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Synthesis, structure, stability, and ionic
conductivity of Na5MSi4O12 type solid
electrolytes for solid-state sodium batteries
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Na5MSi4O12-type silicates are emerging as functional solid electrolytes for solid-state sodium batteries

due to their high ionic conductivity, combined with excellent chemical and electrochemical stability and

low electronic conductivity. Understanding their synthesis, phase stability, crystal and electronic struc-

tures, and ionic conductivity and diffusion is essential for designing and developing better compounds. To

this end, we investigated the synthesis, phase stability, structure, ionic and electronic conductivities,

chemical and electrochemical stability, interfacial resistance, and Na metal deposition of four highly con-

ducting solid electrolytes in the Na5MSi4O12 series (Na5YSi4O12, Na5DySi4O12, Na5GdSi4O12, and

Na5SmSi4O12). By analysing the results from synchrotron XRD, in situ high-temperature XRD, simultaneous

thermal analysis, SEM, high-temperature electrochemical impedance spectroscopy, electronic structure

calculations, chronoamperometry, and chronopotentiometry, we sought to establish correlations among

these phases. This article will provide deep insight into the properties of NMS-type compounds.

Broader context
Sustainable and high-performing solid electrolytes are essential for developing safer solid-state batteries. Na5MSi4O12-type solid electrolytes are very attractive
due to their high ionic conductivity, combined with excellent chemical and electrochemical stability, and low electronic conductivity. They have high poten-
tial to replace the industrial-standard solid electrolyte, Sodium β-Alumina (BASE). However, their structure, phase stability, ionic conductivities, dendrite for-
mation, electrochemical stability, and electronic structures are not well understood. Understanding these properties is vital to designing better solid electro-
lytes. In this article, we provide deep insight into the synthesis, phase stability, ionic conductivity, electronic structure, chemical and electrochemical stability,
and dendrite formation, and diffusion of Na5MSi4O12-type solid electrolytes by correlating results from Synchrotron XRD, in situ high-temperature XRD,
thermal analysis, electrochemical impedance spectroscopy, theoretical calculations, linear sweep and cyclic voltammetry, and impedance evolution during
metal deposition. This article will act as a modern reference in designing better solid electrolytes.

Introduction

Solid electrolytes (SEs) represent a major advancement over
liquid electrolytes, as they improve battery safety, increase the
Coulombic efficiency of metal deposition and stripping,
reduce the solubility of electrode materials, and exhibit high
ionic transport numbers.1 This safety improvement is a reas-
suring step forward in energy storage.

In the context of sodium solid-state electrolytes, both
polymer and inorganic systems have been widely explored,
each presenting distinct advantages and limitations. Solid

polymer electrolytes (SPEs) offer easy processing, excellent
flexibility, and good interfacial contact with electrodes;
however, their ionic conductivity at room temperature is typi-
cally limited (≤10−5 S cm−1), with acceptable conductivities
(10−3–10−4 S cm−1) only achieved at elevated temperatures, where
their mechanical stability is compromised.2,3 Inorganic solid
electrolytes, including sulphide-, halide-, and oxide-based
materials, generally exhibit higher ionic conductivities compared
to SPEs but face challenges related to stability and interfacial
compatibility. Sulphide-based electrolytes, such as Na3SbS4 and
Na3PS4 can achieve very high ionic conductivities (up to ∼10−2 S
cm−1)4 and offer good processability due to their ductility, yet
they suffer from poor air stability, narrow electrochemical
windows, and instability against Na metal. Halide-based systems
provide a wide electrochemical window, mechanical flexibility,
and conductivities approaching 10−3 S cm−1, but are similarly
moisture-sensitive and unstable against Na electrodes.2,3,5
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Among oxide-based sodium solid electrolytes, Na-β-alumina
(BASE) and NASICON (Na1+xZr2SixP3−xO12) are widely regarded
as the most promising candidates for solid-state sodium bat-
teries.6 Na-β-alumina exhibits exceptionally high ionic conduc-
tivity, reaching 0.4 S cm−1 at room temperature,7 due to its
layered structure that facilitates fast Na+ transport; however, its
practical application is constrained by its sensitivity to moist-
ure, high processing temperatures, and interfacial resistance
issues.8–10 In contrast, NASICON-type electrolytes offer a three-
dimensional Na+ conduction framework, enabling relatively
high ionic conductivities at room temperature (typically 10−4 S
cm−1), along with good chemical stability and a wide electro-
chemical stability window.11,12 Nevertheless, like other oxide-
based electrolytes, NASICON suffers from poor interfacial
contact with electrodes and high interfacial resistance, as well
as energy-intensive synthesis requirements to achieve a pure
compound, which limit its overall performance and large-scale
implementation.13

Compared to these established systems, Na5MSi4O12-type
(NMS) silicate compounds have emerged as particularly promis-
ing and are gaining importance due to their high ionic conduc-
tivity (ranging from 10−1 to 10−5 S cm−1 at 200 °C),14 chemical
and electrochemical stability, and low electronic conductivity,
which are the most desirable properties for SEs in solid-state
battery applications. A wide range of cations can be substituted
in Na5MSi4O12 (N5) at the M3+ site. The ionic conductivity of
NMS-type compounds increases linearly with the ionic radii of
M3+ cations,14 reaching a maximum for Sm3+ (0.958 Å).
Therefore, compounds containing larger cations, such as
Na5YSi4O12 (NYS), Na5DySi4O12 (NDS), Na5GdSi4O12 (NGS), and
Na5SmSi4O12 (NSS), are of particular interest due to their high
ionic conductivity and anticipated electrochemical stability.

Despite these promising properties, several critical chal-
lenges remain in the synthesis and characterisation of NMS-
type materials. One of the primary difficulties lies in obtaining
phase-pure N5 compounds, as these materials are prone to
forming structurally similar secondary phases such as
Na3MSi3O9 (N3) and Na9MSi6O18 (N9) during synthesis.14

These impurity phases are thermodynamically competitive
within the Na2O–M2O3–SiO2 system and exhibit similar crystal-
lographic features, making them difficult to distinguish.15 The
structural similarity and overlapping diffraction features of
these phases complicate advanced characterisation and hinder
the establishment of clear structure–property relationships.
The presence of impurities significantly reduces the overall
ionic conductivity due to their intrinsically poor Na+ transport
properties.14,16 Furthermore, the N3 and N9 phases often act
as intermediates prior to the formation of the desired N5
phase.17–19 As a result, precise control over phase evolution
and reproducible synthesis of phase-pure materials remain
major challenges. Nevertheless, N5 phases have recently been
successfully synthesised and investigated in solid-state sodium
batteries.4–10

