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ABSTRACT: In this study, we investigated the impact of sintering
temperature on the densification, phase formation, microstructure,
crystallinity, and ionic conductivity of NaSICON materials with
varying nominal Zr deficiency and a varying Si/P ratio. Several
powder batches were synthesized and resulted in substantially
different sintering abilities using conventional sintering. For most
of the powder batches, the conventionally sintered specimens
reached maximum ionic conductivities between 2 and 3 mS cm™
after sintering at 1200—1300 °C. Cold sintering was explored using
one of the powder batches with different sintering additives. After
cold sintering, an annealing step at 900 °C yielded similar
conductivities. Without postannealing, a maximum ionic con-
ductivity of 0.55 mS cm™' was reached at temperatures as low as
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275 °C. There is clear evidence that (a) the densification temperature can be significantly reduced with increasing glass fraction in
the specimens and (b) the total conductivity increases with increasing sintering temperatures due to increasing density and

crystallinity.
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1. INTRODUCTION

Silicophosphates such as Na,,Zr,SiP; ,O,, are promising
materials for use as solid electrolytes in solid-state sodium
batteries” or as protective layers to avoid adverse reactions
between other battery materials.” Their appeal is based on
their high ionic conductivity as well as the potentially low-cost
starting materials combined with high compositional and
structural flexibility."*

Among the compositions of the solid solution mentioned
above, the compound with x = 2 has been investigated most
due to its high ionic conductivity — 0.2 S cm™" at 300 °C and
6.7 X 107* S cm™" at 25 °C — which was reported in the very
first publication on the properties of these materials,” therefore
also called Na* superionic conductors (NaSICONs). However,
there is increasing evidence that the compositions with 2.2 < x
< 2.5 have the highest conductivities®™” along this series. As an
example, Na; 4Zr,Si, 4P, 0, has an ionic conductivity of 5.2 X
107 S em™ at 2§ °C.°

In addition to the above-mentioned solid solution, a
compound emerged in the early 1980s, Na; ,Zr, 55Si; 3P0 ;01
with high Zr deficiency and oxygen vacancies as well as high
ionic conductivity (3 X 107> S em™ at 25 °C)."° In subsequent
publications, it became evident that Naj,Zr;sSi,3Py-01;
consisted of two phases, and it was shown that a high amount
of glass phase was present together with the crystalline
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NaSICON phase of a different stoichiometry than the nominal
composition." ™'* Very recently, it was shown that an
increasing amount of glass fraction leads to a systematic
decrease in the sintering temperature,'® since the glass phase
acts as a sintering aid.'""®> Very similar decreases in the
sintering temperatures were found when comparing the
sintering properties of materials along the “Hong series”
(Na,,,Zr,Si,P;_,0;,) and the “von Alpen series”
(Na1+yzr2—y/38iyp3—yo12—2y/3)'13

In this work, we also compare materials from both series, but
concentrate on the compositions Naj4Zr,Si; Py 01,
Naj 3521 ¢9Si,. 51Pg 760,, (rewritten from
Nay ,Zr; 5s8i23P07011), NayyZry g5Siz4sPogsO1n — which is a
composition between the two aforementioned stoichiome-
tries'® — and Na, ,Zr, 4sSi, sP 6301, with a modified Si/P ratio.
Additionally, different powder batches of the same composi-
tion are compared. The first three compositions are in line
when the molar ratios of Zr, Si and P are displayed in a ternary
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Table 1. Prepared Powder Batches, Their Specific Surface Area, and Characteristic Particle Size Parameters (d,,, ds, and do,)

composition abbreviated powder batch BET surface”/m? g™ d;y/ m dso/ m dgy/ m
Naj, ,Zr,Si, P01, P1B1” 12.65 023 1.45 + 0.12 6.43
Na; 471,81, P01 P1B2 13.34 0.34 142 + 0.05 4.98
Nay ,Zr, 45Si sP0.63012 P2B1 16.72 0.13 2.98 + 0.20 6.24
Na; 4Zr, 4551y sPo63012 P2B2 17.77 0.1 0.26 + 0.01 3.00
Naj 4Zr; g5Si; 45Po6sO012 P3B1 20.13 0.1 2.62 + 0.09 6.58
Na; 3571 695i5.51P0 76012 P4B1 11.96 0.2 2.80 + 0.13 6.32

“Experimental error: + 10% “P1B1 = powder composition 1 — batch 1.

diagram (Figure S1 in the Supporting Information). Changing
the Si/P ratio results in an arrangement in which the latter
composition is perpendicular to the middle of the first three
compounds. The possibility of reducing the sintering temper-
ature with an increasing amount of glass additives'*'°™" can
also be solved with other sintering aids such as borates.””*" A
further reduction in sintering temperature can be achieved by
applying pressure and salt solutions, also known as “cold
sintering process”.

