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Project Overview

DOE Funds Cost Share Total Cost
* Funding $499,815 $167,650 $667,465
74.88% 25.12% 100%
* Project Performance Dates
o 1/20/21-6/30/24 (No-cost extension)
* Goal
ND lignite —>| Si/C Anodes for Li-ion Battery

o Production: Lab-scale (10g) to Bench-scale (1kg)
o Superior battery performance vs Benchmark

o Competitive price: $20/kg (vs $20-30 benchmark commercial anode)
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Project Overview
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Background: EV & Li-ion Battery

GLOBAL BEV & PHEV SALES EV voLumEs BEV+PHEV SALES AND % GROWTH FOR 2023 vs 2022
(000s) 15,8% 0o0s O 2000 4000 6000 8000
mm Battery Electric Vehicles Aaz
13.0% Europe
m= Plug-In Hybrids (WE&C) 2683
—=BEV & PHEV % of Light Chi
: na
Vehicles 6181
Northern
America
| 2023
2022
1 006
Other -
556 ‘
2014 2016 2017 2018 2019 2020 2021 2022 2023 ' Global Total
Growth +70% +46% +59% +65% +9% +43% +109% +55% +350%
Source: https://www.ev-volumes.com/ Battery supply constraints!

BEV & Total

10000 pHEVY Market

+17% +14,0%

+36%  +6,0%

+46% ) +12,3%

+81% +11,6

+35%  +10,5%

{Light Vehicles)

T Y
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Background: Li-ion Battery (LIB)

w 4 Li.FePO,
A PO, Cathode
G
Safety Cathode (40-50%) Cost

Anode (5-7%)
Separator (5%)
Electrolyte (5%)

>60% cost of LIB




Background: Anodes for LIB

Capacity 372 mAh/g 3600-4200 mAh/g
Cycle life (80% Retention)>1000 <300

: : L 15Li + 4Si = Li,Si
Mechanism Li + 6C = LiC, 99Li + 5Si = LiiiSi:
Cost $2.2-8.8 (510-15/kg) >S65/kg

Poor low-T performance & Low conductivity & low ICE, >300%

Other Key Issues rate capability volume change
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Background: Problems with Si-Anode

Pulverization

Volume

EXPBHSIOH
Why ICE (1%t cycle/initial columbic
efficiency) matters?

o ICE=Qg/Q., *100%
o ICE=85%, 15% Li loss
o (99.5%)190 = 60%

Delamination

Many cycles

—

Solutions:
1. Nano-Si

2. Si/C
Yy

// ////// / / / // // / Mater. Chem. Front., 20171, 1691-1708 LN?D NO]RVTi_IR IS)ATKYO%A
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Background: Anode Market Size Forecast

Li--ion Battery Anode Market CAGR:

KMT Si: 64.5%

3500 SG: 20%
NG:17.1%

3000

2500

2000 Price in 3/2024 (S/MT):

L0 3000 Si: $17,000-5123,000
SG: $2,200-8,800

1000 570 1700 NG: $3,300-7,215

500

’ 2020 2021 2022 2023 2025
SG mNG mSi
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Background: Anode Supply Gap in US

NORTH AMERICA’S SUPPLY* AS A % OF DOMESTIC DEMAND

across the Lithium ion Battery Value Chain in 2030 (f)

26%

Spherical
Graphite

Bloomberg the Company & Its Products v | Bloomberg Terminal Demo Request | ™M Bloomberg Anywhere Remote Login | Bloomberg Customer Support

B| mb 3 O % * Weighted Supply
00 erg Synthetic

Graphite i
eliveNow Markets Economics Industries Tech Al  Politics Wealth  Pursuts  Opinon  Businessweek  Equality  Gr (ForpAno de) 1 Mined manganese and coke not

shown due to a large number of
competing applications

% Raw Chemical Cathode ’ Battery
Y . i Material efining & Anode f Ce "
Share Of Graphlte Capacrty (tons tpa, % Share) # sourcing ’ @ §,§ducgfm } [2) Production Pr(lalduct[on
Total Installed In Construction  Planned New (2030) Ly O ey o -~ o i O
US 4K 0.3% 2K, 0.15% 150K, 2.9%
14% 21% 3%
Asia | 1.6M, 94.4% 1.4M, 99.4% 4.6M, 91.7% onie] 0 ki O S O
Given one EV needs average 100kg graphite 59% O 5% O
Biden’s goal of 50% EV sales by 2030 needs 15 L
15M*50%*0.1=750K (80%) O O

