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Zirconia (YSZ) Composite, Mixed Sodium and Oxygen Ion
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In recent years, multi-phase materials capable of multi-ion transport have emerged as attractive candidates for a variety of
electrochemical devices. Here, we provide experimental results for fabricating a composite electrolyte made up of a one-
dimensional fast sodium-ion conductor, sodium zirconogallate, and an oxygen-ion conductor, yttria-stabilized zirconia. The
composite is synthesized through a vapor phase conversion mechanism, and the kinetics of this process are discussed in detail. The
samples are characterized using diffraction, electron microscopy, and electrochemical impedance spectroscopy techniques.
Samples with a finer grain structure exhibit higher kinetic rates due to larger three-phase boundaries (TPBs) per unit area. The total
conductivity is fitted to an Arrhenius type equation with activation energies ranging from 0.23 eV at temperatures below 550 °C to
1.07 eV above 550 °C. The electrochemical performance of multi-phase multi-species, mixed Na* and 0%~ conductor, is tested
under both oxygen chemical potential gradient as well as sodium chemical potential gradient are discussed using the Goldman-

Hodgkin-Kats (GHK) and the Nernst equation.
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There has been enormous research in ionic conducting materials
that enable electrochemical devices. The vast majority of research
has focused on single-phase materials capable of conducting a single
jonic species.'™ Some single-phase materials, such as rare-Earth
oxide doped perovskites, are capable of multi-species transport (e.g.,
[H'], [027], and [¢, B'])."°'2 However, it is not thermodynamically
possible to tune the total conductivity of the single—phase with
simultaneous transport of multiple charged species.'® Recently, the
third class of ionic conductors has emerged where a composite
consisting of multiple phases is able to accomplish uncoupled
simultaneous transport of multiple ionic species. For example, Na-
(’-alumina + yttria-stabilized zirconia (YSZ),'* Na-3"-alumina +
samaria-doped ceria (SDC)," sodium zirconogallate+YSZ'®'” and
others'® are notable examples of composite materials having
uncoupled cation and anion transport (e.g., Na" and O~) occurring
through two separate but contiguous phases. These composites could
be utilized for other functions such as providing selective chemical
species transport to inject or remove specific species from a gas
stream or chemical reaction. Moreover, one could envision nu-
merous composite systems with features such as an increased
number of mobile species for enhanced electrochemical performance
and ameliorated mechanical properties of brittle electrolytes, such as
strengthening observed in Na — B” — Alumina + YSZ."

Sodium-ion storage devices have been considered the most
promising candidate for large-scale energy storage systems owing
to sodium abundancy in nature and the low price of the resources
compared to other candidates such as lithium.?* Hence, the devel-
opment of high-performance sodium-ion devices for applications in
energy storage devices, including sodium-ion batteries (SIBs),’
sodium-sulfur batteries,”> sodium-air batteries,” or sodium-ion
hybrid capacitors®* is of great importance to improve synthesis
and electrochemical properties for highly efficient utilization of
renewable energies. High one-dimensional sodium ion conductivity
has been observed when a tetravalent ion like Zr*+ or Ti** occupied
some of Ga’* sites in sodium gallate, to form Nag;Zry3Gas;Og
(hereafter NZGO) or Nag;Tig3Gas70g (hereafter NTGO).!6252
This fast sodium ion conductor contains one-dimensional tunnels

(diameter ~2.5 A) serving as pathways for sodium-ion transport in a
monoclinic crystal system.”’*® These channels are large enough to
make the NZGO an excellent sodium ion conductor and additionally

“E-mail: pooya.elahi@utah.edu; sparks@eng.utah.edu

a good candidate for ion exchange for other monovalent cations such
as K*, Li*, and Agh possibly using molten salts. The channels lie
parallel to the b-axis with continuous hexagonal cross-section and
low activation energy (E, =~ 0.25 eV) for sodium ions. Prior work on
pure NZGO and NTGO noted limitations of these materials
primarily due to the high energy cost of synthesis (>1600 °C for
up to 48 h),” formation of a liquid phase,” the requirement for
encapsulation of samples within platinum crucibles,® and low
mechanical strength of the pure single-phase NZGO and NZTO.
Our prior work™!' showed that the NZGO + YSZ composite could be
successfully fabricated using Ga,O3; + YSZ mixture via a vapor
phase process. The Electrochemical Impedance Spectroscopy (EIS)
indicated the sodium- and oxygen-ion conductivity of the NZGO +
YSZ. In this work, we attempt to study the effect of the micro-
structure of as-sintered Ga,O; + YSZ samples on the vapor phase
conversion kinetics, discussing the conversion mechanism and
characterizing the converted NZGO + YSZ electrolyte by diffrac-
tion, microscopy, and spectroscopy techniques. The open-circuit
voltage (OCV) of the cell fabricated using the NZGO + YSZ
composite electrolyte corresponding to Goldman-Hodgkin-Katz
potential was measured under oxygen and sodium chemical potential
gradient and compared with the Nernst potential before and after
reaching equilibrium time to show the effect of ion transient process
in OCV measurements. Finally, the sample’s degradation was
studied after ~400 h of operation at 1190 °C.

