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Abstract

Sodium-nickel-chloride batteries have a proven track record for backup power applications,
but also show great potential for large-scale stationary electricity storage currently domi-
nated by lithium-ion batteries. While lithium-ion cells rely on critical cobalt and lithium,
sodium-nickel-chloride batteries are based on abundant, non-critical sodium chloride,
nickel, and alumina, and are thus ideally suited for large-scale deployment. However, to be
competitive with lithium-ion batteries, the charge and discharge rate capabilities of so-
dium-nickel-chloride batteries need to be improved and cell production cost needs to be
reduced.

In this PhD thesis, rate limiting processes in state-of-the-art sodium-metal-chloride cells are
assessed and measures are proposed to improve their performance and reduce cost.

On the negative electrode, plating and stripping of liquid sodium metal from a ceramic Na-
B"-alumina electrolyte is investigated at 250 °C in a home-built, specifically-designed high-
temperature electrochemical cell. Operating the negative electrode above the melting
temperature of sodium eliminates mass transport limitations at the sodium/Na-B"-alumina
interface and enables stable cycling at unprecedentedly high current densities above 1000
mA/cm? without sodium metal dendrite formation.

On the positive electrode, the chlorination and de-chlorination conversion reactions of
nickel and iron in sodium tetrachloroaluminate electrolyte are investigated at 300 °C em-
ploying planar model electrodes. Analysis of cyclic voltammetry data reveals a diffusion
limitation during oxidation with a diffusion coefficient of 2.3-10"3 cm?/s for the nickel elec-
trode and an upper bound of 1.2-:10° cm?/s for the iron electrode. Post-mortem analysis of
the electrodes shows that chlorination of the nickel electrode proceeds via uniform oxida-
tion of nickel and the formation of NiCl, platelets on the surface of the electrode. In con-
trast, the chlorination of the iron electrodes proceeds via stress-induced cracking, resulting
in non-uniform iron oxidation and the pulverization of the iron electrode. For enhanced
rate capability, it is thus important to improve transition-metal-ion diffusion in the tetra-
chloroaluminate electrolyte, preferably by enhancing metal-ion mobility.

A complementary approach to improve the rate capability of sodium-nickel-chloride bat-
teries is to modify the microstructure of the positive electrode. By moving from planar
model electrodes to high-capacity porous electrodes, it is shown how microstructure de-
sign can improve sodium-ion transport across the porous positive electrode. By these
measures, the nominal discharge current density could be increased from 70 to 150
mA/cm? demonstrating the potential for further improvements in rate capability.

To reduce production cost of sodium-nickel-chloride batteries, the replacement of tubular
Na-B"-alumina electrolytes by planar Na-B"-alumina electrolyte discs is investigated. De-
spite their potential for lower cost, the use of planar discs results in severely higher me-
chanical stress on the electrolyte. A practical solution to mitigate the gas pressure differ-
ence is to seal the cell below atmospheric gas pressure allowing implementation of planar
electrolyte discs.

Insights into the transport and conversion processes at the electrodes presented in this
PhD thesis will contribute to enable competitive high-power sodium-nickel-chloride batter-
ies for stationary electricity storage.
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Zusammenfassung

Natrium-Nickel-Chlorid-Batterien haben sich fir Notstromanwendungen bewahrt, zeigen
aber auch Potenzial fiir stationdre Stromspeicherung, die derzeit von Lithium-lonen-Batte-
rien dominiert wird. Wahrend Lithium-lonen-Zellen auf kritisches Kobalt und Lithium ange-
wiesen sind, basieren Natrium-Nickel-Chlorid-Batterien auf reichlich vorhandenem, unkri-
tischem Natriumchlorid, Nickel und Aluminiumoxid und sind daher ideal fir den grol-
technischen Einsatz geeignet. Um aber mit Lithium-lonen-Batterien konkurrieren zu kon-
nen, missen Lade- und Entladeraten erh6ht und die Produktionskosten gesenkt werden.
In dieser Dissertation werden die ratenbegrenzenden Prozesse in Natrium-Metall-Chlorid-
Zellen identifiziert und Mallnahmen zur Verbesserung ihrer Leistung und Kostensenkung
vorgeschlagen.

An der negativen Elektrode wird die elektrochemische Reduktion und Oxidation von fliissi-
gem Natrium an einem Na-B"-Aluminiumoxid-Elektrolyten bei 250 °C in einer elektroche-
mischen Hochtemperaturzelle untersucht. Die Verwendung der negativen Elektrode ober-
halb der Schmelztemperatur von Natrium eliminiert Massentransport Limitationen an der
Natrium/Na-B"-Aluminiumoxid-Grenzfliche und ermdoglicht stabile Zyklen mit beispiellos
hohen Stromdichten von tiber 1000 mA/cm? ohne Bildung von Dendriten.

An der positiven Elektrode werden die Chlorierung und De-Chlorierung von Nickel und Ei-
sen in Natriumtetrachloraluminat bei 300 °C mit ebenen Modellelektroden untersucht. Li-
neare Voltammetrie zeigt eine Diffusionslimitierung wahrend der Oxidation mit einem Dif-
fusionskoeffizienten von 2,3:10 cm?/s fiir die Nickelelektrode und 1,2-10° cm?/s fiir die
Eisenelektrode. Die Analyse der Elektroden zeigt, dass die Chlorierung der Nickelelektrode
durch eine gleichmaRige Oxidation und die Bildung von NiCl,-Plattchen auf der Oberflache
der Elektrode erfolgt. Im Gegensatz dazu fiihrt die Chlorierung der Eisenelektrode zu span-
nungsinduzierter Rissen, die eine ungleichméaRige Eisenoxidation und Pulverisierung der Ei-
senelektrode zur Folge haben. Fiir die Erh6hung der Ratenfahigkeit ist es daher wichtig, die
Metall-lonen-Diffusion im Tetrachloroaluminat zu verbessern, vorzugsweise durch die Er-
hohung der Metall-lonen-Mobilitat.

Ein erganzender Ansatz zur Verbesserung der Ratenfahigkeit von Natrium-Nickel-Chlorid-
Batterien ist die Anpassung der Mikrostruktur in der positiven Elektrode. Der Wechsel von
ebenen Modellelektroden zu pordsen Elektroden mit hoher Kapazitat zeigt, wie die Gestal-
tung der Mikrostruktur den Natriumionentransport durch die porése Elektrode verbessern
kann. Durch diese MaRRnahmen konnte die Entladestromdichte von 70 auf 150 mA/cm? er-
hoht werden und weiteres Potenzial flir die Erh6hung der Ratenfahigkeit von Natrium-Ni-
ckel-Chlorid-Batterien aufgedeckt werden.

Um die Produktionskosten von Natrium-Nickel-Chlorid-Batterien zu senken, wird der Ersatz
von rohrenformigen Na-B"-Aluminiumoxid-Elektrolyten durch Na-B"-Aluminiumoxid-Elekt-
rolyt-Scheiben untersucht. Neben den niedrigeren Kosten fiihrt diese Anderung jedoch zu
einer hoheren mechanischen Beanspruchung des Elektrolyten. Um den Druckunterschied
zu verringern, erwies sich die Reduktion des atmospharischen Drucks wahrend der Versie-
gelung der Zelle als probates Mittel.

Die in dieser Dissertation prasentierten Erkenntnisse zu Transport- und Reaktionsprozes-
sen werden zur Erhéhung der Wettbewerbsfahigkeit von Natrium-Nickel-Chlorid-Batterien
flir die stationdre Stromspeicherung beitragen.

Vi



Nomenclature

Greek symbols

Uag/c
Ns
Nnc
P
Q1
®2
Ap
o

Omax

Anodic and cathodic charge transfer coefficient [-]
Surface overpotential [V]

Coulombic efficiency [-]

Density [g/cm?]

Potential of electron conducting phase [V]
Potential of ion conducting phase [V]

Pressure difference [pa]

Conductivity [S/cm]

Maximum relevant stress [pa]

Scan rate [V/s]

Arabic symbols

Surface area [cm?]

Slope from Randles-Sevcik plot [A/cm?-(V/s) ]
Concentration [mol/cm?3]

Diffusion coefficient [cm?/s]

Equilibrium potential of an electrochemical reaction [V]
Upper boundary voltage [V]

Faraday constant [C/mol]

Current density [A/cm?]

Molar mass [g/mol]

Mass [g]

Charge [C]

Universal gas constant, 8.314 [J/molK]

Radius [mm)]

Temperature [K]

Time [s]

Electrolyte thickness [mm)]

Volume [cm?3]

Number of electrons involved in a electrochemical reaction [-]

Vii



Abbreviations
CC

CCD

CE

CSIR
cv
DOD
EDS
Fe-FeCl,
LSV
NaAICI4
NaNiCl
NaS
Ni-NiCl,
NMC
NiMH
SEM
SHE
SOC
WE
XRD
ZEBRA

Constant current

Critical current density for dendrite formation
Counter electrode

Council for scientific and industrial research
Constant voltage

Depth of discharge

Energy-dispersive x-ray spectroscopy
Iron-iron chloride electrode

Linear sweep voltammetry

Sodium tetrachloroaluminate
Sodium-nickel-chloride battery
Sodium-sulphur battery

Nickel-nickel chloride electrode
Nickel manganese cobalt oxide
Nickel-metal hydride battery
Scanning electron microscopy
Standard hydrogen electrode

State of charge

Working electrode

X-ray diffraction

Zeolite battery research Africa
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1. Introduction

The 2015 Paris agreement on climate change was signed by 195 nations and strives to limit
global temperature increase well below 2 °C above pre-industrial levels, binding govern-
ments worldwide to reduce global greenhouse gas emissions (e.g. CO3).13! Electricity pro-
duction requires particular attention, as this sector currently accounts for about one third
of global greenhouse gas emissions.] Decarbonization strategies foresee mainly the reduc-
tion of fossil-fuel-burning coal and gas power plants towards renewable hydro, wind, and
solar power generation.

Already before the Paris agreement, the nuclear disaster of the Japanese Fukushima power
plant in 2011 caused governments worldwide to reconsider national electricity supply. As
a direct cause of this accident, the European countries Germany, Belgium, and Switzerland
decided to follow Austria and Italy towards nuclear-free electricity production.? For Swit-
zerland, the phase-out of nuclear technology implies that 19.5 TWh or 32% of the total
electricity production have to be covered by alternative and efficiency increasing measures
every year till 2034.[©

Further challenges for future electricity supply arise from the mobility sector. The transition
from conventional fossil-fuel-powered internal combustion engines to plug-in hybrids and
battery-powered electric vehicles will lead to an increase in electricity demand. The deci-
sion of the council of the European Union from 2018 to reduce the CO2-emission norm for
light motorcars from today's 95 g/km in average to 62 g/km in 2030 will accelerate this shift
and force car manufacturers to design, build, and sell more electric vehicles in the near
future.”) Synthesis of CO, — neutral hydrocarbon based fuels for future marine shipping and
aviation will further increase electricity consumption.® Since 2017, the "Energiestrategie
2050" regulates the stepwise reduction of CO; emissions, phase-out from nuclear power
plants and their replacement with more sustainable technologies in Switzerland. A key
measure of this action plan is the promotion of domestic renewable electricity production
by means of hydro, solar, wind, biomass, and geothermal power to compensate the fossil
and nuclear phase-out. Especially solar and wind energy suffer from their intermittent
nature due the dependency on local meteorological conditions and season-dependent
weather conditions.
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Figure 1-1: Comparison of total electricity consumption in Switzerland® and electricity pro-
duction by Mont Soleil's solar power plant®®’ evidencing the temporal mismatch between
electricity supply and demand.

In figure 1-1, the orange graph shows an example of the electricity production profile of
the photovoltaic plant on Mont Soleil, Switzerland, on a sunny summer day peaking near
noon.! The blue graph represents Switzerland's total electricity consumption on a typical
working day in summer.[®! Two prominent peaks can be found at 9 am and 7 pm.®! The daily
temporal mismatch between renewable electricity production and demand requires an in-
traday storage solution. Besides pumped hydro and other storage technologies, recharge-
able batteries are a formidable solution to store the surplus in electricity production during
the day and shift it towards peak demand in the morning and evening hours.!*% Batteries
of different size and cell chemistry already power many of our everyday energy needs. A
battery stores electrical energy in the form of chemical energy.[*® The chemistry, on which
these storage devices rely on, strongly affect their specific energy content, power capabil-
ity, operating temperature, cost, lifetime, and environmental impact.

Most prominently, lithium-ion batteries enable portable electronic devices such as smart
phones and laptops with an energy content of about 10 Wh*!l, but also power electric cars
with batteries of up to 100 kWh?, Also used for stationary applications(*3], the largest bat-
tery of this type is the 1600 MWh grid storage plant*¥, located in Moss Landing, California,
USA. The lithium-ion battery most commonly uses a graphite anode and a transition metal-
oxide cathode! %, With a nominal cell potential of 3.7 V, and a gravimetric energy and
power density of 250 Wh/kg and 500 W/kg on cell level, these batteries excel most other
battery chemistries in terms of performance.7/8!

In terms of performance, lithium-ion systems are the battery of choice,*®! but their cell
chemistry is based on lithium and cobalt, which are classified as critical raw materials by
the European Commission due to challenges in the supply chain resulting from geological,
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political, economic, ecological, and social factors.[?°23 While it is predicted that lithium and
cobalt reserves are sufficient to fulfill the demand in lithium-ion batteries from the mobility
sector, not enough lithium and cobalt are available, if lithium-ion batteries are to be de-
ployed at scale for stationary storage applications.?*! For example, the stationary grid stor-
age plant in Moss Landing has a capacity of 1600 MWh!*4, mentioned above, comprises
about sixteen thousand large, nickel-manganese-cobalt-oxide-based (NMC111) electric car
batteries with a total cobalt content of 950 tons. %%

An alternative to lithium-ion batteries for stationary storage applications are high-temper-
ature sodium-sulphur (NaS) batteries. The sodium-sulfur battery produced by the Japanese
company NGK located in Abu Dhabi provides a storage capacity of 648 MWh.[?®! This bat-
tery type is operated at 300-350 °C, uses a liquid sodium metal anode, sulphur as cathode
material, a solid-state ceramic sodium-B"-alumina electrolyte. Consequently, it is consti-
tuted exclusively of abundant, non-critical raw materials. With a nominal cell potential of
2.1 V271 the gravimetric energy and power densities are typically on the order of 120
Wh/kg and 100 W/kg on cell level.[?8

This PhD thesis focuses on a second alternative to lithium-ion batteries, the high-tempera-
ture sodium-nickel-chloride (NaNiCl) battery. These are also operated at 300 °C and provide
higher gravimetric energy and power densities on the order of 140 Wh/kg?®! and 179
W/kg?°3% on cell level than NaS cells. Sodium-nickel-chloride batteries avoid the use of
critical and rare elements.[2®2031 Similar to sodium sulfur batteries, these batteries feature
a liquid sodium metal anode, a solid-state ceramic sodium-B"-alumina, but replace the sul-
fur on the positive electrode with nickel as active material.[3?! These batteries are produced
in Switzerland by the Swiss company FZSonick and are already successfully deployed for
backup power applications in mobile telecommunication antennas.3! In particular, their
low self-discharge rate compared to lithium-ion batteries qualifies sodium-nickel-chloride
batteries for backup power applications.?* However, sodium-nickel-chloride batteries also
show great potential for large-scale stationary electricity storagel?®3*), as successfully
shown with a 0.54 MWh installation in Switzerland (figure 1-2).53¢) When comparing the
lithium-ion to the sodium-nickel-chloride battery's energy and power density, one has to
consider that comparison on a system level is more favorable for the sodium-nickel-chlo-
ride chemistry. Overall, this results in a relatively small reduction in specific energy, but still
a significant drawback in specific power for the sodium-nickel-chloride chemistry. Origin is
the narrow optimal operating temperature of 15-35 °C for lithium-ion batteries leading to
heating, cooling requirements and additional weight on a battery system level,’®” while the
sodium-nickel-chloride battery's high operating temperature requires heating only. A sum-
marized overview comparing energy density, power density, nominal cell voltage, and op-
erating temperature of Li-ion, NaS, and NaNiCl batteries is shown in table 1-1.



Introduction

e

Figure 1-2: Largest sodium-nickel-chloride battery in Switzerland with a capacity of 0.54
MWh, image taken with permission from: Genossenschaft Migros Ziirich.

Li-ion NaS NaNiCl
Energy density [Wh/kg] 250 120 140
Power density [W/kg] 500 100 179
Nominal cell potential [V] 3.7 2.1 2.58
Ideal operating temperature [°C] 15-35 350 300

Table 1-1: Comparison of Li-ion, NaS, and NaNiCl batteries, data from ref. 17, 18, 27-30.

This PhD thesis investigates the rate limiting processes in sodium-nickel-chloride batteries
with the aim to derive design guidelines to improve the power performance of this tech-
nology enabling application in the emerging stationary electricity storage market. Ideally,
design guidelines should also facilitate cell assembly to reduce cell manufacturing cost
while promoting long-term cycling stability, which is key for reducing the cost of energy
stored per cycle and the levelized cost of energy stored.
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1.1 History of the sodium-nickel-chloride battery

Sodium-nickel-chloride batteries belong to the group of molten salt or ZEBRA batteries,
which is a group of rechargeable high-temperature sodium-metal chloride batteries oper-
ated at around 300 °C. The term ZEBRA stems from a research project at the Council for
Scientific and Industrial Research (CSIR) in Pretoria, South Africa, named "ZEolite Battery
Research Africa". Later, the acronym was associated with the more general description of
"Zero Emission Battery Research Activities".

The development of these high-temperature sodium batteries dates back to 1967, when
engineers at Ford Motor Company first presented a rechargeable sodium-sulfur battery
cell.B% Towards a battery technology for motive power applications, they selected elec-
trode materials in the molten state, providing a high mobility of electroactive species. A
Na-B"-alumina ceramic as solid electrolyte provided an unprecedented match of high and
selective ion conductivity with good mechanical and (electro-) chemical stability.[*®) How-
ever, the highly corrosive molten sulfur cathode and its violently exothermic reaction in
contact with sodium upon cell rupture impeded initial commercial applications of sodium-
sulfur batteries, and triggered efforts to implement alternative materials on the positive
electrode.

This motivated research on a safer high-temperature technology, leading to a first patent
application on sodium-metal chloride cells by CSIR in 1978.1! The new technology, which
would later become the ZEBRA battery, took over the tried and tested Na-B'-alumina elec-
trolyte and liquid sodium anode from the sodium-sulfur technology. At the positive elec-
trode, it applied solid transition metal chlorides immersed in a molten salt, sodium tetra-
chloroaluminate electrolyte (NaAlCls) to enable fast reaction kinetics and a high mobility of
electroactive species. At first, the development of sodium-metal chloride cells focused on
iron as transition metal, providing a theoretical capacity of 310 mAh/g.[*?l The results were
reported in scientific literature only after a decade of development, in 1986.1% As one of
the researchers, Johan Coetzer at CSIR, pointed out, a viable battery required a suitable
combination of electrochemical performance, materials cost, and safety characteristics. By
that time, Na/Fe-FeCl; cells had already been successfully applied in electric cars with bat-
teries on kWh-scale, demonstrating a safe chemistry. Soon after, further progress was
demonstrated for cells based on nickel (Na/Ni-NiCly) instead of iron, providing a compara-
ble theoretical capacity (305 mAh/g), but higher cell voltage (2.59 V for Ni-NiCl; vs. 2.35 V
for Fe-FeCl; at 250 °C).[*Y Even more importantly, Na/Ni-NiCl, cells provided a superior cy-
cle life, compared to Na/Fe-FeCl, cells.? In addition, cells were now assembled in the dis-
charged state, without the need to handle metal chlorides and metallic sodium. Instead, a
sintered mixture of Ni metal and NaCl powder was applied as positive electrode, and the
sodium negative electrode was generated electrochemically during the first charge. Further
improvements were made by introducing the electrode materials in compacted powder
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form, and by improving cell and battery design to suit the target markets of industrial trac-
tion and automotive applications.[*3! After another decade, in 1998, AEG Anglo Batteries
produced maintenance-free ZEBRA battery systems for electric vehicles in a pilot line,
which offered higher energy density than the lead acid and NiMH batteries available at that
time.[*¥ Soon after, an improved ZEBRA battery type was demonstrated, providing a spe-
cific energy of about 140 Wh/kg on cell level.**! In 1999, the company MES-DEA acquired
and industrialized the ZEBRA battery technology in Stabio, Switzerland,®¥ with a focus on
electromotive applications. In a first phase, a production capacity of 40 MWh per year was
implemented with a specific energy and power of 120 Wh/kg and 180 W/kg on cell level,
with respect to the entire battery system.3%%® |n 2011, General Electric (GE) entered de-
velopment and fabrication of commercial sodium-nickel-chloride batteries in the US, with
large-scale grid storage as a target market. However, market expectations in terms of de-
mand were too high at that time, and consequently GE had to first drastically scale back
and finally cease production of this battery technology in 2015.474°!

Currently the only remaining producer of commercial sodium-nickel-chloride batteries is
the company FzSoNick in Switzerland. Their batteries are mainly deployed as back-up
power source for telecommunication antennas, but also show strong potential for large-
scale grid storage needed for the implementation for renewable energy production.[2%:33:35]

1.2 Working principle of the sodium-nickel-chloride battery
1.2.1 Construction and cell reactions

Cells in a sodium-nickel-chloride battery feature a liquid sodium metal negative and a po-
rous positive electrode mainly consisting of interconnected nickel particles and sodium
chloride (figure 1-3). Both electrodes are separated by a ceramic sodium-B"-alumina (Na-
B"-alumina) electrolyte. A secondary electrolyte consisting of molten tetrachloroaluminate
(NaAICls) saturated with sodium chloride (NaCl) fills the pores in the positive electrode
compartment.

Sodium-nickel-chloride batteries are operated near 300 °C. At this temperature, the so-
dium-ion conductivity of Na-B'-alumina (~0.2 S/cm®)) and molten NaAICls (~0.65 S/cm[>%))
is sufficiently high to enable continuous discharge currents densities of up to 50 mA/cm? in
commercial cells.l?®3%51 NaAICl, saturated with NaCl can be treated as a concentrated mix-
ture of a binary molten salt with Na* and CI" ions and neutral AICl3 species.?

In commercial cells, the major constituents of the cathode, Ni and NaCl, are combined with
Al and Fe to improve the battery performance according to the following reactions (cell
potentials at 280420 °C):[46:>3
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Al + 4 NaCl & NaAlCl, + 3 Na, E° = 1.60 Vvs.Na/Na™* Reaction 1
Fe + 2 NaCl & FeCl, + 2 Na, E° ~ 2.35Vvs.Na/Na* Reaction 2
Ni+ 2 NaCl & NiCl, + 2 Na, E° = 2.58 Vvs.Na/Na™* Reaction 3

Only during first charge above 1.6 V, small amounts of Al lead to additional sodium at the
negative electrode, and additional NaAICl4 at the positive electrode following reaction (1).
At the same time, electrochemical oxidation of Al increases the rate performance by en-
larging the available surface area of the solid electrode materials. Reaction 1 is usually not
used in normal battery operation, where a lower voltage limit at 1.8 V vs. Na/Na+ is en-
forced by the battery management system. Iron (2) enhances the pulse power capability at
high depths of discharge (DOD), while decreasing materials cost. Nickel (3) is applied in
excess to maintain electronic conductivity in the electrode at all states of charge (SOC),
utilizing about 30 % in the electrochemical reaction.**! The low utilization rate of nickel
significantly reduces the gravimetric energy density of the cathode composite, e.g. from
theoretically 305 mAh/g to about 159 mAh/g.l**>° However, the presence of a percolating,
unreacted nickel backbone is required to ensure electronic conduction through the thick
cathode also in fully charged cells.®! Loss of contact, resulting from conversion of nickel to
electronically insulating nickel chloride during prolonged charge/discharge cycling repre-
sents an important capacity fading mechanism

Chlorination of nickel starts in proximity of the Na-B"-Al,Os electrolyte and proceeds away
from it towards the cathode current collector as the battery is charged.®® This causes an
increase of cell resistance as the battery charging proceeds. This is ascribed to prolonged
ionic pathways, which directly affect the charge (but also discharge) power capability of the
cell. The progression of the reaction front strongly depends on the surface area of the po-
rous nickel electrode and other microstructural parameters such as the tortuosity and
length of the ion path.

Sodium-nickel-chloride cells are always assembled in the discharged state.® During the
first charge, also called maiden charge, sodium is electrochemically produced by plating in
the anode compartment following the reaction:*”!

Nae Nat +e” Reaction 4

To avoid depletion of sodium on the anode side during consecutive cycles, only 80-85% of
the sodium plated during the maiden charge is cycled.®! Cells are typically cycled for about
10 cycles, during which cell resistance reduces before they are send out to the cus-
tomer.[56,59,60]
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Cathode

Figure 1-3: Working principle of a sodium-nickel-chloride battery during discharge.

1.2.2 Operational safety

Operational safety is a clear advantage of this technology.®!l In terms of cell chemistry, the
dominating failure mode is of a passivating nature. This is because the molten phases, so-
dium and the salt electrolyte (NaAlCls), react to rock salt and aluminum. These phases are
solid up to temperatures of 800 °C and 660 °C, respectively.!#6:62]

3 Na + NaAlCl, « 4 NaCl + Al Reaction 5

As a result, eventual cracks in the ceramic electrolyte lead to electric short-circuiting of a
cell by formation of percolating aluminum structures. These short circuits represent a safe
failure mechanism, and batteries comprising hundreds of cells were demonstrated to op-
erate with 5-10% failed cells, at slightly reduced cell voltage.[“®! As the only battery chem-
istry, sodium-nickel-chloride packs fulfil the UL9540A test norm, making thermal run away
an unlikely event.t®3 Further studies with abusive testing of sodium-nickel-chloride batter-
ies proved the safe failure mode.>7:6264]

1.3 Objectives and outline of this PhD thesis

Sodium-nickel-chloride batteries are based on abundant and cheap raw materials, namely
rock salt, nickel, and alumina. They are a viable candidate for environmentally benign and
safe, large-scale electricity storage. However, while being compatible in terms of energy
density, the rate capability of sodium-nickel-chloride is significantly lower and cell cost is
higher compared to state-of-the-art lithium-ion batteries.



Introduction

This PhD thesis investigates the rate limiting processes in sodium-nickel-chloride batteries
with the aim to derive design guidelines for improved the power performance of this tech-
nology and enable application in the emerging stationary electricity storage market. Ideally,
design guidelines should also facilitate cell assembly to reduce cell-manufacturing cost and
promote long-term cycling stability, which is key for reducing the cost of energy stored by
cycle and the leveled cost of energy stored.

The outline of this PhD thesis below is provided as a guide to the reader. As the main part
of this thesis in chapters 3, 4, 5, and 6 contains published articles, certain redundancies
cannot be avoided.

Chapter 2 gives an overview of methods applied and developed in this PhD thesis. A mod-
ular, self-designed high-temperature electrochemical cell serves as experimental platform
for most of the experiments. Its design is described in this chapter. Governing equations
related to battery modelling are introduced and set into the context of sodium-nickel-chlo-
ride batteries along with a short description of electrochemical techniques applied in this
thesis.

In chapter 3, potential rate limitations arising from the battery's liquid sodium negative
electrode in contact with the ceramic Na-B'-alumina electrolyte are investigated in sym-
metric cell configuration. Stripping and plating at 10-2600 mA/cm? and temperatures rang-
ing between 140 and 250 °C revealed that the negative electrode is not limiting the overall
rate-performance of the sodium-nickel-chloride battery.

The conversion reaction occurring on the positive electrode of the sodium-nickel-chloride
battery is investigated in chapter 4 in asymmetric cell configuration. Planar model elec-
trodes are employed to isolate phenomena associated with the de-/chlorination of the
nickel and iron electrodes in sodium tetrachloroaluminate (NaAlICl4) at 300 °C from micro-
structural effects dominating porous electrodes. Combining electrochemical methods with
post-mortem morphological analysis of the electrodes reveals that de-/chlorination of
nickel is very different from de-/chlorination of iron from which important battery design
guidelines are derived.

In chapter 5, design guidelines derived from planar model electrodes are applied to en-
hance the rate capability of high-capacity porous electrodes demonstrating unprecedented
current densities.

Chapter 6 gives a perspective on potential cell cost reduction in sodium-nickel-chloride bat-
teries. Replacing the currently used tubular Na-B"-alumina electrolytes by planar Na-B"-
alumina electrolyte discs promises cost advantages due to facilitated quality control and
cell manufacturing, but results in higher mechanical stress on the planar electrolyte in-
duced by volume changes on the negative and positive electrode upon cycling.

Finally, chapter 7 concludes this thesis and gives an outlook on future work to be carried
out in order to enhance the rate-capability of sodium-nickel-chloride batteries.
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2. Methods

2.1 Development of a modular, high-temperature electrochemical cell

2.1.1 Electrochemical cell

In a first step, a modular, electrochemical cell for high-temperature operation was de-
signed, constructed, tested, and debugged. The cell serves as an experimental platform to
determine rate-limiting processes on the negative and positive electrode. The operation
of sodium-nickel-chloride cells involves molten and corrosive phases (e.g. sodium and
NaAICls), which need to be reversibly supplied to the Na-f"-alumina electrolyte interfaces
during cycling. Management of the molten phases is further complicated by significant vol-
ume changes occurring in the cell, both due to thermal expansion, and due to the electro-
chemical reactions of the active materials at different state-of-charge.

