
route 1. However, after calcining at 900 °C and ball milling for
6 h, the whole batch was pressed into rods and sintered at desired
temperatures for 6 h. The rods were then crushed and ball-milled
for 12 h at 200 rpm. This intermediate step should allow further
mixing and reaction between precursors. Fig. Sla and bf report
the steps used in routes 1 and 2, respectively (see ESIT).

2.2 Materials characterization

Powder X-ray diffraction (PXRD) with a Bruker D8 powder X-ray
Advance diffractometer and Cu-Ko radiation (40 kV; 40 mA) was
employed for phase analysis of the compounds. In addition,
morphological analysis was done using scanning electron
microscopy (SEM) (Zeiss Sigma VP Field Emission SEM).

2.3 Electrochemical characterization

Electrochemical performances were conducted using a Solar-
tron SI 1260 impedance and gain-phase analyzer (0.1 Hz to 1
MHz; 100 mV). Au current collectors were painted on both sides
of the prepared ceramic pellets and fired at 700 °C for 1 h to
ensure a good interface. The Na|NGS15|Na symmetric cells were
assembled using CR2032 coin cells inside an argon-filled glo-
vebox to study the interfacial stability between the Na metal
anode and NGS15 solid electrolyte. We conducted a systematic
study to determine the best liquid electrolyte compatible with
the silicate solid electrolyte for the hybrid battery.

Four liquid electrolytes were prepared using two different
sodium salts, sodium perchlorate (NaClO4) and sodium hexa-
fluorophosphate (NaPF6) and three different solvents such as
propylene carbonate (PC), ethylene carbonate (EC) and

J. Mater. Chem. A, 2023, 1, 15792-15801 | 15793


https://doi.org/10.1039/d3ta02128a

Published on 04 2023. Downloaded on 11/11/25 10:56:49.

Journal of Materials Chemistry A

fluoroethylene carbonate (FEC). These electrolyte compositions
are named as, 1 M NaClO, in PC: FEC (95 : 05 wt%), 1 M NaClO,
in EC : PC (50 : 50 wt%), 1 M NaPFy in PC : FEC (95 : 05 wt%) and
1 M NaPFg in EC: PC (50 : 50 wt%). We compared sodium metal
batteries with liquid electrolytes using a Na anode, a 40 pL
prepared liquid electrolyte on both sides of the separator
(Whatman glass microfiber) and an in-house synthesized NVP
cathode. The NVP cathode was prepared by forming a slurry of
NVP powder, super P conductive carbon and polyvinylidene
fluoride (PVDF) binder in an 8:1:1 ratio. The NVP was
synthesized following the procedure outlined in our previous
study.”” The slurry was then coated onto an aluminium
current collector using a doctor blade and vacuum-dried over-
night at 60 °C. Finally, circular disks with a 1 cm diameter were
cut from the coated material. The average active material
loading was 1.38 mg cm ™.

Similarly, hybrid batteries were fabricated using Na anode,
NGS15 ceramic electrolyte, 20 pL of the above-prepared liquid
electrolytes and NVP cathode. Adding twenty microliters of the
respective liquid electrolyte on the cathode side reduces the
interfacial resistance. In addition, these hybrid batteries were
also tested to evaluate the feasibility of the ceramic as a sepa-
rator in sodium-ion batteries.

3. Results and discussion
3.1 XRD

The PXRD data obtained for NGS ceramics sintered at 1050 °C
for 6 h utilizing route 1 (using NaNO;, Gd,Os;, and SiO,
precursors) along with the possible matching reference patterns
are shown in Fig. 1. The reference patterns include Na;GdSizOq
(powder diffraction file (PDF) no. 00-035-0142), Na;GdSi,O1,
(rhombohedral; PDF: 00-035-0141), NaoGdSisO,5 (hexagonal;
PDF 00-056-0122), NazGdSi,O, (PDF: 00-056-0185), NaGdSiO,
(orthorhombic; PDF: 00-035-0013), and NaGdSiO, (tetragonal;
PDF: 00-035-0012). The XRD diffractograms of NGS 0 and 25
samples are broadened, suggesting amorphous nature, while
others demonstrate crystalline behaviour with distinct high
intense peaks. The diffractogram of NGS 5 to 20 is multi-
phased, with the significant phase being Na;GdSi,O;,.

