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Overview

Timeline Barriers
= Project start date: 9/1/2017 = System weight & volume
= Project end date: 8/31/2020 " System cost, efficiency,
= % complete: 60% durability

= Charging/discharging rates
= Suitable H, binding nergy

Budget = High polymer surface area
= Total project funding: $931,643
- DOE share: $804,462 Partners
- Penn State share: $127,181 " LightMat consortium

= Funding for FY2018-19: $ 316,788 ® Oak Ridge National Lab.
* Go/no-Go decision: Pass in Sept. 2018



Relevance: DOE cost targets

Composite overwrapped pressure

vessel for 5.6 Kg usable hydrogen

Energy cost System cost
($/kWh)  ($/vehicle)

2013 system S17 $3,200

2015 system S15 $2,800
5 gallon tank with 700 bar§ pressure DOE Ta rget S].O S].,QOO
?aﬁgeH(igt_%??nﬁléosr,sgoHS'Ies driving Type IV COPV system with polymer liner and
High Cost (~ $3,000 per vehicle) annual production rate of 500,000 systems

DOE 2015 cost analysis indicated that 62% of the system
cost would come from the cost of carbon fiber (CF)



Relevance: Tensile Properties

Carbon fiber - PAN

Tensile strength (GPa)
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PAN precursor
Advantages:
Applied tension during the conversion

Low defects, Good alignment, High strength

Disadvantages:

High cost, Wet-spinning, Low C yield (50%)
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Pitch precursor
Advantages of Pitch precursor:
Low cost, melt-spinning, high C yield (up to 70%)
Disadvantages:
No applied tension during the conversion
High defects, Poor alignment, Low strength

How to design a precursor with the combined advantages?



Relevance: PAN thermal conversion

Stabilization Carbonization
(200-300 °C in Air) (1000-2000 °C under N,)
,”Hi[‘ ,’xé,:”x{]::’“;"“;’“ﬁ!” eH gg 673 - 873 K %}f‘:\ X ?f: + Hy

NF NZT NPT ONET NF NF 9 "- ‘h':h 4 ":" ":"

| '
"’“m[/‘*]f“ il ‘“‘"’ Ht "‘j:.;j >773 K |$\i~..~\im~\i + HCN

P P /I :[:x _¢L P I_:: —— g’

' CI 1)

40% 30% 20% 10%

Low Cyield is mostly due to the drive-off all N, O, and H heteroatoms.

Design new pure hydrocarbon polymer precursor that is reactive
(crosslinking, cycloaddition, ring fusion, etc.) under N, atmosphere.




Approach: New hydrocarbon polymer precursors

Polyethylene (PE) Backbone TGA curves (under N2)
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No O,/stabilization step needed in the conversion process to Carbon.
Most polymers are solution-processible, but not all melt-processing.
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Accomplishments: B-containing pitch precursor

i B-Pitch B-substituted C
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= Mesophase Pitch (from raw pitch 118M), C Yield: 79%
= B-Pitch (raw pitch/B-precursor: 90/10 wt. ratio), C Yield: 87%

Carbonization

1B NMR of B-Pitches
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20 - = B-Pitch (raw pitch/B-precursor: 70/30 wt. ratio), C Yield: 92%
= B-Pitch (raw pitch/B-precursor: 50/50 wt. ratio), C Yield: 93%
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B catalyzes the carbonization process.



Approach: New PE-co-Pitch precursors

Polyethylene (PE) copolymer with : _ i
diphenylacetylene side groups and Pitch with a mixture
high polymer molecular weight of PAH molecules

T e @@
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©
heating and
A homogeneous mixing
under N2 atmosphere
PE-co-Pitch Some unattached Pitch molecules

“CH-CH,-CHy-CH-CH-CHy: serving as Plasticizer

The resulting PE-co-Pitch precursor shall be melt-processible,
If some potential side reactions can be minimized or prevented.



Accomplishments: PE-co-Pitch precursor (Mesophase)

Weight (%)

PE copolymer (PE-X) X:7.2 mol% PE-co-Pitch precursor
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The resulting mesophase PE-co-Pitch precursor is not melt-processible.



Accomplishments: PE-co-Pitch precursor (Isotropic phase)

PE copolymer (PE-X) x: 7.2 mol% PE-co-Pitch precursor
_CHE-cHEcHZ-iH-CHchE- X CHyCH-CH,GHCH CHy: 4
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All PE-co-Pitch precursors show higher C yield than both PE-X and Pitch.



Accomplishments: Melt-processible PE-co-Pitch precursor

PE-X copolymer Oscillation Rheology (temperature sweep 10 °C/min)
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Both PE-co-Pitch precursors exhibit complex viscosity in the typical
range (100-5000 Pa.s) for melt-processing.

The PE-co-Pitch precursor (1/10 wt. ratio) shows a suitable processing
temperature range between 320-340 °C.



