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At present, high-temperature sodium-nickel chloride (Na-NiCl,) batteries with nickel-based cathode are pro-
duced for specialty markets (e.g. backup power supply) at relatively low volumes. Replacing the nickel in the
cathode by cheap and abundant zinc may enable this technology to provide sustainable large-scale energy
storage for stationary applications at competitive cost. In this study, we derive design strategies from state-of-the-
art Na-NiCl; cells, and transfer them to Na-ZnCl, cells. First, we evaluate the influence of cathode compartment
filling level, sodium tetrachloroaluminate (NaAlCly) secondary electrolyte volume, and active metal content on
the pressure evolution during battery cell cycling. Based on this evaluation, we define a suitable Zn/NaCl cathode
composition for integration into state-of-the-art high-temperature cells with tubular geometry. Second, we
present cycling results of Na-ZnCl, cells with 38 Ah capacity and 0.9 g/cm? mass loading, corresponding to an
areal capacity of 146 mAh/cm? (100% state-of-charge, SOC). During operation at 280-300 °C, tubular cells
cycled to high SOC (97-100% SOC) exhibit voltage fading with each cycle. We show that this voltage fading is
related to the coarsening and segregation of zinc metal at the cathode, while conductivity and crystalline phase
content of the ceramic Na-p’’-Al,O3 electrolyte are not significantly altered. In contrast, cell voltage and cathode
structure remain stable when keeping the cell below 80% SOC. Under these cycling conditions, a cumulative
capacity of >550 Ah (22 cycles, 2.1 Ah/cm?) was transferred at discharge current densities of 10 mA/cm? (C/
15). Our experiments demonstrate successful integration of zinc electrodes in state-of-the-art tubular cells at
commercially relevant mass loadings.

1. Introduction laboratory scale [5-8]. Nevertheless, a number of topics still need to be

addressed in order to transfer the Na-ZnCl, electrochemistry to an

Several studies have projected low energy costs of 100 — 200 $/kWh
for Na-NiCl, batteries operated at elevated temperatures of ~300 °C [1,
2]. Combined with the long design life of 20 years and >4500 cycles of
commercial batteries [3], this results in competitive cycle costs of <0.02
-0.04 $/kWh/cycle. Even if current production costs do not yet allow
reaching these values, this technology shows great potential for
large-scale energy storage applications. With respect to scalability,
however, the use of nickel should be restricted. Commercial Ni/NaCl
cathodes employ significant amounts of this raw material, which may
become critical in view of a growing demand [4]. Transition from
nickel-based to zinc-based cathodes would provide a sustainable and
low-cost energy storage solution, and previous studies already demon-
strated the feasibility of sodium-zinc chloride (Na-ZnCly) cells at
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industrially viable scale.

One important difference between Na-NiCl, and Na-ZnCly cells
concerns the aging and state of aggregation of their active cathode
materials. While the cathode materials in nickel-based Na-NiCl; cells are
immersed in a molten secondary sodium tetrachloroaluminate
(NaAlCly) electrolyte to enhance transport kinetics at the cathode [9],
the active materials (e.g. Ni, NaCl, NiCl,) remain solid up to 350 °C [10].
Although we recently identified electrochemical chlorination and
de-chlorination to take part via dissolved cations in Ni/NaCl cathodes
[11], the insolubility of metal chlorides in molten NaAlCl, has often
been considered an essential requirement for stable cycling of Ni/NaCl
and other sodium-metal halide cathodes [9,12,13]. In Na-ZnCl; cells,
the electrochemical reactions of Zn and NaCl involve intermediate salt
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melts above 250 °C [6]. Previous studies on Na-ZnCl, cells even
observed an enhanced cycling stability in the presence of liquid active
phases at 280 °C, compared to cycling at 240 °C [6]. This was demon-
strated using small planar cells of 3 cm? active area at a mass loading of
0.3 g/cm? (areal capacity 50 mAh/cm?), where a maximum cumulative
capacity of ~1.7 Ah/cm? was cycled at a current density of 10 mA/cm?
(G/5) °. In another study on Na-ZnCl; cells, cumulative cycling reached
~2.8 Ah/cm?in planar cells of 4.85 cm[2] active area at 260 °C, enabled
by the presence of an additional carbon matrix at the cathode (mass
loading <0.6 g/cm?, 90 mAh/cm?, up to 33 mA/cm?, C/3) &,

While these results from small laboratory-scale cells are promising,
information on specific discharge energy and energy efficiency was not
reported [5-8], and a quantitative assessment the cycling stability of
Na-ZnCl; cells under realistic operating conditions is presently lacking.
Commercial applications require large cells, high Zn/NaCl mass load-
ings, and a long cycle life in order to compensate the cost contribution of
high-temperature cell components and their assembly. State-of-the-art
Na-NiCl, batteries contain tubular cells of 260 cm? active area with
~1 g/cm? mass loading (150 mAh/cm?), which are designed to deliver
cumulative capacities exceeding 540 Ah/cm? (>4500 cycles at 80%
depth of discharge) [3,14]. In this geometry, it is vital to assure safe
operation, considering that moderate discharge rates of C/3 correspond
to high currents of 13 A, 50 mA/cm?. Commercial Na-NiCl, cells provide
hermetically sealed electrode compartments and an efficient manage-
ment of molten phases. However, modifications to the cathode compo-
sition may affect the stability of the solid, ceramic electrolyte
(Na-p’’-alumina), which serves as Na-ion conductor, electronic sepa-
rator, and load bearing structure. While Na-p’’-alumina provides
excellent mechanical, chemical, and electrochemical stability in
Na-NiCl, batteries, the volume changes of Zn/NaCl electrodes during
cycling could affect the mechanical integrity of the ceramic electrolyte
[15]. Furthermore, Na-p’’-alumina was reported to exchange its Na™
ions with Zn?* in molten ZnCly [16-18], which could compromise ion
conductivity and mechanical integrity of Na-ZnCl, cells.

In this study, we integrate Zn/NaCl cathodes in state-of-the-art
tubular cells. Based on cell geometry and electrode design at commer-
cial scale, we define Ni/NaCl and Zn/NaCl model electrodes with a
suitable combination of mass loading and composition. We assemble
tubular Na-ZnCl, cells with 38 Ah capacity and demonstrate how
operating temperatures between 240 °C and 420 °C, charge rates be-
tween C/29 and C/5 (5 - 31 mA/cmZ), and cut-off voltages between
1.65 V and 2.35 V affect the evolution of cell voltage, cycled capacity,
and stability of cell components.

