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A B S T R A C T   

Replacing nickel by cheap and abundant zinc may enable high-temperature sodium-nickel chloride (Na-NiCl2) 
batteries to become an economically viable and environmentally sustainable option for large-scale energy 
storage for stationary applications. However, changing the active cathode metal significantly affects the cathode 
microstructure, the electrochemical reaction mechanisms, the stability of cell components, and the specific cell 
energy. In this study, we investigate the influence of cathode microstructure on energy efficiency and cycle life of 
sodium-zinc chloride (Na-ZnCl2) cells operated at 300 ◦C. We correlate the dis-/charge cycling performance of 
Na-ZnCl2 cells with the ternary ZnCl2-NaCl-AlCl3 phase diagram, and identify mass transport through the sec-
ondary NaAlCl4 electrolyte as an important contribution to the cell resistance. These insights enable the design of 
tailored cathode microstructures, which we apply to cells with cathode granules and cathode pellets at an areal 
capacity of 50 mAh/cm2. With cathode pellets, we demonstrate >200 cycles at C/5 (10 mA/cm2), transferring a 
total capacity of 9 Ah/cm2 at >83% energy efficiency. We identify coarsening of zinc particles in the cathode 
microstructure as a major cause of performance degradation in terms of a reduction in energy efficiency. Our 
results set a basis to further enhance Na-ZnCl2 cells, e.g., by the use of suitable additives or structural elements to 
stabilize the cathode microstructure.   

1. Introduction 

Commercial sodium-nickel chloride (Na-NiCl2) batteries are suitable 
candidates for stationary energy storage applications. They provide a 
long shelf and cycle life [1], safe operation [2,3], and low environmental 
impact, but need to become more cost efficient to be deployed at large 
scale [4–6]. Adoption of a planar cell design may enhance manufac-
turability for this battery type, but at the cost of adding complexity 
related to mechanical stability, hermetic cell sealing, and the manage-
ment of molten phases in the cell [7,8]. A reduction in operating tem-
perature from ~300 ◦C to ≤200 ◦C would reduce both processing and 
operating costs by the use of polymer seals [9–11], but this decreases the 

energy efficiency during cycling due to increased mass transport re-
sistances [8]. An alternative approach to reduce cost consists in 
replacing nickel as active cathode metal by cheap and abundant zinc. 
Such Na-ZnCl2 batteries offer a promising route to reduce the environ-
mental footprint of this technology. Their study further provides 
fundamental insights into relevant design consideration for 
sodium-metal chloride cells, as replacing nickel by zinc affects the cell 
performance in several aspects. 

Firstly, the choice of active cathode metal determines the cathode 
microstructure [12], which governs electronic and ionic transport. This 
is of particular importance for high-temperature sodium-metal chloride 
cells with high mass loading and areal capacity (e.g. ~0.3 g/ cm2 and 
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~50 mAh/cm2 in planar cells [10,13-15], ~1 g/ cm2 and ~150 
mAh/cm2 in tubular cells [16]). In state-of-the-art Na-NiCl2 cells, 
cathode granules are prepared from fine-grained filamentary Ni powder 
(Ni255, particle size 2.2 - 2.6 μm), which facilitates electronic percola-
tion and mass transport [15]. However, zinc powders are presently not 
commercially available in similar (filamentary) form, and previous 
experimental studies on Na-ZnCl2 cells applied powders of unspecified 
purity, morphology, or particle size [17–20]. While the effects of 
microstructural properties on electron and mass transport have recently 
been simulated for synthetic geometric models of Na-ZnCl2 cathodes, 
experimental studies on this topics are lacking so far [21]. The cathode 
microstructure further determines the active metal content (proportion 
of metallic zinc reacting with NaCl to reach 100% SOC), for which both 
electronic percolation and ion transport are safely maintained during 
long-term battery cycling. Commercial Na-NiCl2 batteries with favor-
able Ni255 morphology apply an active metal content of ~30% [22,23], 
and similar [18,19] or higher [13,24] values are required also for 
alternative cathode metals. 

Secondly, the choice of active cathode metal governs the electro-
chemical reaction mechanisms. At present, the relevant (electro-) 
chemical processes and degradation mechanisms occurring for different 
metal cathodes in sodium-metal chlorides cells are only poorly under-
stood. The de-/chlorination of a variety of different transition metals (i. 
e. Fe, Ni, Cu, Co, Mo) was investigated in the early stages of sodium- 
metal chloride battery development [25–29]. At that time, 
nickel-based compositions were identified to provide the longest cycle 
life [23,30,31], which was ascribed to their solid-state reactions during 
cycling. More recently, a variety of different cathode metals and metal 
combinations have been successfully applied both in planar, 
laboratory-scale sodium-metal chloride cells operated at ≤200 ◦C [14, 
32-34], as well as in planar [8,15] and tubular cells [16,35] operated at 
~300 ◦C. In Na-ZnCl2 cells, the electrochemical reactions even involve 
liquid salt phases at intermediate state-of-charge (SOC) [17,18]. 
Furthermore, a recent study revealed chlorination of both nickel and 
iron electrodes to take place via dissolved metal ions in the secondary 
molten NaAlCl4 electrolyte [36]. 

Thirdly, the ceramic Na-β’’-alumina electrolyte applied in sodium- 
metal chloride cells was reported to undergo Na+/Zn2+ ion exchange 
in molten ZnCl2, which reduced its mechanical stability and increased its 
resistivity [37,38]. However, no signs of Na-β’’-alumina degradation 
were reported for previous Na-ZnCl2 cells over up to 50 cycles [16,18, 
19], not even when cycled at a high temperature of 400 ◦C for 50 h [20]. 

Last but not least, the choice of active cathode metal determines the 
specific energy. Due to a lower cell voltage, the specific energy of Na- 
ZnCl2 cells is approximately 20% lower than that of Na-NiCl2 cells 
(assuming average equilibrium cell voltages of 2.0 V for Na-ZnCl2 cells 
[17,18], and of 2.5 V for Na-NiCl2 cells with mixed Ni/Fe electrode 
[15]). Nevertheless, zinc-based cathodes can be economically viable 
[17], and also their technical feasibility has previously been demon-
strated: Planar Na-ZnCl2 cells performed ~50 cycles in a capacity range 
between 20% and 90% SOC at temperatures between 190 ◦C and 280 ◦C, 
transferring cumulative capacities of up to 1.7 Ah/cm [2,17,18]. Addi-
tion of a carbon matrix to the cathode enhanced the rate capability and 
enabled cycling of zinc-based cathodes at an areal capacity of up to ~90 
mAh/cm2 for ~50 cycles (20–80% SOC, cumulative capacity 2.8 
Ah/cm2) [19]. Furthermore, our group recently integrated Zn/NaCl 
cathodes into large tubular battery cells with 38 Ah capacity (areal ca-
pacity ~150 mAh/cm2), which performed >20 stable cycles at (20–80% 
SOC, cumulative capacity 2.1 Ah/cm2) [16]. 

