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Na-beta alumina membrane batteries (SBB)

SBB are electrochemical devices that store electrical energy via Na* transport
through conductive solid oxide membrane (typically B”-Al,O) at elevated
temperatures.

Invented and first investigated by

> Sodium-sulfur (SSB) Ford for vehicle applications

C Beta
2Na + 4S ? Na,S, E=~2.0V _lr\lljtll)?ma .

» Sodium-metal chloride (ZEBRA)
2NaCl + Ni% NiCl, + 2Na E=~2.58 V/

Operated at 300~350°C

Mol
High efficiency, up to >90% ‘&2"“

Capable of hours of discharge duration

Quick response
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Technology requirements for GRID Storage

1000

O Energy/power:
depending on
applications; w

10 hr

Customer Energy 1hr
Management

O Quick response
preferable;

-
]

-

O Discharge duration:
seconds ~ hours

Storage Time (minutes)
e

O Efficiency: High, " Power ouality |
preferable; . & Reliability )

O Life: >10~15yrs, >5,000
deep cycles, higher for. i = 1 = =
shallow cycles, depending lo¥ kW s s MW

on applications; Storage Power Requir http://electricitystorage.org/  ty Applications

Datafrom Sandia Report 2002-1314

O Safety

— O Costs: low capital cost, life cycle cost, social cost /
(considering carbon effects) \if/
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Economic and technical challenges

O Cost at least 2~3 x higher for broad market penetration
O Better economy reliant on improved reliability, durability, life

and efficiency, along with manufacturing

O Require science and technology advancement

100 —=—

)
ZEBRA
Flow batteries:
VRB
ZBB
PSB

Enerqgy (kWh) x Life (cycles) x Efficiency

Capital cost (¢/kWh/per cycle-output)

n
L
| 5
O
Targets
1
Capital cost (¢)

Pump-hydro

Life cycle cost:
4¢/kWh/cycle

—

o
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Electrochemical Energy Storage at PNNL

Transformational Materials Design and Synthesis

Key Focus: Moleculqr qnd Nano- Self-Assembled High Performance

. Synthesis and scale Building Blocks Superstructures Device Components
assembly of - \

multifunctional

nanomaterials

- Establish controlled Wl i ,‘ :
defect chemistry and Polymers, metal oxides, [j‘> Multi-corﬁ’péﬁeﬁfhéﬁo- l‘> Eaii:ggszé?érza;f;esy
architectures surfactants, graphene composites and nanoporous Sensors

. . sheets ia
« Optimization of : : materig

properties that effect
transport and storage of
charged species.

Redox Flow Batteries

High Power Planar i ithi
High Performance Lithium lon V based and PV Charging

Sodium Metal Halide I_stv _1

Large area plan‘ar rall D hattarv ctanl,

CHEMIGLL IRE
REVIEWS - .

Electrochemical Energy Storage for Green Grid

Zhenguo Yang,* Jianlu Zhang, Michael C. W. Kintner-Meyer, Xiaochuan Lu, Daiwon Choi, John P. Lemmon, s
and Jun Liu

Electrolyte
Tank

— Catholyte
selective
Membrane

Pacific Northwest National Laboratory, Richland, Washington 99352, United States

110,-base co rane Olivine

/ LiFePO,



Na-Battery Focus Areas at PNNL

Progression of sodium battery technology

« Gen 1. High Temperature (250-300°C), BASE
 Modular planar design (flat plate), tunable
power and energy.
« Multi-metal cathode, decrease Ni.
* Need for better fundamental understanding —
additives, mass transport.

