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1. Abstract
The cold sintering process is successfully applied to one of the most refractory solid-state sodium-
ion electrolytes, namely sodium beta alumina (SBA). By using a hydroxide-based transient
solvent, SBA is densified below 400°C, whereas conventional solid-state sintering is known to
require sintering temperatures around 1600°C. This dramatic reduction in sintering temperature
(ca. Tyiper ~ 20% of T,,) is achieved by cold sintering with the addition of 10 wt.% solid NaOH
transient phase, 360 MPa of uniaxial pressure, heating to 350-375°C, for a dwell time of three
hours. The resulting pellets exceed 90% of the theoretical density for SBA and exhibit ionic
conductivities of ~10-2 S.cm! at 300°C, as measured by electrochemical impedance spectroscopy.
The structural changes occurring during cold sintering are reversed with an intermediate
temperature annealing step (ca. 1000°C) which improves the ionic conductivity. This study
therefore highlights the opportunities and remaining challenges in applying cold sintering to

refractory, air-sensitive, electroceramics.
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2. Introduction

Sodium p’’-alumina (SBA) is one of the few commercialized solid-state alkali ion
electrolytes, despite decades of research conducted on such materials. The SBA electrolytes have
been successfully integrated into high temperature secondary batteries with liquid electrodes, the
chemistries of which include Na|S and Na|NiCl (also referred to as “ZEBRA” batteries).[1] SBA
is well-suited for these applications owing to its excellent stability under such conditions while
maintaining high ionic conductivity at elevated temperatures, in contrast to other well-studied
solid-state sodium ion electrolytes, such as NASICON-structured Na;Zr,Si,PO,, which tend to be
unstable at higher temperatures and in contact with alkali metals.[2], [3] The coupling of high
temperature stability and highly anisotropic ionic conductivity are a consequence of the SBA
structure; the mobile sodium ions are confined within conductive basal planes, separated from one
another by strongly bonded layers of refractory spinel-Al,0s.[4], [5] The ionic conductivity in the
other principle directions of the structure is effectively negligible, thereby there has to be complex

tortuous pathways with the microstructure of 5’-Al,05.[6]

These strongly bonded alumina layers are responsible for the excellent thermal and
chemical stability of the sintered bulk ceramics, but they also require unusually high sintering
temperatures (typically > 1600°C) in order for the densification process to proceed.[7] These
notably high sintering temperatures introduce a number of issues in the processing of SBA,
including but not limited to: (1) loss of sodium due to volatilization, (2) thermally induced phase
transformation from the f’’-phase to the less conductive f’-phase (SBA’)[8]-[10], and (3)
abnormal/excessive grain growth during prolonged dwell times at peak sintering temperatures,
resulting in poor mechanical properties in the final polycrystalline ceramics[11]. SBA thus

illustrates an unfortunately common dichotomy in solid-state ionic conductors; their structures are
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characterized by both light, mobile, ions (e.g. Li*, Na*) and a strongly bonded, rigid, framework
(e.g. spinel Al,O3), such that the high sintering temperatures required by the latter result in a loss
of control over the former.[12], [13] For these reasons, it is of great interest to the ceramics
community to reduce the peak sintering temperature of electroceramics, even if the

synthesis/calcination temperature of the powder remains relatively high.

The issues associated with conventional high temperature sintering of SBA have been
known for many decades.[3], [14] The undesired SBA to SBA’ phase transformation can be
mitigated by stabilizing the SBA phase via doping with Li;,O or MgO, but this introduces
processing and structural complexities.[8], [9], [15] Aliovalent doping and sodium loss can be
avoided by substituting the solid-state reaction synthesis process with a vapor-phase synthesis
process, where a composite of yttria-stabilized zirconia (YSZ) and a-Al,Ojs is first synthesized and
sintered (ca. 1600°C) followed by post-sintering calcination of the sintered ceramic in the presence
of a sodium source, resulting in the formation of a f’’-alumina/YSZ composite.[16], [17] These
composites are highly conductive and strong but contain a large volume fraction (ca. 30 vol.%) of

non-conductive YSZ which is required for oxygen diffusion during the conversion reaction.

Alternatively, the sintering process itself can be modified to promote sintering at lower
temperatures. Liquid phase sintering utilizing sintering additives such as TiO, have been shown to
lower the sintering temperature to 1400°C, while retaining relatively high conductivity in the fine-
grained SBA.[7], [18]-[20] Hot pressing has also been shown to reduce the sintering temperature
of SBA to 1100°C, but the process very intensive and the varies in effectiveness.[21]-[23] Most
recently, field-assisted sintering techniques such as Spark Plasma Sintering (SPS) have been
shown to lower the sintering temperature of SBA to 1300°C while also offering a high degree of

control over the orientation of the grains within the polycrystalline ceramic.[24]-[26] Microwave-
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assisted sintering has also been recently applied to SBA[27], [28]. These techniques all exploit
unique combinations of driving forces for sintering (e.g., applied pressure, capillarity) and
demonstrate unique advantages, however none of these techniques has been shown effective in

achieving any degree of densification below 1100°C.