Thus, requirements for the cell design are:

) Modular design, enabling alterations to cell configuration and electrode materials

o Operation at temperatures up to 350 °C

) Sealing of positive and negative electrode compartments, protection of active com-
ponents from ambient atmosphere

) Secure preload of active materials to Na-B'-alumina electrolyte interface

) Management of liquid phases (liquid sodium and NaAICls) during cell operation

) Homogenous temperature distribution within the cell

) Online temperature surveillance during operation

The design has to accommodate different cell configurations, allowing operation as sym-
metric cell with two sodium metal electrodes or as asymmetric cell combining a sodium
metal negative electrode with a Ni-NiCl, positive electrode, with both planar and porous
positive electrodes. Further, in asymmetric cell configuration, the planar electrodes should
be interchangeable to allow mechanistic studies of nickel and iron de-/chlorination. A cen-
tral part of the cell assembly are two ceramic a-alumina rings/collars with 20 mm inner
diameter and 9 mm height provided by a commercial supplier. a-aluminais an electric and
ionic insulator compatible with the corrosive high-temperature environment. With growing
demand in cell capacity and therefore in thicker positive electrodes, a new design with 17
mm height of the a-alumina rings/collar was introduced. A sodium-ion-conducting Na-B"-
alumina electrolyte disc is sandwiched between the two a-alumina collars, separating the
anode from the cathode compartment. Na-B"-alumina discs of thickness 0.3-3 mm with
tightly controlled microstructure (grain size, porosity) and sodium content are prepared
based on the results of another PhD thesis conducted in our lab.™! Sintered discs are surface
ground at the Empa workshop. For practical lab use, an electrolyte thickness of 1 mm is set

14



Methods

representing a compromise between sodium-ion conductance and sufficient mechanical
robustness.

A glass sealing paste developed by FZSonick, which requires sintering at 1010 °C, is em-
ployed to glue the two a-alumina collars onto the Na-B"-alumina disc. The assembly is com-
pressed between two stainless steel blind flanges using six M6 bolts, electrically isolated
from the steel flanges with ceramic alumina washers to avoid a short-circuit between neg-
ative and positive electrode.

Graphite foils with a thickness of 1 mm seal the a-alumina rings to the steel flanges pre-
venting exposure of the active material to the surrounding atmosphere. Cell assembly is
performed in an argon-filled glovebox, so the gas space of the cell is filled with argon.
Nickel 201 offers manufacturability and a larger thermal expansion coefficient (16:10®
1/K)2 than a-alumina (6.9:10° 1/K)®. The fitting between the two was set to ISO H9/e8 at
300 °C, which gives the piston a 40 - 125 um smaller diameter than the a-alumina collar.
This allows movement and therefore compensation of volume changes in the electrodes
during charge/discharge cycling and sealing of liquid active components. Due to larger ther-
mal expansion coefficients for nickel, this translates to a "less tight" fitting of H8/e8 for
manufacturing at 20 °C, which gives the piston an 80 — 146 um smaller diameter than the
a-alumina collar at room temperature. The theoretical fitting calculation was tested on a
hot plate to ensure proper movement at 300 °C (figure 2-1).

Piston

Figure 2-1: Testing movement of nickel piston in a-alumina collar at 300°C on hot plate.

In commercial cells, the Na-B"-alumina is pressed and sintered into the shape of a tube that
is closed on the bottom side, which contains the electrode composite consisting of nickel
powder, NaCl, and NaAICls. This tubular electrolyte design guarantees the contact between
composite and the Na-B"-alumina electrolyte during operation. For the planar cell configu-
ration, a spring-loaded nickel piston pushes the cathode composite towards the electrolyte
(figure 2-2a). Management of the liquid components of the electrochemical cell turned out
to be critical. Leakage of liquid sodium and NaAIClsinto the spring compartment is further
suppressed by a carbon foil filling the gap between the nickel piston and the a-alumina
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collar (arrow in figure 2-2b). A nickel wire with a diameter of 1 mm connects the piston
electrically to the steel casing with a resistance of 10 mQ and bypasses the relatively resis-
tive preload spring (160 mQ). Each casing side contributes 7 mQ to the overall resistance
of the assembly. Glass fiber insulated nickel wires with a resistance of 12 mQ ensure exter-
nal electrical connection and are clamped to the outside of the stainless steel casing by M3
bolts. An equivalent circuit of one side of the cell starting with the external nickel cables
progressing to Na-B"-alumina electrolyte without active material is shown in figure 2-2c.
For reproducible temperature measurements a thermocouple (type K) is inserted in a
groove at the interface between a-alumina and Na-B"-alumina. The glass seal between
these two components also glues the temperature sensor and keeps it securely in place
after tempering. An image of the entire cell comprising with temperature sensor and con-
nection cables is shown in figure 2-2d.

a = b
Spring -
a-alumina
Piston
Na-B”-alumina
Graphite seal
o
160 mQ
f_l_\
Spring =
Ext. cable W Casing -[ ]- Biston P
alumina
Cable
\ [} Y J \ T ) L Y J \ T )

12 mQ 7 mQ 10 mQ 5mQ 160 mQ

Figure 2-2: a) Drawing of high-temperature electrochemical cell design; b) Cell casing with
spring-loaded titanium piston and additional nickel wire electrical connection, the red arrow
points to the graphite piston ring; c) Equivalent circuit for one half of the cell including ex-
ternal connection cables and Na-p"-alumina at 300 °C (Imm thick, 20 mm diameter); d)
Assembled cell with temperature sensor (green) and connection cables (red: positive elec-
trode, black: negative electrode).
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2.1.2 Cell heating

To heat the electrochemical cell up to temperatures of 350 °C a heater jacket was devel-
oped in-house as commercially available products were either too bulky or too hot on the
outside for operation in an argon-filled glovebox. A resistive heater coil is woven in a up to
30 mm thick glass fiber housing to maintain the temperature distribution of the cell within
10 °C of the operating temperature set point, as shown in figure 2-3. Temperature control
is achieved via a feed forward controller with manually adjustable gain.

Figure 2-3: Cell heater made of glass fiber weave with incorporated heater coil.

2.2 Governing equations for electrochemical processes

The governing processes in an electrochemical cell are charge transfer at the interfaces
between electrodes and electrolyte(s), and transport of electrons and ionic species in the
bulk of these materials. The following section gives a brief overview of the physical descrip-
tion of these processes, their application in experiments, as well as their implementation
in multi-physics modelling.

2.2.1 Charge transfer

The Butler-Volmer equation describes the current density as a function of the surface over-
potential ns for charge transfer reactions at the electrode/electrolyte interface® ), shown
in equation 1. The surface overpotential is defined as the potential difference between
electron conducting phase (¢:), ion conducting phase (¢.) and equilibrium potential (£°).
The exchange current density jo represents the current exchanged at dynamic equilibrium
at the electrode/electrolyte interface when no surface overpotential is applied. The charge
transfer coefficients a, and aclink the current to the applied surface overpotential for the
anodic and cathodic reaction. Ideal, reversible electrochemical reactions feature transfer
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coefficients of 0.5 for anodic and cathodic direction. In reality, reversible electrochemical
systems exhibit transfer coefficients ranging from 0.4-0.6.1°

agzF —aczF
J =]0[exp ans—exp RT 77]

Equation 1 (478

For sufficiently large surface overpotentials (|ns| >> RT/nF) the current contribution from
the counter reaction can be neglected.® The Butler-Vollmer equation for the anodic branch
simplifies to:

agzF ]

J=Jo [exp RT S Equation 2 49!

Taking the logarithm and solving for the surface overpotential ns yields the Tafel equation:

2.3RT 2.3RT

. 3 , _
s = = Gonr lg(io) + aanF 1g(j) Equation 3 [®
Solved for Ig(j):
. 3 anF .
lg() =18Gio) + :,;;T s Equation 4 [©]

The semi-logarithmic representation of the Tafel equation allows an experimental deter-
mination of the exchange current density and the transfer coefficients (see figure. 2-4). In
a semi-logarithmic plot with current density in logarithmic scale and the surface overpo-
tential in linear scale, the current density increases or decreases linearly for anodic and
cathodic branch for sufficiently high surface overpotentials (|ns| >> RT/nF). The current
density at the axis intercept with zero surface overpotential represents the exchange cur-
rent density. The slope of the anodic and cathodic branch determines the transfer coeffi-
cients az and ac for the anodic and cathodic reaction respectively.®
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Figure 2-4: Tafel-plot for anodic and cathodic branch of an electrochemical reaction at oz =
ac = 0.5, T=298 K and an extrapolated exchange current density jo = 10° A/cm?, taken with
permission from ref. 5.

2.2.2 Species transport

The transport of ionic species in the electrolyte(s) follows the laws of migration, diffusion,
and convection*®l. The Nernst-Planck equation (5) summarizes the flux in [mol/s cm?] for
each ionic species i, here written for one-dimensional mass transfer along the x-axis.

N;(x) = —D; % - %Dici mgix) + ciu(x); Equation 5 P!

u; = % Equation 6 P!

The first term on the right side describes mass transfer by diffusion resulting from a con-
centration gradient ¢; of ionic species i with diffusion constant D; along the x-axis. The sec-
ond term on the right side describes mass transfer due to migration induced by the gradient
of an electric potential ¢. With the Einstein-Smoluchowski®® relation (equation 6), the mi-
gration term can be expressed with the charge number z;, Faraday constant F, diffusion
constant, gas constant R, and temperature T. The last term in equation 5 represents
transport of ionic species due to convection forced by the velocity field u(x). The velocity
field u(x) is induced by pressure gradients in the fluid, which can be obtained by solving
conservation of mass and momentum equations.

The sum of each ionic molar flux multiplied by the charge number z;and Faraday constant
F results in the current density jionic [MA/cm?] arising from the movement of ionic species,
shown in equation 7.
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Jionic(x) = F X; z;N; Equation 7

Similar to the Nernst-Planck equation for ionic species, Ohm's law in equation 8 describes
the flux of electrons in electronic conductors with conductivity o as a function of the gradi-
ent of the electric potential ¢. Here written for one-dimensional current flow along the x-
axis.

; 99 (x) .
Jetectronic(x) = —0— Equation 8 (4

With equations 5-8, conservation of charge can be described in equation 9:
J = V' Jionic = =V " Jetectronic Equation 9 4]

Mass conservation can be described via a mass balance for a volume element. The change
in concentration of species i equals the divergence of molar flux leaving, plus the species
produced by the reaction term R; shown in equation 10:

dCi

= ="V N + R Equation 10 ¥

2.3 Battery model of sodium-nickel-chloride batteries

2.3.1 Battery modelling

All physical battery models rely on the fundamental laws of electrochemistry presented in
the chapter before, but differ in the way the geometry is taken into account. In 1975, New-
man and Tiedemann developed a macroscopic porous electrode theory!”), which treats po-
rous electrodes filled with electrolyte as a superposition of two continua represented by
volume averaged quantities. Rather than representing electrolyte and porous electrode
with their exact geometric details, the structure is described by porosity, interface area,
and effective resistivity over a volume that is small compared to the electrode, but large
with respect to the pores. ¢1and ¢ represent the local electrical potential in the electron
conducting matrix and in the ionic conducting solution phase, respectively. The charge
transfer reaction takes place at their interface due to the surface overpotential ¢1- ¢2- E°.
Ohm's law describes movement of electrons in the matrix phase, ionic transport in the so-
lution phase is based on the Nernst-Planck equation.

This approach eliminates the need for the exact geometric representation and therefore
results in a significant reduction of computational effort. Based on this work, Sudoh and
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Newman'® published a further development of their macroscopic porous electrode
model”!, where they applied the concept to a sodium-iron-chloride battery. This chemistry
is analogous to the sodium-nickel-chloride battery, with nickel replaced by iron. Their one-
dimensional, cylindrical model features a porous iron cathode filled with NaAICls secondary
electrolyte, separated from the sodium metal anode by a Na-f"-Al,Os electrolyte. "Macro-
scopic porous electrode theory" is able to predict the concentration profiles of ionic spe-
cies, the porosity of the electrodes, the reaction rate at the electrode/electrolyte interface,
and terminal voltage as function of state of charge.

In 2015, this concept was applied by Christin et al.’ to model the discharge of a commerecial
sodium-nickel-chloride battery including nickel and iron in the cathode. Modeling results
were in good agreement with the experimental data. Figure 2-5a compares the cell voltage
as a function of discharge time derived from model and experiment at a discharge current
of 8 A. The presence of nickel and iron in the cathode compartment causes a kink in the
discharge curve at 3.5 h discharge time. Figure 2-5b, c show the top-view of the simulated
sodium-nickel chloride cell featuring a cloverleaf shaped Na-f"-alumina electrolyte and

centered current collector. The progression of the discharge reaction (NiCl, + Na = NaCl
+ Ni) in the cathode compartment can be seen in figure 2-5b. The volume fraction of nickel
chloride is decreasing towards the current collector and the volume fraction of sodium
chloride is increasing accordingly at 50 % state of charge, illustrated in figure 2-5c. The sum
of these two volume fractions is not equal to one, as the cathode also contains nickel, iron,
iron chloride and NaAICla.

Aol c A 024

— Experimental cell voltage 1
2.55}¢ — Simulated cell voltage

Cell Voltage (V)

110.1

| 0.02 0.05
0

v o0.01 0
0 1 2 3 4 5
Time (h) V¥ 0.01

Figure 2-5: a) Modeled and experimental discharge curve at 8 A for a commercial sodium-
nickel-chloride battery cell with nickel and iron in the cathode compartment’; b) Volume
fraction of NiCl> within the cathode compartment at 50 % state of charge®’; c) Volume
fraction of NaCl within the cathode compartment at 50 % state of charge®. Pictures taken
with permission from ref. 9.

Modelling results based on the "macroscopic porous electrode theory" not only were in
good agreement with experimental data, they also contributed to a better understanding
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of the reaction front hypothesis!'®12, describing the inhomogeneous propagation of the
charge and discharge reaction in the cathode compartment. The study confirmed that over-
potentials in the cathode compartment significantly increase during charge and discharge.
This leads to a relocation of the charge transfer reaction to areas, where the reaction pro-
ceeds with the lowest possible overpotential. However, due to the approximations made
in the "macroscopic porous electrode theory", the study could not provide guidelines on
how to modify the cell geometry or the microstructure of the cathode to improve the rate
capabilities of sodium-nickel-chloride batteries.

2.3.2 Implementation of multi-physics model for sodium symmetric cell

An example of practical application of the governing equations for electrochemical pro-
cesses is given in the following section. As a first step towards the development of a com-
plete multi-physics model, a three-dimensional representation of a sodium symmetric cell
was implemented using the finite volume method and a commercial COMSOL solver to
solve the governing equations. The model consists of a cylindrical Na-B"-alumina electro-
lyte disc with a thickness of 3 mm coated on both sides with 2 mm metallic sodium sand-
wiched between two titanium electrodes (see figure 2-6a). A sodium-ion conductivity of
0.2 S/cm at 300 °C was measured for the Na-["-alumina using electrochemical impedance
spectroscopy.™ For the electronic conductivity of sodium metal and titanium, a value of
10° S/cm was assumed.3! Furthermore, 100% faradaic efficiency leads to mass conserva-
tion by Faraday's law (equation 11) and charge conservation requires that the electronic
current in the nickel and sodium matches the ionic current in the Na-B"-alumina electrolyte
(equation 12).

oM

Am = —Am =—
Na, ¢ Na,a ZF

Equation 11
h=aV-p,=0,=kV-¢@, Equation 12

For operating temperatures between 250 - 300 °C the overpotential for the charge transfer
reaction is assumed to be negligible®), a linearized version of the Butler-Volmer equation
was implemented to describe charge transfer at the interface between sodium metal and
Na-B'"-Al,Os electrolyte with a symmetric exchange current density set to 5 A/cm? and a
charge transfer coefficient of 0.5 following ref. 13. As the equilibrium potential (E°) is equal
for both sodium electrodes, it can be cancelled out.

. . azF )
J=Jo % (P1 — ¢2) Equation 13
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Additional interfacial resistances, e.g. between sodium metal and the nickel electrode were
neglected. The boundary conditions were defined analogously to experiment with one
electrode set to ground and the opposite to a current density of + 32 mA/cm?.

Figure 2-6b shows the calculated voltage curve of this model with an applied current + 32
mA/cm?. At a total overpotential of £ 0.05 V the resulting polarization indicates a significant
difference to the measured value of + 0.08 V. Analysis revealed that the non-negligible re-
sistance contribution of 320 mQ of the preload spring to the total cell resistance to be re-
sponsible for this deviation. This motivated the addition of nickel wire, connecting the pis-
ton to the steel flange, for future experiments. This result also justifies the approximation
and selected parameter values for the charge transfer kinetics and the neglected interfacial
resistances.
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Figure 2-6: a) Multi-physics model of sodium symmetric cell with sodium electrodes in or-
ange; b) Overpotential evolution for simulated symmetric cell at + 32 mA/cm?.

2.3.3 Towards a multi-physics model of the positive electrode composite

Before the multi-physics cell model can be expanded to include the exact representation
of the positive electrode of the sodium-nickel-chloride battery, the relevant species and
processes of the de-/chlorination reaction of nickel (and iron) in NaAICl4 at 300 °C need to
be identified, and the corresponding kinetic parameters need to be assessed. Consequen-
tially, the de-/chlorination reaction of nickel and iron with dedicated experiments had to
be studied first. The results are discussed in detail in chapter 4, where the rate-limiting
processes are quantified and ascribed to the prevailing transport mechanism. The discov-
ered de-/chlorination mechanisms of nickel and iron, described in chapter 4 and are of piv-
otal importance for the development of a high-fidelity multi-physics battery model.

23



Methods

2.4 Electrochemical measurements

In order to investigate and characterize the negative and positive electrode of sodium-
nickel-chloride batteries in the self-built high-temperature electrochemical cell, different
electrochemical measurements and methods were applied. The following chapter gives a
brief overview of these techniques as applied in chapters 3, 4, and 5.

2.4.1 Galvanostatic methods

In galvanostatic methods, a constant current is applied to an electrochemical system be-
tween working electrode (WE) and counter electrode (CE). The electrochemical cell has to
provide the corresponding charge per unit time in order to maintain charge neutrality over
the entire system considered. An applied current leads to a change in cell voltage and cre-
ates characteristic voltage traces for the probed system. Galvanostatic methods are there-
fore used to record the characteristic voltage behavior of an electrode for instance as func-
tion of current, state-of-charge, temperature or time. Galvanostats usually control the
current applied via an external resistance. As the voltage of the electrochemical cell
changes, that external resistance has to be adjusted and controlled in order to allow the
current to be constant over time.

This method is exemplarily applied to probe the dendrite susceptibility of an electrolyte.4
Dendrites are pointy, metallic deposits provoked by inhomogeneous electrochemical re-
duction (e.g. plating) of metal ions.[*>71 The critical current density (CCD) is the current
density at which a dendrite penetrates the electrolyte, leading to an electronic short circuit
in the electrochemical cell.[*8! It is determined by a stepwise increase of constant current
cycles until the cell voltage breaks down and an electronic short circuit established by den-
drites. This method has been applied to study the dendrite susceptibility of the liquid so-
dium/Na-B"-alumina interface in chapter 3.1°!

For battery applications, galvanostatic methods are often used to measure the rate-capa-
bility of an electrode. In rate tests, the probed electrode is charged and discharged with
constant current (CC). The amount of capacity retrieved during discharge at a given current
represents the rate-capability and allows comparison to other electrodes. This method has
been applied in chapter 4 and 5 to determine and compare the rate-capability of Ni-NiCl;
and Fe-FeCl; electrodes.

For battery cycling, galvanostatic dis-/change is often combined with potentiostatic meas-
urements, where cell voltage is kept constant at the end of dis-/charge cycles until a cut-
off current is reached.
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2.4.2 Voltammetric methods

Contrary to galvanostatic methods, voltammetric methods apply a potential difference be-
tween WE and CE to trigger a current response from an electrochemical system. The elec-
trochemical cell has to provide the corresponding current in order to maintain the exter-
nally applied cell voltage. In linear sweep voltammetry, cell voltage is swept between a
lower, upper boundary voltage (Ex) and back at a constant scan rate, as shown in figure 2-
7 (left). This external voltage stimulus triggers a dynamic current response, which allows
investigation of different electrochemical processes inside the cell (figure 2-7, right).
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Figure 2-7: Linear sweep voltammetry with forced cell voltage evolution over time (left) and
current response from the electrochemical system (right), taken with permission from ref.
5.

Cyclic voltammetry is a powerful method that can approximate the reversible potential (E°)
and assess the reversibility of an electrochemical reaction by comparison of the forward
(oxidation) and backwards scan (reduction). The voltage traces can also be used to identify
multiple sub-reaction steps, hinted by additional kinks and plateaus within a single oxida-
tion or reduction reaction. After an oxidation or reduction process is triggered by exceeding
the reversible potential (E9), the current increases/decreases exponentially following the
Butler-Volmer relation (equation 1). Further polarization leads to a linear current increase.
This region is dominated by species transport and is described by Nernst-Planck relation
(equation 5) for ionic species as well as by Ohm's law (equation 8) for electron conduction.
Upon further polarization, the electrochemical system experiences current saturation
(peaks in figure 2-7, right). At this point, the concentration of electrochemically active ionic
species is completely depleted at the electrode interface, and every reactant isimmediately
consumed by the electrochemical reaction. However, oxidation continues at reduced cur-
rents above the peak potential, as electrochemically active ions are still present in the bulk
of the electrolyte. The established concentration gradient leads to the limited flux of ionic
species due to diffusion. This phenomenon can be described analytically via the solution of
Fick's 2" law with corresponding boundary conditions, here written for one-dimensional
transport of species i along the x-axis.>?%21 The solution (equation 37) yields a relation
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between current, diffusion constant and time. The derivation shown here follows the no-
tation of Nicholson and Shain.[21]

Reversible reduction of oxidized species O to a reduced species R:

O+ne” &R Equation 14 (21
2

Fick's 2" law for oxidized species O: aaLtO =D, da% Equation 15 [21]
2

And for reduced species R: aa% = Dy da% Equation 16 21

Boundary conditions:

t=0,x=0: Co=Cp; Cr=Cp Equation 17 121
t=20,x >0 Cp—Co CR—0 Equation 18 [21]
t>0, x = oo:

Do aaif = —Dp aa% Equation 19 121]
o - exp(%(E_Eo)) Equation 20 21

CRr

With Co, Cr being the concentration of species O and R [M]; Do, Dr is the diffusion constant
of species O and R [cm?/s]; t is time [s] and x [cm] is the length of the diffusion path. Co’,
Cr" are the bulk concentrations away from the electrode [mol/cm?3]. n [-] is the number of
electrons involved in the redox reaction.

O<t<MlME=E —ut Equation 21 21

0<t:E=E —2vi+ut Equation 22 121

E is the potential of the electrode and E; is the initial potential of the electrode at the be-
ginning of the scan. u represents the scan rate and A is the time at the upper voltage bound-
ary of the scan. Re-arrangement yields:

Co

2=05(0) Equation 23 [
R
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With:
nF
9 = exp(ﬁ(E—E"))
exp~ % fort<A
Sl(t) = at—2ai
exp fort=21
_ nFv
T RT

For t <A, equation 20 can be further simplified to:

c _
=2 = Gexp~
Cr

Laplace transformation of the equations 15-18 yields:

* tf(r)o

Co(0,t) =C;, — \/an (r)r
t d
Cr(0.0) = =,

nFA

F©=00(52) =um

Combination of equation 23 with 28 and 29 results in:

ftf(f)af_ CoymDo — [Po
0 Vi—T  1+y8S,(t)’ ~ \IDr

Equation 24 21

Equation 25 21

Equation 26 21

Equation 27 (21

Equation 28 (21

Equation 29 21

Equation 30 24

Equation 31 (21

As a relation of current and time is of interest equation 30 can be written as:

at g(z)9z _
Vo Gavar= f@® = g(at)

To obtain a dimensionless expression of equation 32:

g(at) = C;+/mDya x(at)

fat x(at) 9z 1
0 Vat-z 1+y0Sg4,(at)

From equations 20 and 23 yield the relation to the potential:

Equation 32 (21

Equation 33 (21

Equation 34 (21
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E=E°— gln(y) + % (In(y0) + In(S,,(at))) Equation 35 [
— o 4 BT Dr - [21]
Eij, =E° + Fl ( Do) Equation 36

Finally, combination of 30, 32, 33 gives the relation of current vs. concentration and diffu-
sion coefficient and time:

i = nFAC,/tDya x(at) Equation 37 (21

Solution of equation 33 provides a set of values of [1°-y(at) as function of at or n(E-Ey/),

which are summarized in table 2-1. The results have been obtained numerically by summa-

tion series or numerical integral solution. 217261

nE=Eip) pE - Eyp) nE—Eip)  nE - E,p)

RT/F mV at25°C  7'%x(ot) (o) RT/F mV at 25°C  72x(o1) $(ot)
4.67 120 0.009 0.008 | —0.19 -5 0.400 0.548
3.89 100 0.020 0.019 | —0.39 -10 0.418 0.596
3.11 80 0.042 0.041 | —0.58 -15 0.432 0.641
2.34 60 0.084 0.087 | —0.78 —-20 0.441 0.685
1.95 50 0.117 0.124 | —0.97 -25 0.445 0.725
1.75 45 0.138 0.146 | —1.109 —28.50 0.4463  0.7516
1.56 40 0.160 0.173 | —1.17 -30 0.446 0.763
1.36 35 0.185 0.208 | —1.36 -35 0.443 0.796
1.17 30 0.211 0.236 | —1.56 —40 0.438 0.826
0.97 25 0.240 0.273 | —1.95 -50 0.421 0.875
0.78 20 0.269 0314 | —2.34 -60 0.399 0.912
0.58 15 0.298 0.357 | —3.11 —80 0.353 0.957
0.39 10 0.328 0.403 | —3.89 -100 0.312 0.980
0.19 5 0.355 0451 | —4.67 —-120 0.280 0.991
0.00 0 0.380 0.499 | —5.84 —150 0.245 0.997

Table 2-1: Numerical solution of equation 33 for different values of °°-x(at) as a function
of at or n(E-Ey1/2), table taken with permission from ref. 5.

During linear sweep voltammetry the condition for peak current (i) is met when the func-
tion 1%°-x(at) reaches its maximum at 0.4463. Therefore, equation 37 can be rewritten,
substituting 1%°-x(at) with the numerical value 0.4463 and with help of equation 26. This
special representation is also called Radles-Sevcik equation (38). It is of special relevance,
as it allows the derivation of the diffusion constant of active species, Do when bulk concen-
tration, Co’, surface area A and scan rate, u is known. This relation has been used in chapter
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4+to characterize the rate-limiting diffusion process in Ni-NiCl, and Fe-FeCl, electrodes upon

oxidation and reduction.

Radles-Sevcik equation: i, = 0.4463nFAC, /DO % Equation 38 !
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Sodium plating and stripping from Na-B"-alumina ceramics beyond 1000 mA/cm2

In this study, we assess the rate capability of the liquid sodium electrode as deployed in so-
dium-nickel-chloride batteries. The home-built electrochemical cell is here equipped with
two sodium electrodes in symmetric cell configuration. This setup allows the determination
of achievable stripping and plating currents for different porous carbon coatings and oper-
ating temperatures.
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Abstract

Dendrite formation limits the cycle life of lithium and sodium metal anodes and remains a
major challenge for their integration into next-generation batteries, even when replacing
the liquid electrolyte by a solid electrolyte. Voids forming in solid metal anodes at the in-
terface to a solid electrolyte upon stripping cause current constrictions upon plating and
promote dendrite formation. Recent studies showed that alkali metal creep is the primary
mechanism for replenishing the voids at room temperature. Here we investigate plating
and stripping of liquid sodium metal from a carbon-coated ceramic Na-B"-alumina electro-
lyte at 250 °C, thereby eliminating creep-related mass transport limitations. We demon-
strate extremely high current densities of up to 2600 mA/cm? and cumulative plating ca-
pacities of >10 Ah/cm? at 1000 mA/cm? without dendrite formation. Our results
demonstrate that liquid metal anodes can be paired with solid electrolytes, providing a
practical solution to suppress dendrite formation at high current densities.