*Gen 2: Reduced Temperature (110-250°C), 0

 Approach to low cost and higher power density.
 Naion conducting membrane.
e Stable catholyte

*Gen 3: Low Temperature (RT- 90°C),
 Approach to Na-ion (polymer membrane) B/

 Anode materials
 High energy capacity cathode. \ﬁ/
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Application Stationary Stationary VT

Light Truck
Marine
DOD
Chemistry * Na-NiCl, * Na-Metal Halide * Na-S
* Na-NiFeCl, * Na-Na organic * Na-Metal oxide
* Na-Air * Na-Air
Anode * Molten Na » Molten Na * Na Metal
« BASE wetting « BASE wetting i ma ':‘/'I'gy
° a_
agents. agents. [ Ner
* NaMxQy (Ti, Sn)
Cathode * Ni-NiCI2(s)/NaAICl4 * Mx-MxCI2(sol), IL, Cx  + NaMxOy (Ni,Mn, Co)
* Ni Alloys-NiMCIx * Organic-Na organic + NaMPO4
* Additives * NaMxFy
* Na-organic
Electrolyte * BASE * BASE Polymer
* New SS inorganic Membrane-Liq
* Org-Inorg SS inorganic
Nanocomposite glass

Down-select areas of high value with preliminary performance and cost

modeling. Further down-select chance of success using thermodynamic and
phase diagram based analysis.
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Medium Temperature Na-MH Concepts

» Goal: Reduce temperature (100-250°C enables lower materials cost, (sealing,

cell materials).

« Path: 1) Reduce BASE thickness, 2) Improve catholyte

ZEBRA type chemistry: insoluble MH

1.0x10*

Ni + 2NaCl — 2Na + NiCl, (charge)
NiCl,+2Na — 2NaCl + Ni (discharge)

@ - @

=~ NiCl, (insoluble)

Working electrode: glassy carbon
Counter electrode: glassy carbon
Scan speed: 100 mv/s

Temperature: 125°C

Saturated NaCl

Metal coated chemistry: soluble MH

T T T T T
2.0 -15 -1.0 0.5 0.0
E,V

0.5

EC/M, + NaCl — Na + M,Cl, + EC (c)
EC + M,Cl, + Na — NaCl + EC/Mx (d)

Capacity, mAh
g

—=a— Charge

1 —o— Discharge

<>
M Cl lubl
MG uble) 30
. /0

_—"Internal DOE EED LDRD Funded FY2010, J. Lemmon, G. Li and X. Lu
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Medium Temperature Na- Air with BASE

Na-Air Low rate cycling

Goal: Improve performance, low cost alkali :
metal — air. *
Path: Improve solubility of Na,O, products
in cathode with higher temperature.

E (Volts)

3.0cm?2 Button Cell

Replace metal cathode
W|th temperature Stable 0 10000 20000 30000 40000

Time (Sec)

Anode ?‘» air cathode. -
contact 40
Cathode & o

/ electrolyte . 2

Cell Characteristics:

seals Temperature: 140°C 45
I B OCV: 3.2V vs Na Naro, battery
Current: 0.15mA/cm2. x  Li-O, battery* 0 100 200 300 400

Time (h)

Alloy Ring g a;p03

Voltage (V)

40 |-

Voltage (V)

Summary:
* High IR from BASE electrolyte.

» Cycled in air, capacity decreases. ) —

— « Overpotential on charge higher than Li.
- Overpotential increase rate lower than Li. __“s

Capacity (mAh/cm?)

* J. Xiao, et al., J. Power Sources 196 (2011y 5674~ = === ===== ===
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Na—Metal Halide - ZEBRA Battery

Beta Research and Development Ltd.

it - Intetcell connector
ourrent collector (+ pole) Positive cell top

nickel chloride + Nickel/sodium chloride + Ceramic to metal seal
¢ : - . positive electiode ™.
| sodium duminium chloride granules -
ceramic dectrolyte _ Coppernickel cunent
~ collector
Mild steel shinrs (wick for ™
i sodium electiotle
L - Beta alumina tube
7 Mild steel cell case N
odll cam - pole) 'SO(Iilll'I'l aluminium
~ chloticle {molten salt
>155°C)
Cell Reaction

Ni+ 2NaCl & Na + NiCl,

Advantages: High energy density, cycle life, short circuit failure mode,
low cost materials, manufactured in discharged state.
Disadvantages: High IR, molten Na, high operating temperature.

—
—
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Na—Metal Halide - ZEBRA Battery

Beta Research and Development Ltd. high power cells.

Decrease geometric factor.

Cell voltage (V)

Cell voltage (V)

|

12

BASE Tubes, (1-2mm)

Mixed Fe and Ni cathode.