2. Materials and methods

To prepare cathode granules with 30% active zinc content, 65.1 wt%
Zn (4.5 pm average particle size, Ultrapure zinc dust UP4, Purity Zinc
Metals, USA) and 34.9 wt% NaCl (microfine/milled, 88 wt% < 45 pm,
99.1-99.4% purity) were roll mixed for 4 h The resulting powder mix
(~2 kg batch size) was compacted at a roll force of 35 kN (Komarek
BO50A) before granulation (Komarek G100SA granulator). After gran-
ulation, coarse particles >1.6 mm were removed by sieving, and the fine
fraction < 212 pm was adjusted at 2.6 wt%. This provided granules with
a suitable tap density for NaAlCl; vacuum infiltration (1.85 g/cm®).
Using a vibrating table, 237 g Zn-based cathode granules were inserted
manually into empty tubular high-temperature cells (see SI section A;
cathode loading 146 mAh cm™2). These cells were then re-introduced to
the state-of-the-art production flow of high-temperature cells at FZSo-
Nick, including injection of the molten NaAlCl, electrolyte (116 g) at
200 °C and cell sealing by laser welding in the production line (SI section
B). After wiring, cell cycling was performed in a furnace with individual
thermocouples for each cell. In all experiments, constant-current (CC)
and constant-voltage (CV) routines were applied both during charge and
discharge (current limitation at 0.7 + 0.1 mA/cmZ), as common for
sodium-metal chloride batteries. Stable CC—CV cycling in a defined SOC
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range corresponds to coulombic efficiencies of 100%. Therefore, we
discuss the cell performance in terms of charge/ discharge time,
discharge energy, and energy efficiency. Energy density was computed
as the time integral of cell voltage times current during charge and
discharge, divided by the mass of cathode granules.

For postmortem analysis, the cycled cells were disassembled in the
discharged state at room temperature, and the cell case was carefully cut
open. The tubular electrolyte was retrieved, which contained the cath-
ode granules, secondary NaAlCly electrolyte, nickel current collector
wires, and a carbon felt. Sections were cut at different heights of tube
using a water-cooled diamond blade cutter. Pictures of the tube sections
were taken immediately after cutting, as NaAlCly reacted with the
cooling water. One tube section (~30 mm wide) was cleaned, and
electrical contacts were applied to the cut surfaces (Aquadag colloidal
graphite mixed with aqueous NaNO3/NaNO,, graphite discs, sheets of
silver welded to silver wires). This geometry was used to measure the
resistance of the Na-p’’-alumina electrolyte along its height in a furnace
at different temperatures (alternating current signal at 9 kHz, 10 mA and
20 mA). The contact area of the cloverleaf-shaped electrolyte section
was determined from its weight, density (3.20 g/cm®), and height to
derive the Na-p’’-alumina conductivity. Another electrolyte tube section
was crushed into powder (D50 50-100 pm) for X-ray powder
diffractometry.

3. Theory: cell design strategies

In order to design successful sodium-zinc chloride (Na-ZnCly) cells, it
is important to consider the rationale of cell and electrode design
employed in commercial Na-NiCl, batteries. Na-NiCl, battery cells are
based on a solid, ceramic electrolyte (Na-p’’-alumina), which separates
the molten sodium anode from the metal/ metal chloride cathode
(Fig. 1a). The tubular geometry of commercial Na-NiCl; cells provides
available electrode compartment volumes of approximately 150 cm® at
the cathode, and 75 cm[3] at the anode (corrected for relevant passive
components, such as current collectors and shims to manage molten
phases). Cells are assembled in the discharged state, with rock salt and
nickel powders as main electrode constituents [13]. This avoids the
handling of highly reactive sodium metal at the anode, and of hygro-
scopic as well as toxic metal chlorides at the cathode. Commercial
Na-NiCl; cells further contain iron and a number of different additives,
which serve to activate and stabilize the cathode processes [13,19]. The
solid cathode materials are granulated to enable automated electrode
filling, without further needs for compaction inside the cell [13]. Im-
mersion of the solid active materials in a secondary electrolyte (molten
NaAlCly) enhances transport kinetics at the cathode [9]. The liquid so-
dium metal anode, which provides high specific capacity (1166 mAh/g)
and excellent rate-capability [20], is generated electrochemically during
the first (maiden) charge. Commercial Na-NiCl, batteries feature cells of
significant size (38-40 Ah, 260 cm[2]) and cathode loading (~1 g/crnz,
Fig. 1b) [3]. Related to the high areal capacity of ~150 mAh/cmz,
discharge at a high current density of 50 mA/cm? translates to relatively
low C-rates of C/3 in this geometry, which are typical for commercial
Na-NiCl, batteries. Upon charge, the transition metals (Ni, Fe) react to
solid transition metal chlorides at the cathode (NiCly, FeCly), while
forming molten sodium at the anode [19]. As the conversion to metal
chloride locally passivates the metal surface [21], the electrochemical
reactions proceed along a reaction front through the thick cathode
(0.5-1.0 cm), moving away from the electrolyte surface during each half
cycle [22]. To maintain electronic conductivity in the electrode at all
states of charge (SOC), nickel is applied in excess quantities at the
cathode. Typically, the active metal content used for electrochemical
cycling is only about 30% [19]. Together with the presence of additives,
this reduces the gravimetric capacity of state-of-the-art nickel and iron
chloride electrodes from >300 mAh/g to 160 mAh/g (Fig. 1b). Pres-
ently, production costs for Na-NiCl, batteries amount to 300-350 €/kWh
at battery pack level. Major cost factors are the price and amount of
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State-of-the-art Na-NiCl2 cells (mixed Ni,Fe/NaCl cathode)

cell capacity [AR] 38-40
cell active area [cm2] 260
nominal discharge capability, C/3 [MmA/cm?] 50
cathode loading [g/cm?] 1.0
cathode thickness [cm] 0.5-1.5
capacity (incl. additives, excl. NaAICl,) [mAh/qg] 160
current production [MWh/year] 25
production cost (battery pack) [€/kWh] 300-350

Fig. 1. Design and properties of state-of-the-art Na-NiCl, battery cells. a) Electrode compartment geometry and available electrode volumes. b) Cell characteristics,

including capacity, cathode loading, and production cost.

nickel required at the cathode, as well as cell production cost [6,23].
Furthermore, Na-NiCl, batteries are currently produced for specialty
market applications, such as backup power application, at relatively low
volumes of 25 MWh/year by FZSoNick in Switzerland. Adoption of a
Zn/NaCl cathode, combined with a re-evaluation of the cell design
strategy, offers potential to reduce the cost of this technology.