3.1 Introduction

Lithium and sodium metal anodes are considered the 'holy grail' for lithium and sodium
batteries, as they provide the lowest chemical potential and high volumetric capacity (-3.04
V vs SHE and 2062 mAh/cm? for lithium and -2.71 V vs SHE and 1129 mAh/cm?3 for sodium
at room temperature).™ However, the realisation of reversible plating and stripping with-
out dendrite formation over many cycles remains a major challenge for both liquid and
solid electrolytes.®’ The US Department of Energy currently sets the fast charging goal for
lithium metal anodes at a cumulatively cycled capacity of 10 Ah/cm? at a cycling rate of 10
mA/cm?, ideally with no excess of (non-cycled) lithium in the cell.® So far, most studies have
focused on plating and stripping at room temperature.
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Much progress has been made in recent years in controlling the interface between lithium
and sodium metal anodes and the electrolyte. In particular, it was shown that the critical
current density for dendrite formation with solid electrolytes scales with interfacial re-
sistance.’ ! The latter can be reduced by thermal treatment of the electrolyte surface or
by applying interfacial coatings.!>*® However, even when the interfacial resistance be-
comes negligible (<10 Qcm?), it is not yet possible to sustain a cycling rate of 10 mA/cm?
over an extended period without dendrite formation. Some of us recently compared plat-
ing and stripping of lithium vs sodium metal below their melting temperature from ceramic
electrolytes under otherwise identical experimental conditions and observed that the crit-
ical current density for sodium is about one order of magnitude higher than for lithium,
leading to the hypothesis that the mechanical properties of lithium and sodium are gov-
erning dendrite formation.'® Based on the pressure dependence of stripping, Ref. 20, 21
concluded that lithium and sodium metal creep (or cold flow) behavior rather than lithium
and sodium diffusion is the primary mechanism for replenishing the voids forming in lith-
ium and sodium metal anodes at the interface to the solid electrolyte interface upon strip-
ping. Avoiding the formation of such voids during stripping is key to suppress dendrite for-
mation during plating.

To circumvent creep-related mass transport limitations, we investigate plating and strip-
ping of sodium above its melting temperature from the archetypical Na-f'"-alumina solid
electrolyte. Carbon coatings are applied to prevent dewetting of liquid sodium from the
sodiophobic Na-B'-alumina surface. We demonstrate that plating and stripping is possible
at extremely high current densities of 2600 mA/cm? and cumulative plated capacities of 10
Ah/cm? at 250 °C without dendrite formation. Thus, employing a liquid sodium metal anode
as in commercial sodium-sulfur (NaS) and sodium-nickel-chloride (Na-NiCl;) batteries is
very effective in preventing dendrite formation. Furthermore, we perform open-cell exper-
iments to assess the amount of sodium stored within the porous carbon coating and deter-
mine the retrievable amount of sodium during stripping. We show that these coatings effi-
ciently supply sodium to the Na-B"-alumina surface, minimizing the excess of active
material in the electrode. We further characterize how coating thickness and operating
temperature affect the rate performance of the liquid sodium metal anode.
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3.2 Results and discussion

Na-B”-alumina Na-B“-alumina

Figure 3-1: Materials A) Photograph of sintered Na-3"-alumina disks without (left) and with
(right) sprayed porous carbon coating. B) Magnified SEM image of the porous structure of
the coating with primary carbon particles. C) and D) Cross-sectional SEM images of the po-

rous carbon coatings onto Na-f8 "-alumina disks with 50 and 200 um thickness, respectively.

Figure 3-1A shows an uncoated (left) and a carbon-coated (right) Na-f"-alumina electrolyte
disk. The carbon coating serves three functions: (1) it acts as a porous electrode that con-
tacts the electrolyte in the absence of sodium, (2) it prevents dewetting of liquid sodium
from the sodiophobic Na-B"-alumina surface, and (3) it stores and supplies liquid sodium in
and from its pores during cell operation at elevated temperatures. Such coatings are also
employed in high temperature Na-NiCl, batteries to ensure sodium coverage of the entire
electrolyte area at all state-of-charge.?? Cross-sectional scanning electron microscopy
(SEM) images of the carbon coating reveal a porous structure, comprising carbon particles
with a typical size of 0.1 um (figure 3-1B). Depending on the number of spray passages
applied, average coating thicknesses of approximately 50 and 200 um with a relative thick-
ness variation of + 15% were obtained (figure 3-1C and D). From the weight difference be-
fore and after coating application, the film thickness from SEM images, and assuming a bulk
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density of 2.5 g/cm? (40 wt% carbon, 60 wt% sodium hexametaphosphate), a coating po-
rosity of ~80% is deduced.
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Figure 3-2: Symmetric cell results at 250 °C with 50 um thick carbon coatings. A) Schematic
of the symmetric cell. B) Electronic conductivity of nickel, liquid sodium, and carbon coatings

compared to the ionic conductivity of Na-"-alumina at 250 °C. C) Plating/stripping cycles
with stepwise increase (200 mA/cm?) of applied current density j (red line) up to 2600
mA/cm?, and corresponding voltage U response of the cell (black line). D) Corresponding
cell voltage U as a function of current density j, showing a linear relationship and constant
cell resistance of 1.29 Qcm?. E) Magnified view of plating/ stripping cycles at 2600 and 600
mA/cm?, respectively. F) Cumulative plating of 10 Ah/cm? at 1000 mA/cm? (400 cycles).

A schematic of the symmetrical cell design is shown in figure 3-2A and figure 3-7. The cell
consists of the carbon-coated Na-B"-alumina solid electrolyte disk, sandwiched between
two sodium foils and cylindrical nickel current collectors. Figure 3-2B compares the elec-
tronic and ionic conductivity of the cell components at 250 °C. The electronic conductivity
of the carbon coating of 1.2 S/cm is only one order of magnitude higher than the ionic
conductivity of the Na-B"-alumina electrolyte (0.12 S/cm, Ref. 26), while the conductivity
of liquid sodium and the nickel current collector are four to five orders of magnitude
higher.24#2> While the cell components (figure 3-2A) are generally coupled in series, the con-
ductivity of the carbon coating is only of relevance in the absence of sodium. When liquid
sodium starts to fill its pores upon plating, the internal resistance of the cell is dominated
by the resistance of the Na-B"-alumina electrolyte and passive cell components.

We first cycled the cell galvanostatically at a temperature of 250 °C, transferring 25
mAh/cm? per half cycle. The current density was increased stepwise from 200 mA/cm? to
2600 mA/cm? for each plating/stripping cycle (figure 3-2C). Due to the fast charge transfer
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kinetics at the interface between the Na-B''-alumina electrolyte and the sodium metal elec-
trodes, the voltage in figure 3-2Figure 3-2D remains linearly dependent on the current den-
sity up to the highest value of 2600 mA/cm?. This exceeds practical current densities for
batteries by at least one order of magnitude (e.g. in a Na-NiCl, cell with 40 Ah and 200 cm?
electrolyte area, the current density during 1C pulse operation reaches 200 mA/cm? (ref.
27), for lithium-ion batteries the current density rarely exceeds 10 mA/cm?).2 Using Ohm's
law, we extract a cell resistance of 1.3 Qcm?. Taking into account the ionic conductivity of
the Na-B"-alumina electrolyte (figure 3-2B), it contributes about 0.8 Qcm?, while the re-
maining contribution stems mainly from the connectors and connection cables. Infor-
mation on cell impedance evolution after cell assembly and cycling can be found in figure
3-8A (supporting information). Note that high current densities of e.g. 2600 mA/cm? gen-
erate a considerable amount of Joule heating (56 W per cm? of electrolyte). Consequently,
the cell temperature was stabilized for each measurement to 250 °C to ensure that the cell
resistance can be extracted from figure 3-2D. Stabilizing the cell thermally at even higher
current densities was increasingly difficult. Nevertheless, the cycling data (figure 3-2C) in-
dicates no signs of dendrite formation or short circuits, even at current densities of 2600
mA/cm?. Figure 3-2E shows a magnified view of the cycle at 2600 mA/cm?. At such high
current density, we initially observe a slight increase in cell voltage, which then stabilizes
after the first 5 seconds (figure 3-2E, solid line). For current densities of 600 mA/cm? and
lower (figure 3-2E, dashed line), the voltage stabilizes immediately.

Figure 3-2F shows 400 consecutive plating/stripping cycles at 1000 mA/cm?, transferring
25 mAh/cm? per half cycle at a temperature of 250 °C (20 h). The cumulative amount of
sodium plated at each electrode amounts to 10 Ah/cm?. The insets of figure 3-2F show
single cycles after 1 h and 19 h of plating/stripping. Both cell voltage traces show a slight
increase during the half cycle at positive currents, indicating a slight change in active elec-
trode area. This behavior is not seen for half cycles at negative currents. We ascribe this to
insufficient sodium supply upon stripping from the top-side compartment, caused by so-
dium loss within the cell (e.g. squeezed out behind the nickel current collector). While man-
aging the substantial volume changes of the sodium anode in our test cell is challenging,
technical solutions based on metal shims are available in commercial Na-NiCl, batteries.??
The entire cycling of the symmetric cell over 1400 cycles, including run-in cycles and end of
life (due to voltage limitations) is shown in figure 3-8B (supporting information).

The evolution of galvanostatic overpotential traces during plating and stripping in symmet-
ric cells was discussed in detail in ref. 28 for solid lithium metal electrodes operated near
room temperature, which are prone to dendrite formation at current densities on the order
of 10 mA/cm?. Cells with solid lithium (and sodium) metal electrodes tend to exhibit a much
more pronounced "peaking" behavior at the start of each half cycle, which was associated
with the initial activation barrier for nucleation on the cathode.?®32 However, we do not
observe such behavior for liquid sodium electrodes with graphite coating, indicating that
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dendrite formation does not play a role, even at current densities of 2600 mA/cm? or cu-
mulative plating capacities of 10 Ah/cm?.

Plating Stripping =

i

%

t [h]

Figure 3-3: Open cell set up A) Photograph of the open cell providing optical access to the
top-side carbon coating. B) Plating and stripping cycle applied to all open cell experiments:
25 mAh/cm? plated at 30 mA/cm?, followed by CC stripping varying from 10 to 600 mA/cm?
and subsequent CV soaking step at 2.5 V (dotted line).

To investigate sodium filling into and extraction from the porous carbon coating in more
detail, we employed an open cell design with optical access to the top-side carbon coating
(figure 3-3AFigure 3-3, white arrow). A nickel ring electrode replaced the top-side cylindri-
cal current collector and the top-side sodium foil was eliminated to allow visual access by
a camera. Due to the high conductivity of the porous carbon coating of 1.2 S/cm at 250 °C
(figure 3-3B), the current distribution remains relatively uniform across the surface, espe-
cially once the pores are filled with liquid sodium metal. Thermography on the open cell
was conducted to confirm accurate temperature readings of the build-in thermocouple and
even temperature distribution across the entire electrolyte surface in the open configura-
tion (figure 3-9). Figure 3-3B illustrates the cycling protocol applied to the open cells. At the
beginning of each cycle, the top-side carbon coating is filled by plating 25 mAh/cm? of liquid
sodium, corresponding to a nominal (dense) liquid sodium metal thickness of 242 um, tak-
ing into account the volumetric capacity of liquid sodium metal of 1035 mAh/cm? at 250
°C.33 Plating is performed at a current density of 30 mA/cm?. Sodium extraction from the
carbon coating is evaluated at constant current (CC) densities (10 mA/cm? to 600 mA/cm?)
until a cell potential of 2.5 V is reached. Subsequently, the cell is soaked at constant voltage
(CV) of 2.5 V until the current density falls below 0.1 mA/cm?.
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Figure 3-4: Top-view photographs of the open cell showing the carbon-coated Na-B"-alu-
mina surface during liquid sodium metal stripping A-D) 50 um thick coating on outer ring,

with center area uncoated. E-H) 50 um thick coating covering full Na-B"-alumina area. I-L)

and M-P) 200 um thick coating covering full Na-B"-alumina area measured at 250 °C and
140 °C, respectively. CC stripping at 100 mA/cm? with 25 mAh/cm? of sodium initially plated.

In figure 3-4, we show examples of top-view photographs of different open cell experi-
ments taken during the sodium stripping process at 100 mA/cm? (see figure 3-10 in the
supporting information for enlarged views of figure 3-4J, N). For each experiment, we de-
pict the situation after initial plating of 25 mAh/cm?, at the end of CC stripping, and at the
end of CV stripping, according to the corresponding electrochemical data. After the initial
plating, excess sodium is contained in large drops on top of the coating (red arrows). We
visually identify when these large sodium drops are consumed upon stripping (figure 3-4B,
F, J, N), which we refer to as saturation of the carbon coating. The remaining capacity at
saturation thus corresponds to the amount of sodium that can be stored in the pores of
the carbon coating and in the carbon itself.

In the first column (figure 3-4A-D), we illustrate the phobicity of the Na-B"-alumina surface
to liquid sodium metal at 250°C. In this cell, the 50 um thick carbon coating on the top-side
was applied only to a 4 mm wide outer ring of the Na-B"-alumina disk, leaving the center
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uncoated. After plating of 25 mAh/cm?, corresponding to a nominal sodium metal thickness
of 377 um on the coated ring area, the liquid sodium metal remains confined to the coated
area of the Na-B"-alumina disk. Due to poor wetting of liquid sodium metal on Na-B"-alu-
mina, the uncoated center remains free from sodium (figure 3-4A). The large drop adopts
a convex shape towards the center to minimize its contact area with the uncoated, sodio-
phobic Na-B"-alumina surface. Instead, wetting of the nickel ring electrode is favored, as
indicated by the spreading of the large drop along the ring electrode.

The second and third column (figure 3-4E-H, I-L) show the corresponding cell with 50 um
and 200 um thick carbon coatings, covering the entire Na-B"-alumina disk surface. Here,
plating of 25 mAh/cm? corresponds to a nominal sodium metal thickness of 242 pum. In all
experiments at 250 °C, small sodium dropletsin and on the carbon coating lead to a metallic
shine of the electrode after plating (figure 3-4A, E, 1). This is in contrast to the situation at
140 °C depicted in the forth column (figure 3-4M-P), where the carbon coating appears
mainly black. Excess sodium contained in large drops after plating of 25 mAh/cm? features
a smaller footprint at 140 °C compared to 250 °C, indicating reduced wetting of the carbon
coating by liquid sodium at the lower temperature. Despite the different visual appearance
at 250 °C and 140 °C, the 200 um thick carbon coating contains a similar amount of sodium
at saturation (11 mAh/cm? and 9.5 mAh/cm?, respectively, figure 3-4J, N). The capacity at
saturation scales with thickness, but also with the area of the coating (2 mAh/cm?, figure
3-4B, and 2.5 mAh/cm?, figure 3-4F). Thus, the carbon coating holds 5 mAh/cm? of liquid
sodium per 100 um coating thickness in all cases shown in figure 3-4. Taking into account
the volumetric capacity of liquid sodium metal33, this corresponds to a filling of the porous
carbon coating of ~65 vol%.

Upon continued galvanostatic stripping, sodium is gradually removed from the carbon
coating. At the end of the CC step, the metallic shine of sodium is partially visible through
the 50 um coating at 250 °C (figure 3-4C, G), while the 200 um coating appears black (figure
3-4K, 0O). For the thinner coating, brighter areas remain where large drops were located
before (figure 3-4C, G), indicating inhomogeneous transport through the carbon coating.
However, sodium is extracted also from these regions during the CV step (figure 3-4D, H).
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Figure 3-5: Open cell experiments at 250°C A) Schematic of the open cell allowing visual
access to the top electrode. B) Coulombic efficiency, nc at each CC stripping rate for 50 um
and 200 um thick carbon coatings. C) CC stripping capacity as a function of CC stripping rate
and coating thickness. D) Stripping time t for the CC and CV step as a function of CC stripping
rate and coating thickness.

Figure 3-5 summarizes the electrochemical results obtained with the open cell during strip-
ping at 250 °C as a function of coating thickness and current density (see figure 3-11 for an
overview on cell voltage and capacity evolution with time). A schematic of the open cell is
shown in figure 3-5A. Figure 3-5B shows the Coulombic efficiency of the open cell with thin
and thick coatings for CC stripping at current densities ranging from 10 to 600 mA/cm?,
followed by CV soaking at 2.5 V until the current drops to 0.1 mA/cm?. The maximum vari-
ation over five consecutive cycles is given for each current density by the error bars. At low
stripping current densities of 10 mA/cm?, the Coulombic efficiency is 99.2%. We attribute
this to slow, irreversible chemical oxidation of the highly reactive liquid sodium surface by
residues in the argon glovebox atmosphere during the long cycle time of 2.8 hours. For
higher stripping current densities of 300 and 600 mA/cm? resulting in much shorter cycle
times, an excellent Coulombic efficiency of 99.8% is achieved, demonstrating that the car-
bon coating is an effective solution for supplying liquid sodium metal to the sodiophobic
Na-B"-alumina surface at 250 °C. Comparison of the results for the 50 and 200 um thick
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coating in figure 3-5B shows that the coating thickness does not significantly affect the
Coulombic efficiency.

In figure 3-5C, we display the capacity retrieved from the carbon coating at CC only (not
including the constant voltage capacity, see figure 3-11 for detailed stripping curves and
Coulombic efficiency without CV soaking). Comparison of the results for the 50 and 200 um
thick coating reveals that the capacity retrieved during the CC step is strongly dependent
on the carbon coating thickness. Especially at high CC densities, up to 1.64 mAh/cm? more
capacity is retrieved with the 50 um thick coating than with the 200 um thick coating. We
ascribe this to the increased flow resistance of liquid sodium in the thicker porous coating.
Specifically at 600 mA/cm?, 96% of the capacity is retrieved under constant current strip-
ping with the 50 um thick coating, while only 90% of the capacity is accessible with the 200
um thick coating.

Figure 3-5D compares the CC and CV stripping times, t, for the two coating thicknesses at
different CC stripping rates. The CC stripping time is linearly dependent on the CC stripping
rate. The CC stripping time for the 200 um coating is slightly shorter than for the 50 um
coating due to the lower CC capacity extracted with the thicker coating (see figure 3-5C).
The CV stripping time is not significantly affected by the CC stripping current density, alt-
hough the capacity extracted at CV differs significantly at high CC (compare with figure 3-
5B). The 50 um thick coating accelerates the CV step by a factor of 3 compared to the 200
um thick coating, because of reduced flow resistance in the porous coating.
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Figure 3-6: The effect of temperature on the stripping behavior for 200 um coatings at 140
°C and 250 °C A) Coulombic efficiency nc for different CC stripping rates. B) CC stripping
capacity as a function of CC stripping rate. C) CC and CV stripping time t as a function of CC
stripping rate. D) lllustration of the observed stripping behavior of liquid sodium metal (or-
ange color) in porous carbon films (grey spheres) at 140 and 250 °C.

In figure 3-6, we investigate the effect of temperature on the stripping behavior with the
200 um thick coating. Coulombic efficiency and CC retrievable capacity shown in figure 3-
6A and figure 3-6B are affected only slightly by temperature. However, the CV stripping
time shown in figure 3-6C increases by almost a factor of 4, when the temperature is re-
duced from 250 to 140 °C. We ascribe the increase in CV stripping time to the 20% increase
in dynamic viscosity of liquid sodium when reducing the temperature to 140 °C 34, resulting
in an increase in flow resistance in the porous coating. Detailed stripping curves for 10, 30
and 100 mA/cm? can be found in figure 3-12.

Figure 3-6D depicts schematically the situation at 250 and 140 °C. At 250 °C, numerous
small sodium droplets cover the top of the carbon coating, some of which coalesce into a
large, millimeter-sized drop with good wetting to the coating. In contrast, at 140 °C, few
small sodium droplets are visible on the top of the carbon coating and the plated sodium
appears as a single large drop with poor wetting to the coating. At both temperatures, the
large drop is consumed during CC stripping. At saturation, small sodium droplets remain
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visible on top of the coating at 250 °C, while very few are visible at 140 °C. Despite the
different surface appearance, sodium filling within the coating and CC capacity is similar.
Extraction of sodium remaining in the pores of the carbon coating and the carbon itself
during the CV stripping step requires more time at 140 °C due to the increase in flow re-
sistance resulting from the increase in sodium viscosity.

3.3 Conclusion

In summary, we investigated the plating and stripping behavior of liquid sodium from ce-
ramic Na-B''-alumina electrolytes in symmetric closed and asymmetric open cell configura-
tions. Critical for the operation of liquid sodium electrodes is the porous carbon coating
applied to the Na-B'"-alumina electrolyte. Besides acting as a porous electrode providing
electrons to the Na-B"-alumina surface, the porous carbon coating serves as reservoir to
store and supply liquid sodium to the Na-B'"-alumina surface and allows wetting of the sodi-
ophobic Na-B"-alumina surface. On one hand, the storage capacity increases with the coat-
ing thickness (approximately 5 mAh/cm? per 100 um coating thickness). On the other hand,
thinner carbon coatings enable higher CC current rates and reduce the CV soaking time by
minimizing the flow resistance of liquid sodium in the porous carbon coating.

For practical applications, the sodium in the porous carbon coating should not be depleted
completely during cycling to avoid additional run-in cycles. Our results show that for a 50
um thick carbon coating that can hold up to 2.5 mAh/cm? of liquid sodium in its pores at
saturation, CC stripping at 600 mAh/cm? can be maintained down to a filling level of 1
mAh/cm?. For a 25 mAh/cm? sodium metal anode, this corresponds to a small sodium ex-
cess of 4%. When considering a sodium metal anode with 5 mAh/cm?, which is an areal
charge density typical for a lithium-ion battery, the excess is on the order of 20%, which is
still a very low value compared to other alkali metal anodes reported in literature.® Reduc-
ing the temperature from 250 °C to 140 °C mainly prolongs the CV soaking time, but does
not affect the CC stripping capacity and time substantially.

No dendrite formation is observed for liquid sodium metal anodes up to current densities
of 2600 mAh/cm? and 10 Ah/cm? cumulative plated capacity at 250 °C. This indicates that
dendrite formation is less related to the properties of the Na-B"-alumina electrolyte, but
rather to the properties of the sodium metal anode. Thus, battery operation at increased
temperatures is an efficient means enabling enhanced charge and discharge rates. For
room-temperature applications, controlling the mechanical properties of solid alkali metal
anodes, e.g. by alloying with another component, may hold the key for suppressing den-
drites and enabling the commercialization of solid alkali metal anodes in next-generation
batteries.
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3.4 Methods

Na-B"-alumina disks with a thickness of 1 mm (symmetric cell) or 1.7 mm (open cells) and
35 mm diameter were sintered at 1600 °C for 5 min from powders following ref. 23 and
joined to two a-alumina rings using a glass paste. To prevent dewetting of liquid sodium
from the Na-B"-alumina surface, a porous coating consisting of carbon black particles (7
wt%) and sodium hexametaphosphate (11 wt%) was applied by spray coating (2-8 pas-
sages) from a dispersion in isopropanol (55 wt%) and water (27 wt%) followed by drying in
air at 280 °C. The coating thickness was varied between 50 and 200 um on the top elec-
trode, and was fixed to 50 um at the bottom electrode. Scanning electron microscopy im-
ages were taken on a Hitachi S4800. The electronic conductivity of the carbon coatings was
measured using a Keithley 2000 multimeter and 10 mm wide platinum electrodes sput-
tered onto the Na-B"-alumina disks at a distance of 2, 5, and 15 mm using the transfer
length method on a hot plate at 250 °C. The conductivity of the Na-B"-alumina disks was
measured by electrochemical impedance spectroscopy in four-point-probe configuration
inside a tube furnace using a Zahner IM6 impedance analyser.?3 Electrochemical cells with
spring-loaded cylindrical nickel current collectors and an active area of 3.14 cm? were as-
sembled in an argon-filled glovebox based on the ceramic Na-B"-alumina electrolyte disk
and a-alumina rings (figure 3-7). A type K thermocouple was inserted at the interface be-
tween a-alumina and Na-B"-alumina for accurate cell temperature determination. Sodium
metal foils with a purity of 99.9% and an areal mass of 0.16 g/cm? (0.5 g) were inserted
between the Na-B"-alumina and the current collectors.

To monitor sodium plating and stripping visually with a camera (DNT Digi Micro Scale,
1920x1020 pixels, 10 s picture interval), an open cell was assembled by replacing the cylin-
drical top current collector by a nickel ring electrode. Thermography was conducted with a
Hotfind LX camera. In a separate calibration experiment, the radiative emissivity of the car-
bon coating was determined to be 0.85 at a temperature of 250 °C. In this calibration ex-
periment, the surface temperature of a carbon coated hotplate was accurately measured
with a type K thermocouple, while simultaneously thermographic images of the hot plate
surface were taken. The radiative emissivity of the coating was finally determined by inter-
nally adjusting the emissivity settings of the thermography camera until the surface tem-
perature measurements matched between the thermocouple measurement and the ther-
mography measurement. Cell heating for all experiments was realized via a resistive coil
heater wrapped around the cell, while cell temperature was controlled via a feedforward
controller. Stripping and plating experiments were conducted in a glovebox under argon
atmosphere with H,0 and O; levels below 0.1 ppm. Prior to electrochemical and direct vis-
ual characterization, each cell passed run-in cycles with 25 mAh/cm? of charge transferred
until cell resistance dropped below 1.8 Qcm? for a maximum time of 30 h. For each current
density, five entire plating and stripping cycles were performed to evaluate the Coulombic
efficiency. Cells were cycled with a Biologic SP-150 attached to a 20 A booster.
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Figure 3-7: Schematic of closed cell.
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Figure 3-8: Symmetric cell cycling at 1000 mA/cm2 and 250 °C. A) Electrochemical imped-
ance spectroscopy of closed symmetric cell after cell assembly (blue) and after cycling at
1000 A/cm? (red) showing negligible interfacial resistance between cell components and
confirm the overall cell resistance of 1.4 Qcm?. B) Overpotential U (black) as function of
current density j (red) showing run in cycles (until 30 h), cycling (30-50 h), and cell failure
due to sodium depletion (50-70 h).
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Figure 3-9: Thermography of open cell at 250 °C. A) Set-up: Open cell with thermography
camera. B) Top-view on open cell showing highest temperatures on the exposed carbon
coating. C) Zoom on cell opening showing an effective coating surface temperature of 245°C
(set point: 250 °C) with a temperature difference < 5 K across the entire exposed surface.
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Figure 3-10: Top-view photographs of the open cell showing the 200 um thick carbon coat-
ing on Na-B"-alumina surface. Figure 3-10A, B show saturation during liquid sodium metal
stripping at 100 mA/cm2 at 250 °C (A) and 140 °C (B), respectively. Appearance of pristine
(C) and cycled coating (D) after 70 cycles with 25 mAh/cm? capacity transferred and current
densities and temperatures ranging from 10 — 600 mA/cm? and 140 — 250 °C respectively,

showing no cracks or delamination of coating.
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Figure 3-11: Open cell capacity retention for 50 and 200 um coating. A, B, C) Capacity and
cell voltage for complete stripping process as function of time for 50 um thick carbon coat-
ing at 250 °C and current densities of 10, 100, 600 mA/cm?. D) Same capacity data, zoomed
in to show details of the transition between constant current (CC) and constant voltage (CV)
stripping. E) Capacity as function of time, zoomed-in to transition between CC and CV strip-
ping, for 200 um thick carbon coatings at 250 °C. F) Coulombic efficiency without constant
voltage step for 50 and 200 um thick carbon coatings.
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Figure 3-12: Open cell capacity retention for 250 and 140 °C. A) Capacity for complete strip-
ping process as function of time for 200 um thick carbon coating at 250 °C, Capacity as
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function of time for different CC stripping rates with 200 um thick carbon coatings at 250
(B) and 140 °C (C), D) Coulombic efficiency without constant voltage step for 140 and 250
°C for the 200 um thick carbon coating.
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In this fundamental study, we investigate de-/chlorination mechanisms of nickel and iron
in sodium tetrachloroaluminate at 300 °C to unveil rate-limiting processes at the positive
electrode of sodium-nickel-chloride batteries. The home-built electrochemical cell takes
over the negative electrode assessed and characterized in chapter 3 and uses planar nickel
and iron positive electrodes.
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Abstract

Sodium-metal chloride batteries are considered a sustainable and safe alternative to lith-
ium-ion batteries for large-scale stationary electricity storage. Although competitive in
terms of energy density, the charge and discharge rate capability of sodium-metal chloride
batteries can currently not rival with lithium-ion batteries. Several studies identified tran-
sition-metal-ion migration through the metal chloride conversion layer on the positive elec-
trode as the rate-limiting step, limiting charge and discharge rates in sodium-metal chloride
batteries. Here we reinvestigate the rate-limiting processes during electrochemical nickel
and iron chlorination in planar model electrode geometry in liquid sodium tetrachloroalu-
minate electrolyte at 300 °C. Analysis of cyclic voltammetry data via the Randles-Sevcik
equation reveals a diffusion-controlled process during oxidation with a diffusion coefficient
of 2.3-:103 cm?/s for the nickel electrode and an upper bound of 1.2:10° cm?/s for the dif-
fusion coefficient for the iron electrode. Post-mortem analysis of the electrodes via scan-
ning electron microscopy at different degrees of chlorination, corresponding to different
states of charge, shows that chlorination of the nickel electrode proceeds via uniform oxi-
dation of nickel and the formation of NiCl, platelets on the surface of the electrode. In
contrast, the chlorination of the iron electrodes proceeds via stress-induced cracking, re-
sulting in non-uniform iron oxidation and the pulverization of the iron electrode. Our re-
sults demonstrate that transition-metal-ion diffusion in the tetrachloroaluminate electro-
lyte rather than across the metal chloride layer is limiting the rate capability of planar nickel
and iron electrodes. We also discuss the transition from planar model electrodes to porous
high-capacity electrodes, where sodium-ion migration along the tortuous path in the po-
rous electrode can become the rate-limiting process depending on state of charge and cy-
cling rate. In addition to sodium-ion conductivity, it is thus also important to improve tran-
sition-metal-ion diffusion in the tetrachloroaluminate electrolyte, preferably by enhancing
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transition-metal-ion mobility. Increasing transition-metal-ion solubility in the tetrachloro-
aluminate electrolyte represents an alternative approach but tends to compromise long-
term cycling stability. These mechanistic insights are important to derive guidelines for the
design of competitive next-generation sodium-metal chloride batteries with improved rate
performance.

