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1. Abstract

For solid-state batteries based on ceramic materials, the means of effective materials processing
and co-processing presents a significant challenge. The high sintering temperature required for
many solid electrolytes induces alkali volatilization, in addition to preventing the co-procesing
with other battery materials, such as carbon or active materials. In this paper, we demonstrate how
cold sintering, a low temperature sintering process driven by chemomechanical pressure-solution
creep in the presence of a transient solvent and uniaxial pressure, can fabricate dense ceramic
matrix composites containing an electroactive material with either carbon or a ceramic solid
electrolyte with minimal loss of phase/function. The model system is composed of the
NazV,(PO,); (NVP) active material, the Na3Zr,Si,PO;, (NZSP) solid electrolyte, and carbon

black/carbon nanofibers.

The conductivity of the carbon-NVP composites is fitted to a classical percolation model,
demonstrating low percolation thresholds (2-4 vol.%). By measuring the electrical properties of a
range of composite compositions, a more complete view of mixed conduction phenomena through
the diphasic composites is obtained. In contrast, impedance spectroscopy measurements of
diphasic composites containing active material and solid electrolyte (NVP and NZSP,
respectively) reveals a gradual transition to fast ionic conduction as the composition ranges from

pure active material to primarily solid electrolyte dominated (vol.% NZSP > 90%). These results
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may also be useful in future studies which require a detailed understanding of conductivity as a
function of composition in order to optimize for electrochemical properties such as volumetric

energy density or rate performance.

Keywords: solid-state batteries, solid electrolytes, composites, mixed conduction, impedance

spectroscopy, cold sintering, ceramic processing,

2. Introduction

Lithium-ion batteries have formed the basis for numerous industries, such as the matured
consumer electronics industry and the nascent electric vehicle market. Until this point, the
properties and economics of these incumbent lithium-ion based technologies, with liquid
electrolytes and carbonaceous anodes, have proved sufficient for the rapid growth of certain
industries such as consumer electronics and electric vehicles. For these industries to improve
further, and for new energy storage industries to be established, new types of rechargeable batteries

will need to be developed.!

Sodium-ion batteries have been proposed as an alternative to the incumbent lithium-ion
technology.? Sodium is a much more naturally abundant element meaning that batteries based on
sodium have the potential to be less expensive and be less subject to supply chain disruptions
compared to lithium. However, the higher redox potential of sodium metal (-2.71 versus SHE, 0.34
V higher than Li), larger ionic radius, and lower energy density of sodium compared to lithium
means that, in general, the performance of sodium-ion batteries falls well-short of state-of-the-art
lithium-based benchmarks.? Thus, the cost benefits afforded by sodium must be weighed against
the diminished electrochemical performance in order to make a compelling argument for the

technology.*

In order to maximize the energy density of sodium-ion batteries, the use of a metallic
sodium anode and a high voltage cathode is required. Sodium metal anodes are quite prone to
dendrite growth> and thus a solid electrolyte will likely be required. Thus, sodium solid-state
batteries (NaSSBs), characterized by a solid electrolyte and ideally a Na-metal anode, are a
promising articulation of sodium-based technologies. However, many prior works have shown that
the fabrication of solid-state batteries which are simultaneously thin, of low resistance,

mechanically robust, and inexpensive is very difficult®.
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Solid-state batteries can be categorized into distinct types based on the kind of solid
electrolyte employed (polymer, glass, ceramic, composites, etc.) and/or method of manufacturing
(cold pressing, hot pressing, casting from solution, thin film sputtering, etc.). Comprehensive
comparisons from different perspectives have been given elsewhere in the literature.!-310-12
Pertinent to this work is the generally agreed upon conclusion that ceramic oxide solid electrolytes
demonstrate excellent thermal, mechanical, and chemical stability, but the high temperature
sintering process required to turn powders into dense ceramics prohibits their widespread adoption
in solid-state batteries.®!> The high temperature ceramic sintering process usually requires
temperatures in the range of 800°C to 1200°C in order to remove porosity and form well-bonded
grain boundaries, but these temperatures are incompatible with co-processing coherent interfaces
between the solid electrolyte and solid electrodes or forming homogenous composites of the solid
electrolyte with the active materials and conductive additives (e.g. layered oxides and carbon,

respectively).®-13-16

In light of these apparent thermal processing incompatibilities, a number of means of solid-
state battery fabrication have been proposed. Most commonly, a polymer or gel solid electrolyte
is used to form a continuous framework for ion transport within and between the two electrodes.!’~
21 The fabrication of these batteries is relatively simple given the ductile nature of polymer solid
electrolytes, but the thermal/mechanical stability, ionic conductivity, and transference number of
these materials are generally poor.?>?3 An alternative route is the use of soft inorganic solid
electrolyte materials, such as glasses based on the Li-P-S ternary system?*23, which allow for the
fabrication of multilayered?62” and composite electrodes?®33 at low temperatures/pressures. These
glassy materials, however, often suffer from ambient atmosphere instability and a limited
electrochemical stability window.>* To employ ceramic solid electrolytes while avoiding co-
processing, some researchers have demonstrated the ability to form a partially porous scaffold of
solid electrolyte, into which the active material can be infiltrated into after the ceramic scaffold is
sufficiently sintered.®3-# Monolithic solid-state batteries have also been formed using various
sputtering techniques, but these are limited by cost, total capacity, and ability to co-sputter different
materials/composites.*—>3 Finally, it is possible to modify the sintering conditions (temperature,
pressure, time, presence of a sintering aid) to induce densification at more benign conditions
relative to the conventional sintering process. This category includes the application of liquid

phase sintering, field-assisted sintering, hot pressing to solid-state battery manufacturing. 3114154
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% Qur previous work®%° has applied a relatively new sintering technique termed “cold
sintering”’%-73 to the fabrication of solid-state sodium-ion batteries. The cold sintering process has
certain advantages over the other aforementioned modified sintering techniques which this work

seeks to demonstrate and quantify.

The cold sintering process is characterized by the use of driving forces (temperature,
pressure, chemical potential) for sintering applied to a particulate compact in an open system.”%7475
In practice, this is accomplished by mixing the powder to be sintered (a ceramic solid electrolyte)
with a “transient solvent” (e.g. water or a low temperature salt), which is loaded into a uniaxial die
heated while under pressure. The applied temperature need only be above the melting/boiling point
of the transient solvent (typically 100°C to 400°C), whereupon the solvent at the particle-particle
contact points drives a dissolution-precipitation diffusional process, resulting in sintering of the
powder while simultaneously driving the solvent out of the densifying system. This process
appears similar to the geological pressure-solution creep process’’, and has been shown to be
effective in promoting low temperature densification of a wide range of ceramics and metals. It is
important to note that cold sintering is generally one of, if not the, lowest temperature processing
technique capable of producing dense ceramics (compared to liquid phase and field-assisted
sintering techniques), which makes it an attractive means of producing composites/multilayered

systems of ceramics with more thermally fragile materials, as is desirable for solid-state batteries.

We have recently shown that the cold sintering process can be applied to the Na;V,(POy);
(NVP, active material)-Na;Zr,Si,PO,(NZSP, solid electrolyte)-carbon system to form dense
monolithic composites of high electronic/ionic conductivity while retaining electrochemical
activity.%’ In this work, it was shown that by diphasic composites of NVP with either carbon or
NZSP exhibited apparently enhanced electronic or ionic conductivity, respectively. The present
work seeks to more closely examine this by systematically varying the composite of these binary
composites to unveil underlying trends in these changes to the magnitude and nature of the bulk
conductivity of the diphasic composites. As outlined in the preceding paragraphs, solid-state
batteries are certain to be composite in nature, (e.g., having dense, mixed conducting electrodes)
so it will be necessary to understand how the conductivities of the individual materials, such as the
ionic conductivity of the solid electrolyte and the electronic conductivity of the carbon, augment

the intrinsic conductivity of the active material (here, NVP) to result in sufficient bulk electronic
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and ionic conductivities to drive the redox reaction. Further, it is desirable to minimize the volume
of conductive agents needed in the composite electrodes to maximize energy density. This has
been explored for conventional liquid electrolyte-based batteries’® but has not yet been studied
extensively for sintered ceramic solid-state batteries given the difficulties in forming dense
composites without degradation.®® It should be noted that recent studies have however applied a
similar approach to exploring the relationship between bulk conductivity and composite electrode
composition for soft (plastically deformable) inorganic solid electrolyte systems.””-”® To this end,
most of the findings of this work should be generally applicable to solid-state battery composite
electrodes formed by means other than the cold sintering process and utilizing other inorganic

polycrystalline solid electrolytes.