In this study, we relate the cycling performance of planar Na-ZnCl2 
cells to their cathode microstructure. We compare filamentary nickel 
and spherical, industry-grade zinc powders to demonstrate the influence 
of powder morphology, particle size, and active metal content on elec-
tronic percolation and relative density of Na-NiCl2 and Na-ZnCl2 model 
cathodes. Based on these results, we prepare additive-free Zn/NaCl 
cathode granules and cathode pellets, which are suitable for vacuum- 

infiltration with the molten secondary NaAlCl4 electrolyte. We present 
cycling of planar Na-ZnCl2 cells with 50 mAh/cm2 areal capacity at 
300 ◦C, demonstrate >200 cycles (10–90% SOC, cumulative capacity 
8.9 Ah/cm2), and discuss the cell voltage profiles with respect to the 
corresponding ternary phase diagram of NaCl, ZnCl2, and AlCl3. Com-
parison of cells with Zn/NaCl granules and pellets of the same compo-
sition reveals how the cathode microstructure affects cell resistance, 
specific energy, energy efficiency, and cycle life of Na-ZnCl2 cells. 

2. Material and methods 

2.1. Model cathodes 

For relative density and resistivity measurements of model cathodes, 
Zn/NaCl and Ni/NaCl pellets were prepared from microfine NaCl (purity 
99.1–99.4%, 88 wt% < 45 μm), spherical Zn powder (purity >96%, ZnO 
3%, particle size 3.5–5.0 μm, BET surface area = 0.28 m2/g, UltraPure 
zinc dust UP4), and filamentary nickel powder (purity> 99.7%, particle 
size 2.2–2.6 μm, BET surface area = 0.64 m2/g, type Ni255). Based on 
the underlying chlorination reaction, Zn (or Ni) + 2 NaCl ⇆ ZnCl2 (or 
NiCl2)+ 2 Na, the active metal content increases the molar ratio of Zn(or 
Ni)/NaCl according to n(Zn or Ni)

n(NaCl) = 1
2⋅ active content. These precursor pow-

ders were hand-mixed in a mortar before uniaxial compaction in a cy-
lindrical die at variable pressure (0.8–1.3 kbar). The resistance of model 
cathodes was then measured at room temperature by placing the pellets 
(diameter = 15.5 mm, height ~1.1–1.6 mm) between two polished 
copper electrodes connected to a Keithley 2000 multimeter. The lower 
threshold resistance value of the instrument was 0.1 mΩ and was 
reached for several pellet compositions. The corresponding resistivities 
were approximated to 1 mΩ.cm. 

2.2. Cathode granules and cathode pellets 

The same precursor powders were used to prepare cathode granules 
and cathode pellets with 30% active metal content for cell cycling ex-
periments. A Zn/NaCl cathode with 30% active metal content comprises 
a molar ratio of n(Zn)/n(NaCl)=5/3, and a mass ratio of m(Zn)/m 
(NaCl)= 64.9/35.1. The corresponding specific capacity amounts to 160 
mAh/g. Cathode granules were prepared in batch sizes of 2 kg. After 
homogenization (roll milling, 4 h), the precursor powders (30% active 
metal content, Zn/NaCl=64.9 wt%/35.1 wt%, theoretical capacity 160 
mAh/g) were compacted (Komarek B50A, roll force 35 kN), granulated 
(Komarek G100SA), and sieved to exclude particles larger than 1.6 mm. 
To resemble the particle size distribution of state-of-the-art granules, 
and to provide a suitable packing density for NaAlCl4 vacuum infiltra-
tion, the fraction of fine particles < 212 μm in the granules was adjusted 
at 2.6 wt%, providing a tap density of 1.85 g/cm3 (47% relative density). 

While the cathode granules contained only Zn and NaCl, a fraction of 
the secondary NaAlCl4 electrolyte (Sigma Aldrich, anhydrous, powder, 
99.99%) was added to the cathode pellets as a solid powder. This served 
to provide additional pore space to enable vacuum infiltration, as well as 
a homogeneous distribution of molten NaAlCl4 in the cathode pellets 
during cell cycling at elevated temperatures. For cathode pellets, the 
precursor powders (30% active metal content + NaAlCl4, Zn/NaCl/ 
NaAlCl4 = 52.1/27.9/20.0 wt%) were hand mixed and compacted in a 
cylindrical die at an uniaxial pressure of 0.67 kbar under inert atmo-
sphere. In the presence of NaAlCl4, the pellets (m = 1.25 g, diameter =
19.5 mm, thickness = 1.5 mm) had a density of 2.79 g/cm3 (84% rela-
tive density). With respect to Zn and NaCl only, this corresponds to a 
relative density of 56% (9% higher than for granules). Scanning electron 
microscopy (SEM) images of granules and pellets (pristine and cycled) 
were obtained using a Nova NanoSEM 230 FEI, and the samples were 
protected in an Ar/N2 atmosphere during the whole process using a 
transfer chamber. The granules, as well as the starting Zn, NaCl and 
NaAlCl4 powders, were further analyzed through X-ray powder 
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diffraction (XRD) using a PANanalytical X’Pert PRO MRD, while the 
cycled pellet cathode material was put in a gas-tight domed sample 
holder and analyzed using an Empyrean diffractometer and an X’Cel-
erator detector (Malvern Panalytical). 

