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ABSTRACT: Developing high-performing solid electrolytes that could replace
flammable organic liquid electrolytes is vital in designing safer solid-state batteries.

Among the sodium-ion (Na") conducting solid electrolytes, Na-f”-alumina (BASE) A

is highly regarded for its employment in solid-state battery applications due to its '\.
high ionic conductivity and electrochemical stability. BASE has long been employed 0.
in commercial Na—NiCl, and Na—S batteries. However, the synthesis of highly <

conductive BASE is energy-intensive, involving elevated temperatures for sintering
and the incorporation of stabilizing additives. Additionally, BASE is highly sensitive
to humidity, which limits its applications. Hence, there is an intense search to
identify suitable high-performing solid electrolytes that could replace BASE. In this X—' a
context, we reinvestigated NagGdSi,O,, (NGS) and demonstrated that phase pure
NGS could be synthesized by a simple solid-state reaction. Beyond a high ionic 3D Na-ion Q) conduction pathways in NasGdSi,0,
conductivity of 1.9 X 107 S cm™ at 30 °C (1.5 X 107* S cm™" for BASE), NGS

exhibited high chemical as well as electrochemical stability, lower interfacial resistance, lower deposition and stripping potential, and
higher short-circuiting current, designating NGS as a better solid electrolyte than BASE.

KEYWORDS: solid-state sodium batteries, solid electrolytes, NasGdSi,O,, (NGS), Na-f"-alumina (BASE), high ionic conductivity,
ceramic electrolyte

B INTRODUCTION between 300 and 350 °C.° However, the synthesis of BASE
involves several processing steps. Temperatures higher than
1500 °C are required to sinter, and additives are needed to
stabilize higher conducting polymorph of BASE.”* 1t is also
highly sensitive to water or water vapors.”'? On the other
hand, the ionic conductivity of NZPS-based compounds ranges
from 107 to 107 S cm ™! at RT.® Similar to BASE, they exhibit
high stability against Na-metal'' and impressive stability
against moisture.'” However, synthesizing NZPS compounds
on a large scale is a matter of concern.'’ They also suffer from
high interfacial resistance.” Consequently, research and
development efforts to identify, design, and formulate suitable
Na* conducting solid electrolytes gain prominence.

In pursuit of identifying suitable Na* conducting SEs,
NasMSi,O,,-type compounds caught our attention. Maksimov
et al. introduced these compounds (NagYSi,O,, NasScSi, 015,
and Na;ErSi,0,,) in the 1970s."* Shannon et al. were the first
to report the ionic conductivity and determine the true crystal
structure of these compounds.'” These phases generated a lot

Sodium-based batteries are one of the most captivating and
feasible technologies among the post-lithium electrochemical
energy storage devices. Sodium mineral deposits are both
highly abundant and widely distributed around the globe,
making them a more sustainable and economically promising
candidate."”” However, the high chemical reactivity of sodium
with organic liquid electrolytes raises safety concerns.’
Grounded on these facts, solid-state sodium batteries
(SSSBs) have emerged as a promising alternate system,
where flammable liquid electrolytes are replaced with solid
electrolytes, offering higher thermal stability and overall system
stability against Na-metal.”> Solid electrolytes play an
important role in deciding the overall performance of SSSBs.
High ionic conductivity and chemical and electrochemical
stability are essential criteria that solid electrolytes should be
endowed with for solid-state battery applications.” Among
various classes of solid electrolytes (SEs), ceramic-based SEs
exhibit most of these properties and, thus, are widely
investigated for SSSBs. When sodium-ion (Na*) conducting