Among the NMS family, NYS is the most extensively studied
composition.20–24 Shannon et al. reported an ionic conduc-
tivity of 4 × 10−2 S cm−1 at 200 °C for NYS.14 Recent studies

demonstrated that ionic conductivity of 1.59 × 10−3 S cm−1

could be achieved at RT, with an activation energy of 0.20 eV,
enabling improved cycling performance in NVP/NYS/Na
cells.21 Yang et al. used a tape-casting method to produce thin
NYS sheets, achieving a conductivity of 1.0 × 10−3 S cm−1 with
an activation energy of 0.30 eV. These thin sheets showed
promising cyclic performance in Na/NYS/S batteries.24 Despite
its reported high ionic conductivity of 6 × 10−2 S cm−1 at
200 °C.14 Studies on NDS remain limited. In this report, we
synthesised and investigated NDS, alongside other NMS
phases. Recently, we demonstrated the synthesis of pure NGS
with an ionic conductivity of 1.99 × 10−3 S cm−1 at RT.25 As
expected from the cation-size trend, NSS exhibits the highest
ionic conductivity in this series. Recent reports have shown
ionic conductivities as high as 2.9 × 10−3 S cm−1 at RT, with an
activation energy of 0.15 eV.26 Further improvements were
achieved by incorporating an amorphous matrix between NSS
grains, resulting in a conductivity of 5.61 × 10−3 S cm−1.27

However, the electrochemical stability of NSS against Na metal
remains a concern.14 In this work, we investigated the syn-
thesis process, phase stability, structure, ionic and electronic
conductivities, chemical and electrochemical stabilities, elec-
tronic structure, Na+ diffusion, interfacial resistance, and Na
metal deposition behaviour of NYS, NDS, NGS, and NSS under
similar processing conditions, with the aim of establishing
clear correlations among these phases.

Synthesis and phase stability of Na5MSi4O12-type compounds

To understand the synthesis process and phase stability of
NMS, we conducted simultaneous thermal analysis (STA) on
ball-milled precursor mixtures used to synthesise NMS phases,
as well as on the synthesised NMS phases. While STA results
do not fully replicate the conditions in a typical muffle furnace
due to differences in processing conditions and heat transfer,
they provide a good general indication of mass losses, heat
release associated with phase formation, phase changes, and
melting behaviour. Fig. 1 presents the thermal analysis results
of ball-milled precursors used to synthesise NMS phases and
of synthesised NMS phases in the temperature range of
100–1300 °C.

5=2Na2CO3 þ 1=2M2O3 M ¼ Y; Gd; SmandDYð Þ þ 4SiO2

! Na5MSi4O12 þ 5CO2 ð1Þ
Interestingly, all four compounds showed similar thermal

behaviours. Eqn (1) illustrates the reaction of the precursor
mixture used in synthesising NMS phases. These precursor
mixtures include Na2CO3, M2O3 (where M = Y, Dy, Gd, and
Sm), and SiO2. During heating, decomposition of starting
powders occurs, leading to a predictable mass loss due to CO2

release, as shown in eqn (1). The only expected gas release
during this process is CO2 from the thermal decomposition of
Na2CO3. Based on the molecular weight of Na5MSi4O12, a mass
loss of 16 to 17% is anticipated due to CO2 emission. However,
a 19–20% mass loss was observed, with the extra 3–4% attribu-
ted to the removal of absorbed species, such as residual moist-

Paper EES Batteries

EES Batteries © 2026 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
6 

12
:0

7:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6eb00059b


ure. Endothermic peaks associated with CO2 release were
detected between 600 and 630 °C. All four compounds exhibi-
ted three additional endothermic peaks beyond the CO2-loss
peak. The endothermic peak at 778 °C for NGS (773 °C for
NYS, 774 °C for NDS, and 776 °C for NSS) corresponds to the
weight loss observed between 750 °C and 800 °C.

The small endothermic peak observed at 825 °C for NGS
(806 °C for NYS, 804 °C for NDS, and 798 °C for NSS) is attribu-
ted to the formation of the N9 phase. The endothermic peak at
845 °C for NGS (850 °C for NYS, 847 °C for NDS, and 835 °C
for NSS) is linked to the transformation of N9 into the N5
phase. The sharp endotherms correspond to the melting of
NMS phases (1139 °C for NGS, 1225 °C for NYS, 1176 °C for
NDS, and 1091 °C for NSS). A maximum mass loss of 1% was
observed for synthesised NMS at around 600 °C, likely due to
the loss of adsorbed water. This shows that these compounds
are highly stable after synthesis. For synthesised NMS, a broad
endotherm peak followed by a sharp endothermic peak was
observed. The broad endothermic peak indicates particle
growth of NMS, while the sharp endotherm relates to the
melting of NMS (1120 °C for NGS, 1203 °C for NYS, 1168 °C
for NDS, and 1058 °C for NSS).

To understand the phase formation temperatures of the N3,
N5, and N9 phases, ball-milled NGS precursor powders were

heated to various temperatures (700 °C, 800 °C, 900 °C,
1000 °C, 1050 °C, and 1100 °C), held for 4 hours, and then
allowed to cool to RT. Fig. 2a shows the X-ray diffraction (XRD)
patterns of these samples. At 700 °C and 800 °C, the N9 phase
is dominant. Upon heating above 800 °C, the N9 phase begins
transforming into the N5 phase. These observations are con-
sistent with the STA results. At 1000 °C, the N5 phase becomes
predominant, with minor impurities observed from the N9
phase. The fraction of the N9 phase reaches a minimum at
1000 °C, but then increases again at 1050 °C and 1100 °C.
Since NGS melts at approximately 1120 °C, XRD measurements
could not be taken beyond 1100 °C. The N5 phase of NGS
remains highly stable between 850 °C and 1050 °C, and a syn-
thesis temperature of 1000 °C is recommended. Additionally,
quenching NGS from 1050 °C was found to stabilise phase-
pure NGS, with no detectable N9 impurities. We also per-
formed in situ high-temperature XRD on ball-milled NGS pre-
cursor powders to understand the dynamics of phase for-
mation. Fig. 2d displays the HT-XRD patterns of the NGS pre-
cursor material, recorded over a temperature range from
700 °C to 1100 °C, with the final pattern recorded after cooling
to RT. It is assumed that at 700 °C, the primary phase present
is N9-, with the observed peaks corresponding to this phase.
This phase remains dominant at 800 °C and 900 °C, and as

Fig. 1 Thermogravimetry (TG) and differential scanning calorimetry (DSC) curves of (a) NGS precursor and synthesised NGS; (b) NYS precursor and
synthesised NYS; (c) NDS precursor and synthesised NDS; (d) NSS precursor and synthesised NSS.
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the sintering temperature increases, peaks belonging to new
compositions begin to appear. While the patterns remain
largely unchanged up to 1000 °C, at 1050 °C peaks associated
with the N5 phase begin to appear. This transformation
appears to be largely complete by 1100 °C. After cooling to
room temperature, small peaks attributed to the N9-phase are
observed at 19.5° and 33.5°, while the remaining peaks are
associated with the N5-phase.