This paper first describes the process of cold sintering diphasic composites of our model
system (NVP-NZSP-carbon) and probes the crystal structures of the densified composites as well
as their microstructure to demonstrate the absence of degradation. This advantage of cold sintering
is emphasized by measuring onset of thermal decomposition of the diphasic composites,
illustrating that solid-state batteries based on these materials should be fabricated below 600°C.
Then, impedance measurements are taken for numerous series of composites containing increasing
amounts of carbon (either spherical or of high-aspect-ratio in morphology) or NZSP solid
electrolyte. The resulting impedance spectra and apparent bulk conductivity are coupled with
microstructural observations to begin to elucidate the processing-composition-property
relationships as it pertains to polycrystalline solid-state battery materials. Finally, these results are
contextualized broadly for their potential contributions to practical solid-state battery design

beyond the considered model system.

3. Experimental
Materials

The Na3V,(PO,); (NVP, p = 3.16 g.cm?) and Na3Zr,Si,PO;, (NZSP, p = 3.26 g.cm) powders
were synthesized via a sol-gel process as described in our previous works®”%8. The only
modification for this study was the use of a 5% H;, 95% Ar (vol.%) atmosphere to carry out the
NVP calcination to ensure a reducing atmosphere. The carbon black was purchased from MTI

(Super P, p = 1.6 g.cm?). The carbon nanofibers were purchased from US Research Nanomaterials
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Inc. (unfunctionalized, no dispersant, p = 2.1 g.cm). The NaOH transient solvent was purchased

from Sigma Aldrich and stored in a glovebox or under vacuum until cold sintering.
Mixing of Powders

Three types of diphasic powder mixtures were investigated: (1) NZSP + NVP, (2) NVP + carbon
black, and (3) NVP + carbon nanofibers. In each case, the appropriate amount of the pure powder
was weighed and charged into a 25 mL glass vial. A single yttria-stabilized zirconia ball (@ = 5
mm) was added to the unmixed powders and the vial was sealed and placed inside a planetary
centrifugal mixer (Thinky Mixer Model no. ARE-250). The mixture was then mixed for one
minute followed by a manual re-agitation to break up any agglomerates formed, with this process

repeated ten times.
Cold Sintering

The 10 wt.% (~14 vol.%) of solid NaOH (7, = 312 °C) was then added to the so-mixed diphasic
powder mixtures and mixed by hand in a mortar and pestle, briefly and in a fume hood to avoid
carbonate formation. The NaOH-diphasic powder mixture was then added to a stainless-steel die
(Across International, @ = 13 mm) with nickel foil spacers (0.1 mm thick, Alfa Aesar 99%) and
fitted with a mica band heater. The die and heater where then placed into a standard Carver press
and simultaneously heated to 375°C and pressed uniaxially at 350 MPa. The platens of the press
were heated to 340°C to reduce thermal loss to the environment. These conditions were held for
three hours, at which point the pressure was released and the die cooled with a 6-inch fan. The
dense cold sintered pellet was then extracted and stored under vacuum for further characterization.
A schematic representation of the mixing of the powders with subsequent cold sintering is shown

in Scheme 1.
Characterization

X-ray diffraction (XRD) was carried out on both the powders and the surfaces of the cold sintered
pellets using a PANalytical Empyrean diffractometer in Bragg-Brentano configuration using Cu,
Ko radiation. All scans were carried out in a 20 range of 5-70° with a tension of 45 kV, current of
40 mA, a step size 0of 0.01°, and a dwell time of 200 sec.step-'. Both fracture surfaces and polished
surfaces of the cold sintered pellets were sputtered with an iridium characterized using scanning

electron microscopy (SEM) utilizing a Verios Field Emission NanoSEM equipped with an EDS

6
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system. The TEM specimens were prepared by Focused Ion Beam (Scios 2, FEI). To prevent any
sodium loss due to local heating, the entire FIB process was conducted at the liquid nitrogen
temperature. The prepared specimen was subsequently loaded to a cryogenic TEM holder. The
TEM (Talos X, FEI) was operated at 200 kV at the liquid nitrogen temperature too, for the sake of
potential beam damage. The EDS mapping was collected by the Super-X EDS detector. The

density of the pellets was measured using Archimedes method with ethanol as the liquid medium.

To characterize the samples using electrochemical impedance spectroscopy (EIS), the
surfaces of the pellets were first polished to 2400 grit and 100 nm platinum electrodes were applied
using magnetron sputtering (Quorum Technologies, EMS-150R-S). The EIS measurements were
then taken using a two-probe electrode fixture connected to an impedance spectrometer (Modulab
XM MTS). The EIS measurements were taken from 1 MHz to 0.05 Hz with a 10 mV ac bias
relative to 0 V dc unless otherwise noted. For EIS measurements at elevated temperatures, the
fixture was placed in a Delta Design Oven (model no. 9023) which was heated to the desired
temperature and let equilibrate for 5 minutes prior to measurement. The impedance data was fit

using the Zview software package (Scribner Associates).

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
performed using a thermal analyzer (Netzsch STA 449 F3 Jupiter®). The measurements were

performed in air between 20 °C and 1200 °C with a heating rate of 10 °C/min.
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Carbon Centrifugal mixing (10 min.) Cold sintering at 375°C, 350 MPa, three hours
black NVP - Carbon black
Diphasic mixture X .
Mixed with 14 vol.%
NaCH by hand
—
@ =20 nm
Na?\lilz\%o"]}‘ Carbon NVP - Carbon nanofiber
nanofibers Diphasic mixture
Mixed with 14 vol.%
NaOH by hand
—
@ = 400 Nnm
L=35um
Cold sintered composite
Na;Zr,5i,PO,, NVP -NZSP
(NZSP) Diphasic mixture

Mixed with 14 vol.%
NaOH by hand

Scheme 1 A schematic of the materials processing employed in work. First, three diphasic powder mixtures (NVP +
carbon black, NVP + carbon nanofibers, and NVP + NZSP) are weighed in varying volume fractions and mixed
centrifugally. These mixtures are then mixed with NaOH and cold sintered, resulting in dense diphasic ceramic
matrix pellets.

4. Phase purity and microstructure of diphasic composites

The aim of this section is to demonstrate the retention of phase purity in the cold sintered
composites and that the microstructure of the composites contains the desired features of the
composites, namely the distribution of carbon at the grain boundaries of a sintered ceramic and
distinct grains of active material adjacent to solid electrolyte grains. To emphasize the benefits of
the low-temperature cold sintering method in producing these composites, this section also
demonstrates the approximate thermal processing limitations of the model system by observing

the onset of thermal degradation.
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4.1 Cold sintering enables retention of primary phases in dense ceramic

composites

A I NazV2(PO,)s R3c I tbam Phase
| Naszr.Si,POL, R3e

Initial powders
Pellet
. NVP + NZSP
Na;Zr,Si,PO,,
i . | I 1l | 1] i 11
3 3 | ] I L} 11l 1
(1]
= o Pellet
2> 2 |NVP +carbon
£ 2
5 gl
) =] | ] I 1 m 1
c £
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| ] (1] L} 1] 1
| ] 111 | 11} m 1 11 (L1 LRIerm o e
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10 15 20 25 30 35 40 10 15 20 25 30 35 40
20/ degrees 20 /degrees

Figure 1 The XRD pattern of the as-synthesized ceramic powders is shown in (A). The XRD patterns of the pure NVP,
a diphasic composite containing carbon fibers+NVP, and a diphasic composite containing NZSP+NVP are shown in
(B). PDF for reference structures, NVP phase: 00-062-03457°, Na(VO),(PO,),4H,0 phase: 04-010-9272, NZSP
phase: 04-017-0758%, Ibam (no. 72) phase: 01-076-46968.