When inserting Zn/NaCl cathodes in state-of-the-art tubular high-
temperature cells, we need to consider the mechanical stresses
evolving during cell operation. The underlying electrochemical con-
version reactions, as well as temperature variations, entail considerable
volume changes of the electrode materials at different SOC, which are
compensated by the presence of inert gas volumes at the top of the cells
(Fig. 1a). For a given cell geometry, these volume changes convert to
pressure differences between the hermetically sealed electrode com-
partments, which can lead to critical stresses on the ceramic electrolyte
[15]. Similar to Na-NiCl, batteries, the electrochemical conversion re-
action of Zn and NacCl to ZnCl, and Na provides a gravimetric capacity of
294 mAh/g (Eq. (1)).

Zn + 2NaCl & ZnCl, + 2Na (Eq. 1)

Zn + 2 NaCl < Zn*"Cl, +2 Na® + 2 e~ (positive electrode, cathode)

2 Na' +2e” « 2 Na(negative electrode, anode)

According to thermodynamic phase calculations, this reaction takes
place via solid NayZnCly as intermediate phase, further involving Zn?*-
containing salt melts at temperatures above 250 °C [6,7]. For simplicity,
we here focus on full conversion between 0% SOC (Zn + 2 NaCl) and

100% SOC (ZnCl, + 2 Na), corresponding to the end states of this re-
action. This provides a basis to design the composition and capacity of
tubular Na-ZnCl, cells, as the volume of cathode materials decreases
from a maximum at 0% SOC to a minimum at 100% SOC, while that of
the anode increases with the generation of sodium in both Na-NiCl, and
Na-ZnCl; cells. This results in an overall decrease in volumetric capacity
from 822 mAh/cm® to 537 mAh/cm?® at 300 °C (Figure 2a; see supple-
mental information SI section C, for the thermal expansion coefficients
and temperature dependent densities). In Fig. 2b, we illustrate the
evolution of gravimetric and volumetric capacity of Zn/NaCl electrodes
with variable active Zn content. A realistic active metal content of 30%
corresponds to a theoretical capacity of 160 mAh/g, corresponding to
the specific capacity available in state-of-the-art Na-NiCly cells
comprising Ni, Fe, and additives. The capacity of pure Ni/NaCl elec-
trodes with 30% active metal content is slightly higher (172 mAh/g),
due to the lower molar mass of Ni and NiCly, compared to Zn and ZnCl,.
To assess the total weight and volume of Zn/NaCl and Ni/NaCl elec-
trodes, we further include the presence of the secondary electrolyte,
NaAlCly. To fill the porosity of the solid cathode materials at a realistic
packing density, we consider the presence of 50 vol% molten NaAlCl, at
300 °C (see Fig. 2b). The effect of variable NaAlCl4 contents on gravi-
metric and volumetric capacity at a constant active metal content of
30% is displayed in Fig. 2c. Based on this, we define Ni/NaCl and
Zn/NaCl model electrode compositions Xy; and Xz, both comprising an
active metal content of 30%, and 50 vol% molten NaAlCl4 at 300 °C
(Fig. 2¢, composition in SI section D). The theoretical capacity of these
model electrodes, including NaAlCl;, amounts to 123 mAh/g for

a) b) active metal content 0->100%: c) NaAICl, content 0->100%:
X  0% SOC N 900 AICLs 200
oSLUL S ey | NgAtA L
ARl 822 mAh/cm? ;ﬁ ?88 NaZ 388
: -
cathode anode REIIIZAel@ 4 & 600 meoo Ve metaol i
ZnCl,  2Na__[ERVASUREUCIPS 200 § sop  content30% ¢

volumes at 300 °C

Volumetric capacity*
Ah/cm

< 400 £

£ 300 ,f

s

Volumetric capacity*
/

200 . 200 Ve .
w00 J¥ NI/NGC[ 100 *. . Nl/NGC[
0 — Zn/NaCl 0 =’ —* Zn/NaCl
t300:c O 50 100 150 200 250 300 0 50 100 150 200 250 300
*a A ! . . ..
0% SOC Gravimetric capacity [mAh/g] Gravimetric capacity [mAh/g]

0 Ni/NaCl, ™ Zn/NaCl with active content 30%
® X, model electrodes

0 Xy,

% Zn/NaCl, this study, and ref. 6
¥ Zn/NaCl, ref. 8

Fig. 2. a) Volume and specific capacity of Zn/NaCl electrodes at 0% and 100% SOC, 300 °C. b) Volumetric and gravimetric capacity of Zn/NaCl and Ni/NaCl
electrodes with variable active metal content; excluding NaAlCl,, and including 50 vol% NaAlCl, content. ¢) Volumetric and gravimetric capacity of Zn/NaCl and Ni/
NacCl electrodes with 30% active metal and variable NaAlCl, content. Results for the Ni/NaCl and Zn/NaCl model electrodes, Xy; and Xz,, as well as experimental

results from this study and from literature are included for comparison.
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Ni/NaCl, and 113 mAh/g for Zn/NaCl. Experimental compositions
applied in Na-ZnCl; cells in the second part of this study, as well as from
literature [6,8], are indicated in Fig. 2c¢ for comparison. In general,
Fig. 2b shows that increasing the active metal content from 30% towards
100% has a stronger effect on gravimetric than on volumetric capacity.
This is because increasing amounts of NaCl with relatively low density
(pNac1,300 °.c = 2.09 g/cm?’) are required for the electrochemical reaction,
together with the active metal (pzn 300 °:c = 6.96 g/cm3). In contrast,
considering also NaAlCly in the specific capacities (pnaaici4,300 °c = 1.60
g/cm?), a reduction in molten salt content strongly improves the volu-
metric capacity, with a milder effect on gravimetric capacity.