2.3. Assembly of planar high-temperature battery cells 

For cell cycling, both cathode granules and pellets were inserted into 
laboratory-scale high-temperature cells (active cell area = 3.14 cm2). 
These cells comprised a planar Na-β’’-alumina electrolyte (1 mm 
thickness, ion conductivity 0.2 S/cm at 300 ◦C) with carbon coating on 
the anode side, which was sandwiched between two insulating 
α-alumina collars using a high-temperature glass sealing at 1010 ◦C. 
Details on the design and assembly of such cells were described in more 
detail in previous studies [15,39]. Cathode granules and cathode pellets 
were inserted into planar high-temperature cells at the same cathode 
mass loading of 0.32 g/cm2 (1 g granules or 1.25 g pellet, both 
comprising 0.65 g Zn and 0.35 g NaCl). Then, the secondary electrolyte 
NaAlCl4 was infiltrated under reduced pressure (<10 mbar) at a tem-
perature of 200 ◦C (dwell time ≈30 min), compensating the NaAlCl4 
content of cathode pellets (0.5 g NaAlCl4 for granules, 0.25 g for pellets). 
This resulted in a mass ratio of NaAlCl4 to cathode materials (Zn, NaCl) 
of 0.5 in both types of cells. The corresponding molar composition in a 
phase diagram of (NaCl)2, ZnCl2, and AlCl3 is 37.7 mol% AlCl3, 62.3% 
(NaCl)2 at 0% SOC. Considering two moles of NaCl facilitates extraction 
of pseudo-binary sections with constant AlCl3 content, which represent 
the charge/discharge reaction in Na-ZnCl2 cells in the presence of a 
secondary NaAlCl4 electrolyte. 

For cathode granules, a Ni foam (99.5% purity, 1.6 mm thickness, 
95% porosity) and additional 0.2 g of NaAlCl4 were added to the cathode 
side. This enhanced the electrical contact between current collector and 
the uneven surface of cathode granules [15], which was not necessary 
for cells with cathode pellets. For both granule and pellet cells, a disk of 
Na (99.9% purity, ~0.3 g, thickness ≈1 mm) was added on the anode 
side to facilitate Na plating in the first cycle. Ni cylinders served as 
current collectors for both the anode and cathode; their diameter was 
fitted to the inner diameter of the α-alumina collars to reduce potential 
leaking (molten Na and NaAlCl4) to the minimum. The resulting as-
sembly was closed off at both ends with stainless steel plates and circular 
graphite seals, six screws going through both plates and compressing the 
complete assembly; alumina washers were used for electrical insulation 
between anode and cathode. Springs were inserted between the Ni 
current collectors and the steel end plates, which were directly con-
nected by nickel wires to ensure the electrical contact. 

2.4. Electrochemical characterization 

The cells were heated to and equilibrated at an operation tempera-
ture of 300 ◦C (± 5 ◦C) over a time period of ~8 h using a resistive coil 
heater (SAF KM-HC-GS). Cycling was performed using a Biologic VSP3e 
potentiostat with a combined constant-current and constant-voltage 
(CC–CV) procedure, limited by lower and upper cut-off voltages of 
1.7 and 2.35 V and a cut-off current density of 0.1 mA/cm2. As discussed 
previously for planar Na-NiCl2 cells [8], we used the energy efficiency 
ηenergy of Na-ZnCl2 cells to determine their average resistance, Ravg, 
during cycling. During cycling in a defined SOC range (100% coulombic 
efficiency), this equals to the ratio of polarized discharge and charge 
voltages of the cell. 

ηenergy =
Veq − IdischargeRavg

Veq + IchargeRavg
;

Ravg =
Veq

(
1 − ηenergy

)

Ichargeηenergy + Idischarge  

where ηenergy is the energy efficiency, Icharge/discharge is the charge/ 
discharge current density. Corresponding to the equilibrium voltages 

observed in phase regions I)-IV) of the phase diagram (see Fig. 3), we 
assumed an average equilibrium voltage Veq of 2.03 V (40% at 1.92 V, 
20% at 2.03 V, 15% at 2.09 V, 25% at 2.15 V). 

2.5. Phase diagrams 

The phase diagram mode of FactSageFactSage™ 8.1 was used to 
simulate the ternary phase diagram of (NaCl)2-ZnCl2-AlCl3. In the sim-
ulations, the databases ‘FactPS’ and ‘FTsalt’ were selected. Considering 
two moles of NaCl facilitates extraction of pseudo-binary sections with 
constant AlCl3 content, which represent the charge/discharge reaction 
in Na-ZnCl2 cells in the presence of a secondary NaAlCl4 electrolyte: 

Zn + 2 NaCl ↔ ZnCl2 + 2 Na.

2.6. Electrical conductivity of Na-β’’-alumina electrolyte 

To determine the electrical conductivity of the Na-β’’-alumina elec-
trolyte after cycling, it was extracted from the cell and cut to a bar 
sample of ~1.0 × 3.5 cm2, thickness ~1 mm. After removing the carbon 
coating and cleaning the surface, it was contacted in a custom-made 4- 
probe setup with spacing of _l = 0.6 cm between the inner voltage 
probes, as described in more detail elsewhere[40,41]. The sample con-
ductivity σ was determined during cool-down in a tube furnace, taking 
into account the sectional area of the bar sample A (~0.1 cm2) and the 
probe spacing l, as σ = 1/R*l/A. 

3. Results and discussion 

In order to activate the theoretical capacity of an electrode during 
cell cycling, its microstructure needs to provide the transport of all 
relevant species to the reaction sites at the current densities (C-rates) of 
interest. This includes good contact between metal particles to provide 
electronic percolation. In theory, the higher molar weight and volume of 
Zn should facilitate electronic percolation in Zn/NaCl cathodes, 
compared to Ni/NaCl cathodes (MZn= 65.4 g/mol, VZn,25◦C = 9.2 cm3/ 
mol; MNi= 58.7 g/mol, VNi,25◦C = 6.6 cm3/mol). Considering only metal 
and NaCl as the solid cathode constituents at 0% SOC, the same active 
metal content results in a higher metal weight and volume fraction in 
Zn/NaCl cathodes, compared to Ni/NaCl (Fig. 1a). For example, a Zn/ 
NaCl cathode with an active metal content of 30% is composed of 36 vol 
% Zn and 64 vol% NaCl, while a corresponding Ni/NaCl cathode con-
tains 28 vol% Ni and 72 vol% NaCl (at 0% SOC, not considering porosity 
or the secondary NaAlCl4 electrolyte). In practice, however, it is the 
morphology of precursor powders which determines the relative den-
sity, and thereby the electronic percolation of high-temperature metal 
chloride cathodes. 