SEs are considered, Na-f3”-alumina (BASE) and NASICON- Received: October 28, 2023
based Na;Zr,PSi,O;, (NZPS and doped) are highly regarded Revised:  January 18, 2024
for solid electrolyte applications.”” BASE exhibits ionic Accepted:  January 19, 2024

conductivity of 1072—107° S cm™' at room temperature Published: January 31, 2024

(RT). It is highly stable against Na-metal and has long been
used in commercial Na—NiCl, and Na—S$ cells that operate
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Figure 1. (a) Rietveld refinement of the NGS XRD pattern (* shows the impurity) (inset shows the image of the typical NGS discs synthesized in
the second step); (b) crystal structure view of NGS; (c) Na* diffusion paths. Rietveld refinement was done by using FullProf software. The
refinement fits and calculated parameters are listed in Table SI1. Dots (black color) represent observed data, solid line (red color) represents a
calculated pattern, and lower line (blue color) signifies the difference between them. Green-colored vertical lines represent Bragg positions.

of interest recently.">™'” Shannon et al. prepared a series of
compounds by substituting M with various elements (M = Fe,
Sc, Y, and rare earth Lu—Sm). They found that the ionic
conductivity increased linearly with the ionic radii of the M**
ion in the structure. For example, the ionic conductivity of
NagFeS,,0,, is 2 X 107 S cm™, and NaySmSi,O;, is 1 X 107"
S cm™! at 200 °C. Sm** with an ionic radius of 0.958 A seems
to be the higher limit in the series as the compounds with
larger M** ions (Nd*', Pr**, La**) did not form.'* Since their
discovery, many compounds of these types have been
prepared, usually by following a conventional solid-state
synthesis.'”'® However, other preparation techniques have
also been prozposed, including glass melt-quenching,'” spray
freeze-drying,”® hydrothermal processes,'”*' and sol—gel
methods.”” Although the Sm compound showed high
conductivity, it is unstable toward Na-metal."* Gd compound
with an ionic conductivity of 8 X 107> S cm™" at 200 °C is the
second highest conducting compound in this series and stable
against Na-metal. Therefore, we chose Na;GdSi,O;, (NGS).
While a few reports describe the preparation of single-phase
NGS,””**~** no consistent synthesis process of NGS has been
proposed. Further, there are no reports exploring the use of
NGS as a solid electrolyte for SSSBs. In this study, we
unequivocally demonstrate the synthesis of pure NGS through
a simple two-step solid-state reaction, exploring its properties
and candidature as a solid electrolyte for SSSBs. We also
compared its properties with BASE, “the electrolyte of
choice” for solid-state cells. NGS outperformed BASE as a
solid electrolyte in several aspects.

B SYNTHESIS AND IONIC CONDUCTIVITY OF NGS

In the first attempt, the synthesis of NGS was performed by
milling the reactants (strictly stoichiometric and adequately
dried) at 400 rpm for 12 h. The milled mixture of reactants was
heat-treated at 750 °C for 2 h and then at 1050 °C for 8 h,
followed by cooling to RT. The X-ray diffraction (XRD) of the
as-synthesized sample, shown in Figure S1, exhibits impurity
peaks. To eliminate the impurities, the sample was milled
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further at 400 rpm for 2 h, pressed into 12 mm discs, heated
directly at 1050 °C for 8 h, and cooled to RT. The XRD
patterns still revealed the presence of significant impurities.
Therefore, in the next step, the milling speed was increased to
600 rpm to reduce the particle size of the reactants further and
then repeated the two-step synthesis process. Though such an
attempt reduced the intensity of impurities, the presence of
impurities was still not eliminated (Figure S2). Previous
reports describing the synthesis of compounds belonging to
the NagMSi,O,, family have shown that several other phases
exist in the Na—M—Si—O system.”* > Na;MSi;O, (N3) and
NagMSigO;5 (N9) were reported to be found often during the
synthesis of NS5-type materials. Generally, N3 is observed at
lower temperatures (~700 °C), and N9 starts to form at ~950
°C. N3 and N9 types change to NS-type (NGS) structures at
higher temperatures. Therefore, we quenched the sample from
1050 °C to stabilize the HT NS phase. This time, we achieved
an almost pure phase of NGS. A minor impurity (shown with
an asterisk in Figure la) was observed, however, implying the
presence of an insignificant amount of N9-type phase. This
impurity phase could entirely be avoided through the effective
quenching of the sample, for instance, by quenching directly
into liquid nitrogen or water. However, due to safety reasons,
we have evaded this attempt. NGS samples were prepared on a
S g scale, and the synthesis was reproduced several times. It
should be noted that raising the temperature above 1050 °C
resulted in the deformation or melting of the pellets. Other
compounds in the NagMSi,O,, series could also be prepared
following this method and will be reported in the future.
Figure la shows the Rietveld refined XRD pattern of NGS
obtained by quenching. The refined parameters are given in
Table S1. It can be elucidated that the NGS crystallizes in a
hexagonal form with a space group of R3¢ (no. 167). The
lattice parameters are a = b = 21.9865 and ¢ = 12.5992 A, and
the volume is V = 5274.6 A® (Z = 6). The crystal structure view
of the NGS is shown in Figure 1b. It can be inferred that the
crystal structure is built up of SiO, tetrahedra, GdOq
octahedra, NaO, tetrahedra, and NaOg4 octahedra. SiO,
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Figure 2. (a) Impedance spectra of NGS obtained at 30 °C (inset shows the typical gold-coated NGS used for ionic conductivity measurements);
(b) Arrhenius plot for the temperature-dependent ionic conductivity of NGS and BASE. BASE discs of 12 mm diameter and 1 mm thick and NGS
discs of 11 mm diameter and 1.31 mm thick were used for EIS studies. The total resistance, R, was determined by calculating the intercept value of
the small semicircle with the X-axis. The ionic conductivity (6) was then determined by using 6 = d/(R X A), where R is resistance, d is the