4.1 Introduction

Sodium-metal chloride batteries, typically operated at 300 °C, have a proven track record
for backup power applications, but also represent a promising option for large-scale sta-
tionary electricity storage due to the absence of critical raw materials, such as lithium and
cobalt.[’°! These batteries employ a solid ceramic Na-B"-alumina electrolyte in combina-
tion with a molten inorganic tetrachloroaluminate (NaAlCls) electrolyte, improving opera-
tional safety compared to state-of-the-art lithium-ion batteries.[*'2l However, while the
energy density of sodium-metal chloride batteries is relatively high (e.g. 140 Wh/kg, 280
Wh/I on cell level), the charge and discharge rate capability of sodium-metal chlorides bat-
teries needs to be improved to be competitive with lithium-ion batteries.>*3!

Sodium-metal chloride batteries are assembled in the discharged state. This avoids the han-
dling of sodium metal, which forms the negative electrode, during cell assembly. Liquid
sodium is generated electrochemically during the first charge. Oxidation and reduction of
sodium metal (Na <& Na* + e) at temperatures above the melting point is extremely fast,
enabling current densities beyond 1000 mA/cm? without significant overpotential.[*¥ It is
thus the positive electrode, which limits the overall battery performance. The positive elec-
trode is a composite, comprising mainly nickel, iron, and sodium chloride in the discharged
state. The porous positive electrode is immersed in molten NaAICls electrolyte, separated
from the sodium metal negative electrode by the ceramic Na-B"-alumina electrolyte. Dur-

ing dis-/charge cycling at 300 °C, the following half-cell conversion reactions take
place[1'3'4'9'15]:

Fe + 2NaCl <> FeCl, + 2Na* (2.33 V vs. Na/Na*) Reaction 6
Ni + 2NaCl < NiCl, + 2Na* (2.58 V vs. Na/Na*) Reaction 7

State-of-the-art commercial sodium-metal chloride cells derive the majority of their capac-
ity from the de-/chlorination of nickel,*'® which provides a higher cell potential and higher
cycling stability compared to the de-/chlorination of iron.[*”) During charge (reaction 6,7),
sodium-ions migrate from the positive to the negative electrode, and vice versa during dis-
charge. Commercial cells feature a capacity of 38 Ah per cell, corresponding to an area
specific capacity of approximately 150 mAh/cm?, and a porous positive electrode compo-
site thickness of up to 18 mm,>® supporting continuous dis-/charging at 75 mA/cm?
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(C/2)."*1 While pulsed dis-/charge at higher current density is possible, the target for next-
generation sodium-metal chloride batteries is 150 mA/cm? continuous dis-/charge (1C). For
comparison, high-energy lithium-ion batteries feature capacities of only up to 4-5
mAh/cm?, and electrodes with a thickness on the order of only 0.1 mm, explaining their
currently still superior rate capability.?®

A recent study on sodium-metal chloride cells identified the transport of Na* ions as a rate-
limiting process in state-of-the-art porous positive electrode composites, even for a rela-
tively lower area specific capacity of 50 mAh/cm?.11%! The self-limiting nature of the conver-
sion reaction of nickel and iron to nickel chloride and iron chloride causes local pas-
sivation!?!l. As a result, de-/chlorination proceeds along a reaction front away from the Na-
B"-alumina electrolyte, deeper into the positive electrode.*8] Because iron is oxidized at a
lower potential than nickel, the iron chlorination reaction front is spatially separated from
(and precedes) the nickel chlorination reaction front. However, not all factors contributing
to the dynamic evolution of cell resistance as a function of state of charge and dis-/charge
rate are yet understood. Studies on planar, non-porous model electrodes identified diffu-
sional rate-limitations for the de-/chlorination of iron and nickel in NaAlCls. De-/chlorina-
tion is generally assumed to take place in a continuous, core-shell conversion layer.[17:21724]
The diffusional transport limitations were assigned to the transport of Cl- or metal ions
through the metal chloride conversion layer, either through pores,[*”21723] or by ion
transport through the metal chloride itself.?*

The aim of this study is to separate and isolate the different rate-limiting processes which
determine the cell resistance as a function of state of charge. In particular, we focus here
on deconvoluting the de-/chlorination processes of nickel and iron from microstructural
effects of the porous electrodes (porosity, tortuosity, etc.) employing planar model elec-
trodes. Combining electrochemical cell characterization with a detailed post-mortem scan-
ning electron microscopy analysis of the electrodes, we identify the rate-limiting process
during de-/chlorination and determine the diffusion coefficient of nickel and iron-ions in
molten NaAlCls electrolyte. These parameters can be employed directly in numerical mod-
els for optimizing the microstructure of the porous electrodes and derive guidelines for
designing next-generation sodium-metal chloride batteries with improved rate perfor-
mance.
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4.2 Results and discussion
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Figure 4-1: Cyclic voltammetry of a) Na/Ni-NiCl; and b) Na/Fe-FeCl cells with planar Ni and
Fe electrodes at scan rates from 0.1 to 10 mV/s and corresponding Randles-Sevcik plots in
c)and d).

In figure. 4-1a, we show the cyclic voltammetry (CV) response of a Na/Ni-NiCl, cell with a
planar nickel electrode for scan rates ranging from 0.1 to 10 mV/s at 300 °C. The voltage
scan from 1.8 to 2.85 V and from 2.85 back to 1.8 V vs. Na/Na*results in a relatively sym-
metric current response centered around a voltage of 2.59 V vs. Na/Na* at 300 °C. The
upper cut-off voltage was limited to 2.85 V vs Na/Na*to prevent decomposition of NaAICl,4
electrolyte at 3.05 V.[?°] Repeated cycling at a fixed scan rate within this voltage window
results in a reversible current response (two overlapping voltage scans shown for each scan
rate). At a scan rate of 10 mV/s, oxidation and reduction current feature each a sharp cur-
rent maximum at around 2.66 V and 2.52 V, respectively, which move towards 2.59 V with
decreasing scan rate (figure. 4-7a). In scan direction, the current density rises rapidly to-
wards the current maxima, but then falls offs relatively slowly, as de-/chlorination proceeds
at higher overpotentials, due to either i) thickening of the chlorinated layer at the electrode
surface and/or ii) reduced area of accessible unreacted electrode surface. Analysis of the
CV response at 0.1 mV/s in a Tafel plot in figure 4-7b (SlI) allows estimation of the exchange
current density, which is on the order of 0.2 mA/cm?. Identification of a linear regime in
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the Tafel plots is difficult because the current density at this scan rate is still limited by cell
resistance. Nevertheless, a reasonable estimate is obtained by assuming an anodic transfer
coefficient of 0.5, reflecting a reversible electrochemical reaction.?®

Compared to the Na/Ni-NiCl; cell, the CV response for the Na/Fe-FeCl, cell shown in figure
4-1b reveals much higher maximum current densities for the corresponding scan rates
(note the different y-axis scale). The upper voltage cut-off was set to 2.6 V vs. Na/Na* to
prevent the formation of FeCls species at 2.75 V.[*?4 The oxidation current density of the
Fe-FeCl, electrode is dominated by a strong maximum consisting of two overlapping peaks,
more clearly resolved at lower scan rates (up to 1 mV/s, figure 4-7c). We attribute the first
current peak at 2.34 V vs. Na/Na* to the formation of NagFeClg, and the second one at 2.36
V vs. Na/Na* to the formation of FeCly, as previously reported.?”! The oxidation and reduc-
tion current response is again relatively symmetric and centered around a voltage of 2.33
V vs. Na/Na* at 300 °C and reversible at fixed scan rate (two overlapping voltage scans
shown for each scan rate). In scan direction, the current density rises rapidly towards the
current maxima, but then drops more rapidly than for the Na/Ni-NiCl, cell in both scan
directions, indicating that de-/chlorination proceeds possibly via a different mechanism
(see discussion below). Analysis of the CV response at 0.1 mV/s in a Tafel plot in figure 4-
7d indicates an exchange current density, which is on the order of 2 mA/cm?, i.e., a factor
of 10 higher than for the Na/Ni-NiCl; cell, indicating a much faster de-/chlorination mech-
anism.

In order to quantify the rate-limiting process, current density maxima extracted from the
CV-scans in figure 4-1a and b are plotted against the square root of the scan rate in figure
4-1c and d. Due to the extremely high rate capability previously demonstrated for the so-
dium metal negative electrode in the same cell, but in symmetric electrode configura-
tion¥, the peak current densities are solely assigned to the rate-limiting process in the
positive electrode. For a purely diffusion-limited process, the maximum current densities
obey Fick's laws of diffusion. The Randles-Sevcik equation represents a solution to Fick's
2" law for the special case when the concentration of the active species is zero at the elec-
trode surface and constant in the electrolyte and predicts a linear relationship between
maximum current density and the square root of the scan rate.[?®! Inspection of figure 4-1c
and d shows that the Na/Ni-NiCl; cell displays a very linear behavior for oxidation and re-
duction, while the Na/Fe-FeCl; cell displays a slight deviation from the linear behavior, es-
pecially during reduction, where maximum current densities stagnate above 5 mV/s.

From the slopes of the Randles-Sevcik plots and the nickel-ion solubility of 2.1:10°® mol/cm?3
in NaAICl, 12°3% we can extract the diffusion coefficient of the rate-limiting process in the
Na/Ni-NiCly cell yielding 2.3-10° cm?/s for oxidation and 1.9-:10° cm?/s for reduction. De-
tails of the calculation are provided in the supplementary information. Although the
Randles-Sevcik plots of the Na/Fe-FeCl, do not exhibit a linear behavior over the full scan
rate range, we get a comparative value from a linear fit restricted to the lowest three scan
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rates, yielding an upper bound for the diffusion coefficient of 1.2-10° cm?/s during oxida-
tion and 7.2-10°® cm?/s during reduction of iron employing a value of 2.0-10** mol/cm3 for
the iron-ion solubility in NaAICl427:3%, These upper bound values obtained for iron are more
than two orders of magnitude smaller than the ones obtained for nickel! At first, this result
seems counterintuitive, as the exchange current density estimated for iron is a factor of 10
higher than for nickel. This apparent contradiction can be reconciled by noting that the
slope of the Randles-Sevcik equation shows a linear dependence on the concentration but
only a square root dependence on the diffusion coefficient (see equations in supplemen-
tary information). Thus, our data shows that the faster de-/chlorination in the iron system
is due to the higher solubility of iron in NaAICl, compared to nickel, compensating the lower
diffusion coefficient of iron-ions compared to nickel-ions in NaAICls (or in the chloride
layer).
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Figure 4-2: Evolution of cell voltage during galvanostatic run-in cycling of the planar a) Ni-
NiCl; and b) Fe-FeCl; electrode (pale red and blue curves show run-in cycles). c) Capacity
limited cycling of planar Ni-NiCl; and Fe-FeCl electrodes with 0.15 mAh/cm?, at discharge

current densities of 0.5 and 2 mA/cm?, respectively. d) Rate test of planar Ni-NiCl, and Fe-
FeCl; electrodes.

Figure 4-2a and b compares galvanostatic dis-/charge cycling of Na/Ni-NiCl, and Na/Fe-
FeCl; cells with planar model electrodes at +0.5 mA/cm?. When the upper cut-off voltage
of 2.85 and 2.6 V, respectively, is reached upon charge, the cells were held at this voltage
until the current density dropped to 0.05 mA/cm?2. Analogously, when the lower cut-off
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voltage of 1.8 V is reached upon discharge, the cells were held at this voltage until the
current density dropped to -0.05 mA/cm?2. While the galvanostatically accessible discharge
capacity increases slowly during the first four cycles for the Na/Ni-NiCl; cell from 0.22 to
0.35 mAh/cm?, the Na/Fe-FeCl, cell delivers a value of 0.95 mAh/cm? already in the first
cycle. This corresponds to the conversion of a ~1.2 um thick nickel or iron layer on the
planar electrodes. For both types of model electrodes, the capacities accessed in these ex-
periments substantially exceed the local degree of chlorination employed in porous high-
capacity cathodes. There, the cell voltage is maintained at a relatively low value, as the
reaction front propagates deeper into the porous electrode, continuously accessing addi-
tional, unreacted electrode surface. Thus, state-of-the-art commercial sodium-metal-chlo-
ride batteries generally restrict cycling to only 0.04 mAh/cm? with respect to the porous
electrode surface area, corresponding to conversion of a ~50 nm thick nickel or iron
layer.[16]

During galvanostatic charging, the cell voltage for the planar model electrode geometry
increases due to either i) thickening of the chlorinated layer at the electrode surface and/or
ii) reduced area of accessible unreacted electrode surface. It is important to remind our-
selves that for porous electrodes, the cell voltage can be maintained at a relatively low
value, because iii) the reaction front propagates deeper into the porous electrode contin-
uously 'supplying' additional unreacted electrode surface. Consequently, in porous elec-
trodes, the local degree of chlorination never reaches 0.95 mAh/cm? per porous electrode
area, which would lead to a breakdown of the electronic nickel/iron backbone of the po-
rous electrode and rapid capacity fading due to loss of electronic contact of a fraction of
the active electrode material to the current collector. Reversible, stable cycling of the pla-
nar model electrodes is achieved when limiting the capacity to 0.15 mAh/cm? (i.e. the con-
version of a ~200 nm thick nickel or iron layer). This corresponds to an increase in cell volt-
age of £ 0.03 V.

Figure 4-2c compares galvanostatic dis-/charge cycling of Na/Ni-NiCl, and Na/Fe-FeCl; cells
with planar model electrodes and at a capacity limited to 0.15 mAh/cm?. During charge, a
current density of 0.5 mA/cm? was applied, while during discharge a current density of 0.5
and 2 mA/cm? was employed. For each current density, 5 cycles are shown in figure 4-2c
exhibiting excellent cycling stability. Figure 4-2d shows data of a rate test for which the
current density was increased from 0.1 mA/cm? to 2 mA/cm?. The rate test was concluded
returning to 0.1 mA/cm? resulting in the same capacity as during the first cycles at 0.1
mA/cm?, confirming that the electrodes do not degrade. While both electrodes are able to
retrieve 100% of the initial capacity at 0.1 mA/cm?, this value drops to 81% for the Fe-FeCl,
and to 41% for the Ni-NiCl, electrode at 2 mA/cm?. Thus, the rate test confirms a signifi-
cantly higher rate capability of the Fe-FeCl, electrode compared to the Ni-NiCl, electrode.
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Figure 4-3: Post-mortem analysis of Ni-NiCl; and Fe-FeCl; electrodes at different degrees of
chlorination, after three cycles at 0.5 mA/cm? and 300 °C. a) Charge curve for Ni-NiCl (blue)
and Fe-FeCl, (red) with arrows indicating the corresponding capacity at which the SEM im-
ages was taken. b) Pristine Ni electrode. c) Ni-NiCl, electrode at 0.15 mAh/cm?. d) Ni-NiCl>
electrode at 0.5 mAh/cm?. e) Pristine Fe electrode. f) Fe-FeCl, electrode at 0.15 mAh/cm?.
g) Fe-FeCl electrode at 0.5 mAh/cm?.

Figure 4-3 links the electrochemical behavior of the Ni-NiCl, and Fe-FeCl, electrodes at a
current density of 0.5 mA/cm? to the corresponding surface morphology and composition
at different degrees of chlorination. We performed scanning electron microscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDS) mapping on electrodes extracted from dis-
assembled cells after NaAlCls removal. Figure 4-3a shows the cell voltage of Na/Ni-NiCl,
and Na/Fe-FeCl, cells during charge at 0.5 mA/cm?, with arrows indicating the capacity at
which the SEM images were taken.

Comparison of figure 4-3b and 4-3c shows that chlorination of the pristine, smoothly pol-
ished nickel electrode leads to immediate surface roughening already at 0.15 mAh/cm?. At
this stage of chlorination, the surface of the nickel electrode features thin crystalline NiCl,
platelets (length 10-20 um, thickness ~1 um), consistent with the layered structure of the
R-3m space group, ! growing out of the electrode surface. The presence of crystalline NiCl,
is confirmed by the X-ray diffraction (XRD) pattern of the Ni-NiCl, electrode shown in figure
4-8. Thus, NiCl; does not form in a conformal, core-shell-style layer on the nickel electrode,
but segregates out of the electrolyte when the concentration of nickel-ions exceeds to sol-
ubility limit in the molten NaAlICls. At this degree of chlorination, the NiCl, crystals do not
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yet fully cover the surface of the nickel electrode (~50% surface coverage) as confirmed by
the EDS maps in the inset. Full surface coverage is observed at 0.5 mAh/cm?shown in figure
4-3d. Upon discharge, NiCl; crystals dissolve into the NaAICl, electrolyte while nickel-ions
are plated back onto the electrode surface resulting in a granular surface morphology with
atypical feature size on the order of 1 um (not shown).3? As the chlorine ion concentration
in the NaAlICls exceeds the solubility limit, NaCl crystals are segregated out of solution and
sediment on the nickel electrode surface (not shown).

The evolution of the iron electrode upon chlorination is shown in figure 4-3e-g. In contrast
to the nickel electrode, no FeCl; platelets are observed on the iron electrode surface. In-
stead, we observe a uniform FeCl, conversion layer and a number of cracks on the electrode
surface (white arrows in figure 4-3f and g). The lower crystallinity is supported by the XRD
pattern of the Fe-FeCl; electrode, showing broader FeCl, peaks with lower signal to back-
ground ratio than those for Ni-NiCl, electrode (figure 4-9). After chlorination to 0.5
mAh/cm?, most of the iron electrode surface is converted to FeCl,, but along the cracks
there are still areas with non-converted iron apparent in EDS maps of the iron electrode.
These cracks in the iron electrode may form due to the build-up of stress caused by the
formation of the FeCl, layer.

¢) 0.5 mAh/cm?

10 um 0 |WiNgal . 10§m

e) 0.5 mAh/cm?

Figure 4-4: SEM images and EDS maps of ion-milled cross-sections of Ni-NiCl; and Fe-FeCl,
electrodes. a) Pristine nickel electrode. b) Ni-NiCl, electrode at 0.5 mAh/cm?. c) EDS map of
Ni-NiCl, electrode at 0.5 mAh/cm?. d) Pristine iron electrode. e) Fe-FeCl, electrode at 0.15
mAh/cm?. f) EDS map of Fe-FeCl, electrode at 0.5 mAh/cm?.

To confirm this hypothesis, we further investigated the chlorination behavior of the Ni-
NiCl, and Fe-FeCl, electrode by imaging ion-milled cross-sections of the pristine and chlo-
rinated electrodes shown in figure 4-4. After chlorination to 0.5 mAh/cm?, the Ni-NiCl; elec-
trode maintains a relatively planar nickel surface with a surface roughness < 1 um, but
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grows a > 10 um thick layer of randomly oriented NiCl; platelets on top. The EDS map in
figure 4-4c indicates that chlorination does not take place in the bulk of the nickel elec-
trode. Separated Ni, Na, and Cl EDS maps can be found in figure 4-10 in the supplementary
information. The situation is completely different for the Fe-FeCl; electrode, which exhibits
a very rough electrode surface after chlorination to 0.5 mAh/cm? with long cracks, pene-
trating deep into the electrode bulk. The EDS map in figure 4-4f confirms that chlorination
does not take place in the bulk of the iron electrode, but consumes the iron electrode along
the cracks leading also to the cracking off of larger iron pieces. This explains the poor cycling
stability observed for Na/Fe-FeCl; cells with porous electrodes, as electrode pulverization
causes a loss of electronic contact of active electrode material to the current collector.[*727]
Separated Fe, Na, and Cl EDS maps can be found in figure 4-11 in the supplementary infor-
mation.

In summary, our analysis shows that chlorination of the nickel electrode proceeds via uni-
form oxidation of nickel and the formation of NiCl, platelets (figure 4-5a-c). In contrast, the
chlorination of the iron electrodes proceeds via stress-induced cracking, resulting in non-
uniform iron oxidation and the pulverization of the iron electrode (see figure 4-5d-f). Stress-
induced corrosion is a classical scenario, described also for many other electrode/electro-
lyte systems.33-3% Qur analysis explains the faster dis-/charge kinetics and higher rate ca-
pability observed for the iron electrode in figure 4-1d and 4-2d as crack formation 'supplies'
continuously fresh iron surface for chlorination as shown in figure 4-5e, f).

a) b) o
T S ¥ T N Y
NaAICl, ) Na*  Na- Na*  Na-
NacCl NaCl :
(a-)
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- NiCl;
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Figure 4-5: Sketch comparing chlorination of (a-c) nickel and (d-f) iron electrode at 0, 0.15,
0.5 mA/cm? state of charge.

Our results further demonstrate that metal-ion diffusion and metal-ion solubility in the
molten NaAlICls electrolyte rather than transport across the metal chloride layer are limiting
the rate capability of planar nickel and iron electrodes.?* This has important implications
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for the design of porous high-capacity electrodes. Increasing the mobility of metal ions im-
proves peak current density only as the square root of the diffusion coefficient. It is thus
more effective to increase metal-ion solubility in the molten NaAICls electrolyte, which im-
proves peak current density linearly. However, increasing the metal-ion solubility also leads
to more rapid dissolution of the oxidized electrode, which can lead to a breakdown of the
electronic backbone of the porous electrode and accelerate capacity fading due to loss of
electronic contact of a fraction of the active electrode material to the current collector.
Note that this phenomenon is independent of crack-induced electrode pulverization, which
represents an additional mechanism responsible for capacity fading in iron electrodes.
Metal-ion diffusion and solubility become important, when the path for sodium-ions is
short and does not dominate the cell resistance and does not limit the current density. On
charge, this is the case at low state of charge in porous electrodes, when the (oxidation)
reaction front is situated in the vicinity of the Na-B"-alumina electrolyte. As the reaction
fronts proceeds away from the Na-B"-alumina electrolyte during charging, the path length
for sodium-ions is increasing and consequently reaches a point, where the resistance con-
tribution associated with the sodium-ion transport will limit the current density. The effec-
tive path length for sodium-ions strongly depends on the microstructure of the porous elec-
trode (porosity, tortuosity, etc.). When designing the microstructure of a porous electrode,
it is also important to take into account how the initial microstructure evolves during cy-
cling (e.g. platelet vs crack formation). A multi-physics model based on an exact geometrical
representation of the porous electrode would allow the design of tailored microstructures
for different electrode compositions and dis-/charge profiles.

On discharge, metal ions are plated onto the electrode. In principle, plating can result in
local depletion of metal ions in the electrolyte, if metal chloride dissolution is not fast
enough. However, because the values extracted from figure 4-1c and d for the diffusion
coefficients are comparable for oxidation and reduction, we conclude that the limiting fac-
tor is metal-ion diffusion in the molten NaAlICls electrolyte rather than the rate of metal
chloride dissolution.

Commercial sodium-metal chloride batteries employ a combination of nickel and iron in
the positive electrode to circumvent sodium-ion transport limitations in the porous positive
electrode, especially under pulsed current load. From our analysis we can further conclude
that addition of iron is useful to enhance the battery's rate capability by adding faster iron-
ion diffusion to the slower nickel-ion diffusion. This is especially relevant at low state of
charge when charging and high state of charge when discharging, when the reaction front
is located in the vicinity of the Na-B"-alumina electrolyte, and no sodium-ion limitation is
expected.
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4.3 Conclusion

In summary, we reinvestigated de-/chlorination of planar Ni-NiCl, and Fe-FeCl; electrodes
in molten NaAICls electrolyte. Despite the larger diffusion coefficient of nickel-ions com-
pared to iron-ions in NaAICls, we observed a higher rate capability for the Fe-FeCl, elec-
trode compared to the Ni-NiCl, electrode, which can be explained by the higher solubility
of iron-ions in NaAlICls and stress-induced crack formation in the iron electrode, continu-
ously 'supplying' fresh iron for chlorination. However, both factors also tend to accelerate
capacity fading. We also observed that the nickel electrode is consumed uniformly and
NiCl, growth in platelets, while the iron electrode is consumed non-uniformly and FeCl,
growth as a layer.

Mechanistic insights into the de-/chlorination of Ni-NiCl, and Fe-FeCl, electrodes gained in
this study allow the design of improved positive electrodes with reduced charge and dis-
charge times and therefore the competition with state-of-the-art lithium-ion batteries. This
may hold the key for the breakthrough of sodium-nickel-chloride batteries for large-scale
electricity storage.

4.4 Methods

A sketch and photographs of the self-built high-temperature cell used in the experiments
are shown in figure 4-6 Na-B"-alumina disks with a thickness of 1 mm and 35 mm diameter
were sintered at 1600 °C for 5 min from powders following ref. 36 and glued to two a-
alumina rings using a glass paste. To prevent dewetting of liquid sodium from the Na-B"-
alumina surface on the negative electrode, a porous carbon coating was applied following
the procedure described in ref. 14. For the positive electrode 20 mm diameter nickel
(Ni201, 99.2%) and iron (Armco, 99.85%) were first polished (P2500, P4000) in isopropanol
and then in inert argon atmosphere (P4000). 300 mg sodium NaAICls (Sigma Aldrich,
99.99%) and 10 mg NacCl (JuraSel, 99.8%) powders have been mixed to ensure NaCl satura-
tion of the NaAICl4 at all times. Full cells with an active area of 3.14 cm? were assembled in
an argon-filled glovebox. A type K thermocouple was inserted at the interface between a-
alumina and Na-B"-alumina for precise temperature determination. Sodium metal foils
with a purity of 99.9% and an area specific mass of 0.16 g/cm? (0.5 g) were inserted at the
negative electrode.

Cell heating for all experiments was realized via a resistive coil heater embedded in a self-
built glass fibre heating jacket. All experiments have been conducted at 300 °C, while cell
temperature was controlled via a feed-forward controller. Cell cycling was conducted in a
glovebox under argon atmosphere with H,0 and O; levels below 0.1 ppm. For cyclic volt-
ammetry measurements each cell passed one sweep at each voltage scan rate for run-in.
For galvanostatic measurements prior to electrochemical and post-mortem analysis, each
cell passed three run-in cycles with the corresponding area specific capacity (0.15, 0.5, 0.95
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mAh/cm?) at 0.5 mAh/cm? with an upper cut-off voltage at 2.85 V vs. Na/Na* for nickel, 2.6
V vs. Na/Na*, 0.05 mA/cm? and a lower cut-off voltage of 1.8 V, 0.05 mA/cm?. During rate
tests, the cells were charged (chlorinated) at 0.5 mA/cm? up to 0.15 mAh/cm? and dis-
charged (de-chlorinated) in the range of 0.1-2 mA/cm?. All cells were cycled with a Biologic
VSP 3e potentiostat.

Scanning electron microscopy images (SEM) and energy-dispersive x-ray spectroscopy
(EDS) maps were taken after cell disassembly and removal of sodium tetrachloroaluminate
(NaAlCl4) in isopropanol with a table top Hitachi TM3030Plus. X-ray diffraction patterns
were taken with a PANanalytical X'Pert PRO MRD. Cross sections of the electrodes were
prepared by sawing and ion polishing employing a Hitachi IM4000 Plus ion miller.
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4.5 Supporting information
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Figure 4-6: Electrochemical cell. a) Schematic image of cell. b) Image of pristine, polished
nickel electrode and cell assembly filled with NaCl and TCA powder.
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Figure 4-7: Cyclic voltammetry results at 0.1 mV/s for Ni-NiCl; (blue) and Fe-FeCl; (red). a)
Current response of Na/Ni-NiCl, cell with single peaks upon oxidation and reduction with a
reversible potential of E..,= 2.59 V vs. Na/Na* at 300°C. b) Tafel-plot for Ni-NiCl; electrode
with a reversible potential (Erey) of 2.59 V vs. Na/Na*. The dashed line represents an anodic
transfer coefficient of 0.5 resulting in an exchange current density on the order of ~ 0.2
mA/cm? c) Current response of Na/Fe-FeCl, cell with two peaks upon oxidation and reduc-
tion with a reversible potential of Erey= 2.33 V vs. Na/Na* at 300°C. b) Tafel-plot for Fe-FeCl,
electrode with a reversible potential (Er.v) of 2.33 V vs. Na/Na*. The dashed line represents
an anodic transfer coefficient of 0.5 resulting in an exchange current density of about ~ 2
mA/cm?.
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Calculation of diffusion constants:
From Faulkner & Bard (pp.231)128!:

F3 3 1 1
ipear = 0.4463(ﬁ)1/2n2ADgcov2

; F3 1/2 § % 1
Jpeak = (0'4463(ﬁ) 2nzDZcy) - v2

1

1 3 3 1
Jpear & |al vz |al = <0.4463 (:—T)anugc0> > Dy=|—"

F3
0.4463(5) n

ipeak: Peak current [A]

jpeak: Peak current density [A/cm?]