In recent years, Randall and co-workers published several
papers on the cold sintering of different material classes at
temperatures below 300 °C, in particular ferroelectric materials
and ZnO.”>** In contrast to diffusion-dominated conventional
sintering, the densification mechanism of cold sintering is
based on dissolution and precipitation, meaning that an
additive is required to support this effect, for example a Zn
acetate solution for ZnO.”* In addition to the process
parameters (temperature, pressure, and time), the challenges
posed by the densification kinetics during cold sintering are the
investigation of appropriate additives (avoiding amorphous
layers on the grain boundaries) and, later, the upscaling of the
laboratory conditions to continuous processing.”” In the case
of NaSICON materials, the cold sintering of Na;Zr,Si,PO,
with 10 wt % NaOH solution resulted in a total ionic
conductivity of up to 2.5 X 107* S cm™" at 25 °C. For higher
ionic conductivities, elevated cold sintering temperatures of up
to 400 °C are required for a longer duration (3 h) or with
postelnne21ling.26'27

The cold sintering of Mg-substituted NaSICON at 140 °C
and 780 MPa for 1 h with water as a transient liquid solution
resulted in a poor ionic conductivity of 4.1 X 107> S cm™.** By
annealing the cold-sintered electrolytes at 900 °C for 6 h, the
conductivity could be increased to 6.1 X 107* S cm™". In
addition to pure water, NaOH and KOH aqueous solutions
were also tested as transient liquids for the cold sintering of Sc-
substituted NaSICON at 250 °C and 300 MPa for 10 min.”’
Here, only low ionic conductivities of ~1 X 107 S cm™" were
achieved directly after cold sintering, which could be increased
to ~1 X 107 S cm™ for the NaOH additive and ~4 X 107° S
cm™! for the KOH additive by annealing for 1 h at 600 and 800
°C, respectively. A combination of cold sintering and liquid
phase sintering of NaSICON with an aqueous Bi,O; additive
can achieve densities above 95% relative density and ionic
conductivities of 9.1 X 10™* S ecm™ by annealing cold-sintered
electrolytes at 1000 °C for 6 h. This value is higher than those
obtained with just the above-mentioned sintering methods.”
All studies on cold sintering with aqueous transient liquids
show that ionic conductivities >1 X 107" S cm™ can only be
achieved by subsequent thermal annealing at temperatures
above 800 °C for several hours.

An outstanding high ionic conductivity of 2.4 X 107* S cm™
for NaSICON solid electrolytes directly after cold sintering
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was achieved by using fused hydroxide additives to enhance
the reactivity and solvent—particle interaction.”® For this
approach, NaSICON powder was mixed with dry NaOH flakes
and then cold-sintered at 386 °C and 350 MPa for 3 h. At cold
sintering temperatures of 350 to 400 °C, the molten NaOH
(T, = 312 °C) acts as a transient liquid phase.

Here, we report on a systematic investigation of the phase
evolution and ionic conductivity of different NaSICON
materials as well as a comparison of conventionally and cold-
sintered ceramic pellets in order to gain a better understanding
of the structure—property relationships. This work explores the
impact of the sintering temperature on the densification, phase
formation, microstructure, crystallinity, and ionic conductivity
of the four compounds.

2. EXPERIMENTAL SECTION

The starting materials NaNO; (99.5%), ZrO(NO;), X H,0 (99%),
and Si(OC,H), (99%) — supplied from VWR International
(Belgium) — and NH,H,PO, (99.99%, Merck) were used as received.
The Zr** precursor was prepared by dissolving the oxynitrate in
deionized water. The amount of Zr was calculated on the basis of the
ZrO, formed after the gravimetric analysis of the aqueous solution.
The ZrO, content was about 0.1 g mL™" based on the average of three
samplings.