thickness, and A is the area of the pellet.
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Figure 3. (a) XRD patterns of pure, Zr*, and Mg** doped NGS; (b) Arrhenius plot for their ionic conductivity of NasGdSi Oy,

Nay9Gdg9Zro;5i,015, and Nag ;GdyoMgp 51401,

tetrahedra form Sij;,Os¢ rings running parallel to the c-axis,
leaving the channels. The GdO4 NaO,, and NaO4 moieties
occupy these channels. The red Na atoms are rigid and tightly
bonded, while the pale blue Na atoms are highly mobile.

Figure 2a shows a Nyquist plot of NGS at 30 °C. The ionic
conductivity of NGS at 30 °C is 1.9 X 107* S cm™ and
attained 8.5 X 107> S cm™" at 120 °C. The ionic conductivity
of BASE is 1.5 X 107> S cm™ and increased to 6.8 X 107> S
cm™! at 120 °C. Thus, the ionic conductivities of NGS are
slightly better than BASE. Figure 2b shows the Arrhenius plot
of the ionic conductivity of NGS and BASE. The ionic
conductivity of NGS could be improved slightly if the impurity
in the final sample was eliminated, as we found that impurities
due to the N3 and N9 phases can reduce the ionic conductivity
of NGS. Figure S3 presents the impedance spectra of pure
NGS and the sample synthesized in the first attempt (this
sample contains a significant amount of N3 and N9 phases) at
30 °C. The pure sample exhibits higher conductivity.

B EFFECT OF DOPING

An attempt has been made to stabilize and improve the ionic
conductivity of NGS by partly substituting Gd** with aliovalent
Zr* and Mg?*. The Zr*' and Mg’ ions were chosen as
dopants due to their identical ionic radii (0.72 A) and proven
electrochemical stability. It has been observed that Zr** doping
has led to Na-deficient phases (Na,oGdyeZrg;Si,0;, and
Na, 3§Gdg§Z1(,5i,01,), while Mg>" doping has led to Na-rich
phases (Nag,GdyoMg;Si,0;, and Nas,GdgsMg,,Si,01,).
Indeed, it must be emphasized that the Zr* doping stabilized
the NGS phase by exterminating the formation of the N9-type
phase. However, a new impurity was found to appear in
Na, ,Gdy¢Zr,Si,0;,, which grew in the Zr,, phase (Figure
3a). The Mg** doping also stabilized the NGS phase by
eliminating the formation of the N9-type phase. Surprisingly,
the N3 type phase was also observed in Mg-doped samples
along with the new phase observed in Zr-doped samples
(Figure 3a). The ionic conductivity of Na,,GdgoZr, ;51,015
and NGS is the same at RT. However, the Zr-doped sample
showed a higher resistance as the temperature increased
(Figure 3b). The ionic conductivity of Nag;Gd,,Mgy,Si,01, is
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Figure 4. (a, ¢) chronopotentiometry of NGS and BASE (inset shows the NSG disc sandwiched between aluminum-supported sodium foils); (b,
d) EIS spectra of the same cells recorded before the rise of the current in each step.