The X-ray diffraction (XRD) patterns of the active material, Na3;V,(PO,); (henceforth
abbreviated NVP), and the solid-state electrolyte, Na;Zr,Si,PO;, (henceforth abbreviated NZSP),
powders are presented in Figure 1A. These two materials share the general “NASICON”
crystallographic structure, with both phases being indexed to R3¢ symmetry (space group: 167)3.
By noting the 2@ peak locations for the major reflections of each material, we find that the NVP
powder has lattice parameters of a = b = 8.72 A and ¢ = 21.81 A, while the NZSP powder has
lattice parameters of a=b=9.07 A and ¢ =22.91 A. The NZSP powder has a small ZrO, impurity,
denoted by (*) which is commonly observed as a synthesis byproduct. The NVP powder has a few
minor peaks not indexed to the primary NASICON phase (7 in Figure 1A) which is attributed to
a sub-oxide hydrate (Na(VO),(PO,),-4H,0) of the main phase. The NVP powder was then mixed
with either a prescribed volume of the NZSP powder, or carbon (carbon black or nanofibers), and
cold sintered. The cold sintering parameters were identified in our prior work, namely the addition
of 10 wt.% (14 vol.%) of NaOH to the powder mixture, followed by simultaneous heating and
pressing at 375°C and 350 MPa, respectively, for three hours. These conditions were found to

optimal for high density, phase pure, pellets relative, which is described in previous papers.®7-68
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The XRD spectra of three cold sintered pellets containing (1) 100 vol.% NVP ceramic, (2)
92.5 vol.% NVP with 5.8 vol.% carbon nanofiber and (3) 60 vol.% NVP and 40 vol.% NZSP, is
shown in Figure 1B. The XRD pattern of cold sintered pure NVP can be indexed to the same
NASICON structure as the initial powder, with no observed changes in the lattice parameters
relative to the powder. Additionally, a small low symmetry secondary phase is apparent in the
spectra after cold sintering, having /bam symmetry (space group: 72) similar to a number of low
symmetry sodium-vanadium-phosphate compounds identified by previous studies®!:82. These
phases often have mixed vanadium oxidation states, which might be caused here by some partial
vanadium oxidation during cold sintering. Other than the presence of this secondary phase, the
cold sintered NVP, the cold sintered composites containing both carbon and NZSP retain the
primary crystal structures of interest, as shown in Figure 1B. It is also worth noting that, in the
composite samples containing NVP and NZSP, there are no major shifts in lattice parameters (A
< 0.15%) for either the NVP or the NZSP phase, indicating that there is no major inter-diffusion

of sodium or other metals between the distinct phases during cold sintering.

4.2 Demonstration of thermal limitation to co-processing the composite materials

It is difficult to produce dense diphasic ceramic-matrix composites of these materials using
conventional ceramic processing techniques, such as high temperature sintering. This is because
the high temperatures required for sintering are usually around ?/3 of the melting temperature
(~1200°C for NZSP) which induces degradation of more thermally fragile materials, such as the
NVP, or undesired chemical interaction between the distinct phases of the composite. To
emphasize this point, and demonstrate how cold sintering addresses the issue, we attempted to
estimate the maximum temperature at which the materials of interest (NVP, NZSP, and carbon)
could be co-processed without degradation or interaction. Similar to prior work®!3, we demonstrate
this by heating materials either individually or as diphasic mixed powders in a TGA/DSC
apparatus under air to correlate changes in mass/heat flux with degradation as a function of

temperature (Figure 2).

When the NZSP solid electrolyte powder is heated under air by itself, it shows no
degradation (i.e., mass loss) until 1200°C (Figure 2A), which was chosen as the upper temperature

limit as this is near the typical sintering temperature for polycrystalline NZSP ceramics.?? In

10
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contrast, the pure carbon and NVP active material undergo significant decomposition (i.e., weight

change) around 640°C (Figure 2A).

The diphasic mixtures of NVP-carbon and NVP-NZSP also exhibit either weight loss
(indicating gaseous decomposition) or weight gain (potentially indicating oxidation) around the
same temperature (ca. 600°C), as also shown in Figure 2A. This is further illustrated by examining
diphasic powder mixtures heated in a tube furnace to representative temperatures, which are then
subsequently examined using XRD (Figure 2B). Figure 2B magnifies a 20 range where
characteristic peaks for the NVP and NZSP phase are present, which allows for clear correlation
between the heating temperature and changes in the material structure. By this simple method, we
can show that simply heating a diphasic mixture of NVP and NZSP powders to 510°C in a tube
furnace results in complete loss of the two characteristic peaks of the NVP phase (Figure 2B, left
panel). Heating to higher temperatures (637°C and 790°C) results in both the loss of the NZSP

peaks and the appearance of new secondary phase peaks.

Diphasic mixtures of carbon fibers and NVP decompose at similar temperatures (Figure
4B, right panel). All peaks corresponding to the parent NVP phase are lost by 510°C. Attempting
to heat the mixture to higher temperatures results in the complete loss of the sample due to melting
(Figure S1). These decomposition events can be avoided by reducing the processing temperature
to 375°C using cold sintering, resulting in composites which retain the primary peaks of the
ceramic phases after densification (Figure 1B and Figure 2B). These experiments emphasize the
importance of low temperature processing methods, such as cold sintering, in enabling solid-state

batteries based on composites.
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Figure 2 Thermogravimetric data for the pure NVP, NZSP, and carbon are shown in (4), alongside a diphasic mixture
of NVP-NZSP and NVP-carbon nanofibers (A). T, denotes the cold sintering temperature and Tjecomp. denotes the
approximate decomposition temperature. XRD data for biphasic mixtures in their as-mixed state (black) and after
annealing in air at the labeled temperatures is shown in (B). The NVP-NZSP mixture data is shown in the left panel
while the NVP-carbon mixture data is shown in the right panel. CS = cold sintering

4.3 Representative microstructures of cold sintered diphasic composites
Having verified with XRD that the cold sintered pellets retained their primary chemical

phases, the microstructure of the pellets was investigated with SEM. In our previous report, we
showed that the pure NVP material could be cold sintered to approximately 90% relative density
using the present conditions (10 vol.% NaOH, 375°C, 350 MPa, three-hour dwell). In this prior
study, we noted very little change in the relative density when the conductive additives were
introduced. This finding is corroborated here, with the measured relative densities of the NVP-
carbon black composites ranging from 91% to 95%, accounting for the volume fraction of carbon
in the theoretical density measurement (Figure S2A). This insensitivity of the relative density to
cold sintered pellet composition is reflected in the NVP-carbon nanofiber and NVP-NZSP

composites as well. (Figure S2B)

Representative microstructures of the composite pellets are shown in Figure 3. In Figure
3A-B, a polished surface of a composite containing 5 vol.% of carbon black and 95 vol.% NVP is
shown. The sintered ceramic matrix is evident, with flat grain boundaries present throughout the
sample. Small pores, on the order of 1 um, are found within the microstructure as well, which is
consistent with the degree of densification measured for these samples. Chemical mapping (Figure

3B) reveals the presence of carbon within the majority of the pores. A weak carbon signature can

12
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be detected at some grain boundaries, however, the spatial resolution of chemical mapping in
EDS/SEM is insufficient to be confident in this observation. The presence of carbon in the grain

boundaries is proved using TEM later in this manuscript (Section 5.3).

Figure 3 Secondary electron image of a polished surface of a cold sintered sample containing 5 vol.% carbon black
and 95 vol.% NVP (A) with accompanying EDS mapping (B). A fracture surface image of a cold sintered sample
containing 40 vol.% NZSP and 60 vol.% NVP (C) with accompanying EDS mapping (D).

Figure 3C-D depicts the fracture surface of an NVP-NZSP composite (10 vol% NZSP).
A similarly dense microstructure is observed, with some smaller grains with an irregular
morphology corresponding the NZSP phase (Figure 3C-D). These microstructures are consistent
with our prior work®”-%8 as well as similar studies of low temperature sintering of NZSP ceramics®.
Collectively, these composite microstructures and diffraction patterns confirm the basis for this
study, which is demonstrating that cold sintering can be used to fabricate dense ceramic-matrix
composites of materials which would otherwise chemically interact with each other during

conventional solid-state sintering. The absence of large amounts of secondary phases and porosity

13
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ensure that the electrical measurements represent the properties of a well-sintered diphasic

ceramic, which is important in the interpretation of frequency-dependent electrical measurements.