For our study, we first prepared uniaxially pressed model pellets 
composed of Zn and NaCl, which can be processed outside a glovebox. 
We selected a fine-grained, industry-grade zinc powder with spherical 
morphology and a particle size of 3.5–5.0 μm, combined with a micro-
fine NaCl. For comparison, we also prepared Ni/NaCl pellets with fila-
mentary Ni255 powder (particle size 2.2–2.6 μm), as employed in state- 
of-the art Na-NiCl2 battery cathodes. The particle size range and SEM 
images of these Ni255, Zn and microfine NaCl precursor powders are 
presented in Figure 2a-c. Model pellets with 30% active metal content 
and microfine NaCl feature significantly higher relative densities for 
spherical Zn powder, compared to filamentary Ni255 (by more than 
10%, Fig. 1b). The influence of powder morphology on relative density 
of Zn/NaCl and Ni/NaCl model pellets persists at variable compaction 
pressures between 0.3 and 1.0 kbar: the relative density of model pellets 
increases from 72% to 83% with spherical Zn powder, and from 57% to 
69% with filamentary Ni255 (Fig. 1b). Despite their higher relative 
density, Zn/NaCl model pellets display poorer electronic percolation 
than Ni/NaCl pellets, demonstrating the efficiency of filamentary metal 
powders to optimize the electronic backbone (Fig. 1c). In addition, the 
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presence of ~3 wt% ZnO in the industry-grade zinc powder hinders 
electron transport in the Zn/NaCl pellet. While a low resistivity <10− 3 

Ω cm is maintained for Ni/NaCl model pellets up to an active metal 
content of 100%, in Zn/NaCl model pellets this is only the case up to an 
active Zn content of 30%. Above this threshold, the resistivity increases 
by more than two orders of magnitude (to >10-1 Ω cm). Combining the 
molar volumes and relative density, we display the volumetric compo-
sitions of Zn/NaCl and Ni/NaCl model pellets compacted at 0.6 kbar in 
Fig. 1d,e. The results of electrical resistivity measurements are also 
indicated. At an active metal content of 30%, at which electronic 
percolation is maintained, a Zn/NaCl model pellet comprises 26 vol% 
Zn, 47 vol% NaCl, and 27% porosity (Fig. 1d). At an active zinc content 
of 40% and above, where the resistivity increases significantly, the 
volume fraction of zinc decreases to 21 vol% and below. Models for 
random binary powder mixtures predict an electronic percolation 
threshold of ~20 vol% for a size ratio of 2 between the insulating phase 
(NaCl) and the metallic phase (Zn) [42]. The reported particles sizes and 
SEM images of microfine NaCl and spherical Zn indicate particle sizes of 
~25 μm (Fig. 2c) and ~4 μm (Fig. 2b). This corresponds to size ratios 
above 5, at which electronic percolation would be expected even for 
metal contents below 10 vol%. This may indicate milling of NaCl and/or 
agglomeration of Zn particles during pellet preparation, which increase 
or decrease the effective particle size of NaCl and/or Zn in Zn/NaCl 
model pellets, thereby reducing their effective size ratio. With fila-
mentary Ni255 powder, electronic percolation is maintained for all 
Ni/NaCl model pellets, despite low metal contents down to 7 vol% Ni 
(Fig. 1e). At an active metal content of 30%, Ni/NaCl model pellets 
comprise 17 vol% Ni, 43 vol% NaCl, and 40% porosity. This shows that a 
higher metal content is required for stable electronic percolation in 
Zn/NaCl cathodes prepared from spherical Zn powder, compared to 

Ni/NaCl cathodes prepared from filamentary Ni255. In this study, we 
select Zn/NaCl cathodes with an active zinc content of 30% for the 
preparation of battery cells. 

Apart from electronic percolation, percolation of the secondary 
molten NaAlCl4 electrolyte is required in high-temperature sodium- 
metal chloride cathodes to provide ion transport to the surface of active 
materials (Zn and NaCl) during cell cycling. This is linked to the avail-
able pore space in the solid cathode, which is vacuum-infiltrated with 
molten NaAlCl4. However, this process requires an open porosity with 
sufficiently large transport channels, which is not available in Zn/NaCl 
model pellets with <30% porosity. In the production of state-of-the-art 
Na-NiCl2 batteries, the cathode materials are granulated to provide a 
bimodal pore size distribution, which is suitable for vacuum-infiltration 
[16,31]. We thus prepared Zn/NaCl and Ni/NaCl cathode granules in a 
similar manner. Furthermore, we adopted the preparation of pellets to 
increase the content of NaAlCl4 in Zn/NaCl cathode pellets. To do so, we 
added a fraction of the secondary NaAlCl4 electrolyte to the cathode 
materials in form of a coarse, solid powder (Fig. 2d). Zn, NaCl, and 
NaAlCl4 powders were hand mixed and compacted under inert atmo-
sphere, and the remaining fraction of NaAlCl4 electrolyte was 
vacuum-infiltrated as for cathode granules (see supplemental informa-
tion SI section A, Figure S1). For the present composition, compaction 
at 0.67 kbar resulted in reproducible vacuum-infiltration and stable cell 
cycling, as discussed further below. 

SEM images of the microstructure of the surface of Zn/NaCl and Ni/ 
NaCl granules are shown in Fig. 2e,f, and a Zn/NaCl cathode pellet with 
20 wt% of NaAlCl4 is shown in Fig. 2g. The morphology of Zn and NaCl 
particles is similar to the pristine state in both zinc granules and pellets 
(Fig. 2e,g), with larger rock salt particles (and NaAlCl4 in the case of the 
pellet) loosely surrounded by zinc powder. This is in contrast to state-of- 