First, the nitrates were dissolved in deionized water using a quartz
glass container. After dissolution, a stoichiometric amount of
tetraethyl orthosilicate, Si(OC,Hjs),, was added, followed by a small
amount of nitric acid to facilitate the dissolution. When the
Si(OC,H;), was hydrolyzed, a corresponding amount of
NH,H,PO, was added and stirred for 30 min to form a homogeneous
precipitation. The mixture was stirred overnight at 300 rpm and a
temperature of 50 °C. The homogenized mixture was first heated up
from S0 to 100 °C to slowly evaporate the water. Subsequently, the
product was fired in a furnace at 800 °C for 3 h to form an amorphous
raw powder. During this heat treatment, the inorganic polymer matrix
was pyrolyzed, and NO,, CO,, and H,O evolved as gaseous products.
After this heat treatment, the primary particles of the powder display a
nearly spherical shape with a diameter of <50 nm.** The calcined
powders were then ball-milled in ethanol with zirconia balls on a roller
bench at 200 rpm for 4 days. After drying, the powders were used
either as prepared to this stage or conventionally sintered up to 1375
°C for 4 h. The quantity of each powder batch amounted to 800 g;
characteristic powder properties of the calcined powders are listed in
Table 1.

For cold sintering, the NaSiCON powder (P1B1) was crystallized
at 1300 °C for 0.5 h. It was then mixed with S and 10 wt % borax
(disodium tetraborate, Na,B,0,-10H,0, >99.5%, Sigma-Aldrich) or
30 wt % of a 20 wt % NaOH—NaNO; (both >99%, Carl Roth)
aqueous solution with a molar ratio of 81:19 using a pestle and
mortar. The powder mixtures with borax additives were inserted into
a stainless steel die with a diameter of 10 mm, and the filled die was
placed in a high-pressure electro-hydraulic 2-column laboratory press
(PW 40 EH-PRESSYS, P/O/Weber GmbH, Remshalden, Germany)
with a heating—cooling plate system (HKP 500, P/O/Weber GmbH).
To ensure a uniform temperature distribution during sintering, the

pellet die was covered by a heating band. Applying a pressure of 600

https://doi.org/10.1021/acsaem.5c01521
ACS Appl. Energy Mater. 2025, 8, 11373—-11381


https://pubs.acs.org/doi/suppl/10.1021/acsaem.5c01521/suppl_file/ae5c01521_si_001.pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c01521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

MPa, cold sintering was performed at 140 and 200 °C. The cold
sintering of NaSICON with NaOH—NaNO; aqueous solution was
performed in a tungsten carbide pressing die with an inner diameter of
17 mm, since tungsten carbide is more stable against hydroxide
additives.>’ A nickel foil was used to separate the ceramic powder
from the tungsten carbide punches. Cold sintering was then
performed at a pressure of 600 MPa and a temperature of 275 °C
for 2 h. In this case, the die was heated exclusively by the heating
plates of the hot press without using the heating sleeves.

The particle size distribution was measured by a laser scattering
particle analyzer (Horiba LA-950 V2) using a suspension prepared by
ultrasonication of the NaSICON powders in ethanol. The elemental
composition of the calcined powders was controlled by inductively
coupled plasma optical emission spectroscopy (ICP-OES). The
sintering behavior was initially determined by dilatometry measure-
ments (DIL 402C, Netzsch) using cylindrical pellets with a diameter
of 8 mm. For conventional sintering experiments in a chamber
furnace, the calcined powders were uniaxially pressed using a pressing
mold with a diameter of 13 mm and by applying a pressure of 135
MPa. They were then heat-treated in a temperature range of 1000 to
1375 °C with a dwell time of 4 h and a ramp rate of 5 K min™". The
density of the NaSICON ceramics was measured according to the
weight and volume of the sintered pellets. To determine the relative
density of the ceramics, values of 3.28, 3.23, and 3.15 g cm™" were
used for P1, P2 & P3, and P4, respectively, taking into account the
volume fraction of the glass Na,Si,05'® and its density (2.4 g cm™).
The range of absolute error of the relative density of each sample is
1-3%.