Multiple ball milling and sintering enhance component
mixing and reactivity, removing impurity phases.*® Thus, we
adopted two ball milling and sintering steps in route 2. Fig. S2at
shows the XRD pattern of ceramics prepared through route 2.
The compositions NGS0 and 25 were not studied further since
they exhibit low ionic conductivity. NGS5, 10, and 20 were also
multi-phased, with the major phase being Na;GdSi O, as in
route 1 (see ESIT) while, NGS15 consists mainly of Na;GdSizOq
(PDF: 00-035-0142) with no impure phases. We made numerous
batches of NGS15 to study the reproducibility of the procedure.
However, we could not obtain an almost phase-pure sample, as
shown in Fig. S2a.T This agrees with the difficulties in achieving
pure phase silicates by conventional synthesis.>****

Different sintering temperatures (950, 1000, 1050, and 1075 °©
C) and various precursors (Na,COz;, Gd (NOs);, and
Si(OCOCH3;),) were also tried in route 1 to improve the purity of
the phase. However, the resulting phases were still multi-phase
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Fig.1 PXRD patterns of NGSO-NGS25 prepared by route 1 along with
the reference patterns of NazGdSizOg (PDF: 00-035-0142), Nas-
GdSisO4, (PDF: 00-035-0141) (rhombohedral), NagGdSigO1g (PDF 00-
056-0122), NazGdSi,O; (PDF: 00-056-0185) (hexagonal), NaGdSiO4
(orthorhombic phase; PDF: 00-035-0013), and NaGdSiOy4 (tetragonal
phase; PDF: 00-035-0012).

along with some unknown phases, as in Fig. S2b and c (see
ESIt). Hence, the investigated compounds in this study are
considered composite materials consisting of various sodium
silicates comprising Na,0-Gd,0;-SiO,. Phase diagram of
selected composition with prepared six NGS compositions from
NGS0-NGS25 is marked based on mol% in Fig. S3.7

3.2 Morphology

SEM analysis was performed on the NGS ceramics prepared by
routes 1 and 2 to investigate their morphologies. The cross-
sectional SEM micrographs of NGS5-20 are shown in Fig. 2a-
d for route 1 and in Fig. 2e-h for route 2, respectively. All the
samples exhibit irregular densified surfaces with some voids.
No noticeable difference in morphology was observed for
samples prepared by routes 1 and 2. In route 1, NGS15 has
a minimum number of pores and appears the densest, which
helps reduce grain boundary resistance. In route 2, NGS15 and
20 seem to be denser than others.

3.3 Electrochemical performance

Impedance spectroscopy was used to determine the electrical
properties of the prepared sodium gadolinium silicates. The
conductivity, g, is calculated using the eqn (1):

(Y

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 SEM images of the cross-section of NGS5-20 pellets (a)-(d)
route 1 and (e)—(h) route 2, respectively.

where R is the resistance at the low-frequency intercept before
the Na blocking tail, [ is the thickness, and a is the area of the
electrolyte. The activation energies, E,, of all the samples, were
estimated using the Arrhenius eqn (2):

oT = A exp <7%) (2)

A is the pre-exponential factor, E, is the activation energy, T
is the temperature, and k is the Boltzmann constant (1.38 X
102K Y.

The results from NGS0 and 25 were not included since they
had high impedance (ionic conductivities between 107° to
107% S em™ ") at RT. From Fig. 3a, NGS15 exhibited the lowest
grain boundary resistance. The equivalent circuit is fitted to the
RT impedance of NGS15, shown in the inset. The impedance
data of NGS15 shows a semicircle at high frequencies and a tail
at low frequencies, corresponding to the grain-boundary
response and the blocking electrode response of the Au
electrode/current collector, respectively.

From Fig. 3b, NGS15 and 20 had the lowest grain boundary
resistance, consistent with the morphology observed in SEM.
Fig. 3c and d illustrate the Arrhenius plot of the samples (25 to

This journal is © The Royal Society of Chemistry 2023
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150 °C) prepared by routes 1 and 2. The conductivity values of
NGS5, 10, 15, and 20 are close throughout the measured
temperature range for route 1 samples, while NGS5 had a lower
conductivity than others for route 2. Table S1 (see ESIY)
demonstrates the ionic conductivity of all the samples prepared
with different sintering conditions.