Experimental Methods

Synthesis of pre-conversion sample.—Gallium oxide powder
(Alfa Aesar) was calcined in a furnace at 720 °C in air for 2 h to
ensure phase transformation of a-gallia to f-gallia. Then, O-gallia
was mixed with 8YSZ powder (Tosoh) in a weight ratio of 7: 3,
followed by wet milling in ethanol for 5 h at 300 rpm in a planetary
ball mill (Fritsch Pulverisette) using yttria-stabilized zirconia media
(MSE supplies). The slurry was collected and dried overnight at
room temperature in air and dried in an oven at 100 °C (Fisher
Scientific) for 10 h. The powder was sieved #70 (ASTME 11) and
pelletized using a stainless-steel die and a uniaxial hydraulic press
(Carver) at 110 MPa, followed by cold isostatic pressing (Autoclave
Engineers) at 250 MPa. Pellets were sintered in air at 1300 °C,
1400 °C, 1500 °C, and 1600 °C for 3 h using a chamber furnace
(Deltech). The density of as-sintered samples was measured using
the gas pycnometry method (Anton Paar) in helium.
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Synthesis of packing powder.—Na-(3"-alumina powder was used
as a packing powder as the Na,O vapor source. Due to the high cost
of gallium oxide and low diffusivity of Ga3* in ALOs;*
Na — p” — alumina was used as Na,O gas source instead of
Na — " — gallia. Polycrystalline Na- (”-alumina was separately
fabricated using the zeta process using Na,CO3 (Millipore Sigma),
Li,O (Millipore Sigma), and a — Al,O; (Baikowski) corresponding
to ~8.85 wt% Na,O, ~0.75 wt% Li,O, and balance AlL,O;, respec-
tively, can be found elsewhere.*

Vapor-phase conversion and characterization.—The as-sin-
tered pre-conversion pellets (Ga,O3 + YSZ) were loosely buried
in the vapor phase packing powder (Na_g” — AL, O;) in an alumina
crucible covered with an alumina lid. The encapsulated as-sintered
samples were placed in a muffle furnace (Across International) for
5 to 30 h with 5 h intervals at 1250 °C. According to the binary
phase diagram of Na,O — ALO; system,*® the conversion tem-
perature could be chosen in a reasonably broad range from
~1200 °C to ~1550 °C. In the current work, T = 1250 °C was
selected as the conversion temperature, considering three reasons.
First, to avoid any possibly liquid phase formation close to the
eutectic reaction occurring around ~1550 °C. Second, to prevent
phase transformation at ~1400 °C resulting in precipitation of
intermediate sodium aluminate (NaAlO,), which occurs mainly at
the grain boundaries and deteriorates mechanical strength. Third, to
optimize the kinetics and thermodynamics of the reactions to
minimum loss of Na,O from the packing powder and to lower the
energy demand for the process. The conversion kinetics of the
Ga,03 + YSZ samples to NZGO + YSZ was characterized via X-

ray diffraction using Cug, = 1.5406 A radiation (Bruker, D2
Phaser). Rietveld refinement was conducted using the full-pattern
Rietveld method based on least-squares refinement using GSAS
I1** Samples were cross-sectioned using a high precision diamond
saw (Allied High Tech) and fine polished to 200 nm (Buehler).
After polishing, samples were thermally etched at 100 °C below
sintering temperatures for 1 h. For SEM imaging (FEI Quanta 600
FEG), polished surfaces were 5nm carbon coated (Gatan 682
PECS) to reduce the electron charging effect. The grain size was
measured by the mean linear intercept method using Imagel
software.®

Electrochemical characterization.—Electrochemical characteri-
zation was carried out under two different scenarios. Open-Circuit
Voltage (OCV) measurements were made under applied oxygen
chemical potential gradient and sodium chemical potential gradient.
In the first series of experiments, an oxygen chemical potential
gradient was achieved by exposing one side of the sample to a
reducing atmosphere consisting of oxygen, hydrogen and water
vapor (where, py,o, Py, 3> Po,) While the other side was exposed to
air (Po, ® 0.21 atm). In the second series, a sodium chemical
potential gradient was achieved by fabricating two different elec-
trodes with a variation of sodium chemical potential in two sets. The
first set of experiments was conducted using Ga,0O3 + Na- f”-gallia
and (§ + ["-gallia where synthesis methods are described
elsewhere’” and the second set using Na- f/f”-alumina and
AL O3 + Na- f”-alumina. A fine Platinum gauze (Alfa Aesar) was
placed over the screen-printed Pt paste (Heraeus) as current
collectors on both sides of the fully converted sample
(NZGO + YSZ) and the device was mechanically pressed together
with screws. For all experiments, pristine NZGO + YSZ pellets
were used. Diffusional mass transport in these devices needs to reach
equilibrium. Therefore, the experiments were conducted before and
after the necessary relaxing time to reach equilibrium. The time to
reach the equilibrium, 7, is a function of sample thickness, 1, and
chemical diffusion coefficient of the mobile species, D, which
according to Thangadurai and Weppner,®® in the absence of the
electrical field, can be estimated by