The crystallographic phase analyses were carried out using the
Bruker D4 X-ray diffractometer with scanning parameters of 0.02° as
step size and 1.5 s/step. The HighScore software suite®” was used for
qualitative phase analysis of the X-ray diffraction (XRD) patterns of
the polycrystalline powders and the sintered pellets. The crystallo-
graphic software package Powder cell was used for preliminary
quantification of the phases.>® The calculated residual profile
parameter (RP) and residual for Bragg positions (RBragg) were about
10% and <7%, respectively. The estimated deviation in lattice
parameters vary between +0.001 and 0.0005 A and the error in phase
quantification is +1—5 wt % since the secondary phases are well-
separated. The XRD patterns, refined lattice parameters, and phase
fractions are given in the Supporting Information (Figures S1, S2 and
Table S1). The sintered pellets were embedded in EpoFix Resin
(Struers Inc.) and polished with sandpaper using water-free cutting
fluid (Struers Inc.). The samples were fine-polished using water-free
diamond suspensions with grain sizes of 9, 3, and 1 m (Cloeren
Technology GmbH). After the metallographic preparations, the
microstructure of the specimens was analyzed by scanning electron
microscopy (GeminiSEM 450 ZEISS; Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) after being coated with a thin Pt layer to
avoid charging effects. For ionic conductivity measurements, the
sintered NaSICON pellets were sputtered with Au on both sides. The
cold-sintered samples were transferred to a heatable airlock connected
to an argon-filled glovebox where they were heated at 140 °C for 24 h
to remove any remaining moisture. Subsequently, the heat-treated
samples were sealed in argon atmosphere in gastight test cells (EL-
Cell GmbH). The impedance spectra were recorded by a commercial
electrochemical system (VMP-300; Bio-Logic SAS) in the AC
frequency range from 7 MHz to 1 Hz at 25 °C. An alternating
voltage amplitude of 20 mV was used during measurements. The
impedance data were fitted using the ZView software (Scribner
Associates Inc.).

3. RESULTS AND DISCUSSION

3.1. Characterization of Calcined Powders. The
chemical analysis with ICP-OES of the calcined NaSICON
powders revealed good agreement between the determined
atomic ratios of the constituent elements and the nominal
composition (see Tables 1 and 2). Only a few atomic ratios
show a higher deviation from the expected atomic ratios, such

Table 2. Results of the ICP-OES Analysis of the NaSICON
Powders after Calcination at 800 C, Normalized to 12 mol
Oxygen per Formula Unit

powder Na Zr Si P
P1B1 3.430 1.958 2.454 0.584
P1B2 3.341 1.981 2.439 0.596
P2B1 3.584 1.841 2.491 0.617
P2B2 3.416 1.852 2.507 0.629
P3B1 3.467 1.771 2.435 0.737
P4B1 3.262 1.638 2.632 0.731

“Experimental errors for the elements are + 3 wt %. In atomic ratios,
this means ANa = + (0.087—0.089), AZr = + (0.033—0.041), ASi =
+ (0.041—0.044), and AP = +(0.016 — 0.017).

as the Na content in P2B1 (+5.4%), which might have a
significant impact on the sintering and physical properties,”**>
the Zr (—4.3%) and P (+8.4%) content in P3B1, and, finally,
the Si content (+4.4%) in P4B1. The latter deviations may
have an influence on the glass formation, meaning that
different microstructures may be expected to those reported on
previously.'

The XRD patterns of the calcined powders showed broad
reflections indicating large disorder and/or very small grain
sizes (Figure 1). The full range of the measured XRD patterns
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Figure 1. XRD patterns of the powders calcined at 800 °C. For
comparison, from top to bottom, the position of the reflections of
rhombohedral NaSICON, monoclinic ZrO,, Na,ZrSiO;, and
Na,ZrSi,0, are marked as short vertical lines at the bottom of the
image. The three transparent gray areas highlight the groups of
reflection of Na,ZrSi,O-.

Intensity / arb. u.

from 10° to 80° is available as Figure S2 in the Supporting
Information. The XRD patterns are dominated by the
reflections of the NaSICON phase and the parakeldyshite-
type Na,ZrSi,O, as indicated by the red and black short
vertical lines, respectively, of the reference patterns at the
bottom of Figure 1. The reflections related to Na,ZrSi,O, are
additionally marked by the three transparent gray areas. The
presence of ZrO, and Na,ZrSiO;, which were also to be
expected, cannot be clearly confirmed in all cases.

The powders can thus be classified into three groups: (a)
P1B1 and PIB2 show a good match of the NaSICON
reflections and negligible contribution of Na,ZrSi,O,, (b)

https://doi.org/10.1021/acsaem.5c01521
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P2B1 and P2B2 reveal NaSICON as well as Na,ZrSi,O,
reflections. The presence of Na,ZrSi,O; is not only confirmed
by the reflection intensities in the three transparent gray areas,
but also by the peak appearing at 20 = 10.48°. However, there
is a substantial difference of intensities of the NaSICON
reflections between P2B1 and P2B2. (c) P3B1 and especially
P4B1 are the powders with the highest amorphous amounts in
the 2@-region of 15—20°. They also have the highest Zr
deficiency and tend to form larger amounts of glass phase.
Although the pattern of P4B1 shows contributions of
NaSICON as well as Na,ZrSi,O,, it is the most unresolved
with very broad reflections.

