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Sodium metal halide (Na-MH) batteries present tremendous opportunities for grid scale energy storage appli-
cations. In this work, we describe an advanced Na-MH battery operating at 190 °C using a bi-layer (thin dense/
thick porous layers) B”-alumina solid-state electrolyte (BASE). The novel design of the bi-layer BASE promotes
high Na-ion transportation by reducing the Na* ion path length. The excellent battery performances are
achieved with a stable capacity retention of 350 W h/kg up to > 350 cycles (~6 months). Moreover, owing to
the thin dense layer of BASE, the round trip energy efficiency (or discharging energy density) of the tested

battery shows an ~8% increase compared to that of state of the art Na-MH battery reported in the literature.
Results from this work clearly demonstrate that advanced Na-MH batteries using bi-layer BASEs can have sig-
nificant impacts on improving battery performances at lower operating temperatures, and further stretch its
feasibility in stationary energy storage applications.

1. Introduction

With the rapidly increasing electricity production from renewable
resources such as wind power and photovoltaic cells, demands of low-
cost, long-cycle (service) life, safe, and reliable large-scale energy sto-
rage are stimulating great interests in design of new battery materials,
safety/reliability enhancement of battery systems, and practical
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demonstrations of advanced battery technologies [1-3]. Over the years,
lithium-ion batteries (LIB) have been widely deployed as a suitable
energy storage technology for portable electronic devices and electric
powered vehicles owing to its high energy density. Along with the
success of commercial LIBs, LIB technologies have been also chosen for
most large-scale energy storage demonstrations. However, despite their
applicability and production capability, concerns about battery safety,
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rapidly rising cost of raw materials, limited cycle life, and etc., still
remain as challenges for current LIBs technology [4,5]. Therefore, de-
veloping next-generation battery technologies is critical, especially for
long-duration (> 4h) energy storage system to fuel the continuous
growth of the renewable energy sector and improve the reliability of the
grid [6].

Of particular interest, sodium (Na)-based batteries are attractive
candidates for large-scale energy storage applications because Na is
much cheaper and more abundant than lithium. In fact, high-tem-
perature Na f3”-alumina batteries (NBB) with high energy densities,
such as Na-S and Na-metal halide batteries (Na-MH or ZEBRA), have
been extensively investigated and demonstrated in the past [7-15].
However, technical roadblocks to the use of traditional NBBs, (e.g.,
intrinsic materials degradation, complicated cell assembly require-
ments, high manufacturing cost, the safety concerns associated with Na-
S batteries, etc.) prohibit further market penetration in large-scale en-
ergy storage applications [16-18].

Recently, our research has been focusing on mitigating challenges
associated with high-temperature NBBs by lowering the operating
temperature [16,19]. We have reported several key investigations of
intermediate-temperature (IT) Na-MH batteries operated at 190 °C,
which is nearly 100 °C below the operating temperature (280 — 320 °C)
of conventional Na-MH batteries. The IT Na-MH batteries exhibit a
stable cycling performance for over 1000 cycles with excellent capacity
retention while fast degradation occurs in high-temperature (280 °C)
Na-MH batteries. The better capacity retention at lower operating
temperatures was attributed to slower particle growth (suppressed
Oswald ripening process) in cathode materials [19]. Another important
advantage from the lower temperature battery operations is the im-
plementation of cost-effective sealing technologies that can employ
conventional high temperature polymers, such as polyethylene and
fluorinated polymers, replacing the complicated and high cost sealing
methods required for conventional high temperature Na-MH systems
[20].

