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Technology and economic requirements
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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
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Electrochemical Energy Storage at PNNL

Transformational Materials Design and Synthesis

Key Focus: Molecular and Nano- Self-Assembled High Performance

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

multifunctional

nanomaterials

- Establish controlled Wi i ] :
defect chemistry and Polymers, metal oxides, [j‘> Multi-cor%péﬁeﬁfhéf:o- l‘> Eaii:ggszé?érza;f;esy
architectures surfactants, graphene composites and nanoporous Sensors

e . sheets ia
« Optimization of : : materig

properties that effect
transport and storage of
charged species.

Redox Flow Batteries

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

Sodium Metal Halide I_stv _1
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Electrochemical Energy Storage for Green Grid
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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. Pulsed power characteristics vs DoD

T=295°C-350°C

250
200 T
- s e S I ! R . R ——
— \ \ -_
8 " S ~
o 150 e T
=% i T - B PRSP PR
e | T B = A N P ~
BASE Tubes, (1-2mm) g ~ S
= 100 e = PSS B,
E —
o
Mixed Fe and Ni CathOde 50 4— —+ - MLMG: Monolith Cell (nickel only)
' - -a- - ML!MF: Monolith cell (nickel + iron)
- & - MLI3B: Monolith cell (nickel + iron « composite current collector)
0 ‘. ‘. ! !
s e s Lkl by 0 5 10 15 20 25 30 35
2 3.05 ‘ Arphours Discharged
Py Over-
- charge | 2Na+NiCle Ni+2NaCl
= 2.58 A =
S Cell reaction .
< Effects of self discharge and freeze thaw cycles.
(@] 3Na + NaAlCl,
1.58 bl Mean Cell Resistance (m())
’ Over- 35 . . .
I (R— Discharge 1:19 June 1991
30 4
Discharge 55:19 June 2001 J;’f. |~
25 — ’,,.r
< 3Na + FeCl, 2NatNiCL, e . "
Z 275 < Fe+3Nall o Ni4+2NaCl 20 ek
5 2
£ 9 50 -|EEEEEE——— / MM ———
8 535 | Over- 2Na+ FeCl, & Fe +2NaCl 15 4o Lt =] —
S charge Cell reaction a5
3 3Na + AlCl, =S
& Al+ 3NaCl _——
1.60 PITT s 5
i e
/ 0
- 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
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Specific energy (Whikg)
J  Eagle Picher developing planar O General electric for locomotive

designs and backup power applications

John P. Lemmon 509-375-6967



Na-Battery Focus Areas at PNNL

Progression of sodium battery technoloqy

« 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) j/

 Anode materials
 High energy capacity cathode. \ﬁ/
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Path to Planar Na Battery

3.0cm?2 Button Cell

Alloy Ring g a1203

Anode \ 64cm2 XL-BUttOI’] Ce”

contact
Cathode &
electrolyte

Seals

Materials development
and performance testing.

Electrolyte Zoocmz StaCk

Materials scale-up with
large-scale performance ” metal
and life testing. T T—"

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 L
3) FeS, Nal
Anode Compartment
Cathode

Current Collector

Anode
Current collector
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BASE Conversion Process

C axis
Mixed region of f§ and p” _ "
Na,0-nAlLO, (5.33 < n < 8.5). p’-phase g;
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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
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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
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BASE Surface Properties(1mm)

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

(lonotec) conductivity at 200mA/cm? in

Na/BASE/Na cell.
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Large decrease in interfacial resistance as
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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
»mm 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

* Rincrease as SOC as NiCl,
deposits.
» Accessing NaCl deep in the cell

becomes more difficult.
« Avoid over charging, melt turns
acidic and NiCl, will dissolve.
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Secondary Electrolyte (NaAICl,) Properties

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

* (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}

Acidic

* Ni2* increased solubility

* Localized acidic areas
during high pulse power, Ni2*
detrimental to BASE

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

Non equilibrium conditions in melt affects performance and cycle life.

v

MNaAICl, ionic conductivity
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Cathode and SE (NaAlCl,) Sulfur Additives

Role of S additives in charged state:

NiCL,/Ni

% IBMITIAL CAPACITY

—_—r—
Thegal ety |
+1% 5 1 Naalll,

Gl
| UKDORED
11 O W maom?
+1% Phily in Noaigl, G2% mh ead
Temp « 250°%
i
[v) i | IR
5 ; |
CYCLES

1 1 ,

1 NaAlCy,
O NaAKCL] + sulfur
A Na|AICL] + sulfar + Br + "

- 1 T Al
200 250 300 350
Ternperature, °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

Weight Percent Sulfur
0 30 40
1200 Lz\&’
Ly + Lz ?
p i
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=
=
z
T 800
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3
2.
§
—
8(NiS} 244.60°C
FBF. at
1 atm
200 g &
Z Z 115
N (33—~}
3¢ 50 0 % 100
Atomic Percent Sul!ur’ <

J“S/J Efecb‘ochem Soe., Vol. 140 MNo. 12, December 19831

B) Complex formation

Faman y.'nﬂorir\g
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|different scales]
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[zone refined)

W
I
W'|L_JV\/

150°C |
NaAICl, (= t] |
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:}F‘E's";u J|| ) (C) ! /
et |\

C) Electrochemical

‘ f
—Z5 17 s T o 68 06 04
W lws A1TER 0 in Mat] Soturated Melt)

Fig. 2. Cyclic voltammogram of o glassy carben electrode [ares
0.07 em?) in @ 1.8 > 10~ % molal sulfur solution in NoCl-waturated
melt at 175°C. Scon rate 0.1 Vesee 1. Potentials vs. ANII/AI
reference electrode in NaCl-saturated melt.
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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

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.

v _
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Na-Ni/NiCl, 3cm? Cell Reproducibility

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

Average charge/discharge R at 1ImAh 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

£

(w]
Ohm. 3

2
« Minimize resistance rise * L iisaEEsiassadAiAaiiaiAaad
with low current reset cycle RS SR SRR R R RERE R RREE
every 50 cycle. Disrupt
large NaCl crystal growth. .

0 5 10 15 20 25
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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 o0 .E o
£ 130 . 3 20 o
§ 120 %o o @8 4 p
8 Ry 0w L o—
% 110 “6‘6»" D E 15
a 100 [ o
3 @O Qe O o
%0 e T 10 § o
80 0—Q0—C o C(_M :.‘- ¥ g [
[o]
70 o P o
o o o o E 5 [5)
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.
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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 ° &
4 )7
£ £
53 N
: :
2,
1
0 Resistance vs Ni granule size
0 20 40 60 80 100 120 140 20 5
Cycle # at275C 179
151 { 15.1
Probable cause for R increase _
« Poor distribution of S additive. £ .
* Decreased Ni granule size. T e e
« Ni migration from BASE
° #]:21‘ #1|00f #1|2b #1(|)0b
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Na-Ni/NiCl, 64cm? Cell Performance

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

170 -

150

Capacity, Whr/kg
-
=] (Y=] W
(=] (=] (=]

%
o

© Charge
© Discharge

110 g

Performance analysis:
» For charging, larger amount of

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

Area Specific Resistance, Ohm-cm2

40

w
w

w
o

o]
w

]
[=]

Jury
w

Jury
(=}

© End of Charge
© End of Discharge




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

» Over 300 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

Pacific Northwest

NATIONAL LABORATORY
John P. Lemmon 509-375-6967