significantly lower compared to that of pure NGS. This could
be due to the Na-rich phase created by Mg doping, which
reduces the Na vacancy and conductivity.

Bl STABILITY IN WATER

The stability of solid electrolytes is an important factor as it
facilitates the simple fabrication of solid-state batteries and
enables aqueous processing.”” Therefore, it is crucial to
examine the stability of NGS in water. In order to do this,
the NGS powder was stirred in water overnight at RT, filtered,
dried, and heated to 900 °C. Figure S4 shows the XRD pattern
of the NGS recorded after heating. The XRD pattern of the
water-treated sample is almost unchanged. Nevertheless, high
background noise was observed in the XRD pattern, which
eventually disappeared after the heat treatment. The back-
ground noise is attributed to the surface amorphization of
NGS. Further investigations are underway to test the stability
of NGS for deeper insights. Overall, NGS is stable in water.

B CHRONOPOTENTIOMETRY STUDIES

The ability to deposit and strip Na-metal reversibly at lower
potentials and higher current rates is another vital quality of
solid electrolytes. We explored this property in NGS and BASE
by reversibly plating the Na-metal in symmetrical cells. Figure
4 shows the Na deposition and stripping behavior of NGS and
BASE. For measurements, the solid electrolyte discs were
sandwiched between aluminum-supported sodium foils
(shown in the inset of Figure 4a), transferred to a modified
Swagelok cell, and placed between two stainless—steel (SS)
current collectors. The top part of the SS current collector was
compressed with an SS spring using a Swagelok tightening rod
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(the modified cell design was given in our previous report’’).
The compression force of the spring was 40 N, measured with
a MARK-10 (ES30) force stand. Figure 4a shows the evolution
of cell voltage profiles as a function of current measured at 25
°C. The deposition and stripping were carried out for 8 h at
each step, and the current was reversed every 0.5 h. The
current density was increased stepwise from 0.1 to 0.5 mA

* after every 8 h. During the Na deposition and stripping,
the Na® ions shuttle through the solid electrolyte and are
deposited or stripped from the metal disc. Na-metal is expected
to deposit along the grain boundaries of the solid electrolytes
during this shuttling (deposition/stripping) process, partic-
ularly at higher current rates. This deposition and stripping will
be less efficient at higher current rates, leading to dendrite
growth and eventually creating short circuits in the cell
Therefore, we measured the interfacial resistance before raising
the current in each step to monitor the change in the interfacial
resistance and estimate the short-circuit current density
(Figure 4a,b). The interfacial resistance indicates the contact
resistance between the solid electrolyte and the metal. The
lower interfacial resistance reflects better contact between solid
electrolytes and Na-metal. In the case of NGS, the interfacial
resistance of 80 € indicates clean interfaces and the absence of
any reaction between NGS and Na-metal. The deposition and
stripping potential depends on the contact resistance between
the solid electrolytes and metal beyond the ionic conductivity
of the solid electrolyte.