5. Conductive properties of carbon black — NVP composites

The previous section demonstrated the ability to fabricate dense diphasic composites at low
temperature with minimal thermal degradation by cold sintering. In this section, impedance
spectroscopy is performed on a spectrum of diphasic compositions. It is shown that the addition
of conductive agents (either carbon or solid electrolyte) increases the total conductivity, and the
impedance spectra is interrogated for insight into the relationship between volume of conductive
additive and dominant ionic/electronic impedance response. These results not only demonstrate
the success of producing conductive diphasic composites but hopefully add insight into future
directions of research for measuring the conductive properties of dense, mixed-conducting,

composites for solid-state battery research.

14
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Figure 4 The impedance spectra of numerous NVP-carbon black diphasic composites containing (x)vol.% carbon
black, plotted in the complex plane (A). An Arrhenius plot of the total conductivity versus inverse temperature for the
cold sintered NVP-carbon black composites. Solid lines denote Arrhenius fits from high temperature (130°C-90°C)
(B). Simulated complex plane representation of the impedance spectra from the inset equivalent circuit. Lines are
labelled with corresponding CPE,-P value, dashed lined CPE,-T = 0, w = 2xf (C). o, for the diphasic composites
as a function of vol.% carbon black. Lines fit using percolation equation described in text, with distinct regions
labeled. Dashed lines and dotted line use experimentally measured and extrapolated values for o, of the pure NVP,
respectively (D).

Figure 4A plots the complex impedance (Z’ v.s. Z’’) at 30°C of cold sintered pellets ranging in
volume percentage of carbon black from 0 vol.% to 9.5 vol.%. In the case of 0 vol.% carbon black
(i.e., pure NVP) a total resistance (R,,;) of 1.74x10° Q is found by extrapolating the linear response
at low frequency, due to Na* polarization at the ion-blocking platinum electrode interface, to its
intercept with the Z~ axis, as shown in Figure 4A with a solid arrow. The total conductivity of the

sample (o) is then calculated as:
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Otot = Rtot%A (D)
Where ¢ and A are the thickness of the sample (cm™!') and electrode area (cm?), respectively. The
resulting o,,, for the pure NVP sample at 30°C is thus 1.82x10-7 S.cm™!, which agrees closely with
both our previous work and prior reports of conventionally sintered samples of a similar NVP
composition®”#>, This measurement was repeated up to 130 °C, allowing for the plotting of o,
versus inverse temperature (Figure 4B). Plotting the natural log of the o,, versus inverse
temperature yields a line with a slope corresponding to the total activation energy (£, ), which
for the pure NVP is 0.79 eV. The pure NVP g, values deviate from Arrhenius behavior at low
temperatures (ca. Tgs < 80°C), which has been previously attributed to interaction with
atmospheric moisture.®> Extrapolation of a,,; to 30°C yields a conductivity of ca. 4.0x10% S.cm™!,
which may more accurately represent the pure NVP ionic conductivity at this temperature.

Accordingly, this value is also employed later in the percolation model.

5.1 Impedance response and conductivity of the pure cold sintered NVP
The grain (0,) and grain boundary (o) conductivity of the pure NVP can also be obtained

by employing an appropriate equivalent circuit. For polycrystalline ceramics, the separation of the
grain and grain boundary resistances, and thus conductivity, is obtained by representing each
microstructural feature with a parallel combination of a constant-phase-element (CPE) and
resistor.3¢ These are then placed in series, followed by an additional CPE element to account for
the blocking electrode polarization (CPE,;), to construct an equivalent circuit (Figure 4C, inset)
which can be fit to experimental impedance data to obtain values of the apparent grain resistance
(R;) and apparent grain boundary resistance (R;), as well as their respective CPE parameters. Using
Equation 1, we find that at 30°C, ), and o, for the pure NVP are 7.36x10-7 S.cm™! and 2.52x1077
S.cm™!, respectively. The corresponding activation energy values for the grain interior and grain
boundary are 0.62 eV and 0.74 eV, respectively. These values are also consistent with NVP
sintered by cold sintering and solid-state sintering.®”-8% Plotted in an Arrhenius fashion (Figure
S3), the grain interior is linear across the entire temperature regime while the grain boundary

resistance mirrors the nonlinearity observed in the total conductivity.
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5.2 Impedance response and conductivity of diphasic samples containing NVP

and carbon black

The equivalent circuits and fitting procedure described in the preceding section was then
applied to the composites of NVP and carbon black (Figure 4A). We observe three distinct regions
of similar impedance responses as the amount of carbon is increased (Figure 4A and Figure 4D).
In region 1 (vol.% carbon black < 1.5), two semicircles are observed in the complex plane, but the
low frequency semicircle appears larger and more dispersed than the corresponding response of
the pure NVP sample. For example, upon fitting the spectra to the same equivalent circuit as the
pure NVP, g, of the 1.5 vol.% carbon black sample is 1.27x1077 S.cm™!. In region 2, from ca. 2.0
to 3.0 vol.% carbon, the low frequency response of the composites becomes difficult to interpret
near room temperature (30°C). For the 2.25 vol.% carbon black sample, the impedance response
is nearly parallel to the Z’ axis at low frequencies, which may be due to either/both an increase in
grain boundary resistance (R,) and/or a decrease in the angle formed between the low frequency
tail and the Z” axis. The possible physical origins for these effects are discussed later in this section.
For this sample (2.25 vol.% carbon black), only a high frequency semicircle can be confidently fit,
which is taken as R,,, for this sample (o,,; = 3.86x10°% S.cm™!, Figure S4). It is unclear why the
samples containing 2.0 vol.% carbon black consistently produced impedance spectra of slightly
higher conductivity than the 2.25 vol.% carbon black samples but retained a similar shape in the
complex plane to the pure NVP response. A possible explanation is that the polycrystalline NVP
response still dominates the frequency-dependent response at this carbon loading because there
are no large connected carbon networks formed yet, but there are enough localized areas of carbon
present to greatly reduce the effective volume of pure polycrystalline NVP which must be traversed
by a conducting Na* ion. At a higher loading of carbon (2.5 vol.% and 3.0 vol.%), the sample
begins to short circuit and only a high frequency partial semicircle is visible (Figure 4A, large
inset). In this case, R, is clearly the low frequency intercept with the Z’ axis, which is 750 Q for
the 2.5 vol.% sample. In region 3, for volumes of carbon greater than 3%, a complete short circuit
is observed (Figure 4A, small inset), indicating that there is a continuous pathway for electronic
conduction between the two sputtered platinum electrodes applied to either side of the cold sintered
composite sample. For these samples, R, is taken to be the short circuit value (ca. 15 Q for the

4.8 vol.% sample). Note that only a subset of the impedance spectra for the carbon (carbon black)
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— NVP composites are shown in Figure 4A. All of the impedance spectra for the NVP-carbon
composites (both carbon black and CNF) at 30°C are shown in Figure S5.

There are two important trends to make note of. First, the shape of the impedance spectra
changes from that of a polycrystalline ceramic to a short circuit as carbon is added. Second, the
0., values, when plotted as a function of vol.% carbon (Figure 4D), resembles a classic percolating
behavior, namely, once a critical volume fraction of carbon has been added, the total conductivity
rapidly rises to nearly that of the pure carbon. To explain these trends, we will now describe the

data in each regime in more detail and the most likely physical origins.

Upon the addition of a small amount of carbon (region 1 in Figure 4D), the low frequency
semicircle and electrode spike in the impedance spectra become less distinct from each other.
There are two likely causes for this effect. The first is a greater dispersion in the grain boundary
response, likely arising for the carbon acting to block Na* diffusion while simultaneously serving
as a short-range electron pathway. The second likely cause is an increase in the electron partial
conductivity owing to the carbon acting as long-range electron pathways. An increase in the partial
electronic conductivity would be expected to decrease the “ion-blocking”, i.e., polarizing, behavior
at the sample-metal electrode interface. A reduction in the polarization owing to an increase in
electronic conduction would result in a smaller angle between the electrode spike and Z’ axis in
the complex plane at low frequencies?’. This may also explain the observed changes in the low
frequency behavior of the samples with small amounts of carbon. These effects are also more

pronounced when more carbon is added.

