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Northwest  Project Overview

N
= Goal: » Science: coupled chemical electrochemical mechanism
This task aims to develop high-performance anolyte materials for redox flow batteries ’ Lgﬁg%‘iery of a brand-new working mechanism for flow
[low-cost, stable, and high-energy density] J
= Current Practice: §
v' Zn-based flow system (hybrid system): dendrite, limited areal capacity of Zn anode mechanism insights, and characterization techniques
J

= Why PNNL:
v' Extensive IPs on organic and redox-active materials (FL, viologens, TEMPOs,

« Joule: “Sugar” enhanced battery kinetics via PCET mechanism)

i regulation
ph.enazmes) . + Cell Rep. Phys. Sci. : robotics-assisted material energy density
v Grid Storage Launchpad: the most advanced energy storage facility optimization y

= |nnovation:

v Enabling technology that takes advantage of traditionally considered non-viable
materials

+ JES: FL redox activity modulation via 1r-11 stacking for
capacity control; JES: miniaturize the redox flow battery

* [Accelerated materials innovation]

v Byproducts from the coal industry, domestic manufacturing with low cost and no -
critical materials N

= Duration: FY21-FY26, from Chemistry Discovery 2 Electrolyte Engineering « Solvation structure modulation for battery kinetics control
- Impact: * Electrolyte engineering )

v Low Levelized cost of storage using domestic manufacturing of organic materials
v" Robust battery technology supporting electricity grid resilience and stability

= Vertical/Investment Area:
v' Materials and Systems Innovation

=  Alignment/Supports Strategic Pathway:

v This project is accelerating the development and testing of a new energy storage Science. 2021. 372. 836-840: Nat. Rev. Chem. 2022. 6. 524—543 Joule. 2023. 7
technology that is more cost-effective, safe, and durable, which is crucial to meeting|  1609-1622; Cell Rep. Phys. Sci. 2023, 4(10), 101633; J. Electrochem. Soc. 2024,
the Administration’s goal of prOVIdlng rellable, aﬁordable, secure, and resilient 171 (9), 090501; J. Electrochem. Soc. 2024, 171 (12), 120532.
energy. 3

» Mediating strategy for battery voltage enhancement [under
review]

* Proton regulation for enhanced performance [under review]

€€«
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Northwest  Redox flow battery cost reduction challenge

2030 LCOS ($/kWh} Comparison - 100 MW & 1,000 MW
100 MW 1,000 MW Other — 3%
$1.20
Lithium-ien LFP X
Lithium-ian MMC * H
$1.10 P Power electronics Electrolytes —
$1.00 ;Iz:::adnum Redox Flow :’ o 10% 30%
v PSH <
$0.90 v CAES [e]
* Gravitational o
£0.80 ¥ Thermal A
— Hydrogen *
= X
é 40.70 X
% £0.60
o O
= $0.50
5040 O A O
$0.30 . v © ; v A Stack
v ¢ components
020 % % g 9 g ¥ x x o 5 x % * —p28%
$0.10 % 8§ o x R i 8 g 0
R U Manufacturing —
- - - - - = L = = = — - - -
o = o @ = 3 § ™ < o ™ = 3 § 30 %
Figure 6.5. LCOS Results for 100 MW and 1,000 MW Storage Systems, 2030 Values

2022 Grid Energy Storage Technology Cost and Performance
Assessment Vilayanur Viswanathan, Kendall Mongird, Ryan
Franks, Xiaolin Li, Vincent Sprenkle*,

Pacific Northwest National Laboratory.

https://www.energy.gov/cmei/2022-grid-energy-
storage-technology-cost-and-performance-assessment

The most promising cost reduction opportunities
(Flight Paths listening session, January 12, 2023)
https://www.energy.gov/oe/storage-innovations-2030
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Northwest  fluorenone case study

(o}

| *  One-step synthesis (D) s O™
- E Wh k 100-120 °C
_ FL-RFB Energy density (Whikg) . Water processing U Lo O
biphenic acid 4C7SFL
Stability Energy
Density
e biphenic acid « Extreme « Enabled by
$0.1/kg* thermal high solubility
« EDTA ligand stability™ « Upto4 M
0 $0.1/kg* * Longest electron
i  cost (SIWh S vErEGTU demonstrated concentration
life time (%/1000 cycl mi
e time ( cycles) che :::tirzoastién ) sulfate hydrate Q;% floivr\]/ lab * ~107Ah/L
Journal of Power Sources 2021, 499, 229965 $6-6/ kg* ry (record)

Transl. Mater. Res. 2018, 5, 034001

* Chemical cost from CHEMI.com for wholesale suppliers
** 1999 report from the Institute for Fundamental Research of Organic Chemistry (IFOC) Japan




\?f/ Fluorenone is completely different

Pacn;:c
Northwest  from anthraquinone
1e/ketone 2e/ketone
Only 0 H Both the C-H and O-H bonds are involved
0.8 v T v T 17 T T T 17 T ’ | 008 k | |
' - . : ' H14 «— AE=1V —»
as[pH14  [eemramv— - P A
E o4l S : 0 i |
S 041 L:Iik‘ ' \Fe(CN)}" | . : N : /
s 02k 2,6-DHAQ i =
£ of A P £ ool : :
= i . i £ | ! !
2 0 /i/ | g i Y Fec |
8 02} p Fe(CN) \ / . o y : |
c - ) ! | I
S 04} T~ i N 0.08 : '
3 .l k\@\\t , : ] | i i
| 26-reDHAQ E E ol : :
ogbLb— . . . .l ’ T . T - T . ' . ' .
16 12 -08 -04 00 04 0.8 1.2 15 -1.0 05 0.0 0.5 1.0
Potential (V vs. SHE) Potential (V vs Hg/HgO)
Science 2015, 349 (6255), 1529. MIT Science 2021, 372 (6544), 836—840. PNNL
+2e 2H* +Ze o +2H*
=
2e 2H" FL dianion FLOH

sp2 carbon sp3 carbon
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Enabling technology

