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Ceramic solid electrolytes are promising candidates for advanced solid-state batteries (SSBs) owing to
their good ionic conductivity, wide electrochemical stability window, excellent thermal stability and
enhanced safety compared to organic liquid electrolytes. In this study, we developed a series of sodium
samarium silicates via a conventional solid-state approach using NaNOsz, Sm,Os, and SiO, precursor
powders. By incorporating varying amounts of NaNOg3, we optimized the ionic conductivity influenced by
sodium, and a higher Na content increased the ionic conductivity of silicates to an extent. Among the
compositions prepared, N5Sm exhibited the lowest grain boundary resistance and achieved the highest
total ionic conductivity of 1.33 x 107> S cm™ at 25 °C after being sintered at 975 °C. The best ion con-

! seven orders of

ducting composition demonstrated an electronic conductivity of 9.47 x 107 S cm™
magnitude lower than the ionic conductivity. These silicates also showed exceptional electrochemical
stability up to 9 V, making them highly suitable for advanced high-voltage sodium battery applications.

These findings underscore the potential of silicate electrolytes in developing next-generation batteries.

Solid-state batteries (SSBs) are promising next-generation energy storage technologies owing to their enhanced safety and
high energy densities, which make them well-suited to meet global energy demands. Achieving optimal performance in
SSBs requires selecting solid electrolytes with high ionic conductivity, good thermal and mechanical stability, low sintering
temperature, and strong electrode compatibility. In response to these challenges, we have developed sodium silicate-based
ceramics with lower sintering temperatures compared to other well-known solid electrolytes for sodium-ion batteries. Our
study focuses on the synthesis of sodium silicates and examines the influence of sodium content on phase formation and
ionic conductivity. The results demonstrate that this silicate electrolyte offers superior ionic conductivity, negligible elec-
tronic conductivity, and a wide electrochemical stability window, making it a strong candidate as a solid electrolyte for
solid-state sodium battery applications.

1 Introduction

better ionic conductivity, enhanced safety, high thermal stabi-
lity, and a wide electrochemical stability window. In parallel to

Solid-state sodium batteries (SSSBs) have emerged as a promis-
ing and sustainable energy storage alternative to conventional
lithium-ion batteries (LIBs), mainly offering a safe and cost-
effective technology for grid-storage applications.' ™ These bat-
teries, featuring solid electrolytes that serve as Na' ion conduc-
tors and separators, offer significant advantages, including
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SSSBs, room-temperature lithium/sodium-sulfur batteries (Li/
Na-S) are gaining attention as next-generation alternative
battery technologies due to the low cost of sulfur and high
theoretical energy density of batteries, Li-S (2600 Wh kg ™)
and Na-S (1274 Wh kg™').*®

Among the various Na" ion conducting ceramics studied,
Na-f-alumina and sodium superionic conductors (NASICON)
(Na3Zr,PSi,04,) are widely explored and utilized in high-temp-
erature Na-S and room-temperature sodium-ion batteries
(SIBs).” " Beta alumina is the earliest fast Na* ion conductor
with an ionic conductivity of 0.2-0.4 S ecm™" at 300 °C.
However, unacceptable mechanical strength and undesirable
side reactions limit its applications in room temperature (RT)
batteries.’>'* NASICON materials have an open 3D framework
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structure with an enhanced ionic conductivity of 107> S cm™*
at RT with appropriate substitutions/elemental dopings.'*"
However, considerable grain boundary resistance and harsh
synthesis conditions hinder the application of NASICONs.'® In
exploring suitable Na* conducting ceramics with low sintering
temperatures and high ionic conductivity, Maksimov et al.
discovered NasYSi,O;, sodium silicate materials in 1973."
Shannon et al. synthesized a series of sodium silicates, identi-
fying Na;SmSi O;, as highly conductive, achieving a Na® ion
conductivity of 3 x 107> S em™" at 300 °C.'® During the syn-
thesis of Na;MSi O;, (N5) (M = rare-earth elements) ceramics,
the formation of NazMSi;O, (N3) and NagMSigO;5 (N9) was
observed.'®'® Unlike the N5 phase, the N3 and N9 phases are
poor ionic conductors.>°

Further research on sodium samarium silicates was con-
ducted by Okura et al. in 1996, in which Na;SmSi, O, glass-
ceramics were synthesized by a sol-gel method and particu-
larly Naj;5Smg ;5Si309 achieved the highest conductivity of
4.82 x 107> S em™" at 300 °C.>' Followed by this, they have
developed a series of Na;SmSi,O;, glass-ceramics by investi-
gating the substitution of Ge and Te on Si sites,?* He** implan-
tation," and Al, Ga and P-based silicates (Na,0-Sm,03-X,05-
P,05-Si0,) (X = Al, Ga).”* A detailed study on the crystalliza-
tion, microstructure and ion conduction of Naz ¢Smg Py 351, 7O0q
was reported.>* Recently, these materials have gained renewed
attention due to their stable structures, which offers further
chemical modification, achieving good ionic conductivity and
lower sintering temperature.”” ' A detailed review of the
crystal structure, synthesis methods and ionic conduction
mechanism of sodium silicates was recently published.** The
latest advancement of Na;SmSi,O;, by Yi et al. utilized a grain
boundary-modified strategy to generate in situ amorphous
grains by tuning the chemical composition.*® This approach
has obtained the highest sodium ion conductivity of 5.61 mS
cm™ " at room temperature.