F: Faraday constant: 96485 [C/mol]

R: Universal gas constant: 8.314 [J/mol K]

T: Temperature: 573.15 [K]

n: number of electrons involved: 2 [-]

Do: Diffusion constant: [cm?/s]

co: initial concentration(?7-2%:3%): ¢g yia+ = 2.1544 e-6 [mol/cm?3]; co re2+= 1.9998 e-4 [mol/cm?3]:
Prca, 300°c=1.59985 g/cm3

U: scan rate: 0.0001-0.010 [V/s]

a: slope from Randles-Sevcik plot: anic2 = [C;:l;z ($)=1/2]
an;ox:=0.056 — ( Iy-172

an, red:=-0.052 — (= Iy-172

Ore,0x=0.378 — ( 2y=1/2 (it for first 3 points)

OFe,red:=-0. 295 ( ) /2 (it for first 3 points)
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Figure 4-8: XRD pattern of Ni-NiCl, electrode at 0.5 mAh/cm? showing the presence of NaCl,
Ni and crystalline NiCl,.
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Figure 4-9: XRD pattern of Fe-FeCl, electrode at 0.5 mAh/cm? showing the presence of NaCl,
Fe and amorphous, less-crystalline FeCl; - 4H0.
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a) 0.5 mAh/cm? b) 0.5 mAh/cm?

¢) 0.5 mAh/cm? d) 0.5 mAh/cm?

Figure 4-10: SEM image and EDS maps of ion-milled cross-sections of Ni-NiCl, electrode at
0.5 mAh/cm?. a) SEM image. b) EDS Ni-KA. c) EDS CI-KA. d) EDS Na-KA.

a) 0.5 mAh/cm? . b) 0.5 mAh/cm?

c) 0.5 mAh/cm? d) 0.5 mAh/cm?2

Figure 4-11: SEM image and EDS maps of ion-milled cross-sections of Fe-FeCl; electrode at
0.5 mAh/cm?. a) SEM image. b) EDS Fe-KA. c) EDS CI-KA. d) EDS Na-KA.
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Having understood the rate-limiting processes and fundamental de-/chlorination mecha-
nism of planar nickel and iron electrodes, as presented in chapter 4, we investigate here
the rate-limiting processes of a nickel-nickel-chloride porous positive electrode. Different
electrode compositions with nickel/iron and pure nickel are probed in rate tests.
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Abstract

The transition from fossil fuels to renewable energy sources requires economic, high-per-
formance electrochemical energy storage. High-temperature sodium-metal chloride bat-
teries combine long cycle and calendar life, with high specific energy, no self-discharge, and
minimum maintenance requirements, while employing abundant raw materials. However,
large-scale deployment in mobility and stationary storage applications is currently hindered
by high production cost of the complex, commercial tubular cells and limited rate capabil-
ity. The present study introduces sodium-metal chloride cells with a simple, planar archi-
tecture that provide high specific power while maintaining the inherent high specific en-
ergy. Rational cathode design, considering critical transport processes and the effect of
cathode composition on the cell resistance, enables the development of high-performance
cells with average discharge power of 1022 W kg and discharge energy per cycle of 258
Wh kg on cathode composite level, shown over 140 cycles at an areal capacity of 50 mAh
cm2. This corresponds to a 3.2C discharge over 80% of full charge. Compared to the best
performing planar sodium-metal chloride cells with similar cycling stability and mass load-
ing in the literature, the presented performance represents an increase in specific power
by more than a factor of four, while also raising the specific energy by 74%.
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5.1 Introduction

Transition from fossil fuels to renewable energy sources is imperative to reduce green-
house gas emissions. Integrating renewable power generation based on solar and wind en-
ergy into the electricity grid requires scalable stationary energy storage solutions to match
electricity production and demand. Similarly, for mobile applications, high-performance
energy storage is required to provide alternatives for internal combustion engines burning
fossil fuel.

High-temperature sodium-metal chloride batteries, also referred to as molten-salt batter-
ies or Zebra batteries, are an excellent candidate for stationary energy storage since they
provide long cycle and calendar life, require no maintenance, and employ abundant, non-
critical raw materials without the need of Li or Co.[*3! In principle, these qualities make
them competitive with existing technologies such as lithium-ion or sodium-ion technol-
ogy.[**! However, large-scale deployment of sodium-metal chloride batteries is currently
hindered by high production cost of the commercial tubular cells. Therefore, in the present
work, we study sodium-metal chloride cells with a planar architecture. A transition from
the commercial tubular design toward a planar cell design can reduce complexity in cell
manufacturing and drastically lower assembly cost, making the sodium-metal chloride
technology economically favorable to a wider range of applications, while it also poses me-
chanical design challenges.[®! The feasibility of a planar cell design has been demonstrated
for the past 15 years in numerous scientific publications.-'*) Beyond these important con-
siderations on the cell design (tubular vs. planar), it is the cathode composition and micro-
structure that is critical to the performance of a sodium-metal chloride cell. In contrast to
lithium-ion batteries, which employ relatively thin electrodes (typically up to 100 um),2%.21]
sodium-metal chloride batteries apply a cathode with considerable thickness (few millime-
ters), which gives rise to an increasingly important cell resistance contribution as the elec-
trochemical reaction front progresses through the thickness of the cathode.l”) As active
cathode materials, previous studies on planar cell designs mostly focused on pure Ni cath-
odes and pure Fe cathodes,”~**! steadily increasing the specific energy, reaching up to 405
Wh kg™ on cathode composite level,*®! and prolonging cycle life up to 1000 cycles.*8! In
further studies it was shown that the introduction of a mixed Fe/Ni cathode, where both
Fe and Ni contribute to the cell capacity, can increase the power capability compared to
cells with a pure Ni cathode.[>?2231 Multiple reasons support the use of mixed Fe/Ni cath-
odes, with the overall idea of combining the advantages of both metals. While Ni provides
a higher equilibrium potential, Fe is considerably cheaper than Ni, improving the economic
competitiveness of sodium-metal chloride cells. Furthermore, it is known that the reaction
kinetics of Fe are faster than Ni in sodium-metal chloride cells.* Finally, a mixed Fe/Ni
cathode provides two possible electrochemical reactions that can be executed in parallel,
thereby stabilizing the cell voltage in case of load peaks also at low state of charge (SOC).?!
Against this background it seems not surprising that for the past 20 years a mixed Fe/Ni

75



Rational cathode design for high-power sodium-metal-chloride batteries

cathode has been employed in commercial tubular cells.’2?* However, our current under-
standing on how the cathode composition affects the cell performance remains incom-
plete.

Irrespective of the cathode composition, to date literature on sodium-metal chloride bat-
teries was not able to demonstrate planar cells that simultaneously show high specific
power, high specific energy, good energy efficiency, and high cycling stability. Such batter-
ies are especially desirable for stationary energy storage in the context of grid balancing,
where high power is required, or also in mobile applications including electric vehicles. Fur-
thermore, critical insight into the electrochemically limiting cathode processes is missing,
which is the key for further performance enhancement.

In the present study, we investigate how the cathode composition affects the accessible
power, energy, and energy efficiency in planar sodium-metal chloride cells. We compare
planar cells with Fe/Ni cathodes to cells with pure Ni cathodes, and study the effective cell
resistance as a function of SOC, thereby providing a mechanistic insight into the relevant
cell reactions. The cell resistance is of fundamental importance since—at a defined cur-
rent—it determines the available capacity within given voltage limitations, and it directly
affects the energy efficiency of the cell. With our analysis, we provide experimental evi-
dence for a reaction front mechanism within the cathode, which was previously postulated
in the literature and investigated using neutron diffraction imaging technique.®?>-?’1 From
our electrochemical data, we derive how the location of the cell reactions moves along the
depth of the cathode, from the solid electrolyte to the current collector. Finally, we com-
pare our cycling results to previously reported planar sodium-metal chloride cells. Thereby
we show how a rational cathode design regarding composition and microstructure is
guided by a mechanistic understanding of electrochemical activity of species and transport
processes and provides a pathway towards substantial performance enhancements in so-
dium-metal chloride batteries.
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5.2 Results and discussion

For the present work, we developed planar sodium-metal chloride lab cells that we cycled
at 300 °C, see Figure 5-1 and the Experimental Section for details. We compared two cath-
ode compositions, namely mixed Fe/Ni cathodes and pure Ni cathodes.

a-alumina Ni foam Cathode Na-B"-alumina a-alumina
collar material  solid electrolyte ~ washer

Graphite Ni Carbon Na Spring
seal piston coating

1
y . £ 4

Figure 5-1: High-temperature planar sodium-metal ch/oride/abce//. a) Schematic, cross-

sectional view. b) Photograph of a Na-B"-alumina solid electrolyte disc. c) Ceramic subas-
sembly consisting of a Na-B"-alumina disc glued between two a-alumina collars, showing
the carbon coating applied to the anode side. Inset: Cross-sectional scanning electron mi-
croscopy (SEM) image of the carbon coating (black) on the Na-B"-alumina disc (grey). d)
Photograph of cathode compartment with cathode granules after NaAlCls-infiltration. In-
sets: SEM images of one cathode granule and its microstructure. e) Photograph of Ni foam
serving as current collector and NaAICls reservoir in the cathode compartment. Inset: Open
pore structure of the foam. f) Photograph of assembled cell. See experimental section for
details.

We first discuss the performance of cells with a mixed Fe/Ni cathode. In figure 5-2a, we
show the galvanostatic maiden charge of the Fe/Ni cell at 3 mA cm (C-rate 0.05C). Analo-
gous to previous studies, we define the theoretical capacity of the cell based on the elec-
trochemical reactions of NaCl with the metal constituents in the cathode, namely Al, Fe and
Ni. For the Fe/Ni cell, the upper cut-off voltage was fixed to 2.75 V to avoid undesired over-
charge reactions (Fe + 3 NaAICls <> FeCls + 3 AlICls + 3 Na at approximately 2.75 V). During
maiden charge of the Fe/Ni cell, we distinguish three main reactions. Reaction 8: Oxidation
of Al and formation of NaAICl; and Na, given as:?®

Al + 4 NaCl <> NaAICls + 3 Na at~1.6 V (300 °C) Reaction 8
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This reaction is applied irreversibly in our system, taking place exclusively during maiden
charge. Formation of molten NaAICls from NaCl at the cathode improves the distribution of
NaAICls within the granules, leading to enhanced electrochemical activity of the cathode.
We thus fix the lower cut-off voltage at 1.6 V. Since we are performing a capacity-limited
cycling protocol (see details below), the upper and lower cut-off voltages are typically not
reached. Based on the amount of Al in the cathode composition (see Experimental section),
reaction 8 is limited to a maximum 15 mAh g2, until the entire Al content is consumed.

Subsequently, in the Fe/Ni cells, reaction 9: Oxidation and chlorination of Fe is initiated:[?®

Fe + 2 NaCl <> FeCl, + 2 Na at 2.32V (300 °C) Reaction 9

Based on the amount of Fe in the Fe/Ni cathode, reaction 9 can provide a maximum of 63
mAh g1. At even higher cell voltage, we observe reaction 10: Oxidation and chlorination of
Ni, given as:?

Ni+ 2 NaCl <> NiCl, + 2 Na at 2.57 V (300 °C) Reaction 10

The equilibrium potentials for reaction 9 and 10 were derived from dedicated experiments

by determining the open-circuit voltage (OCV) versus SOC using a galvanostatic intermit-
tent titration technique (GITT), refer to figure 5-8 for details.
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Figure 5-2: Galvanostatic cycling of planar sodium-metal chloride cells with mixed Fe/Ni
cathode. a) Voltage vs. specific capacity during maiden charge, highlighting the three metal
chlorination reactions (Al, Fe, and Ni). b) Voltage vs. specific capacity during the first three
cycles. c) Symmetric rate test: Voltage vs. specific capacity; charge and discharge rates in-
crease symmetrically from 6 mA cm2 to 20 mA cm??, three cycles per rate. Transition during
charge from low-voltage to high-voltage plateau is highlighted. d) Discharge rate test: Volt-
age vs. specific capacity; charge rates are constant at 20 mA cm™, discharge rates increase
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from 20 mA cm™ to 80 mA cm™, three cycles per rate. e) Cell resistance during charge com-
puted from charge curves in c). Within voltage transition region (15% to 30% SOC), accurate
resistance computation is hindered by non-ohmic cell behavior, see figure 5-9. f) Cell re-
sistance during discharge computed from discharge rate test in d).

In contrast to reaction 8 and 9, chlorination of Ni is not limited by the amount of Ni in the
cathode. Instead, it is limited by the availability of NaCl in the cathode granules. Considering
the amounts of NaCl consumed during reaction 8 and reaction 9 in the Fe/Ni cells, a capac-
ity of 95 mAh g is expected from Ni chlorination, before the entire NaCl content in the
cathode granules is consumed. We consider the 15 mAh g™ from reaction 8 as irreversible
in our experiments, and assign it with negative values within the SOC window — see figure
5-2. In the Fe/Ni cells, the cumulative contributions from chlorination of Fe and Ni amount
to a reversible theoretical capacity of 159 mAh g (100% SOC), with 40% SOC available at
2.32 V (reaction 9), and 60% available at 2.57 V (reaction 10). As is common in state-of-the
art literature on sodium-metal-chloride cells,®! we consider the amount of granulated
material added to the cathode (Ni, Fe, Al, NaCl and additives) when computing the gravi-
metric capacity, while the liquid secondary electrolyte NaAICls, the Ni foam and Ni pistons
are not included in the calculation — see supporting information note 1: Ni foam. Corre-
sponding values on cell level depend on the specific cell design.® For the Fe/Ni cells, the
theoretical capacity of 159 mAh g translates into an areal capacity of 51 mAh cm2 (based
on the solid electrolyte surface) at a mass loading of 0.32 g cm™.

Inspection of figure 5-2 shows that the full theoretical capacity (corresponding to 100%
SOC) can be obtained during the capacity-limited, galvanostatic maiden charge at voltages
well below the upper cutoff voltage. For the Fe/Ni cells, we observe two pronounced volt-
age plateaus, featuring low overpotentials (+10 mV) compared to the equilibrium poten-
tials, with the low-voltage plateau associated with Fe chlorination at low SOC, and the high-
voltage plateau associated with Ni chlorination at high SOC. However, the high voltage edge
(defined as the onset and ending of the high-voltage plateau during charge and discharge,
respectively) occurs at a lower SOC (25% SOC) than theoretically possible (40% SOC), con-
sidering the iron content of the cathode. Chlorination of the remaining iron requires higher
overpotentials, and takes place together with Ni chlorination in the high-voltage plateau.
In the subsequent cycles shown together with the maiden cycle in figure 5-2b, we restrict
the SOC window to a lower limit of 10% SOC, and to an upper limit of 90% SOC, providing
acycled capacity of 127 mAh g. Despite the low current density applied (3 mA cm2,0.05C),
we observe a pronounced hysteresis in the voltage profile of the Fe/Ni cells between charge
and discharge, manifesting itself in a shift of the high-voltage edge to higher SOC during
discharge. The hysteresis results in substantially lower cell voltages during discharge than
during charge at intermediate SOC (between 25% and 50% SOC), thereby reducing the
roundtrip energy efficiency (further discussion below). During the second and third dis-
charge, the high-voltage edge gradually moves to lower SOC (from 55% to 40% SOC). We
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ascribe this evolution of the discharge voltage profile to run-in processes within the cath-
ode. Run-in processes can include a stabilization of the Fe/Ni cathode microstructure,
where cycling enables a redistribution and improved contacting of the Fe and Ni particles
forming the electronic backbone.[?®30 These effects are superimposed with the cell re-
sponse to the SOC window reduction from the full SOC window in the first cycle down to
10% to 90% SOC in the following cycles. Changing the SOC window results in other locations
of the cathode to participate in the electrochemical reactions!? (see also discussion on re-
action front mechanism below). Furthermore, we observe that the transition from the low-
voltage Fe to the high-voltage Ni plateau takes place via different steps, indicating several
intermediate processes. Based on literature, these steps can be related to a contribution
of additives (e.g. FeS + 2 NaCl + Ni ¢ FeCl, + NiS + 2 Na at 2.37 V and Ni + 2 NaF > NiF; +
2 Na at 2.39 V)[222] and to the formation of intermediate phases (e.g. NasFeClg).[1%2¢! Inter-
estingly, we can distinguish two intermediate plateaus during charge, while during dis-
charge there are three separate kinks in the transition region between low- and high-volt-
age plateau. During charge, these intermediate plateaus are shorter and the voltage trace
makes a steeper transition between the low- and the high-voltage plateau, indicating sub-
stantial overpotentials. As a result, the intermediate reactions mainly take place in the high-
voltage plateau during charge, together with the chlorination of Ni. During discharge, the
individual plateaus are differentiated according to their reaction potentials. In the future,
further investigation is required to fully resolve the details of these transition reactions.
Figure 5-2c shows the voltage profiles of the Fe/Ni cell during a subsequent rate test, where
we increase the charge and discharge rates symmetrically in four steps from 6 mA cm?
(0.1C) to 20 mA cm™ (0.4C). For each current density, we perform three cycles. The corre-
sponding voltage profiles overlay almost ideally at each current density, indicating no fur-
ther microstructural changes in the cathode. However, the increasing C-rates affect the
characteristics of the hysteresis observed in the voltage profiles during charge and dis-
charge. In particular, both in charge and discharge, the high-voltage edge shifts to lower
SOC with increasing C-rates (by about 5 mAh g between 0.1C and 0.4C). During charge,
the shift of the high-voltage edge can be understood based on the increasing overpoten-
tials associated with increasing charge currents. The higher the charge current, the higher
the overpotentials, and the earlier (at lower SOC) the high-voltage plateau is reached,
where Ni chlorination is enabled. Our cycling data in figure 5-2c shows that, in the subse-
guent discharge, more NiCl; is available for dechlorination, which enables a longer dis-
charge on the high-voltage plateau, resulting in the observed shift of the high-voltage edge
to lower SOC. This leads to the intriguing insight, that in Fe/Ni cells the ratio of Ni and Fe
species undergoing oxidation/reduction depends on the current density applied during
charge, and higher amounts of Ni are chlorinated at higher charge rates.

In figure 5-2d, we maintain a constant charge rate of 20 mA cm (0.4C) to respect the upper
cut-off voltage, but further increase the discharge rate in four steps from 20 mA cm2 (0.4C),
up to 80 mA cm= (1.6C). Again, three cycles per rate are performed, resulting in overlying
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voltage profiles, indicating a stable cathode microstructure. In contrast to figure 5-2c, the
high-voltage edge is no longer subject to a shift during discharge at the different rates, since
the constant charge rates lead to the same degree of Ni chlorination, confirming the con-
clusion above. For the highest discharge rates of 1.6C, the cell voltage falls to values of
around 2.1 V. Remarkably, we find that the voltage traces during charge shown in figure 5-
2cand the voltage traces during discharge shown in figure 5-2d follow an almost ideal linear
(ohmic) relation with the applied currents (see figure 5-9). Only in the transition region
between low-voltage and high-voltage plateau (highlighted in figure 5-2c) deviations from
linearity between the voltage traces reach values above 1% (see figure 5-9). Thus, non-
linear polarization resistances are negligible, and we can derive the relevant effective cell
resistances for charge and discharge in our cells based on a simple linear interpolation, as
described in more detail in the supporting information note 2: Resistance Computation.
We present the computed cell resistance during charge and discharge as a function of SOC
in figure 5-2e-f, respectively. In both cases, we identify a base resistance of around 0.6 Q
(1.9 Qcm?), which is present independently of SOC. The base resistance comprises the re-
sistances related to passive cell components, Na-B"-alumina solid electrolyte, and even an-
ode processes, which did not show an SOC-dependency in a previous study.’®% Thus, we
can ascribe the SOC-dependent, variable resistance contributions as observed both for
charge and discharge in figure 5-2e-f to cathode processes.
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Figure 5-3: Schematics of the reaction front mechanism in the Fe/Ni cathode. a) Progressing
Fe chlorination reaction front during charge at an early stage of the charge process at e.g.
15% SOC, also highlighting the transport path of Na ions through the liquid NaAlCl4 second-
ary electrolyte. b) Progressing Fe and Ni chlorination reaction fronts during charge at a late
stage of the charge process at e.g. 70% SOC highlighting the formation of obstructions to
the ionic transport. c) Progressing NiCl» dechlorination reaction front during discharge at an
early stage of the discharge process at e.g. 70% SOC. d) Progressing NiCl> and FeCl, dechlo-
rination reaction fronts during discharge at a late stage of the discharge process at e.g. 15%.
SOC. Dissolution (a,b) and precipitation (c,d) of NaCl crystals are not shown to improve read-
ability.

In figure 5-3, we show schematics of the cathode chlorination and dechlorination processes
during charge and discharge explaining these SOC-dependent resistance contributions
from the Fe/Ni cathode. The cathode is composed of a porous percolating network of the
Ni and Fe particles. The channels in the network are filled with the liquid NaAICls secondary
electrolyte ensuring the transport of Na ions. For Fe/Ni cells, during charge at low SOC
(figure 5-3a), Fe chlorination starts from the Na-B"-alumina solid electrolyte interface, and
progresses across the cathode towards the current collector. The initiation of the reaction
front directly at the Na-B"-alumina solid electrolyte interface and its movement into the
depth of the cathode were experimentally shown with high spatial resolution using neutron
diffraction technique.?®) The more the Fe chlorination reaction front advances, the longer
the transport path for the Na ions through the liquid NaAlCls secondary electrolyte from
the reaction site to the Na-B"-alumina solid electrolyte, which results in increasing cell re-
sistance (figure 5-2e, 10-15 % SOC). Exclusively the Na ions have to travel from the reaction
site to the Na-B"-alumina solid electrolyte interface, while the Fe-ions, the Ni-ions and the
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Clions required for the reactions are evenly distributed over the entire depth of the cath-
ode. Towards the end of Fe chlorination, the overpotentials rise substantially, which we
ascribe to limited accessibility of the remaining Fe in the cathode microstructure, resulting
in a rapid rise in cell resistance, as seen in figure 5-2e at 20-25% SOC. The high cell re-
sistance for Fe chlorination in this transition region, together with a contribution of addi-
tives, is seen as a main cause for the hysteresis observed in the charge/discharge behavior
in Fe/Ni cells. At a later stage, the transport resistances required to continue Fe chlorina-
tion result in an increase of the cell potential to above the equilibrium potential of Ni chlo-
rination, which is then initiated, thereby reducing the cell resistance, as seen in figure 5-2e
at 30% SOC. During charge at high SOC (figure 5-3b), Ni chlorination starts from the Na-p"-
alumina solid electrolyte interface, and progresses across the cathode towards the current
collector. The more the Ni chlorination reaction front advances into the cathode, the longer
the transport paths for the Na ions through the liquid NaAICls secondary electrolyte, which
results in a continuous increase in cell resistance, as seen in figure 5-2e from 30% to 90%
SOC. However, the resistance increases non-linearly. This can be associated with the volu-
metric expansion of the Fe and Ni due to the metal chlorination. In fact, chlorinating Fe and
Ni to FeCl, and NiCl, results in a volume increase by more than a factor of two and the
formation of lamellar structures in the cathode that occupy a considerable amount of space
as was shown via SEM on charged cells.’®?! This can result in obstructions that further in-
crease the required transport path for the Na ions (figure 5-3b). A tailored cathode porosity
that can accommodate this volumetric expansion and prevent obstructions to cause even
further increases in cell resistance is critically important. To illustrate this fact, we per-
formed dedicated experiments, where we compare granulated cathode material to a non-
granulated cathode pellet (see supporting information note 3: Granulation, and figure 5-
10). These experiments showed that only a granulated cathode can ensure effective ionic
transport, thereby reducing overpotentials to an acceptable level.

During discharge, dechlorination starts with NiCl,, but again proceeds from the Na-B'"-alu-
mina solid electrolyte interface, across the cathode, towards the current collector (figure
5-3c). While during charge, obstructions in the cathode related to the chlorination were
hindering Na ion transport leading to a rise of the cell resistance beyond a linear increase,
no such effect is observed during discharge. In fact, the dechlorination progresses away
from the solid electrolyte and thereby simultaneously removes the obstructions. There-
fore, as the NiCl, dechlorination front proceeds, the cell resistance rises linearly (figure 5-
2f) until the cell voltage drops below the equilibrium potential of FeCl, dechlorination,
which is then initiated (figure 5-3d). The initiation of FeCl, dechlorination reduces the ef-
fective cell resistance in figure 5-2f at 20% SOC. Within the transition region between the
NiCl, dechlorination and FeCl; dechlorination, there is a small intermediate peak in the re-
sistance profile at around 25% SOC, which we attribute to the fluorine added as an additive
in the cathode granules as discussed above, where Ni + 2 NaF <> NiF; + 2 Na at a cell volt-
age of 2.39 V.22l |n summary, this reaction front mechanism (figure 5-3) explains the non-

84



Rational cathode design for high-power sodium-metal-chloride batteries

monotonic resistance behavior in figure 5-2e-f. These mechanistic insights enable us to un-
derstand why a mixed cathode with Fe and Ni can reduce the cell resistance in specific SOC
domains, and how cathodes can be tailored to different demands in specific power and
energy. Our analysis also demonstrates a strong increase in cathode resistance in the tran-
sition region, which originates from the two spatially separated reaction fronts (associated
with Fe and Ni oxidation and reduction) propagating across the depth of the cathode com-
partment. This results in a hysteresis in the voltage traces of charge and discharge, reducing
the energy efficiency in this SOC range. This has to be taken into account when deciding for
or against the use of Fe in the cathode. Given the mixed consequences of using Fe in the
cathode, it is natural to compare the obtained results to pure Ni cathodes.

We present the results for the Ni cells in figure 5-4. In the absence of Fe, only reaction 8
and reaction 10 occur, and no Fe overcharge reaction can take place. This allows setting
the upper cut-off voltage to 3.05 V, above which decomposition of NaAlCls would result.?!
Based on the cathode composition of the Ni cells (see Experimental section), we expect an
irreversible capacity contribution based on reaction 8 of approximately 15 mAh g, until
the entire Al content is consumed. The remaining NaCl in the cathode could ideally provide
a total reversible capacity of 169 mAh g based on reaction 10. This theoretical capacity of
169 mAh g for the studied Ni cells slightly exceeds the theoretical capacity of the Fe/Ni
cells and translates into an areal capacity of 54 mAh cm™ at a mass loading of 0.32 g cm™.
For an easier comparison between the two cathode compositions, we define state of
charge (SOC) based on the theoretical capacity of the Fe/Ni cells.

In figure 5-4a, we show the maiden charge of a Ni cell. In contrast to the Fe/Ni cells, we
observe only a single voltage plateau associated with reaction 10. In figure 5-4b, we show
the first three cycles of the Ni cell, compared to the data from the Fe/Ni cells. Also for the
Ni cells, we limit the cycling window between 10% and 90% SOC. The Ni cell immediately
shows a stable voltage response with overlying voltage traces. This supports that the
change in discharge potentials in the Fe/Ni cells during the first three cycles stems from a
redistribution of Fe in the cathode microstructure. A contribution of additives is not ob-
served in the Ni cell, since the cell voltage remains above 2.39 V. Towards the end of dis-
charge, the cell voltage begins to decrease, indicating increasing internal cell resistances.
Interestingly, both charge and discharge voltage in the Ni plateau are higher for the Ni cell
than for the Fe/Ni cell. Based on dedicated GITT measurements, we find a slightly higher
OCV in the high-voltage plateau for the pure Ni-cell of 2.58 V, compared to the 2.57 V meas-
ured for the Fe/Ni cell (see figure 5-9). The presence of Fe has previously been reported to
decrease the cell potential in the Ni plateau,?3 where it was ascribed to the presence of a
Ni1xFexCl>.[2%l Alternatively, it is also possible to consider a mixed electrode potential vs.
Na*/Na (see reaction 9).533!
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In figure 5-4c-d, we show a rate test for the Ni cathode, which is mostly analogous to the
Fe/Ni cells (figure 5-2). For the Ni cells, we observe no plateau shifts, since only reaction 10
is performed. Furthermore, as shown in figure 5-4d, the pure Ni cathodes enable even
higher discharge rates than the Ni/Fe cells, allowing us to include four additional discharge
rate steps ranging from 100 mA cm™ (2C) up to 160 mA cm (3.2C). Since only the high-
voltage reaction 10 is performed, the potential stays comparably high also at low SOC, and
for double the discharge rate we can still limit the potential drop to similar amounts as for
the Fe/Ni cells (figure 5-2). Just like the Fe/Ni cells, also the Ni cells exhibit a linear (ohmic)
relation with the applied currents during charge and discharge. For the Ni cells, the devia-
tion from linearity remains below 0.2% during charge and only exceeds 0.5% at the very
end of discharge (see figure 5-11). Therefore, also for the Ni cells, we can easily compute
the cell resistances vs. SOC for charge and discharge (figure 5-4e-f). To facilitate comparison
to the Fe/Ni cells, we compute the resistance based on the discharge traces between 20
and 80 mA cm™. In contrast to the Fe/Ni cells, the Ni cells show a monotonic increase in
resistance as SOC increases during charge and as SOC decreases during discharge, since
only a single electrochemical reaction is performed. Only in the very beginning of the
charge and discharge, we see a minor dip in the resistance of the Ni cells that might be
related to start-up processes due to the abrupt increase in current. This effect is especially
relevant at high currents (figure 5-4c-d). Both at the end of charge and discharge, we find
a steep increase in resistance related to limited accessibility of reaction sites, illustrating
the benefit of the established capacity limitations. Cycling beyond these limits would be
inefficient due to considerably increasing resistances.