Cold sintering is an emerging alternative sintering technique which involves the mixing of
the parent phase, SBA in this case, and a secondary transient phase. The powder mixture is then
simultaneously pressed and heated above the melting or boiling point of the transient phase, which
is thought to drive dissolution at particle contacts and subsequent precipitation at newly formed
grain boundaries.[29]-[31] The combination of these multiple driving forces (temperature,
pressure, chemical reactivity) has been shown to reduce the sintering temperature of a gamut of
ceramics from the conventional solid-state sintering regime (ca. 70% of T,) to only hundreds of
degrees Celsius (ca. 25% of T,,)[32], [33]. This technique has been of particular interest for
ceramic ion conductors given the previously described sintering dichotomy and the desire to co-
process electrochemical ceramics with other, thermally fragile, conductive additives.[12], [34]—
[36] Furthermore, large reductions in sintering temperature have the potential to significantly
reduce the energy used during sintering and expedite decarbonization process of the ceramics

industry.[37]

We recently applied cold sintering to the NASICON-type solid-state sodium ion
electrolyte, Na3;Zr,S1,PO;,, demonstrating that the sintering temperature of the ceramic could be
reduced from over 1200°C to under 400°C when a solid hydroxide transient phase was used.[38]
The sodium hydroxide (NaOH) solid hydroxide transient phase was introduced as a powdered salt
and proved much more effective in promoting cold sintering relative to cold sintering driven by a

concentrated solution of NaOH and H,0.[31], [39], [40] In this work, we sought to extend this
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approach to an even more refractory solid-electrolyte, SBA. Prior to this work, cold sintered ionic
conductors have usually required conductive additives, such as salts or polymers, to improve the

ionic conductivity.[41], [42]

3. Experimental

Materials

Mg-stabilized SBA having an approximate composition of Nai.(Mg,Al;;,)O07 (x = 0.51,
estimated from electron dispersive spectroscopy) was purchased from MSE Supplies. Sodium
hydroxide powder (97% purity) was purchased from Sigma Aldrich. All powders were stored

under vacuum at 80°C when not in use.

Sintering

Cold sintering with a hydroxide transient solvent was described previously.[38], [39], [43] Briefly,
the NaOH and SBA were weighed and mixed by hand in a fume hood. The powder mixture was
then loaded into a stainless-steel die (inner diameter of 13 mm) with nickel foil (99%, Alfa Aesar)
separators between the powder and the punch faces. The die was then inserted into a band heater,
affixed with a thermocouple, and loaded into a carver press equipped with heated platens and with
the temperature and pressure applied simultaneously. Once the dwell time was complete, the
temperature controller was switched off and the pressure was released naturally with cooling. The
pellets were then removed and stored under vacuum. An extended description of the cold sintering
process and an in-situ densification profile as a function of time is provide in the supporting

information (Figure S1-S2).

Characterization



Journal of Materials Chemistry A

The SBA pellets were mechanically polished with silicon carbide grinding paper after
sintering or before heat treatment prior to any characterizations. The density of the pellets was
assessed both geometrically (via volume and mass measurements) and with Archimedes method
using ethanol as a solvent. For pellets above 90% relative density, both methods agreed well (i.e.,
+3% agreement). Pellet dimensions were typically 0.7 to 1.0 mm in thickness and 13.0 mm in

diameter.

X-Ray diffraction (PANalytical Empyrean, Cu Ka) was conducted on polished pellet
surfaces in a Bragg-Brentano configuration with a tension of 45 kV, current of 40 mA, step size
of 0.01°, and dwell time of 200s/step over a range of 5° to 70°. Pellets of cold sintered SBA were
sputtered with ion-blocking platinum electrodes (Kurt J. Lesker, approximate area of 0.2 cm?, 100
nm thick) with a Quorum Technologies sputter coater (EMS 150R-S) for electrical measurements.
Electrochemical impedance spectroscopy (EIS, Modulab XM MTS) was taken from 1 MHz to
0.1 Hz with an AC amplitude of 10 mV. EIS was measured from room temperature to 350°C with
a thermal soak time of 20 minutes per temperature. EIS fitting was conducted using ZView
software (Scribner Associates). Scanning electron microscopy (SEM, FESEM Verios NanoSEM)
was conducted on fracture surfaces of pellets coated with 6 nm of iridium with an accelerating
voltage of 3kV. Transmission electron microscopy was carried out under cryogenic conditions
using a Talos F200X (FEI) microscope equipped with a Gatan cryogenic holder in both dark field
and scanning mode (STEM) at an accelerating voltage up to 200 kV. Chemical mapping was
performed with a SuperEDX detector. The TEM samples were prepared by Ga* focused ion beam

milling (Helios 660, FEI).