© Ni +2NaAICL,

2Na + 24ICl, + NiCl,

2Na + NiCl; < Ni + 2NaCl

Cell reaction

2Na + NiCl,
& Ni +2NaCl

2Na + FeCl, & Fe +2NaCl

. Over-
258 - charge
1.58

3Na + FeCl,
275 <« Fe+3NaCl
2.59 e
23t o

charge
1.60

i

Cell reaction

3Na + NaAlCl,
© Al+ 4NaCl

Over-

3Na+ AlCl,
& Al+ 3NaCl

Over-
i e

250

200

150

100

Power / YWatts per Cell

50 4

Pulsed power characteristics vs DoD

Amphours Discharged

T=295°C-350°C
» o S—
\\ [ (S I —_— = - — kT — - “
— ‘_\\
= =
P it i bt o e e s ey e
s o i i ~
= —— - ~ -
e . E (o
T | T -m
T ——
- —+¢ - MLMG: Monolith Cell (nickel only)
- -a- - ML!MF: Monolith cell (nickel + iron)
- & - MLI3B: Monolith cell (nickel + iron « composite current collector)
| | | |
5 10 15 20 25 30 35

Effects of self discharge and freeze thaw cycles.

Mean Cell Resistance (m())

35 : : :
................ Discharge 1:19 June 1991

84 Discharge 55:19Jume 2000 | | . g

25 i

20 e

W om——
10

5

/ 0
5 10 15 20 25 30 35

Sudworth, J. L. J. Power Sources, 100, 2001, 149-163

Capacity (Ah)



Na-metal halide battery development

Ragone chart (cell Level)

100000 O MESDEA and FZ Sonick (joint
// wc  venture b/w FIAMM MESDEA)
k0 for both mobile and stationary
F, Be applications
_-'g 1000 i
™ 0 rate
O,SIC
! 0 20 40 60 80 100 120 140 160 180 200
Specific energy (Whikg)
J  Eagle Picher developing planar O General electric for locomotive

designs and backup power applications




Path to Planar Na Battery

3.0cm?2 Button Cell

Alloy Ring g a1203

Anode \ 64cm2 XL-BUttOﬂ Ce”

contact
Cathode &
electrolyte

Seals

Materials development
and performance testing.

Electrolyte ZOOCmZ StaCk

Materials scale-up with
large-scale performance ” metal
and life testing. e

Manufacturing friendly
components and
fabrication techniques.—

Modular stack design with
performance and life
testing.




Na-NiCl, Battery Description

Discharged State

Ni + 2NaCl
Cathode
1) Ni BASE
2) NaCl (R
3) FeS, Nal
Anode Compartment
Cathode

Current Collector

Anode
Current collector

~7
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BASE Conversion Process

C axis
Mixed region of f§ and p” _ "
Na,0-nAlO, (5.33 < n < 8.5). p’-phase g;
Na-O - 5.33Al1,0. -

tegc

} 'Spinel Block'
2000
Conduction Plane

c 'Spinel Block'
1500 )
Conduction Plane
)
= e
- NnAIDI+P\ 7 & | 'Spinel Block'
2 N _‘ pinel Bloc
10001 —~ ‘
L i . Conduction Plane
1 ‘1 ] i O - '
80 ' & 100 \\‘ A ."NQP‘ ] Spinel Block
Nas0Q * 5.33 Alp03 Na,0 * 8.5 Al,0 _— S
2 2 23 & b S
MOLE ®/o -!lllz{.'i:i
Fig. 1. Existence range of f-clumina. 8 - B” coexist in the n ©) O »
cross hatched region of the diagram. Al Na 0 Mg (dopant)

Fally, et al JECS 120[10] 1973

Journal of Ceramic Processing Research. Vol. 11, No. I, pp. 86~91 (2010) /

Complete conversion of Al,0; to BASE is critical to consistent performance. Other
factors influencing performance include, grain size, orientation, and density to

avoid failure modes.