In region 2, extended networks of carbon black are formed, introducing pathways for
electronic conduction. This has two effects: (1) the total resistance of the composite sample
decreases exponentially and (2) a greater portion of the total conductivity can be ascribed to
electronic conduction through the carbon black. The first effect is clear from the decreased
resistance as more carbon is added. The second effect is evidenced by large changes in low
frequency response as more carbon is added. Specifically, the low frequency linear tail described
by CPE,, transitions from a near 45° angle (relative to Z’ axis) for the pure NVP to a near horizontal
line (2.25 vol%, Figure 4A) and is absent for carbon contents > 2.5 vol.%. The impedance response

for a generic CPE element is given by:
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1
Tepe * (j * 0)7°

Where Tcpp and Pcpg are parameters related to the deviation of the response from an ideal

Zcpg =

2)

capacitor®®, j is equal to =1, and o is the angular frequency (w = 2nf, f= frequency in hertz).
P ranges from 0 to 1, with a value of 1 representing a perfect capacitor (i.e., perfectly blocking
conditions) and results in a vertical line in the complex plane (Figure 4C). Thus, we would expect
that the increase in continuous carbon networks in region 2, which leads to the decrease in total
resistance, would be accompanied by a progressively increasing departure from ideal blocking
conditions (i.e., perfect ionic conductor behavior). The effect of this decreasing Pcpg value is
shown schematically in Figure 4C by simulating otherwise identical impedance spectra with a
varied Pcpg value for the CPE,; equivalent circuit element. This hypothesis is consistent with our
observations that the increasing amount of carbon is accompanied by first a flattening of the low
frequency tail, followed by the absence of a low frequency polarization, and finally a short circuit
(region 3) of the impedance response when plotted in the complex plane. Note that it is also
possible to use the parameters of a CPE element in combination with a resistor to estimate the
capacitance of a semicircle, which can be used to identify the physical origins of some impedance
responses, such discerning grain from grain boundary responses. However, for many of the
composite samples, the Pcpy values are much smaller than one, which renders the capacitance
estimations less accurate, as the responses deviate further from an ideal capacitor. For this reason,
the capacitances values are only used later in this manuscript (section 6.1) where a new interfacial

response is identified and discussed.

Finally, in region 3, the resistance of the sample is constant for the entire frequency range,
i.e., the sample is essentially shorted and produces only a dc resistance. This results from the
electrical current flowing completely through a well-percolated carbon network within the dense
ceramic matrix, shunting the ionic current previously observed at low loadings of carbon black.
These dc resistance values have little dependence on temperature (Figure 4B), with activation

energies around 0.01 eV, which is consistent with electronic conduction through carbon.®’
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5.3 The total conductivity of the ceramic-carbon composites conforms to classic
percolation theory

Percolation theory has been well-developed for diphasic insulator-conductor systems such
as carbon in resin or metal embedded in ceramics.?? In this case, the diphasic system contains
carbon embedded within a sintered ceramic matrix, fabricated in one-step by cold sintering. It
stands to reason that, despite the novel method of fabrication for the present system, the resulting

diphasic composite should conform to the general percolation equation given by:

O-tot:O-i*(l_fi-c) (3)

Where a,,, is the total conductivity of the composite, g; is the conductivity of the end member phase
i, f'is the volume fraction of phase i, f. is the percolation threshold of phase 7, and ¢ is the critical
exponent. By letting the bounding conductivity of the phases (g;) be the measured o,,, at 30°C for
the pure NVP at low amounts carbon, and the approximate electronic conductivity of carbon (1
S.cm!) at high amounts of carbon for the system, Equation 3 may then be numerically solved to
obtain f. and ¢ for the diphasic system, resulting in f. = 2.4 vol.% and ¢ = 0.75 (Figure 4D, solid
line). To account possibility of the non-Arrhenius behavior of the pure NVP near room
temperature, we also solve the percolation equation with g, (0 vol.% carbon black) equal to
4.01x108 S.cm! (Figure 4D, dashed line), which yield slightly different f; and ¢ values (1.9 vol.%
and 0.82, respectively).

In this latter case, the fit of Equation 3 to the high and low vol.% range improves but the
fit in the percolation region is less accurate. In the former case, by contrast, the percolation region
is fitted quite well with some accuracy lost in the low and high vol.% carbon black regions. Thus,
while we previously noted that the impedance spectra at 30°C seemed to imply an increase in Ry
when carbon black was added, suggesting that the carbon acted as a barrier to Na* through the
grain boundaries, it is difficult to separate these effects from the non-Arrhenius behavior without

further information or additional experiments.

Percolation theory predicts that f. should be in the range of 10-15 vol.% for isotropic
fillers.”3 Carbon black is characterized by a spherical morphology, so we would expect that it
behaves as an isotropic filler in this diphasic system. However, as shown in the previous paragraph,

fitting the percolation equation (Equation 3) to suggests that f. for this system lies in the range of
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1.9 to 2.4 vol.%, which is much lower than expected. To ascertain how cold sintering was
generating percolation at such low loadings of carbon we performed cryogenic TEM on diphasic

samples containing the NVP active material and carbon black (Figure 5).

Between some grains of NVP, we observe relatively wide (28 + 4 nm) amorphous grain
boundary regions, which also appear to contain spherical particles of carbon black (& =16 + 3 nm)
(Figure SA). Using elemental mapping, we confirm that these regions are dominated by carbon
(Figure 5B). In addition to these grain boundaries, we also observe much thinner grain boundary
regions (Figure 5C), which are unable to accommodate the carbon black particles and thick carbon
films observed in the thicker grain boundary regions. However, imaging these grain boundaries at
high resolution reveals a thin amorphous region (thickness less than 2.5 nm) which can also be
attributed to carbon, suggesting that the carbon black shears during the powder mixing step,
resulting in carbon being present at the majority of grain boundaries in the composite samples.
This is consistent with prior studies of the structure of carbon black, which have identified a
turbostatic surface layer prone to thinning and dispersion.’® This observation explains the low f,
value measured for this diphasic system; the presence of a carbon coating at the interfaces between
the grains, generated by the high shear planetary mixing process, increases the ceramic-carbon
interfacial area within the sample, yielding a system with a higher probability of forming a
percolated network at low volume loadings. This carbon coating does not appear to impede the
cold sintering process from promoting densification, as carbon can even be observed in triple-point
regions (Figure S6) and the relative densities of all the samples remain above 88% (Figure S2).
Finally, this carbon coating cannot be derived solely from the sol-gel synthesis process because if
this were the case then cold sintered pellets of pure NVP would also exhibit only electrical

conduction.

This observation of a ubiquitous thin carbon coating at the grain boundary regions also
may help explain the low frequency impedance response of the samples with only small amounts
of carbon. If this coating is generated on many grain boundaries even when the carbon loading is
only in the range of 1 vol.%, it is possible that the loss in grain boundary semicircle distinction in
the complex plane of the impedance is related to the partial Na* blocking effect of the carbon layers

as well as the introduction of electronic conduction at these grain boundary regions. Still, however,
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additional experiments such as single grain boundary impedance measurements®*, may be required

to unequivocally prove this explanation.