87



Rational cathode design for high-power sodium-metal-chloride batteries

a
340 100
charge AL
= ] aAsssmnmBE L o5
3 AAA
2320 mEE |—' T
= discharge =
] LR >
S 009500 @
; 01C poc 00O 3
B 3104 ¥ 0.3C F90 &
2 ) 000 Enn 3}
© 0&c >
= 0.6C o)
- i 5
o c
300 1.0C i
=
[ - 85
£ ocoo
$ 2904 1.6C
Q.
5]
[Cell A, 300 °C, 1 g Fe/Ni granules|
280 T v T T 80
0 5 10 15 20 25
Cycle number
C
1200
5
~"4
E 1000 4
©
(7]
=
@
"=
3 8004
el
°
(7
2
1.6C
£ 6004 o
5]
2
8 1.0C
o 4004 ooo
S
:‘%’ 0.6C
000
qgf> e 0.3C
o 01 , . . 000
8806
< " 8060 [Cell A, 300 °C, 1 g Fe/Ni granules
0 5 10 15 20 25

Cycle number

b
340 100
1] ]
'7—; charge
X 330 4 «-—
§ 0.1C
= <—000,,,03C mam L o5
3 discharge * - “000
2320 1 0.6C HEm
5 000
2 1.0C
=2 OCOmn™
23104 L 90
o BEEE
% 1.6C
3300 4 2.0C |
o 000
o - 85
£ L 1]
8 290 -
Q.
%)
z 3.2C
ell D, 300 °C, 1 g Ni granule: 000
280 € T T T S|. T T T 80
0 5 10 15 20 25 30 35 40
Cycle number
d
1200
i 3.2C
2 000
S 1000 4
°
(5}
2
©
S
2 800+ 2.0C
< 000
S
& 1.6C
2 600+
o
[}
3
Q 1.0C
Q 400 4
S
2 0.6C
@ 000
§> 200+ 0.3C
2 0,1C.A00
< o 408 kcell D, 300 °C, 1 g Ni granules
0 10 15 20 25 30 35 40

Cycle number

Energy efficiency [%]
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We summarize the rate capability of both types of planar sodium-metal chloride cells in
figure 5-5. For each cycle of the rate test, we show the specific energy for charge and dis-
charge, and the calculated roundtrip energy efficiency, as obtained by galvanostatic, capac-
ity-limited cycling between 10% SOC and 90% SOC (figure 5-5a-b). For the Fe/Ni cells, due
to increased overpotentials at higher current densities, the discharge energy decreases
from 315 Wh kg to 292 Wh kg when increasing the discharge rates from 0.1C to 1.6C,
with energy efficiencies of 97% and 89%, respectively. For the Ni cells, the discharge ener-
gies range between 325 Wh kg and 281 Wh kg when increasing the discharge rates from
0.1C to 3.2C, with energy efficiencies between 99% and 84%, respectively. Figure 5-5c-d
show the corresponding specific power during charge and discharge, averaged over the
entire capacity window between 10% SOC and 90% SOC, as a function of the cycle number.
We first discuss the Fe/Ni cells: While for a discharge current of 6 mA cm (0.1C) the aver-
age discharge power results in 47 W kg!, during the fast discharge at 80 mA cm2 (1.6C), we
obtain an average discharge power of 580 W kg™'. Within the high-voltage plateau, the
maximum discharge power even reaches 608 W kg, while at the end of the low-voltage
plateau the discharge power is around 530 W kg™ (see figure 5-12). When discharging the
Ni cells at 80 mA cm2 (1.6C), we obtain a slightly higher average discharge power of 598 W
kg?, due to the higher average cell potential of the Ni cell. The measured power of the Ni
cells further increases to 1105 W kg™* when discharging at 160 mA cm™ (3.2C). Since during
discharge of the pure Ni cells only the high-voltage Ni dechlorination is performed (and no
low-voltage Fe dechlorination), the cell potential stays high over the entire SOC window.
This enables even higher discharge rates by avoiding conflicts with the lower cut-off volt-
age.
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Figure 5-6: High-power discharging. a-c) Fe/Ni cathode: a) Cell voltage vs. specific capacity
(charging at 15 mA cm™, 0.3C, and discharging at 80 mA cm, 1.6C, over 50 cycles, showing
every 10" cycle). b) Specific energy charged and discharged, as well as energy efficiency. c)
Averaged specific charge and discharge power. d-f), Ni cathode: d) Cell voltage vs. specific
capacity (charging at 15 mA cm, 0.3C, and discharging at 160 mA cm, 3.2C, over 140 cycles,
showing every 20% cycle). e) Specific energy charged and discharged, as well as energy effi-
ciency. f) Averaged specific charge and discharge power. g) Ragone plot showing specific dis-
charge energy vs. specific discharge power of the present study as compared to literature.
Performance shown for equal or less than 10 cycles is represented by open symbols, while
more than 10 cycles are represented with solid symbols. The theoretical areal capacity is ap-

proximately 50 mAh cm? in all studies except for ref. 8, 13 that study higher areal capacities
(table 5-1).
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In figure 5-6a-f, we show high-power discharging of our sodium-metal chloride cells, while
applying a charge rate of 15 mA cm (0.3C). Over a total of 50 cycles, the Fe/Ni cell supplies
an average specific discharge energy of 277 Wh kg™ at an average discharge power 550 W
kg, when discharged at 80 mA cm (1.6C). The fading observed in figure 5-6b over the 50
cycles illustrates that these conditions stress the Fe/Ni cell and lead to degradation. In con-
trast, the Ni cell supplies an average specific discharge energy of 258 Wh kg at an average
discharge power 1022 W kg, when discharged at 160 mA cm™ (3.2C), with only minor signs
of degradation over a total of 140 cycles.

In figure 5-6g, we compare the performance achieved in the present study to reports on
planar Na-NiCl, and Fe-NiCl; cells by showing specific discharge energy vs. specific dis-
charge power with respect to the cathode granule weight in a Ragone plot. We show data
from the rate test in figure 5-5, as well as the average of the 50 cycles for the Fe/Ni cathode
(error bars represent the maximum and the minimum value obtained over the 50 cycles),
and the average of the 140 cycles for the Ni cathode. In literature, we find data from both
high-temperature experiments (around 300 °C), and from intermediate temperature ex-
periments (around 190 °C). We can further distinguish two main groups, based on the num-
ber of cycles demonstrated. We define a first group with long-term studies, showing more
than ten cycles (typically between 50 and 300 cycles, represented in figure 5-6g by solid
symbols). The majority of these studies achieved a specific discharge power below 100 W
kg?. To date, the highest specific power in the long-term cycling group is 220 W kg,
achieved over 60 cycles at a temperature of 280 °C and at a specific energy of 148 Wh kg~
181 Comparing this to our present Fe/Ni cell result, we find that we were able to increase
the specific power by more than a factor two, while simultaneously increasing the specific
energy by 87%. More importantly, our Ni cell could increase the specific power by more
than a factor four compared to ref. 9, while increasing the specific energy by 74%. In the
second group, we present studies showing short-term cycling of equal or less than ten cy-
cles (represented in figure 5-6g by open symbols). Here, the specific power ranges between
100 W kg and 750 W kg™.[*3] Interestingly, there is a roughly linear trend in the Ragone
plot for the short-term cycling group from literature, where the specific energy drastically
decreases with increasing specific power. By plotting our rate test results with three cycles
per data point from figure 5-5 into the Ragone plot, we can show that in our cells with the
capacity-limited cycling protocol, the specific energy is more stable against increasing the
power. Comparing our results both against long-term and short-term cycling results from
the literature illustrates the strengths of the proposed cells.

While for cells with a mixed Fe/Ni cathode, charge rates are limited to comparably low
current densities due to the risk of starting a Fe overcharge reaction at approximately 2.75
V, cells without Fe in the cathode can be charged substantially faster. We demonstrate this
in figure 5-7. In figure 5-7a, we show a rate test with charge rates increasing from 20 mA
cm up to 110 mA cm2, which corresponds to a C-rate above 2C. As shown in figure 5-7b,
we can achieve these high charge rates combined with discharge rates of 160 mA cm™ at
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energy efficiencies of around 80%. For this high-power cycling, both charge and discharge
power range around 1000 W kg (figure 5-7c). By comparing this performance to the exist-
ing results on planar Na-NiCl, and Fe-NiCl; cells, we find that this represents a remarkable
increase. To date, the highest reported charge rates for planar sodium-metal chloride cells
are 30 mA cm (corresponding to a specific charge power of 239 W kg™) at a specific ca-
pacity of 90 mAh g 2. We can conclude that the Ni cells in the present study with a charge
rate of 110 mA cm (corresponding to a specific charge power of 976 W kg!) at a specific
capacity of 127 mAh g provide a substantial increase in specific charge power by more
than a factor four while simultaneously increasing the specific capacity by more than 40%.
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Figure 5-7: High-power charge rate test of the Ni cathode. a) Voltage vs. specific capacity,
where discharge rates are constant at 160 mA cm2, while charge rates increase from 20 mA
cm? in steps of 10 mA cm™ up to 110 mA cm™, with three cycles per rate. b) Corresponding
specific energy charged and discharged, as well as energy efficiency vs. cycle number, also
highlighting the C-rates. c) Corresponding averaged, specific charge and discharge power
vs. cycle number.

5.3 Conclusion

We compared planar sodium-metal chloride cells with Fe/Ni cathodes to cells with pure Ni
cathodes. Based on rate tests, we found an ohmic cell behavior over the majority of the
cycling window irrespective of composition. By analyzing the effective cell resistance, we
showed that combining Fe and Ni in the cathode allows to initiate two individual reaction
fronts progressing across the cathode. As a result, the effective cell resistance shows a non-
monotonic behavior versus state of charge (SOC). Such cells with Fe/Ni cathodes showed
high specific discharge energy and power of 277 Wh kg and 550 W kg™, respectively, over
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a total of 50 cycles. Within the group of long-term cycling results in literature with more
than ten cycles shown, the presented cell performance substantially exceeds previous re-
ports on planar sodium-metal chloride cells, increasing specific power by more than a fac-
tor two, while simultaneously increasing the specific energy by 87% as compared to the
best performing cells to date. Remarkably, cells with pure Ni cathodes showed even higher
specific discharge power of 1022 W kg, while maintaining a high specific discharge energy
of 258 Wh kg™ over a total of 140 cycles, thereby increasing the specific power by more
than a factor of four over the state-of-the-art, while simultaneously increasing the specific
energy by 74%. Furthermore, Ni cathodes demonstrated also substantially enhanced charg-
ing performance with a specific power of 976 W kg™ and a specific capacity of 127 mAh g
!, With our study we show that rationally designing the cathode based on mechanistic un-
derstanding of the involved electrochemical and transport processes provides a pathway
to markedly increase the performance of the sodium-metal chloride technology. For future
work it is necessary to study more dynamic cycling protocols and higher mass loadings to
further probe the effect of cathode composition. Furthermore, it is desirable to develop
solutions to transfer from lab cells (as used in the present study) towards commercial cell
designs that are economically viable. This could enable a large-scale deployment of this
powerful technology.

5.4 Methods

In figure 5-1a, we show a schematic cross-sectional view of our high-temperature planar
sodium-metal chloride lab cell. Considerations on how to adapt such a cell design to max-
imize energy density on cell level for commercialization were discussed in ref. 6. We as-
sembled the cells from two a-alumina collars (99.7% Al,Os, inner diameter 20 mm) and one
Na-B"-alumina solid electrolyte disc. Na-B"-alumina discs were prepared by pressing spray-
dried Li-stabilized Na-B"-alumina powder into disc-shaped green bodies with a diameter of
45 mm and a thickness of approximately 4 mm. The green bodies were placed onto buffer
green discs and sintered inside a ceramic encapsulation in static air at 1600 °C (Nabertherm
HT 40/17, heating rate 3 K min, dwell time 5 min).3¥ Subsequently, the sintered Na-B"-
alumina discs were ground down to a thickness of 1 mm (Elb surface grinding machine with
diamond blade and sample water cooling), cleaned in isopropyl alcohol, and dried in an
oven under air at 100 °C. Inside a tube furnace at 300 °C, we measured a conductivity of
0.2 S cm™ for the Na-B"-alumina using electrochemical impedance spectroscopy (Zahner
IM6, frequency 1 Hz to 1 MHz, amplitude 20 mV) in four-point-probe configuration (figure
5-13).34 Subsequently, the solid electrolyte discs were glass sealed between the two a-
alumina collars using a high-temperature glass sealing at 1010 °C (Carbolite CWF 1200,
heating rate 3 K min1, dwell time 5 min), similar to the process in state-of-the-art commer-
cial tubular cells! to obtain the ceramic subassembly of the cell (figure 5-1b-c). A K-type
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thermocouple was inserted into a slit machined into one of the a-alumina collars to accu-
rately measure the cell temperature. To avoid dewetting of Na from the sodiophobic Na-
B"-alumina surface, the anode side of the Na-B"-alumina was spray coated with a porous
carbon coating (composed of 7 wt.% carbon black, 11 wt.% sodium hexamethaphosphate,
55 wt.% isopropanol, 27 wt.% water, and 0.3 wt.% acetone) using an airbrush system (Az-
tek, pressurized air, ~2 bar) and dried at 280 °C in air (Carbolite CWF 1200, heating rate 5 K
min, dwell time 5 min) to remove all remaining solvents (porosity and thickness of coating
after drying ~80% and 50 um (inset in figure 5-1c), respectively). Further details on the
carbon coating can be found in ref. 31. Cell assembly and charge/discharge cycling was
performed in an Ar-filled glove box (typically ch2o < 0.1 ppm, co2 < 0.1 ppm). We filled the
cathode compartment with 1 g of millimeter-sized cathode granules. We characterized the
materials based on Brunauer—Emmett—Teller (BET) measurements in a BET surface area
analyzer. Two different cathode compositions were investigated: Fe/Ni granules (used in
Cell A and Cell B, where during cycling Fe and Ni are electrochemically active) consist of the
three metallic components Ni (50 wt.%, filamentary Ni255, BET surface area: 0.64 m? g%),
Fe (7 wt.%, BET surface area: 0.15 m? g?), and Al (0.5 wt.%, BET surface area: 0.16 m2 g?).
Furthermore, they contain micro-fine NaCl (39 wt.%) and the following additives: FeS (2
wt.%), NaF (2 wt.%), and Nal (0.5 wt.%). The addition of a small amount of Al to the cathode
has been discussed as beneficial since it can provide additional porosity.??2 The sulfur pro-
vided in the form of FeS has shown to prevent Ni particle growth during cycling® and can
facilitate the initial activation of Fe and Ni.[*% Ni granules (used in Cell C and Cell D, where
during cycling only Ni is electrochemically active) consist of the two metallic components
Ni (54 wt.%, filamentary Ni255), and Al (0.5 wt.%). Furthermore, they contain NaCl (42
wt.%) and the following additives: FeS (2 wt.%), NaF (2 wt.%), and Nal (0.5 wt.%). The gran-
ules were manufactured by mixing and compacting the raw materials using a laboratory
roller press (Komarek BO50A, roll force 30 kN), granulated using a laboratory granulator
(Komarek G100SA) and sieved to remove particles larger than 1.6 mm. Images from both
granule types obtained via scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS) are presented in figure 5-14 and figure 5-15. X-ray powder diffrac-
tion (XRD) analysis of the cathode materials is shown in figure 5-16. After filling the cathode
compartment with the granules, we added 0.5 g of secondary electrolyte NaAICls (anhy-
drous, powder, 99.99%) and vacuum infiltrated the molten NaAlICls into the granules at a
pressure of less than 10 mbar and a temperature of 200 °C (dwell time ~20 min) (figure 5-
1d). We added a Ni foam (99.5% purity, 1.6 mm thickness, 95% porosity) and additional 0.2
g of NaAlICls to the cathode side. The rigid Ni foam serves as both a current collector and
NaAICls reservoir, compensating volume changes of the cathode material during
charge/discharge cycling (figure 5-1e) — See supporting information note 1: Ni foam. Into
the anode compartment, we added a disc of ~0.3 g of Na (99.9% purity, thickness ~1 mm).
In principle, noinitial Na is required on the anode side, as Na is generated electrochemically

94



Rational cathode design for high-power sodium-metal-chloride batteries

during the charging of the cell, and the porous carbon coating functions as electrode. How-
ever, excess Na facilitates formation cycling and the study of the cathode compartment on
lab scale. Liquid sodium plating and stripping dynamics was investigated in detail in a pre-
vious study demonstrating ultra-high current densities beyond 1000 mA cm™ without den-
drite formation.Y The anode and cathode compartments were closed with spring-loaded
Ni pistons. The entire assembly was compressed between stainless steel top and bottom
plates using six stainless steel bolts and alumina washers for electrical insulation (figure 5-
1f). Ni-wires fixed by screws connected the backside of the Ni pistons with the stainless
steel top and bottom plates to bypass the electrical resistance of the springs. We used
graphite seals placed between the a-alumina collars and the top and bottom plates to seal
the cell towards the outside. The resulting active cell area was 3.14 cm?, resulting in a cath-
ode granule mass loading of 0.32 g cm™. Cells were charge/discharge cycled at 300 °C (Bio-
logic VSP3e). The cell temperature during cycling was monitored and controlled with a pre-
cision of better than + 10 °C using a resistive coil heater (SAF KM-HC-GS).

5.5 Supporting information

Supporting information note 1: Ni foam

In the cathode compartment, we employ a Ni foam. It serves as a current collector and
provides a reservoir volume for the NaAICla. This is important, since during cycling the cath-
ode experiences volumetric changes due to the chemical reactions, mass transport and
thermal fluctuations.t! The flexibility of the Ni foam ensures a good electrical contact to
the granules during cycling and can accommodate access amounts of NaAICls within its po-
rosity. In this study, we load the cathode compartment of our laboratory test cells with 1 g
cathode granules and infiltrate the granules with 0.5 g NaAlCls. Subsequently, we add the
Ni foam and another 0.2 g NaAICls in powder form. For the cathode granules, we deter-
mined a tap density of approximately 2 g cm3, providing a porosity between the granules
of about 50%. Using BET, for the Fe/Ni granules we measured a surface area of 1.1 m?g’,
while for the pure Ni granules we measured 0.94 m? g 1. On average, the granules provide
about 1 m? g surface area. The density of NaAICls at 300 °C is 1.6 g cm™3. Considering that
thereis 1 g of cathode granules in the cathode compartment and given the cylindrical shape
of the cathode compartment with a base area of 3.14 cm?, the granules form a layer of
about 1.6 mm in height in the compartment. The free space between the granules (0.25
cm3) can accommodate roughly 0.4 g of NaAICls, while the remaining NaAICl, is stored in
the Ni foam. The Ni foam is cut in a disc shape of 19 mm diameter and has a thickness of
about 1.6 mm thickness. The foam has a porosity of 95%. The total mass of the foam added
to the cathode compartment is 0.3 g. Based on BET measurements, we determined a sur-
face area of 0.156 m? g’ for the Ni foam. Given the porosity of the foam, the remaining 0.3
g of NaAlICls within the cathode compartment that are not in the free space between the
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granules fill the foam by about 40%. Therefore, the potentially active area of the Ni foam,
where it is in contact with the NaAICls, is 0.02 m2. In contrast, the cathode granules provide
about 1 m? of active area. It is therefore justified to neglect the contribution of the Ni foam
as active material, since its surface area is only a few percent of the surface area provided
by the granules.

Supporting information note 2: Resistance estimation

In figure 5-2, we analyze the cell behavior during charge and discharge. We want to better
understand the underlying phenomena enabling the combination of high specific energy
and high power observed for our cathode. To this end, we extract the effective cell re-
sistance for charge curves in figure 5-2c and the discharge curves in figure 5-2d. This is
possible, as the measured charge curves follow a linear trend in cell voltage vs. current
density over most parts of the SOC window. In discharge, the linear trend between the cell
voltage traces vs. current density holds almost ideally over the entire SOC window (see
figure 5-9).

To determine the cell resistance during charge, we first compute the averaged charge volt-
age traces for the four different charge current densities of 6, 10, 15 and 20 mA cm™. The
averaged curve for a given current density is obtained by evaluating the arithmetic mean
from the three measured charge curves per current density as shown in figure 5-9a. Based
on the four averaged charge curves, we perform linear interpolations for the voltage vs.
current density as a function of the specific capacity — as shown exemplarily in figure 5-9a.
In figure 5-9b, we plot the deviation from the linear interpolation for the four charge curves
as a function of specific capacity. The deviation from linearity is for all four current densities
well below 0.1% within the voltage plateaus associated with Fe- and Ni-chlorination, while
it increases to a maximum of around 1.7% within the transition region between the two
plateaus. In summary, we find that the charge behavior is almost ideally linear within the
plateau regions, while there are deviations from linearity within the plateau transition re-
gion.

To determine the cell resistance during discharge, we perform the same steps as for the
charge resistance. First, we compute the averaged charge voltage traces for the four differ-
ent charge current densities of 20, 31, 50 and 80 mA cm™. The averaged curve for a given
current density is obtained by evaluating the arithmetic mean from the three measured
discharge curves per current density as shown in figure 5-9c. Based on the four averaged
discharge curves, we perform linear interpolations for the voltage vs. current density as a
function of the specific capacity — as shown exemplarily in figure 5-9c. In figure 5-9d, we
plot the deviation from the linear interpolation for the four discharge curves as a function
of specific capacity. The deviation from linearity is for all four current densities well below
0.1% within the voltage plateaus associated with FeCl>- and NiCl,-dechlorination. In con-
trast to the charge voltage traces, the deviation from linearity does not exceed 0.5% over
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the entire SOC window. In summary, we find that the discharge behavior is almost ideally
linear within the entire SOC window. In contrast to the discharge voltages traces obtained
from the discharge rate test in figure 5-2d, the discharge voltage traces in figure 5-2c only
provide an ohmic response within the high-voltage and the low-voltage plateau, while the
transition region shows non-linear behavior due to the shift of the high-voltage edge.
Therefore, the discharge data from figure 5-2c is less suitable for a resistance assessment.
The remarkable linear response during charge in figure 5-2c and discharge shown in figure
5-2d enables us to directly obtain the effective cell resistance from the charge and dis-
charge curves. We will discuss the resistance computation on the example of the discharge
process, while it is directly applicable also to compute the charge resistance. We first con-
sider the general relation for the discharge cell voltage Uce given as:3>

Ucell = OCV — ip Rohmic — Nc— Na Equation 39

where OCV is the open circuit voltage, ip is the discharge current, Rohmic Summarizes all
ohmic (linear) contributions to the resistance, while n. and na account for all non-linear
polarization contributions from the cathode and the anode including species transport and
charge transfer. Due to the almost ideal linear behavior of the cell voltage as a response to
a change of the current density, n. and n. are practically negligible for our analysis and
equation 39 simplifies to:

Ucell = OCV = ib Rohmic Equation 40

On this basis, we can compute the effective cell resistance during discharge vs. specific ca-
pacity and SOC as shown in figure 5-2f. For every moment during discharge (here shown as
specific capacity and SOC) the resistance is obtained as the negative slope of the interpo-
lated line between the voltage traces of the four different current densities. The computed
resistance shows an intriguing behavior: At the initiation of discharge at 90% SOC, it starts
at a value of ~0.6 Q, which translates into ~2 Qcm? for the area specific resistance (ASR)
based on the active solid electrolyte area. As the discharge progresses and the NiCl, dechlo-
rination reaction takes place, we observe a practically linear increase in the cell resistance
up to a specific capacity of around 60 mAh g, corresponding to ~40% SOC. This is where
the NiCl, dechlorination voltage plateau ends (compare figure 5-2d). Subsequently, the ef-
fective cell resistance sharply reduces down to 0.55 Q. Within the transition between the
NiCl, dechlorination and FeCl; dechlorination, there is a small intermediate peak in the re-
sistance profile at around 50 mAh g that we attribute to the fluorine added as an additive
in the cathode granules, where Ni + 2 NaF <> NiF, + 2 Na at a cell voltage of 2.39 V.122] After
the transition to the FeCl, dechlorination reaction, the cell resistance starts to rise again
roughly linearly, reaching 0.8 Q at the end of discharge at 10% SOC. In figure 2f, we can
distinguish between two main types of resistance contribution. There is a base resistance
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of around 0.6 Q (~2 Qcm?) that is always present, independent of SOC. It is composed of
the resistance related to the wiring and connectors of our experimental cell, contacting of
the active materials, as well as the resistivity of the employed Na-B"-alumina solid electro-
lyte. We measured the resistivity of our Na-B"-alumina solid electrolyte as a function of
temperature and found a value of 5 Qcm at 300 °C (see figure 5-13). Given the dimensions
of the solid electrolyte (area 3.14 cm?, thickness 0.1 cm), this translates into a resistance
contribution of 0.16 Q. Furthermore, the resistance associated with the anode reaction and
interface can be considered to contribute to the base resistance, since it was shown in ref.
31 that the anode resistance is practically SOC-independent as long as few percent of the
total Na amount remain in the anode, which is the case in our experiments. The present
base resistance compares well to the values obtained in ref. 31, where symmetrical cells
composed of Na-B"-alumina solid electrolytes sandwiched between Na were studied at 250
°C, and cell resistances of around 0.43 Q (~1.3 Qcm?) were measured. In addition to the
base resistance, we have to consider an SOC-dependent, variable resistance that is respon-
sible for the non-monotonic behavior of the resistance vs. SOC as shown in figure 5-2d. To
understand this non-monotonic cell resistance behavior, we propose a schematic as shown
in figure 5-3c-d. The schematic focuses on the cathode, since it is the cathode where the
SOC-dependence of the resistance originates. In figure 5-3c, we sketch a cross-sectional
view of the cathode at around 70% SOC. At this point, where the discharge is in an early
stage, the NiCl, dechlorination reaction was initiated at the solid electrolyte interface and
progresses away from the solid electrolyte towards the current collector along the depth
of the cathode. As a result, the ionic transport path for the reaction (NiCl, + 2 Na = Ni + 2
NaCl) increases, since the Na ions have to travel from the solid electrolyte interface where
they enter the cathode through the NaAlICls until they reach the reaction site. This longer
travel path results in increased overpotentials and therefore increased resistance. The re-
sistance associated with the Na ion transport can be estimated based on the resistivity of
the NaAlCls. At a temperature of 300 °C, the resistivity of NaAICls is 0.78 Q cm.® Consid-
ering a cathode filling of 1 g cathode granules (containing Ni, Fe, Al, NaCl, and additives,
but excluding the NaAlCls), a measured tap density of the granulated cathode material of
~2 g cm3, a density of the cathode granules of 3.9 g cm™ computed based on the granule
composition, we obtain a cathode granule thickness of 1.6 mm at a porosity of around 50%.
The pores between the granules are filled with the molten NaAICls. This results in an effec-
tive cross section of the NaAlCls for the Na ion transport of ~1.5 cm?2. The resistance to
expect for the Na ion transport through the NaAICls is computed based on the NaAlICl, re-
sistivity multiplied by the transport length divided by the effective cross sectional area. The
Na ion transport resistance scales linearly with the transport length, where the ionic re-
sistance vanishes directly at the solid electrolyte interface since the transport length is zero,
while it reaches a maximum at the current collector where the Na ions have to travel
through the entire cathode starting from the solid electrolyte. Based on the depth of the
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cathode (1.6 mm) and the effective cross-sectional area of the NaAICls of 1.5 cm?, the re-
sistance resulting from the Na ion transport through the entire depth of the cathode at the
end of the Ni dechlorination voltage plateau is ~0.13 Q. The result compares well in order
of magnitude with the observed rise in resistance at the end of the Ni plateau by ~0.3 Q.
When taking into account increased transport lengths due to tortuosity within the granu-
lated cathode structure, the estimated resistance would further rise. At the end of the Ni
plateau, when the overpotentials lowered the cell voltage to levels below values of roughly
2.32 V, the FeCl; dechlorination reaction can be initiated. In figure 3d, we sketch the dis-
charge situation at around 15% SOC. At this stage, the NiCl, dechlorination reaction reaches
far into the cathode so that substantial overpotentials arise. Simultaneously, the FeCl;
dechlorination reaction was initiated at the solid electrolyte interface, thereby providing
very short ionic transport paths and therefore low resistance. As discharge continues, sim-
ilar to the NiCl, dechlorination reaction, the reaction front has to progress away from the
solid electrolyte into the depth of the cathode to find the FeCl; required for the reaction
(FeCl, + 2 Na = Fe + 2 NaCl). The associated longer ionic transport paths again lead to an
increase in the resistance. We can conclude that modelling the cathode discharge reaction
with our proposed simple approach based on a reaction front mechanism? is well explain-
ing the observed, non-monotonic resistance behavior. The obtained mechanistic insight
enables us to understand why a mixed cathode with Fe and Ni can be beneficial for specific
conditions and how cathodes can be tailored to different demands in specific power and
specific energy.

Furthermore, the determined cell resistance combined with equation 40 enables us to de-
termine the OCV during discharge by simply extrapolating from the four averaged discharge
traces shown in figure 5-9c to a current density of 0 mA cm?. This is justified due to the
linearity of the increase in overpotential as shown in figure 5-9d. We show the resulting
discharge OCV vs. specific capacity and SOC in figure 5-17.