** BENCHMARK

https://www.carbonscape.com/latest-news/freedom-from-the-chain
T Y
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Economics China Tightens Export Controls on
Battery-Making Graphite

= Beijing includes some types of graphite in export control list

= Move comes after US tightened rules to keep chips out of China
‘ 0 ¥ (inX (o By Bloomberg News

October 19, 2023 at 10:52 PM CDT



Technical Approach

Lignite

Silicon (Si)

Svnthetic Graphite

(G)

F 3

Graphitization

Liquefaction

Coal Tar Pitch
(CTP)

Advantages:
v High performance
o Reversible capacity

o Initial Columbic efficiency

o Cycling life

v' Low-cost
o Micro-size Si sources
o Coal-derived feedstock
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Advanced Composite
Materials Technology

Challenges:

O H

Si/C Precursor Composite

Carbonization

Y

Si/C Anode
for Li-ion Battery

v" Homogeneity ?
o Sievenly distributed in
Carbon matrix

UN2 NORTH DAKOTA
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Success Criteria

Performance Attribute Performance Reference Materials
Requirement (S450-2A)
Reversible Capacity (mAh/g) 540 450
Initial Columbic Efficiency
(ICE) >90 90
Cycling Lif
VRIS ELS | 500 300
(@80% capacity retention)
Cost (S/ton) 11,060 16,530
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Scope of Work

Task 1 — Project Management and Planning (95% completed)

Task 2 — Analysis of Lignite-derived carbon Feedstock (100% completed)

Task 3 — Development of Si/C anode (100% completed)
o Subtask 3.1 Preparation of Si/graphite/CTP composite precursor
o Subtask 3.2 Preparation of Si/C anodes

o Subtask 3.3 Electrochemical performance Testing

Task 4 — Bench-scale Test (95% completed)

Task 5 — Techno-Economic Analysis of Integrated Process (100% completed)
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Feedstock Analysis

Lignite-derived CTP Feedstock
o Softening point (SP) Coke samples
o Coking Value

o Chemical composition & Ash

o Graphitization Yield

High SP (ND lignite) Low SP Medium SP
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Si/G/CTP Precursor Composite Development

* One typical low SP and high SP CTP with low ash were selected

 Composite preparation approach: wet chemistry + mechanical force

CTP Primary Approach | Secondary
Approach

Low SP Wet chemistry Mechanical force

High SP Mechanical force Wet chemistry

* Intensive Design of Experiment (DoE) optimizing the feedstock and process
parameters

* An optimal procedure was developed for each CTP
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Si1/C Composite Development

Si .
et l Sl
B
:
E
© Si/C
hj L A .‘\ - N A
Graphite 5 pm
T T T T ' . ——
10 20 30 40 50 60 70 80 -

20 (Degree)

XRD clearly demonstrate the composition of the Si/C composite

SEM demonstrate the designed structure that Si and graphite particles are bonded by carbon (pitch

binder after calcination) in a secondary particle.

7/////////////// UN® NORTH DAKOTA
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Si/C Anode Battery Testing — Coin Cell

i Glove Box

Coin cell cap

Washer

Spacer
Lithium

Separator

Gasket

Electrolyte
4—— Electrode

4— Coincell can

Coin-cell
~ Tester

Coin cell configuration
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S1/C Anode Battery Testing

1000

Battery Testing

oo

o

<
1

| 02cC

=)

o

<o
1

Specific Capacity (mAh g™

400-.-%%

Low SP CTP approach

1C

e
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0 200

400 600

800
Cycle number

esults
1000
Tiﬂ 00 High SP CTP approach
E
E: 600-_0.2C
- |
o 1C
& 400'§ﬂ
]
E .
2 200 &
5 ) x
05 T T r .
0 200 400

xC stands for charging the cell to 100% capacity by x hours

Cycle number

600 30C
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Si/C Anode- Prelithiation