DT
R A, L NN

o
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Figure 5 Cryogenic TEM images of a composite containing 5 vol.% carbon black, depicting a wide grain boundary
decorated with amorphous and structured carbon (A). A chemical mapping of a representative grain boundary
containing carbon, and the associated line scan (B). A grain boundary much thinner than that depicted in (4), but in

which atomic resolution reveals a thin layer of carbon between the adjacent grains (C-D).
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5.4 Conductive properties of carbon nanofiber — NVP diphasic composites
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Figure 6 Complex plane representation of the impedance spectra at 30°C for diphasic composites containing (x)
vol.% of carbon nanofiber and (100-x) vol.% of NVP (A-B). The logarithm of 0, of the diphasic NVP-CNF composites
versus inverse absolute temperature (C). Log(o,) of the NVP-carbon diphasic composites plotted as a function of
vol.% carbon, with the lines indicating the respective fitting of the percolation equation described in the text (D).
For comparison, we fabricated a second series of diphasic samples containing NVP active
and carbon, but in this case employed a high aspect ratio carbon nanofiber instead of carbon black.
This series of diphasic samples provides an interesting contrast to the previously discussed carbon
black — NVP samples, given that the high aspect ratio of the carbon nanofibers (CNF) was expected
to generate percolation at a lower volume fraction than the isotropic carbon. The approximate
aspect ratio of the CNFs is 90, estimated from the manufacturers stated average fiber length (35

um) and fiber diameter (0.4 pm).
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The impedance spectra at 30°C of the diphasic samples are shown in Figure 6A and Figure
6B. In general, the impedance response of the NVP-CNF composites is similar to that of the carbon
black. As a small amount of CNF is added, the distinction between the low frequency semicircle
and the linear electrode polarization is lost, similar to the trend observed in the carbon black
samples. Once ca. 3.8 vol.% CNF is added, o, increases rapidly and the electrode polarization is
completely lost (Figure 6B). This appears to be the percolation threshold for this diphasic system,
with the resulting impedance being characterized by two semicircles in the complex plane. R, is
once again defined as the low frequency Z’ intercept, similar to the 2.25 vol.% carbon black sample
(Figure 4A, large inset), and does not change appreciably with temperature (Figure 6C). Finally,
for samples with more than 3.8 vol.% CNF, a pure short circuit response is observed, similar to

the carbon black samples (Figure 6B, inset).

Plotting o;,, against inverse temperature (Figure 6C) shows that the composites also exhibit
generally Arrhenius behavior at high temperature (7x;5>70°C), with some deviation from linearity
at the lowest temperatures, which is similar to what was observed in the carbon black composites.
Similarly, plotting ¢, as a function of volume fraction (Figure 6D) shows a relatively low
conductivity before the percolation threshold which may also indicate that the carbon nanofibers
act as a barrier to Na* diffusion. By fitting o;,, for the CNF samples to the percolation equation
(Equation 3), a percolation threshold (f;) of 3.8 vol.% CNF and an exponent (¢) of 1.11 is obtained.
The model fits the data quite well when we employ a a,,, for the pure NVP extrapolated from high
temperature, as described in the previous section. Interestingly, a percolation threshold of 3.8
vol.% CNF is larger than the ca. 2 vol.% percolation threshold observed for the carbon black. In
the previous section, we attributed the low f. of the carbon black samples to sheared carbon at the
grain boundaries, so this effect appears to be absent in CNF-NVP diphasic composites. Thus, the
difference in surface properties of these distinct forms of carbon contributes to the ultimate
behavior of the diphasic composites, which may be an important aspect to consider in future studies

concerned with optimizing the use of carbon in composite electrodes.3%93-%

5.5 Implications for dense ceramic-carbon composites in solid-state battery

design
The individual findings described thus far with respect to the carbon-NVP diphasic composites

provide some potential insight in solid-state battery electrode design. First, the volumetric loadings
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of carbon required to generate percolated networks is much lower than the typical loadings in
laboratory-scale electrode compositions. It is common to add between 10 to 25 wt.% of carbon to
such solid-state electrode compositions’®"7, which in this model system would correspond to ca.
18 to 40 vol.% carbon. The disparity between the amount of carbon required to induce a percolated
response in the system and that required for electrochemical cycling is thus striking and has yet to
be fully rationalized. One explanation is that, at the very onset of percolation, only fraction of the
active material is practically accessible to the percolated carbon network, with a more extensively
percolated network of carbon pathways being required to make full use of the complete active
material loading. However, if the electrical response of a sample which is barely percolated (e.g.,
4.8 vol.% carbon black) appears nearly identical to one with considerably more carbon (e.g., 9.5
vol.% carbon black), then it will be difficult to study the relationship between the observable bulk
properties of carbon-ceramic diphasic composites and their electrochemical performance without
actually evaluating the composites in electrochemical cells. Thus, a comprehensive understanding
of the relationship between amount of carbon, electronic conductivity, and expected
electrochemical performance will necessitate multiple characterization techniques, such as
impedance spectroscopy, dc resistance measurements, and electrochemical cycling. This is an
interesting avenue for future work. It should also be noted that the high shear mixing process and
the cold sintering process itself may play a role in generating percolated networks of carbon at low
volumetric thresholds. Without comparing these results to other samples producing using different
mixing methods or other means of densifying the composites, it is not possible to consider this

possibility further in this work.

It may also be important to understand both the electron and ion conduction properties
across the entire composition range. The results presented here point to a decrease in Na*-oy, at
low carbon loadings which likely persists at higher loadings of carbon but is obfuscated by the
increase in electronic conduction through the carbon network. The use of electron-blocking, ion-
conducting electrodes, such as an Na"-conducting polymer electrolyte, may allow for
measurements of the ionic conductivity for systems with percolated carbon networks, but the

collection and interpretation of this data is difficult and imprecise without careful benchmarking.”

It is worth briefly discussing the notion of partial conductivity in mixed conductors and its

relationship to the bulk observed total conductivity, the latter being the emphasis of this study. The
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observed total conductivity is a volume-fraction weighted summation of several partial
conductivities. For an ideal brick layer model of a perfectly ionically conducting polycrystalline
ceramic, the total conductivity would be the sum of the ionic grain and ionic grain boundary
conductivity. The samples presented in this study are not ideal, however, and there are several
factors which prevent us from measuring the individual partial conductivities in each sample. For
example, in a sample with a percolated network of carbon, impedance measurements with metallic
electrodes exhibits only the resistance related to electron conduction through the carbon network,
and not the resistance related to ionic conduction within the sample (which would require ionically
conducting and electronically blocking electrodes). Thus, we have deliberately avoided applying
a partial conductivity analysis framework to the impedance measurements, as the emphasis of this
study was the observed total conductivity from impedance analysis of solid-state battery
composites using the most common form of electrode (ion-blocking metal electrodes). However,
a similar study of mixed conducting composites where the partial conductivities are measured and

compared to the observed total conductivity would be an interesting avenue of future work.

Finally, these results demonstrate the importance of the type of carbon used and the methods
used to disperse said carbon. It is possible that a lower energy mixing may prevent the shearing
behavior observed in the carbon black, yielding a system with a higher percolation threshold as
theory would predict. However, this may not be desirable as numerous prior studies have
demonstrated that carbon coatings on active materials are beneficial for driving redox reactions at
high rates.”®19 Thus, these findings suggest that similar carbon-ceramic systems for solid-state
batteries will likely have to contend with competing design aspects, namely balancing the trade-
offs between carbons that disperse easily to form percolated electronic networks at low volume
fractions, but which simultaneously introduce Na* diffusion barriers which are difficult to measure

using conventional techniques.

6. Conductive properties of NZSP solid electrolyte and NVP diphasic
composites

In this section, a series of diphasic composites containing a varying amount of NZSP solid
electrolyte is subjected to impedance spectroscopy. The results demonstrate a gradual increase in

conductivity across the compositional spectrum, as opposed to the percolation behavior observed
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in the previous sections. An interfacial contribution to the impedance response is also discerned

and investigated by its response to increasing dc bias.
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Figure 7 Complex plane representation of the impedance spectra at 30°C for diphasic composites containing (x)
vol.% of NZSP solid electrolyte and (100-x) vol.% of NVP (A). Log(o,,,) of the diphasic NZSP-NVP composites plotted
as a function of inverse absolute temperature. Solid lines indicate Arrhenius fits to the respective data set, dashed
lines depict the o0, values of conventionally processed NVP% (blue) and NZSP®® (red) (B). Log(o,,) of the diphasic
NZSP-NVP composites plotted as a function of vol.% NZSP. Solid line denotes mixing law fit; dashed lines are a guide
to the eye (C). The complex plane representation of the impedance spectra for a sample containing 90 vol.% NZSP,
10 vol.% NVP at three temperatures demonstrating the presence of an interfacial response. The modified equivalent
circuit and its fitting to each spectra (solid lines) are also shown (D).