Figure 1. SEM micrograph of (a) the thermally etched Ga, O3 + YSZ pellet
as-sintered at 1400 °C, (b) at 1600 °C (newly formed fine grains noted with
dashed circles), (c) partially converted specimen at 1250 °C after 5 h, and (d)
fully converted NZGO + YSZ.
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The open-circuit voltage (OCV) was measured using a high
impedance electrometer (Keithley 6514) having input impedance
>200 TQ for voltage measurements and also charge measurements
down to 10 fC to avoid any current leakage and minimize the meter
contribution to the sample resistance. The actual sample temperature
was measured using a K-type thermocouple (Omega) and a precision
multimeter (Keithley 2000) with 0.001 °C resolution. In each series
of experiments, the samples were kept at 1000 °C for 100 h for
possible  degradation  studies.  Electrochemical Impedance
Spectroscopy (EIS) (Solartron- Impedance/Gain-Phaser Analyzer
SI 1260 & Electrochemical interface SI 1287) was performed on
samples within a frequency range of 1 MHz to 1 Hz, with 10 mV
amplitude from ~200°C to ~800°C. Energy Dispersive
Spectroscopy (EDS) was utilized to analyze possible elemental
changes adjacent to the electrodes after the test. Porous platinum
electrodes (Heraeus) were screen printed symmetrically on both
sides of the fully converted pellets (t ~ 10 ym) and fired at 950 °C
for 45 min. The EIS analysis was carried out using the circuit model
shown in Fig. 3. The inductive resistance and contribution of lead
wires and testing setup were obtained by shorting the leads in the
empty cell setup (without the sample) and subtracting this measure-
ment from EIS data points. The obtained data were fitted to semi-
circles. The intercept of the extrapolation of the x-axis at the high-
frequency regime was considered as the total sample resistance.

Result and Discussion

Figures la—1d shows the cross-sectional Scanning Electron
Microscope (SEM) micrograph of the Ga,O; + YSZ as-sintered at
1400 °C and 1600 °C, after thermal etching at 100 °C below sintering
temperature for 1 h, partially converted sample after five hours of
exposure to sodium oxide vapor and fabricated NZGO + YSZ
sample after full conversion. Figures la and 1b represent the
micrograph of the as-sintered Ga,O; + YSZ at 1400 °C and
1600 °C. The microstructure of the sintered samples showed an
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Figure 2. The EDS spectra of the linear scan for sodium contents across the
sample’s cross-section (x, distance from the surface) of the partially
converted sample sintered at 1400 °C after exposure to the Na, O vapor
source at 1250 °C for 5 h.
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Figure 3. The schematic illustrated the Na,O chemical potential gradient
(Hnay0) across the sample’s thickness during the conversion process consists
of one diffusive and two interfacial reactions.

increase in grain size as expected. However, newly formed fine
grains were observed in the sample sintered at 1600 °C (dashed
circles in Fig. 1b). These fine grains are formed due to the high
sintering temperature with respect to the formation of the liquid
phase in Ga,O3 — Y,05; and Ga,03 — ZrO, systems. Therefore, an
uneven distribution of grains was observed, which will be discussed
in detail in Fig. 5.

Figure 1c shows the SEM micrograph of the sample sintered at
1400 °C and partially converted at T = 1250 °C for 5h. The

converted thickness is measured to be ~220 um after 5h. The
chemical interfacial band where the reaction Ga,O3NZGO happened
is shown as well. The reaction front for the Ga,O;NZGO vapor
phase conversion happened to be smoother and more uniform
compared to previously published works on VaPOl’ phase conversion
of ALO; to Na — 8’ — alumina using 20SDC" or 10Sc1CeZr'® as
oxygen-ion conductors which occurred to be sharper and highly
porous. The sharp interface band with newly formed pores in the
conversion of @ — AL,O3 to Na — ” — alumina occurred due to the
large changes in the c-axis parameter of « —ALO;to
Na — f” — alumina unit cell causing significant structural volume

change when a — ALO; (corundum, ¢ = 12.9 A)* transform into

p" — alumina (trigonal, ¢ = 33.75 A).‘m This large unit cell’s vo-
lume change causes the formation of new pores and changes in the
sample’s density. However, in the conversion of f — Ga,0;3 to
NZGO both structures maintained monoclinic crystals with identical
centrosymmetric space groups (C/2m) as well as alike lattice
parameters (Gay03: a = 12.23 A, b =3.04 /o\, c=1>58 A,
p=103.7°, NZGO:a=1238A, b=3015A, c=9.14A4,
p=122.28°).*" Therefore, NZGO crystal structure is akin to
Ga,03, though different in the  angle of the unit cell, having a
higher degree of uniformity at the interface, more minor volume
change and less porosity in the converted sample.

Figure 2 represents the linear Energy-Dispersive X-ray
Spectroscopy (EDS) spectra across the sample’s cross-section of
the partially converted sample at 1250 °C for 5 h. The higher
intensity counts of the sodium content in converted thickness closer
to the sample’s surface indicates the chemical diffusion of the

sodium species toward the sample bulk down the chemical potential

gradient of the sodium (and sodium oxide) (JE};B « —Vun, and

Jlmerface

NasO &% —Vjing,0 ) by incorporation of NayO vapor. The EDS
spectra on the converted region showed an almost homogenous
sodium content of ~740 counts with a decrease to ~600 at the
chemical interface, while a dramatic decrease in sodium count to
~15 occurred at the other end of the chemical interfacial band where
reaction front propagates by the coupled diffusion of Na" and 0%~
ions toward the pristine region (Ga,O3; + YSZ).