S performance  RETETENCE | o p  Highsp CTP * Pre-lithiation to increase ICE:

Materials

Attribute Requirement  ¢/cnoa)  APproach  Approach o 71.9% (No prelithiation)
o 89.6% (10 mins)
i i o 103.1% (15 mins)
Reversible Capacity 540 450 595 550
(mAh/g)
2.54
Initial Columbic 1 Si-C
Efficiency (ICE) >90 20 82 ® 2 No prelithiati
0 prelitniation
2
06)015‘
Cycling Life £
(@ 80% capacity 500 300 650 410 >° 1.0-
retention) ) |
<——->|
0.5 l
WP . 1 .
Cost ($/ton) 11,060 16,530 | prefciiddon 15 min L Imoversible |
1
00 T T T T %‘1_'_
00 02 04 06 08 10 12 14 1.6

Discharge/Charge
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Si/C Anode- Prelithiation

(c, d) at magnifications of 500x (a, c) and 5,000x (b, d).

/ Zhang, X.; Hou, X.; Hou, Y.; Zhang, R.; Xu, S.; Mann, M., Insights into Chemical Prelithiation of UNTIVERSITY OF
SiOx/Graphite Composite Anodes through Scanning Electron Microscope Imaging. ACS Applied Energy w
/// ///// // //// Materials 2023, 6 (15), 7996-8005. 20 : N RTH DAKOTA
i - COLLEGE OF ENGINEERING & MINES
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Si/C Anode Cycling and Rate Performance

900
Top 800 - = No prelithiation Ton 800 1 . = Discharge
'i 1. ®  Prelithiation 15 min é 700 - = Charge
g & 1
*g 5 500_‘ .lllll.-ll..... 1C :llll
g S 0. osc - .
S 400+ S 400 ' 2C
Q 0 2 A .-...
3= | 93.6% after 600 cycles =300 -
3 2, 200
= 200 - A ]
1/3C 100 -
0 T T T r T r T r T r T T T 0 -~ r - r -~ r -~ r -~ tr - 1 1 -
0 100 200 300 400 500 600 0 5 10 15 20 25 30 35 40

Cycle number Cycle number

554.2 mAh/g @ 0.05C (100%)
529.5 mAh/g @ 0.1C (95.5%)
337.3 mAh/g @ 2C (60.8%)
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Bench-Scale Testing

» Repairing of a broken equipment delayed the
project for 3 months

* An amount of ~ 2.0 kg coal tar pitch has been
coked to green coke with a high yield

» Si/C composite anode (multiple batches >1 |b)

Si/C Anode
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Pouch Cell & 18650 Fabrication

Pouch Cell Preparation

-, =
Challenges i hE
> 8 major steps imbeEimuce. [ MOMEERmNCE Vacuum Mixer Coating Machine Roll Press Machine
(Fowder Processing) {Vacuum Mixing) {Electrode Coating} {Roll Press)
» >20 Steps ',
» >12 Machines - i ? 11
» High Precision bt - . %5
Forming Machine Vacuum Drying Oven Ultrasonic Tab Welder  Stacking Machine Electrode Cutting
{Cases Forming) { Vacuum Drying ) {Welding} {Electrode Stacking) (Electrode Cutting)

i
o 1 CASCIEET

Sealing Machine Electrolyte Filling Vacuum Sealing Battery Tester

7/////////////// (Topaside Sealing)  Machine “ (Battery Analyzer) HBAKOTA
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Pouch Cell & 18650 Fabrication

18650 Electrode :
58 mm*820 mm

/4

Pouch Cell Electrode :
62 Mmm*82 mm

Coating Precision and consistency are crucial:
Press Density: 1.60-1.75 g/cm3

Double-side thickness: 100-120 um

Thickness variation: +/- 3 um

UNY NORTH DAKOTA
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Pouch Cell & 18650 Fabrication

Challenges with Short Circuit:
bag.

electrode and tab joint.

displacement short the cell.
separator and creates short circuit.

|
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
|
i position breaks the separator.
i

7///77// / //7/7/_ ______________ i

1. Keeping tabs are isolated from the pouch cell |
. (2) Insulation of the

2. Isolation of the pouch cell bag from the |

3.Insulation width of the tab is narrow |

compared to the sealing head. A 1/2-mm of
4. Small particles from the electrodes hurts the