We now examine a markedly different diphasic system, namely a co-sintered composite of
the ceramic NVP active material and a ceramic NASICON solid electrolyte (Na3Zr,Si,POy;,
NZSP). The impedance spectra of a series of cold sintered pellets containing an increasing volume
fraction of the NZSP solid electrolyte is shown is Figure 7A. R, is obtained by extrapolating the
low frequency electrode response to the Z’ axis, as described previously. The total conductivity of

the diphasic composites, o, i1s similarly found using Equation 1. By following this procedure,
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R, for the pure NZSP sample is 704 Q, resulting in g,,, = 2.47x10* S.cm™!. This value is consistent
with our previous investigation of cold sintering NZSP with sodium hydroxide®® and is close to
the range of conductivities typically reported for NASICON solid electrolytes sintered by other
methods. By plotting o, versus inverse temperature (Figure 7B), we find £, for the pure cold

sintered solid electrolyte to be 0.30 eV, which also agrees with the prior work.

Alongside the 30°C impedance of the pure NZSP and NVP samples, Figure 7A also plots
the impedance response for a representative subset of samples containing a diphasic mixture of the
NVP active material and the NZSP solid electrolyte, increasing from 30 to 90 vol%. The R,,, value
for each sample decreases as the volume percent of solid electrolyte in the sample is increased,
consistent with the expectation that an increase in the amount of the ionically conductive phase
would result in an increase in the total ionic conductivity of the bulk. Specifically, at 30°C, the 30,
50, and 90 volume percent solid electrolyte have total conductivity values of 4.35x1077, 6.14x10-
7, and 6.20x10- S.cm™!, respectively. It is also worth noting that the angle created by CPE,; and
the Z’ axis increases as solid electrolyte is added, suggesting a more blocking sample-electrode
interface, which would be expected from the increase in conductivity being attributed to additional
Na* conduction, as discussed in section 5.2. This is in contrast to the previous observation of a
decrease in the angle of CPE, when carbon was added to NVP, which was attributed to the

increase in electronic conduction resulting in a non-blocking sample-electrode interface.

Additionally, we measured the oy, of these diphasic samples from 120°C to 30°C (Figure
7B). Clearly, all samples demonstrated Arrhenius behavior with respect to temperature, with the
only notable exceptions being the low temperature data for the pure NVP, as discussed previously,
and the low temperature g,,, of the 90 vol.% NZSP sample. The E,,, values for this series of
diphasic samples decreases quickly from 0.79 eV (pure NVP) to 0.64 eV when only 15 vol.%
NZSP is added, decreases slightly to 0.52 eV as the vol.% of NZSP is increased to 75, followed
by a sharp decrease to 0.48 eV at 90 vol.%. E, ;,, for the NZSP-NVP and the carbon-NVP diphasic

composites is plotted as function of vol.% in Figure S7.

The total conductivity of the diphasic samples as function of volume percent solid
electrolyte is plotted in Figure 7C. For the 30°C values, the total conductivity (plotted on a
logarithmic scale) rises roughly parabolically with an increasing amount of solid electrolyte. This

second-order relationship between the conductivity is often observed in diphasic systems, where
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both end members contribute meaningfully to the bulk conductivity. Logarithmic mixing laws are

often employed to describe such the relationship®,

otor = (f + o) + (A1 — ) x %) 3)

Where f'is volume fraction of phase 1 in the composite, o; and o, are the conductivities of
the diphasic material constituents, and # is the characteristic exponent, ranging from -1 to +1. This
model fits the 30°C data well, with an n exponent of 0.38, demonstrating a potentially useful
relationship for estimating the conductivity of a diphasic mixture of these two materials at any
volume fraction at 30°C (Figure 7C, solid line). However, when the total conductivity of the
composites is plotted for elevated temperatures, the relationship between composition and
conductivity is no longer well-described by a second-order relationship. At both 70°C and 110°C,
0, Of the diphasic samples increases quickly once a small amount of NZSP is added, followed by
a slow increase from ca. 15 vol.% to 75 vol.%, while additional NZSP beyond 75 vol.% results in

a rapid increase in total conductivity towards the pure NZSP upper bound.

First, this observation illustrates how a simple model such as the logarithmic mixing law
might be only applicable under certain circumstances, such as low temperatures. Secondly, given
the previously noted non-Arrhenius behavior of the pure NVP, the true trend in conductivity at
30°C may be more similar to the high temperature data but is obfuscated by the high a,,, from the
interaction of the pure NVP with the atmospheric moisture. As the temperature is increased,
additional electrical features become more prominent, as will be discussed below, and these
additional factors result in complex behavior which defies a simple two parameter model. The
question, therefore, becomes what additional factors must be accounted for in order to describe the
trend in composite conductivity as solid electrolyte is added to the active material matrix. One
obvious potential contribution is the interfacial resistance between the NZSP and NVP. Often, this
interfacial response dominates the composite response and usually imparts high resistance to the
sample, however there are also numerous reports of an increase in conductivity arising from

interfacial regions.!01-102

6.1 A potential interfacial impedance response in co-sintered ceramic composite

In the present diphasic system, there is no salient, dominating interfacial response in the
impedance response for most of the samples, however, we do note the appearance of an additional

semicircle at low frequencies of the 90 vol.% NZSP sample (Figure 7D). We hypothesized that
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this semicircle corresponded to the NVP-NZSP interface for multiple reasons. First, it is possible
to estimate the capacitance of a semicircle in the complex plane by fitting the impedance spectra
to a resistor in parallel with a CPE, thereby obtaining R, Tcpg, and Pcpg, allowing for the estimation
of the capacitance (C, F.cm™) by:

(1/ p CPE)

B (Tcpe * R) (4)
B R

Following this procedure for the impedance spectra of the 90 vol.% sample at 50°C, we
obtain an approximate capacitance of 7.5x10-"' F.cm™ and 9.52x10-8 F.cm™! for the high frequency
and low frequency semicircle, respectively. For comparison, at 50 °C, the capacitance associated
with grain interior of the pure NVP at 50°C is 2.05%10-'? F.cm™! while the NVP grain boundary
has a capacitance of 2.28x10-!! F.cm’!, and the capacitance of the cold sintered pure NZSP grain
boundary response is 3.97x101% F.cm!. Thus, the low frequency semicircle of the 90 vol.% NZSP
sample has a capacitance at least three orders of magnitude larger than each of the three most likely
alternative microstructural explanations. It has been previously shown that assignment of various
impedance responses to microstructural features can be aided by noting the range in which the
capacitance of the response falls in, with values smaller than 10 F being associated with bulk and
grain boundary responses, while values larger than this are often associated with surface layers or
material interfaces®¢. For this reason, we label this second semicircle as R;,, and CPE;,, in the
equivalent circuit depicted in Figure 7D. In addition to this modification, we also must add a
resistor before the high frequency semicircle (Ry) to account for high frequency responses such as
the NZSP grain interior. The high frequency semicircle remains labeled R, and CPE}, but it should
be noted that this can no longer be strictly ascribed to the grain interior or grain boundary of the

NVP or NZSP phase without additional information.
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Figure 8 The impedance as a function of frequency is plotted on a log-log scale for numerous diphasic NZSP-NVP
samples at various temperatures, with their associated equivalent circuit fitting (solid lines). (A) Log(o;,)is plotted
against inverse temperature, with the lines representing linear fits to the data. (B) The impedance of a 90 vol.% NZSP
sample taken at 70°C at increasing dc potentials is shown in (C). The associated equivalent circuit and high frequency
data is shown in the inset. The inverse square of so-fitted Cy,, as a function of dc potential is shown in (D). The linear
regime is fit with dashed line and each bounding plateau is averaged and represented with a dashed line.