Fourier transform infrared (FTIR) spectra were collected using a Vertex 70 spectrometer

(Bruker,MA, USA) equipped with a liquid nitrogen-cooled narrow-band MCT detector and a
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Harrick Praying Mantis™ Diffuse Reflectance Infrared Fourier Transform spectroscopy (DRIFTs)
cell (Harrick Scientific Products, Inc., NY, USA). To minimize the impact of air exposure prior to
DRIFTS experiments, f-Al,O; samples were dried at 80 °C under vacuum, then moved into
transportable vacuum boxes a few minutes before the measurement. Pieces of £’’-Al,O5 pellets
were grinded and mixed with spectroscopy grade anhydrous KBr (with a 3:97 mass ratio). The
mixture was then carefully poured in a conical sample holder. Spectra were collected at room
temperature and are an average of 100 scans in the 400-4000 cm! wavenumber range. The
background correction was performed with the infrared signal of pure KBr. Afterwards, FTIR

spectra were normalized and analyzed using the spectroscopy software OPUS.

Some pellets were subjected to a post-annealing process in a flowing argon atmosphere
inside a tube furnace a various temperatures for three hours with a thermal ramp rate of 3°C and
cooling rate of 1°C. Prior to annealing, the sample surfaces were polished such that the platinum

electrodes could be applied immediately after removal from the furnace.

4. Results and Discussion

4.1 Structure and Microstructure of the cold sintered SBA

The cold sintering parameters from previous studies using similar flux systems was found to be
effective in the case of SBA as well. These conditions were 10 wt.% (14.6 vol.%) of pure sodium
hydroxide (NaOH) powder mixed into 90 w% (85.4 vol.%) of the parent SBA powder, which was
then pressed at 360 MPa and heated to 375°C and held for three hours. The relative density was
found to be constant for 8 wt.% to 12 wt.% NaOH, while weight fractions of NaOH outside of this
range resulted in poor densification. All powders were stored under vacuum and in the presence

of desiccant to minimize moisture absorption from the atmosphere. With these conditions,
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densities of 3.04 + 0.09 g/cm? (92.7 + 2.70 %) were reproducibly achieved. The mutual
effectiveness of these conditions on such dissimilar materials (SBA and Na;Zr,Si,POy,) is likely
due to both the reduced propensity for incongruent leeching of sodium during sintering, as well as

the increased solubility of oxides under pressurized molten hydroxide conditions.[44]-[46]

A B"-SBA, Na,MgAl,,0.;, R3m, PDF: 04-014-2164 B
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Figure 1 An XRD spectra of the initial SBA powder and a cold sintered pellet (A). The XRD spectra of the
characteristic 003 reflection of the conduction plane for SBA (B). (*) denotes the ° SBA phase. (#) denotes a
secondary, unidentified impurity. FWHM = Full Width Half Maxima. Reference f’’-SBA structure: PDF 04-014-
2164[4]

X-ray diffraction (XRD) was performed on a representative cold sintered pellet (10 wt.%
NaOH, 375°C, 360 MPa, 3 hours) to assess the phase purity. Figure 1A depicts a typical XRD
pattern of such a pellet alongside an XRD spectra for the initial powder. The powder is primarily
comprised of the highly conducting 8’ phase (SBA, rhombohedral, R3m) and a small amount of
the less-conductive f° phase (SBA’, hexagonal, P63/mmc), the latter deduced from the small peak
at 33.5°. Previous studies have estimated the relative amount of SBA versus SBA’ by comparing

the height of characteristic peaks for each phase[7], but it should be noted that the results can vary
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based on the SBA stabilizing dopant, specific peak couple selected, and reference structure chosen.
In the present case, the intensity of the (0210) 8°” reflection (I4) is compared to that of the (107)

B’ reflection (/) with the equation,

I 1
F(B)% = (1 —Ii) £ 100%

BI

From this estimation, the powder is comprised of about 90% of the ’” phase. Besides this sizable
fraction of A’, all other XRD peaks can be indexed with the R3m 8> SBA phase (PDF 04-014-

2164).[4], [5]

The full XRD spectra of the cold sintered pellet is very similar to that of the initial powder
(Figure 1A). The primary conduction layer peaks ((003), (006)), are broader and slightly shifted
relative to the powder spectra. A decrease in peak sharpness, especially at the high angles, could
indicate some loss of long-range order but could also be due to the reduced intensity arising from
the spectra of a polished pellet compared to fine powder. The only additional peak which cannot
be indexed to the 5’ phase is at approximately 29.0° 20 (marked ‘#’ in Figure 1A) which is
presently unidentified. This peak is also present in the initial powder, albeit with very low intensity,

suggesting that this phase is not primarily generated during the cold sintering process.