3.2. Sintering Properties. The sintering behavior of the
as-calcined powders was first examined by dilatometry, where
the dimensional change of a pellet is measured in relation to
the increase in temperature (Figure S3 in the Supporting
Information). For the dilatometry measurements, the same
heating rate was used as for the sintering experiments in the
chamber furnace. The pellets hardly shrink up to a temperature
of 800 °C, maintaining about 95% of their original thickness.
This is followed by a first shrinkage step between 800 and 950
°C, at which temperature residues of Na,COj; in the powders
melt, start to release carbon dioxide, and become the reactive
agent for the initial sintering as well as the subsequent
crystallization period. This intermediate crystallization, typi-
cally at a temperature of up to 1200 °C, is characterized by low
shrinkage rates, as the formation of a crystalline lattice
generates an increase in volume and counteracts the sintering
process. Beyond 1200 °C, the second shrinkage step again
shows high shrinkage rates, indicating the active densification
behavior of the NaSICON powders.

The uniaxially pressed cylindrical pellets were sintered in a
chamber furnace at temperatures ranging from 1000 to 1375
°C in steps of 25 °C to investigate densification and phase
formation during the sintering process.

The relative density of the NASICON ceramics increased in
an almost linear fashion with the sintering temperature until
densities of about 95—97% were reached (Figure 2). Beyond
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Figure 2. Densification of the NaSICON powders as a function of the
sintering temperature. Open circles depict the data taken from ref 16.

this characteristic temperature, the densities initially remained
constant for a certain temperature interval before subsequently
declining again. The regime of constant densities strongly
depended on the Zr deficiency, affecting both the width and
the beginning of this temperature range. Whereas the nearly
stoichiometric powders P1B1 and P1B2 showed pronounced
retarded sintering and only a narrow temperature range with
densities of more than 95%, the temperature at constant

density decreased along the powders P2, P3, and P4 with
decreasing Zr content. This is in good agreement with previous
observations.'® Similarly, the decrease in density at high
temperatures shifted to lower temperatures. Since the
decreasing densities were clearly related to the pore formation
of evaporating Na,O from the glass phase,' the changing glass
composition seems to accelerate this process.

The densification of NaSICON is influenced significantly by
cold sintering at a high pressure of 600 MPa and additives used
to improve the solution and precipitation mechanism. The
addition of 10 wt % borax as a sintering aid resulted in bulk
densities of 93.8 and 94.4% at T = 140 °C and T = 200 °C,
respectively. Samples with S wt % borax additive only achieved
smaller relative densities of 87.0 and 87.6% at 140 and 200 °C,
respectively. With both additive concentrations, samples cold-
sintered at 200 °C are prone to cracking during demolding.

For NaOH—-NaNO; additives, a geometrical density of
85.8% was achieved after cold sintering at 275 °C. A density of
95% was previously reported by Grady et al.* for a hydroxide
additive and cold sintering at T = 400 °C. Compared with
conventionally sintered samples of powder P1B1, the sintering
temperature is reduced by nearly 1000 °C to achieve
comparable relative densities using the cold sintering process.

3.3. Phase Formation. XRD was used to determine the
phase evolution and the dependence of lattice parameters on
the applied sintering temperatures. During the subsequent
sintering steps, the NaSICON phase had already formed as the
majority phase at 1100 °C (Figure 3). In addition, small
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Figure 3. Phase evolution of the NaSICON powders as a function of
the sintering temperature. Filled squares, filled circles, and open
circles represent the phase fraction of NaSICON, Na,ZrSi,O,, and
ZrO,, respectively.

amounts of secondary phases such as ZrO, and Na,ZrSi, O,
were present, which gradually vanished with increasing
sintering temperature (see also Figure S4). It is interesting to
note that between 1000 and 1200 °C the amount of
Na,ZrSi,O, increased with the analytical Zr deficiency. At
1250 °C, all powders showed NaSICON with a phase purity of
>99.5% wt %. At even higher temperatures, Na,ZrSi,O,
appeared again as a decomposition product, amounting up to
10% at 1325 °C.

