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The speed of battery . .
Integration depends on the ; - —
cost of energy storage Sdential = Resdential

(MWh/$) . . .

And the cost of energy storage
depends on the lifetime (MWh
throughput between failures) .
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Sodium Metal Chloride Rechargeable

V’\

Cell

260-340°C operation

B” alumina electrolyte

NaCl-buffered sodium aluminum chlorate
cathode electrolyte

Compound cathode: nickel & iron & NaCl

Net electrochenigalreactions;
7 NG G5 R ermHaakIgAGHONS, \cl, U, 2,58V

charge

discharge

FeCl, + 2Na ——— Fe + 2NaCl, U,=2.33V

charge

current collector (+ pole)

nickel + iron + sodium chloride
+ sodium aluminum chloride

cell case (- pole)

sodium

ceramic
electrolyte



https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMKszpLbqMcCFQc6kgodhNAAsg&url=https://en.wikipedia.org/wiki/Molten_salt_battery&ei=gfHNVYLoE4f0yASEoYOQCw&bvm=bv.99804247,d.aWw&psig=AFQjCNE7CL1k6CyNTpHtak3YZBOENkrWPA&ust=1439646453740283
https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCMKszpLbqMcCFQc6kgodhNAAsg&url=https://en.wikipedia.org/wiki/Molten_salt_battery&ei=gfHNVYLoE4f0yASEoYOQCw&bvm=bv.99804247,d.aWw&psig=AFQjCNE7CL1k6CyNTpHtak3YZBOENkrWPA&ust=1439646453740283

Test Geometry

10cm Mo

Y

alumina
disk -]

29.7 mm

«—

P 22.5 mm . 327mm

v

r

~8cm
cathode

x
1.5mmthick BASE
tube

Mo cylinder
cathode
separator

Cycling Protocol Design of Experiment

-5.68 W t0 2.00 V
+0.00 W to 600 s
+5.68 W to V,,
V,, t0 0.142 A

+0.00 W to 600 s
Repeat

Vi (V)
2.67 2.87
240 X X
T (°C) 300 X X
340 X X

2 x 3 full factorial with partial replication

CT slice of as-built cell



Electrochemical Reactions (Bulter-Volmer)

Ni(s) + 2Cl

Fe (s) + 6NaCl(s) + 2CU
Fe (s) + %Na6FeCl8 (s) + 2CU

2Na" + 2e

Na® + ClU

FeCl, (s) + 6Na" + 6Cl
2 AlCL; ()

AlCl, + AlCl (1)

2 AlCL;

NagFeClg (s5) + NiaFeg 1Clyarpn) (s)

NiCl, (s) + 2e
NagFeCly (s) + 2e
4

2 Na (/)

NaCl (s)

NagFeClg (s)

ALClg (¢)

ALCL,

ALCL, + Cl

NiFesClya,g (s) + 6NaCl (s)

3 FeCl, (s) + 2NaCl (s) + 2e

= Cathode

} Anode

Non-electrochemical Reactions (First order or «c AG)

—

—

Precipitation &
dissolution

Cathode
=== electrolyte
rearrangement

Metal chloride
reorganization



Dependent variable Flux constitutive law

Solid electrolyte — anode

_ lonic charge Nernst-Planck
Cathode — Solid electrolyte : ;
Electronic charge Ohm's law
Current collector — Cathode AICI, concentration Nernst-Planck
ClI” concentration Nernst-Planck
Cathode
_ ALCI, concentration Nernst-Planck
Solid electrolyte :
AICIl, concentration Nernst-Planck
AlCl; concentration Nernst-Planck
Fe concentration Not applicable
NaCl concentration Not applicable
Na,FeCl, concentration Not applicable
FeCl, concentration Not applicable
NiCl, concentration Not applicable

1-D, axisymmetric, time-dependent simulation
1 full cycle using experimental cycling protocol

Reaction moduli used as fitting parameters
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Capacity (Ah)
= (9,1 [2)] ~ o+ ]
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\\\\ = -8-260 degC
N\ : —+—300 degC

\ ~4-340 degC

10
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Cycle

o

—&—Fe at 260 degC

——NaCl at 260 degC

—e—Fe at 300 degC

Mass loss (g)

—m-NaCl at 300 degC

0 100 200 300 400 500

—+—Fe at 340 degC

——NaCl at 340 degC

Cycle

How do Fe & NaCl move, and where do they go?



Location 1

Location 2

Location 3

Cathode from disassembled cell. V,,=2.87 Vand T = 300°C.

Location 1 contains slag deposit formed at the top of electrolyte pool.

Location 4

Location 2, top third of granules packed bed, is devoid of granules

structure.
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shifted salt NagFeCl,
presentin 1and 2, but
. net3ands

Nickel metal in 2, 3, 4,
but not 1. Reduced
concentrationin2.

et yiCrurta)

Location 1

Iren chloride in 1 and 2,
butnot3and 4.

Location 3

Intenady{Cousts)

Location 4

Stacked X-ray diffraction patterns, by location.
Discharged state. V,, = 2.87 V and T = 300°C.

» Na.FeCl; & FeCly: Locations 1 & 2. Should be absent in discharged cell
* (NiFe) Locations (2)*, 3 & 4. Should be uniformly distributed throughout.
* NaCl: Locations (1), (3) & 4. Should be uniformly distributed throughout.

a () indicates low level



Summary

Sodium / nickel chloride / iron(ll)chloride high T rechargeable cell

Degradation mechanism in present geometry associated with iron species mobility
Porous electrode, finite element model at different states of degradation

Model: Iron & sodium chloride “disappear”

Post-mortem XRD: Unreactive iron chloride species concentrate at top of cathode
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