It is also important to determine the thermal stability of
the synthesised SEs to incorporate them into the full battery
production process. The STA results for synthesised N5
samples indicate that they are thermally stable (Fig. 1). To
further verify this, we performed high-temperature XRD on
pre-synthesised NGS and NYS samples. Fig. 3a displays the
XRD patterns of synthesised NGS at various temperatures,
measured in situ in a heating chamber. The peaks at 33.5
degrees (indicated with a red arrow) correspond to the N9
phase. The N5 phase remains highly stable below 900 °C, but
the N9 phase reappears at 900 °C. This aligns with obser-
vations made during NGS synthesis. The HT XRD patterns of
the synthesised NYS are shown in Fig. 3b. Synthesised NYS is
quite stable until below 1100 °C. However, a peak corres-
ponding to the N9 phase was observed after cooling.

SEM micrographs of sintered NGS pellets (Fig. S2) reveal a
well-sintered, dense surface with a consistent texture, indicat-
ing material homogeneity. Some surface roughness and minor
porosity are observed. Higher-magnification images show a
granular structure with irregularly shaped grains tightly
packed, though some voids are present between them. The
SEM micrographs of NYS display a uniform surface with irre-

gularly distributed pores. At higher magnification, a granular
structure is evident, with small, closely packed grains separ-
ated by varying-sized voids. In contrast, NDS exhibits a
smoother, denser surface with fewer visible pores. Higher mag-
nification images of NDS reveal a tightly packed granular struc-
ture similar to NYS, with pores distributed throughout the
material. The NSS surface appears coarser, with larger par-
ticles of varying shapes and sizes packed together. At higher
magnification, the NSS surface exhibits a crystalline structure,
with well-defined, sharp-edged grains of various sizes and
more prominent grain boundaries. The particles in the NSS
sample are significantly larger compared to those in the NGS,
NYS, and NDS samples.

The density of crystallised NGS was approximately 3.09 g
cm−3, corresponding to about 96% of its theoretical density
(3.21 g cm−3). Similarly, the density of crystallised NYS was
approximately 2.70 g cm−3, corresponding to ∼94% of its
theoretical density (2.86 g cm−3). The density of NDS was cal-
culated to be 3.11 g cm−3, corresponding to ∼96% of its
theoretical density (3.25 g cm−3). The density of NSS was
measured as 2.89 g cm−3, corresponding to ∼91% of its theore-
tical density (3.16 g cm−3). Please note that these densities are
estimated through Archimedes’ principle.

Structure of NMS-type compounds

In this context, it is worth having a clearer look at the structure
of these silicates. Silicates with a Si : O ratio of 1 : 3 can have
different connectivity of the tetrahedrally coordinated silicon
ions via corners. This can lead to the formation of infinite
chains described by a connectivity scheme of (SiO2/2O2/1)∞

Fig. 2 (a) XRD patterns of ball-milled NGS precursor powders heated at various temperatures (700 °C, 800 °C, 900 °C, 1000 °C, 1050 °C, and
1100 °C), held for 4 hours. (b) NGS solid electrolyte pellet and (c) the pellet after sintering at 1100 °C and (d) in situ HT XRD patterns of NGS precur-
sor (the dashed red line is due to the graphite dome used, which is unchanged). The XRD pattern of the graphite dome is shown separately in Fig. S1.
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according to Niggli’s scheme. Alternatively, rings can also be
formed via a similar connectivity scheme, leading to building
units (SiO2/2O2/1)n with n ε IN* and n ≤ 3. Whereas the N5
phase with space group R3̄c can be classified as a ring silicate
with rings composed of 6 corner-sharing silicate units, the N3/
N9 phases reported are chain silicates with infinite chains.
Though the structural motifs of N5 and N9/N3 are different,
the composition of these compounds can be basically
described with a chemical formula Na(2−3x)*nMx*n(SiO3)n with 0
≤ x ≤ 2/3 and n ε IN*. Thus, all these compositions could be
described as a binary cut through the ternary phase equili-
brium diagram of the components M2O3–Na2O–SiO2 (Fig. 4).

If one compares the cubic structure (s.g. Pa3̄) found for
Na9M(SiO3)6 to the orthorhombic structure (s.g. P212121) of
Na3M(SiO3)3, both being chain silicates, a simple analysis via
group – subgroup relationships shows that these structures are
related via two translationengleiche transitions (Pa3̄ → P213 →
P212121) and possess the same connectivity scheme of the sili-
cate subnetwork. However, N9/N3 distinguishes with respect to
the overall Na + M cation content, and the positioning of the
M cations in relation to the (SiO2/2SiO2/1)∞ chains. If one com-
pares the structural datasets of the N9 phase reported for
Na8.12Y1.293(SiO3)6

28 and of the N3 phase reported for Na3Y
(SiO3)3.

29 One can derive possible limits of the composition of
these samples. If all crystallographic Na + Y cation sites would
be fully occupied, one ends up with a composition of Na9M

(SiO3)6 = Na3/2M1/6(SiO3), i.e. (Na + M)/Si = 10/6 = 1.667; in con-
trast, if the crystallographic sites which are occupied by M in
the N9 or N3 phase (i.e. 8 atoms per unit cell Pa3̄ equivalent to
∼1/8 1/8 1/8, 8 atoms per unit cell Pa3̄ equivalent to 3/8 3/8 3/8
and 4 atoms per unit cell Pa3̄ equivalent to 0 0 0 (these sites
are indicated as orange polyhedra in the lower part of Fig. 5))
would be occupied by M, this could even lead to overall lower
(Na + M)/Si content compositions than Na3M(SiO)3 =
Na1M1/3(SiO3) ((Na + M)/Si = 4/3 = 1.333) such as
Na4/5M5/12(SiO3) ((Na + M)/Si = 78/60 = 1.3). This compositional
flexibility is visualized in Fig. 4. Similar considerations can be
done for the trigonal ring silicate Na5M(SiO3)4 (s.g. R3̄c), and
lead to a maximum cation content equivalent to the N9 com-
pound Na9M(SiO3)6 = Na3/2M1/6(SiO3), i.e. (Na + M)/Si = 10/6 =
1.667, under the condition that the 18e site of M can be partly
occupied by Na either and that other Na sites are fully occu-
pied. Similarly, a cation-poor composition can be imagined if
the 18e site is fully occupied by M, leading to Na5M(SiO3)4; for
the N9 compound, no previous reports indicate that any site
other than 18e was occupied by M cations. Again, this compo-
sitional flexibility is visualized in Fig. 4.

Further insight into the detailed structure and composition
of the N5 phases is obtained by high-resolution synchrotron
XRD. The refined synchrotron XRD patterns of Na5M(SiO3)4 (M
= Y, Dy, Gd, Sm) compounds are shown in Fig. 6. In contrast to
the diffraction patterns recorded on laboratory diffractometers,

Fig. 3 XRD patterns of synthesised NGS and NYS heated at various temperatures (the dashed red line is due to the graphite dome used, which is
unchanged); (a) NGS and (b) NYS. Please note that the XRD pattern of the synthesised sample (after cooling) slightly shifted to higher angles. The
misalignment can be referred to as the sample changing height due to thermal expansion/contraction. The XRD pattern of the graphite dome is
shown separately in Fig. S1.
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Fig. 4 Compositional flexibility of different chain and ring silicates.