The existence of rhombohedral and monoclinic NaSICON
modification, or their separation, can still not be systematically
explained using XRD, specifically the ordering of fractional
occupancies of the Na ions and the disorder of Si/P sites.
Previous neutron diffraction analyses on the series
Na; ,Z15_30/4812 440/4P0.6+1.50/4012:16 (0 < a < 0.8)'° with
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Figure 4. (a) Dependence of lattice parameter b for the monoclinic NaSICON phase on sintering temperature. The right y-axis gives a tentative
sodium content in the formed NaSICON phase. (b) Dependence of lattice parameter b on the analytical Zr content after sintering of the samples at

1250 °C.

increasing Zr deficiency resulted in assigning the diffraction
patterns to the monoclinic phase in the whole series. For the
phase evolution analyses versus sintering temperature, the
obtained patterns were therefore indexed as monoclinic,
although some samples also contained fractions of the
rhombohedral modification.

The lattice parameter b in the monoclinic modification
increases with increasing sintering temperature, primarily
indicating the formation of NaSICON from the secondary
phases as well as the distribution of ions for structural
relaxation processes, which is likely triggered by the Zr content
(see below). Since the lattice parameter increases nearly
linearly with the sodium content,""'® the right y-axis in Figure
4a can be used to read the sodium stoichiometry of the
NaSICON phase at different stages of structural evolution. For
most of the samples, except P2B1 and P2B2, the lattice
parameter increased gradually with increasing sintering
temperature, whereas it remained almost constant for the
two samples mentioned above. Since all NaSICON samples are
(nearly) phase-pure at 1250 °C (Figures 3, SS and Table S1),
the lattice parameter at this temperature tentatively reflects the
sodium content of the formed NaSICON phase. A further
increase of the lattice parameter can be regarded as the
beginning of a phase decomposition. The lattice parameter b of
the samples sintered at 1250 °C also shows a strong correlation
with the Zr content in the materials (Figure 4b), which
indicates that the sodium content is not only determined by
the Si/P ratio but also essentially by the Zr content.

To verify a correlation between phase evolution and
crystallographic properties, such as the crystallinity and
compositional homogeneity of the NaSICON solid electro-
lytes, the crystallinity was estimated from the shape of the XRD
reflections expressed by the full width at half-maximum
(FWHM) of the diffraction peaks. Here, the strong single
peak (200) at 20 = 13.6° was selected for FWHM analysis due
to the overlap of other NaSICON peaks with the reflections of
the secondary phases (see Figures S4 and SS). For the profile
fitting, a pseudo-Voigt function was used with half Gaussian
and half Lorentzian contributions. Figure S6a shows the
correlation between the FWHM of the (200) peak and
sintering temperature. The FWHM is inversely proportional to
the crystallinity which is shown in Figure S6b. To calculate the
average crystallite size, the Debye—Scherrer equation was used
with the Scherrer constant K = 0.9 and the X-ray wavelength
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= 0.15418 nm. The crystallite sizes become larger with
increasing sintering temperature (Figure S6b). It must be
stressed here that the crystallite size is not equal to the particle
size as shown in the next chapter, but should be understood as
a crystal fraction with uniform XRD scattering.

At 800 °C, the (200) peak could not be clearly observed and
was hidden under the broad hump-like profile between 12°
and 18° (see Figure 1). The crystallinity drastically increased
above 1000 °C and then slowly saturated around 1275 °C with
a FWHM value of 0.12° and a crystallite size of 70 nm for
P2B2 as an example (Figure S4a,b). This tendency is also
observed for the other powder batches.

To investigate the possible degradation of the NaSICON
material during cold sintering, the phase composition of the
cold-sintered samples was examined. The XRD patterns are
shown in Figure 5. All cold-sintered samples mainly show

Intensity / arb. u.

201/°

Figure 5. XRD patterns of cold-sintered and postannealed samples:
(a) pristine powder, (b) cold-sintered at 140 °C with 10 wt % borax
additive, (c) cold-sintered at 140 °C with 10 wt % borax additive and
subsequent postannealing at 900 °C, and (d) cold-sintered at 275 °C
with 30 wt % NaOH—NaNO; additive (# indicates NaNO;).

reflections of the NaSICON phase, independent of the additive
used. Compared with the pristine powder, no additional
reflections caused by decomposition can be observed.
Secondary phases originating from the sintering additives are
not visible in the XRD patterns of the borax additive samples.
Only for samples cold-sintered with the NaOH—NaNO;
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Figure 6. SEM images of polished cross sections showing the microstructural evolution of sintered pellets of P4B1. White and compact particles
correspond to NaSICON; gray areas show the glass fraction; and small black dots are nm-sized pores.

o
&

Figure 7. SEM images of polished cross sections showing the microstructure of cold-sintered NaSICON electrolytes: (a) cold-sintered at 140 °C
with 10 wt % borax additive; (b) cold-sintered at 140 °C with 10 wt % borax additive and subsequent postannealing at 900 °C; and (c) cold-
sintered at 275 °C with 30 wt % NaOH—NaNO; additive. In panel (c), the red circles indicate (1) the areas with intimate grain-to-grain contact

and (2) the sintering of very fine particles.

additive can small reflections of NaNOj; be seen in the XRD
patterns (denoted by # symbol).