Accomplishments: Melt-processible PE-co-Pitch precursor

PE-X/Pitch(250M):
(1/10 weight ratio)

PE-X copolymer
(with 7.2 mol% X units)
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This PE-co-Pitch precursor shows a wide processing window
at 320-340 °C range for about 1 hour.

waon

~
-

(s'ed) I AIs0asIn Xe



Accomplishments: Melt-processible PE-co-Pitch precursor

This PE-co-Pitch precursor was scaled up to 100g

PE-X/Pitch(250M): qguantity and carried out the melt-spinning process
(1/10 weight ratio) at the ORNL facility.
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Accomplishments: Melt-spinning of PE-co-Pitch

Melt-spinning machine Fiber with low speed Fiber with high speed
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ORNL facility https://voutu.be/H5eZN3dZhUU


https://youtu.be/H5eZN3dZhUU

Accomplishments: Carbon Fibers from PE-co-Pitch
(Results from ORNL team)
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Future Work: Scope of PE-co-Pitch Precursor

Reactive PE copolymer Pitch molecules

e W W N e W I N W N
(X : 0:5:'—\() O:g) Improve fiber quality:

X: reactive + [I% 5
side group ':IED
heating and mixing
under N2 atmosphere

PE-co-Pitch Some unreacted pitch molecules

serving as plasticizer
“CHy=CHy-CHy-CH-CHy-CH- gasp °

S - o |
o GO

l Melt-spinning

A

PE-X with various reactive
group (X) and content

Pitch material with various
composition and reactivity

Melt-processing condition
for PE-co-Pitch precursor

Melt-spinning with
continuous heating and
mechanical tension

Carbonization process
under mechanical tension
(stretching)

PE-co-Pitch Fiber = Carbon Fiber

Carbonization

Any proposed future work is subject to change based on funding levels.




Future Work: PE-co-B-Pitch Fiber and B-Carbon Fiber

Reactive PE copolymer
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X +

X: reactive
side group

heating and mixing
under N2 atmosphere

PE-co-B-Pitch
“CHz-CH,-CHy-GH-CH,-CH,:

B

Melt-spinning

PE-co-B-Pitch Fiber

Some unreacted B-Pitch
(Plasticizer)

VAN

Melt-spinning on PE-co-B-Pitch:

PE-X with various reactive group
(X) and content

B-Pitch material with various
composition and reactivity

Thermal condition for forming
melt-processable PE-co-B-Pitch
precursor

Melt-spinning with continuous
heating/mechanical tension

Carbonization process under
mechanical tension (stretching)

B-substituted

Carbonization

Carbon Fiber

Any proposed future work is subject to change based on funding levels.




Summary

e A systematical study (design, synthesis, and evaluation)
was conducted to identify several new hydrocarbon
polymer precursors that can offer >80% carbon yields in
one-step carbonization under N, atmosphere (eliminating
the stabilization step in PAN precursor)

* A new class of low-cost polymer precursors PE-co-Pitch
polymer precursors has also been developed, they are
melt-processible to form fibers with high >70% C yields
in one-step carbonization under N, atmosphere

* A new class of B-containing pitch precursors has also
been investigated, which shows high conversion yield to
B-containing C materials

e Collaborating with ORNL team in fiber processing,
thermal conversion, and carbon fiber evaluation.




Collaborations

Penn State University Design, Synthesis, and Evaluation of

Dr. Wei Zhu New Precursors

Mr. Houxiang Li Fiber-Spinning and Thermal Conversion
Mr. Vandy Sengeh Carbon Fiber Evaluation

Oak Ridge National Collaborating with us on

Laboratories Fiber Processing

Dr. Logan Kearney Thermal Conversion

Dr. Amit Naskar Carbon Fiber Evaluation



Synthesis of PE-co-Pitch precursor

CHZZCHZ + CszfH
[CsMe,(SiMe,NtBu)]TiCl,
IMAO Br
—(CHZ-CHZ)y(CHZ- H)y
PE-BS copolymer
Br
Sonogashira
cross-coupling @—CEC—H
reaction
—(CHZ-CHZ);(CHZ-fH)V
PE-DPA C
copolymer M

©

—{CH,-CH, ) ACH,-CHi—

PE-DPA copolymer C
1]

O Raw Pitch
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Cycle-addition reaction
Melt fiber-spinning

—CH,-CH,) ACH)-CH)-

PE-Pitch
Fiber



Rheoloqy Study on PE-Pitch Precursor (Pitch 118M)

f —o— PE-DPAJ/Pitch 118 (1/5 wt ratio)
107 (DPA content in PE-DPA:C 9 mol%)

—o— Raw Pitch 1180
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Cycle-addition reaction
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Cycle-addition reaction
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Complex viscosity (Pas)
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