In order to investigate the influence of cathode composition and cell
geometry on cell capacity and pressure variation, we represent state-of-
the-art Na-NiCl; cells in a simplified cylindrical geometry in Fig. 3a. Ata

a) State-of-the-art cell design

b) State-of-the-art cell with Ni/NaCl cathode X,; 46.4 Ah
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cell height of 22 cm, the available electrode volumes of 150 cm[3] and
75 cm[3] translate to an average radial thicknesses of ~1.5 cm for the
cathode, and ~0.3 cm for the anode. In Figure 3b-c, we present the
volume evolution of the model cathodes Xy; and Xz,, assuming a
compartment filling level of 90 vol% at the cathode (at 300 °C, 0% SOC;
anode and remaining cathode volume are filled with inert gas). Due to a
higher density and lower molar volume of Ni compared to Zn, the
Na-NiCl, model cell hosts a capacity of 46.4 Ah, while that of the
Na-ZnCl; cell is 10% lower (41.5 Ah). In both cases, electrochemical
conversion entails a linear increase of the sodium anode volume upon
charge (4+0.974 cm3/Ah), while the volume of cathode materials de-
creases between 0% SOC and 100% SOC (-0.47 cm®/Ah for Na-NiCl,,
—0.33 ecm®/Ah for Na-ZnCly). As previously derived [15], the corre-
sponding changes in gas volumes at anode and cathode (V,,, V, ) result

volume [em?] at 300°C

g 0% soc [ 15.0 0S¥ 48.3 67.5 S~ 75.0 |
~~.-0.47 cm3/Ah T~~_ + 0.97 cm3/Ah
100% soc [_36.6  FENIINNEYES 67.5 45.2
g B Vanode =75 Cm3
o Arynode ¥0.3 cm
N c) State-of-the-art cell with Zn/NaCl cathode X,,, 41.5 Ah
%’ T Vesthode=150 cm3 0% socC [15.0 BT 43.2 67.5 ~~ 75.0 |
< Feathode™ 1.5 €M N.-0.33 cm3/Ah T~ _ + 0.97 cm3/Ah
100% soc [ 28.6  [NFAV 36.9 67.5 40.5
3 lkd N J )
Y Y
- cathode anode
Oinert gas M Ni/zn B Nacl B NiCl,/zncl, O NaAlCl, HNa
d) State-of-the-art cell design f)
—_ — 6
70 | == variable Zn/NaCl comp. L i 70 -
_ o m Zn/NaCl cathode X;, | 5 & 3 _ 58
€60 50 Ni/NaCl cathode X,y £ £z £
.50 4% 5 .50 4%
'3 40 3 8 8 S 40 3 8
&30 ® ® 830 o
= 2 2 2 = 2 3
G20 & ¢ G 20 ¢
10 18 s 10 Tsa
0 0% = 0 03
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%

Cathode filling level

g) State-of-the-art,
variable anode volume

NaAICl, volume

@ ® 7n/NaCl cathode X, with V,
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h) Inside-out cell design,
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Active metal content
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Fig. 3. a) Representation of state-of-the-art Na-NiCl2 cell design, with cathode placed inside of ceramic electrolyte tube, and sodium anode contained by the outside
metal cell case. Volume change of electrode materials with SOC for b) Ni/NaCl model cathode XNi and c) Zn/NaCl cathode XZn at 300 °C. Cell capacity and
volumetric pressure factor Vmax, of state-of-the-art cells with variable d) cathode filling level, e) NaAlCl4 vol, and f) active metal content (all at 300 °C). Only one
parameter is varied, values for Ni/NaCl cathode XNi and Zn/NaCl cathode XZn are indicated (90 vol% cathode filling level, active metal content 30%, NaAlCl4 vol
50%). g) Representation of cell design with variable anode compartment volume. h) Inside-out cell design with sodium anode inside of ceramic electrolyte tube, and
cathode of variable thickness contained by the outside metal case. i) Cell capacity and volumetric pressure factor Vmax, of inside-out cells with variable cathode
thickness and volume. The geometry of ceramic electrolyte, insulating collar, and seals remains the same in a,g,h); the legend in d) applies to d-f,i).
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in a maximum pressure difference Ap,,,, between 0% SOC (state 1) and
100% SOC (state 2) according to:

Ty (Vgar  Vge T
Apmax = p]T_?< gl _ k. 1) =P _zvmax.

(Eq. 2)
Vg,nZ Vg,cZ 4

This shows that, independent of electrode composition and cell ge-
ometry, a reduction in cell pressure p, during assembly at 0% SOC
directly reduces Ap, providing great potential to tune pressure and thus
stress evolution. Similarly, sealing of the cells at the operating temper-
ature (e.g. T; = T, = 300°C) reduces the temperature factor % from
1.92 to 1.00, compared to sealing at 25°C. Furthermore, the filling level
of cathode and anode compartment with electrode materials needs to be

. . Ve, V, .
designed to reduce the volumetric pressure factor V., = <Vg—; 7\,2—;) in
g g

Eq. (2), relating the inert gas volumes present at anode and cathode at
0% SOC and 100% SOC. For cell closure at ambient pressure and
operating temperature, the value of V. corresponds to the absolute
pressure difference between the electrode compartments in atmo-
spheres. Based on Eq. (2), a state-of-the-art tubular cell with the Zn/NaCl
cathode Xz, features a lower volumetric pressure factor (Vy.,,=1.65)
than one with Ni/NaCl cathode Xyj (Vmax=2.11). This translates to lower
pressure differences of up to 1.67 bar in corresponding Na-ZnCl; cells,
compared to 2.14 bar in Na-NiCl; cells. The detailed effects of variable
cathode filling level, NaAlCl4vol, and active metal content on theoretical
cell capacity and maximum volumetric pressure factor V., in state-of-
the-art cells are summarized in Fig. 3d-f. While a further increase of the
cathode filling level towards 100 vol% linearly increases the capacity of
Na-ZnCl; cells towards 46.1 Ah, this goes in hand with a steep rise of the
volumetric pressure factor V., (Fig. 3d). Similarly, a decrease in
NaAlICl, content at the cathode linearly increases the cell capacity, but
again at the cost of strongly increasing V.x (Fig. 3e), with a negative
effect on the mechanical stability of the ceramic electrolyte. For the
given cell geometry, increasing the active metal content is an option to
increase the cell capacity at a moderate increase of V., (Fig. 3f). Please
note that the full range of compositions addressed here severely chal-
lenges the microstructural requirements in electronic percolation and
fast ion transport through the cathode. Thus, only certain compositional
ranges are likely to find a practical implementation with suitable
microstructure. Overall, the cell with model cathode Xz, represents a
good compromise between capacity and pressure evolution in the state-
of-the-art cell geometry.