The chemical potential gradient of the sodium oxide, as it is
schematically demonstrated in Fig. 3, consists of two interfacial
reactions at the three-phase boundaries (TPBs) and chemical inter-
face and one diffusive reaction at the converted region. A chemical
interfacial layer separated pristine and converted regions with a
thickness of ~70 ym. Figure 3 shows the schematic of a one-
dimensional model (along the x-axis) of the chemical potential
gradient of sodium oxide species adjacent to the sample surface, the
TPBs, the converted thickness, the reaction interface, and the
pristine region. In this schematic, the Mﬁlazo and ,ulf,l.dzo are the

chemical potentials of the sodium oxide species in the Na,O gaseous
phase (vapor source) and the pristine (unconverted) region, respec-

ively. a iu Xi i
tively. The uxng and pNeo™ are the sodium oxide chemical

potentials adjacent to the TPBs and the reaction front adjacent to
the pristine Ga,03; + YSZ boundaries.

Figure 4 shows the densification behavior of the as-sintered
Ga,03 + YSZ converted NZGO + YSZ samples at 1200 °C to
1600 °C with 100 °C intervals, and grain size relationship to the
sintering temperature. The data shows a maximum achieved density
(Prerq, = 97.2%) at 1400 °C. The sample sintered at 1500 °C almost
reached a similar density (p,q = 95.4%); however, the relative
density of the sample sintered at 1600 °C unexpectedly decreased to
92% of relative density. Most sintered ceramics show a sigmoidal
densification behavior where a plateau occurs after achieving high
densities.**™* The expected sigmoidal fit to obtain density data
(1200 °C to 1400 °C) without considering unexpected behaviors is
shown in Fig. 4, in case the typical sintering behavior would be
observed. However, some oxide systems deviate from this common



Journal of The Electrochemical Society, 2022 169 114502

100 5
---®--- as-sintered P r—
[ e converted S e g 1
| # - grainsize ¢ '
e fit 4 14
i . { €
280 - --—o 438
7} -
c
s | c
o | £
Q T
270 | c
o - 42
[ ” &> [
e | : =
¥ 1
60 [ v 1a
- .; 2
50 |
g P MR W (NI (I S A

1000 1100 1200 1300 1400 1500 1600 1700
Sintering temperature (°C)

Figure 4. The relative density percentage of as-sintered and converted
samples and the corresponding as-sintered samples’ mean grain size
(considering both phases Ga, O3 + YSZ) as a function of sintering tempera-
tures.

trend, known as inadequate densification*® due to full or partial
surface melting in the high energy regions such as grain boundaries
at temperatures close to the melting point of one of the components
or possible phase transformation reactions such as eutectic reactions.
In the binary systems of Ga,O3; — Y203,45 and Ga,O5; — 7r0,,% a
heterogeneous microstructure consisting of both large and fine grains
and also a reduction in density was unexpectedly observed for
samples sintered at T > 1500 °C. The f — Ga,0; has a much lower

melting point than the other oxides in this study (TS = 1725 °C)
47 caused an undesired liquid phase during the solid-state sintering
along with the presence of a eutectic reaction. The same densifica-
tion behavior has also been studied in other systems such as
Ga,05 — Ti0,,®  Ga,03 — La,05,%  Ga,03 — Smy05,>°  and
Ga,05 — Gd,0;.%° Figure 5 schematically illustrates the inadequate
densification in Ga,0; — 2,03 — ZrO, system.

The dissolution of air in newly melted regions at T > 1500 °C,
additionally to the sub-grain formation while there was insufficient
time for pores to pass the grain boundaries, caused inadequate
densification. In such a system, the average grain size decreases
close to the eutectic point due to an increase in the number of newly
formed fine-grains, resulting in an increase in the total number of
grains (considering grains in both phases) per unit area.>’ A solution
to inadequate densification can be addressed by using pressure-
assisted sintering or increasing the time and temperature of the
process to thoroughly perform the liquid-phase sintering process,
which was not the case for this study.

Figure 6 shows the average converted thickness of as-sintered
Ga,03 + YSZ to NZGO + YSZ via vapor phase process after 5 to
30 h of exposure to Na,O vapor source. The samples sintered at
1400 °C which exhibited the highest achieved density in this study,
showed a higher average converted thickness within the same
exposure time. In Fig. 6, the obtained data of the current work
were compared to the similar vapor phase conversion of a different
system of alumina + 20SDC to Na — f” — alumina + 20SDC as
mixed sodium and oxygen ion conductors'> where the exact
conversion mechanism happened using Na — " — alumina as
Na,O vapor source. The conversion process consists of coupled
diffusion of sodium and oxygen ions through sodium and oxygen ion
conductors. The comparison of Al,O3 and Ga,O3 conversion process

Solid  Liquid

Figure 5. Sketch of the two-phase model comparing the microstructural
aspect of (a) solid-state sintering at T < 1500 °C and (b) solid-liquid phase at
T > 1500 °C.
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Figure 6. The conversion thickness versus conversion time of NZGO +
YSZ in comparison to similar work done by Elahi et al.'® on
Na — p” — alumin. Both systems show a polynomial conversion behavior.

derived from the extensive structural similarities between gallia and
alumina systems where most phases are analogous.’>