3.4. Microstructure. For the conventionally sintered
samples, the evolution of the microstructure with increasing
sintering temperature is best visualized with the samples of
powder P4B1, which has the highest Zr deficiency. Here, not
only the reduction in porosity and the grain growth can be
observed as in stoichiometric and more crystalline NaSICON
materials,*® but also the phase formation and segregation of the
crystalline and glass phase. The difference in the micro-
structure of samples sintered at 1050 and 1100 °C is mainly
characterized by the reduction of porosity (see Figure 6), the
particles have a sub m size. A remarkable microstructural
change occurs at 1150 °C. At this temperature, most of the
larger pores disappear, the first angular crystals are formed, and
a large number of triple points are filled with material, which
can be seen as the beginning of the formation of the glass
phase. After sintering at 1175 °C, the crystallization of
NaSICON particles is much more pronounced and the glass
is clearly visible around the crystals as the phase with the
darker gray scale. In addition, nm-sized porosity is visible as
small black dots at NaSICON/glass interfaces. At the highest
sintering temperatures, 1200 and 1250 °C, the microstructure
is consolidated with larger NaSICON particles, a more
segregated glass phase, and more nm-sized pores. At 1250
°C, the NaSICON crystals seem to have a more uniform and
rectangular shape.

The microstructure of NaSICON cold-sintered at 140 °C
with 10 wt % borax additive is shown in Figure 7a. Beside the
NaSICON particles, pores and a secondary phase from residual
borax can be seen. Since no other phases, except the
NaSICON phase, are visible in the XRD pattern, this phase
is amorphous and encapsulates the NaSICON particles. After
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postannealing at 900 °C, significant differences in the
microstructure can be observed (Figure 7b). The fine
NaSICON particles disappeared and a structure of inter-
connected, large NaSICON particles formed. At 900 °C, the
borax additive forms a liquid phase, which increases the
sintering of particles and particle growth. The mechanistic
similarity of sintering with liquid phase and cold sintering has
been reported elsewhere.”® After postannealing, the secondary
phase is still present in the microstructure (dark gray regions).
However, in contrast to only cold-sintered samples, the
secondary phase no longer encapsulates the NaSICON
particles. Additional ZrO, particles (white grains) are visible.
After cold sintering with NaOH—NaNOj additive at 275 °C,
the microstructure of NaSICON also forms good contacts
between large NaSICON particles (see Figure 7c, area 1)
without forming a secondary phase between the particles, i.e.,
no significant amount of NaOH—NaNO; remains in the
porosity of the sample. Compared with the result using borax
additive, clear indications of sintering are visible in the regions
with very fine particles (see area 2). This observation points to
decomposition of the NaOH—NaNO; additive and dissolution
of Na,O in the NaSICON particles as it has been similarly
reported for cold sintering of lithium ion-conductors in
combination with the underlying mechanistic processes.’’
3.5. lonic Conductivity. The total ionic conductivity of
the NASICON specimens sintered between 1000 and 1350 °C
was investigated by impedance spectroscopy (Figure 8). The
impedance spectra of all samples displayed only one semicircle
or “time constant” and were fitted using a pure resistance, Ry,
and two parallel R—C (resistor—capacitor) equivalent circuit
elements in series. However, instead of an ideal capacitor, a
constant phase element (CPE) or “imperfect” capacitor was
employed to represent the capacitive contribution. The
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Figure 8. Total ionic conductivity measured at 25 °C after sintering
the pellets at various temperatures. The impedance values were
normalized to the size of the pellets. The error during fitting of the
impedance spectra varied between 2% for well resolved semicircles up
to 12% for semicircles overlapping with the electrode response (see
Figure S7), which corresponds to the symbol size in this figure and
Figure 9.

imperfectness is expressed as an exponent, n, of the R-CPE
circuit, which is an additional parameter for data fitting. The
capacitance values calculated using the fitting parameters were
in the range of 107'°—107® F. The obtained semicircles can
therefore be unambiguously assigned to the grain boundary
resistance, Rgb.38 The second R-CPE circuit is associated with
the electrode contribution. Impedance spectra of samples
measured at 1150, 1200, and 1250 °C are displayed as Figure
S7a—c, respectively, in the Supporting Information.