In this study, we aim to further develop sodium samarium
silicate (NazSmSizOg) ceramics with excess Na and investigate
the effect of excess Na on ionic conductivity. Our approach uti-
lizes a conventional solid-state method with a significantly lower
sintering temperature of 975 °C. Increasing the excess Na in
the composition leads to a complete phase transformation, as
evident from the PXRD and ion conduction results. Among the
six compositions investigated in this study, Na;SmSi O;, (N5Sm)
showed the highest ionic conductivity of 1.33 x 107> S em™ at
room temperature. The resulting samarium silicates also demon-
strate low electronic conductivity and a wide electrochemical
stability window of up to 9 V vs. (Na', Na). These characteristics
make samarium silicates an excellent candidate for solid electro-
lytes in next-generation solid state sodium metal batteries.

2 Experimental section
2.1 Synthesis

The synthesis of sodium samarium silicate follows a conven-
tional solid-state method. A stoichiometric amount of all pre-
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cursors including sodium nitrate (NaNO;) (ACS reagent,
>99.0%), samarium oxide (Sm,0;) (REacton™, 99.9% (REO))
(Thermo Scientific Chemicals) and silicon dioxide (SiO,)
(~99%, 0.5-10 pm, with approx. 80% between 1 and 5 pm)
(Sigma-Aldrich) was used for the nominal composition,
Na;SmSiz;O, (N3Sm). Four more compositions were developed
using varying amounts (5-20%) of excess NaNO; to compen-
sate for Na volatilization during high-temperature sintering
and to understand the effect of excess Na on ionic conduc-
tivity. The four samples were abbreviated as 5, 10, 15 and
20-N3Sm. Nas;SmSi O;,-based samarium silicate composition
was also attempted for phase formation and designated as the
sixth composition, Na;SmSi,O;, (N5Sm). Before synthesizing
all six compositions, Sm,0; was preheated at 900 °C for 6 h to
remove excess moisture.

The precursor powders were then homogeneously mixed
using a ball mill (Pulverisette, Fritsch, Germany) at 200 rpm
for 6 h with 2-propanol. Following thorough mixing, the pre-
cursor powders underwent a calcination process at 900 °C for
6 h to remove nitrates from the starting materials. After calci-
nation, the powders were ball milled again at 200 rpm for 12 h
to ensure homogeneity. Subsequently, the powders were dried
and pressed into pellets with a diameter of 13 mm using iso-
static pressing and then sintered at 975 °C for 6 h in an
alumina crucible covered with the mother powder to compen-
sate for volatilization of Na. Before further testing, the sintered
ceramic pellets were polished and annealed under N, at
700 °C for 1 h to eliminate surface contaminants, including
Na,CO; and NaOH.

2.2 Materials characterization

The crystalline phases of all the silicates were characterized by
Powder X-ray diffraction (PXRD) using a Bruker D8 advance
diffractometer with Cu ka radiation (40 kv, 20 mA) in the 20
range of 10-40°. The PXRD data for all compositions were col-
lected at room temperature. The relative density of the ceramic
pellets was calculated using an Archimedes density method
using 2-propanol as a suspension medium. The cross-sectional
morphology and microstructure of all compositions were
examined using scanning electron microscopy (SEM), and the
elemental composition for all samples was determined using
energy dispersive X-ray spectroscopy (EDX) with the help of
ThermoFisher Scientific Phenom G6 Pro.

2.3 Electrochemical characterization

The ionic conductivity of the samples has been calculated by
performing Electrochemical Impedance Spectroscopy (EIS) in
the frequency range of 1 MHz-1 Hz at an amplitude of 100 mV
using a Solartron 1260 impedance analyzer. All the ceramic
pellets were coated with gold (Au) to serve as blocking electro-
des before the impedance measurement. The temperature
dependence of the ionic conductivity was measured from 25 to
150 °C. DC polarization measurement was carried out with the
same Au-coated pellets to measure the electronic conductivity
contribution of N5Sm by applying a constant voltage of 0.1 V
at 25 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The electrochemical stability window was measured using
cyclic voltammetry (CV) by scanning from —0.5 V to 9 V vs. Na
at a scan rate of 3 mV s™!, with the solid electrolyte placed
between Au and Na electrodes. Symmetric cells were
assembled in a 2032 coin cell under an Ar-filled glovebox
using sandwiched sodium foils on both sides of the best con-
ducting solid electrolyte. Long-term Na plating/stripping tests
were carried out on symmetric cells at a constant current
density of 0.05 mA ecm™? for 150 h with 60 minutes per plate/
strip. Hybrid batteries were made in a coin cell with sodium
foil as an anode and silicate (solid electrolyte and a separator)
with an NVP cathode. A small amount of liquid electrolyte,
10 pl, was added to the cathode side to improve wettability.
500 psi pressure was applied during the coin cell assembly of
symmetric and hybrid batteries. The thickness of the solid
electrolyte utilized in symmetric and hybrid batteries was
8 mm. The liquid electrolyte utilized for the battery was 1 M
sodium perchlorate (NaClO,) in propylene carbonate : fluoro-
ethylene carbonate (PC : FEC) (95 : 05 wt%).