The samples with finer grains and higher densities show a faster
kinetic rate and higher converted thickness than coarse-grain
microstructures in both systems. This is consistent with previous
theoretical and experimental works on vapor phase conversion of
Na — §” — alumin + YSZ>> and Na — ” — alumin + SDC.
Hence, fine-grained structures and a higher density of sintered
samples facilitated the conversion of vapor phase. Parthasarathy and
Virkar®® suggested a general equation for such a conversion to
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Figure 7. The schematic illustrates the reaction steps. (a) The pristine as-sintered Ga, Oz + YSZ is exposed to the sodium oxide gas molecules. The reaction
proceeds by the incorporation of Na, O molecules and adsorption to the surface of the sample. Initially, a thin layer of NZGO will be formed on the surface and
propagate at the TPBs (gas /NZGO/YSZ). (b) The conversion process continues by the coupled diffusion of Na* and 0%~ ions through two contiguous networks
of NZGO and YSZ, respectively. (c) At the third step, at the reaction interface, the oxygen ions (same for Na™) can diffuse into NZGO (path 1), or transport along

the NZGO/Ga,03/YSZ interface (path 2) or Ga, O3 (path 3).

predict the kinetics of the vapor phase conversion for two-phase
materials

= x§)  (x—x0) _
Degr Kefr

t —tg

where t is the required time to achieve the thermal equilibration, t( is
incubation time which before no conversion happens, X, is initial
converted thickness, D is effective diffusion coefficient, Ko is
effective interface coefficient. In this study, the conversion time is
considered as the dwell time once the conversion temperature is
achieved (1250 °C). It is noteworthy that due to the high partial
vapor pressure of Na,O at temperatures below 1250 °C, there is an
expected initial converted thickness at the surface on the order of a
few microns at Tamp < Tawent & 1250 °C. Therefore, before reaching
the conversion temperature, the extrapolation of the polynomial fit
does not meet at zero but is slightly greater than zero
(xo > 0att=0). In some other cases, it is also possible that a
negative extrapolation of polynomial fit for x, (xg < 0 at t =0)
occurs. Such a condition can be the case provided that some
morphological changes at the surface occur (i.e., grain boundary
grooving) prior to incorporation of Na,O at the three-phase
boundaries (TPB s). The polynomial fit of data points proves the
conversion of GayO3; + YSZ happen to have a lower kinetic rate,
although the extrapolation of the X-axis before reaching conversion
temperature is almost in the same order of a few microns for both
alumina and the gallia systems. The mathematical reason for the
lower conversion rate is attributed to the lower mobility of the
mobile species since DN47C < D& and DY§? < DZRC, therefore
DNZCONYSZ th;-/SDC, also Na,O flux (jy,,0) is a function of

diffusivity of mobile species, then jﬁfz%()/ YSZ < Jﬁalz %DC

NZGO/YSZ $"/SDC
Keit < K&

resulted in

and lower slop of the fit. In other words,
Na — " — alumina is a two-dimensional sodium-ion conductor
compared to NZG O which is a one-dimensional Na" conductor,
therefore, there will be less maneuverability for Na" ions within the
structure. Besides, 20SDC has higher oxygen ionic conductivity

compared to that of YSZ, which results in a lower conversion kinetic
rate for NZGO + YSZ system.

The conversion mechanism of Ga,O; + YSZ to NZGO + YSZ
can be explained in three steps as illustrated in Figs. 7a—7c. In step
1, a thin layer of NZGO formed on the pellet’s surface
(xo > Oatt =0) (which initiated below reaching the conversion
temperature 1250 °C) where Na,O vapor partial pressure increased
at ~600 °C — 700 °C in the covered crucible and Na,O molecules
are adsorbed to the solid surface as Na" and O~ to form an initial
NZGO layer in order of a few microns. At the TPBs, the following
reaction happens:

2
Na,Orps) = 2Nafzo) + Ovsz

The TPBs length per unit area of the gas/solid interface is
inversely proportional to the average grain diameter of both phases,
d. Therefore, a decrease in the average grain size (d) results in a
longer TPB and hence, a shorter diffusion distance and subsequently
higher conversion thickness. Later, at sufficiently high temperatures
(~800 °C — 900 °C), O~ conduction is provided through the YSZ
phase and Na" conduction takes place through the newly formed
NZGO phase at the three-phase boundaries (TPBs) toward the
interface between NZGO + YSZ and Ga,O3 + YSZ (step 2). In
step 3, the incorporation of Na" and 0%~ at the Ga,03;/NZGO/YSZ
interface happens by the O2~ transport through possible paths 1, 2,

and 3, where diffusion distance is estimated to be ~%. The overall
chemical reaction for the synthesis of NZGO can be written as:

0.7 Nafzg0 + 0.95 O35
+ 2.35 Ga,03 — Nag7Zrg3Gay70g

Since gallia is a refractory compound with a melting point of
~1725 °C, low vapor pressure at conversion temperature (1250 °C)
was expected. Moreover, due to the low diffusivity of gallium ions
in aluminum ions there isn’t a considerable exchange of Ga** and
A", Additionally, no evidence of diffusion of Y in NZGO or Ga in
YSZ has been observed by the EDS in agreement with prior work.>'
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Figure 8. (a) XRD pattern of as-sintered Ga, O3 + YSZ prior to conversion, and converted NZGO + YSZ, (b) schematic of NZGO crystal structure parallel to b-

and (c) c-axis.