Interestingly, the (107) f° peak is not as prominent in the XRD spectra of the cold sintered
pellet relative to the initial powder. The background of the cold sintered XRD pattern is higher
(normalized to 003-peak height) relative to the powder, so the SBA’ phase may lie below the
detection limit. However, this result does indicate that very little, if any, SBA’ is generated during
the cold sintering process.[15] Additional details regarding the phases present in the samples are

given with XRD refinements in the supporting information (Figure S1).
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Finally, we note two other aspects of the XRD spectra which suggest a water absorption
and carbonate formation during cold sintering. First, the primary conduction plane peak (003,
Figure 1B) is shifted by 0.13° 26, indicating an expansion of about 1.6%. Second, we note that
the broadening of the (003) peak (full-width-half-maxima increases by 0.21°) is unevenly
distributed, i.e. the peak broadens asymmetrically after cold sintering. The conduction plane
expansion is consistent with the intercalation of water molecules[47], which displaces sodium ions
to the surface of the ceramic, resulting in the simultaneous formation of Na,CO;[8], [48]-[50].
These reactions are known to proceed readily upon exposure to air, so the procession of the
reaction during cold sintering (in ambient atmosphere) is unsurprising. It is worth noting that the
conventional solid-state sintering process of SBA requires temperatures greater than 1400°C,
which is more than sufficient to decompose Na,CO; and expel any intercalated water. Thus, while
cold sintering dramatically reduces the sintering temperature, the cold sintering temperature is
insufficient to remove the carbonates/water molecules. An intermediate temperature annealing step

is therefore required, as will be shown later in this article.

Microstructure of initial powder and as-cold sintered pellets

Scanning electron microscopy (SEM) was performed to confirm the density measurements. The
initial powder (Figure 2A) exhibits the characteristic platelet morphology of the layered SBA. The
particle size ranges from about 1 to 5 um. A representative image of a fracture surface from a cold
sintered pellet is shown in Figure 2B.The lack of any significant porosity in the bulk

microstructure is a clear confirmation of the high relative density.

10
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Figure 2 An SEM image of the initial SBA powder (A), a representative area of a cold sintered fracture surface (B),
and a magnified image of well-sintered grains within the cold sintered pellet (C).

Higher magnifications of the cold sintered microstructure (Figure 2C) illustrate the
formation of well-sintered grain boundaries within the cold sintered SBA ceramic. The individual
grains retain the hexagonal platelet crystal habit of the initial powder. The sintered grains are
approximately the same dimensions as the original powder, implying a lack of grain growth during
the cold sintering of SBA. Well-faceted grain boundaries can clearly be observed at high
magnifications (Figure 2C), indicating that a sintering process has occurred. Collectively, these
observations prove that cold sintering can be applied to SBA to produce dense microstructures
which retain the grain size of the initial powder, thus avoiding the exaggerated grain growth
phenomena frequently observed in conventional sintering processes. Elemental mapping (Figure
S4) provides direct evidence for the presence of sodium carbonates on the surface of the as-cold-
sintered SBA samples. Finally, we note that the applied uniaxial pressure appears to induce some
microstructural texturing perpendicular to the direction of applied pressure (Lotgering analysis,
Figure S5). Texturing has been previously observed in spark plasma sintered SBA[26], albeit to a
much higher degree, which resulted in the conductivity of the sample becoming magnified by a
factor of about 2.5. However, this effect should be small relative to other factors such as secondary

phases and relative density in the cold sintered SBA samples.

11
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To investigate the microstructure of the as-cold-sintered in more detail, cryogenic
transmission electron microscopy was performed (Figure 3). It should be noted that fast ionic
conductors such as SBA are difficult to probe with transmission electron microscopy due to beam
degradation when cryogenic conditions are not employed. In Figure 3A-B, the dense
microstructure of the cold sintered beta alumina can be clearly observed. Despite the high aspect
ratio of the SBA crystal habit (elongated platelet), few pores are present in the microstructure
owing to the grain rearrangement and grain boundary formation during cold sintering. Moreover,
certain regions appear to contain grains which exhibit texturing in the form of the platelet-shaped
grains stacking upon one another with aligned c-axes (Figure 3B). This is consistent with the

aforementioned Lotgering analysis (Figure S5).