3 Results and discussion
3.1 Effect of excess NaNO; on the phase formation

Sodium samarium silicates were synthesized via a solid-state
approach and have a lower sintering temperature of 950-975 °C
compared to other solid electrolytes such as Na-f-alumina
(~1600 °C), NASICON (1100-1200 °C), and sodium yttrium sili-
cates (NasYSi,O15) (1100 °C).***° The PXRD patterns for the com-
positions sintered at 975 °C for 6 h are shown in Fig. 1. The
PXRD patterns match the reference patterns of # Na;SmSi;Oo, #
NasSmSi, 05, and # NagSmSigO4s. The peaks of N3Sm match the
reference pattern of # Na;SmSi;Oy. However, despite achieving an
N3Sm phase, its ionic conductivity remains low even at elevated
temperatures (~200 °C).

Therefore, attempts have been made to add excess NaNO;
during the synthesis of N3Sm in order to enhance the Na* ion
movement in the crystal system. Specifically, 5-20% excess
NaNO; was added during the synthesis, resulting in four more
compositions, as abbreviated in the Experimental section. The
addition of various amounts of excess NaNO; results in the
complete conversion to Nas;SmSi O, as a major phase, with an
impure phase of NagSmSisO;3 and an unknown peak around
18.7° as depicted in Fig. 1. This unknown peak is present
mainly in 15 and 20-N3Sm. Even though the formed major
phase is Nas;SmSi O;,, all the peaks are shifted to the left
(lower 26) compared to the reference. Adding excess Na
increases the unit cell volume, possibly explaining the shift
toward the left. According to the literature on Na excess in the
NASICON structure,®” their DFT calculation shows that excess
Na leads to a higher occupancy of Na atoms in the crystal
structure, thereby increasing the unit cell volume. The
attempted N3 phases with excess NaNOj; exhibit improved
ionic conductivity at RT in contrast to the pure N3 phase
without excess NaNQOj, which is due to the formation of the
dominant N5 phase, where the N5 phase is known as the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PXRD patterns, along with the reference patterns of NazSmSizOo,
NasSmSisO;,, and NagSmSigOi5. The PXRD of N3Sm matches the
reference patterns of NazSmSizOg and it occurs to be phase-pure.
Compositions 5-20% N3Sm and N5Sm match the reference patterns of
NasSmSisO1,. The N9 and unknown peaks are denoted by symbols: (#)
and (#).

highly conducting phase compared to N3/N9. Similar N3 and
N9 impurity phases have been observed in other studies, and
they are known to reduce the ionic conductivity of N5
ceramics.”’*?®%° Since our attempt yielded a different phase
than intended, we focused on synthesizing the pure phase of
N5Sm itself using the stoichiometric proportions of precur-
sors. The PXRD patterns of the synthesized N5Sm match with
the reference pattern of # Nas;SmSi,O,, with similar impurity
peaks of N9 and an unknown peak at 18.8° are observed. The
N9 impure phase can be eliminated through ball milling and
re-sintering as well as by quenching.>®3°

In conclusion, almost pure N3 phase was achieved in one of
the six compositions prepared, while N5 formed in all other
compositions along with additional impure phases. Based on
our study, the pure phase of the highly conducting N5 phase
without any impurities is not achieved. Further research and
modification of the synthesis route are needed to achieve a
phase pure Na;SmSi,O,, material.

3.2 Electrochemical impedance spectroscopy (EIS) results

The ionic conductivities and activation energies for all pre-
pared silicates have been calculated using the following
equations:

t
- 1
o RxA (1)
—Ea
o1 = 60 exp kT (2)

where ¢; is the ionic conductivity, R is the impedance, 4 is the
area, and ¢t is the thickness of the pellet. In eqn (2), E, is the
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activation energy, o, is the pre-exponential factor, k is the
Boltzmann constant (1.38 x 1072* J K™%), and T is the tempera-
ture in Kelvin. From the Nyquist plot (Fig. 2a and S1%)
obtained from the AC impedance measurement, the ionic con-
ductivity has been calculated using eqn (1). The EIS spectra
consist of a semicircle in a high-frequency region and a tail in
a low-frequency region. All impedance data are fitted with the
suitable equivalent circuit elements (R},) + (Rg,/CPE1) + (CPE2),
where Ry, denotes the bulk resistance, Ry, refers to the grain
boundary resistance, CPE1 relates to the constant phase
element due to the grain boundary, and CPE2 represents the
constant phase element due to the electrode. The capacitance
(C) value has been calculated from the equation below.