Another option to significantly increase the cell capacity, and thus to
reduce cell production costs for stationary storage application, is to
adopt a different cell design. Increasing the dimensions of the ceramic
Na-p’’-alumina electrolyte and its hermetic seals to the metal case is
technically challenging, adding additional cost. Instead of increasing
length and diameter of a tubular ceramic electrolyte, the compartment
volume of the outer electrode can also be increased by shaping the
outside metal cell case, thus increasing its volume and reducing the
volumetric pressure factor V., (Fig. 3g). For example, a theoretical
increase in cell capacity to 66.4 Ah by the decrease of the NaAlClyvol to
20% in the state-of-the-art design would entail a volumetric pressure
factor Viyax of 6.90, compromising the mechanical stability of the cell.
However, doubling the anode compartment volume to 150 em® would
reduce Vay to 1.35 for the same composition and cell capacity (Fig. 3e).
Another design option is to employ an inside-out cell geometry, where
the molten sodium anode is located inside the ceramic Na-p’’-alumina
electrolyte tube, while the cathode materials are contained by the outer
metal cell case. This enables integration of variable cathode thicknesses
at a larger anode volume of 150 cm®. Based on the volume of sodium,
this doubles the upper limit of the cell capacity from 77 Ah to 154 Ah,
without changing the size of the ceramic Na-p’’-alumina electrolyte, its
seals, and the insulating collar (Fig. 3h). As indicated by arrows, the
volume and pressure evolution in the inside-out geometry is opposite to
that in the state-of-the-art cell design. The corresponding evolution of
cell capacity and volumetric pressure factor V., with outside cathode
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volume and thickness and volume is displayed in Fig. 3i. According to
Eq. (2), the inside-out cell geometry can provide twice the capacity of
state-of-the-art cells at the same magnitude of Vp,.x, when the outside
electrode compartment is doubled (e.g. Viathoge= 300 cm3, cathode
composition Xz, cell capacity 83.1 Ah at |Vpax|=1.65). This design
option is already successfully applied in commercial sodium-sulfur cells
[24]. For Na-NiCl; cells, however, an inside-out cell geometry is not
considered cost-efficient. This is because iron oxidation during opera-
tion at ~2.5 V would lead to electrochemical corrosion of steel-based
cell casings, requiring them to be made from more noble metals. In
contrast, the lower voltage of Na-ZnCl; cells avoids this degradation
mechanism, providing a promising design option. Nevertheless, further
investigations on the (electro-)chemical stability of steel-based metal
casings with the cathode materials [25] and with molten NaAlCly in
Na-ZnCl; cells are required before implementing the inside-out cell ge-
ometry in large tubular cells.

4. Results and discussion: Na-ZnCl; cycling in state-of-the-art
tubular cells

Based on the cell design strategies discussed above, we prepared
additive-free cathode granules with an active zinc content of 30% (65.1
wt% Zn, 34.9 wt% NaCl). At a tap density of 1.85 g/cm®, the standard
filling level in state-of-the-art tubular high-temperature cells was
reached at a mass loading of 237 g (0.91 g/cm? at an active cell area of
260 cm?), resulting in a theoretical cell capacity of 37.9 Ah (146 mAh/
crnz). These cells were then re-introduced to the state-of-the-art pro-
duction flow of Na-NiCly cells. 116 g of molten NaAlCl, electrolyte were
injected (54 vol% at 300 °C; cathode filling level 89.5%), and the cells
were sealed in the production line at >200 °C under ambient pressure.
To evaluate how operating temperature, charge/discharge rate, and cut-
off voltages affect the available capacity and cell voltage, we prepared
three tubular Na-ZnCl; cells. In all experiments, we applied constant-
current (CC) followed by constant-voltage (CV) routines during charge
and discharge (current limitation at 0.7 £+ 0.1 mA/cmZ), as common for
sodium-metal chloride batteries.

For the tubular Na-ZnCl; cell #1, we performed a run-in procedure at
variable temperatures to activate the full capacity (37.9 Ah, 100% SOC;
see Fig. 4a, cycle 1-4). The maiden charge was conducted at 280 °C, C/
29 (1.3 A) with 2.1 V upper cut-off voltage. This procedures charged
only 52% of the theoretical capacity (19.9 Ah), which was mostly
available for discharge at C/10 (19.5 Ah at 4 A, 1.8 V lower cut-off). For
the second cycle, we decreased the operating temperature to 240 °C. Due
to an increase in cell resistance at the lower temperature, we could ac-
cess only 37% of the capacity (13.9 Ah, lower cut-off voltage 1.65 V). In
a third cycle at 300 °C, we slightly increased the upper cut-off voltage
and successfully performed a full charge (100% SOC, 37.9 Ah; upper cut-
off at 2.25 V), followed by discharge over 84% SOC (32.0 Ah). In a
fourth cycle, we tripled the charge rate (to C/10, 4 A) and doubled the
discharge rate (to C/5, 8 A). Charging to 100% SOC was possible.
Discharge to a lower cut-off voltage of 1.70 V covered only 80% SOC,
and both charge and discharge proceeded at the voltage limitations over
20-25% SOC at the higher rates.