The total conductivity of the samples was derived from the
resistance values (R, + Rgb) and plotted against the sintering
temperatures in Figure 8. The total ionic conductivity
exponentially increases with increasing density and crystal-
linity, and reaches up to 2—3 mS cm™" at 1200—1300 °C. This
value is slightly lower than the previously reported values for
Naj ,Z1,Si, 4Py 6O15," but is still in very good agreement with a
recent study.’” Only the samples of P4B1 do not exceed the
value of 0.7 mS cm™". Above a sintering temperature of 1300
°C, the conductivity typically decreases again due to the
decrease in density (Figure 2) caused by the evaporation of
Na,O and the partial decomposition of the NaSICON (Figure
3).

The cold sintering of NaSICON at T = 140 °C increased the
density to 87.0 and 93.8% using 5 and 10 wt % borax additive,
respectively, but the total ionic conductivity with ~107° S
cm™ was very low and independent of the additive
concentration (Figure 9). Although the cold-sintered samples
at 200 °C have a slightly higher density, they are prone to
cracking during demolding, as mentioned above. The thermal
annealing experiments of borax-added NaSICON were there-
fore only performed with samples cold-sintered at 140 °C. As
the postannealing temperature rises, the ionic conductivity
increases from 6.5 X 107 S cm™ at T = 400 °C to 2.4 X 107
S cm™ at T =900 °C for S wt % additive concentration. The
latter value is in the same range of ionic conductivity as that
measured on conventionally sintered NaSICONS, whereas the
required temperature is about 400 K lower. This temperature
reduction is a significant advance in the processing of
NaSICON materials. In comparison to this result, the directly
cold-sintered NaSICON with NaOH—NaNO; additive at T =
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Figure 9. Total ionic conductivity measured at 25 °C after cold
sintering of the powder mixtures with the NaOH—NaNO; additive
(green symbol) and borax, additionally with postannealing at various
temperatures between 400 and 900 °C (filled blue and open blue
symbols for S and 10 wt % borax, respectively), compared with
conventionally sintered powder compacts of P1B1 (dark red
symbols).

275 °C achieved a total ionic conductivity of 5.5 X 107* S cm™

with 85.8% density (Figure 9). During the preparation of the
cell, any residual water was eliminated by heat treatment at 140
°C, as outlined in the experimental section. Additionally, the
SEM image (Figure 7c) shows no evidence of remaining
secondary phases, leading to the conclusion that proton
conductivity does not significantly influence the overall ionic
conduction. In comparison to Grady et al,* the temperature
was reduced for the cold sintering from 386 to 275 °C, with a
slight increase of the total ionic conductivity using a low-
melting eutectic salt mixture instead of pure NaOH.

4. CONCLUSIONS

The temperature-dependent investigation of the phase
evolution of four different NaSICON compositions revealed
substantial differences among the synthesized powder batches,
but can be primarily attributed to the Zr deficiency of the
prepared NaSICONSs. The increasing degree of Zr deficiency
revealed the following observations:

1. the densification of the NaSICON powders shifts toward
lower sintering temperatures due to the increasing
amount of glass phase

2. there is a consistent increase of Na,ZrSi,O, formation at
sintering temperatures below 1200 °C, whereas at 1250
°C, all compositions are pure NaSICON materials

3. the monoclinic lattice parameter, b, which is strongly
correlated with the sodium content, decreases in an
almost linear fashion

4. the ionic conductivity is significantly dependent on the
sintering temperature, but reaches 2—3 mS cm™' —
except for the powder with the highest Zr deficiency (0.7
mS cm™?).

The cold sintering of the NaSICON powder with the
composition Na;,Zr,Si, PO, resulted in relative densities
of 90 + 5% using borax or NaOH—NaNO; as a sintering
additive. With the borax additive, postannealing at 900 °C is
necessary to obtain a similar ionic conductivity to that of
conventionally sintered samples—a heat treatment that is 300—
400 °C lower than usual sintering temperatures. In contrast,
cold sintering with NaOH—NaNO; directly resulted in 5.5 X
107* S cm™, with great potential for further improvements.
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