While the lower operating temperature of Na-MH batteries is ben-
eficial in terms of longer cell cycle life and simpler cell architecture,
battery performance inevitably could be affected. Specifically, the Na
ion conductivity of the P”-alumina solid-state electrolyte (BASE)
strongly depends on the operating temperature, and ohmic resistance of
the BASE increases as the operating temperature decreases [21]. Simply
reducing the thickness of the BASE might be one of the solutions to
circumvent this technical challenge, however its robustness can be
drastically decreased by lowering its mechanical strength. In previous
work, we have reported the fabrication of a bi-layer BASE for reducing
the resistance of the BASE [22]. The initial design of the bi-layer BASE
(shown in Fig. 1) was inspired by the multi-layer tape-casting method
typically used to fabricate the anode of solid oxide fuel cells (SOFC)
[23,24]. Similar to the porous anode of a SOFC that allows hydrogen
gas to be diffused through, we modified the BASE by casting a porous
layer with micro-porosities facing the molten sodium anode of a planar
Na-MH battery (colored in orange, Fig. 1). In the porous structure, the
transportation of molten sodium (colored in orange, Fig. 1) can be fa-
cilitated through the pore voids resulting in reducing the overall re-
sistance of the BASE because the electric resistivity of molten sodium in
the porous layer is much lower than the resistivity of the BASE. In other
words, the Na™ ion transportation occurs mainly by taking a shorter
path length (path #1 shown in Fig. 1). Our previous report of the bi-
layer BASEs were mainly focused on investigation of the mechanical
properties and the process optimization, electrochemical evaluations
have not been made on bi-layer BASEs.

In this work, we present the first successful realization of a high-
energy-efficiency intermediate-temperature Na-MH battery operating
at 190 °C and using bi-layer BASEs that consist of a thin dense layer and
a relatively thicker porous layer. We demonstrate that by reducing the
path length of solid-state electrolytes, IT Na-MH batteries have ex-
cellent roundtrip efficiency that is up to 8% higher than cells using
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Fig. 1. A schematic view of the Na-NiCl, battery with bi-layer BASE. Bi-layer
BASE consists of dense and porous layers. Majority of Na* ion transportation

happens through the dense layer with a short path length (path #1) instead of
path #2 with a longer path length.

thick dense BASEs. Our battery also exhibits ~100% capacity retention
after > 350 cycles. Finally, through electrochemical and spectroscopic
characterizations, we document superior robustness and reliable per-
formance of our bi-layer BASEs for grid-scale energy storage applica-
tions.

2. Experimental procedures

Since most of the experimental processes including cathode pre-
paration, melts synthesis, BASE fabrication process, and cell assembly,
have been mentioned in our previous publications [19,22,30], only
brief descriptions of these processes are given in here.

Double layer f”-alumina solid-state electrolyte (BASE) fabri-
cation. Fig. S1 shows a schematic flow chart for fabricating double-
layer BASE in the lab. Similar to the process mentioned in previous
publications, BASE discs used in this work were fabricated by con-
verting a-alumina/yttria-stabilized zirconia (a-Al,03/YSZ) composite
discs through a vapor phase process. Briefly, 60 vol%, high purity a-
Al,03 (> 99.8%) and 40 vol% YSZ (5 mol% Y,03) powders were mixed
by high energy attrition milling in isopropanol to obtain fine particle
size powders. Two slurries, one for the dense layer and the other for the
porous layer, were made from the powders by mixing with organic
solvent and additives (dispersant, binder, and plasticizer) using low-
energy ball milling. The only difference between two slurries is that
graphite powder (SLC1512P, ~12 um, 15%) were added into the slurry
for making pores in the porous layer. Two slurries were cast into two
type sheets (~125 pm thickness), sheet D and sheet P, using a tape
caster (step 1 in Fig. S1) for making dense and porous layers, respec-
tively. Then, obtained two different sheets were laminated and laser cut
into a desired thickness and size (step 2 in Fig. S1). Three different
BASEs, a double-layer BASE with 125 um dense and 250 pm porous
layers (D125/P250), a double-layer BASE with 250 pm dense and 250
porous layers (D250/P250), and a BASE with 500 pm dense layer only
(D500), were fabricated and tested in this work. For instance, D125/
P250 was made by laminating one sheet D and two sheet Ps together.
Similarly, two sheet Ds and two sheet Ps were laminated together for
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making D250/P250, and four sheet_Ds were used for D500. Then the
discs were fired at 1600 °C in air to obtain fully sintered a-Al,O3/YSZ
discs (step 3 in Fig. S1, burning out graphite powders and sintering).
Finally (step 4 in Fig. S1), the sintered a-Al,03/YSZ discs were buried
in conversion powders (NaAlO,/[3”-Al;03) and heat treated at 1450 °C
in air to convert a-Al,O3 into ("-Al,O3. The conversion occurs by si-
multaneous transport of sodium cations and oxygen anions from the
conversion powders to the a-Al,03/YSZ discs.