Fig. 1. Influence of metal choice and powder morphology on porosity and electrical percolation of Zn/NaCl and Ni/NaCl cathodes. a) Gravimetric (wt.%) and 
volumetric (vol.%) metal content of Zn/NaCl and Ni/NaCl cathodes with variable active metal content (not considering NaAlCl4; volumes at 0% SOC, 25 ◦C). b) 
Relative density and porosity of model pellets with 30% active metal content compacted at variable pressures. Zn/NaCl pellets prepared from spherical metal powder 
have lower porosities than Ni/NaCl pellets prepared from filamentary Ni255 powder. c) Zn/NaCl model pellets maintain a low electrical resistivity at active metal 
contents ≤ 30%. d) The volumetric cathode composition of Zn/NaCl model pellets indicates stable electronic percolation at a metal content of 26 vol% and above 
with spherical Zn powder. e) With filamentary Ni255, electronic percolation is maintained even at 7 vol% Ni. 
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the-art Ni/NaCl granules, where the NaCl particles appear compressed 
or smeared out (Fig. 2f). This indicates that the filamentary Ni255 
particles not only affect metal percolation and porosity of Ni/NaCl 
granules, but also increase local compaction and shearing forces, which 
lead to deformation of NaCl particles. With a particle size distribution 
ranging from ~10 μm to ~1000 μm (Fig. 2d), the addition of NaAlCl4 to 
the cathode pellets (Fig. 2g) decreases the electronic percolation 
threshold in the cathode pellets, compared to the microfine NaCl powder 
used in model pellets. The schematics in Fig. 2h,i summarize the 

resulting microstructures for Zn/NaCl and Ni/NaCl cathodes. Based on a 
tap density of 1.85 g/cm3, the Zn/NaCl granules have a relative density 
of 47%. This corresponds to 17 vol% Zn, 30 vol% NaCl, and 53 vol% 
porosity (these values are also indicated in Fig. 1b,d). The relative 
density of Zn/NaCl cathode pellets with NaAlCl4 is as high as 84% 
(Fig. 1b). With a composition of 20 vol% Zn, 36 vol% NaCl, and 28 vol% 
NaAlCl4, this translates to a combined pore and NaAlCl4 content of 44 
vol%. Despite a lower metal content, compared to the model pellets, 
both cathode granules and cathode pellets provided sufficient electronic 

Fig. 2. Microstructure of metal and salt precursor powder and cathode composites. SEM images of a) spherical Zn, b) filamentary Ni255, c) microfine NaCl powder, 
d) NaAlCl4 powder, e) Zn/NaCl granule, f) state-of-the-art Ni/NaCl granule, and g) Zn/NaCl pellet with 20 wt% NaAlCl4. All cathode materials with 30% active metal 
content. Schematics showing the influence of powder morphology on h) Zn/NaCl and i) Ni/NaCl microstructure. Schematics showing the differences in intra-/inter- 
granular and fine/coarse porosity in j) cathode granules and k) cathode pellets. Pristine model cathodes (0% SOC) with spherical Zn have a higher packing density 
than those with filamentary Ni255. Still, the filamentary morphology of Ni255 facilitates electronic percolation. 
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percolation (resistivity <10-4 Ω cm, Fig. 1d). The schematics in Fig. 2j,k 
illustrate the different pore size distribution in cathode granules and 
cathode pellet. The pristine microstructure of cathode pellets provides a 
denser packing of active electrode materials, but less volume for ion 
transport through NaAlCl4, compared to cathode granules. However, 
additional porosity and cracks were formed in both granules and pellets 
during subsequent vacuum-infiltration, and the same amount of NaAlCl4 
was successfully integrated into both cathode material forms. 

In addition to these microstructural effects, a change from Ni/NaCl 
to Zn/NaCl cathodes affects the phase content in Na-ZnCl2 cells during 
cycling at elevated temperatures. The binary phase diagram of NaCl and 
ZnCl2 with an eutectic point at 253 ◦C has previously been related to the 
electrochemical processes observed during cycling of Na-ZnCl2 cells [17, 
18]. However, the presence of the secondary electrolyte NaAlCl4 in 
Zn/NaCl cathodes further adds AlCl3 to the system as a third component 
[43]. In Fig. 3a, we present the ternary phase diagram of (NaCl)2, ZnCl2, 
and AlCl3 at 300 ◦C. Assuming thermodynamic equilibrium and the 
additional presence of excess Zn, the cathode composition in Na-ZnCl2 
cells progresses along a horizontal line in this phase diagram, as 2 mol of 
NaCl are consumed to chlorinate one mol of Zn, while forming Na at the 
anode with increasing SOC. The compositional variations of Zn/NaCl 
cathodes applied in this study (30% active metal content, mass ratio of 
NaAlCl4 to cathode materials = 0.5) are indicated in Fig. 3a (37.8 mol% 
AlCl3, 62.2–18.9 mol% (NaCl)2, 0–43.3 mol% ZnCl2), and the corre-
sponding pseudo-binary phase diagram is displayed in Fig. 3b. The 
presence of AlCl3 leads to the formation of Zn2+-containing liquid phases 
with evolving composition (L1, L2), which decrease the temperature of 
the eutectic point to 240 ◦C. According to the phase regions in Fig. 3, the 
reversible chlorination and dechlorination of Zn at equilibrium condi-
tions involves five successive reactions (shown below in unbalanced 
form). The NaCl-containing reactants providing the Cl− ions (left side) 
and the ZnCl2-containg products (right side) are marked in bold.  

i) 0 – 17% SOC: Zn+ NaAlCl4 + NaCl(s) ⇆ NaCl (s) + L1 (AlCl3/ 
ZnCl2/NaCl salt liquid) + Na  

ii) 17–50% SOC: Zn + NaCl (s) + L1⇆ Na2ZnCl4 (s) + L1 (constant 
ZnCl2 content) + Na  

iii) 50–58% SOC: Zn + L1 + Na2ZnCl4 (s) ⇆ L1 (ZnCl2 content ↑) + Na  
iv) 58–69% SOC: Zn + L1 ⇆ L1 (ZnCl2 content ↑) + Na  
v) 69–100% SOC: Zn + L1 ⇆ L1 (ZnCl2 content ↓) + L2 (ZnCl2 

content ↑) + Na 

The number of components and phases present at the cathode of Na- 
ZnCl2 cells affects their cell voltage profiles during electrochemical 

cycling. According to Gibbs phase rule, only the formation of Na2ZnCl4 
in phase region ii) is associated with a voltage plateau (see SI section B). 
Sloped voltage-capacity profiles are expected for all other phase regions 
(i, iii-v). This behavior in-line with results applying the galvanic inter-
mittent titration technique (GITT) to a Na-ZnCl2 cell at 300 ◦C. At a 
relaxation time of 60 min, the cell voltage stabilizes at 1.92 V up to 50% 
SOC. At higher SOC, the cell voltage increases continuously to 2.15 V 
(see Figure S2). However, different results are obtained when cycling 
Na-ZnCl2 cells at relevant rates. 