(1=n)

o :R<T>Q<%) (3)

R is the resistance, Q is the constant phase element (CPE), and
n is the parameter with a value close to 1. Table S1f shows the
fitting values of all six compositions prepared. Within the fre-
quency range (1 MHz-1 Hz), accurately probing bulk resistance
in the EIS curves is challenging, especially for samples with
high impedance. Measurements at higher frequencies (GHz)
are required to clearly resolve bulk resistance and associated
capacitance.’® However, grain boundary resistance and capaci-
tance are clearly observable within the tested range. The fitted
equivalent circuit is shown in Fig. 2a, inset and S1,{ where C1,
with an order of magnitude of around 107° F for 5, 10, 15, and
20-N3Sm and N5Sm, corresponds to the grain boundary.

View Article Online
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Variations in impedance, particularly for N3Sm with C1 (107"
F), may be linked to differences in grain boundary properties
and the presence of a second phase, which could affect resis-
tance or capacitance at the interfaces. Further characterization
is necessary to isolate and understand the contributions of the
second phase to the overall impedance response. Therefore,
the observed semicircle is related to the grain boundary, while
the semicircle corresponding to the bulk is not observed
within the measured frequency range. The size of the semi-
circle obtained is inversely proportional to the increasing
temperature, which shows that the sodium ion conduction is a
thermally activated process. Among all five compositions com-
pared in Fig. 2a, N5Sm exhibited the highest total ionic con-
ductivity of 3.1 x 107> S em™", followed by 15-N3Sm with 9.1 x
107" S em™". Pure N3Sm exhibited a low total ionic conduc-
tivity (1.17 x 10™* S em™") at an elevated temperature of 200 °C,
as shown in Fig. S1.f Excluding N3Sm, the Arrhenius plot is
shown for the other five compositions in Fig. 2b, in which
N5Sm exhibited higher conductivities at elevated temperatures
with an activation energy of 0.25 eV.

The frequency-dependent electrical properties of silicates at
RT follow the Jonscher universal power law, which expresses
the relationship between AC conductivity and frequency as
given in the equation below:

6y = 6dc + A" (4)

where o is the angular frequency (w = 2IIf), f is the frequency,
0, is the AC ionic conductivity, g4, is the DC ionic conductivity,
A is the proportionality constant, and n is the dimensionless
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Fig. 2
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(@) EIS of (5-20)-N3Sm and N5Sm at RT, with N5Sm showing lower grain boundary resistance and 5-N3Sm exhibiting the highest grain

boundary resistance, (b) Arrhenius plot of all five compositions collected from RT to 150 °C, and (c) frequency versus conductivity plot of silicates.
Equivalent circuit fit is included in the inset of (a). (Due to low ionic conductivity, Arrhenius plot and dielectric studies were not included for N3Sm.)
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frequency exponent that varies from 0 to 1. Fig. 2c illustrates
the frequency-dependent electrical properties of all silicate
compositions at RT. Each composition exhibits electrical con-
ductivity behaviour following Jonscher’s universal power law. A
consistent trend is observed across all compositions, character-
ized by high-frequency plateaus and low-frequency slashes. On
the low-frequency side, the lower ionic conductivity is attribu-
ted to the polarization of Na-ion-blocking electrodes.
Conversely, the frequency-independent plateau in the inter-
mediate-frequency range represents DC conductivity followed
by a dispersion region. This dispersion region is evident in a
high-frequency range for all compositions and could be
explained using the jump relaxation model.*" At intermediate
frequencies, the sodium ions hop from one site to the neigh-
bouring vacancy, contributing to DC conductivity.*?
Conductivity relaxation occurs at higher frequencies, which
might be attributed to the correlated forward-backward
hopping of Na ions and the relaxation adjustment of surround-
ing ions.*"**

3.3 Microstructure and elemental composition of silicates

Fig. S2t1 presents the cross-sectional SEM images of silicates
sintered at 975 °C. The morphology of N3Sm shows numerous
macropores, significantly contributing to its low ionic conduc-
tivity. The grains are visible inside these pores, indicating poor
densification due to the noticeable gaps between them. These
larger pores and gaps interrupt Na' transport at grain and
grain boundaries, markedly increasing the bulk and grain
boundary resistance of the solid electrolytes. In contrast, 5-20
N3Sm silicates exhibit a dense morphology with well-con-
nected grains and smaller irregular pores, approximately
2-3 pm in size. These small numbers of irregular pores
observed in all four compositions also affect the density
values. Two distinct compositions are present in the micro-
structure of all silicates prepared, indicated by white particles
(smaller crystals) on the bulk dense microstructure. N5Sm
shown in Fig. 3a, in particular, is denser with fewer pores than
others, facilitating efficient Na' conduction and improved
ionic conductivity. Even the mixed phase is slightly reduced,
as indicated by the reduction of white particles in the bulk
structure, proving that phase formation and conductivity
mechanisms correlate with the morphology of the developed
silicates. This reduction in the number of pores can suppress
sodium dendrite formation and enhance the mechanical
strength of the ceramic, potentially improving the battery per-
formance. The spot EDX analysis of the cross section for
N5Sm is provided in Fig. 3b; the corresponding elemental
atomic percentages are shown in Fig. 3c and d. The spot EDX
patterns for the other five compositions are included in
Fig. S3-S7.7 Spot EDX on the bulk structure and the white par-
ticle (marked in Fig. 3b) was carried out to understand the
ratio of elements such as Na, Si, Sm and O in the microstruc-
ture. Based on the ratio, all compositions showed mostly
higher Sm and Na presence in the white particle, possibly due
to the formation of a samarium and sodium rich phase com-
pared to the bulk structure, which has been observed as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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B L2 i
) Element Atomic (%) d) Element Atomic (%)
Oxygen 53.83 Oxygen 42.88
Sodium 19.46 Sodium 27.84
Silicon 16.36 Silicon 16.57
Samarium 10.35 Samarium 12.71
Fig. 3 (a) Cross-sectional morphology of N5Sm, (b) spot EDX of the

