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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, nor any of their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by frade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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Catalytic Conversion of Coal to Graphite

% Invented accidentally by Edward Goodrich Acheson in 1890s:
3C (coke) + SiO, => SiC + 2CO(9)
SiC 2> C(graphite) + Si(g)

s Current process:
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= ~2000 °C
T =~4200 °C

C (petroleum coke or coal tar) = C (graphite)

T =~3000 °C, 1-3 weeks

Manufacturing Synthetic Graphite:

Petroleum Coke or Other Carbon Charge
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High Current Bus Bars Refractory Insulation

Schematic image of an Acheson type furnace
(https://asbury.com/media/1225/syntheticgraphiteparti.pdf )
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Process

T=>1500 °C, > 3 hours
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“Battery-grade graphite”
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NETL's Catalytic Graphitization Process
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Catalytic Conversion of Coal to Graphite

XRD intensity (a.u.)

Optimization of Catalytic Graphitization
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3e+5 -

- Graphite

- Potassium
- Iron

- Quartz

- Calcium
sulfate

= Graphitized PRB coal char
with Fe catalyst

= Graphitized PRB coal char
without Fe catalyst

= PRB coal char

®
41
} i

DG%

DG%

100
- ././.ﬂ
60 -
404 No
catalyst
20 - )
T Fe : Coal ratio
0 ] T T T T
0O 1 2 3 4 5
Fel/coal char (-)
100 .—_—././.
80 -
60 -
40 -
20 -
Temperature
0 T T T T

1200 1300 1400 1500

Temperature (°C)

DG%

N: NATIONAL
= [ENERGY
TL TECHNOLOGY
LABORATORY
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https://www.uky.edu/KGS/coal/coal-rank.php
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“ Improving Material Quality to Produce Battery Grade Graphite
o General Requirements for Battery Grade Graphite
o Remove Mineral Matter & Fe Catalyst
o Physical Processing
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General Requirements for Battery-Grade Graphite
Low ash Natural graphite
(<0.1%) = High-Purity for Max. Li after physical processing
ion loading - S 4

(theoretical specific
capacity of graphite is
372 mAh/qg)

Flake graphite High-Quality

(micrometer sizes) Graphite for
Ba ﬂery quhcl(epr:izri;;r)\ology

= Highly crystalline flake Application

graphite is essential for . Decreasing Coulombic

hlgh-grad.el " losses, and a high .Y &0 ™
st packing efficiency, Lo, 2
g grap increasing volumetric

Low surface area and areal capacity

(<5m?/g) - Mitigate the SEI
formation, mitigate
irreversible capacity

U.S. DEPARTMENT OF




Improving Material Quality to Produce Baitery Grade  [N=|NAToNAL
Graphite TLJRE0RRToRY

Fe recovered

Graphitization ) Wcshing/‘ ) Washing .
Coal char + Fe » Fe + Graphite =—» Graphite » Graphite

1500 °C, Ar HCI NaOH
N |

2.0
) 96 g DG%
3\/ 75 Ash content
c 80 -+ .
._g - 1.5 S
¥ B
= 60 - =
s 10 &
© ' *g
o 40 o
o c
Q _ 7
% 20 - 05 <
)] 0.1
0 ~0
HCI HCI + NaOH

‘gt Sl (D > |
WD HFW |spot| ~———100 ym ———
256ym 30 |

Washing solution

‘—“"‘o% U.S. DEPARTMENT OF
.2/ ENERGY
R .. .,




Improving Material Quality to Produce Baitery Grade  [N=|NAToNAL

TL TECHNOLOGY
LABORATORY

Graphite

NETL graphite - small particle
NETL graphite - large particle
NETL graphite - original

MSE natural graphite

XRD intensity (a.u.)

20 30 40 50 60 70
2 Theta (degree)

Commercial NETL Graphite NETL Graphite NETL Graphite
Natural Graphlie Original Large (80 wt.%) | Small (20 wt.%)

Ash (Wt.%) 0.095 0.46
Surface area (m?/g) 1.38 5.4 3.4 23.0
DG% 95 96 96 93

F57, U.S. DEPARTMENT OF
i

@; ENERGY




Improving Material Quality to Produce Baitery Grade  [N=|NAToNAL
Graphite TL ) :50raTory

LIBs Testing Performance
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% Recovery/Recycling Fe Catalyst & HCI Recycling
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Fe .
Fe,O0; + gﬁ;l ]SOOAC'shr= Fe + Graphite
r Sqmple |
Filtered . FeCl, (ag) + HCI #

Fe + Graphite __2MHCI | FeCl, + HCI+ Graphite
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Recovered
Hydrolytic

FeCl, (ag) + HCI > Fe,0;(s) + HCI

Distillation

Hydrolytic Distillation

FeCl;-xH,0 (I) ——— > FeCl;3-2H,0 (1) + (x-2) H,O (g)
FeCl3-2H,0 () ————  FeOCI-H,0 (s or 1) + 2 HCI (g)
FeOCI-H,O (sorl) — > HClI (g) + FeOOH (s)
2 FeOOH (s) ———— Fe;05(s) + H2O (g)
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LIBs Testing Performance
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*+ Elemental Analysis
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% Summary

©)

Investigated a series of experiments for the catalytic graphitization process with coal, where
the size of Fe particles, the ratio of catalyst to coal sample, and graphitization
temperatures/times were varied to optimize the synthetic process of coal-derived graphite,
as well as different coal ranks.

Successfully demonstrated catalytic graphitization of coal with degree of graphitization of
>95% and highly crystalline graphite powder, comparable or higher than numerous
commercial battery-grade graphite on the market.

Investigated a washing procedure and physical processing that additionally improves the
quality of graphite.

Demonstrated the recycling process of Fe component and HCl reagent and reused them as
sustainable resources in graphitization process.

Fabricated LIBs with NETL's best graphite as an anode elecirode material, and the testing
electrochemical performance was benchmarked against commercial battery-grade
graphite.
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