BASE Strength Properties

S’Ej;rsngth of Beta"-alumina vs temperature

450 -

Flexural Strength (Mpa) vs Volume % YSZ in BASE

A0

800 i 300 \\
Ball-on-Ring Flexural Strength - Converted 1400°C/10h in APEL £ 250
Q95 Confidence Outliers Removed £ 200 S —
we 50Vol% V5Z 7
T
600 25 vol% YSZ 35 vol% YSZ 1 "1 After T. Makino et al. 2004*
© '[ a0
m 1 o - i M . ]
! o 100 200 00 400 500
E 500 i Tun'purltl.ru.-"*c
= 537
- L=

2 400 a) S
el (7)
=
9 300
©
; 200 ( . . .
b) Decreasing resistivity
LL

- T

0
@NaElect-8 ENaElect-9 ONaElect-10
25/75 (YSZ/Al) 35/65 (YSZ/AI) 50/50 (YSZ/Al)

Ball on Ring flexural testing
on 1.0” diameter converted
BASE. 25 to 50% YSZ
content.

Optimize BASE formulation for strength and conductivity.

INATIUINAL LASBURATURY




BASE Surface Properties(1mm)

Effect of BASE coating on B"-Al,O,

(lonotec) conductivity at 200mA/cm? in

Na/BASE/Na cell.
6 700600 500 400 300 200 100
LI ' 1 ' 1 ' 1 ' 1 ' 1
m With NaNO3
[ | ®  Uncoated
Sor — A Coated

| 0.285 S/cm @350°C

A
A .=~ 0.078 S/cm @350°C

4 Lk
c °
A
“w 3 L S %e
& | 0.048 S/cm @350°C © 4 4
z o 4
- 2 o A
o A
1 | [ ]
P A
0 1 N N 1 N N 1
1.0 15 2.0 25
1000/T, K™

Large decrease in interfacial resistance as

a function of surface and coating agents.

3.0

Comparison of interfacial resistance
using EIS of lonotec BASE in
Na/BASE/Na Cell

-30

- Uncoated <7

10 L 1 L 1 L 1

Coated

125 ety
,2_',2 eSS (e
o
»
&S
S
O oS
p -
8




Burst PSi

BASE/Seal Differential Pressure Test and
Chemical Stability

Schematic of pressure sample assembly

BASE (500um
120 / (500um)

glass seal

100 ;‘:*“""'"’" 0.25grams glass ——— +

g é ; 2.0
A Wt - . ; .
J = %] \,_.;,,,..,,,.,A /
_,»,,\.\,\h.\‘.‘,”;, v
»mw 0 I 7 mm t I k

0 o alumina ring
&0 Failure Modes
50 |
40
NaAlICI,

30 Time (hrs) Seal wt | # Samples |Burst Psi (Avg)| St dev.
20 0 0.25 7 101.79 5.20

0 0.125 3 97.37 10.82
1¢ 50 0.25 5 107.28 4.12
0

0 10 20 30 40 50 60

hrs exposure to NaAICl,

Differential pressure in cell can reach 2 atm on cycling. Current seal

holds 6atm DP, with only one failure at the seal. Larger cells use current
collector as support structure.




Na-NiCl, Battery Description

Charged State
NiCl, - Na

Cathode

1) Ni

2) NacCl

3) FeS, Nal, NaF

BASE

5) NiCl, Anode Compartment

Cathode

Current Collector Na

R increase as SOC as NICl,
deposits.
» Accessing NaCl deep in the cell

becomes more difficult.
» Avoid over charging, melt turns
acidic and NiCl, will dissolve.

Pacific Northwest
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Secondary Electrolyte (NaAICl,) Properties

Calculated NaCl-AICI, phase diagram at 0.7 MFa total pressure

500 . \’ e :
801°C liquid ! gas
800 Fa e o o Y ™ i
e a U N
700 F S i ™, -
1\}\ a liquid + gas - ¥
Ogoo f oy al
= o8 )
gso00 AT ﬂ,
= le %
400 | :
Ei After Pelton et al. 2004* ‘L *’(" .
‘e ‘t 3
2300 :_,
200 il i fiia i
100 S+~ - v
= (0612 108°C
0 " M| [ g L M B B R S 1
00 01 02 03 04 05 06 07 08 0% 1
Mole fraction AICI,
Basic Acidic

* (NiCl,?) formation.
Solubility increases w/
temperature swings > 320°C,
renders Ni electrochemically
inaccessible.