Based on Table S1,7 NGS15 prepared by route 1 sintered at
1075 °C showed the highest conductivity of 7.25 x 10™*S ecm ™.
We also used Gd(NO3); and Si(OCOCH3), precursors to test the
phase formation. However, the samples were still multi-phased,
as shown in Fig. S2¢ (see ESIT), and no significant changes in
conductivity were observed. Likewise, the samples sintered at
different temperatures resulted in almost similar conductivity.

Table 1 compares the conductivity of various composite solid
electrolytes with present NGS15 silicate.*>* Most of the
composite solid electrolytes’ conductivity was 107> to
1077 S em ! at RT and high ionic conduction was achieved
mainly above 200 °C. Moreover, these composites were devel-
oped by a melt-quenching technique, which requires high
temperatures (>1300 °C) to melt the precursors. However, we
prepared NGS15 silicate electrolyte by solid-state approach with
lower sintering temperature (1050-1075 °C) and high ionic
conductivity at RT.

The ionic conductivity of our best-conducting NGS15
composition is compared with other single phase solid elec-
trolytes used in sodium batteries. Fig. 3e presents the Arrhe-
nius plot illustrating several solid electrolytes, including Na-f3-
alumina, NASICON (sodium superionic conductor), sodium
sulfides, antiperovskite and polymers. Inorganic solid elec-
trolytes, including Na-B-alumina, NASICON, and sodium
sulfides, tend to have higher ion conduction properties than
polymers and antiperovskite. Particularly, NASICON prepared
by Ceramatec demonstrated superior ionic conductivity over
the temperature range, followed by Na-B-alumina.** Recently,
the silicate electrolyte, NasYSi,O;, trilayer scaffold, was
developed by Yang et al.*' via tape casting technique. This
trilayer (porous|dense|porous) architecture gave better RT
ionic conductivity. NGS15 showed excellent conductivity
comparable to Naz;PSe, at RT. From this comparison, it is
evident that NGS15 electrolyte showed higher ionic conduc-
tivity than the majority of other solid electrolytes, including
glass-ceramic c-Na;zPS,, glass Na,S-P,Ss, polymer PEO-NaClO,
(5%-TiO,), polymer PEO-NaPF¢, and antiperovskite Naz;OBr.
Even though the phase is impure, NGS15 displayed excellent
ion-conducting properties relative to most single-phased solid
electrolytes.

3.4 Na-NGS interface and battery performance

Galvanostatic cycling studies were conducted to investigate the
interfacial stability between the Na metal anode and the NGS15
ceramic electrolyte at 25 °C. Fig. S47 shows the critical current
density (CCD) graph for current densities ranging from 0.1 to
0.5 mA cm 2. The maximum current density that Na|NGS15|Na
symmetric cell can withstand at room temperature is 0.4 mA
cm~? without any interface modification. However, at 0.5 mA
cm™?, an apparent voltage drop and short circuit occurred due

J. Mater. Chem. A, 2023, 11, 15792-15801 | 15795
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Fig. 3

(a) and (b) RT—-impedance for NGS5-20 prepared via routes 1 and 2, respectively. (c) and (d) Arrhenius plots for NGS5-20 prepared via

routes 1 and 2, respectively, and (e) Arrhenius plot of solid electrolytes compared with NGS15.384244

to dendrite penetration. Fig. 4 shows the time-dependent
plating/stripping profile of the Na|NGS15|Na symmetric cell at
a current density of 0.1 mA cm ™2 at 25 °C.

The polarity of the current was switched every 30 min for
1000 h. The results indicate a low overpotential of

15796 | J. Mater. Chem. A, 2023, 11, 15792-15801

approximately 25 mV, which remained stable for 1000 cycles
without any significant voltage fluctuations. This observed
overpotential is due to the oxidation and reduction of Na ion
transport through the electrode/electrolyte interfaces.”® The
stable galvanostatic profile further supports the mechanical
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Table 1 Synthesis method and conductivity of several composite solid electrolytes along with NGS15 (conductivity at 25 °C unless specified)