Cathode materials preparation. Ni Cathode used in here consist of
62.2wt% Ni (Novamet, Type 255), 34.2wt% NaCl (Alfa Aesar,
99.99%), and 3.6 wt% additives (FeS, aluminum, Nal, and NaF, Sigma
Aldrich). The cathode powders were thoroughly mixed using a low-
energy ball milling in a nitrogen environment. Then, well-mixed
cathode powders were turned into granules using a granulator (Freund
TF-Labo). Sodium tetrachloroaluminate (NaAlCl,), the melts, was pre-
pared by a high temperature reaction (up to 320 °C) using NaCl (10%
excessive amount) and AICl; powders in a glove box.

Battery assembly and cell cycling. As shown in Fig. S2, a planar
type cell configuration (button cell) consists of end-caps (stainless
steel), a a-alumina fixture, a BASE (3 cm? active area), cathode mate-
rials, anode shim, and polymer seals, etc. First, the dense side (cathode
side) of a double-layer BASE disc was glass-sealed to the a-alumina
fixture, and the porous layer (anode side) of the BASE disc was pre-
treated with saturated lead acetate (Pb [CH3COO],) aqueous solution
followed by a heat treatment at 400 °C. The fixture was then transferred
into a glove box for the cell assembly. Second, 1 g of cathode granules
was added to the cathode side of the fixture and 0.7 g of melt was va-
cuum infiltrated into the granules at an elevated temperature of 200 °C.
Finally, the fixture was enclosed with end caps using polymer seals.
Assembled cells were moved from the glove box to temperature con-
trolled furnaces, and cell tests were conducted in air. For the con-
ditioning cycle, the cells were cycled between cutoff voltages of 2.8V
(charge limit) and 1.8 V (discharge limit) at lower currents up to 10 mA.
For different current test, the charge current was fixed to 20 mA and the
discharge currents vary from 20, 30, 60, 90, 120, and 150 mA. Long-
term cycling for the D125/P250 cell was done with charging and dis-
charging currents at 20 and 30 mA, respectively. All cell cycling tests
were conducted using an Arbin potentiostat (MSTAT 8000).

Electrochemical Impedance Spectroscopy (EIS). EIS
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Fig. 2. SEM images. Back scattering images for frac-
ture surfaces of double-layer BASEs with different
thickness for the dense layer. (a) D125/P250, x300;
(b) D250/P250, x300; (c) D500, x300; (d) high
magnification image for the interface between the
porous and dense layer, x2500. Bright spots shown in
SEM images are YSZ particles.

measurements were performed for Sodium (Na)-symmetric cells in the
glove box. Two main differences between a Na-symmetric cell and a
button cell are (1) metallic Na was added to the cathode and anode
sides of Na-symmetric cell, (2) Al metal O-rings were used for Na-
symmetric cells. EIS measurements were conducted at different cell
temperatures (300, 250, 200, and 150 °C) after holding the designated
cell temperature for an hour. An Electrochemical Interface
Spectrometer (Solartron 1287) and an Impedance/Gain-Phase Analyzer
(Solartron 1260) were used to collect impedance spectra, and the
swiping frequency range of the impedance measurement is between
100 kHz and 0.1 Hz.

X-ray Diffraction (XRD): The fabricated BASEs were monitored by
XRD analysis using a Rigaku MiniFlex II table-top instrument.