¢* . Robelin et ol. 4. Chemn. Therm. 36, 683 (2004)
** Howie et ol [ inorg, Nuc!, Chern,, 33, 3686 (1971}

* Ni?* increased solubility

* Localized acidic areas
during high pulse power, Ni%*
detrimental to BASE

= x| Prakash et al, 2 Electrochem. Soc, 147502 (20000

P. Lemmon 509-375-6967

Non equilibrium conditions in melt affects performance and cycle life.

v

MNaAICl, ionic conductivity

— 05 :
E 0.8 - 34 .‘,t*‘
S 0.7 7 oo
E G.E — .*"--ﬂ'l-
Q,., G.S m "'.Qi!o
_4;‘ 0.4 + ‘-9“‘+
= i
4%- 0.3 *BASE
g 021 After Howie et al, 1971**
S 0.1 -
U G T T T
150 200 250 300 350
T(C)
Solubility of NiCl, in NaCl-saturated NaAICl, melt
500 T T I
450 | .
400 + s
. asp | After Prakash et al. 2000%** 4
% 300 |-
200 |- N
E_ 200 =
= e | -
oo | -
a0 -
o l—pe——" .
200 250 300 380 400
(2004} Temperature, °C
BA1971) e
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Cathode and SE (NaAlCl,) Sulfur Additives

Role of S additives in charged state:

50 T T
w00, |
1 NaAlCy,
T S -
7 NalAKCL) + sulfar
r A NaJAICL] + sulfor + Br + T
NiCl,/Ni L 4
2 4 Bl
- g Ds OmACe!
= Cz5mh cad -
] Temp s 250%
0 = L b 3
% £ 1i: . 3 % =0 i > o
CYELES Temperature, "C

J. Electrochem. Soc., Vol. 136, No. 5, May 1989 Effect of S additive on cell capacity and NiCl, solubility in basic SE

Sulfur distribution in cathode:
A) Reaction with Ni B) Complex formation C) Electrochemical

Weight Percent Sulfur ~
0 30 40 B0
%
3 -
L | cl s cl
Ly + Lg : oS
] i ,IMH ,.I'MK
£ 150°C
7:; 200 ] NaAlCI, (sat) m ':1 C1 -
s
2 ooF s I
E - —
— ﬁ g I —
s(NisH sasa0c =§ B¢ 18 18 & 1z 1 08 08 04
¢ [T i - o fws ) O/ 00 M) Soburnted Melt)
200 {=—(N1) ;:,' e | E NaAIC1, Isat.) Fig. 2. Cyclic voltammogram of o glassy carben electrode [ares
El =] 2 " 2aF sel 0.07 em?) in @ 1.8 » 10~ % molal sulfur sclution in NoCl-taturated
= = F (5)—=] melt at 175°C. Scon rate 0.1 V-see— 1 Potentiols vs. AN/ AL
s o = o T reference electrode in NaCl-saturated melt.
Atomic Percent Sulfur <
600 w00 200

— . Electrochem. Soc., Vol. 140, No. 12, December 1993 | PE—"



Cathode and SE (NaAlCl,) Sulfur Additives
Preliminary Results: Ultra-high field 2’Al MAS NMR at PNNL

Al-O-Al bridging
A
F I { \ W

* NaAICI4\ OCt'AI *
Tetra-Al

(a) NaAICl, 4 Penta-Al |

_JL I

: .

*sample

(b) NaA|C|4 ) Spinning
+5% FeS Sideband (SSB)

|
MM T T T T[T T T T TTTT]
200 150 100 50

* Indicates interaction of NaAICl, with
sulfur.

» Building high temperature cell with

cycling capability. \ﬁ/
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Cell Work Flow and Testing
Granule formulation = Ni, NaCl, Additives = Infiltrate

2
3cm? Research Cell (16 test stands) 64cm? Scale-up Cell 4 Test stands

High power charging remains challenging due to small voltage window and
Increased resistance as function of SOC.