Fig. 5 Crystal structure of the trigonal N5 phase (top) as well as the cubic/orthorhombic N9/N3 phases (bottom) shown on the example of the
orthorhombic phase. Sites which are reported to be occupied by M cations in ref. 30 are given as orange polyhedra.
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the high intensity counts and signal-to-noise ratios enable a
more detailed analysis and the detection of impurity phases
beyond the N9 phase. These impurities could not be assigned,
even after indexing attempts. However, we estimated the
overall impurity amount by integrating the intensities of
impurity-phase reflections (unknown plus N9) relative to the
main N5 phase. The main parameters of the refined data are
given in Table 1. In addition, Rietveld analysis of synchrotron
XRD (Fig. 6) data revealed that the 18e site occupancy by M3+

ions decreased with increasing ionic radius. Thus, this indi-
cates that M-rich compositions of the N5 structure are
favoured for smaller cations such as Y and Dy, whereas larger
cations, such as Gd and especially Sm, lead to significant
amounts of impurity phases. The structural analysis to reveal
the highest-quality structural information is hindered,

especially for M = Gd and Sm, because the impurity phases
could not be well assigned and overlap with the reflections of
the N5 phase. However, the presence of other phases led to the
assumption that the N5 phase composition might deviate, as
discussed in the previous section. Thus, we allowed for a small
compositional deviation according to Na5+3xM1−x(SiO3)4, with
additional sodium sites partly occupying the M site and the
partly occupied Na sites. Though the improvement of Rwp is
small (usually in the order of up to 0.1%) and thus must be
taken with caution, x appears to deviate from 0 only when
there are impurity phases present, in principle agreement with
the phase width considerations described in the previous
section.

We further analysed the structure of N5 phases to provide
more insight into the origin of its high ionic conductivity. All

Fig. 6 Plots of SXRD data fitted with structural models for the trigonal R3̄c type phase of Na5+dM1−d/3(SiO3)4 (resp. Na(2−3x)*nMx*n(SiO3)n) for (a)
Na5YSi4O12, (b) Na5DySi4O12, (c) Na5GdSi4O12 and (d) Na5SmSi4O12. Bragg markers are given for the trigonal phase; reflections corresponding to uni-
dentified phases and/or N5 phase are not marked explicitly here and were fitted by pseudo-Voigt functions to estimate the overall area corres-
ponding to impurity phases as given in Table 1.

Table 1 Synchrotron XRD refinement results of NMS

NMS
Lattice
parameters [Å]

Cell volume
[Å3]

Refined
composition

Intensity of reflections corresponding to phases other
than the N5 phase (cubic N9 + unknown impurities) [%]

NYS a = 22.0172(4) 5303.6(2) Na5YSi4O12 0.3
c = 12.6334(3)

NDS a = 22.0647(4) 5323.8(2) Na5.09Dy0.97Si4O12 2.0 (to a small part corresponding to an N9 phase with phase
fraction of ∼1 wt% relative to N5 phase)c = 12.6269(3)

NGS a = 22.1091(4) 5363.2(2) Na5.21Gd0.93Si4O12 6.4 (mainly corresponding to an N9 phase with phase fraction
of ∼11 wt% relative to N5 phase)c = 12.6695(3)

NSS a = 22.1494(4) 5392.6(2) Na5.06Sm0.98Si4O12 16.4 (to a smaller part corresponding to an N9 phase with
phase fraction of ∼6 wt% relative to N5 phase)c = 12.6926(3)
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compositions crystallise in the same trigonal structure, with
the rare-earth cation occupying a single crystallographic site.
The M cations (Gd1, Y1, Sm1, or Dy1) occupy the 18e Wyckoff
position (∼0.25, 0, 1

4). Two crystallographically distinct silicon
sites, Si1 and Si2, are located at 36f Wyckoff positions, while
all oxygen atoms (O1–O6) occupy 36f sites, forming the rigid
ring silicate framework. Sodium ions are distributed over mul-
tiple crystallographic sites with more or less distorted octa-
hedral coordination with varying occupancies; the sodium
ions on 6a (32 site symmetry) and 6b (−3 site symmetry) are
well localised and fully occupied. Similarly, the 36f site (1 site
symmetry) shows high occupancy close to 1, whereas the 18e
site (2 site symmetry) (∼0.72, 0, 1

4) and the 36f site (∼0.33,
∼0.14, ∼0.09) show much stronger deviations from full occu-
pancy and larger displacement parameters. The latter most
likely indicates that these sites, due to their partial occupancy,
also contribute mainly to the high sample conductivities. We
speculate that the Na ions in the 18e site are likely to occupy
the metal site, as it is closer to the metal site. We acknowledge
that a slightly different position of sodium ions, an increased
number of sites, etc., can also be used to describe the electron
density distribution derived from the bad localisation of these
Na+ cations; thus, the reader must be aware that a well-ordered
Na+ substructure does not represent the material sufficiently
well at ambient temperature.

Ionic and electronic conductivity of NMS-type compounds

The Na+ ionic conductivities of NGS, NYS, NDS, and NSS were
evaluated using EIS. Solid electrolyte pellets were sputtered

with gold on both sides to serve as blocking electrodes, and
their impedance was measured over the 30–120 °C temperature
range. The impedance spectra for NGS, NYS, NDS, and NSS
over the full temperature range are shown in Fig. 7. The small
semicircle in the EIS spectrum is attributed to the total resis-
tance of the NMS solid electrolyte, including both bulk and
grain boundary resistance. At the same time, the spike rep-
resents charge build-up at the Au electrode. The total resis-
tance, R, was determined from the fitted data as the intercept
of the semicircle with the x-axis and was found to be 64 Ω for
NGS, 68 Ω for NYS, and 59 Ω for NDS. In contrast, NSS has a
total resistance of around 193 Ω at 30 °C. The ionic conduc-
tivities of all compounds were then calculated, and the full
results for the 30–120 °C temperature range are presented in
Table S3. NSS exhibits the lowest conductivity among the four
studied compounds, with a value of 6.13 × 10−4 S cm−1 at
30 °C. NYS has an ionic conductivity of 1.56 × 10−3 S cm−1,
while NGS and NDS exhibit comparable conductivities of 1.99
× 10−3 S cm−1 at 30 °C. This trend persists across the studied
30–120 °C temperature range, with NGS slightly outperforming
NDS at elevated temperatures.

Based on these results, a correlation between the ionic con-
ductivity of the M element in Na5MSi4O12 and the ionic con-
ductivity of the final compound can be established. The ionic
conductivity of Na5MSi4O12 (where M = Y, Dy, Gd, Sm)
increases progressively with the ionic radius of M3+, as
depicted by the ionic radii of the rare-earth elements: Y3+ =
0.9 Å < Dy3+ = 0.912 Å < Gd3+ = 0.938 Å < Sm3+ = 0.958 Å. In the
NMS crystal structure, the Si12O36 rings are held apart by the

Fig. 7 The Nyquist plot for the NMS series in the temperature range of 30–120 °C; (a) NYS, (b) NDS, (c) NGS, and (d) NSS.
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MO6 octahedra, so the size of the M3+ ion largely determines
the amount of “open” space between rings. A direct relation-
ship exists between cell volume and ionic radius: a larger M3+

ionic radius increases the 3D channel area for Na+ ions, facili-
tating their movement and increasing their concentration.