With these modifications to the equivalent circuit, the quality of the fit for the 90 vol.% NZSP
sample is excellent across the entire frequency range and temperature range (Figure 8A).
Furthermore, this equivalent circuit containing an interfacial contribution at the intermediate
frequencies can also be applied to samples with less NZSP, such as 75 and 40 vol.% NZSP as
shown in Figure 8A, where the interfacial response is not as easily deconvoluted from the other
contributions. In fact, high quality fits to the impedance spectra of these samples with <90 vol.%
NZSP can only be obtained when the interfacial response is included in the equivalent circuit but

is difficult to fit owing to the large resistance contributions from the other elements of the sample,
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such as the NVP grain boundary. Deconvolution of the interfacial contribution to the impedance
is therefore accomplished by assuming that the equivalent circuit fitting parameters (e.g., the Tcpg
and Pcpg values of CPE;,,) are relatively consistent between samples and for small changes in
temperature, allowing for the careful fitting of these subtle features'®. Utilizing the equivalent
circuit parameters from the 90 vol.% NZSP impedance fitting as starting estimations for the
interfacial contribution in samples of different compositions allows for the determination of R,
for a wide range of samples and temperatures (Figure 8B). By fixing these values and allowing
R, to vary, excellent fits to the impedance data can be obtained and thus o;,, can be found for

nearly all the samples across a wide range of temperatures (Figure 8B).

Plotted versus inverse temperature, it is clear from Figure 8B that properties of the interfacial
response are consistent between samples over a wide compositional range. At 30°C, g;,,1s between
3.67x10°¢S.cm ' and 1.01x10° S.cm™!, with only the 90 vol.% NZSP sample having a significantly
higher value (1.20x10- S.cm™"). At 130°C, all of the o;,, values approach approximately the same
conductivity, ca. 3x10-3 S.cm™!. Thus, at low temperatures g, is quite close to the conductivity of
the NVP grain interior (o) at 30°C and, as the temperature rises, o;, approaches the total
conductivity of the NZSP solid electrolyte (o, ), both plotted for reference in Figure 8B. The
bounding of the interfacial conductivity by the two constituting phases also supports the
assignment of this response to the NVP-NZSP cold sintered interface. Further, £, ;,, for all of the
samples is fairly high, ranging from 0.94 to 0.71 eV, which is also characteristic of Mott-Schottky
type interfaces. (Figure S7A)

Finally, we sought to unequivocally demonstrate that this new impedance response exhibited
Mott-Schottky type interfacial properties as a function of applied voltage, in order to rule out other
possible explanations for this response. It is well-known that Mott-Schottky barriers display a
linear relationship between the reciprocal of the square of interfacial capacitance (C;,7) and
voltage, owing to the space-charge layer generated on either side of the semiconducting barrier.!%4
One way of measuring the relationship between the capacitance and applied potential is to measure
the impedance of a sample under the influence of increasing dc biases, thereby allowing one to
obtain the impedance spectra as a function of voltage. The resulting impedance spectra can then

be fit, C;,; obtained as described previously, and finally plotted as C -2 versus the voltage upon

which the impedance signal was superimposed (Figure 8C-D). This experiment was conducted
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on the sample containing 90 vol.% NZSP, with impedance measurements taken at a static
temperature of 70°C. This temperature was chosen because the high frequency semicircle is still
large enough to fit while the intermediate frequency (interfacial) semicircle and the low frequency
electrode polarization are still distinct features of the impedance spectrum (which is not true at
lower temperatures). Figure S8 shows the impedance spectra of this sample from 30°C to 120°C
to emphasize this point. Figure 8C illustrates how the partial semicircle corresponding to the
interface response changes as the potential is increased, while the high frequency semicircle and
R, values do not change appreciably. A clear linear regime of C;;7 can be observed between 0.5
and 1.5 V (dc), providing additional support for the assertion that this response can be attributed
to a semiconducting interface generated during cold sintering. The absence of change for the high
frequency semicircle and R, on the other hand, suggests that these features correspond to bulk

responses in the composite samples.

6.2 Potential general implications of the cold sintered diphasic solid electrolyte-
electrode system

These findings point to numerous routes for future research and practical considerations for
the model system. First, if we assume that practical electrochemical performance of solid-state
batteries requires total conductivities (oy,) in the range of liquid electrolytes (104 to 103 S.cm™),
it is natural to ask for what compositions and/or temperatures does the NVP-NZSP diphasic system

reach these total conductivities?

A composite containing 90 vol.% NZSP and 10 vol.% NVP attains a o,,,0f only 7.1 x10-3 S.cm"
I'at 30°C, which is impractical not only for the amount of the volume which is dedicated to solid
electrolyte but also for the total conductivity obtained. At 130°C, a sample of 75 vol% NZSP is
close to reaching a o, of 10* S.cm™!, but an additional ~15 vol.% solid electrolyte would be
required to obtain a oy, of 10~ S.cm™!'. These volume fractions also do not account for the carbon
additive, which we demonstrated earlier must be at least in the 2-4 vol.% range. Thus, the
combination of the small amount of active material loading and operating temperature
requirements render the model system, in its present form, highly impractical. However, the results
do suggest pathways forwards, such as the selection of an electrochemical active material with an
intrinsically high ionic conductivity and/or the modification of the diphasic system particle

morphologies/sizes to increase the rate at which o, of the composites rises with the volume
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fraction of solid electrolyte. Further, having identified the presence and conductivity of the NVP-
NZSP interface, it is clear that this is not the major contributor to the diphasic system resistance.
It is not clear however, whether the conductive properties of this interface are intrinsic to the NVP-
NZSP system (owing to similarities in chemistry/structure) or rather a benefit of the low
temperature processing afforded by cold sintering. Future work would do well to explore the
relationship between low temperature sintering conditions and the ionic/electronic conductivities
across the so-formed interfaces. Furthermore, this work demonstrated that the co-sintered interface
may be bounded by the conductivities of the constituent materials, so increasing the intrinsic
conductivities of the pure materials may have beneficial effects on the interfacial conductivity.
Indeed, this conclusion appears to be supported by the broader field, as evidenced by a recent
review by Janek and Zeier!?’, which echoes this paper in calling for high conductivity cathode
materials, high conductivity interfaces, and processing which enables devices composed of such

materials, for accelerating the development of solid-state batteries.

7. Conclusion

Ceramic matrix pellets of three diphasic systems were fabricated by cold sintering and
subsequently characterized with impedance spectroscopy. The first two systems were composed
of a ceramic active material (NVP) and conductive carbon (carbon black or carbon nanofibers),
while the third system contained NVP and a solid-state sodium-ion electrolyte (NZSP). Cold
sintering for all samples was applied at 375°C using sodium hydroxide as a transient solvent with
a uniaxial pressure of 350 MPa and a three-hour dwell period. The resulting pellets were of high
relative density (p > 85%) and the microstructures exhibited microstructural hallmarks of sintering,
despite the low sintering temperature and presence of additives. Only minor impurity phases were
present in the cold sintered samples, in contrast to the complete loss of the primary phases when

diphasic systems were heated in air above 600°C.

Cold sintered composites of carbon and NVP exhibited classical percolation behavior. In
the case of carbon nanofibers, the percolation threshold was found to be around 3.8 vol.%, while
the carbon black samples appeared to percolate near 2 vol.%. The lower percolation threshold for
the carbon black samples was attributed to shearing at the grain boundaries of the ceramic as
inferred from high resolution TEM observations. The electrical response near the percolation

threshold for both diphasic systems exhibited interesting low frequency behavior, with the NVP
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grain boundary response gradually being replaced by electronic conduction and associated non-
blocking behavior of the platinum electrodes. Beyond the percolation threshold, all samples

exhibited electrical shorting through the carbon network within the composites.

For the cold sintered composites containing NVP and NZSP, we observed a progressive
increase in conductivity as more solid electrolyte was added. As a function of volume percentage
solid electrolyte, the total conductivity was characterized by a sharp increase in conductivity,
followed by a relatively slow increase in conductivity from 20 to 80 vol.% solid electrolyte,
followed by a sharp increase in conductivity towards the value of the pure solid electrolyte. An
interfacial contribution to the resistance of the samples was identified and characterized, yielding
insight into the properties and measurement of such interfaces for future solid-state battery
research. The trend in total conductivity of the diphasic system suggests that a battery comprised

of such materials would necessitate operation at high temperatures (> 100°C).

These results collectively contribute to the development of a potential relationship between
the intrinsic conductivities of model solid-state battery materials and the resultant bulk
conductivity. Aided by low temperature processing, such a relationship may be crucial in the
development of high energy density, high performance, solid-state batteries based on ceramic

matrices.
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