cross-section of N5Sm on (c) the bulk microstructure and (d) white
particles.

unknown peaks in the phase analysis. This indicates the pres-
ence of a secondary phase in addition to the visual observation
of white particles onto the bulk structure. The cross-section
SEM with mapping of elements including Na, Sm, Si and O for
N5Sm pellet is given in Fig. 4(a)-(e). From the mapping, all
four elements are distributed all over the surface of the N5Sm
silicate, where Sm presence is slightly higher in certain regions
(white particles) compared to others.

The Archimedes bulk density of silicates was measured
using 2-propanol as the suspension medium and then com-
puted using

Whry

— % % Ds 5
WSat - WSusp P ( )

Darchimedes =
where Djrchimedes 1S the Archimedes density, and Wpyy, Wsag,
and Wsysp, are the dry (air), saturated, and suspended (in 2-pro-
panol) weights of the pellets, respectively. Dg,q, is the density
of 2-propanol, 0.786 g cm >,

From Table S2,f comparing the density and ionic conduc-
tivity of silicates, the density increases slightly with the
addition of excess Na, where 5-N3Sm has the lowest density,
which starts to slightly increase from 10-N3Sm to 20-N3Sm,
and N5Sm exhibits a higher density of 3.417 g cm™ among
the five compositions. In contrast, the ionic conductivity line-
arly increases by increasing the concentration of excess NaNO;
in the silicate compositions, from 5-N3Sm to 15-N3Sm, but
after 15-N3Sm, the ionic conductivity decreases for 20-N3Sm.
Among them, N5Sm showed the highest conductivity with
higher density. N3Sm is not included since it showed a lower
density of 2.738 g em ™ with low ionic conductivity at 200 °C.
Even though density is slightly higher for 20-N3Sm, the Na ion
conduction is not as good as that of 15-N3Sm. This proves that
the density alone cannot play a significant role in the move-
ment of sodium ions in the solid electrolyte, which influences
the ionic conductivity. Excess Na in the structure could have
influenced the formation of more secondary phases that can
block ionic pathways in 20-N3Sm compared to 15-N3Sm, as

EES Batteries, 2025, 1,287-297 | 291
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Fig. 4

seen in phase analysis. Therefore, according to the compo-
sitions prepared, 15-N3Sm is the optimum excess Na needed
for the silicate to facilitate high Na* movement in the structure
among 5, 10 and 20-N3Sm.

3.4 Electronic conductivity and electrochemical stability
window of N5Sm

Electronic conductivity pertains to the mobility of electrons
or holes within a material. This is an important parameter
that can affect solid electrolyte performance. Ideally, solid
electrolytes should be perfect electronic insulators, as any
electronic conductivity can lead to self-discharge.** A non-
negligible electronic conductivity is a possible contributing
factor for the internal growth of dendrites, where mobile Li*/
Na® ions are directly reduced to Li°/Na® metal within the
solid electrolyte bulk.**™*” The electronic conductivity, which
is in the range of 107'° to 107> S cm™, is the upper limit
threshold for a solid electrolyte to resist dendrite growth via
bulk nucleation at a current density of 1 and 10 mA cm ™ pro-
posed by Han et al.”’

Electronic conductivity is measured through DC polariz-
ation by applying a constant potential to the solid electrolyte
coated with Au-blocking electrodes on both surfaces. Here, the
Au/N5Sm/Au cell was polarized at a DC voltage of 0.1 V, as
shown in Fig. 5a. The current response under DC polarization
was recorded for 16 h to determine the steady-state current.

A high current response is exhibited by applying a constant
voltage, indicating the ionic contribution (I;,). As time pro-
gresses, the current decreases and eventually reaches a steady
state (Is), reflecting the polarized state of the solid
electrolyte.*®*® The steady state current is contributed by the
electron conduction. Using Ohm’s law, . = L/(S) x I/E, where
o is the electronic conductivity, L is the thickness of the solid
electrolyte, S is the area of the solid electrolyte, E is the polariz-
ation voltage, and I is the steady state current obtained from
the curve. Using the equation, the electronic conductivity was
calculated to be 9.47 x 107'° S em™, seven orders of magni-
tude lower than the respective ionic conductivity. This signifi-
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(a) Cross-section SEM of N5Sm pellet with (b)—(e) mapping of the desired elements present (Na, Sm, Si, and O).

cantly lower electronic conductivity can reduce the self-dis-
charge of batteries, enhance the Na" transference number and
help mitigate Na dendrite formation, making it advantageous
for advanced solid-state batteries.