Figure 8a shows the XRD pattern of the as-sintered Ga,O3 + YSZ
pellet prior to conversion process and fully converted NZGO + YSZ.
The Miller indices of the first five peaks of the YSZ phase are labeled.
The measured lattice parameters of NZGO are a = 12.38 A,
b=3015A ¢c=941A, and g = 122.28°, which is in a good
agreement with previous works done on NZGO.>* Nag7Zro3Gay 705
is identified One-dimension fast ion conductor with 3 —gallia —rutile
intergroeth structure (BRG) when Ti** is replaced by Zr** (ionic radii
of Zr*+ = 72 pm and Ti** = 60 pm *°). Figures 8b and 8¢ show the
NZGO unit cell perpendicular to the b- and c-axis. In NZGOggp,
gallium resides in the edge-sharing octahedra and corner-sharing
tetrahedra. Zirconium resides in the commer-sharing octahedra.
Delocalized sodium ions reside in the hexagonal tunnels with a cross-
section ~2.5 — 3 A, where they can transport along b axis tunnels.

Galvanic measurements under oxygen and sodium chemical
potential gradient.—In single-species ionic conductors, the Nernst
equation can describe the cell potential. However, the Nernst equation
is not valid for multi-species ionic conductor membranes. In this case,
the cell potential for multi-species systems considering the transport
properties of the migratory species can be calculated using the
Godman-Hodgkin-Katz equation (aka GHK).**>® The GHK equation
describes the cell potential in terms of transport parameters of
permeates (here O>~, Na, and electronic defects [¢’]/[h]) and internal
EMFs given in terms of chemical potentials of neutral species (1o, and
Una)- The GHK equation can be rewritten in terms of the chemical
potential of neutral species at the electrodes, transport properties of the
electrolyte and electrode polarization resistance which in other terms
are individual Nernst voltages and transport parameters. Therefore, the
cell potential (experimentally measured quantity) in terms of the
different chemical potential of mobile species across the mixed
sodium-ion (NZGO) and oxygen-ion (YSZ) conductor is given by:'?

Ecell
— EOZ + ENa
ASR2-  ASRy+
(ASR;2- ).(ASR y).(ASR )
"| [ASR2- . ASR.] + [ASR ;. ASR.] + [ASR ;2- . ASRyz]

where Eq, and Ey, are Nernst potentials in volts corresponding to
oxygen and sodium chemical potential respectively, ASRg2-,
ASRy;+ are the area specific resistance for oxygen, sodium ion
transport, and ASR. is the area specific electronic resistance in

Q.cm?. The cell area specific resistances are

ASRp2- =18, + rg‘z, +rse

+ = € el a
ASRNg =1 + Iy + T

ASR, =r¢ 4 1% 4 r?

where r{ is cathode/electrolyte interface electronic area specific
resistance, ,r{ is anode/electrolyte interface electronic area specific
resistance, ¢! electrolyte electronic area specific resistance for
oxygen-ion, sodium-ion and electronic defects in Q.cm?, respec-
tively. The total cell area specific resistance (Q.cm?) is

(ASR 2-).(ASR #).(ASR )

ASR o =
[ASROZ— . ASR.] + [ASR ;- ASR,] + [ASROZ— . ASR 4]

and short circuit current density (A.cm~2) is given by

1 EOZ ENa
cell = +
ASRy2-  ASRys

and the power density is the product of Ey; and Iy in W.cm™,
Area specific resistance ASR for ion transfer across the mem-
brane can be given in terms of fundamental charge transfer
mechanisms and may be described by models such as the Butler-
Volmer model.'* For most solid-state membranes, area specific
resistance (ASR) of the electronic defects is much greater than the
ASR of permittable species. Note that the electron transport through
the electrolyte is negligible, however, based on the local equilibrium
assumption, electronic transport cannot mathematically be zero. The
GHK equation defines the cell potential for multi-species conductors
in terms of the individual Nernst voltages and transport parameters.
For thin membranes, the interface effect dominant the transport

properties (i.e., r%z,, rgz,, r and r*‘Na+), however, provided that the

C
Na+7
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membrane is not thin, the interface effect can be neglected. In the
current work, the samples were fabricated in order of hundreds of
microns therefore the ASR of the mobile species (permeates) are

only function of electrolyte electronic specific area resistance (r§ﬂ+,

rgz, rgl). Therefore, generally under load current (I) when on both
sides of the membrane Vuy, = 0, the electrolyte is predominantly an
0%~ ionic where GHK equation
Emeasured — ol — !l = B2 — (IL.ASR2-), which is consistence
with only one species ionic conductor descriptions such as pure YSZ
electrolyte in solid oxide fuel cell (SOFC).>® When on both sides of the
membrane Vyo, = 0, the electrolyte is a predominantly sodium-ion
conductor, and Emesured — 1 _ oIl = B\ — (IL.ASRyg) which is
consistence with only one species ionic conductor descriptions such as
pure NZGO electrolyte.

