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Molten salt batteries: NaS battery, liquid metal battery, ZEBRA 4#7
battery, etc. DLR

Sodium-sulfur battery (NaS battery)

» Excellent storage performance as Li-ion batteries with long lifetime of 210 years
» Commercial stationary grid storage plants (MWh-GWh)

» NGK Insulators (Japan): Total capacity of 700 MW/4.9 GWh in 2023

= But durability and safety issues due to beta-alumina solid electrolyte

Sodium

(Na) — +

34MW/244 . 8MWh NaS battery system for 51MW
wind farm in Japan
Source: NGK, Japan
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https://www.ngk-insulators.com/en/product/nas-solutions01.html https://www.ngk-insulators.com/en/product/nas-solutions.html



Liquid metal battery (LMB battery)

» Excellent storage performance as Li-ion batteries with long lifetime of
=20 years

= Ambri (USA): Commercialization for stationary grid storage (MWh-GWh)
= But low OCP (<1 V) and high operation temperature (=500°C)
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ZEBRA battery (Na-NiCl, battery) 4#
DLR

Excellent storage performance as Li-ion batteries with long lifetime of 210 years

> 500 MWh commercial applications in automobile, cellular base station, etc.

Suitable for stationary grid storage (MWh-GWh)
Ni has large share of the cell material cost (more than 60%)

ZEBRA battery $/kWh

Beta Alumina
12%

Grid storage using ZEBRA
Source: FZSONICK
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mNi = [ron mCopper = Salts mBeta Alumina

R. C. Galloway and C.-H. Dustmann, ZEBRA Battery — Material Cost, Availability and Recycling, MES-DEA GmbH, EVS 20, 2003



How ZEBRA battery works 4#7
DLR

= Working temperature of ~300 °C 2 NaCl + Ni ===, NiCl, +2Na
= Na anode, NiCl,-Ni cathode
= Beta Alumina solid electrolyte (BASE)

. . ) e- Ve

with good Na* ion conduction used j -

; ) Ni electrode - ~300° ”i::

= Low melting point secondary (+) ~ ~
electrolyte containing AICI;(NaAICl, ~ g;fg
~155°C) for high conductivity Molten Na (-) —= %

= Molar ratio NaCI:AICI; >1 (basic 3 - B
nature®) in fully charged state for B-Al,O;solid _ | § . .t B
compatibility with BASE electrolyte @ ssssm—

*Kim, J., et al. (2016). Journal of the Korean Electrochemical Society, 19(3), 57-62



EU H2020 project SOLSTICE: Na-ZnCl, battery

DLR

» Replacing Ni with Zn*: Cell material cost reduced by 40 %, overall battery cost by 20 %

» Promising cell performance has been shown in literature but more study on molten salt
electrolyte is required to improve the cell performance*

» SOLSTICE studying on

= ZnCl,-NaCl-AlCl, salt electrolyte (melting temperature, phase change, vapor pressure, etc.) for
Na-ZnCl, solid electrolyte battery (SEB)

= Selection of molten salt electrolyte for Na-ZnCl, all liquid battery (ALB)

Na-NiCl2 ($/kWh)

m Ni
Iron

m Copper
Salts

m Beta
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Na-ZnCI2 ($/kWh)

mZn

25%

23%, Iron
m Copper

Salts
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solid electrolyte cell ~300°C

2 NaCl + Zn

charge
~dscharge

ZnCl, + 2 Na

*Lu, X., etal. Energy & Environmental Science 6 (2013): 1837-1843.
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Methods

» Simulation-assisted molten salt electrolyte selection for all molten salt batteries

DLR

» FactSage simulation, DSC measurements, key

4

6.
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y Cost analysis selected
4. of materials molten salt
= Battery cell tests A Determination electrolytes
3 of key salt

4

Pre-selection

properties as

2. of molten salt electrolytes E_Discharge Charge
Measurements electrolytes : -
1. of melting s - e
Screening of temperatures ¥ quid Metal & Liquid Metal A

salt mixtures
via phase
diagram
simulation (T,,)