To enable high voltage output for SSSBs, coupling a sodium
metal anode with a high voltage cathode requires a wide
electrochemical stability window (0-5 V) for an ideal solid elec-
trolyte. The electrochemical stability window of N5Sm was
determined using cyclic voltammetry (CV) with the cell con-
figuration Na||N5Sm||Au, where Au acts as the working elec-
trode. CV was conducted at a scan rate of 3 mV S™" over a
voltage range from —0.5 to 9 V vs. Na. A redox peak around 0 V
was observed, attributed to the reversible oxidation and
reduction of sodium (plating and stripping on Au), as shown
in Fig. 5b. No other reduction or oxidation peaks were detected
up to 9V, indicating that the N5Sm solid electrolyte possesses
superior electrochemical stability. This makes it highly suit-
able for high-voltage cathodes for next-generation energy
storage applications.

3.5 Wetting behaviour of molten sodium on silicate
electrolytes

Proper wetting of alkali metals on the surface of solid electro-
Iytes is crucial for improving the performance of solid-state
batteries. The large surface energy difference between molten
Na and solid electrolyte surface causes molten Na to appear
as a bead with a large contact angle.’® For solid electrolytes
like NASICON, a chemical reaction occurs between molten Na
and the NASICON surface at 380 °C, which results in the
partial reduction of the surface that improves the Na
wettability."®>! Some research has proven that annealing the
solid electrolyte can remove the surface functional groups,
thus enhancing Na wettability.’® Others have also demon-
strated other strategies by developing alloying anodes to
tune the surface energy, thereby improving lithiophilicity/
sodiophilicity.”*>?

Here, to investigate the wetting behaviour of molten
sodium metal on the surface of silicate electrolytes, we heated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

Voltage (V vs Na/Na*)

(a) DC polarization current versus time curve using a two-blocking electrode cell, Au/N5Sm/Au at 0.1 V (RT) (initial and steady-state currents

are represented in the curve, and the electronic conductivity value is determined from the steady-state current based on Ohm'’s law). (b)
Electrochemical stability window of N5Sm using the cell configuration Na/N5Sm/Au at a scan rate of 3 mV s~* (RT). The redox peak around 0 V rep-

resents the oxidation and reduction of sodium metal.

all six pellets to around 200 °C on a hot plate to remove the
absorbed moisture or any other organic impurities. After
cooling, sodium metal foils were placed on the cleaned sur-
faces and reheated to around 200 °C until the sodium
melted. The wettability of molten sodium on the surface of
six different compositions is shown in Fig. 6. The results indi-
cate that almost all compositions exhibited poor wettability
with molten sodium, as evidenced by the spherical shape of
the sodium droplets. The contact angles of molten sodium
on the first three compositions, including N3Sm, 5-N3Sm,
and 10-N3Sm, were relatively large, exceeding 90°. The wett-
ability is improved for the other three compositions, which
are 15-N3Sm, 20-N3Sm, and N5Sm. N5Sm, in particular,
demonstrates the best wettability of sodium among all
others. Considering the improved Na ion conductivity and
wettability of N5Sm among other compositions, long-term
sodium plating/stripping stability tests were performed at a
low current density of 0.05 mA cm™> for 300 h (150 cycles)
with a plating and stripping time of 60 minutes, as shown in
Fig. 7. The cell showed a symmetric voltage plateau during
plating and stripping, indicating uniform deposition of
sodium on both sides of the solid electrolyte for 150 cycles.
The flat voltage profile is also observed from the inset, which

Fig. 6 Optical images of the wettability of molten sodium on top of the
annealed silicate surfaces: (@) N3Sm, (b) 5-N3Sm, (c) 10-N3Sm, (d)
15-N3Sm, (e) 20-N3Sm, and (f) N5Sm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Long-term galvanostatic Na plating/stripping cycling profiles of
Na//N5Sm//Na at a constant current density of 0.05 mA cm~2 for 300 h
(60 minutes per strip).

is shown at the start and end of the cycles. EIS before and
after 300 h plating/stripping is included in Fig. S7,7 where
there is a negligible change in resistance before and after
plating/stripping. Further research is needed to modify the
interface to improve wettability, reduce interfacial resistance
and increase the critical current density of silicates for high-
energy density batteries.