5.Small displacement of the side sealingf

A, @ 60— 00— 00— 00— 00— 00— 00C=00C—050C—005C=00C—00——03c= 00— o . 1

(1)

Tab

(3) Insulation

position

(4) Small particles

aluminum bag

(5) Side sealing

inish cylinder core W
strapping tap

UN2 NORTH DAKOTA
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Pouch Cell & 18650 Fabrication- Pouch Cell

Batch 1 Batch 2 Batch 3 Batch 4

38 38 38 38
. s . - X .
36 Y = 36d . 364 |
== i
34 3.4 344 *_Voltage(V) 3.4 -~ Voltage(V)
7 32 Z 321 Z 321 <321
: : £ 5
E 3.0 E 3.0 3 301 =30
>
2.8 4 2.8 2.8 28
264 26 26 2.6 '
24 T T T T . T T 24 T T T T T 24 T T T T T T T T T 241 ; ; ; ;
0 100 200 300 400 500 600 700 0 100 200 300 400 0 50 100 150 200 250 300 350 400 0.0 04 08 12 16 20
Capacity(mAh) Capacity(mAh) Capacity(mAh) Capacity(Ah)
. 104 I I : I : 100 1o - - 100 .04 MWWW 10
>
%‘ 4 g 09] 90 g - 3 9
I : ' ﬁ : : : F a - g S
E 80 = a 08 Leo < 3 08 reé0 = 508- 80 3
2 2 3 0.7 2 : H [ 2
£ s & L70 & o] F70 8 > &
2 Lo & § o5l 8 s 2 506 3]
] $ 5 a0 5 S 05 leo 5 60 &
© ;._; % 0.5 o 4 g 3 -LE,
B o ] Lsp 2 k-] 50 - 0.4
N 04 40§ g o g A § & w5
B 3 5 034 a0 3 T 04 tao 3 I 3
5 —a— Normalized discharge capacity| 5] E 0z [—a#— MNormalized discharge capacity 5] g [— Normalized discharge capacihy © E 024 —s— Normalized discharge capacity [¢]
z 024 —&— Coulombic efficiency (%) |20 2 1 |—— Coulambic efficiency (%) |30 = |—— Coulombic efficiency (%) = 2 —s— Coulombic efficiency (%) 20
0.1+
. r r r . . - - . . . . . . 20 02 T T T T T T 20 0.0 +— r . r r . r r
0 5 W 15 20 25 30 3 0 2 4 & 8 10 12 14 10 12 14 16 18 20 0 5 10 15 20 25 30 35 40
CycleID CycleID Cycle D Cycle ID
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Pouch Cell & 18650 Fabrication- Commercial

Reference materials

3.8 38 - 100
3_6-i / 361 i [1st cycle’s coulombic efﬁciw ’g [ 90 s
@© -80 T
3.4 344 . w e
_ _ i 70 £
s L 1\== s 9 g
18650 cell % 32 53.24 2 (60 €
[o)} [=)]
performance (LFPas — £ 301 £3.0- S [0 3
. . > > L | 40 E
active materlal) 28+ 2.8 Nog4 —e— Normalized discharge capacity] | 4 2
E 1 —a— Coulombic efficiency (%) Q
26| - Voltage(V) 2.6 | 5 034 Lo ©
: z (. z T
2.4 <4 T T T r r r T T 2.4 . . . . . i i i i 0.2 4— T T T T T T T T T 10
00 02 04 06 08 10 12 14 16 -02 00 02 04 06 08 10 12 14 16 18 0 10 20 30 40 50 60 70 80 90 100
Capacity(Ah) Capacity(Ah) Cycle ID
38 38 > 1.0 L 100
. - 36 i [1st cycles's coulombicefﬁcierw— E o0 2
34 54 ] 0.8 4 L 80 "U;
Pouch cell < 3'2 s ( o . 0 8
T 3.24 T 3.2 o 0.6 i o
performance (LFPas —> & 5 ! g 60 €
active material) 9 3.0 § 3.09 : S 04- 'ig Lé
2.8 284 " N S
26 .+ Voltage(V) g 0.2 1 —+— Normalized discharge capacity 30 th
. g Bl 2.61 ! - 5 |+ Coulombic efficiency (%) L 20
24 ' ' ' ! ! 24 T T T T T = 00 T T T T T T T T 10
0.0 0.4 0.8 12 16 2.0 0.0 0.4 0.8 1.2 16 2.0 0 5 10 15 20 25 30 35 40
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Pouch Cell & 18650 Fabrication- Our Si/C Anode

Materials

18650 cell
performance (NMC
as active material)

!