Closer inspection of the TEM micrographs sheds light on the grain boundary regions
(Figure 3C-D). The grain boundary regions in the cold sintered SBA are generally amorphous and
span distances on the order of 10 to 20 nanometers. Chemical mapping of the grain boundary
regions (Figure S4) confirms their chemical similarity to the adjacent crystalline grains,
suggesting that the amorphous grain boundary regions are the result of the dissolution-precipitation
process driven by cold sintering. The amorphous regions fill the irregularly shaped intergranular
spaces which explains how relative densities of >90% are obtained without significant grain
growth for a microstructure of platelet-shaped SBA grains, which cannot pack efficiently
compared to isotropic grains. Upon annealing (Section 4.2), these amorphous regions likely
crystallize into similarly high-aspect ratio grains and evolve porosity in the process owing to the
packing limitations imposed by the irregular grain morphology. Finally, we also note some
evidence of a terrace-ledge structure at the edges of some grains adjacent to intergranular

amorphous regions (Figure 3D), which may suggest that the dissolution-precipitation process

12
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during cold sintering occurs preferentially along certain crystallographic directions, such as the

edges of the platelets (e.g.,(0110)) compared to the basal plane (003).

The relationship between the ionic conductivity and grain/grain-boundary structure in SBA
has been a subject of debate for many decades.[51] Numerous authors have proposed contrasting
microstructural models to account for the anisotropic conduction properties of conventionally fired
SBA, which account for abnormal microstructural factors by introducing concepts such as “easy”
conduction paths through grains of varying levels of misorientation, among other effects.[6] For
the purposes of this paper, it is sufficient to acknowledge that the inherent complexity of a
polycrystalline arrangement of an anisotropic ion conducting ceramic can only be magnified by
the contributions from the complexity in grain boundary regions noted in the previous paragraphs.
These grain boundary regions in cold sintered SBA reflect the non-equilibrium nature of the low
temperature sintering process compared to conventional sintering, which, owing to the high
sintering temperature, produce microstructures much closer to the thermodynamic equilibrium

state.

13
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Figure 3 Transmission electron microscopy of as-cold-sintered SBA. Low magnification images depict a dense
microstructure (A) with some texturing throughout the overall microstructure (B). High magnification images
illustrate crystalline-amorphous interfacial regions at grain boundaries (C-D). Inset of (D) is magnified by 4 X to

highlight fringe spacing. Dotted line in (D) outlines terrace-ledge crystalline-amorphous interface character.

Electrical properties of As-Cold-Sintered SBA

14
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The ionic conductivity of the cold sintered SBA pellets was then measured with
electrochemical impedance spectroscopy (EIS). When plotted in the complex plane (Z’ versus Z’),
a partial semicircle followed by a low frequency linear electrode response is observed, which is
characteristic of polycrystalline ionic conductors with blocking electrodes.[52] From such
complex plane plots, it is possible to calculate the frequency-independent resistance from
extrapolation of the linear electrode response to the Z’ axis intercept, as indicated in Figure 4A.

This total resistance, denoted R,, can then be used to calculate the total conductivity, o,

t
TR+ A

Ot

Where ¢ and A are the sample thickness and electrode area, respectively. In this way, it is found
that the cold sintered SBA samples typically have room temperature conductivities of around
3.4 % 10 =7 S.cm’'. Conventionally sintered polycrystalline Mg-stabilized SBA typically has room
temperature conductivity values on the order of 103 S.cm!. The high resistance of the cold sintered
SBA at room temperature is likely due to the non-conductive Na,COj; and intercalated water noted
in the previous section. This room temperature conductivity is improved upon by further annealing,
as will be shown in the next section. The shape of the semicircle is somewhat asymmetric and thus
is fit with a Havriliak-Negami element[53]-[55], the fitting parameters of which are given in the

supporting information (Figure S6-S7, Table S1-2).
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Figure 4 The EIS response of as-cold-sintered SBA is depicted at room temperature (A), 125°C (B), and 300°C (C).
Each spectrum is fit with an appropriate equivalent circuit (insets), the fitting parameters of which are given in the
supporting information. Angular frequency (w) = 2mf. Abbreviations: R: Resistor, HN: Havriliak-Nagami element,
CPE: Constant-phase element, ., Warburg (open-circuit), and L. inductor.

As the temperature is increased, the impedance of the samples decreases quickly (Figure
4B). The shape of the semicircle formed in the complex plane also changes from asymmetric at
low temperatures (Figure 4A) to a suppressed symmetrical semicircle at 150°C (Figure 4B). The
impedance spectra at 125°C is fit with a common equivalent circuit (Figure 4B, inset) in which a
resistor and constant phase element (CPE) are placed in parallel to capture the grain boundary
response, followed in series by a linear CPE to capture the electrode polarization. [52], [56].
Following the same procedure described in the previous paragraph, the total conductivity is at

125°C for the cold sintered SBA is 1.07 * 104 S.cm™!.