Scanning electron microscopy (SEM): To determine the mor-
phology of the cathode materials, the fracture surface of the cathode
was analyzed by SEM. The cells (D125/P250) after long-term cycling
test were disassembled in the glove box, and its cathodes were quickly
transferred to the SEM chamber to minimize exposure to air. A JEOL
JSM-7001F field emission and JEOL 5900 SEM with silicon drift de-
tector were used for collecting images at back-scattering mode. An
Oxford energy-dispersive X-ray (EDX) spectroscopy analysis was used
for collecting element maps.

3. Results and discussion

As mentioned in the Experimental section, three different BASEs
were fabricated, and their fracture surfaces were analyzed using scan-
ning electron microscopy (SEM) to determine the bi-layer structures,
dense layer (D) and porous layer (P). The cross-section image of D125/
P250 is shown in Fig. 2a (backscatter image). The dense layer
(~125um, right side) and the porous layer (~250 um, left side) are
clearly observed. SEM images for D250/P250 and D500 are shown in
Fig. 2b and c, respectively. Fig. 2d shows a higher magnification image
of the interface between porous and dense layers. The average size of
voids in the porous layer is slightly larger than 10 pm, which is near the
particle size (~12 pum) of graphite powders added to the slurry as
scarifying pore formers. The XRD spectra for the dense and porous sides
were shown in Fig. S3, and they both are in good agreement with
characteristic peak patterns of the BASE reported in the literature.
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Fig. 3. Impedance spectra of BASEs with different layer thickness. (a) D125/D250, (b) An enlarged view for the semi-circle of D125/P250 at 150 °C, (c) D250/P250,
(d) D500, and (e) A model circuit for fitting impedance spectra. Impedance measurements were performed for four different temperatures at 150 °C (black), 200 °C
(red), 250 °C (blue), and 300 °C (magenta), respectively. Please note that Nyquist plots are intentionally given in different scales for Z”(y-axis) and Z’ (x-axis) to show
semi-circles in a better way. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

First, we conducted electrochemical impedance spectroscopy (EIS)
measurements on Na-symmetric cells with three different BASEs
(D125/P250, D250/P250, and D500) at the elevating temperatures
from 150 to 300 °C. The frequency swiping range of the EIS measure-
ments was 100kHz to 0.1 Hz. The detailed EIS plots are shown in
Fig. 3a for D125/P250, Fig. 3¢ for D250/P250, and Fig. 3d for D500,
respectively. As shown in Fig. 3b (an enlarged view of the impedance
plot of D125/P250 at 150 °C), a typical impedance plot consists of a
rapidly rising induction period in the high-frequency region (> 2 kHz),
and that is followed by a semi-circle (~ 500 Hz). Because the symmetric
cells have molten sodium on both sides of BASEs, in principle, it should
show following impedance components: (1) the bulk and grain
boundary resistance of BASE, (2) the charge transfer resistance at the
BASE/molten sodium interface, and (3) the bulk resistance of molten
sodium. Among those resistances, the bulk resistance of molten sodium
is negligible from the fitting because it is much smaller than the other
two resistances. The impedance of bulk and grain boundary resistances
from the BASE tends to appear at high frequency regions (> 10 kHz),
and apparently would not give complete semi-circles because of over-
lapping with the induction at high frequency regions [25]. The ob-
served representative frequency of the semi-circle (~500 Hz) generally
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agrees with the behaviors relating to the charge transfer reported in the
literature [26,27]. It is also interesting to see that the semi-circle be-
comes smaller at higher temperatures. Indeed, this observation is an
important evidence for the assignment above because the higher tem-
perature can improve the Na wetting on the BASE and promote faster
charge transfer at the interface. Finally, a model circuit employed for
fitting impedance plots is shown in Fig. 3e. It consists of L; (in-
ductance), R; (ohmic resistance), R, (charge transfer resistance), and
CPE; (a constant phase element). In general, CPE, is required to obtain
a good fit for a slightly depressed semi-circle of the impedance plot, and
those depressions typically originate from various factors, including the
inhomogeneity of the BASE surface.