Ll - Nal - K1
Pondecti (-5t Bt 1 Lt
L

-05 0 200T 600 800

400
emperature(°C)

https://doi.org/10.1016/j.rser.2022.112167
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Liquid metal battery (LMB battery)

DLR
LMBs Electrode Electrolyte T,[°C] T,[°C] Coulombic Energy self-discharge Capacity loss rate
efficiency [%] efficiency [%] rate [mA/cm? [%l/cycle]
at full charge]

Li-LMB Anode: Li;  LiF-LiCI-LiBr 440 500 >98 70-90 NA 0.006
(MIT)? Cathode:

Sb-Sn
Ca-LMB (MIT Anode: Ca LiCI-NaCl-CaCl, 450 500 ~100 >80 NA <0.01
& Ambri)? alloys;

Cathode:

Sb alloys
Na-LMB Anode: Na NaF-NaCl-Nal 530 580 82 59 ~20 NA
(ANL)3 Cathode: Bi (single-cation)
Na-LMB Anode: Na LiCIl-KCI- 350 450 >97 ~80 <1 Over 700 cycles no
(HUST, DLR, Cathode: NaCl (59:5:36 fade, estimated

4 . e o
KIT) Bi-Sb mol%) lifetime >15 000
cycles

T O o sl of S8 Bo14. 16712y A19OBA 04 a0 Tochnoloy: Amb DFG-NSFC research project (2019-2023): Study on
4 i Zhow, W, Ding, A Wenenburger, I Wang, K. iang, et sl Ener. Stor. Meter, 2022, 50: §72:670, Corrosion Control and Low-Temperature Electrolytes for
5.  W.Ding, Q. Gong, et al., Journal of Power Sources 553, 232254

Low-Cost Na-Based Liquid Metal Batteries (Na-LMB)



Na-ZnCl, all liquid battery (ALB)

Na-ZnCl, All Liquid Battery

Salt layer

with sodium ions

Caramic fOam ———

Salt layer

with zinc ions

HZDR / Blaurock

https://doi.org/10.3390/batteries11050177

NaCl - CaCl, - BaCl,
Projection (A-Salt-liquid), 1 atm

NacCl

N~ O 7~ | DA

NaCl-SrCl,-KCl

ﬁc:tSagem
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Molten salt electrolyte for Na-ZnCI2 solid electrolyte battery
- Simulated phase diagram of ZnCl,-(NaCl),-AlCl,

» |Increasing AICl;, melting
temperature of the salt
electrolyte decreases fast

» |[ncreasing NaCl during
discharging (SOC from 100% to
0%), melting temperature
decreases fast

= Next step: Cutting ternary
phase diagram at constant
AICl; mol.% for analysis of
phase changes with SOC
change

https://doi.org/10.3390/batteries9080401

AICI, - (NaCl), - ZnCl,
Projection (I-Salt-liquid), 1 atm

AlCI,

*\ Timin) = 108.12 C, T{max)= 80065 'C

Four-Phase Intersection Points with |-Saft-iquid

_defta_oP12_(33)s)

delta_oPi2_(33Ks)
)/ ZnCi2_deita_oP12_(33K

delta_oP12_(33)(s)

5. Salt-liquid#2 / Sal-iquids? [ ZnCE2_(
6 AICI3_D015_prototype_(s) / NaAICH_p:

A=AICI3, B=2nCi2, C=(NaCl)2
X{A) XiB) Xy

1. 028678 039347 031975 23000
2 045057 020414 034528 239.09
3. 065645 0.00741 033614 15548
4 051665 046262 0.02073 11195
5 0.75691 0.01049 0.23259 111.95
6 075473 000801 0.23727 10812

Vi e hY
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v M v w Ay
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Overall reaction
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Binary phase diagram simulation

DLR
= Binary phase diagrams of AICl; = 0-50 mol% simulated
» Phase changes with SOC change simulated