We present cycling results of cells with Zn/NaCl cathode granules 
and pellets at 300 ◦C at a mass loading of 0.32 g/cm2 in Fig. 4. As for 
other Na-NiCl2 batteries, the theoretical capacity of Na-ZnCl2 cells is 
defined based on the complete electrochemical reaction of NaCl with the 
metal constituents of the cathode (QT = 160 mAh/g, areal capacity 51 
mAh/cm2; 1C = 160 mA/g, 51 mA/cm2). To avoid over(dis)charge re-
actions involving NaAlCl4, we applied both capacity and voltage limi-
tations during cycling (100% SOC at 160 mAh/g; 1.7 V - 2.35 V). In the 
first (maiden) cycle at 3 mA/cm2, both cells assembled with Zn/NaCl 
cathode granules (Fig. 4a) and cathode pellet (Fig. 4b) reach their 
theoretical capacity (100% SOC) within the voltage limits. Thus, all 
NaCl was consumed to chlorinate the coarse Zn particles, even in the 
absence of additives, and despite the presence of ZnO. For the consec-
utive rate tests at 5, 10 and 15 mA/cm2 (Fig. 4c,d), we restricted the 
capacity range to 10–90% SOC (128 mAh/g). Cycling proceeded within 
the voltage limits at 5 and 10 mA/cm2, while at 15 mA/cm2 the end of 
charge (80–90% SOC) occurred at constant voltage (cut-off voltage =
2.35 V). The voltage profiles of Na-ZnCl2 cells with cathode granules and 
cathode pellets show several characteristic features, such as voltage 
fluctuations, a voltage hysteresis, and a defined succession of voltage 
plateaus and slopes. We first discuss these features, before analyzing the 
performance of Na-ZnCl2 cells in terms of cell resistance, rate capability, 
and energy efficiency further below. 

In some capacity regions (Fig. 4a-d), the cell voltage fluctuates by ±
50 mV, resulting in a noisy voltage profile. Voltage fluctuations are more 
pronounced in the first (maiden) cycle and during charge (e.g. at 
40–50% SOC and 70–100% SOC for Zn/NaCl granules, Fig. 4a). Such a 
behavior was not observed in our previous studies on Na-NiCl2 cells [8, 
15], or in other reports on Na-ZnCl2 cells [17–20]. In part, we ascribe the 
voltage noise to unstable percolation of the coarse Zn metal backbone 
(and/or its contact to the current collector). The microstructure of 
Zn/NaCl cathodes with spherical zinc particles stabilizes upon electro-
chemical plating during cycling, but is further disturbed by a volume 
decrease of active materials upon charge (e.g. consumption of NaCl) 
[16]. Voltage fluctuations persist in subsequent cycles mainly for cells 

Fig. 3. Phase diagrams representing the phase content expected in the cathode of Na-ZnCl2 cells at thermodynamic equilibrium. a) Ternary phase diagram of (NaCl)2, 
ZnCl2 and AlCl3 at 300 ◦C, 1 atm., and b) corresponding pseudo-binary section. The compositional changes expected in the Zn/NaCl cathode at variable SOC cover 5 
phase regions (i-v). 
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with cathode pellet, indicating that mass transport through molten 
NaAlCl4 may be limited, compared to cells with cathode granules. 
Additional voltage fluctuations occur at overall increased overpotentials 
towards the end of discharge in cells with cathode pellet (e.g. 45–20% 
SOC, Fig. 4b). In this case, the re-precipitation of NaCl may temporarily 
hinder the transport of ions through the secondary molten salt electro-
lyte at the cathode. 

Overall, the voltage profiles of granule and pellet cells display a 
similar succession of plateaus and slopes, and thus a similar phase 
evolution. In contrast to the phase diagram, the measured voltage pro-
files indicate the presence of three voltage plateaus: A at approximately 
0–40% SOC, B at 40–60% SOC, and D at 75–100% SOC (Fig. 4a-b). Only 
in one region, C, at 60–75% SOC, the voltage profiles are markedly 
sloped. This is in contrast to the ternary phase diagram with one voltage 
plateau (ii, dark gray region in Fig. 4a-b), suggesting that the phases 
formed during cell cycling are not in thermodynamic equilibrium. In 
particular, the oxidized Zn2+ species seem to form separate phases, 
instead of mixing with molten NaAlCl4. This reduces the degree of 
freedom, in line with the observed voltage plateaus. In the simplest case, 
the resulting phase regions correspond to those of the binary NaCl-ZnCl2 

system [17,18]. Again, the NaCl-containing reactants providing the Cl−

ions (left side) and the ZnCl2-containing products (right side) are 
marked in bold.  

A) 0 - 40% SOC, 1.92 V Zn + NaCl (s) ⇆ Na2ZnCl4 (s) + Na  
B) 40 - 60% SOC, 2.04 V Zn + Na2ZnCl4 (s) ⇆ L1 (ZnCl2/NaCl salt 

liquid) + Na  
C) 60 - 75% SOC, 2.04 - 2.15 V Zn + L1 ⇆ L1 (ZnCl2 content ↗) + Na  
D) 75 - 100% SOC, 2.15 V Zn + L1 ⇆ ZnCl2 (s) + Na 

To summarize these observations, we present a graphical illustration 
of the reaction mechanisms expected for the ternary phase diagram in 
Fig. 5a. Possible reaction mechanisms representing the electrochemical 
cycling data and corresponding to the binary system are shown in 
Fig. 5b. 

We determined the equilibrium potentials stated above by averaging 
the voltages at the start of charge and discharge plateaus in the maiden 
cycles (dashed lines in Fig. 4a-d). This was confirmed by corresponding 
differential capacity plots (dQ/dV, see SI section C, Figure S3). Thus, 
region A) in the voltage profiles at 1.92 V involves the consumption of 

Fig. 4. Electrochemical cycling of Na-ZnCl2 cells with cathode granules and cathode pellet (30% active Zn) at 300 ◦C. Voltage-capacity profiles of the first (maiden) 
cycles for a) cathode granules and b) cathode pellet. Insets: schematic representation of the microstructures of cathode granules and cathode pellet. Voltage-capacity 
profiles at subsequent cycles at variable current densities for c) cathode granules and d) cathode pellet. Dis-/charge energy and energy efficiency per cycle for e) 
cathode granules and f) cathode pellet. 
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all accessible NaCl to form Na2ZnCl4. In region B), a liquid phase (L1) is 
formed from Na2ZnCl4 at 2.04 V. Formation of a single salt liquid phase 
(L1) in region C leads to a sloped voltage profile: its evolving composi-
tion (increasing and decreasing contents in ZnCl2 and NaCl, respec-
tively) leads the cell voltage to increase gradually. Finally, ZnCl2 
precipitates from this liquid salt in region D) at 2.15 V. The average 
equilibrium voltage Veq for this type of Na-ZnCl2 cell amounts to ~2.03 
V. 