However, despite this general trend, the Sm3+-containing
compound, with the largest ionic radius of 0.958 Å, exhibits
the lowest ionic conductivity in the series. This finding is
inconsistent with recently reported results, where the NSS
compound was found to display the highest ionic conductivity
among sodium silicate solid electrolytes.27 However, similar
behaviour was reported in earlier studies by Beyeler et al.,
where Sm-containing compound exhibited lower ionic conduc-
tivities than both NGS and NYS.31 These observations suggest
that, for the synthesis process used in this study, the size of
Sm3+ may be a limiting factor in forming the desired N5 Phase
of the Na5MSi4O12 compounds. The critical channel size may
be reached with Sm3+ ions, reducing ionic conductivity.
Additionally, a higher amount of the amorphous phase may be
present in the Sm3+ compound, contributing to the lower con-
ductivity, as suggested by the XRD analysis.

The temperature-dependent ionic conductivities were
plotted in Arrhenius diagrams and linearly fitted (Fig. 8a, c, e
and g) to determine activation energies Ea. The total Ea of NGS
calculated is 0.17 eV, 0.16 eV for NYS, 0.22 eV for NDS, and
0.26 eV for NSS. The increase in Ea for NSS can be attributed to
the lower ionic conductivity measured in this study compared
to the typically higher values reported in the literature.

The electronic conductivities, σel, of NGS, NYS, NDS, and
NSS were determined by DC polarisation experiment, with the
results shown in Fig. 8b, d, f and h.

σel ¼ d � I
A� U

where σel is the electronic conductivity (in S cm−1), d is the
thickness of the solid electrolyte pellet (in cm), I is the final
stabilised current (in A), A is the area of the solid electrolyte
pellet (in cm2), and U is the applied voltage (in V).

A very low electronic conductivity of 2.70 × 10−10 S cm−1 was
obtained for NGS, approximately seven orders of magnitude
lower than its ionic conductivity, indicating negligible elec-
tronic conduction. Similarly, NSS exhibits an ultralow elec-
tronic conductivity of 7.43 × 10−12 S cm−1, while NYS and NDS
show values of 6.78 × 10−10 S cm−1 and 2.22 × 10−9 S cm−1,
respectively. All compounds demonstrate negligible electronic
conductivity relative to their ionic conductivities.

Chemical and electrochemical stability of NMS-type
compounds

As shown in Fig. 1, a maximum mass loss of 1% was observed
for pre-synthesised NMS at around 600 °C, likely due to the
loss of adsorbed water. This shows that these compounds are
highly stable after synthesis. XRD patterns of NMS exposed to
air and water for different lengths of time are shown in Fig. S3.
None of the NMS decomposed upon exposure to air or stirring
in water. XRD patterns broadened due to surface amorphiza-

tion due to the absorption of water. But the amorphous nature
disappeared after heat treatment at 1000 °C, confirming that
these compounds can be stored in ambient conditions for a
longer period.

The electrochemical stability of NYS, NDS, NGS, and NSS
was evaluated using both linear sweep voltammetry (LSV) and
cyclic voltammetry (CV). The results are shown in Fig. 9. The
LSV was measured from open-circuit voltages (about 2.0 V vs.
Na+/Na for NYS, NDS, and NGS, and about 0.0 V vs. Na+/Na for
NSS) to 8.0 V vs. Na+/Na. All solid electrolytes maintain a stable
electrochemical window with no significant signs of oxidation
within these ranges. The electrochemical stability was further
characterised by using CV. CV ran in the voltage window of
−0.5 to 6.0 V vs. Na+/Na. No oxidation or reduction peaks were
observed, except for the Na metal deposition and stripping
between −0.5 and 0.5 V. This wide electrochemical window
enables the use of a broader selection of higher-voltage
cathode materials, which benefits the overall energy density of
the full battery. These experiments demonstrate that these
compounds are exceptionally chemically and electrochemically
stable.

Sodium plating, stripping, and insight into dendrite formation
in NMS-type electrolytes

The ability to reversibly deposit and strip sodium metal uni-
formly at lower potentials and higher current densities is an
essential characteristic of sodium solid electrolytes for battery
applications. To conduct these measurements, NMS SEs were
evaluated in a symmetrical Na/NMS/Na cell. Fig. 10 illustrates
the Na deposition and stripping behaviour of NYS, NDS, NGS,
and NSS through the evolution of cell voltage profiles as a
function of current measured at 25 °C. The current was
reversed at 30 minute intervals, with deposition and stripping
conducted for 8 hours at each step. The current density was
increased stepwise from 0.1 to 0.5 mA cm−2 after every 8 hour
cycle. During the Na plating and stripping process, Na+ ions
shuttle through the solid electrolyte and are deposited or
extracted from the metallic anode. It is expected that Na metal
will deposit along the grain boundaries of the solid electro-
lytes, particularly at higher current rates. As the current rate
increases, this deposition and stripping become less efficient,
leading to potential dendrite growth and increasing the risk of
short circuits in the cell.

The Na/NYS/Na symmetric cell exhibited an initial resis-
tance of about 170 Ω. The initial voltage response was almost
0.022 V at a current density of 0.1 mA cm−2. The cycling profile
of the Na/NYS/Na cell exhibited ohmic current–voltage behav-
iour at the initial current for the first 3 hours, with some polar-
isation observed thereafter, although the voltage remained low
at 0.023 V. This small polarisation may indicate the onset of
sodium dendrite growth within the cell. The polarisation was
approximately equal for both polarities, and the impedance
decreased to 160 Ω after 8 hours of cycling at 0.1 mA cm−2.
Upon increasing the current density to 0.2 mA cm−2, more pro-
nounced polarisation was observed, and the resistance further
decreased to about 130 Ω by the end of this cycling stage. This
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trend continued as the current was raised to 0.3 mA cm−2, at
which a more dramatic, yet still symmetric, polarisation was
observed, and the impedance remained at 130 Ω. However,
when the current density was increased to 0.4 mA cm−2, the

polarisation effects became even more pronounced and were
no longer equal on both sides, as the voltage began to oscillate
slightly. At this stage, the impedance increased to 160 Ω.
Further voltage fluctuations were observed at a current density

Fig. 8 Arrhenius plot for the ionic conductivity of NMS series and the time vs. current plot for the determination of electronic conductivity of the
NMS series; (a) and (b) NYS; (c) and (d) NDS; (e) and (f) NGS; (g) and (h) NSS.
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of 0.5 mA cm−2. After cycling the cell at this current density for
4 hours, a sudden drop in cell voltage from 0.310 V was
observed, and the impedance decreased to 20 Ω. Despite these
irregular behaviours, the potential did not drop to 0 V, and

cycling was observed at about 0.013 V. The impedance did not
reach 0 Ω, indicating that the cell was not completely short-
circuited. A digital mustimeter confirmed the absence of a
short circuit.