3.6 Hybrid battery performance

A full cell has been fabricated to validate the potential use of
silicate as a separator and solid electrolyte. The hybrid battery
utilizing N5Sm silicate solid electrolyte is paired with a
sodium metal anode and the synthesized Na;V,(PO,); (NVP)
cathode, followed by the synthesis procedure from previous
work.>* The cathode loading is 1.28 mg cm ™ and its diameter
is 10 mm. A small amount of liquid electrolyte, 1 M NaClO, in
PC: FEC (95:05%), is added on the cathode side to improve
the wettability of the NVP cathode. The coin cell was
assembled in an Ar-filled glovebox, and the galvanostatic
charge-discharge tests were conducted at RT using a battery

EES Batteries, 2025, 1, 287-297 | 293
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cycler. The voltage range was set between 2 and 4 V at a
current rate of 0.1 C. As shown in Fig. 8, the flat voltage profile
at 3.4 V can be ascribed to the Na (de)intercalation into the
NVP structure. During the first cycle, the charging and dischar-
ging capacities are 75 and 73 mAh g~'. However, the capacity
achieved is lower than the theoretical capacity of NVP (118 mA
h g™"), whereas negligible capacity degradation is observed
over 50 charge-discharge cycles.

3.7 Comparison with other recent developments in silicate
based sodium-ion conductors

The reports on sodium silicates developed in recent years
(2019-present) are summarized in Table 1.,2°7313340,°5758
Research works on sodium silicates have started to emerge
since 2019, where all NASICON-type solid-state sodium-ion full
cells have been developed by Sun et al, which utilize a
NazV,(PO,4),0,F cathode and NazV,(PO,); anode, along with
NasYSi,O;, composite electrolyte.®® Notably, the sintering
temperature for silicates is lower than that of other oxide elec-
trolytes like p-alumina and NASICON. Among the silicates, Y**-
based materials exhibit the highest sintering temperature of
1100 °C, while Sm>'-based materials demonstrate the lowest
at 950 °C, with other silicates falling within this range.
Silicates also demonstrate a higher electrochemical stability
window, making them promising candidates for next-
generation batteries with high-voltage cathodes. For example,
Nay.0,Y0.92Z10.0851401, showed an impressive electrochemical
stability window between —0.5 and 10 V.*° These silicates
achieved higher critical current densities than other solid elec-
trolytes without interfacial treatment. Nas;YSi,O,,, reported by
Sun et al., went up to 2.2 mA cm~> for sodium plating/strip-
ping without any modification.”® The highest CCD of 3 mA
cm? is achieved for the Na;YSi O, scaffold developed via an
aqueous tape casting approach. Na;YSi;O;, is the most
widely studied silicate, and recently, Gd- and Sm-based sili-
cates have also been developed and achieved outstanding

4.0
— 1t cycle
——30% cycle
3.6 —\ —— 50" cycle
s
[}]
(=]
S
(<]
>
25°C,01C
2441 NallNa,Smsi,0,,/10 pl LE//INVP
20 : . ; . .
0 5 30 45 60 75 90

Capacity (mAh g')

Fig. 8 Galvanostatic charge—discharge curves between 2 and 4 V at a
current rate of 0.1 C of a hybrid battery at RT using the configuration
Na//N5Sm//LE//NVP (liquid electrolyte used: 1 M NaClO,4 in PC:FEC
(95:05%)).
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performance.®**"** Based on a recent study, Na;SmSi,O,, devel-
oped by Yi et al. showed a superior ionic conductivity of
5.61 mS cm™* with an activation energy of 0.2 eV. Na,O-
Sm,0;-Si0, prepared in the current work has achieved an
ionic conductivity of 1.33 mS cm™" comparable with that of
others with an electrochemical stability window up to 9 V. We
have also achieved the lowest electronic conductivity of 9.47 x
107" S em™" for N5Sm compared to others. Further research
has to be continued on these materials, which have excellent
electrical and electrochemical properties and are suitable as
solid electrolytes for SSSBs.

4 Dielectric studies of silicate
electrolytes

We further analyzed the AC impedance data to determine the
dielectric properties of the prepared silicates. Dielectric per-
mittivity is a crucial parameter for identifying the ion transport
and phase transformation mechanism within a system by
visualizing the electrolyte capacitive behaviour.”® The dielectric
constant (¢') and dielectric loss (¢”) can be found based on the
following relationships.

_z"
g = (6)
wCo(Z"” 4+ Z"*)
Z/
8// - - (7)

= (I)C()(ZIZ +Z!!2)

where o is the angular frequency, C, = gy(a/l) is the free space
capacitance, and (Z' and Z") are the real and imaginary parts
of impedance. Herein, the real part of complex permittivity, ¢/,
refers to the energy storage in the medium, whereas the ima-
ginary part of complex permittivity, ", refers to the energy loss
from the medium. Both parameters highly depend on the fre-
quency, while ¢” also depends on the interaction between
charge carriers.

Fig. 9a shows the real part of permittivity (¢') as a function
of frequency for all five silicates, including 5, 10, 15, 20-N3Sm
and N5Sm. All ceramics exhibit a plateau with high ¢’ values at
low frequencies. N5Sm demonstrates an exceptionally high
dielectric constant at low frequencies. This upturn at low fre-
quencies corresponds to the electrode-electrolyte interface
polarization. As the frequency continues to increase, the
polarity of the field reversals becomes too rapid for the charge
displacement to match the size of the conducting region.