Voltage change with SOC change in the cell test could be explained with the phase changes

= Next step: DSC & OptiMelt to experimentally verify simulation results

ZnCl, - (NacCl), - AICI;
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https://doi.org/10.1016/j.ensm.2023.103077
https://doi.org/10.3390/batteries9080401



DSC™ results

T(C)

ZnCl, - (Nacl), - AICI,
AICLAZnCl,+{NaCl),+AICI)(mol/mol)=0.3489, 1 atm

thtSage"
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DSC results complying
with simulation results

https://doi.org/10.3390/batteries9080401
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Liquid phase in salt electrolyte at 300°C (simulation)

wt.% liquid phase in salt electrolyte
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Fully discharged state: 0 mol% ZnCl,

Full charge state: basic nature (NaCl:AICl; = 1:1 or (NaCl),:AlCl; = 1:2)

Salt cost for 1 kWh storage increases with increasing AICl,

But low AICI; concentration leads to low conductivity (low liquid phase wt.%) in fully discharged state

b mol.%_AICI3 _liq.
10 mol.%_AICI3 _liq.
15 mol.%_AICI3 _liq.Wwt.%
20 mol.%_AICI3 _lig.wt.%
25 mol.%_AICI3 _lig.wt.%
—e—30 mol.%_AICI3 _lig.wt.%
—e—35 mol.%_AICI3 _lig.wt.%
——40 mol.%_AICI3 _lig.wt.%
—e—45 mol.%_AICI3 _lig.wt.%

——50 mol.%_AICI3 _lig.wt.% 0
0 10 20 30 40 50 60

AICl; mol% in AICl;-ZnCl,-(NaCl),

t.% 2
t.%

USD/kWh

30 40 50 60 70 80 90 100
mol.% ZnCl2
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Vapor pressure vs. salt composition

ZnCl, - (Nacl), - AICI, Vapor pressure(atm) at 300°C
AICI/(ZnCl,+(NaCl),+AICI,) (mol/mol) = 0.15, 1 atm ‘}hctSage"
1000 T T 0,8
900 | S 0,7
Salt-liquid + gas_ideal % 0,6
800 5 0’5
700 g 04
§ o
= 03
g
= T Saltliquid g 0.2
H 500 F Rocksalt + Salt-liquid 0,1
0 ® __—e—o
- _ 0 10 80 90 100
Charai SalpHiquid + Saltliquid . Mol %2ZnCl,
i | ging | Charging
NaZncl, +Rocksalt + Saltfiquje Iq + SalthgBA2 + Zngd., —e—AICI3 15 mol.%_V.P(atm) AICI3 5 mol.%_V.P(atm) —e—AICI3 10 mol.%_V.P(atm)
6 = A= _ el
s Dl Ga"m’”ﬁ ik AICI3 20 mol.%_V.P(atm) —e— AICI3 25 mol.%_V.P(atm) —e— AICI3 30 mol.%_V.P(atm)
100 { MO e PO, R NaAG), + Na.ZnC), + 20017522 Moo —e—AICI3 35 mol.%_V.P(atm) —8—AICI3 40 mol.%_V.P(atm) —e—AICI3 45 mol.%_V.P(atm)
0 0.1 02 03 04 0.5 0.6 0y 08
0,
G KO Gniiim ) —e—AICI3 50 mol.%_V.P(atm)
[ J

High salt vapor pressure can lead to failure of e.g., BASE, sealing (safety issue)
Maximum vapor pressure at high ZnCl, and AICIl; concentration

Vapor pressure is below 1 atm for 300 °C at increasing mol% of AICl; till 50 mol%
Pay attention on AICIl; concentration, cell overcharge and temperature runaway



Summary

« This method has been successfully used for liquid metal battery,
Na-ZnCl, SEB and ALB batteries.

« Obtained phase diagrams, phase behaviours and vapor pressures
could be used for battery cell operation and optimization.

« Simulation-assisted method for molten salt electrolyte selection in
this study could be used for all molten salt batteries.

i DLR
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