Fig. 9 LSV and CV of NMS series; (a) and (b) NYS; (c) and (d) NDS; (e) and (f ) NGS; (g) and (h) NSS.
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Before cycling, the Na/NDS/Na cell exhibited a resistance of
about 90 Ω, and the initial voltage response was 9 mV at the
current density of 0.1 mA cm−2. The cycling profile of this sym-
metric cell also followed ohmic current–voltage behaviour,

with no increase in voltage or other significant changes
observed over the 0.1 to 0.3 mA cm−2 current density range
during 24 hours of testing. There was also no change in the
cell’s resistance, indicating that NDS is stable against sodium

Fig. 10 Chronopotentiometry and EIS studies of (a) and (b) Na/NYS/Na; (c) and (d) Na/NDS/Na; (e) and (f ) Na/NGS/Na; (g) and (h) Na/NSS/Na cells.
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metal under these conditions. However, after increasing the
current density to 0.4 mA cm−2, polarisation increased, and
the cell resistance decreased to about 50 Ω after 8 hours of
cycling at this current density. Similar to NYS, even after
further increasing the current density to 0.5 mA cm−2, the
potential did not drop to 0 V, and the impedance did not
reach 0 Ω, avoiding total short-circuiting of the cell. The
gradual increase in voltage and the nonlinear behaviour at
higher current densities imply inhomogeneous dissolution
and deposition of metallic Na during cycling.

The Na/NGS/Na symmetric cell exhibited smooth, stable
sodium deposition and stripping behaviour over a current
density range of 0.1–0.3 mA cm−2, with an initial overpotential
of 8 mV at 0.1 mA cm−2. The deposition overpotential
increased proportionally with increasing current density. At
0.4 mA cm−2, voltage fluctuations appeared, and the interfacial
resistance decreased to 40 Ω after 8 h. Further increases in
current density led to increased voltage noise and a further
reduction in resistance to 20 Ω. Although the resistance
decreased at higher current densities, none of the cells short-
circuited over the investigated current range. The reduction in
resistance is likely associated with sodium metal penetration
or dendrite formation within the solid electrolyte.

The EIS spectrum of the Na/NSS/Na symmetric cell consists
of one partially resolved small semi-circle in the higher fre-
quency region and a larger semi-circle in the low frequency
region. Extrapolating the large semicircle to the x-axis shows
that the cell exhibited an unusually high initial resistance of
about 900 Ω. The initial stripping from the uncycled Na foil
caused an abrupt voltage increase to approximately 0.25 V,
which was significantly higher than in the other cells studied.
The highest voltage, and thus the highest resistivity, was
measured only at the beginning of the first cycle. After this
initial behaviour, the cell displayed a stable cycling profile,
with interfacial resistance decreasing to 75 Ω after 8 hours of
cycling at 0.1 mA cm−2 (inset of Fig. 10h). The voltage
remained stable, and the interfacial resistance showed minor

changes during the subsequent two cycling stages at 0.2 and
0.3 mA cm−2. After raising the current density to 0.4 mA cm−2,
a more pronounced overpotential was observed, and after
8 hours of cycling, the resistance decreased to 45 Ω. Similar
behaviour is observed during cycling at 0.5 mA cm−2, and by
the end of the measurement, the resistance has decreased to
40 Ω. This voltage behaviour suggests sodium dendrite growth
within the electrolyte, but as with the other cells, the Na/NSS/
Na symmetric cell did not short-circuit during the experiment.

The EIS measurements indicate that NMS-type materials
can achieve low interface resistances with metallic sodium.
However, the Na/NSS/Na cells exhibited an unusually high
initial interfacial resistance that decreased upon cycling. The
primary contributor to the impedance in Na symmetric cells is
the charge transfer at the electrode–electrolyte interface. A
possible explanation for this high initial resistance is the low
effective interfacial area, likely due to incomplete contact
between the sodium metal and the electrolyte. The observed
reduction in impedance during cycling is a common phenom-
enon and can be attributed to improved electrode wetting,
where the plated sodium improves the contact at the solid elec-
trolyte–Na side. Nonetheless, further detailed studies are
needed to fully understand why this behaviour was specific to
NSS cells.

Among the assembled symmetric cells, Na/NGS/Na and Na/
NSS/Na cells exhibit a rather stable voltage profile, whereas Na/
NYS/Na and Na/NDS/Na cells show more irregularities. The
observed decrease in polarisation voltage of Na/NYS/Na and
Na/NDS/Na symmetric cells during cycling at higher currents
could be attributed to a phenomenon known as “soft short-
circuit” or “soft breakdown”, which has been observed in
metal batteries, particularly at higher currents.32–35 The poss-
ible dendrite formation and growth mechanism in NMS-type
solid electrolytes is depicted in Fig. 11a. Soft shorts in solid-
state batteries are subtle and not fully understood. Soft short-
circuit involves a partial short circuit in which a low-resistance
bridge is formed, and both ionic and electronic conduction

Fig. 11 (a) Schematic of possible Na dendrite growth, penetration, and short-circuiting mechanism, and proposed equivalent circuits for soft and
hard short-circuit (drawn based on ref. 32–34); the EIS spectrum of NMS post-Na plating/stripping test and the voltage profiles during the last
12 hours of cycling; (b) NYS, (c) NDS, (d) NGS and (e) NSS.
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are present in the cell (Fig. 11a). This contrasts with a com-
plete short circuit, or “hard breakdown”, in which a continu-
ous path with very low resistance forms, causing all the
current to flow through it and leading to cell failure. Ideally, in
solid-state cells, only ions should act as charge carriers.
However, during a soft short-circuit, unintended electronic
conduction occurs due to the formation of conductive path-
ways, such as dendrites, that enable electron transport along-
side ion transport. These filaments are very small metal den-
drites that penetrate the solid electrolyte and maintain high
electronic resistance due to their small size, preventing a dra-
matic drop in overpotential during cycling and avoiding per-
manent short circuits. Consequently, soft shorts may go
undetected.32–34,36

EIS has been proposed as one diagnostic tool for identify-
ing soft shorts.34 The onset of a soft short is often marked by a
gradual decrease in the bulk resistance of the cell during
cycling, indicating the increasing presence of sodium den-
drites within the electrolyte. These filaments allow some elec-
trons to remain within the battery while others may flow to an
external circuit, with ion flow between the electrodes continu-

ing as well. Over time, the growth of these filaments can lead
to a complete short circuit and cell failure. Therefore, monitor-
ing impedance changes during cycling is important to gain
insights into the onset and progression of soft shorts. In sym-
metric cells, a complete short-circuit (hard short-circuit) typi-
cally results in pure resistive behavior reflected in an EIS
Nyquist spectrum as a linear response without an imaginary
loop.32 The case of soft short-circuits is more complex.
Equivalent circuit model proposed by Menkin et al. to describe
a soft short observation includes a charge-transfer resistor
(Rct), representing the electrode–electrolyte interface, in paral-
lel with a lower-resistance element, the short-circuit resistor
(Rss), as illustrated in Fig. 11a.32 The Rss element represents
the ability of electrons to flow through the formed short-circuit
path between two Na electrodes. When the resistance of Rss is
sufficiently small, the system behaves like a pure resistor (equi-
valent to Rsc, Fig. 11a). However, if Rss and Rct are comparable,
the cell may exhibit performance characteristics similar to
those of a well-functioning battery, with a characteristic semi-
circle. In impedance spectra, the parallel Rss results in a sig-
nificant reduction in Rct, and while the overpotential in the