Figure 9 shows the measured open-circuit voltage (OCV) when
the load current is zero (I = 0) before and after equilibration. That
is when the load resistance is infinite (here Ry > 200 TQ). In the
first set of experiments, OCV was measured under applied oxygen
chemical potential and was compared to the corresponding calcu-
lated Nernst voltage (Ey2). When the concentration of sodium at
anode and cathode is zero, the GHK potential results in theoretical

Nernst potential. The Nernst potential (V or mV) can be calculated
by

conductor reduces to

RT . Po?

out

Ep2=—In—*
CTZF T py

where R is gas constant (J.K .mol™!), T is the absolute temperature
(K), Z is the valence of the ionic species, F is the Faraday’s constant
(C.mol™!), and p is oxygen partial pressure in air and fuel. Under the
fuel cell mode (Fig. 9), both electrodes are reversible for oxygen and
serve as source/sink for oxygen ions while they are blocking sodium
ions since none of them contain any sodium; therefore, there is no
sodium source. The lower measured voltage before and after
reaching equilibration is attributed to the transient transport process
of sodium ions before reaching equilibrium measured before time 7.
Before time 7, due to the oxygen ion transport, the cathode is
positively charged, and due to the electroneutrality to compensate
for the generated voltage across the cell, sodium ions start to migrate
(via diffusion mechanism) in the opposite direction from the anode
to right to neutralize the induced voltage. The time required for
diffusion of Nd' ions, is 7. Therefore, by facilitating the Na" diffusion
either by an increase in time or temperature, eventually, the transport
of sodium ions ceased when the sodium ion electrochemical
potential gradient approached zero, and both sets of data converged.
However, after time 7, the measured voltage using a high impedance
meter with negligible current flow through the meter and blocking
electrodes to sodium ions, corresponds to the calculated Nernst
voltage. The cell acts as a charged parallel plate capacitor after
reaching equilibrium. While the capacitor impedance is inversely
proportional to frequency, the capacitance doesn’t contribute to the
impedance measurement.

Figure 10 shows the cell voltage under applied sodium chemical
potential gradient. In this study, two different electrodes were
fabricated and used as the sodium source. The first set of electrodes
were a—alumina + Na —(3 —alumina and Na — &p” — alumina
electrodes, and the second set was measured using Ga,0O; + NZGO
and NZGO + Na — " — gallia. During the OCV measurement of
the cell, the oxygen partial pressure remained constant on both sides
of the membrane at p;, = 0.21 atm. The sodium ions migrate down
the chemical potential gradient, jy, o Vuna. Therefore, by the
migration of sodium ions from higher chemical potential to lower
chemical potential, the electrode becomes positive. In the first set,
the Na — p&f” — alumina electrode has a higher chemical potential
of sodium, py,, compared to that of —alumina + Na — # — alumina.
Therefore, a sodium chemical potential gradient is established on
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Figure 9. The Nernst potential (theoretical voltage) and the measured OCV
of the fabricated cell under oxygen chemical potential gradient before and
after the time 7 to reach the equilibrium. The effect of the second mobile
species (Na') is observed by reducing total cell voltage by a transient process
to balance the generated potential due to the oxygen transport.
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Figure 10. The measured cell potential under applied sodium chemical
potential gradient provided by two different sets of electrodes, before and
after time 7 to reach equilibrium. The first set of data was obtained using «
—alumina+Na—(3 —alumina and Na — p&p" — alumina electrodes, and the
second set was obtained using Ga, 03 + NZGO and
NZGO + Na — p" — gallia electrodes.

both sides of the cell as the driving force of sodium ion transport.
The OCV measurements were carried out from ~150 °C to 1200 °C,
with 100 °C intervals. To represent the data, the polarity of the meter
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Figure 11. EIS spectra of the pristine converted samples in (a) low-temperature regime with the inset of the high-frequency regime and (b) high-temperature

regimes with the inset of the high-frequency range.

was switched for positive voltage values. After time 7, the
equilibrium is achieved, then cell voltage is given by

RT , ak
ZF aANa

where aX/" is the thermodynamic activity of sodium at the right or

left electrode. The authors of this work couldn’t find the values for
the activity of Na in NZGO. However, the ratio of the activity in
similar Na — # — alumina has been reported to be 1 to 3.°° The
literature values of sodium activity in oxides, sulfides, or fluorites
have exhibited high uncertainties due to the uncertainties in values of
standard Gibb’s free energy of formation (AGy).?!

Figures 1la to 11b shows Electrochemical Impedance
Spectroscopy (EIS) spectra of the converted samples after full
conversion. The data was obtained from 1MHz to 1Hz.
Figure 1la corresponds to the high-frequency regime in the low-
temperature regime (200 °C to 300 °C), and Fig. 11b shows EIS
spectra corresponds to the high-frequency regime in the high-
temperature regime (700 °C to 800 °C) temperatures. The EIS con-
ditions such as electrode material, sintering temperature, sample
thickness, and testing environment were constant for all samples. It
has been proven that a significant effect resulting from inductive
load from the leads and instrument contributes to the EIS data,
especially at a high-frequency regime. Therefore, it is crucial to
subtract the inductive load effect from the obtained data to eliminate
the effect of instrumentation and leads.®* This inductance appears as
an imaginary part of the impedance data in the positive direction of
the imaginary part of the impedance axis. Notably, there is a non-
considerable dependence of inductance on temperature, unlike the
sample’s behavior. The extrapolation of the data to the x-axis (Z' real
part of complex impedance) was considered as measured resistance.
The equivalent circuit for the NZGO + YSZ sample is presented in
Fig. 12a. In the high-frequency regime, grain boundary capacitances
are shorted. Also, the electrode parameters (RE, CF) are not reflected
in the high-frequency regime. Therefore, after subtraction of induc-
tion load from the data, at high-frequency intercepts, measured
resistance can be given by

g g
high freq. __ RNzgo Rysz
total - g g

RRzco + Risz

NZGO and YSZ both are well-known ionic conductors. At lower
temperatures R§;5o < R§s; and at higher temperatures