R; values obtained from fitting results are plotted in Fig. 4a as a
function of the thickness of the dense BASEs and temperatures. As
mentioned above, R; represents the overall ohmic resistance of the
BASE, because other ohmic resistances are negligible for the Na-sym-
metric cells studied in here. Fig. 4b shows the temperature dependence
of the R; for different BASEs. Arrhenius-type behavior was clearly ob-
served for all plots. An overall activation energy (E,;) for bulk Na-ion
transportation in the BASE is calculated from their slopes. The E,; of
D500 is about 0.19 ev, which is quite similar to values reported in the
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calculated for each BASE; (c) Plots for R, (charge transfer); (d) Temperature dependent (Arrhenius type) plots for R,, and activation energies (E,,).

literature [28,29]. However, we found that the calculated activation
energies of bi-layer BASEs tend to be smaller than that of BASE with a
dense layer only (D500). In our work, we cautiously attribute this
discrepancy to imperfections in the bi-layer BASE. In an ideal situation,
the transport of Na ions should take place mainly through the dense
layer of the bi-layer BASE because molten Na can reach the dense layer
by physically occupying pores of the porous layer. Thus, the majority of
R; should be close to the bulk resistance of the dense layer under the
assumption that the dense layer is a main Na-ion transport pathway.
However, it is possible that some pores in the porous layer are closed
pores, which prevent molten Na from reaching the interface of the
dense layer. This is supported by SEM and EDX mapping images (Fig.
S4), in which two voids are observed in the porous layer. First type
voids are filled with the molten sodium and provides a good Na path to
the interface (porous/dense) and the other voids are empty (no Na). A
consequence of the imperfect bi-layer BASE gives a longer path length
for Na-ion transport through the BASE, which leads to deviations in
calculating the activation energy for bi-layer BASEs. Despite their im-
perfections, the bi-layer BASEs (D125/P250 and D250/P250) show
significantly reduced R; values compared to the R; value of D500. For
example, the measured R; value for D125/P250 is ~60% smaller than
that of D500 at 200 °C.

Fig. 4c shows a temperature dependence of Na-ion transport re-
sistance (R,) at the interfaces between the BASE and the molten Na. The
rapid decrease in R, at the higher temperatures above 200 °C is a good
evidence of excellent sodium wetting on the BASEs in either shapes.
Overall, bi-layer BASEs have smaller charge transfer R, values com-
pared to the D500. As the only difference between the bi-layer BASEs
and the D500 BASE is the porous layer, we believe the porous interface
is responsible for the smaller interfacial charge transfer resistance. Ar-
rhenius-type fittings (Fig. 4d) were also made from R, plots (Fig. 4c)

and the activation energies for the interfacial Na* ion charge transfer
also were calculated. The activation energy (E,» = 0.17 ev) of D500 is
slightly larger than that (E,» = 0.12 ev) of bi-layer BASEs. According to
the literature, the activation energies for Na™* ion charge transfer re-
sistance at the interface between BASEs and organic electrolytes at
~50°C are typically 0.31-0.35 ev, which are much larger than the
value observed in our work [25]. Although a quantitative comparison
may not be accurate due to different experimental conditions and ion-
transfer mechanisms, a favorable reaction dynamic of Na* ion transfer
exists for the interface between molten Na and the BASE.

To investigate the effect of the different BASEs on cell performances,
we conducted rate capability tests for the cells with D125/P250 and
D500 BASEs. Each cell was cycled with discharging currents of 20, 30,
60, 90, 120, and 150 mA (50 mA/cm?, ~1C), and the charging current
was 20mA at 190 °C. The detailed voltage profiles of the cells with
D125/P250 and D500 are shown in Fig. 5a and b, respectively. Ap-
parently, the cell with the D500 BASE shows a much higher over-po-
tential compared to the cell with a bi-layer BASE (D125/P250).
Quantitative comparisons for voltages at the beginning of discharge
(BOD) and at 50% SOC (discharge) are also shown in Fig. 5c. The plots
of the discharge voltage at BOD and at 50% SOC for both cells shows
continuous decrease with ascending of the discharging current. The
overall energy efficiency of batteries operated at different discharge
currents are also calculated and plotted in Fig. 5d. Overall, the energy
efficiency of the D125/P250 cell is much higher than the D500 cell. For
example, the energy efficiency of the D125/P250 cell is 89% at a dis-
charging current of 150 mA, however, the energy efficiency of the
D500 cell is only 81% at the same discharging current.