No. Composite solid electrolytes Synthesis method Conductivity (S cm ™) Ref.
1 37.9 Na,0-5.7 Y,03-56.4 SiO, Melt-quenching 3x10°° 45
2 Na,Se-Ga,Se;-GeSe, Melt-quenching 10°° 46
3 90 wt%NASICON-10 wt%60Na,0-10Nb,05-30P,0 Melt-quenching 1.2 x107* 47
4 50Na,0-7.6Sn0,-42.4Si0, Melt-quenching 6 x 107 48
5 Li4P,0,-Li;PO, Solid state 3.85 x 107° 49
6 60Li,0:30P,05:10Nb,O5 Melt-quenching 2x10°° 50
7 Agl-Ag,0-P,05-M00; Melt-quenching 1.2 x 10°° 51
8 Li(BH,)o.7510.25(Li2S)0.75(P205)0.2 Solid-state 103 52
9 0.9(0.75Ag1:0.25AgCl)0.1 SiO, Quenching 1073 53
10 55.6 mol% Na,0:15.3 mol/5 NbO:29.1 mol% P,O5 Melt-quenching 1.35 x 10~* (300 °C) 54
11 (Ligp.25-Lag.25)1 —xSTo.5:NbO3 (x = 0.125) Solid-state 7.3 x107° 55
12 0.25LiCl-0.48Li0-0.03 SiO,-0.24P,05 Melt-quenching 2.5 x 102 (235 °C) 56
13 40 Li,0-30.5 B,03-20 Si0,-2P,05-7.5Li,SO, Melt-quenching 1.5 x 1072 (250 °C) 57
14 LiTi,(PO,)3-0.3Li; 6B.6S0.103.1 Solid-state 1.79 x 1074 58
15 LLZTO@Li4GeO,/Li,O Liquid sintering 5.57 x 104 59
16 2.5Li;PS,~0.5Li,SnS, Solid-state 2.1 x 1072 (550 °C) 60
17 NGS15 (15% Na excess-3.45Na,0-Gd,0;-6Si0,) Solid-state 7.25 x 10°* This work

stability of NGS15 solid electrolyte, dendrite blocking, and good
anode/electrolyte interface.

In order to evaluate the application of NGS15 solid electro-
lytes in energy storage systems, hybrid batteries were assem-
bled, and their electrochemical performances were measured at
RT. Adding a liquid electrolyte on the cathode side for a hybrid
battery reduces interfacial resistance and improves wettability.
The battery made using 1 M NaPF, in EC:PC and 1 M NaPF, in
PC:FEC showed higher capacity decay, which indicates the
incompatibility of NaPFs-based organic liquid electrolyte with
silicate solid electrolyte where the electrochemical performance
is not included. The galvanostatic charge-discharge profile of
hybrid batteries made wusing the remaining two liquid

electrolytes, including 1 M NaClO, in EC:PC (50: 50 wt%) and
1 M NaClO, in PC:FEC (95:5 wt%) are given in Fig. 5a and b,
respectively.

The charge plateau is mainly due to the oxidation of Na;-
v, (PO,), to Nav,™)(PO,); and discharge plateau corresponds
to the reduction process of Nav,™V)(P0,), to Na,v,!"(P0,);.

Na3V2(PO4)3 = 2Na+ +2e” + NaVZ(PO4)3 (3)

In Fig. 5b, the cell made using 1 M NaClO, in PC:FEC showed
a discharge capacity of 90 mA h g with negligible capacity
decay after 10 cycles in comparison to the cell using 1M NaClO4
in EC:PC (Fig. 5a). According to literatures, 1 M NaClO,-based
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Fig. 4 Long-term stability of galvanostatic cycling at 0.1 mA cm™2 at 25 °C for 1000 h using Na|NGS15|Na symmetric cell.
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liquid electrolyte is used widely for hybrid batteries made with
NASICON solid electrolyte, consistent with our studies.*»®*-*
PC:FEC-based solvent showed better electrochemical perfor-
mance than EC:PC-based solvent. This might be due to the
addition of FEC additive (5 wt%), consumed during the cycling
process and helps achieve a stable -electrode/electrolyte
interface.®** To optimize the amount of liquid electrolyte
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needed to improve the interface for the hybrid battery, we made
three more cells with different amounts (5, 10, and 15 uL) of 1 M
NaClO, in PC:FEC on the cathode side. The cells made with 5
and 10 pL of liquid electrolytes got short-circuited after 1st
cycle, indicating insufficient wettability and poor interface. In
Fig. S5, the cell with 15 pL of liquid electrolyte showed a high
discharge capacity of 95 mA h g~* in 1st cycle at 0.1C, but the
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0.1C at 25 °C. (b) Rate performance at different C rates, (c) Capacity retention at 0.1 and 0.5C for 100 cycles (NGS15 was prepared via route 1).
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capacity decay is higher than the cell with 20 pL of liquid
electrolyte. Therefore, we optimized that 20 pL of liquid elec-
trolyte is sufficient to improve the wettability and form a stable
electrode/electrolyte interface, thus providing excellent electro-
chemical performance. The charge-discharge profiles of
batteries made using only liquid electrolytes at 0.1C (25 °C) are
given in Fig. S61 for comparison.