’ Pacific Northwest
24 MNATIONAL LABORATORY




Na-Ni/NiCl, 3cm? Cell Reproducibility

150 Whr at 1C at 280°C
e Calculated from 3
replicate cells.

Average charge/discharge R at 1mAh and 40mAh

* Mlnlmum reSIStance IS 1 ACHA@ 1mAh ®*CHA®@40mAh ADIS@ 1mAh * DIS @ 40 mAh
Ohm due to BASE only.
« Maximum resistance

before 3.0V cutoff is 4.5

E
Ohm. g
g
i 23 T II I S S S S W A I I
PR RRRRRRRRERER R AR ALY
0
0 5 10 15 20 -
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Na-Ni/NiCl, 3cm? Cell Performance

Cycle Conditions: 150Whr/kg (active cathode material) at 1C rate at 280°C

Whr/kg vs Cycles, (170mAhr cell) ASR vs Cycles, (170mAhr cell)
' © 30
170 © End Charge
160 © Charge Wh/kg ~ © End Discharge R R A P
150 © Discharge Wh/kg s 25 o
140 J@.—w 00 E o
£ 130 . 3 20 o
§ 120 B o 8 4 p
8 Ry 0w L o—
% 110 “%b" D E 15
a 100 [ o
I} @O Qe O U
90 o O O T PSRRI % 10 ____-?:
80 O—00-0O o C(_M g ¥ 5 g
bl o
70 o P °
o o o oo -] 5 o
50 :
0 50 100 150 200 250 300 350 0 ©
Cycle # 0 50 100 150 200 250 300 350 400
Cycle #

Resistance rise at end of charge dominates overall resistance rise.
* End of charge - NICl,

* Rising resistance —>Loss of electron percolation path.
* End of discharge resistance increases later cycles.

Pacific Northwest
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Na-Ni/NiCl, 3cm? Cell Tear Down

Cycle Conditions: 150Whr/kg (active cathode material) at 1C rate at 280°C

Resistance vs Cycles, (170mAhr cell)

5
¢ End Charge ®
® End Discharge o c?o
4 j
o]
£, 4 §
a.l: o
< Q
-‘g 2 =
&
1
0 Resistance vs Ni size
0 20 40 60 80 100 120 140 20 S
Cycle # at275C

17.9

15+ { 15.1

Probable cause for R increase
* Poor distribution of S additive.

104

p, ohm.cm
|
i
|

573

» Decreased Ni granule size.
« Ni migration from BASE

#12f #100f #12b #100b
Sample




Na-Ni/NiCl, 64cm? Cell Performance

Cycle Conditions: 100Whr/kg (active cathode material) at 1C rate at 280°C

2.85

m  Cell6B64, 100 W/kg
I=1.25A
Vv =28V
ch

280 Va8V 40
170 - © Charge 2 ' _' © End of Charge
O Discharge >E 35 5 © End of Discharge
150 275 L ‘E
E 30 ©
<]
& 130 & %
E 2.70 o 25
g 0 100 200 300 400 500 600 700 800
= Cycle number E
110
£ 220
§ &
(=)
o
90 5::3 15
o
w
70 E 10
<
5
50
0 100 200 300 400 500 600 700 o0 ©

Cycle # 0 50 100 150 200 250

Performance analysis:
« For charging, larger amount of

material, distribution of S additive.
» Decreased current density.
» NaCl grain grow effects discharge R.

q—




Summary

» Planar configuration offers versatile power and energy cell design.
ZrO, doped BASE lowers conversion temperature, improves strength.

» Reproducible BASE conductivity, however decrease by 3x compared
to undoped BASE.

» Glass seal pressure tested to withstand differential pressure of up to 6
atm. Robust chemical resistance to NaAICl,

» Developed new anode side BASE coating with improved wetting.

» Over 100 cycles at 150Wh/kg at 1C rate, for baseline chemistry in
3cm? cells. Developing new chemistry and additive approach to
Increase cycle life.

» Over 600 cycles at 100Wh/kg at 1C rate at 280C° for 64cm? cells.
» Developing 200cm? cell, with 20-30Ahr capacity.
» Developing integrated triple cell mini-stack.

v
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