At 300°C (Figure 4C), the impedance spectrum is characterized simply by a straight line
from the electrode, with some inductance at the highest frequencies. The inductance is likely due
to contributions from the electrode and silver wires in addition to some closed porosity which has

been previously observed in conventionally sintered SBA[57], [58]. Taking R, to be the high

16
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frequency intercept with the Z” axis, the conductivity of the as-cold sintered SBA at 300°C is found

tobe 7.6 %103 S.cm™.
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Figure 5 Conductivity as a function of inverse temperature for cold sintered and annealed samples is plotted alongside
a representative set of prior work (A). The high temperature region of (A) is magnified in (B). Data from the literature
includes computationally calculated conductivity[59], single crystal measurements[60], conventionally sintered
polycrystalline SBA[61]-[64], liquid phase sintered SBA[19], spark plasma sintered SBA[24], [26], and hot pressed
SBA[22]. Explicit references given in supporting information Figure S8 and Table S3. Lines connecting points are
given to guide the eye. Note the change in activation from ca. 0.5 eV to 0.2 eV at ca. 250°C for numerous
polycrystalline samples.

In Figure 5, the total conductivity versus inverse temperature is plotted alongside a
collation of data from the literature. From this Arrhenius plotting, it is clear that high temperature
(T > 300°C) conductivity of the cold sintered SBA (7.6 « 103 S.cm™) is within the lower
boundary of the range of total conductivity values reported for SBA requiring sintering

temperatures more than 1000°C greater than the cold sintering temperature. At lower temperatures,

(ca. T < 200°C) the conductivity of the cold sintered SBA is lower than most previous reports,

17
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however, it should be noted that there is significantly more non-Arrhenius behavior and a wider
range of reported conductivities for other processing methods within this lower temperature

window.

The activation energy of at these lower temperatures (ca. 23°C to 250°C) is higher for the
as-cold-sintered SBA (0.54 eV) than the conventionally sintered SBA (ca. 0.3 eV). However, at
temperatures above 250°C, the activation energy of the cold sintered SBA changes to 0.20 eV,
which is consistent with previous studies. This can be more easily seen by enlarging the high
temperature portion of the Arrhenius plot (Figure SB) and by comparing the electrical properties
these cold sintered samples with a representative set of conventionally processed polycrystalline

SBA (Table 1).

Table 1 A compilation of other studies relating to the sintering of SBA and the resulting properties. Abbreviations:

CSP — Cold Sintering Process, CS — Conventional Sintering, LPS — Liquid Phase Sintering, SPS — Spark Plasma
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Sintering.
interin Relati
Reference Method TesméZrau%re N (?.Sr?l(_)f;c G( ; tc2n.;>‘i)C Eq for (7;\2/)2000(: DZI?;iZ; Comment
6 (%)
This work CSP 375 7.6x10°  3.40x107 0.22 92.7
This work ~ CSP +900°C 900 6.4x1073 1.12x10 0.26 89.6
This work  CSP + 1200°C 1200 3.2x103  5.22x10° 0.31 83.8
[59] Computed - 1.0x10° - - - Interpolated
[60] Single Crystal - 3.5x10° - 0.03 - Interpolated
[61] CS 1550 2.8x102 - 0.23 75
[62] CS 1620 8.0x102 - 0.51 96 c at 250°C
[63] CS 1600 6.8x102  1.32x106 0.15 98.5
[64] CS 1600 2.8x102 - - 98.5
[19] LPS 1520 8.4x102 - 0.15 98.2 1 mol% Sn
[24] SPS 1300 3.0x102  1.74x104 0.38 96.4
[26] SPS 1400 6.3x102  3.16x1073 0.17 98.9 o at 250°C
[22] Hot Pressing 1700 9.1x1073 6.96x10 0.19 99
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4.2 Improved Electrical Properties of the Annealed SBA

The XRD spectra and electrical response of the as-cold-sintered SBA is similar to previous
reports of SBA which has intercalated water or generated carbonates [48], [49]. Prior work has
shown that the water and carbonates can be removed with annealing under inert atmospheres.
Thus, the as-cold-sintered SBA was subjected to annealing under argon at 900°C or 1200°C to

investigate the possibility of removing said impurities from the cold sintered samples.

After annealing, the room temperature conductivity of the rises from 3.4 * 10 =7 S.cm’!
(as-cold-sintered) to 1.1 * 10 ~® S.cm! (900°C anneal) and 5.2 * 10 ~> S.cm! (1200°C anneal).
The activation energy below 200°C decreases from an initial value of 0.54 eV to 0.48 eV (900°C
anneal) and 0.38 eV (1200°C anneal) (Figure 5). The conductivity at 300°C of the 900°C annealed
sample remains close to the as-cold-sintered sample (6.4 * 10 ~3 S.cm™!) while the conductivity of
the 1200°C annealed sample decreases to 3.2 * 10 =3 S.cm!. This decrease in conductivity at
300°C as the annealing temperature is increased is likely due to de-densification during
annealing[65]-[67], as suggested by micrographs shown in the next section. These changes impact
the conductivity of the SBA through the removal of interfacial phases such as carbonates and

hydroxyls along with some microstructural evolution.