Fig. 12 DOS plot of (a) Na5YSi4O12, (b) Na5DySi4O12, (c) Na5GdSi4O12 and (d) Na5SmSi4O12. The valence band is dominated by O 2p states, while the
conduction band primarily consists of rare-earth-derived states M 5d.
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voltage–time profile decreases, it does not drop as drastically
as in a complete short circuit. The voltage profile can also lack
the rectangular shape typically associated with a full short-
circuit, making the diagnosis of soft shorts more
challenging.32,34

Based on observations of voltage profiles and EIS spectra,
both Na/NYS/Na and Na/NDS/Na cells exhibit signs of soft
shorting. Although the impedance did not reach 0 Ω, both
cells show a linear response at negative imaginary impedance
values in their post-cycling EIS spectra (Fig. 11b and c). In the
Na/NYS/Na cell, a very subtle semicircle is observed at positive
impedance values, suggesting that some charge transfer may
still be present. Furthermore, the voltage profiles of both Na/
NYS/Na and Na/NDS/Na cells show a drop in voltage (in the
case of NDS, the cell briefly approached 0 V), yet after the
drop, the systems continue to operate with declined perform-
ance, reflecting the increasing impact of the soft shorts. If the
growth of sodium metal occurs slowly and there is a consider-
able ionic current even after an electronic pathway forms, the
cell potential might decrease but not drop to zero as it would
in the case of a ‘hard’ short. Once an electronic pathway
forms, highly stable cycling may be observed. It is also impor-
tant to note that soft shorts are dynamic.32,34 Over-extended
cycling, these pathways may gradually disappear, as the loca-
lised rise in current also increases temperature, causing the
dendrite to dissolve back into the electrolyte. As a result, the
cell restores its normal function and resumes cycling as
expected.37 A cell affected by a soft short can, after a period of
rest, appear to behave normally again.34 The EIS spectra for
the studied symmetric cells were recorded immediately after
the stripping/plating cycles, but the duration of this “recovery”
period is unknown, which could explain why short circuits
were not detected during the multimeter test. Therefore,
further investigations are needed to fully understand the
short-circuit behaviour of NYS and NSS solid electrolytes. In
contrast, the EIS profile of Na/NSS/Na symmetric cell remains
consistent, although with decreased resistance, suggesting
that some sodium dendrites grow within the electrolyte. The
voltage profile of the Na/NSS/Na cell at higher current rates is
also stable and does not exhibit features typical of soft or com-
plete short circuits (Fig. 11e). This was also the case for the
Na/NGS/Na symmetric cell (Fig. 11d), suggesting that NSS and
NGS are more resistant to sodium dendrite growth compared
to NYS and NDS.

Electronic structure

First-principles calculations were conducted within the frame-
work of density functional theory (DFT) to investigate the elec-
tronic structure of Na5MSi4O12. Ordered structural models
derived from the experimentally refined Na disorder were
employed to ensure physically meaningful electronic structure
descriptions. Fig. 12 shows the density of states (DOS) for
Na5MSi4O12 (M = Y, Dy, Gd, and Sm). For all compositions, a
wide band gap of approximately 3.93–3.99 eV is observed, con-
firming the insulating nature of these materials. The valence
band is dominated by O 2p states, with minor hybridisation

with Si states, while the conduction band is primarily com-
posed of rare-earth states, with some Si contribution.
Importantly, Na-derived states are largely absent near both the
valence band maximum and conduction band minimum, indi-
cating that Na+ ions do not contribute much to the electronic
band gap but instead function as mobile ionic charge carriers.

Conclusions

We investigated the synthesis, phase stability, structure, ionic
and electronic conductivities, chemical and electrochemical
stability, interfacial resistance, and Na metal deposition of
four highly conducting solid electrolytes in the NMS series:
NYS, NDS, NGS, and NSS. The compounds are highly stable
once they are synthesised. Rietveld analysis of synchrotron
XRD data indicates that M-rich compositions of the N5 struc-
ture are favoured for smaller cations such as Y and Dy,
whereas larger cations, such as Gd and especially Sm, lead to
significant amounts of impurity phases. Further Na+ ions will
tend to occupy the M site as the size of the metal ion
increases. The compounds are highly chemically stable in
water and other aqueous media, demonstrating their compat-
ibility with water-processable electrodes. They displayed high
ionic conductivity with negligible electronic conductivity. They
showed high stability with Na metal and reversible deposition,
indicating their potential as solid electrolytes for solid-state
sodium batteries. NGS and NSS can withstand higher current
rates and exhibit smoother Na deposition. A wide band gap of
approximately 3.93–3.99 eV is observed, confirming their com-
patibility with a wide range of electrode materials.

Experimental

Sodium carbonate (Na2CO3, 99.5%, Alfa Aesar), gadolinium
oxide (Gd2O3, 99.9%, Thermo Scientific Chemicals), yttrium
oxide (Y2O3, 99.9%, Thermo Scientific Chemicals), dysprosium
oxide (Dy2O3, 99.9%, Thermo Scientific Chemicals), samarium
oxide (Sm2O3, 99.9%, Thermo Scientific Chemicals) and
silicon dioxide (SiO2, 99.5%, Thermo Scientific Chemicals)
were purchased from Thermo Fisher Scientific, UK.

The starting materials Na2CO3, Gd2O3, Y2O3, Dy2O3, Sm2O3

and SiO2 were dried appropriately before use. Ball milling was
performed using Fritsch Pulverisette 6 with ZrO2 vials (80 mL).
The ball-to-powder weight ratio was 10 : 1. Simultaneous
Thermal Analysis (STA) measurements were performed on
small amounts of both precursor and sintered NMS powder
samples. The samples were placed in Al2O3 crucibles and ana-
lyzed using a Netzsch STA 449 F1 Jupiter instrument. Heating
and cooling experiments were carried out under argon (Ar)
atmosphere with a heating rate of 5 K min−1 over a tempera-
ture range from 35 to 1300 °C. The microstructure of the sin-
tered solid electrolyte pellets was analysed using the scanning
electron microscope Zeiss Evo LS25 SEM. Density measure-
ments of the sintered pellets were performed according to
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Archimedes’ principle by suspending the samples in air and
distilled water using a Kern EMB-V balance equipped with a
density determination kit and measuring the resulting displa-
cement. The experimental density was determined as the
average of three independent measurements for each sample.