Take advantage of traditionally considered non-viable materials

Coupled chemical electrochemical In-situ electron paramagnetic resonance

mechanism (EPR)
comproportionation .
Pump EPR magnet
P ) {
o OH L.d
+e +e, +2H,0 H oa
Dn = R0, T 0 |
_ e —T'R -e,-2H,0 —/R | . \
- ) i
FL FL FL(H)OH 5 " 5 EPR tube
\_/ \\/ Catholyte ‘f Anolyte
disproportionation Pump Membrane pmp
Day
0 30 60 a0 120 150 180 210 240 270 300 330 360 390 420 450 480
92.3 . . . r . r r r r
100
CEE L SS—— _ 190
—~ {theoretical 89.1 Ah/L TR —— I —— 80
= 815 L usstmtemnmms o 8- o0 =
= 2=
< r S e 60 >
= 46.2 - 1s0 £
(=) : i Q
o 14C7SFL/B—CD, CC-CP cycling 4 40 u%
30.8 - :
S 0.0307%/day rate e CE| 3¢ W
-1 20
1544 = charge capacity A EE| | 6
1! < discharge capacity v VE| ]
0‘0 = | ¥ 1 ] I I I 1 = ] 0
0 250 500 750 1000 1250 1500 1750 2000

Cycle number

Postmortem NMR and MS (electrolyte exposure to air)
No material degradation by the detection error limit

Science 2021, 372 (6544), 836—840. Joule, 2023, 7, 1609-1622;
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Mechanism informed electrolyte engineering

4 _ ™
Strategies
« Redox-inert additives
« Solvation engineering
Watef&gg}_, pDMSO molecule
IR
g
FL moled\qﬁ jlagon
 Mixed functionalization
1, %_
-0 Q y. OH © °
* (o
k EEEEEHN )

Science, 2021, 372, 836-840; Nat. Rev. Chem. 2022, 6, 524-543; Joule, 2023, 7, 1609-1622; Cell Rep. Phys. Sci. 2023,
4(10), 101633; J. Electrochem. Soc. 2024, 171 (9), 090501; J. Electrochem. Soc. 2024, 171 (12), 120532.
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a /
7
‘° T LA _ Chemistry origin
o _ « Electron-donating groups lead to a
(Discharging)
b ) dimerization reaction
() & o s
> Charged DHFL after 5 hours
s B L gLL g » Shut off the redox process
oy _,L [ IJL+L  Leads to one-electron transfer per molecule
o fro | | N LT e
T188 166 1627 148 144 136 ‘131(:3(2pp‘m)1é8 "24 20 T 1ie | 19288'86 74 0 5 Time (ﬁour) 15 20
5 . . Battery outcome
[ - : o « Half the capacity
g0 « 0.5V battery discharge voltage
3 > -
< « energy efficiency (EE) of ~27 %
’ o Tamemr;éo E 2 Pn)-tO:ntiaI (-Vd4vs. Hg}?-|gO) o v Normalized capacity "

Manuscript under review /
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NATIONAL LABORATORY

/
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Reduction 8
i |O’ = > HO SO N0~
iy “ o e Chemistry origin
ion _

« Mixed electrolytes shuttle electrons

Chemical

{] s o * Overcome the electrochemical kinetic

Electrochemical

(D(ijs):’i:::;:g) o oxidation on electrode (~e” °° .
= barrier of C-C bond cleavage
C 275 e
320 \ :EEE?; iiiiiii 18 .—DHFL charging without redox mediator
18- Battery outcome
g 1.4
N * Increased capacity from both contributors
O 1.24
d S 104 « ~ 1V battery discharge voltage

o
(o]
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[ J

_| — Discharging after 47FL adduct

o
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Manuscript under review
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R NEENENINININ

SERANRVA

{ without
27S4CFL

1 B 1 B 1
0 200 400 600
Time (min)

 Addition of EWG functionalized FL into EDG functionalized FL

Voltage (V

= Addition of 27S4CFL

0.0

« Voltage increase from~0.5Vto~1V

« EE increased from ~30% to ~ 80%

« Strategy broadly applicable to other mediators
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Northwest  Data-driven innovation
a _ _ _ _ ) 4 : : )
Materials innovation strategies Future direction

d Design principles establishment

v' Homogeneous catalysis o Complete picture of knowledge

v Solvation engineering o Electrolytes library expansion

1 Technology use cases

v Molecular engineering

o Working temperature window
o System operation

d Knowledge application in broader

_ _ electrolytes/energy storage systems Y

Science, 2021, 372, 836-840; Nat. Rev. Chem. 2022, 6, 524-543; Joule, 2023, 7, 1609-1622; Cell Rep. Phys. Sci. 2023,
4(10), 101633; J. Electrochem. Soc. 2024, 171 (9), 090501; J. Electrochem. Soc. 2024, 171 (12), 120532.
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v Enabling low-cost, chemically robust
electrolytes for next-generation flow batteries

v Establishing transferable design principles for Parameters of redox-active materials
flow battery electrolyte engineering Materials cost

v Advancing fundamental understanding of
organic redox materials broadly applicable to Sability
many energy storage systems

)W Solubility

v" Directly supporting DOE OE's mission for the
energy storage supply chain toward earth-
abundant, low-cost resources inetics potentia

Vanadium species
— Other inorganic species
— Organic species (aqueous)
— Organic species (non-aqueous)
= New redox species

13
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