After these run-in cycles, we performed regular cycling experiments
at 300 °C over 80% SOC (30.3 Ah), with charge and discharge rates of C/
10 between 1.65 V and 2.30 V (Fig. 4b, cycle 5-14; 5th charge curve not
recorded due to a technical problem). During charge, the CV mode was
reached in all cycles. While the charged capacity was constant (~79%
SOC, 29.8 + 0.2 Ah), it remained slightly below the target value in all
regular cycles. As the target capacity (80% SOC, 30.3 Ah) was dis-
charged in all cycles, this shifted the capacity range to lower SOC values
with each cycle (e.g. from 20-100% SOC in cycle 5 to 10-90% SOC in
cycle 14, Fig. 4c). In terms of coulombic efficiency, this corresponds to
values exceeding 100% in all regular cycles for this cell (see SI section
E). The cell voltage continuously increased with each cycle during CC
charge, and decreased during CC discharge (voltage hysteresis), but with
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Fig. 4. Cycling of tubular Na-ZnCl, cell #1 (37.9 Ah) at 300 °C between 1.65 and 2.10-2.30 V, cumulative capacity ~400 Ah (>1.5 Ah/cm?). a) The first three run-in
cycles at 280 °C, 240 °C and 300 °C activate the full capacity (100% SOC, 37.9 Ah). A fourth cycle at higher rates (charge at C/10, discharge at C/5) over 84% SOC
reaches the voltage limitations over 20-25% SOC. b) In 10 consecutive regular cycles (5-14), the charged capacity remains slightly below the target of 80% SOC
(30.2 Ah). ¢) As a result, the start and end capacities are shifted to lower SOC values. Due to a continuous increase in cell resistance, the d) charge times increase from
12.0 to 14.5 h, and the discharge times increase from the CC limit of 7.6 h to 9.9 h during regular cycling. e) The corresponding discharge energies and energy
efficiencies decrease from -241 to —221 Wh/kg, and from 87% to 78%. f) After cycling, the ceramic electrolyte tube is intact without visible signs of degradation.
However, segregation of zinc metal occurs at the cathode, which accumulates towards the bottom and center of the cell (bright, shiny regions).

a different magnitude depending on SOC (arrows in Fig. 4b). This in-
dicates that cathode processes govern the corresponding increase in cell
resistance. These are influenced by a reaction-front mechanism [22],
and/or to the formation of intermediate phases and salt liquids at the
Zn/NaCl cathode [6]. As a result, the charge time increased from 12.0 to
14.5 h (Fig. 4d). Discharge occurred in CC mode over 7.6 h in the first
three cycles, but gradually increased to a discharge time of 9.9 h in the
14th cycle. The discharge energy decreased from 241 Wh/kg to 221
Wh/kg during regular cycling (cycle 5-14). The corresponding energy
efficiency decreased by 1.1%/cycle, from 87% to 78% (Fig. 4e).

After cycling a cumulative capacity of ~400 Ah (>1.5 Ah/cm?), cell
#1 was disassembled in the discharged state. The ceramic Na-
f’-alumina electrolyte did not show visible signs of degradation, and
sections were cut at different heights of the tubular cell (~5 cm, 10 cm,
14 cm, and 18 cm from the bottom of the ~23 cm long cell). The cor-
responding sectional views (Fig. 4f) show the cathode material (Zn/NaCl
granules and NaAlCly), with two nickel-rod current collectors at the
center, and a carbon felt serving as NaAlCly reservoir. The cathode
material revealed significant segregation, with increasing amounts of Zn
metal aggregated at the bottom of the cell (in height), and towards the
center of the cloverleaf-shaped cathode. The conductivity of the ceramic
Na-f’’-alumina electrolyte, measured along the height of a tube section,
was the same as that of pristine samples (0.2 S/cm at 300 °C, Fig. 5,
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o 400 300 200 100
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E grain-sized dependent conductlvny ]
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— 10" E 3
£10F . E
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1.5 2.0 2 5 3.0
1000/T [1/K]

Fig. 5. The electrical conductivity of the ceramic Na-f’’-alumina electrolyte in
tubular Na-ZnCl, cell #1 corresponds to that of pristine sample (0.2 S/cm at
300 °C) after cycling (cumulative capacity >1.5 Ah/cm?).

grain-size dependent conductivity of Na-f’’-alumina plotted for refer-
ence [26]). This confirms that degradation of the cathode material
dominated the voltage fading of Na-ZnCl; cell #1. The corresponding
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microstructural changes reduce the surface area of active materials,
impair homogeneous electronic percolation through the metal back-
bone, and deteriorate ion transport through NaAlCly at the cathode. This
increases the cell resistance, causes a gradual increase in cell over-
potentials (Fig. 4b), and translates into a decrease in energy efficiency
by ~1% at C/10 (10 mA/cm?) for cell #1.

For cell #2, we increased the cut-off voltages by +50 mV (1.70 V -
2.35 V) to facilitate charging to 100% SOC during regular cycling.
Applying a similar run-in procedure at 300 °C, 240 °C and 300 °C, the
cell was charged to 97% SOC (36.6 Ah) in the third cycle (Fig. 6a).
Similar to cell #1, we then performed regular cycling at 300 °C, C/10,
but with a slightly increased SOC range of 84% SOC (32 Ah) to increase
the energy density (Fig. 6b, cycle 4-8). With these conditions, the cycled
capacity stabilized at a constant SOC range between 12% and 96% SOC
(Fig. 6¢). At the increased cut-off voltages, the charge times were lower
than for cell #1 (10.5-11 h), and discharge proceeded in CC mode over
8.0 h for all cycles (Fig. 6d), despite a wider SOC range (84% vs. 80%).
Although the voltage profiles of cell #1 and cell #2 were very similar
after the run-in procedure, cell #2 showed a smaller voltage hysteresis
than cell #1 during regular cycling (see SI section F for a direct com-
parison of voltage profiles). This indicates differences in the evolution of
cell resistance, which we ascribe to microstructural effects. These could
be caused by small differences in the cycling conditions applied (cut-off
potentials, resulting SOC range), but also statistical variations in the

state of charge [%]
0 20 40 60

Q
~
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cathode microstructure could play a role.

Nevertheless, the evolution of cell voltage again indicated an in-
crease in cell resistance with each cycle (Fig. 6b, cycle 4-8). As a result,
the discharge energy decreased from 261 Wh/kg to 255 Wh/kg (Fig. 6e).
The corresponding energy efficiency decreased by 1.0%/cycle, from
91% to 87%. Thus, a combination of lower cell resistance and increased
cut-off voltage in cell #2 enhanced its performance, compared to the cell
#1. However, it still showed voltage and efficiency fading with each
cycle, similar to cell #1.