#00 1122 05981

g
£
oy
-
3
g

Pouch cell
performance (NMC
as active material)

Voltage(V)

Voltage(V)

42
3.9
3.6
3.3
30-
7] |
00 04 08 12 16 20 24
Capacity(Ah)
42
394
364
334
304
274
00 01 02 03 04 05 08

Capacity(Ah)

/i //////4

w
(=]
1

Voltage(V)
w
¢

|191 cycle's coulombic efficiency 98.14%

00 04 08 12 16 20 24

Capacity(Ah)

w
(9]
L

Voltage(V)
w
w
1

l ‘151 cycle's coulombic efficiency 92.04%‘

@

0.0 0.1 0.2 0.3 04 05

Capacity(Ah)

0.6

Normalized discharge capacity

Normalized discharge capacity

° ? Y Q ° e [100
1.04 o P> » > » » )
L 80 2
c
0.8 ko]
L
60 &
Q
0.6 - 2
40 E
® Normalized discharge capacity| =
@ Coulombic efficiency (%) Q
0.4+ L20 ©
1 2 3 4 5 6
Cycle ID
1.1 100
—@
104 & ° —~
=X
0.9 - - 80 b
Q
0.8 - g
L 60 2
074 @
e
. o
06 40 g
054 g
—i#— Normalized discharge capacity| (&)
0.4+ —i#— Coulombic efficiency (%) - 20
0.3 r T

LN N

Cycle ID 2
I VERSITY
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Technoeconomic Analysis (TEA)

O Target at American Association of Cost Engineers (AACE) Class 5 (-50% to +100%
accuracy), may land at Class 4 (-30% to + 50%), or at least in-between aao 37T% 15%  mmviae

7% I Additives

: P CcTP

[ Si feedstock
I O&M Labor

( Our TEA were factored from the three Class 4 projects: REE pre-FEED, CLC and

CO, Capture. Equipment is factored, and mass and energy balance calculation

using Aspen’s process simulation tool 48.7% 41%
[ Annual Production capacity 67,000 tons/year, $3,440/ton,
$3,964/ton @ 30% of utilization. Projected price at $9,800/ton, 60% profit margin

[ The feedstock cost is the dominant factor, and with high fluctuation. Energy
cost is significantly lower than Asian Market
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TEA Sensitivity Analysis

At the materials level At the cell level:
The cost of cells is not sensitive to the cost of the anode!

3.0 —w— O&M Cost
O 251 |5 Gaptatcos Cathode (40-50%) Price in 3/2024 ($/MT):
g) 2-0'_ Anode (5-7%) Si: $17,000-$123,000
g 1.5 Separator (5%) SG: $2,200-8,800
Z 1o Electrolyte (5%) NG: $3,300-7,215
g 0.5-_ 3
0.0 - For NMC/SG cells:
0.0 r\?imau:zgd e;;nsezs-o 25 30 1. SG cost increases by 100%, cells cost increase only by 5%
L divsusnuiuos swbIaviy e by 300%, cells .....cccovvrvvvivneennne. by 15%

=  O&M cost includes labor cost, raw materials, and energy cost.
=  (Capital cost assumed as the initial investment.