Based on the voltage profiles, cells with cathode pellet generally 
show higher overpotentials and stronger voltage fluctuations than cells 
with cathode granules, in particular at SOC <60% SOC (Fig. 4c-d). This 
may be related to their lower porosity/ NaAlCl4 content (44 vs. 53 vol%, 
Fig. 2g,h), which limits mass transport through the thick cathode. The 
voltage profiles of pellets further show a hysteresis at intermediate SOC 
(Fig. 4c,d, e.g. 30–50% SOC). The origin of this hysteresis lies in an 
earlier transition from phase region A) to B) during charge, compared to 
discharge. This suggests the presence of additional overpotentials 
occurring towards the end of phase region A) in the charge reaction 
between Zn and NaCl. For cells with cathode pellet, the voltage hys-
teresis broadens significantly with increasing current density, again 
indicating mass transport limitations in this region. Furthermore, the 
overpotentials are higher in cathode pellets throughout discharge in 
region A), where Na2ZnCl4 decomposes to Zn and NaCl. For cathode 
granules, the voltage hysteresis decreases as the microstructure of 
cathode granules stabilizes during the first cycles at low current density 
(compare Fig. 4c at 5 and 10 mA/cm2, 30 – 45% SOC). As shown by a 
schematic representation in Fig. 4a, the cathode granules present a 
bimodal inter- and intra-granular porosity, with large pore channels 
between granules. The decreasing voltage hysteresis during the first 
cycles (Fig. 4c) indicates that the intra-granular porosity is initially not 
completely filled with NaAlCl4. During the subsequent reaction steps, 
the cycled cathode materials rearrange, enabling access also to the 
active materials inside the granules. The lower porosity in cathode 
pellets results in higher mass transport resistances, compared to gran-
ules. However, the distribution of NaAlCl4 is more homogeneous from 
the beginning, and all active materials are accessible during charge in 

region A). To verify this hypothesis, we mortared cathode granules to a 
fine powder, which we then used to assemble a cell with 20 wt% NaAlCl4 
as done for regular cathode pellets (see Figure S4). This resulted in a 
similar voltage profile at intermediate SOC, confirming that mass 
transport limitations in the granule microstructure are indeed respon-
sible for the hysteresis. Furthermore, the pellet cathode assembled from 
mortared granules does not show increased overpotentials during 
discharge at low SOC (region A). Both observations confirm the influ-
ence of cathode microstructure on the accessibility of active material 
during cycling. Thus, mass transport through the NaAlCl4-filled pore 
channels limits cycling of the present Na-ZnCl2 cells. 

Mass transport limitations and overpotentials further affects the rate 
performance and energy efficiency, which is summarized in Fig. 4e,f for 
both types of cells. The specific charge and discharge energies are dis-
played for each cycle, along with the calculated roundtrip energy effi-
ciency (equal to the voltage efficiency since the cell was cycled within a 
constant 10–90% SOC window). For the cell with cathode granules, the 
discharge energy decreases from 256 to 252 Wh/kg when increasing the 
discharge current from 5 to 10 mA/cm2, with respective energy effi-
ciencies of 97% and 94%. For the pellet cell, the discharge energy de-
creases from 252 to 243 Wh/kg when increasing the discharge rates 
from 5 to 15 mA/cm2, with respective energy efficiencies of 94% and 
89%. Together with the average equilibrium voltage of 2.03 V, these 
energy efficiencies can be used to estimate the average cell resistance, 
which amounts to ~6 Ω cm2 for the cell with cathode granules cells. For 
the cell with cathode pellet, the average cell resistance decreases in the 
first 17 cycles, from ~12 Ω cm2 at 5 mA/cm2 to ~8 Ω cm2 at 15 mA/cm2. 
This trend is also confirmed by impedance measurements performed at 
10% SOC upon discharge (see Figure S5). All other cell components as 
well as the cycling conditions being the same, differences in cell resis-
tance of ≥2 Ω cm2 are fully ascribed to microstructural effects in the 
cathode pellet. In particular, larger pore channels in cells with cathode 
granules result in lower mass transport limitations through molten 
NaAlCl4, compared to cathode pellets. However, despite a lower cell 
resistance, the cycle life of cells with cathode granules was limited (see 
Figure S6 for examples of other cells of the same type). Associated with 

Fig. 5. Reaction mechanisms expected in Na-ZnCl2 cells based on the ternary phase diagram (NaCl2, ZnCl2, AlCl3), compared to those of the binary phase diagram 
(NaCl2, ZnCl2). a) In the ternary system, the Gibbs phase rule suggests a voltage plateau for reaction ii, but sloped voltage-capacity profiles for reactions i, iii, iv, and 
v. b) The cycling results indicate the presence of three voltage plateaus A, B, D and one sloped region C. 
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a progressive voltage increase towards the end-of-charge, cells with 
cathode granules were prone to an early cell failure. Based on visual 
inspection after disassembly, the bimodal microstructure rearranged 
during cycling in cells with cathode granules, thereby affecting elec-
tronic and/or ionic percolation. Capturing the relevant microstructural 
changes responsible for cell failure by scanning electron microscopy is 
challenging, and images obtained after vacuum infiltration with 
NaAlCl4, cool-down to room temperature, and extraction of the cathode 
material from the cell are difficult to interpret (Figure S7). Nevertheless, 
our cycling results clearly indicate that the spherical morphology of Zn 
powder not only affects packing density and electronic percolation of 
Zn/NaCl cathodes, but also their mechanical integrity. The cell with 
cathode granules in Fig. 4a,c,e failed after one charge at 15 mA/cm2, 
completing eleven full charge-discharge cycles (including the maiden 
cycle) with a cumulative capacity of 1.4 Ah. 