To evaluate if further degradation of Na-ZnCl; cells could lead to
dangerous conditions, we then increased the operating temperature to
the melting point of zinc metal at 420 °C, simulating cell failure due to
overheating (Fig. 6b, cycle 9-13). Unexpectedly, the first charge at this
temperature significantly exceeded the theoretical capacity limit,
reaching up to 115% SOC (43.7 Ah) at a cut-off voltage of 2.35 V.
Furthermore, over a wide range of SOC, both the charge and discharge
voltages at 420 °C were lower than at 300 °C. These observations indi-
cate the presence of additional electrochemical reactions at lower
voltage, which provide additional capacity at this temperature. This
could be related to partial electrochemical consumption of NaAlCly, as
previously described for Na-NiCl; cells [9,13,27]. Nevertheless, the cell
successfully continued cycling at 420 °C for five cycles, providing
discharge energies of 254-+1 Wh/kg at energy efficiencies of 85% (after
stabilizing the SOC range, cyclel1-13). No catastrophic cell failure
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Fig. 6. Cycling of tubular Na-ZnCl, cell #2 (37.9 Ah) at 300 °C and 420 °C between 1.70 and 2.35, cumulative capacity ~390 Ah (1.5 Ah/cm?). a) The first three run-
in cycles at 300 °C, 240 °C and 300 °C activate almost the full capacity (97% SOC, 36.6 Ah). b) During regular cycling at 300 °C, C/10 (cycle 4-8) the targeted
charge/discharge range of 84% SOC (32 Ah) is met, and c) the cycled capacity stabilizes between 12% SOC and 96% SOC. After increasing the operating temperature
to 420 °C in consecutive cycles (9-13), the cell is overcharged (capacities between ~30% and 115% SOC), but no catastrophic failure occurs. d) Charge and discharge
times amount to 10.0-12.5 h and 8.0 h, respectively. e) The corresponding discharge energies at 300 °C decrease from 261 to 254 Wh/kg. Similar to cell #1, the

energy efficiency decreases by —1.0/cycle, from 91% to 87%.
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occurred, and the percolating metal backbone was not compromised
during five consecutive cycles 420 °C. However, after reaching a cu-
mulative capacity of ~390 Ah (1.5 Ah/cm?) and cooling down to room
temperature over a weekend, cycling could not be resumed for this cell.
The disassembled cell showed cracks in the ceramic electrolyte, as well
as macroscopic segregation of zinc metal towards the bottom of the cell.

For cell #3, we maintained a constant operating temperature of
300 °C and symmetric charge/discharge rates of C/15 (2.6 A) during the
run-in procedure, avoiding an intermediate cycle at 240 °C (between
1.70 and 2.35 V, Fig. 7a). While the available capacity increased with
each cycle, only 65% SOC (24.8 Ah) were reached after the first five
cycles at 300 °C. Thus, cooling down for an intermediate cycle at 240 °C
and consecutive reheating to 300 °C seems to have a positive effect on
the cathode microstructure, thereby enabling cycling of the full
capacity.

During consecutive regular cycling of cell #3 at a constant temper-
ature of 300 °C (Fig. 7b, cycle 6-10), we first reduced the charge rate to
C/29, but the capacity available during charge increased only slightly
(from 68 to 69% SOC, Fig. 7c). Nevertheless, despite almost full
discharge at C/15 (down to 1% SOC), the cell voltage remained stable,
enabling cycling over 67+1% SOC (25.4 + 0.2 Ah). While the charge
times exceeded 21 h due to the low rate applied in cycle 6-10, the
discharge times approached the CC limit of ~10 h (Fig. 7d). Due to the
lower SOC range, the corresponding discharge energies were slightly

state of charge [%]
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lower than for cells #1 and #2 (202+2 Wh/kg), but the energy effi-
ciency remained between 91% and 90% (Fig. 7e). In a next step, we
performed two intermediate cycles at 240 °C and 300 °C, trying to
charge the full capacity as in previous run-in procedures. However, this
procedure increased the charge capacity only slightly, reaching 73%
SOC in cycle 12 at 300 °C (27.8 Ah, see SI section G). This indicates that
the cycling history significantly affects the resulting cathode micro-
structure. In a next step, we decreased the operating temperature for this
cell to 280 °C, and performed 10 cycles at symmetric charge and
discharge rates of C/15 (Fig. 7b, cycle 13-22). Possibly related to the
intermediate cycle at 240 °C, the cell voltage at SOC >60% was lower at
280 °C than in the previous cycles at 300 °C, which enabled charging a
higher capacity at the given cut-off voltages (up to 79% SOC, Fig. 7c).
Both charge and discharge times varied between 12.0 and 13.5 h
(Fig. 7d), slightly above the constant-current limit of ~11.5 h Related to
the increase in cycled capacity (from ~1-69% SOC at 300 °C to ~2-79%
SOC at 280 °C), the discharge capacity reached 231+3 Wh/kg (Fig. 7d,
approximately linear increase from 226 to 236 Wh/kg). The corre-
sponding energy efficiencies remained >90% at 100% coulombic effi-
ciency (see SI section E), with only minor degradation of —0.1%/cycle,
reaching a cumulative capacity of >550 Ah (>2.1 Ah/cm?) after 22
cycles.

In line with the stable voltage profiles, postmortem analysis of cell
#3 confirmed a homogenous cathode composition (Fig. 7f), which did
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Fig. 7. Cycling of 3rd tubular Na-ZnCl, cell (37.9 Ah) at 300 °C between 1.70 and 2.35 V, cumulative capacity >550 Ah (2.1 Ah/cm?). a) In the first 5 run-in cycles,
the available capacity increases continuously from 12 Ah (33% SOC) to 25 Ah (66% SOC). b) During regular cycling at 300 °C (cycle 6-10) and 280 °C (cycle 13-22)
the targeted charge/discharge range of 100% SOC (37.9 Ah) is not met. (Two intermediate cycles were performed at 240 °C and 300 °C, see SI section F).
Nevertheless, ¢) the cycled capacity stabilizes between 1% and 69% SOC at 300 °C, and between 1% and 79% SOC at 280 °C. d) At 300 °C, charge times and
discharge times amount to 21.6 + 0.6 h and 10.2 + 0.2, respectively. At 280 °C, charge and discharge times amount to 11.5 to 13.5 h d) The corresponding discharge
energies and energy efficiencies amount to 202+2 Wh/kg, 91% at 300 °C, and to 231+3 Wh/kg, 90% at 280 °C. e) After cycling, no segregation is observed in the