The phase purity of NGS, NYS, NDS, and NSS was deter-
mined by analyzing powder XRD patterns recorded on a
Bruker D8 Discover diffractometer with Cu Kα radiation (40
kV; 40 mA). Scans were recorded between 10–60°. High-temp-
erature X-ray diffraction (HTXRD) was performed on a Bruker
D8 Discover diffractometer equipped with a Domed Hot Stage
(DHS 1100, Anton Paar) fitted with a graphite dome. The diffr-
actometer was operated with CuKα radiation (λ = 0.154 nm)
using a Ni filter, an applied voltage of 40 kV, and a current of
40 mA. Diffraction patterns were collected over a 2θ range of
10–60° using a step size of 0.015° and a time of 1.0 s per step.
Measurements were performed in situ over the temperature
range 700–1100 °C. The specimen was first heated to 700 °C at
5 °C min−1, held at this temperature for 3 h, and XRD patterns
were recorded under the conditions described above.
Diffraction patterns were collected at 800, 900, 1000, 1050, and
1100 °C. For each step, the sample was heated to the target
temperature at 3 °C min−1, followed by a 30 minute isothermal
hold before the scan was recorded. After completion of the
high-temperature measurements, the sample was cooled to
room temperature under natural cooling conditions, and a
final diffraction pattern was recorded at 30 °C. The high-
resolution synchrotron X-ray diffraction was performed at
beamline ID31 at the European Synchrotron Radiation Facility
(ESRF) using an incident X-ray energy of 75.051 keV (λ =
0.16520 Å). Sample powders are loaded into cylindrical slots
(approx. 1 mm thickness) held between Kapton windows in a
high-throughput sample holder. Measurements are conducted
in transmission geometry using a Pilatus CdTe 2M detector
positioned with the incident beam in the corner of the detec-
tor. Background measurements for the empty windows are
measured and subtracted. NIST SRM 660b (LaB6) is used for
geometry calibration performed with pyFAI software, followed
by image integration, including flat-field, geometry, solid-
angle, and polarization corrections. Automated background
subtraction is taken, and parallax correction is performed
based on Rietveld refinement of LaB6 660b.

Rietveld analysis was performed with TOPAS 6 (Bruker)
using a modified fundamental parameters approach, with
instrumental broadening determined from reference scans.
Sample-related broadening was modeled by using Voigt func-
tions with cos−1(θ) and tan(θ) angular dependence of broaden-
ing to adjust for crystallite size and macrostrain effects on the
reflection profile, respectively. Isotropic displacement para-
meters were constrained to be identical for all chemically iden-
tical ions (e.g. B(Na1) = B(Na2) = B(Na3) …; B(Si1) = B(Si2));
etc.; only for the Na(6) site, a different and higher B value was
allowed to be refined, related to the low degree of localization
of the anions of this site. Overall compositions were con-
strained to follow a composition of Na(2−3x)*nMx*n(SiO3)n.
Although indexing attempts were performed, impurity phases

visible in the synchrotron data for all samples could not be
identified with any known phases reported in the ICSD or
ICDD databases. To approximate the amounts of impurity
phases in the different materials, reflections from unidentified
phases were fitted with Voigt functions to estimate their inte-
gral intensities. The amount of impurity phases was then
determined by relating the integral intensity of reflections
belonging to phases other than the N5 phase (unknown and
N9) to the sum of all reflection intensities.

For Electrochemical Impedance Spectroscopy (EIS)
measurements, gold (Au) was sputtered as a blocking electrode
on either side of the SE discs using an Agar sputter coater. EIS
was performed using a Gamry 1010E potentiostat, with an AC
frequency range of 10 mHz to 2 MHz and an alternating
voltage amplitude of 10 mV. Ionic conductivities were obtained
by fitting the resulting impedance spectra. The temperature-
dependent impedance between RT and 120 °C was recorded to
determine the activation energy (Ea). For chronopotentiometry
measurements, Na metal discs were freshly prepared for each
assembled cell in an Ar-filled MBraun glovebox (O2 < 0.5 ppm,
H2O < 0.5 ppm). A clean piece of Na was cut from a rod (Na
sticks, covered in a film of protective hydrocarbon oil, 99%
Alfa Aesar), then pressed flat and cut into circular electrodes.
The surface of the Na disc was mechanically cleaned using a
scalpel blade to expose the fresh metal. The Na metal electro-
des were then placed on both sides of the solid electrolyte
pellet, and the other side of each Na disc was covered with Al
foil. The Na/SE/Na stack was pressed by hand and assembled
in the modified Swagelok cell inside the glovebox. Assembled
cells were placed in an incubator at 25 °C to maintain the
temperature. Chronopotentiometry studies were performed
using a Gamry 1010E potentiostat. Galvanostatic cycling was
performed to test the stability of Na+ plating/stripping, increas-
ing the current density from 0.1 to 0.5 mA cm−2 every 8 h. The
current direction was reversed every 0.5 h. The electrochemical
window of the solid electrolyte was studied using linear sweep
voltammetry. Asymmetric cells with an NMS pellet sandwiched
between a Na metal disc (acting as the reversible electrode)
and a stainless steel (SS) current collector (acting as the block-
ing electrode) were assembled in an Ar-filled MBraun glovebox
(O2 < 0.5 ppm, H2O < 0.5 ppm). The voltametric range for the
LSV measurement was between the open-circuit voltage (∼1.9
V) and 8 V (vs. Na+/Na), and the scan rate was 0.1 mV s−1.
Electronic conductivity of the NMS solid electrolytes was deter-
mined by DC polarisation using blocking gold electrodes in an
Au/NMS/Au configuration assembled in a modified Swagelok-
type cell inside an Ar-filled glovebox. DC polarisation was per-
formed at room temperature using a Gamry Reference 1010E
potentiostat by applying a constant potential of 0.2 V for 8 h.
Data were analysed using Gamry Echem Analyst.

Phase stability and structural ordering

The refined crystal structures of Na5YSi4O12, Na5GdSi4O12,
Na5DySi4O12, and Na5SmSi4O12 exhibit partial occupancies at
the Na sites. To construct ordered structural models, Na con-
figurations consistent with the experimental stoichiometry
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were generated using an electrostatic energy minimisation
scheme implemented in the Python Materials Genomics
(pymatgen) framework.38 Approximately 40 lowest-energy con-
figurations for each compound were selected and subsequently
fully relaxed using density functional theory (DFT). The lowest-
energy DFT-relaxed structures were identified as the ground-
state configurations and were used for all subsequent analyses.

Density functional theory computations

All density functional theory (DFT) calculations were per-
formed using the Quantum ESPRESSO (QE) package39,40

within the projector augmented wave (PAW) approach. The
generalised gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) exchange–correlation functional was
employed for total-energy and density-of-states (DOS) calcu-
lations. Brillouin zone sampling was carried out using a
Monkhorst–Pack k-point mesh of 2 × 2 × 4. The plane-wave
kinetic energy cutoff and charge density cutoff were set to 60
Ry and 480 Ry, respectively. Calculations were performed in a
non-spin-polarised framework. Pseudopotentials were
obtained from the Quantum ESPRESSO pseudopotential data-
base.41 For the rare-earth elements, PAW pseudopotentials
with the 4f electrons treated as frozen core states were used, as
the electronic states near the Fermi level are dominated by M
5d (M = Dy, Gd, Sm) and O 2p orbitals.
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