From the battery performances, 1 M NaPFs in PC:FEC
showed a higher discharge capacity of 110 mA h g~ * (close to the
theoretical capacity of NVP) with low-capacity decay and over-
potential at 0.1C. Fig. 6a displays the 1st, 50th, and 100th
charge-discharge curves of the best hybrid battery using
PC:FEC based electrolytes at 0.1C at 25 °C. There is less capacity
degradation from the 1% to 100™ cycle. The rate performance of
the hybrid battery for 5 cycles from 0.05C to 0.5C is displayed in
Fig. 6b, where the capacity at 0.05C is maintained, which shows
the reversibility of the hybrid battery performance. The inferior
specific capacity at a higher C rate (0.5C) is attributed to the low
electronic conductivity of the NVP cathode material.** Fig. 6¢
shows the cycling performance at 0.1 and 0.5C rates for 100
cycles. At 0.1C, the system is stable for 100 cycles without
significant capacity decay, achieving 98.01% capacity retention.
In contrast, there is a degradation and fluctuations in the
specific discharge capacity at 0.5C. Despite capacity fluctua-
tions, the cell demonstrated a remarkable capacity retention of
96.7% after 100 cycles at a rate of 0.5C.

To investigate whether capacity decay is associated with the
structural stability of the NGS15 solid electrolyte, we performed
the X-ray diffraction (XRD) analysis after cycling. The XRD data
before and after cycling is compared in Fig. S7.7 According to
the graph, no phase change was observed, with all the peaks
matching, demonstrating the excellent stability of the solid
electrolyte. The capacity decay can be attributed to other
contributing factors, including the structural degradation of the
cathode, the formation of a solid-electrolyte interphase (SEI)
layer on the cathode surface, side reactions with the electrolyte,
and the dissolution of active species into the electrolyte.®*™*
Additionally, the volume changes experienced by the NVP
cathode during the deintercalation of Na ions can result in
lattice stress, leading to cracking and detachment of the
particle. This structural instability contributes to capacity decay
and the occurrence of side reactions.”””* We further evaluated
the long-term stability at 0.5C for 500 cycles, as shown in
Fig. S8.1 Remarkably, even after 500 charge-discharge cycles,
the cell retained 90.8% of its initial capacity. These electro-
chemical studies prove silicates can be a potential candidate as
solid electrolyte for sodium batteries.

4. Conclusions

In summary, we aimed to synthesize Na;GdSiz;O, ceramic elec-
trolyte via a conventional solid-state approach. The composition
was expressed as (3 + x)Na,0-Gd,03-6SiO, (x = 0.05, 0.1, 0.15,
0.2 and 0.25 mol%), and excess NaNO; was added to compen-
sate for the Na loss during high-temperature sintering. In
addition, the effect of varying synthesis routes, excess Na, and
sintering temperature was investigated. The obtained ceramic

This journal is © The Royal Society of Chemistry 2023
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materials consisted of multiple phases of several rare-earth
silicate compositions. The optimized ceramic with 0.15 mol%
excess Na,O, NGS15 (0.35Na,0-Gd,03-6Si0,), sintered at
1075 °C for 6 h via route 1 exhibited the highest conductivity of
7.25 x 107 S em™' at 25 °C. Na|NGS15|Na symmetric cell
showed good interfacial stability between Na anode and NGS15
ceramic electrolyte over 1000 h at 0.1 mA cm™ 2. Furthermore,
the assembled hybrid battery Na|NGS15|20 pL of 1 M NaClO, in
PC:FEC|NVP exhibited a discharge capacity of 90 mA h g™* at
0.1C with 98.01% capacity retention for 100 charge-discharge
cycles. Thus, Na,0-Gd,0;-SiO, composite ceramics are excel-
lent solid electrolyte for solid-state SIBs, paving the way for
more sustainable, cost-effective, and safe electrolytes for
sodium batteries.
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