Between 0.1 and 0.3 mA cm? Na/NGS/Na exhibits
smoother and more stable deposition. Nevertheless, when the
current was raised, the deposition potential increased. A
further increase to 0.4 mA cm™? induced the noise in the

https://doi.org/10.1021/acsami.3c16153
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Figure S. (a) Extended chronopotentiometry studies of Na/NGS/Na cell; (b) chronopotentiometry of Na/NGS/Na cell at various temperatures;

(c) EIS spectra of the cell.

voltage profile. Surprisingly, the interfacial resistance was
reduced to 40 Q. Further rise in the current increased the noise
level in the voltage profile and reduced the interfacial resistance
to 20 Q. A similar trend was observed in several Na/NGS/Na
symmetric cells. The deposition, stripping, and resistance
behavior of four more Na/NGS/Na cells are shown in Figures
S5 and S6. Though the resistance came down at higher current
rates, the cells never short-circuited in the current range of
0.1-0.5 mA cm™ We hypothesize that the decrease in the
resistance at higher current rates could be due to the Na-metal
deposits or dendrites inside the solid electrolytes that lie close.
The uneven deposition of Na-metal on the grain boundary
surfaces could induce noise in the voltage profiles. However, at
this stage, the deposits or dendrites cannot connect electroni-
cally and short-circuit, as the pores in the solid electrolytes are
disordered (or indirect). Nevertheless, these dendrites would
gain more mechanical strength at higher current rates,
puncture the pore walls, and lead to short circuits. This is
purely a hypothesis postulated based on experimental
observation. We are currently trying to understand the pore
structure and performing detailed experiments to understand
the deposition and stripping behavior in NGS and related
compounds.

The deposition and stripping in Na/BASE/Na cells were
smoother at all current rates (Figure 4c). The interfacial
resistance and the deposition potentials are also higher in Na/
BASE/Na cells compared to Na/NGS/Na cells at respective
currents. In Na/BASE/Na cells, the potential remained flat at
around 13 mV when cycling at 0.1 mA cm™ and increased
gradually with current up to 0.3 mA cm™>. However, upon
increasing the current density to 0.4 mA cm™?, the deposition/
stripping potential was raised sharply to 0.47 V, followed by a
sudden drop to 0 V within a few deposition cycles, indicating
short-circuiting of the cell. The resistance dropped to 0 £,
confirming short-circuiting (Figure 4d). The deposition,
stripping, and resistance behavior of an additional Na/
BASE/Na cell are shown in Figure S7. This cell also short-
circuited between 0.4 and 0.5 mA cm™ We additionally
confirmed the short-circuiting with a multimeter continuity
test.
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Na/NGS/Na cells showed a stable cycling profile with no
significant overpotential for almost 23 days (Figure Sa). It also
showed a stable cycling profile at elevated temperatures
(Figure Sb). The deposition potential decreased with an
increase in the temperature, probably due to the improved
ionic conductivity of the solid electrolyte at higher temper-
atures and due to the improved contact between Na and NGS,
caused by the improved malleability of Na-metal. Further, this
ultralow interfacial resistance of 20 Q highlights the clean
interfaces between NGS and Na-metal, and it has to be noted
that there is no reaction even at 80 °C. The chronopotenti-
ometry studies of Na/Na, ¢Gd, ¢Zr,;Si,O,/Na cells are shown
in Figure S8. Though the cells showed less overpotential and
low initial interfacial resistance, these cells short-circuited
between 0.2 and 0.3 mA cm™

B SOLID-STATE BATTERIES WITH NGS

Figure S9(a) shows the charge—discharge curves of
Nay;MngoMg, 0, (80 wt %) + Super P (10 wt %) +
Na,SiO; (10 wt %)/NGS/Na cell at 80 °C. The
Nay,Mn, Mg, 0, was used as a cathode, Super P was used
as a conductive additive, and Na,SiO; was used as a binder
(one of the newly introduced ionically conducting inorganic
binders**). Na,;MngyMg, ,0,, Super P, and Na,SiO; powders
were mixed with an agate mortar and pestle. A thick slurry was
made by adding water to the dry mixture. This slurry was
coated on NGS solid electrolyte discs dried at RT and heated
at 300 °C for 4 h. The discs were then transferred to the
glovebox, and the Na disc supported on an aluminum foil was
stuck on the other side of the electrolyte, acting as an anode.
As prepared, the cells were transferred to a modified Swagelok
cell and cycled. The reversible capacity was only 6 mAh g™/,
which was raised gradually to 12 mAh g~', but then reduced to
8 mAh g' after 100 cycles. It should be noted that no liquid
electrolyte was added to the cathode layer to maintain the
safety attributes of all-solid-state batteries. While NGS can be
cycled in solid-state batteries, the poor performance was
attributed to the low ionic conductivity of the binder. The
symmetric Na/NGS/Na cell showed very low impedance of
only 80 Q (Figure 4b), whereas the EIS spectra of the
Na,,Mn, Mg, 0, (80 wt %) + Super P (10 wt %) + Na,SiO;
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(10 wt %)/NGS/Na cell showed extremely high impedance of
over 90000 Q Figure S9(b). This could be due to the poor
ionic conductivity of the binder.”’ We expect to improve the
performance of SSSBs by using high-conducting binders.