(a) o
g RNZGO
Rsto
R
gb El
Lw CNZGO
—_
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Rvsz El
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Rmzeo
Lw
S G A B g
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Figure 12. (a) The equivalent circuit for EIS analysis of multi-phase multi-
species NZGO + YSZ ionic conductor. At high frequencies, the equivalent
circuit will be simplified to (b) due to the shortening of grain boundaries
capacitance and elimination of electrode polarization.

R&z6o > R¥sz Thus, two main regimes were observed in the total
conductivity plot, as shown in Fig. 12.

Figure 13a shows the Arrhenius plot of the total conductivity.
The data points were fit to the conductivity equation

o E,

c= (—O)exp e

T kgT
where o, is the pre-exponential factor in S.cm™LK, T is the
temperature in K, E, is the activation energy, and kg is the
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Figure 13. (a) The Arrhenius plot of the total conductivity of the sectioned cathode and anode vicinity of the degraded samples after running under experimental
conditions for 396 h, compared with the center section and a pristine NZGO + YSZ sample with the corresponding calculated activation energies at low- and
high-temperature regimes. (b) comparison of the present study in low-temperature regime with respect to single crystal NTGO,? polycrystal NTGO,* and

polycrystal NZGO + YSZ.'®

Boltzmann constant. The values of activation energy and pre-exponen-
tial factor have been obtained from the linear fits to the data presented

in Fig. 13 and calculated to be EP™i" =(023eV in the low-
temperature regime for composite NZGO + YSZ and E, = 1.07 eV
for YSZ in high-temperature regime. The total conductivity of the
degraded sectioned anode, cathode, and centerpiece of the sample was
compared to the data obtained from a pristine sample. The total
conductivity of the degraded sample slightly decreased in the low-
temperature regime (T < 550 °C), where conductivity is mainly
provided by sodium ions/vacancies (R{,go < R{s,). Regarding the
degraded sample, the measured conductivity of the centerpiece showed
values between the degraded cathode and anode terminals which is
attributed to the slight sodium content concentration gradient from
cathode to anode. The cathode terminal showed higher conductivity
with respect to the anode terminal. Due to the high thermodynamic
activity and high chemical potential of sodium, some sodium contents
volatilized and caused a decrease in total conductivity. However, the
mass transport of the Na© through the sample thickness from anode to
cathode could be the reason for lower measured conductivity in low-
temperature regime at anode compared to cathode terminal. In the high-
temperature regime (T > 550 °C), where oxygen ion conductivity is
dominant, R{;go > RSy, all specimens exhibit almost identical
conduction behavior, which attributed to the chemical and thermal
refractory nature of the YSZ content. Figure 13b shows the low-
temperature regime corresponding to the pure sodium conductivity.
Data are compared with single crystal and polycrystal NTGO as well as
composite polycrystal NZGO. NTGO and NZGO exhibit similar crystal
structure. They only differentiate when Zr4 + substitute Ti4 + sites to
form NZGO. As expected, composite ionic conductors exhibit proper-
ties in between pure components. The ionic conductivity of the NZGO
measured to be lower than NTGO. Moreover, considerably lower than
single crystal NTGO and NZGO (parallel to b-axis).

Conclusions

Composite multi-species ionic conductor electrolytes are envi-
sioned as the next generation of solid electrolytes for optimum
electrochemical and mechanical performance. Multi-phase multi-
species sodium- and oxygen-ion conductor was fabricated using a

vapor phase conversion process starting from an initial mixture of
Ga,03 + YSZ. The sintered pellets were exposed to a sodium oxide
vapor source (using Na — f — alumina) while encapsulated at
1250 °C. The samples converted to a sodium zirconogallate
(Nag7Zry3Gay 70g) and YSZ composite in about 10 h for a sample
with 500 ym thickness. The process occurred via coupled diffusion
of Na" ions through NZGO sodium-ion conductor and O~ ions
through YSZ. The crystal structure of the fabricated composite was
investigated by XRD, SEM/EDS, and EIS techniques. The fabri-
cated samples were studied under galvanic conditions applying
oxygen chemical potential gradient and sodium chemical potential
gradient. The data was compared to the Nernst voltage under each
species’ gradient. The NZGO + YSZ successfully showed both
sodium- and oxygen-ion conduction. The tested samples were
investigated for possible degradation under applied chemical poten-
tial gradients in low and high-temperature regimes. The degraded
anode terminal showed lower conductivity than that of cathode and
pristine samples, which was attributed to uneven distribution of
sodium content through the sample bulk and loss of sodium contents
in NZGO. However, in the high-temperature regime, conductivity
remained unaltered, attributed to the refractory nature of YSZ under
testing conditions.
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