Consequently, the oscillating carriers lack sufficient time to
accumulate, preventing polarization. Beyond a specific fre-
quency, the dielectric constant reaches saturation and
approaches the steady-state value (¢,,). Therefore, as frequency
increases, the dielectric constant decreases, consistent with
the typical behaviour of ion-conducting materials.®®®" For
compositions N5Sm and 15-N3Sm, electrode and dipole polar-
ization increase due to the enhanced mobility of thermally
activated charge carriers, resulting in higher dielectric con-
stant values than the other three compositions. Additionally,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of sintering temperature, ionic conductivity (s;), activation energy (E,), electronic conductivity (ce), electrochemical stability
window, and critical current density (CCD) for silicates developed in recent years (2019—present)25~3%-3340.55-58

Critical
Sintering Ionic Electronic Electrochemical current
temperature conductivity Activation ~ conductivity stability window density
Composition (°C) (Sem™) (25 °C) energy (eV) (Sem™)(25°C) (V) (mAcm™)  Ref.
Na;YSi, 01, 800 5.46 x 107> 0.32 — — — 55
NasYSi O, 1100 1.59x 1072 0.20 1078 8 2.2 26
NasYSi,04, (thin film) 1100 1x107° 0.30 — 8 2.2 27
Nay (Y.6Po.2Si2.400 1100 3.7 107> (300 °C) 0.20 — — — 56
NasRSi;0;, (R=Y, 1050-1120  1.82x107°(20°C) (Y) 0.27-0.14 — — — 25
Gd, and Sm)
Na;YSi,04, glass-ceramic 1100 NYS: 0.4 x 107° 0.26 — — 106 pAcm™ 57
NYSP: 1.78 x 107° 0.28 1mAcem™>
NasSmSi 01, 950 2.9x107° 0.15 5.8 x 1071° 8 1.4 31
Na,0-Gd,0;-Si0, (NGS) 1075 7.25x107" 0.30 — — 0.4 29
Nay 05Y0.02ZT0.08514012 1100 3.3x107° 0.30 <107° 10 2.4 40
Na;YSi,0,, scaffold 1100 1x107° 0.29 — 8 3 28
NasMSi, 05, (M=Yb,Y,  950-1100 1.43-2.41 x 1073 0.20-0.21  1.52x1077- — — 58
Dy, Gd, Eu, and Sm) (Yb-Sm) 1x1077
Na;SmSi 04, 900-950 5.6 x107° 0.20 — — 2.5 33
Na;GdSi 04, 1050 1.9 x 107 (30 °C) — — — 0.5 30
Na,0-Sm,0;-Si0, 975 1.33x107° 0.25 9.47 x 107 9 — Current work
(current work)
10
o 5-N3Sm
o 10-N3Sm o
81 o 15.N3Sm °&
@ 20-N3Sm 2
6] © N5SSm ég&o

log f (Hz)

Fig. 9
20-N3Sm, and N5Sm.

the plateau observed at low frequencies shifts to higher fre-
quencies for N5Sm and 15-N3Sm, indicating increased Na' ion
mobility and a higher dipole rotation frequency.®>
The relaxation process during the conduction mechanism
can be understood using the tangent loss plot as a function of
frequency. It can be estimated using the ratio of the imaginary
to the real part of permittivity based on the relation given in
eqn (8):
"
tan 6 = % (8)
In Fig. 9b, the appearance of one peak for all five compo-
sitions is observed due to the dielectric loss caused by grain
boundary polarization. N5Sm showed a shift in the peak to a
higher frequency with a lower peak intensity of the loss curve
than the other compositions. This typically indicates an
increase in charge carriers (lower relaxation time) and a minor

© 2025 The Author(s). Published by the Royal Society of Chemistry

log f (Hz)

(a) Real permittivity as a function of frequency and (b) tangent loss as a function of frequency for all five silicates, including 5, 10, 15,

dielectric loss in the particular composition, implying better
conduction.®® This decrease in relaxation time results from the
fast sodium ion migration from one site to another neighbour-
ing site, thus providing higher ionic conductivity for N5Sm,
among other silicates developed in the work.

5 Conclusions

In summary, six compositions of sodium samarium silicates
were prepared using the solid-state synthesis method. Among
them, N5Sm demonstrated the highest ionic conductivity of
1.33 x 107> S em ™" at 25 °C with an activation energy of 0.25
eV. N5Sm also exhibited a denser microstructure, with higher
density and fewer impure phases, as confirmed by cross-sec-
tional SEM analysis, Archimedes density measurements, and
PXRD. Furthermore, the electronic conductivity of N5Sm was
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seven orders of magnitude lower than its ionic conductivity,
effectively suppressing sodium dendrite growth and enhancing
the sodium-ion transference number. Its stability window
extends to 9 V, making N5Sm a promising electrolyte candidate
for advanced high-voltage energy storage applications. Based
on these findings, sodium samarium silicates, particularly
N5Sm, stand out as excellent sodium ion conductors for future
sodium metal batteries.
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