The pursuit of high performance is much more important than
the pursuit of low cost!
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Outreach and Workforce Development Efforts

or Achievement

e Outreach
o Build a strong partnership with NACoal and its partner CTP producer Americarbon (10 ton/day )
o NDIC-Funded Project: Engineering Design for Commercial Graphite Manufacturing Plant from Lignite-Derived Carbon Pitch

(15,000-ton/year)

Workforce development
o One postdoc, three graduates and three under graduates
o Two REU (Research Experience for Undergraduates) students

* Achievements
. Electrodes For Battery, US Patent Application Serial No. 63/489,953, provisional application filed 3/13/2023, a follow-up non-provisional application files in March 2024.
. Zhang, X.; Hou, X.; Hou, Y.; Zhang, R.; Xu, S.; Mann, M., Insights into Chemical Prelithiation of SiOx/Graphite Composite Anodes through Scanning Electron Microscope Imaging. ACS Applied

Energy Materials 2023, 6 (15), 7996-8005.

. Zhang, X.; Wang, H.; Pushparaj, R. I.; Mann, M.; Hou, X., Coal-derived graphene foam and micron-sized silicon composite anodes for lithium-ion batteries. Electrochimica Acta 2022, 434,
141329.
. Xu, Shuai; Hou, X. et al, Synthesis of Hierarchical Graphene Coated Porous Si Anode for High-performance Lithium-lon Batteries. Journal of Energy Storage, under review

o , Shugi; \an der. t,1; Laudal D., Zhang, R.; Ahmed, R.; Hou, X.; Review on Coal-Derived Carbon Anodes for Lithium-lon Batteries. Journq/ of po r58urﬁe Pr\geE r(?{vugw y
1//// %) NORTH DAKOTA
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Si/C anode was successfully developed using ND lignite CTP feedstock, with the synthetic
process reliant on the pitch’s properties.

* Prelithiation can improve the battery performance, in particular the Initial Columbic Efficiency
and cycling performance

e Coin-cells battery performance results are better than commercial refences, and beat our
targets

* Undertake the challenging task of building our lab’s capability of 18650/Pouch-cell fabrication,
with the high-quality of our Si/C anode verified on the large cells

e TEA shows the Si-C costs at $3,400/ ton, based on 67,000 ton/year production capacity
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Organizational Chart

Project Director
Michael Mann — UND IES

Project Co-Sponsors/Advisors

Principal Investigator North Dakota Industrial Commission
Xiaodong Hou — UND IES

Department of Energy

National Energy Technology
Laboratory North America Coal

Clean Republic LLC

Task 1 - Project Task 2 — Analysis of Pitch
Management and and Synthetic Graphite
Planning Feedstock

Task 3 — Development of Task 4 — Bench-scale Test ask 5 — Technoeconomid

Si0/G/C Composite Anode Analysis Task 6 - Final Report

Michael Mann (UND)
Xiaodong Hou (UND)

Xiaodong Hou (UND)
Michael Mann (UND)

Xiaodong Hou (UND)
Robert llango (UND)
Dennis James (NACoal)
George Lovlan (NACoal)

Xiaodong Hou (UND)
Robert llango (UND)
Shuai Xu (UND)
Yong Hou (CR)

Xiaodong Hou (UND)
Brittany Rew (UND)
Shuai Xu (UND)
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Gannt Chart

D Task Name Start Finish Year 1 Year 2 Year 3 Year 4
1 23 4 5 6 7 8 91011121 2 3 4 5 6 7 8 9101112]1 2 3 4 5 6 7 8 9 101112|1 2 3 4 5 6
Subtask 1.1 - Project Management Plan 1/20/21 1/31/21
Milestone A *
Milestone B *
Subtask 1.2 - Technology Maturation Plan 2/1/21 2/28/21
Milestone C *
2 |Task2 - Analysis of Pitch and Synthetic Graphite Feedstock sttt
Milestone D *
3 |Task3 - Development of SiO/G/C Composite Anodes 4121 8/31/22 F
31 Subtask 3.1 - Preparation of SiO/G/CTP Porous Microspheres 4/1/21 11/30/21
Milestone E *
32 Subtask 3.2 - Preparation of Si0/G/C Composite Anodes 7/1/21 3/31/22 _
Milestone F *
33 Subtask 3.3 - Electrochemical Performance Testing 8/1/21 8/30/22 _
Milestone G *
4 |Task4- Bench-scale Test 9/1/22 3/31/24 -]
Milestone H *
5 |Tasks - Techno-Economic Analysis 4/1/23 12/31/23 e
Milestone I *
6 |Task6 - Final technical report 6/30/24 g
Milestone I 9/30/24 *
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