Supporting information note 3: Granulation

To probe the effect of cathode granulation and microstructure, we also studied a cell with
a non-granulated cathode (Cell E). To this end, we used the cathode material in a pellet-
shape instead of as granules. The cathode material pellets are an intermediate product
during cathode granule fabrication. After mixing the raw materials and compacting them
inthe laboratory roller press, the cathode material is in the shape of flakes (or large pellets).
These flakes are approximately 2 mm thick and up to a few cm? in area. Out of one of these
larger flakes we cut a disc-shaped pellet with approximately 19 mm diameter and 2 mm
thickness, see figure 5-10a-b. The weight of the pellet was 1.317 g and it contained the
same composition as the Fe/Ni cathode granules. BET measurements revealed a surface
area of approximately 1.1 m? g’ for the Fe/Ni pellet, which is very similar to the granulated
Fe/Ni cathode material. We added 0.659 g of NaAICls via vacuum infiltration. Everything
else remained unchanged as compared with the cell assembly procedure outlined in the
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Experimental Section. The theoretical reversible capacity of the cell with the cathode pellet
was 209 mAh (i.e. 159 mAh g1). The theoretical irreversible contribution due to reaction 8
was 20 mAh (i.e. 15 mAh g1). Therefore, in maiden charge, we attempted to charge the cell
with the pellet up to a total of 230 mAh (i.e. 174 mAh g). In figure 5-10c we show the
results of the maiden charge. While a cell with a granulated Fe/Ni cathode shows two pro-
nounced voltage plateaus during maiden charge associated with reaction 9 and reaction
10, the voltage trace of the cell with a non-granulated Fe/Ni cathode is less clearly defined.
Throughout the entire maiden charge, the overpotentials are substantially higher for the
non-granulated cathode compared to the granulated counterpart. Especially at high SOC,
the overpotentials rise substantially for the non-granulated cathode up to levels where the
upper cutoff voltage of 2.75 V is reached. Therefore, the maiden charge had to be stopped
at 95% SOC. The comparison between a granulated and a non-granulated cathode shows
that while the provided specific surface area is not affected by granulation, the observed
overpotentials strongly depend on granulation. While in the granulated case there are
NaAICls-filled channels between the cathode granules that ensure an efficient ion transport
(especially Na ions from the reaction site to the solid electrolyte), such channels are missing
in the non-granulated pellet. Therefore, the resistance rises drastically especially at high
SOC for the non-granulated case, while it remains almost constant for the granulated case.
This simple comparison illustrates the importance of the cathode granulation process and
the appropriate balance between porosity (for good ionic transport) and electronic back-
bone (for good electric conductivity through the cathode).
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Figure 5-8: Open circuit voltage (OCV) determined based on galvanostatic intermitted titra-
tion technique (GITT). Comparison between the Fe/Ni cathode (red color) and the Ni cath-
ode (blue color). Circles and squares represent the results from charge and discharge, re-
spectively. OCV is measured after one hour of cell relaxation. On average, the OCV in the
high-voltage plateau is 2.574 V for the Fe/Ni cathode vs. 2.582 V for the Ni cathode.

101



Rational cathode design for high-power sodium-metal-chloride batteries

a b
2.7 2
BmAcmZ(0.1C) 15 mAcm? (0.3C) l |
Ll i 1.8
g 1.6 4
2.6 4 z
- 214+
© )
= g
‘© ¢ 124
< : £
o . Capacity = 142 mAh g i
> 254 ) 3 14
> Z £
= : £
“35 2271 g 0.8
3 2 c
> S 506+
2.4 4 = o ©
gZG- linear fit 5
g e 0.4 4
S T T
0 10 20 30 0.2 ' \l
Current density [mA cm?] } |
23 T T T T T T ™ 0 5 .\” NN e s
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Specific capacity [nAh g'] Specific capacity [mAh g]
c d
26 T 0.6
31 mAcm?(0.6C)
25| 50 mAcm?(1.0C) —05+4
80 mA cm” (1.6C) ®
c
= £
©
2 2.4 _8.04 L
s 5
= . Capacity = 142 mAh g* £
£23] © 26 $0.34
= £ K =
o 3 E
g 254 g
5221 2 = 0.2+
> 2.24_ linear fit .%
o £
= ]
]
214 PY] — Co14
0 20 40 60 80 100
Current density [mA cm?]
. T T T T T T = 04 T T T T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Specific capacity [mAh g] Specific capacity [mAh g]

Figure 5-9: Cell resistance computation for Fe/Ni cathodes. a) Average charge voltage vs. spe-
cific capacity computed from the three voltage traces per charge current as shown in figure 5-
2c. The color code is the same as introduced in figure 5-2. Inset: Example for a linear interpo-
lation performed between the voltage traces, here at a specific capacity of 142 mAh g™. b)
Deviation from the linear interpolation between the four averaged charge voltage traces as
shown in a, as a function of specific capacity. c) Average discharge voltage vs. specific capacity
computed from the three voltage traces per discharge current as shown in figure 5-2d. Inset:
Example for a linear interpolation performed between the voltage traces, here at a specific
capacity of 142 mAh g2. d) Deviation from the linear interpolation between the four averaged
discharge voltage traces as shown in c, as a function of specific capacity.

102



Rational cathode design for high-power sodium-metal-chloride batteries

c State of charge [%)]
0 10 20 30 40 50 60 70 80 90 100
28 ey e gy g
2.7 charge
Fe/Ni pellet
22.6- y
2 Fe/Ni granules
s
>254
=
()
(=]
£
S 241
3 mAcm?(0.05C)
2.34
[cellA, 300 °C, 1 g Fe/Ni granules |
[cell E, 300 °C, 1.317 g Fe/Ni pellet |
2-2' T T .

20 0 20 40 60 80 100 120 140 160 180
Specific capacity [mAh g]

Figure 5-10: Cell with a non-granulated Fe/Ni cathode pellet. a) Photograph of the non-
granulated Fe/Ni cathode pellet. b) Photograph of the Fe/Ni cathode pellet inside the ce-
ramic subassembly before NaAlCls vacuum infiltration. c) Cell voltage vs. specific capacity
during maiden charge of the cell with a Fe/Ni cathode pellet as compared to a cell with a
granulated Fe/Ni Cathode. The maiden charge of the cell with the Fe/Ni pellet was stopped
at 95% SOC, when the upper cutoff voltage of 2.75 V was reached.
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Figure 5-11: Cell resistance computation for pure Ni cathodes. a) Average charge voltage vs.
specific capacity computed from the three voltage traces per charge current as shown in figure
5-4c. b) Deviation from the linear interpolation between the four averaged charge voltage
traces shown in a), as a function of specific capacity. c) Average discharge voltage vs. specific
capacity computed from the three voltage traces per discharge current as shown in figure 5-
4d, considering current densities between 20 and 80 mA cm™. d) Deviation from the linear
interpolation between the four averaged discharge voltage traces shown in c, as a function of
specific capacity. e) Average discharge voltage vs. specific capacity computed from the three
voltage traces per discharge current as shown in figure 5-4d, considering current densities be-
tween 20 and 160 mA cm. f) Deviation from the linear interpolation between the eight aver-
aged discharge voltage traces shown in e, as a function of specific capacity.
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Figure 5-12: Specific discharge power vs. specific capacity during the discharge rate test as
introduced in figure 5-2d for the Fe/Ni cathode.
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Figure 5-13: Conductivity of Na-B"-alumina solid electrolyte as a function of temperature.
Three independent measurements.
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Figure 5-14: Microstructure and composition of Fe/Ni granules, obtained via scanning elec-
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Figure 5-15: Microstructure and composition of Ni granules, obtained via scanning electron

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS).
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Figure 5-16: X-ray powder diffraction (XRD) analysis of the cathode materials. a) Fe/Ni gran-
ules. b) Ni granules.

108



Rational cathode design for high-power sodium-metal-chloride batteries

26

State of charge [%]
0 10 20 30 40 S50 60 70 80 90 100

2.55 4 (

N
3]
1

245

N
'S
1

charge

2.354

Voltage [V vs. Na*/Na ]

N
w
1

2.25

2.2 T T

0 20 40

60

100

120

NiCI,

NiF

FeCl,

160

26

2.55 4

n
3]
H

Voltage [ V vs. Na*/Na ]

N
w
"

2.25 4

22

0

State of charge [%]

10 20 30 40 S50 60 70 80 90 100

g

o~

a
i

N
'
"

N

w

a
1

discharge

0

20

60 80 100

120

NiCl,

NiF.

FeCl,

160

Figure 5-17: Effective cell voltage of Fe/Ni cathode at 0 mA cm-2. a) Cell voltage obtained
from linear extrapolation to 0 mA cm (equation 40) based on the charge voltage traces
presented in Figure 5-2c. Horizontal lines at 2.32 V, 2.39 V, and 2.57 V highlight the equi-
librium potentials of the associated cell reactions, namely Fe + 2 NaCl <> FeCl, + 2 Na
(reaction 9), Ni + 2 NaF <> NiF, + 2 Na (additive reaction), and Ni + 2 NaCl <> NiCl; + 2
Na (reaction 10), respectively. b) Cell voltage obtained from linear extrapolation to 0 mA

cm? (equation 40) based on the discharge voltage traces presented in figure 5-2d.
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Ref. Cycles  Specific Specific Areal
discharge  discharge capacity
[nbr] power energy [mAh cm™]
[W kg™] [Wh kg™]
7 300 73.2 219.6 52.3
8 150 72.3 133 83.3
9 60 73.8 152 52.3
60 220.5 148 52.3
10 100 43.7 137 54
11 200 59.25 295 53.6
12 100 71.7 215.1 52.3
13 10 225 268.7 52
10 300 253.0 52
9 450 200.8 52
9 750 157.5 104
9 112.5 259.7 104
9 150 247.3 156
10 75 266.1 156
10 100 243.2 156
14 1 43.7 284.1 52.7
1 65.25 281.6 52.7
1 129.6 276.3 52.7
1 193.05 270.9 52.7
1 255.6 259.0 52.7
1 316.5 243.2 52.7
1 435 305.6 52.7
1 64.95 300.8 52.7
1 127.5 291.9 52.7
1 188.1 283.8 52.7
1 247.2 273.2 52.7
1 303.75 255.8 52.7
350 65.25 350 52.7
15 10 75.6 226.8 52.3
16 300 52.56 330 65.3
300 59.32 380 65.3
300 65.25 405 65.3
300 72 200 65.3
17 60 75.75 227.25 52.3
60 72.75 218.25 52.3
60 64.5 193.5 52.3
18 200 68.7 340 52.3
200 68.25 258 52.3
19 50 21.92 194.8 50

Table 5-1: Data extracted from literature used for comparison in figure 5-6g.
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Cells designs with planar Na-B"-alumina electrolytes are a key enabler to reduce cost of
sodium-nickel-chloride batteries. In this study, we assess the mechanical stress induced

by replacement of the conventional tubular Na-B"-alumina electrolyte by a planar design.
Further, solutions to mitigate stress on the planar electrolyte are discussed.
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Abstract
Solid electrolytes in combination with alkali-metal anodes offer the potential to enhance

battery energy density and safety. The inherent challenges associated with cell pressure
management have to be accounted for in the cell design but are not sufficiently
understood. Here we present a theoretical study linking the effects of thermal and chemo-
mechanical expansion of electrode materials to the stresses acting on tubular and planar
solid electrolytes, at the example of the sodium-nickel-chloride battery chemistry. Based
on our analysis, we derive three strategies to reduce these stresses. Namely, we propose
(i) to increase the cell closing temperature during production, (ii) to reduce the gas pressure
in the cell (e.g. by applying a vacuum) and (iii) to rationally balance the volume of the two
electrode compartments. Mechanical considerations developed herein form the
foundation for the development of next-generation battery cell designs.
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6.1 Introduction

The demand for efficient and sustainable battery technologies is rapidly increasing. Solid-
electrolyte batteries with alkali-metal electrodes are receiving much attention, as this
combination promises enhanced battery energy density and safety.*) Recent studies
focused on enhancing bulk conductivity of solid electrolytes, reducing interfacial resistance
between solid electrolytes and alkali-metal anodes, preventing dendrite formation, and
improving alkali-metal plating/stripping efficiency.>”! Only a few reports address the
chemo-mechanical analysis of solid-electrolyte batteries on cell level so far.® %0 |n solid-
electrolyte batteries, the electrolyte serves both as ion conductor and as separator be-
tween anode and cathode, and is often the load-bearing structure.

The combination of alkali-metal anode and solid-electrolyte separator can be paired with
a cathode incorporating either a liquid or a solid secondary electrolyte. Chemo-mechanical
volume expansion of the cathode materials during charging/dicharging is a critical factor.
Especially in combination with a solid secondary electrolyte, volume expansion of cathode
materials leads to ionic contact loss during cycling causing rapid capacity fading.!®°! This is
one of the main reasons, why all-solid-state batteries are still at a relatively early stage of
development. A secondary electrolyte in the liquid state circumvents these challenges, but
overall volume changes including the contribution of thermal expansion must be managed
in both cases and taken into account in the battery cell design.

Two commercial battery technologies that employ a sodium-metal anode in combination
with a solid electrolyte separator are sodium-sulfur (Na-S) and sodium-nickel-chloride (Na-
NiCl,) batteries operating at 300 °C. These batteries employ a ceramic Na-B"-alumina elec-
trolyte, abundant, non-critical cathode materials, delivering near ideal faradaic efficiencies
coupled with long shelf and cycle life (e.g. >15 years, 4500 cycles*!)). Na-S batteries for
stationary applications feature large cells with up to 630 Ah capacity,*? while Na-NiCl; cells
tend to be smaller, with rated capacity of approximately 40 Ah.1'3) In both cases, the cell
design takes advantage of a tubular ceramic electrolyte geometry, which facilitates sealing
and significantly reduces mechanical stresses acting on the ceramic electrolyte, compared
to planar designs of the same active area. However, the tubular electrolyte shape compli-
cates cell assembly and quality control procedures. Therefore, attempts are made to adopt
a planar cell design also for high temperature sodium batteries. While a planar design
demands improved sealing technology, it enables application of high-volume manufactur-
ing routines and potentially increases power and energy density of the cells.

For such batteries, it is important to consider the brittle nature of the ceramic electrolyte
and to match cell design with tolerable failure rates. Recent numerical simulations on
planar Na-B"-alumina geometries indicate that the mismatch of thermal expansion coeffi-
cients in the load bearing structures could lead to critical residual stresses upon thermal
cycling during cell assembly and operation, even in the absence of electrode materials.[0!
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Investigations on the crucial phenomena related to phase change and mass transport dur-
ing electrochemical cycling resulting in pressure differences between electrode compart-
ments are currently missing.

Here we investigate the effect of chemo-mechanical expansion of electrode materials by
exemplarily comparing tubular and planar Na-NiCl; cells. Considering variable cell closure
and operating temperatures between 25 °C and 600 °C, we discuss how both changes in
temperature and electrochemical reactions cause considerable volume changes in the elec-
trodes at different states of charge. These volume changes induce substantial pressure dif-
ferences between the hermetically sealed electrode compartments, resulting in geometry-
dependent stresses acting on the ceramic B"”-alumina electrolyte. Based on our calcula-
tions, we derive design and operation guidelines for solid-electrolyte batteries.

6.2 Results and discussion

Pressure tolerance of different cell geometries

Pressure changes inevitably arise during operation of Na-NiCl; cells, as both electrochemi-
cal reactions and variations in temperature cause substantial volume changes of the elec-
trode materials. During high-temperature battery operation, the anode material, sodium,
is liquid, and the active cathode materials, mainly NiCl, and FeCl,, are immersed in a molten
secondary electrolyte based on NaAlCls. Loss of ionic contact between cathode materials
and secondary electrolyte during cycling is therefore not an issue for Na-NiCl; cells. Indeed,
the excellent long-term stability of high-temperature Na-NiCl, cells™™> proves that the func-
tionality of electrode materials is not significantly impacted by these volume changes. Nev-
ertheless, the resulting pressure changes in the hermetically sealed electrode compart-
ments impose geometry dependent constraints on the cell design.

To illustrate this, we compare two simplified geometries for Na-NiCl, cells with the same
capacity: one based on an electrolyte tube with hollow circular cross section and closed
bottom (figure 6-1a, tubular cell), and one based on a circular electrolyte plate (figure 6-
1b, planar cell). While the tubular cell design reflects the state-of-the-art in commercial
cells,*! the planar design is frequently discussed in research papers.[*% 14 Simultaneously,
these geometries differ widely in their mechanical properties. Their comparison illustrates
the general trend between more spherically-shaped, robust solid electrolytes and mechan-
ically demanding planar geometries. Both cell designs feature the same active area A =
207.3 cm?, the same electrolyte thickness te =0.15 cm, and the same effective compart-
ment volumes, V¢eff = 163.1 cm? at the cathode, and V. = 66.9 cm? at the anode (table 6-
1 in supporting information), representing typical values of commercial tubular Na-NiCl,
cells.

As ceramic Na-B"-alumina electrolytes are brittle, their mechanical properties are gov-
erned by the largest defects present. Thus, the maximum principal stress hypothesis, 6 171
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determines the criterion for failure. For the tubular cell, the solid electrolyte conforms to a
thin-walled cylindrical pressure vessel with closed bottom, dominated by (circumferential)
hoop stress in a biaxial stress condition, a},.[*®! This results in a relevant maximum stress
Omax tubular S€aling with the pressure difference between the electrode compartments Ap,
the tube radius 1yype, and the electrolyte thickness t, according to

— AD Trupe

Equation 41
te

Omax,tubular — Ohn

Note that 0,45 tupbuiar 1S independent of the tube length, by which the electrolyte area can
be increased without affecting its mechanical properties.

For the planar cell, we consider a thin circular plate with uniform load and clamped edges,
dominated by radial stress, ¢,..[**) The resulting maximum principle stress (located along
the edge) features a quadratic relation with the plate radius 75,44 corresponding to

_ __34p rplatez .
Omaxyplanar — Or = T Equation 42

Compared to tubular cells of the same active area, planar cells thus feature drastically in-
creased maximum stresses on their electrolyte structure, when subjected to pressure. For
the simplified geometries in figure 6-1, this amounts to Oy tupuiar = 12 Ap and
Umax,planar ~ 2200 Ap.

We illustrate equation 42 (planar cell geometry) by plotting the relation between cell ge-
ometry (Tpiate, A, te) and Ap for different g,,,4, in figure 6-2. To avoid failure of the solid
electrolyte, its fracture strength 0f,qctyre Must surpass the maximum stress g4, at all
times. In terms of cell design, this involves a limitation of the geometrical parameters
(Tprate, A, te), respecting both the fracture strength ofqcryre Of the electrolyte, and the
pressure differences Ap occurring in the cell during processing and operation. While Na-
B"-alumina features an elastic modulus on the order of hundred GPa,’??! like most ceram-
ics, its fracture strength is significantly lower. Average Ofacture Values reported for Na-B"-
alumina ceramics range from 100 MPa to 300 MPa.l?!l Assuming Ofracture = 200 MPa,
pressure differences Ap must thus not exceed 0.9 bar to avoid failure of the planar geom-
etry in figure 6-1b (P1 in figure 6-2a, t. = 0.15 cm ). However, it is important to take into
account that fracture strength of brittle materials depends on the size distribution of de-
fects as described by the Weibull theory. 22 Based on their characteristic fracture strength,
0y, and Weibull modulus, m, ceramic electrolytes feature a certain failure probability also
at stresses well below their average fracture strength of,qctyure- Thus, with lower gy, val-
ues of e.g. 50 and 10 MPa, tolerable Ap decrease to 0.2 bar and 45 mbar, respectively (P>
and P3 in figure 6-1b). This affects the scrap rates in cell production and is of particular
importance when considering the cell design for large-scale batteries comprising thousands
of cells.

Restrictions on Ap become even more stringent for thinner electrolytes, with pressure dif-
ferences Ap limited to below 16 mbar for t, = 200 um (0.02 cm, P4 in figure 6-2b). This

117



Pressure management and cell design in solid-electrolyte batteries, at the example of a sodium-nickel-chloride battery

demonstrates that electrolyte thicknesses around 20 um (0.002 cm), as typically applied
for separators in liquid electrolyte batteries, are not easily accessible for solid electrolyte
cells: Even for small cells with 3 cm? active area, pressure differences must not exceed 11
mbar (P5 in figure 6-2b). Pressure evolution is thus a decisive aspect limiting active area
and capacity in the design of planar battery cells. In the following, we assess the volume
changes of the electrode materials in Na-NiCl, batteries and their effect on evolution of cell
pressure during operation in more detail.
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Figure 6-1: Geometries of simplified Na-NiCl, cells, with a) tubular cell geometry (hollow
circular cross section with closed bottom), and b) planar cell geometry (circular electrolyte).
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Figure 6-2: Restrictions on planar cell geometry (114¢¢, A, te ) as a function of pressure dif-
ference Ap and maximum tolerable stress o,,,,. a) Influence of variable o,,,, at constant
electrolyte thickness, te = 0.15 cm. b) Influence of t. at constant o,,,, = 200 MPa. Radius
and area (A = 207.3 cm?) corresponding to the planar geometry of figure 6-1b are marked
in both plots.

Volume changes of electrode materials and evolution of cell pressure during operation
State-of-the-art Na-NiCl; cells are assembled in the discharged state, with a cathode com-
posed mainly of NaCl, Ni, Fe and a molten secondary electrolyte based on NaAICl,, but with
no anode material present. The liquid sodium anode forms electrochemically upon charg-
ing. The charging reaction thus implies a net transport of sodium from cathode to anode,
accompanied by a conversion reaction of Ni and Fe to NiCl, and FeCl,, respectively. As a
result, the volumes of cathode and anode materials V;, . and 1}, , vary with the state of
charge (SOC, see figure 6-3a). To maintain a constant active area of the battery cells during
operation, wetting layers?3! in combination with metal shims are applied at the anode for
current collection.?* 25 At the cathode, the current collector is combined with a highly po-
rous carbon felt, which provides a reservoir for liquid NaAICls > Here, we assume a simpli-
fied cathode composition comprising the active components Ni, Fe, Al, and NaCl as sum-
marized in table 6-2a. This composition includes 70 wt% of excess Ni (relative to NaCl) to
assure a stable conductive backbone.?* 28! [ron and aluminum amount to 20% and 5% of
the electroactive Ni species, respectively. The volume of NaAICls equals the volume of the
cathode materials at 300 °C (see section A in supporting information). For simplicity, we
omit common additives vital for cell functionality such as FeS, NaF, Nal, as they occur only
in small quantities. We consider the following electrochemical reactions for 250 g of cath-
ode material, resulting in a total capacity of 47.5 Ah. This corresponds to a rated capacity
of 40 Ah after maiden cycling, where the added capacity ensures wetting of the anode with
liquid sodium during subsequent cycles.
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Pre-charge reaction:
Al + 4 NaCl > NaAICls + 3 Na 1.60V (2.8 Ah, up to 6% SOC) Reaction 11

Normal operation:

Fe + 2 NaCl <> FeCl, + 2 Na 2.35V (7.4 Ah, up to 22% SOC) Reaction 12
Ni + 2 NaCl ¢ NiCl; + 2 Na 2.58 V (37.2 Ah, up to 100% SOC)  Reaction 13

The pre-charge reaction (reaction 11) based on aluminum is normally activated only during
maiden charge in state-of-the-art Na-NiCl, batteries. Due to its low voltage of 1.6 V, it pro-
vides the first layer of sodium at the anode, improving the conductive path to the current
collector.3 Normal charge/discharge operation is based on iron and nickel charging as in-
troduced in reactions 12 and 13.

2 0% SOC <+ 100% SOC b) T, =P T,

3ARAARR = i e 1.00 —— ) ! Nl, Fe -

B b= —"

0.95 1 e T A

I S Naci™

—— SR 0.90 4 e

| ‘ $ 0.5 Na g5

_‘ HiE 0.80 1
il — W Wk 0.75 4 4/64
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cathode current electrolyte f el 0.70 1 . . >~

collector and felt anode shim i NaAlCl, gas E Na 0 200 400 600
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Figure 6-3: Origin of volume changes in the Na-NiCl; system. a) The volume of the electrode
materials changes at different state of charge (SOC) due to electrochemical reactions
(reactions 11-13). b) Volumetric variation further occurs due to density changes of the
electrode materials with temperature. Here, densities of electrode materials are normalized
to their respective room temperature values to obtain pnorm.

Apart from material transport and electrochemical reactions, volume changes arise due to
temperature differences, e.g. between cell fabrication and closure at 71 and battery oper-
ation at T>. While the influence of thermal expansion on the solid electrode components
(e.g. NaCl, Al, Ni, Fe) is relatively small, the densities of the molten components NaAICls and
sodium decrease substantially with temperature (figure 6-3b; see table 6-2b for absolute
densities). These materials also undergo a phase change from solid to liquid between room
temperature and operating temperature (Tmeit(NaAlCla)=157 °C, Tmeit(Na)=98 °C). As a re-
sult, their densities decrease from 2.01 g cm™ to 1.60 g cm? (NaAlCls) and from
0.97 g cm3to 0.88 g cm™3 (Na) between 25 °C and 300 °C, respectively (figure 6-10). Nor-
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malized by their respective room temperature values, the densities of NaAICls and Na de-
crease by 31% and by 14% between 25 °C and 600 °C, those of NaCl by 7%, and those of Ni
and Fe by 2% (figure 6-3b).

The volumetric evolution of cathode and anode materials resulting from both electrochem-
ical reactions and temperature dependent densities are summarized in figure 6-4a for cell
closure at T1 = 25 °C and operation at T, = 300 °C. The length of bars represents the volume
of the electrode materials at a given temperature and SOC, relative to that of the electrode
compartments, V, ¢ and V. o (figure 6-4b). Due to thermal expansion, the cathode mate-
rial features a volume increase from 119 cm? to 134 cm3 between cell closure and opera-
tion at 0% SOC. With increasing SOC, the filling level of the cathode decreases from 82 vol%
to 70 vol%, while that of the anode material increases from 0 vol% to 69 vol%. The effect
of variable temperatures at cell closure (T1) and during operation (T3) is depicted by the
corresponding volume change of anode and cathode materials, AV, , and AV}, . (figure 6-
4b and ¢, figure 6-10, table 6-2). To assess the effects of local heat generation in case of cell
failure, e.g. due to overcharge,?”! we consider not only normal battery operation at 300 °C,
but also T, = 600 °C. Data for T, = 25 °C is given as reference, although Na-NiCl, cells with
solidified Na and NaAICls are not operational. As sodium-ions from the cathode are plated
at the anode as metallic sodium (mainly nickel and iron charging, reaction 12, 13), the vol-
ume of the anode material increases by 43.1 cm? at 25 °C, and by 50.2 cm? at 600 °C (figure
6-4b). Apart from differences in the initial cathode volume (thermal expansion, figure 6-
4c), its decrease with increasing SOC is similar for all cell closure and operating tempera-
tures (-20.1 cm? to -21.2 cm3). Aluminum charging (reaction 11) adds a small deviation to
this trend, forming NaAICls with low, temperature-dependent density at the cathode. As a
result, the cathode material I, . features a slight volume increase going from 0% to 6% SOC
at 7>= 600 °C (figure 6-4c).
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Figure 6-4: Quantification of volume changes in simplified Na-NiCl; cells. a) Effective elec-
trode volumes (V. c5r, V4 er ) and volumetric evolution of anode and cathode materials for

cell closure at T:=25 °C and operation at T,=300 °C. Numbers and length of bars represent
volume [cm?]. The effect of variable temperatures (T:=25 °C or 300°C; T.=25 °C, 300 °C or
600 °C) on the volume changes is shown in b) for the sodium anode, AV, ; = Vi a2 — Vin a1,
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and in c) for the cathode material + NaAlCls, AV,, . = Vi c2 — Vin,c1- The volume changes
of anode materials in b) are independent of T;, curves with the same T overlap.

These volume changes of electrode materials, 1, , and V, ., lead to pressure changes in

the (inert) gas volumes, V5 , and 1, ,

partments (figure 6-3a, figure 6-4a). As the electrode materials are considered incompress-

incorporated in the hermetically sealed electrode com-

ible, the gas undergoes compression and expansion during charge and discharge cycling,
compensating the volume changes of the electrode materials. For simplicity, we treat the
effective volumes of the electrode compartments V, of = Vg u + Vina @and Veegr = Vo +
Vin,c as constant. According to the ideal gas law, the pressure p, in state 2 (= during opera-
tion) scales with pressure p; in state 1 (= at cell closure), with the corresponding tempera-
tures T,, T;, and with the gas volumes V/,, V; according to

V, T, Vi T,
— g.a1 laz _ g1 Ico .
Paz = Pa1 7 /P2 =Pca e Equation 43
Vg.az Ta1 Vg2 Ter

Stresses in the ceramic electrolyte result from pressure differences between anode and
cathode compartment:

Ap; = Paz — Pe2 Equation 44

Positive or negative Ap, lead to stresses on the electrolyte in one or the other direction.
Especially for symmetrical planar cells, we aim at reducing the magnitude |Ap,| to reduce
the maximum stress on the electrolyte. If anode and cathode compartments are sealed at
the same temperature and pressure (pa1 = Pe1 = P1, Ta1 = Te1 = T4, see Section Bin sup-
porting information for further discussion), the pressure difference between the electrode
compartments during operation simplifies to

Ap, = %pl (% - %) Equation 45

In this study, state 1 refers to cell closure at temperature T; in the discharged state (0%
SOC), while state 2 refers to cell operation at T, and a given SOC. Accordingly, to reduce
the pressure difference Ap, between the cell compartments we can adapt the cell design
and processing based on three strategies, namely

(i) by increasing the temperature T; at which the electrode compartments are closed (or
decrease T, but this is driven by the application),

(ii) by reducing the pressure p; at which the electrode compartments are closed (e.g. ap-

plying a vacuum), and

. oo Vgar Vger
(iii) by balancing the volume of the two electrode compartments to minimize Vg—a - Vg—c.
g,az g,c2

To illustrate these strategies, the pressures resulting from the volume changes in figure 6-
4 are shown in figure 6-5 for different temperature combinations and cell closure pressures
(based on the electrode volumes according to figure 6-1). All data is summarized in table
6-2. For cell closure at ambient pressure, p; =1.013 bar, the cathode pressure p., (figure 6-
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5a) and the anode pressure p,, (figure 6-5b) range from 0.6 bar to 11.9 bar. Based on
equation 41, this corresponds to pressure differences Ap, between -5.5 bar and +8.3 bar,
and to maximum stresses on the electrolyte between -6.6 MPa and +10.0 MPa in the tub-
ular cell geometry (figure 6-5c). In the planar geometry, the same Ap, lead to intolerably
high stresses of up to 1.8 GPa (equation 42; figure 6-5c).