B CONCLUSIONS

In conclusion, we established a simple two-step process to
synthesize highly pure NGS. Following this method, we could
synthesize several other highly conducting compounds in this
series. Further optimization of the synthesis process is possible.
We also showed that aliovalent cation doping could be used to
stabilize the high-temperature NGS phase. However, doping
reduced the ionic conductivity. NGS showed high ionic
conductivity, chemical as well as electrochemical stability, and
stability in water. More importantly, NGS showed ultralow
interfacial resistance of 80 € at 25 °C and reduced to 20 € at
80 °C, demonstrating highly clean and stable interfaces
between NGS and Na-metal. Unequivocally, NGS out-
performed BASE in terms of key solid electrolyte properties.
Though the synthesis of NGS is simple and can be synthesized
at a lower temperature than BASE, the final cost of NGS might
be higher than that of BASE due to the presence of Gd. Gd is
relatively expensive and low abundant in the earth’s upper
crust (4 ppm).”” Currently, we are investigating more
sustainable compounds in the NagMSi,O,, series, which
could potentially replace BASE in all aspects.

B EXPERIMENTAL SECTION

Synthesis and Characterization. Starting materials Na,COj;
(99.5%, Alfa Aesar), Gd,0; (99.9%, Thermo Scientific Chemicals),
and SiO, (99.5%, Thermo Scientific Chemicals) were dried before
use. For doped NGS compounds, ZrO, (99.7%, Thermo Scientific
Chemicals) and MgO (99.95%, Thermo Scientific Chemicals), also
dried before use, were added to the starting mixture. Fritsch
Pulverisette 6 was used for ball milling experiments (ZrO, vials (80
mL), and balls were used for milling). The ball-to-powder weight ratio
was 10:1. BASE discs of 12 mm diameter and 1 mm thick were
obtained from Ionotec Ltd., England. Polycrystalline P2-
Nay;MnyoMg, ;0, (NMO) was synthesized according to the previous
report.®> The crystal structure and phase purity of synthesized
materials were determined via XRD using a Bruker D8 Discover
diffractometer and Cu Ka radiation (40 kV; 40 mA). Scans were
recorded between 10 and 60°. Rietveld Refinement was performed by
using FullProf software.

Electrochemical Characterization. Electrochemical impedance
spectroscopy (EIS) and chronopotentiometry measurements were
performed using Gamry 1010E potentiostat. Gold (Au) was sputtered
as a blocking electrode on either side of the solid electrolyte discs by
using an Agar sputter coater for EIS measurements. EIS was recorded
between 2 and 10 MHz at RT-120 °C. Ionic conductivities were
obtained by fitting the resulting impedance spectra. For chronopo-
tentiometry measurements, Na-metal discs were freshly prepared for
each assembled cell in an Ar-filled glovebox. 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.
Their surface was mechanically cleaned by using a scalpel blade to
expose fresh sodium. The Na-metal electrodes were then placed on
both sides of the NGS pellet. The other side of Na-discs was covered
with Al-foil. The Na/NGS/Na stack was pressed by hand. The
modified Swagelok cells assembled inside an MBraun glovebox (O, <
0.5 ppm, H,0 < 0.5 ppm).
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