Finally, we performed long-term cycling tests for cells with the bi-
layer BASE (D125/P250) to evaluate its long-term stability for energy
storage applications. D125/P250 cells were cycled at the charge current
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plots at BOD and 50% SOC at discharge. (d) Energy efficiency plot for D125/P250 and D500 BASEs, respectively. (e) Long-term cycling test (> 350 cycles) for D125/
P250 cells. Specific capacity and Coulombic efficiency. (f) Corresponding energy density (discharge) and roundtrip energy efficiency.

of 20 mA and the discharge current of 30 mA at 190 °C over 350 cycles
(~6 months). As shown in Fig. 5e, the D125/P250 cells have a specific
capacity of ~138 mA h/g at the beginning of the test, reach 143 mAh/g
at around 70 cycle, and then maintains a capacity of 141 mA h/g for
the rest of 200 cycles. No significant particle growth was observed for
Ni (1-2 pm) and NaCl (~ 30 um) particles in the cathode retrieved from
the D125/P250 cell after 200 cycles (SEM images and EDX mappings
can be found in Fig. S5) and this observation is in a good agreement
with its stable cell cycling shown above. Because of using the Na™ ion
conducting BASE, high Coulombic efficiencies (100%) are observed
throughout the long-term test. Similar to the trend of the specific ca-
pacity plot, the energy density of D125/P250 cells also remains stable
with high energy density of 355 W h/kg for 350 cycles (Fig. 5e). The
measured roundtrip efficiency of D125/P250 cells is as high as 96%
(Fig. 5f), which is ~5% higher than the energy efficiency of D250 cells
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operated under the same conditions (Fig. 5d).

Here, we want discuss how employing bi-layer BASEs in Na-MH
batteries can greatly improve overall cell performance and reduce
materials cost. The first benefit of higher roundtrip efficiency is energy
saving. For example, it is possible to save up to 8% of the charging
electricity for every kWh (discharging) delivered by the energy storage
using bi-layer BASEs. If the total amount of electricity across the life
cycle of the energy storage system is considered, the 8% charging
electricity savings could result in an enormous cost reduction for the
battery operation. The second benefit is reducing the materials cost
($/kW) for the battery system. If one assumes two Na-MH battery
systems having the same specific capacity density, the battery using bi-
layer BASE is capable of giving a higher output power since the dis-
charging voltage loss of the cells using bi-layer BASE will be much
smaller than that of using regular BASEs. Therefore, the higher energy
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efficiency can be directly projected to the materials saving of the bat-
tery. As shown in Fig. 5d, the energy efficiency of the D500 cell is 91%
(the discharging current at 30 mA), which indicates 9% of the total
electricity is released through thermal energy. In contrast, the D125/
P250 cell has a higher energy efficiency of 96%, which translates to a
4% total electricity loss as the heat release. Clearly, compared to the
D500 cell, bi-layer cells could generate up to 56% less ohmic heat
during the battery cycling; therefore, the third benefit of using bi-layer
BASEs is more homogeneous temperature distribution in the unit cell as
well as the module due to the less ohmic heat generation. Eventually,
we expect the temperature management of a module consist of cells
using bi-layer BASEs will be much simpler.

4. Conclusion

In summary, we have demonstrated an advanced Na-MH batteries
that employs bi-layer BASEs and exhibits excellent roundtrip energy
efficiency and long-term cycle life. When compared to conventional Na-
MH batteries, cells with bi-layer BASEs can significantly improve en-
ergy efficiency (up to 8%). Along with the demonstrated advantages of
higher discharge power, lower materials cost, and easier thermal
management, we believe that advanced Na-MH batteries using BASEs
with a bi-layer architecture present a compelling solution for lower
operation and materials cost for large scale energy storage applications.
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