cathode material, but the ceramic electrolyte tube fractures upon sectioning.
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not show apparent zinc metal segregation (as observed for cell #1,
Fig. 4f). As cell #3 performed more cycles at elevated temperatures than
cell #1 (22 vs. 14 cycles, 29 vs. 24 days at >280 °C, cumulative capacity
>550 vs. 400 Ah), cycling to <80% SOC seems to stabilized the cathode
microstructure, thereby providing a higher cycling stability. This could
indicate that the Zn?*-containing liquid phases formed at high SOC in
Na-ZnCl; cells [6] affect both cathode microstructure and cycle life of
cell #1, which is avoided by limiting the SOC range for cell #3. In this
context, a higher density of Zn2+—c0ntaining liquid phases, compared to
NaAlCl4, may cause aggregation of metallic zinc towards the bottom of
cell #1 (Fig. 4f). However, the tubular Na-p’’-alumina electrolyte of cell
#3 fractured during sectioning. While reliable conductivity measure-
ments could not be obtained on the small fragments, the stable voltage
profiles during cycling indicate that the ceramic was not affected by a
significant decrease in ion conductivity. Furthermore, phase changes of
crystalline Na-p’’-alumina were not detected in the electrolyte by X-ray
powder diffraction, compared to pristine samples, neither for cell #1 nor
#3 (Fig. 8, see SI section H for a split view on all patterns). Thus, we
observe no direct signs of an exchange of Na* ions with Zn?' in the
Na-f’’-alumina crystal structure after cell cycling. In any case, the
electrochemical cycling data of cell #3 in Fig. 7 is not affected by
electrolyte degradation. Related to the stability of the cathode structure,
cycling to lower SOC enhanced the cycling stability of Na-ZnClj cell #3,
compared to cells #1 and #2. This could indicate that the phase content
formed at the cathode at high SOC in the cells #1 and #2 has a detri-
mental effect on the relevant transport processes, thereby increasing the
resistance contribution of the cathode. According to the phase diagram
of NaCl and ZnCl, 8, zinc chlorination at 300 °C proceeds via formation
of NayZnCly (0-50% SOC) and different salt melts, before solid ZnCl, is
formed above 80% SOC. Our experiments suggest the electrochemical
formation and dissolution of solid ZnCl, at high SOC to dominate the
performance degradation of additive-free Zn/NaCl cathodes. Further
studies are required to elucidate the mechanical, chemical, and elec-
trochemical stability of Na-ZnCl; cells and possible degradation mech-
anisms in Na-p’’-alumina.

5. Conclusions

Replacing nickel in the cathode of sodium-nickel chloride batteries
by zinc could provide a cost-efficient and sustainable solution for large-
scale energy storage. Energy storage prices as low as 0.02 $/kWh/cycle
are possible, presuming sodium-zinc chloride (Na-ZnCl,) batteries to
provide a cycle life exceeding 4500 cycles, like state-of-the-art Na-NiCly
batteries. Furthermore, cells need to provide a high areal capacity in
order to compensate the cost contributions for high-temperature cell
components and manufacturing.

In this study, we first integrated Zn/NaCl electrodes into state-of-the-
art tubular high-temperature cells at commercial scale. To avoid critical
stresses on the ceramic electrolyte and to assure safe operation, we
estimated the volume changes of electrode materials during cell cycling,
and derived the resulting pressure difference between the electrode
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compartments. In this context, we identified cost benefits for an alter-
native inside-out cell design, which could provide twice the capacity of
state-of-the-art cells (e.g. >80 Ah), without changing size and geometry
of the ceramic Na-p’’-alumina electrolyte and its seals. Placing the
cathode towards the outside of tubular cells could significantly reduce
the cost-contribution of cell components and assembly, without nega-
tively affecting pressure difference in Na-ZnCl; cells during cycling.

Second, we demonstrated constant-current followed by constant-
voltage cycling of an additive-free Zn/NaCl electrode with 30% active
metal content (160 mAh/g) in state-of-the-art tubular cells with a ca-
pacity of 37.9 Ah capacity (146 mAh/cm?, 0.9 g/cm?). The available
capacity in these cells depends on the operating temperature applied in
the run-in procedure, while the stability of voltage profiles is dominated
by the SOC range activated during cycling. When cycled between 12%
and 96% SOC at 300 °C, these cells reached discharge energies of up to
260 Wh/kg at 15 mA/cm? (C/10, cell #2). However, cycling to high SOC
(close to 100%) involved a continuous increase in cell resistance with
each cycle, which decreased the energy efficiency by ~1%/cycle (at 15
mA/cm?, C/10). In contrast, the cell voltage remained stable for cycling
below 80% SOC. Under these conditions, a cumulative capacity of >550
Ah, 2.1 Ah/cm? was cycled, providing stable discharge energies of 231
+3 Wh/kg at energy efficiencies >90%. Our experiments demonstrate
how the detailed cycling history (including operating temperature, cut-
off voltage, current density, and SOC range) affect the stability of Zn/
NaCl electrodes. At the current stage, the stability of cathode materials
limit the rate capability and cycle life of tubular cells, which may be
enhanced by suitable additives and/or changes to the cathode micro-
structure. Further studies should address the chemical, electrochemical
and mechanical long-stability of the ceramic Na-f’’-Al,O3 electrolyte in
the presence of zinc species at the cathode.

Questionnaire
Novelty

First demonstration of environmentally benign sodium-zinc chloride
battery cells at commercially relevant scale (capacity 37.9 Ah/cell, 146
mAh/ cmz).
Important

Replacing the cathode metal in sodium-nickel chloride batteries by
abundant zinc may enable sustainable energy storage for stationary
applications at competitive costs of 0.02-0.04 $/kWh/cycle.
Why publish

We are convinced that our study will motivate further studies on this

important topic, and serves as a step towards potential commercial
application.

Na-p"”-alumina

intensity [a. u.]

20

— Na-B"-alumina after >550 Ah in 3" Na-ZnCl, cell
— Na-B"-alumina after ~400 Ah in 15t Na-ZnCl, cell
—— pristine Na-B"-alumina electrolyte

i reference pattern PDF 01-084-1715,
Nay g1Lig34Al1066017

J W | ‘ "
! v 4 J J f R v
Ii ’I| I

T ool |t
25 45 50

°20

Fig. 8. The XRD phase content of the Na-f’’-alumina electrolyte remains unchanged after cycling in Na-ZnCl, cells.
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