These pressures can be reduced by increasing the cell closure temperature according to
strategy (i). If cells are closed at T;=300 °C instead of T;=25 °C, pressure differences Ap,
during operation at T,=600 °C range from -1.3 bar to +5.0 bar, with a maximum stress of
6.0 MPa for the tubular geometry. Nevertheless, intolerably high stress of up to +1.1 GPa
remains for the planar geometry (figure 6-5c).

a) b)

104 : 104 m% } P
Mﬂ\‘\ﬁ_. 1.013 bar
H—a.-_?_s‘__:_’: P1=

- 148 —= = - } 1.013 bar = 14 q
(2] [u]
8, a
S 0.14 4 % 0.14 1
a Q 01 p1=
h“_*\"\a_‘ H__‘_/k/‘l 5 mbar
0.014 0.01 -
0.001 T T r T 0.001 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
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= ‘T —_ ] —_ —_
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2 {1 a a ls5o
% 52 1'6 & ST:
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Figure 6-5: Pressure evolution in Na-NiCl; cells versus state of charge (SOC) for different cell
closure (T1, p1) and operating conditions (Tz). a) Cathode pressure p., and b) anode pressure
Da> for cell closure at p, = 1.013 bar and at p; =5 mbar. Corresponding pressure difference
Ap, and maximum stresses Opmqx tubular ANd Omax planar acting on the electrolyte in tubu-

lar and planar cell geometry c) for cell closure at p; = 1.013 bar, and d) for cell closure at p;
=5 mbar. Legend applies to all graphs.

However, a drastical reduction in differential pressure is obtained by reducing the cell
closure pressure according to strategy (ii). For p; = 5 mbar, the maximum stresses are re-
duced to 0.5% compared to p;=1.013 bar (figure 6-5a,b). In this case, pressure differences
Ap, range from -27 mbar and +41 mbar (figure 6-5d). The maximum stresses for the planar
geometry range from -6.0 MPa to +9.0 MPa, which is comparable to those of the tubular
geometry sealed at a cell closure pressure p; of 1.013 bar. Thus, cell closure at reduced

123



Pressure management and cell design in solid-electrolyte batteries, at the example of a sodium-nickel-chloride battery

pressure is an effective means to maintain tolerable stress levels in a planar cell geometry.
It is also compatible with state-of-the-art cathode assembly in Na-NiCl, cells with
granulated cathode materials [15], which can be evacuated after the filling procedure.

VE

< large 4> V, ox small

cathode T anode . granulated cathode material
cathode current electrolyte T
collector and felt anode shim

NaAlCl, gas E Na

Figure 6-6: Variation of the effective electrode volumes at constant total electrode volume
Viot = Va,eff + Ve efr, Shown schematically for SOC > 0%.

To balance the volumes of the electrode compartments according to (iii), we consider the
situation depicted schematically in figure 6-6. For different SOC and operating tempera-
tures (25 °C, 300 °C, or 600 °C), the volumes of the anode material range between 0 cm?
and 50.2 cm?, and those of the cathode materials range between 147.7 cm? and 98.6 cm?.
At a constant total electrode volume of e.g. Viot = 230 cm?3, we may thus vary the size of the
effective anode volume in the cell design 50.2 cm3< Vi eff < 82.3 cm3 to accommodate the
electrode materials at all temperatures and SOC. Variations in the gas volume are enabled
by the design of electrode shims, current collectors, or felts. The effective cathode volume
is adapted according to Viot =V eff+Va,eff.. The evolution of Ap, with Vi e, state of charge,
and temperature is shown in figure 6-7 (p1 = 1.013 bar), further considering different total
electrode volumes Viqt. In general, |Ap, | features maximum values when the material vol-
umes Vm,c and Vm,a approach the effective electrode volumes V¢ et and Vi eff at low and high
SOC. The effective anode volume V, ¢ can thus be chosen to minimize the magnitude |Ap, |
to the range of temperature and SOC targeted for application. With more pronounced vol-
ume changes at the anode than at the cathode (figure 6-4), this is generally achieved by
incorporating larger gas volumes in V, ¢ than in V o (figure 6-7; see also section Cin sup-
porting information).

For the specific cell geometry in figure 6-1 (Viot= 230 cm?3), we obtain the situation depicted
in figure 6-7e-h, with the effective anode volume V.= 66.9 cm3 marked by a dashed line.
At T;=25 °C and T,=300 °C, this configuration results in pressure differences Ap, between
-1.1 bar and +4.5 bar at 0% and 100% SOC, respectively (figure 6-7f). By increasing V, of
close to its limits, |Ap,| can be reduced to < 2.8 bar. However, the situation changes at
increased operating temperature: At T;=25 °C and T,=600 °C, an effective anode volume
of Vaerf= 70 cm? would be ideal, restricting |Ap,| < 6.9 bar (figure 6-7h).
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Of course, Ap, is also strongly affected by the total electrode volume Viot. In figure 6-7a-d,
Viot is decreased to 220 cm?3, resulting in high |Ap,| 210 bar at T;=25 °C and T,=600 °C
(figure 6-7d). By increasing the total gas volume to Vit = 300 cm? (figure 6-7i-1), the pressure
difference can be reduced to |Ap,| < 2.1 bar at all SOC, selecting an anode volume of Ve
=112 cm3. However, this pressure difference still corresponds to a maximum stress of
Omaxplanar = 0.5 GPa on the planar electrolyte structure in figure 6-1. Similar values are
also obtained for (hypothetical) room temperature application (T,=T,=25 °C, figure 6-7a,
e, i). Based on the criterion that Ap must thus not exceed 0.9 bar even at a high fracture
strength of 0fyqcrure = 200 MPa, a planar cell design according to figure 6-1b thus re-
quires cell closure at reduced pressure.

In future studies, an experimental assessment of pressures evolving in such cells, e.g. by
high-temperature pressure transducers, could be of interest. This would also indicate if ad-
ditional side reactions are of relevance. For example, here we did not include evaporation
of Na and NaAICl, at elevated sealing temperatures. As discussed in section B of the sup-
porting information, this effect is small as it entails pressures of condensable vapors on the
order of 10 mbar in the cell compartments.'3°321 Additionally, we did not include gravita-
tional effects, as gravitational pressure resulting from material density, p, acceleration of
free fall, g, and material height, h, at the electrodes according to Ap = p g h is negligible
for the geometries considered (e.g. 10 bar for Na at the bottom of a 20 cm high tube). We
also did not consider bulging of the electrode compartments. Indeed, pressure differences
would be compensated by electrode compartments expanding and contracting with the
volume changes of the electrode materials. For T;=25 °C and T,=300 °C, this would require
volume changes between +10 vol% and -3 vol% at the cathode with increasing SOC. The
anode compartment would even be required to increase by +69 vol%. Integration of such
severe volume changes in the cell design is challenging and may compromise the safety of
solid-electrolyte battery stacks. Similarly, Ap, vanishes if the volume changes at anode and
cathode correspond to each other at all times. This would require cathode materials fea-
turing a volume increase of +0.9 cm3 Ah* upon charging to match Na-metal anodes, or of
+ 0.4 cm® Ah! to match Li-metal anodes.
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Figure 6-7: Evolution of pressure difference Ap, with change of effective anode volume
Va, eff for different temperatures and SOC (p1 = 1.013 bar). Influence of total electrode vol-
ume a-d) Vit = 220 cm?, e-h) Viot = 230 cm?, and i-1) Vot = 300 cm?, and influence of cell
closure and operating temperatures a,e,i) T: = 25 °C, T, = 25 °C, b,f,j) T1 = 25 °C, T, = 300 °C,
¢,g,k) T: =300 °C, T, =600 °C, d,h,l) T: =25 °C, T,= 600 °C. Legend in a-d refers to all graphs.
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6.3 Conclusion

In this study, we demonstrate how both electrochemical reactions and changes in temper-
ature cause substantial volume changes of the electrode materials at different states of
battery operation. These volume changes induce substantial pressure differences in the
hermetically sealed electrode compartments of Na-NiCl, battery cells resulting in stresses
acting on the ceramic B"-alumina electrolyte.

We show that planar cell designs are much more vulnerable to stress evolution than tubular
designs. In Na-NiCl, batteries, as in most existing battery systems, the volume of the elec-
trode materials AV, changes with both SOC and temperature. Evolution of pressure differ-
ences in hermetically sealed battery cells during operation can be adapted by the choice of
(i) temperature and (ii) pressure applied during sealing of the cell, as well as by (iii) a cell
design providing volumetric balance of the gas volumes present in the electrode compart-
ments.

In practical terms, reducing the pressure during cell closure is the most effective strategy
to reduce pressure differences in planar battery cells to a level where maximum stresses
on the solid electrolyte are non-critical.
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6.4 Supporting information

a) tubular cell

b) planar cell

cathode electrolyte anode

to=re, to=Ar,, t,=Ar, [cm] 1.65 0.15 0.30 r=r.=r.=r,
=l =l.=1, [cm] 20.0 te, te,ts
A [em?] 207.3 A

V compartment [em?| 1711 73.5 V compartment
V contact [cm?] 8.0 6.6 V contact
Veetis Vaest [em’]|  163.1 66.9 Vet Vaest
Vit =Veer + Voo [cm’]  230.0

cm]
cm]

cmz]

cms]

cmg]

[
[
[
[cm’]
[
[
[

tht =Vc,eﬂ‘ + Va,eff sz]

cathode electrolyte anode

8.12
0.83 0.15 035
2073
171.1 73.5
80 6.6
163.1 66.9
230.0

Table 6-1: Dimensions of simplified Na-NiCl; cells with a) tubular cell geometry (hollow
circular cross section with closed bottom), and b) planarcell geometry (circular electrolyte).
For the tubular cell, the thickness of cathode, electrolyte and anode correspond to tube
radius te=r. and annuli te=Are, to=Ar.. The effective electrode volumes Vi eif and Voefr are

obtained by subtracting the volumes of contacting materials Vcontact (€.9. current collectors)

from the compartment volumes Vcompartment.

a) m m V(25°C)
[wt%] [a] [cm3]

() Ni |543% 1358 15.3
g cathode | NaCl |422% 1055 486

S| material D) el 13409% 775 10

E Al |037% 094 0.3

‘é‘ o s 250.0 65.2
) S vantc,
total 3574 1186

b)

Ni
NacCl
Fe
Al
NiCl,
FeCl,

P(25°C) o
[g cm=3] [10-6K-1]
8.90 13.4
2.17, 44.0
7.87 11.8
2.70 23.1
3.51 20%
3.16 20%

Figure 6-8: Composition and material properties of the Na-NiCl, system. a) Simplified
composition of Na-NiCl; cell with 250 g cathode material (47.5 Ah) as assembled in the
discharged state. b) Density and linear thermal expansion coefficients a; of the solid
componentsi?®! (*no reports for NiCl, and FeCl,, values estimated; see figure 6-10 for
influence of variable thermal expansion coefficients).
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Figure 6-10: Quantification of volume changes at the cathode assuming variable thermal
expansion coefficients for NiCl, and FeCl,. Thermal expansion coefficients of 15-10° K
(TEC15), 20-10°° K1(TEC20), and 25-10°° K'* (TEC25) do not significantly affected the volume
changes of the cathode material.
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a) p1=1013 mbar p1=5 mbar
socC AVma AV, Ppa2 P Dp2 Ppa2 P Apz
[cm?] [cm?] [bar] [bar] [bar] [mbar] [mbar] [mbar]
T1=25 °C, T>= 600 °C 0% 0.00 28.60 2,97 8.33 -5.36 14.64 41.11 -26.47
p1=1013 mbar 6% 2.95 29.05 3.10 8.57 -5.47 15.32 4231 -26.99
Vc1=118.63 cm? 22% 10.82 25.76 3.54 7.06 -3.52 17.47 34.85 -17.38
Va1=0 cm? 50% 25.08 19.09 4.75 5.20 -0.46 23.42 25.68 -2.26
80% 40.12 12.05 7.41 4.07 3.34 36.57 20.09 16.48
100% 50.15 7.36 11.85 3.56 8.29 58.46 17.55 40.91
b) p1=1013 mbar p1=5 mbar
socC AVma AV Ppa2 P2 Ap2 Pa2 P Apz
[cm?] [em?] [bar] [bar] [bar] [mbar] [mbar] [mbar]
T1=300 °C, T>= 600 °C 0% 0.00 12.93 154 2.80 -1.26 7.62 13.84 -6.22
p1=1013 mbar 6% 2.95 13.37 1.61 2.89 -1.27 7.97 14.24 -6.27
Va=134.31 cm? 22% 10.82 10.08 1.84 2.38 -0.54 9.09 11.73 -2.65
Va1=0 cm? 50% 25.08 341 247 1.75 0.72 12.18 8.64 3.54
80% 40.12 -3.62 3.86 1.37 248 19.02 6.76 12.26
100% 50.15 -8.32 6.16 1.20 4.97 30.41 591 24.50
C) p1=1013 mbar p1=5 mbar
socC AVm,a AV Ppa2 P Ap2 Pa2 P Apz
[em?] [em?] [bar] [bar] [bar] [mbar] [mbar] [mbar]
T1=25 °C, T>=300 °C 0% 0.00 15.67 1.95 3.01 -1.06 9.61 14.85 -5.24
p1=1013 mbar 6% 2.72 15.61 2.03 3.00 -0.97 10.02 14.82 -4.80
Ve1=118.63 cm? 22% 9.97 12.52 2.29 271 -0.42 11.29 13.39 -2.09
Va1=0 cm? 50% 23.11 6.24 2.98 2.27 0.71 14.68 11.18 3.50
80% 36.98 -0.38 435 1.93 242 21.48 9.53 11.96
100% 46.22 -4.80 6.30 1.76 4.54 31.08 8.67 2241
d) p1=1013 mbar p1=5 mbar
socC AVm,a AV, Pa2 P2 Ap> Pa2 P2 Ap2
[em?] [em?] [bar] [bar] [bar] [mbar] [mbar] [mbar]
T1=300 °C, 7= 300 °C 0% 0.00 0.00 1.01 1.01 0.00 5.00 5.00 0.00
p1=1013 mbar 6% 2.72 -0.07 1.06 1.01 0.05 521 4.99 0.22
Vai=134.31 cm? 22% 9.97 -3.15 1.19 0.91 0.28 5.88 451 137
Va1=0 cm? 50% 23.11 -9.43 1.55 0.76 0.78 7.64 3.77 3.87
80% 36.98 -16.06 2.26 0.65 161 11.18 3.21 7.97
100% 46.22 -20.47 3.28 0.59 2.69 16.17 2.92 13.25
e) p1=1013 mbar p1=5 mbar
socC AVm,a AV, Pa2 P2 Ap, Pa2 P2 Ap2
[em?] [em?] [bar] [bar] [bar] [mbar] [mbar] [mbar]
T1=25°C, T;=25 °C 0% 0.00 0.00 1.01 1.01 0.00 5.00 5.00 0.00
p1=1013 mbar 6% 2.54 -0.77 1.05 1.00 0.06 5.20 491 0.28
Vc1=118.63 cm? 22% 9.30 -3.67 1.18 0.94 0.24 5.81 4.62 1.19
Va1=0 cm? 50% 21.56 -9.59 1.50 0.83 0.66 7.38 411 3.27
80% 34.50 -15.84 2.09 0.75 1.34 10.32 3.69 6.64
100% 43.12 -20.01 2.85 0.70 2.15 14.06 3.45 10.62

Table 6-2: Volume and pressure changes with SOC at varaible cell closure and operation

conditions. Cell geometry according to figure 6-1.
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A) Packing density of cathode material and immersion in liquid NaAICl4

The composition of cathode mass applied in this study features equal volumes of NaAlICl4
and cathode materials at 300 °C. To assure immersion of the cathode material in liquid
NaAICls at all SOC, a reservoir of liquid NaAlICls is required, e.g. in a carbon felt. During
charging from 0 % SOC to 100 % SOC at 300 °C, the volume of the solid cathode material
decreases from 67.2 cm? to 46.7 cm?, while the volume of liquid NaAICl; remains constant
at 67.2 cm3. We assume an initial packing density of the cathode material of 59 vol% at 0
% SOC. At this condition, the liquid NaAICl4 is contained in both the pore space (46.7 cm?3)
and in the carbon felt reservoir (20.4 cm3). At 100 % SOC, the packing density of the cathode
material decreases to 41 %, and the remaining pore space of 67.2 cm? is fully occupied by
liquid NaAlICla.

B) Vapor pressures of Na and NaAICl,

When deriving equation 45 from Equation 43 and 44, we assume that it is possible to seal
the two cell compartments at the same temperature and pressure. This allows us to sim-
plify the equation. However, it is true that both sodium and NaAICl4 evaporate at elevated
temperatures and consequently a certain pressure will arise in both compartments, coun-
teracting e.g. an evacuation to a very low pressure. In this context, it is important to note
that the formed vapors are fully condensable and in a thermodynamic equilibrium with the
active materials inside the anode and cathode compartment, respectively. Consequently,
the maximum pressure arising due to the condensable vapors in the system corresponds
to the respective saturation vapor pressure of the species in the compartment. For the case
of sodium, the saturation vapor pressure is 0.02 mbar at 300 °C, and 34 mbar at 600 °C.3%
For NaAlICls, vapor pressures depend on the composition, namely the concentration of
AICls. In Na-NiCl, cells, NaCl-saturated NaAICls is used. For NaAICls with 49.5 mol% AICls,
the saturation vapor pressure is approximately 10 mbar at 600 °C and further decreases for
decreasing temperatures.®% 32l We conclude that the evaporation of Na and NaAICl4 can
contribute to the arising pressure in the compartments at high temperatures. However, the
contribution is limited to comparably small values so that our simplification in equation 45
is valid and enables to derive relevant strategies.

C) Optimizing the effective anode volume, V, ¢

For a more general analysis of balancing the volumes of the electrode compartments and
their respective gas volumes, we consider the volume changes of the electrode materials,
AVe = Vinc2 — Vincr and AV, = Vy, 2. For alkali-metal anode cells assembled in the dis-
charged state (Vip a1 = 0, and Vg 51 = V, efr), €quation 45 takes the form of

T, (Vg,alvg,cz_vg,clvg,a2> ) AVaVg,c1=VaerrAVe Equation 46

Ap, = p12
pZ pl T, Vg,aZVg,CZ i pl (Va,eff_AVa)(Vg,cl_AVc)
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Hence, the magnitude of the pressure difference |Ap,| is reduced by substantially increas-
ing Vg a2 and Vg ¢, and thus the effective electrode volumes V, ¢ and Ve e in the denomi-
nator, but this negatively affects energy density and production cost of battery cells. The
pressure difference Ap, vanishes if the volume changes at anode and cathode relate to the

Va,eff

. . AV, .
gas volumes present during cell closure according to A—Va = . However, as alkali-metal

c Vg,c1
ions are transferred from anode to cathode, AV, and AV typically feature opposite trends.
For a given total electrode volume Viot = Vi efr + Vaefe We can thus determine optimal
04p;
Va,eff

values for V, o¢ from the extrema,

2 2
_ Weot=Vmc)AWa ((Vtot_Vm,cl)AVa) _ (Vtot=Vim,c1=8Vc) AVa+AV AV

V = Equation 47
aeff AVg+AV, AVg+AV, AVg +AV, “

Considering that the material volumes at anode and cathode need to fit the corresponding
electrode volumes at all times, minima according to equation 47 often lie outside the phys-
ical domain (see figure 6-7). In this case, Ap, decreases monotonically in V, ¢¢, and we ob-
tain an optimal V, ¢ by equating |Ap, | at the ends of the operational range of interest, e.g.
Ap,(100% SOC) = —Ap,(0% SOC), as applied above.
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7. Conclusion and outlook

The shift towards renewable electricity production and the further implementation of solar
and wind power plants comes at the price of intermittency.!! A formidable technology to
mitigate the intermittency problem, providing peak-shifting abilities are batteries. The lim-
ited availability of lithium and cobalt used in current lithium-ion batteries will not allow
large-scale electricity storage with this battery technology.?! However, sodium-nickel-chlo-
ride batteries consist of relatively cheap and abundant materials, namely rock salt and
nickel.Bl They provide great potential for large-scale electricity storage, but suffer currently
from a reduced rate capability and high cell cost compared to lithium-ion batteries.™

This thesis provides design guidelines for next-generation sodium-nickel-chloride batteries
with enhanced rate capability and discusses potential cost reduction. At the core of this
work stands the deconvolution of transport processes by dedicated experiments at the
negative and positive electrode of this battery type. The deconvolution led to the quantifi-
cation of the rate-limiting processes, but also allowed the development of an advanced and
detailed understanding of electrochemical conversion reactions on either electrode. The
high-temperature electrochemical cell proved to be a reliable, modular tool allowing the
assessment of the different transport processes as shown in chapters 3, 4, and 5.

The liguid sodium negative electrode in conjunction with a highly porous carbon coating
proved to be not rate limiting in the temperature range of 140-250 °C, allowing current
densities up to 2600 mA/cm? without any signs of limitation and/or dendrite formation in
the Na-B"-alumina electrolyte.! Further, we showed 10 Ah/cm? of total capacity cycled,
meeting the US Department of Energy goal for lithium metal anode batteries.®! Even at an
operating temperature of 140 °C, a current density of 100 mA/cm? is still achievable.®) From
the liquid sodium negative electrode no rate limitations are imposed to the overall perfor-
mance of sodium-nickel-chloride battery.

At the positive electrode, mainly consisting of nickel and sodium chloride, an intrinsic rate
limitation for planar model electrodes can be observed at current densities beyond 0.25
mA/cm? shown by the rate test for the nickel electrode in figure 4-2d. Beyond this current
density, Ni?* ions get locally depleted in the NaAlICl4 secondary electrolyte, leading to a lim-
ited supply of reactants for the conversion reaction during charge and discharge. This dif-
fusion limited process causes the rate limitation during chlorination and de-chlorination of
the positive electrode and sets an intrinsic upper boundary for charging and discharging
rates in sodium-nickel-chloride batteries. The cause of the diffusion limitation can either
be mitigated by increasing the concentration of Ni%* ions or by increasing the mobility of
Ni%* ions in the secondary electrolyte. The latter of which is favorable, as increased concen-
tration leads to inhomogeneous chlorination that potentially causes isolation of active
nickel from the electron conducting nickel structure. Possible detachment of nickel chloride
from the electron conducting structure imposes a further risk of increased Ni?*-ion concen-
tration, as it harms the reversibility of the nickel chloride to nickel conversion reaction. The
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effect of increased solubility on de-/chlorination behavior of transition metals can be
demonstrated by comparing nickel and iron electrodes. Fe?* ions have a 100 times higher
solubility than Ni%* ions, leading to a very inhomogeneous de-/chlorination and local pul-
verization of the iron electrode. Contrary to that, the nickel electrode forms a homogene-
ous nickel chloride conversion layer. The influence of solubility on electrode de-/chlorina-
tion behavior is thus of pivotal importance to enable an increased rate performance
combined with long cycle life for metal-chloride electrodes.

In order to achieve capacities, which are relevant for practical applications, we studied po-
rous nickel positive electrodes with an active nickel surface area of 3700 cm?/g as deployed
in commercial sodium-nickel-chloride batteries.!”) For these thick porous electrodes, we
observed a rate limitation at a current density beyond 0.07 mA/cm? and therefore 3.5 times
lower than in the planar model electrode case.”) Note that this current is normalized by
the corresponding active nickel area in the porous electrode (3700 cm?/g). For the porous
nickel electrode, we found that the global Na*-ion transport in the NaAICl; electrolyte to be
rate limiting.!”]
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Figure 7-1: Contributions to overall cell resistance as function of state of charge, concluding
the results of chapters 3-5.

Figure 7-1 shows the different contributions to the cell resistance during discharge at 0.07
mA/cm? for the experimental cell presented in chapter 5. Depending on state of charge the
Na*-ion transport is responsible for up to 40% of the entire cell resistance. This highlights
the importance for the design of Na*-ion pathways via larger pores in the nickel electrode
and/or decreased transport path lengths (e.g. thinner electrodes, reduced tortuosity) in
order to increase rate performance of sodium-nickel-chloride batteries.

Potential cost reduction for sodium-nickel-chloride batteries arises from replacement of
the currently deployed tubular Na-B"-alumina electrolyte by a planar Na-B"-alumina elec-
trolyte disc.!®! Reduction of geometric complexity to a planar disc leads to potential cost
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reduction via facilitated production, quality surveillance, and improved failure statistics.!®!
However, planar ceramic electrolytes are subject to severely higher mechanical stress than
their tubular counterparts.®! The mechanical stress arises from pressure differences be-
tween the hermetically sealed positive and negative electrode and due to temperature
changes and cell cycling.!®! We found that the most practical solution to the problem is to
seal positive and negative electrode at reduced pressure.® This mitigates the pressure dif-
ference arising from volume changes within the electrode compartments and allows im-
plementation of planar Na-B"-alumina electrolyte discs.

With these conclusions, the following design-guidelines for next-generation sodium-nickel-
chloride batteries can be proposed:

1. The liquid sodium negative electrode is not rate limiting, even at a low operation
temperature of 140 °C. At the negative electrode no modification in terms of active
area or surface-wetting enhancing agents are needed.

2. At current densities > 0.25 mA/cm? of active nickel electrode area, local Ni?*-ion
transport is limiting the rate capability of planar positive electrodes. Increased Ni?*
mobility in the NaAlICls secondary electrolyte can increase the rate capability.

3. In thick, tortuous and porous electrodes, current densities > 0.07 mA/cm? lead to a
rate limitation via Na*-ion transport in the secondary electrolyte. Therefore, elec-
trode pore size needs to be increased and electrode thickness and tortuosity re-
duced to accommodate a higher possible current density.

4. Increased mechanical stress on the planar electrolytes due to temperature change
and cell cycling is mitigated via the reduction of atmospheric pressure during clos-
ing/sealing of the cell.

In this thesis, not every challenge for next-generation sodium-nickel-chloride batteries
could be solved. | see particularly three open fields that should be addressed in next stud-
ies. First, the nickel de-/chlorination reaction should be implemented in a multi-physics
model with exact geometric representation of the porous positive electrode, using the
gathered parameters for charge transfer and diffusion as presented in chapter 4. This
would enable the assessment of the two identified rate-limiting processes (e.g. Ni** & Na*
transport) based on different current densities, state of charge and electrode microstruc-
tures. With the help of this model, electrode microstructure could be specifically designed
to enhance rate capability while preserving energy density at the same time.

Second, in order to enhance Ni?*-ion diffusion transport in the NaAlICl; secondary electro-
lyte at 300°C either solubility or mobility has to be increased, e.g. via increasing the AICl3
content in the NaAICl4 electrolyte® or by increasing the NaAlICl4 viscosity.['° Here the ques-
tion arises if and if yes, which threshold of solubility is harmful for homogenous and re-
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versible de-/chlorination of nickel. A comparative study about the de-/chlorination behav-
ior at different Ni?* concentrations in NaAICl4 could quantify the currently qualitative state-
ments and enable a further increase in rate performance while maintaining cycle life.

A third point to mention is the substitution of nickel with iron or zinc as active material to
reduce raw material cost. As presented in chapter 4, iron presents great rate capability but
lacks reversible cycling and energy density. Here the de-/chlorination of iron and zinc has
to be designed and tailored in detail to balance metal surface reactivity with electrolyte
mobility and solubility to enable a homogeneous conversion reaction similar to nickel.
This thesis proposes measures to enhance rate capability and reduce cost of next-genera-
tion sodium-nickel-chloride batteries all with the aim to make them more competitive com-
pared to lithium-ion batteries. The findings presented in this thesis offer stepping stones
for the design of competitive large-scale grid storage batteries without use of critical raw
materials,[*!] enabling the incorporation of intermittently produced solar and wind energy
into the electricity grid. Presently, electricity production accounts for one third of global
CO, emissions,*? this thesis is a further tiny puzzle piece for global CO> reduction and com-
pliance to the Paris agreement on climate change.
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capacity; charge and discharge rates increase symmetrically from 6 mA cm? to 20 mA cm?, three
cycles per rate. d) Discharge rate test: Voltage vs. specific capacity; charge rates are constant at 20
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Figure 5-5: Rate test summary. a)Fe/Ni cathode: Specific energy charged (open triangles) and
discharged (open circles), as well as energy efficiency (solid squares) vs. cycle number for charge
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