For the cell with cathode pellet, cycling was continued at 10 mA/cm2 

(Fig. 6a-b). The cell performed 200 additional cycles (after the first 17 
cycles, i.e. maiden cycle and rate test cycles, 2.2 Ah), resulting in a total 
cumulative capacity of 8.9 Ah/cm2 (217 cycles at 10 – 90% SOC). 
During its life, the cell remained at a temperature of 300 ◦C for 82 days 

(1968 h). With cycling, charge energies increased (from 270 to 280 Wh/ 
kg, +4%) and discharge energies decreased (from 248 to 233 Wh/kg, 
− 6%), resulting in decreasing energy efficiencies between 92% and 83% 
(Fig. 6b). We ascribe this to an increase in overpotentials, which is most 
significant during discharge of cycles 50 to 130. Applying a combined 
constant-current and constant-voltage procedure, a coulombic effi-
ciency of 100% was maintained until cycle 127 (5.2 Ah/cm2), after 
which the coulombic efficiency oscillated around 99.8% (Fig. 6c, see 
Figure S8 for voltage-capacity profiles up to cycle 217). Thus, the 
cycling performance of the cell with cathode pellet can be expressed in 
terms of its average cell resistance (Fig. 6d). A decreasing cell resistance 
in the first 17 cycles indicates beneficial changes to the pellet micro-
structure, e.g. by enhanced percolation (necking) of the metal backbone, 
or by widening the initially narrow NaAlCl4 transport channels. Over the 
subsequent 200 cycles performed at 10 mA/cm2, the average cell 
resistance progressively increased from 8.5 to 18.5 Ω cm2. A pronounced 
phase of degradation occurs between cycle 50 and 130, where the 
average cell resistance increases from 10 to 16 Ω cm2. Conductivity 
measurements on the Na-β’’-alumina electrolyte extracted from the cell 
after cycling showed slightly lower values compared to a fresh reference 

Fig. 6. Extended cycling of Na-ZnCl2 cell with cathode pellet (30% active Zn) at 10 mA/cm2, 300 ◦C. a) Galvanostatic voltage-capacity profiles of cycles 1, 20, 40, 60, 
80 and 100. b) Dis-/charge energy and energy efficiency per cycle. c) Dis-/charge capacity and coulombic efficiency per cycle. d) Average cell resistance per cycle. e) 
Pristine microstructure of Zn/NaCl cathode at 0% SOC, after infiltration with NaAlCl4. f) Postmortem microstructure of the same cathode at 100% SOC, showing 
ZnCl2 grains with sheet-like morphology (inset). g) Postmortem microstructure of zinc particles, after removal of NaAlCl4. 
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sample (0.14 S/cm vs. 0.18 S/cm at 300 ◦C, see Figure S9). This con-
ductivity decrease accounts for an increase in cell resistance by <0.2 Ω 
cm2 at a current density of 10 mA/cm2, and is therefore not a major 
cause for the resistance increase by ~10 Ω cm2. As shown in Fig. 6e-g, 
the degradation in cycling performance is accompanied by significant 
changes of the cathode microstructure. As discussed in Fig. 2, the pris-
tine cathode contains NaCl powder and fine spherical zinc particles ≤ 5 
μm (0% SOC). Fig. 6e displays a cross-section of the cathode pellet after 
vacuum infiltration with molten NaAlCl4, which shows that the particle 
microstructure is maintained after this process. While mostly covered by 
the secondary electrolyte, we can distinguish the spherical morphology 
of the fine zinc particles. After cycling, however, the cathode micro-
structure coarsens significantly. Fig. 6f shows the cathode postmortem 
at 100% SOC, which now also contains ZnCl2 grains with a sheet-like 
morphology (see inset). The ZnCl2 is present in its monoclinic (γ) crys-
talline form, as identified through XRD (Figure S10). Despite a mod-
erate active metal content of 30%, fine spherical zinc particles are no 
longer visible. Removal of NaAlCl4 by washing in isopropanol reveals 
that all remaining zinc has agglomerated into much larger (>> 10 μm), 
partially interconnected particles with variable morphology. This in-
dicates that microstructural coarsening, driven by agglomeration of zinc 
particles, was a major cause of degradation in this particular Na-ZnCl2 
cell. 

Conclusions 

Firstly, our study on Zn/NaCl and Ni/NaCl model cathodes showed 
that the filamentary morphology of Ni255 facilitates electronic perco-
lation, which was maintained even at 7 vol% of Ni powder. With 
spherical Zn powder, electronic percolation was disturbed when the 
volume fraction of Zn decreased to 21 vol% (40% active Zn) and below. 
Furthermore, the spherical morphology of the zinc powder resulted in a 
higher relative density (+10%), which impaired infiltration of the sec-
ondary electrolyte. Based on these results, we tailored the composition 
of cathode granules and cathode pellets with 30% active metal content 
to maintained electronic percolation down to a Zn volume fraction of 20 
vol% at an areal capacity of ~50 mAh/cm2. 

Secondly, we related the succession of phases in the cathode during 
cycling of Na-ZnCl2 cells to the corresponding ternary NiCl2-NaCl-AlCl3 
phase diagram at 300 ◦C. However, during continuous cycling at 5–15 
mA/cm2, the electrochemical behavior of the present system is more 
similar to the binary ZnCl2-NaCl phase diagram. This indicates that, in 
the conditions adopted for this study, the secondary NaAlCl4 electrolyte 
does not mix with other chloride species, as predicted for thermody-
namic equilibrium. This sets a basis to study the relevant reaction and 
aging mechanisms in Na-ZnCl2 cells in more detail in further studies. We 
further demonstrated the influence of cathode microstructure on the 
electrochemical cycling performance of cells with Zn/NaCl cathode 
pellet or cathode granules. In early cycles, cathode granules provided 
lower overpotentials, with energy efficiencies around 94% at a current 
density of 10 mA/cm2 (vs. 91% for cathode pellets). Nevertheless, cells 
assembled with cathode granules systematically showed an early failure, 
while long term cycling was achieved with the new pellet formulation. 
For the latter, 217 cycles were conducted at an operating temperature of 
300 ◦C (~3 months), and a cumulative capacity of 8.9 Ah/cm2 was 
transferred at energy efficiencies >83% at C/5. 

Thirdly, postmortem analyses of the ceramic Na-β’’-alumina elec-
trolyte indicated only minor degradation in terms of ion conductivity. 
Instead, significant microstructural coarsening and agglomeration of 
zinc particles at the cathode were revealed as a major cause of degra-
dation of this cell. Future studies should focus on stabilizing the cathode 
microstructure. Similar to state-of-the-art Na-NiCl2 batteries, this could 
be achieved by the use of suitable additives [22,23,44-46]. Furthermore, 
integration of structural elements[23] or limitations of the SOC range to 
selected phase regions [17] are promising options. 
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