The increased conductivity of the annealed samples is also exemplified by the impedance
spectra at room temperature (Figure 6). After annealing, the large asymmetric semicircle is
replaced by small, suppressed, semicircles at the highest frequencies followed by an electrode
polarization. The impedance spectra of the annealed samples is best fit with two sets of parallel
resistor/CPEs in series (Figure S7, Table S2)), suggesting two distinct responses. By noting that
the second (lower frequency) semicircle increases in diameter while being held at room

temperature, we ascribe the high frequency semicircle to the pure SBA response and the low
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frequency semicircle to the re-formation of the Na,COj3, which was removed during annealing but
forms quickly under ambient conditions. In light of this, the impedance measurements of the
annealed samples were taken immediately upon removal from the furnace, thereby minimizing the
carbonate contribution. The total conductivity remains derived from the extrapolation of the linear

electrode response to the intersection of the Z’ axis.
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Figure 6 Room temperature EIS spectra of as-cold-sintered SBA compared to cold sintered SBA annealed at 900°C
and 1200°C (A). A magnified view highlighting the more conductive annealed samples (B). Details regarding the
equivalent circuits and fitting parameters are given in the supporting information (Figure S3 and Table S2).
4.3 Changes in Microstructure and chemical bonding in the annealed SBA

The microstructure of the as-cold-sintered SBA is shown in Figure 7A, alongside that of samples
which had been annealed under argon at 900°C (Figure 7B) and 1200°C (Figure 7C). As the
annealing temperature is increased, the SBA grains grow, and it appears that some pores are
formed/enlarged. This is especially evident in Figure 7C where the thickness of the SBA platelet-
like grains is increased significantly relative to the powder (Figure 2A) and the as-cold-sintered

samples (Figure 2B-C, Figure 7A). It is also clear that fair amount of enclosed porosity is evolved,
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which is consistent with some progressively lower densities of the pellets as the annealing
temperature is increased; the relative densities are 92.7%, 89.6%, and 83.8% for the as-cold-
sintered, 900°C annealed, and 1200°C annealed samples respectively (Table 1). This decrease in
relative density as the annealing temperature is raised is also consistent with the slightly lower

ionic conductivity at high temperatures noted in the previous section.

;/ﬁ-\l L 4 N : |
}\s Oold Slntered'/ 900°C Arinely j“i

1200";3 Anneal

Figure 7 SEM images of the microstructure of an as-cold-sintered SBA sample (A) compared to that of a sample
annealed at 900°C (B) and 1200°C (C)

XRD and FTIR were conducted on the initial powder, the as-cold-sintered samples, and
the annealed samples to observe the removal of carbonates/moisture and changes in structure.
Figure 7A illustrates the progressive peak sharpening as the samples are annealed, as well as a
shift of the conduction layer peak (ca. 7.9° 20) to slightly lower angles, indicating a decrease in
the conduction layer height and removal of water from the conduction plane. The annealed samples
have (003) Bragg angles closer to that of the powder and small FWHM values which suggests a
high degree of crystallinity; the Bragg angles (FWHM) are 7.93° (0.22°), 7.84° (0.43°), and 7.89°

(0.17°) for the powder, as-cold-sintered pellet, and 1200°C annealed samples, respectively.

The expulsion of water and removal of carbonates is further evidenced by comparing the
FTIR spectra of the powder, an as-cold-sintered sample, and an annealed sample (Figure 7B). IR

bands characteristic of carbonates (1400 cm™")[68], hydrated carbonates (1468 cm™')[69], and water
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(1630 cm™)[70] are present in the the initial powder, which are then replaced by a single IR band
at 1440 cm! in the cold sintered sample. This 1440 cm™! band has been assigned to hydrated
carbonates which form on SBA surfaces. After annealing, the intensity of the 1440 cm™! decreases
signficantly, indicating a removal of a superficial carbonate phase. Similarly, a broad band
centered at 3301 cm™! observed in the initial powder and the as-cold-sintered sample is replaced
by two much smaller bands at 3483 cm! and 3088 cm™! which points to a decrease in the amount
of hydrogen-bonded hydroxyl groups[68], [71], similar to what one might expect from the removal

of water from the conduction plane of the SBA.

These results collectively point to three factors which contribute to the increase in
conductivity upon annealing of cold sintered SBA. First, the amorphous grain boundary regions
observed in TEM (Figure 3) are recrystallized upon annealing as evidenced by the XRD peak
sharpness and SEM images (Figures 7-8). Second, some grain boundaries in the as-cold-sintered
SBA contain carbonates, which is coupled with water intercalation, and these features are removed
by annealing, as evidenced by reduction in activation energy for conduction, (003) peak shifts, and
FTIR signatures. Third, carbonates readily form at exposed SBA surfaces, as evidenced by the
carbonate formation observed on the surface of a polished pellet (Figure S4) and the small
signature in the FTIR (Figure 8). With respect to the third factor, it is expected that the annealing
process produces a clean interface between the SBA pellets and the platinum electrode which is
greatly improved relative to the as-cold-sintered pellet surfaces. While conventionally sintered
SBA must contend chiefly with the third factor, our results demonstrate the additional factors

which must be considered when processing such materials by new low temperature methods.
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Figure 8 XRD Spectrum for the initial powder, the as-cold-sintered, 900°C, and 1200°C annealed SBA (A). The /5’
is marked with ( * ). The FTIR spectra for the SBA powder, an as-cold-sintered sample, and a cold sintered sample

annealed at 1200°C is also shown (B). CSP — Cold Sintering Process

4.5 Placing cold sintered SBA within the context of prior work

To summarize, we showed that the cold sintering process could be applied at 375°C with an NaOH
transient phase to produce remarkably dense microstructures of 5°” SBA. The electrical properties
at high temperatures are competitive with conventionally fired SBA, but the low temperature
conductivity and activation deviate from conventionally sintered SBA. The increased resistance at
low temperatures appears to originate from the reaction of the SBA with water and carbon in the
air. With intermediate temperature annealing, the absorbed water and carbonates are removed, and
amorphous grain boundaries are crystallized, resulting in an improvement in low temperature

conductivity.

The as-cold-sintered SBA may therefore be attractive for technologies which operate at
high temperatures (ca. 300°C), such as sodium-metal-halide batteries, owing to the conductivity
of the as-cold-sintered SBA being competitive with conventionally fired SBA at these

temperatures. Furthermore, the energy savings associated with reducing the sintering
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temperature[37] from 1600°C to 375°C may counterbalance the modest decrease in conductivity
between samples sintered by conventional means and by cold sintering, respectively. However,
for applications which require high conductivity at lower temperatures, the intermediate
temperature annealing process appears to be necessary. While the annealing process improves the
properties and aids in the study of the system as a whole, this secondary processing diminishes the
amount of energy saved in sintering and opportunities to co-process SBA with very thermally
fragile materials. Future work may investigate routes to apply a similar cold sintering process

which does not require a post-annealing step.

To place these results within the context of the greater body of existing literature
concerning the property-processing relationship of SBA, we have plotted the ionic conductivity at
300°C (Figure 9A) and relative density (Figure 9B) as a function of peak sintering temperature
for this work and a large number of previous studies (22 studies over ~50 years). Examples of
conventional sintering, hot pressing, liquid phase sintering, and field-assisted sintering all applied
to polycrystalline SBA are represented in the set of literature references. Evidently, cold sintering
accesses a unique processing window for this refractory solid electrolyte. A complete list of the
references and associated data used to compile Figure 9 is provided in the Supplemental
Information (Table S4).[16], [18], [63], [64], [72]-[79], [19], [80], [81], [21]-[23], [26], [57],

[61], [62]
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Figure 9 The ionic conductivity at 300°C (A) and relative density (B) are plotted as a function of peak sintering
temperature for this work and a representative selection of prior work. Peak sintering temperature is defined as the
maximum temperature observed by the samples prior to electrical measurement. A secondary x-axis of normalized
sintering temperature (7/7,,) is also provided. A complete reference list with associated data is given in the supporting

information (Table S4).

5. Conclusions

The cold sintering process was applied to the 5°’-Al,0O; solid-state electrolyte at 375°C using pure
NaOH as the transient solvent. Coupled with 360 MPa of uniaxial pressure and a dwell time of
three hours, a relative density of 92.7% is achieved. The microstructure of the samples is dense
and retains the powder grain size (ca. 1 to 5 um). The conductivity at 300°C of the as-cold-sintered
B-AlLOs3 is 7.6 x 10 S.cm™!, which exceeds the often-cited threshold of 1 mS.cm’! for an
electrochemical cell with a thin electrolyte membrane. Near room temperature, the conductivity is
low (3.4 %103 S.cm™') and the activation energy is high (0.54 e¢V) relative to conventionally

sintered f°’-Al,05.
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The poor low temperature conductivity is traced to interactions with moisture forming carbonates
in parallel with amorphous grain boundary regions, which can be reversed with an argon annealing
step at 900°C or 1200°C. Consistent with prior work, the room temperature conductivity is
increased (reaching 5.2 * 10~ S.cm™') and the activation energy is decreased (reaching 0.38 eV)
with annealing, while the conductivity at 300°C remains above 10 S.cm™!. The renormalization
of the SBA sintering temperature from 80% of 7, (conventional solid-state sintering) to 20% of
T,, (this work) may present new opportunities for co-processing this historically refractory solid
electrolyte with chemically reactive electrodes for next-generation sodium-ion based energy

storage technologies.
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