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Why is NASA Interested in Solid-State Batteries?
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UAM: Urban Air Mobility
eVTOL: electric Vertical Take-Off and Landing
SOA: State-of-the-Art
R&D: Research and Development 2



Why is NASA Interested in Solid-State Batteries?
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SABERS: Solid-state Architecture Batteries for Enhanced Rechargeability and Safety 3



q A battery is an electrochemical device that converts chemical energy into electric energy.
q Materials chemistry, processing, and engineering are keys to develop new battery technology.

Advanced Batteries Start from Materials Innovations
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Li Anode

S Cathode

Solid Electrolyte Separator

In solid-state lithium-sulfur (Li-S) batteries:

q Anode: Lithium (Li) metal

q Solid electrolyte (SE) separator: A solid layer that 
conducts Li ion but insulates electrons

q Cathode: Sulfur (S) and necessary additives to make 
it electrically (thus carbon) and ionically (thus solid 
electrolyte) conductive
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Dry-Pressed Electrodes Enabled by Holey Graphene
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Acc. Chem. Res. 2022, 55, 3020-3031. 

q Holey graphene (hG) is a unique conductive scaffold that can be directly dry-pressed into robust, 
high mass loading electrodes by itself or as a host for active battery materials. 5
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Dry-Pressed hG for Electrode Preparation
Versatile Applications

Li-S/Se Batteries

Batteries & Supercaps 2019, 2, 774; ACS Appl. Energy Mater. 2020, 
3, 6374; Front. Energy Res. 2021, 703676.

ACS Appl. Energy Mater. 2019, 2, 2990.

Li-Ion Batteries
LFP NCM

Electrochim. Acta 2020, 362, 137129

Supercapacitors

ACS Appl. Mater. Interfaces 2016, 8, 29478. 

Nano Lett. 2017, 17, 3252; Nano Energy 2017, 31, 386;
J. Electrochem. Soc. 2020, 167, 080522; Batteries Supercaps 2021, 4, 120. 

Li-O2 Batteries

LFP: Lithium iron phosphate NCM: Lithium nickel cobalt manganese oxide
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All-Solid-State S Cathodes
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q CB: carbon black
q SE: LPSC (Li6PS5Cl) 7



Cathode Microstructures
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All-Solid-State Li-S Cell Performance
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Room Temperature 60oCq Li metal anode
q No additional stack pressure

60oC

60oC

12 mg/cm2 5 mg/cm2
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Composition/Process Optimization

q A Design-of-Experiment (DOE) study
q 20 unique compositions

v S: 10-50%
v hG1+hG2: 5-20%; hG1: 0-15%; hG2: 0-20%
v SE1+SE2: 30-85%; SE1: 0-75%; SE2: 0-70%
v No hG1 = no melt infiltration

DOE 1 DOE 2 DOE 4 DOE 5 DOE 6

DOE 11DOE 7 DOE 8 DOE 9 DOE 10

DOE 12 DOE 13 DOE 14 DOE 18 DOE 19

DOE 20 DOE 21 DOE 23 DOE 24 DOE 25

hG1S SE1

S/hG1/SE1
Primary Mixture hG2 SE2

Cathode Composite

Coating

Melt infiltration

Scaffolding
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S Cathode Design Principles from DOE
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qHigh Discharge Capacity
ØLow S content
ØHigh hG:S ratio in melt infiltration

qLow Overpotential
ØLow S content
ØMedium hG:S ratio in melt infiltration

qLow Impedance
Ø High scaffolding-step hG content 
Ø High coating-step SE content

qHigh Li + Diffusion Coefficient
Ø High hG:S ratio during melt infiltration
Ø High coating-step SE content
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Cell Integration to Improve Specific Energy
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Decrease Solid Electrolyte LoadingIncrease Cathode Loading

𝐸	 =
𝑊 % ℎ
𝑘𝑔 	=

𝑉 % 𝑚𝐴 % ℎ
𝑔(𝐶 + 𝑆𝐸 + 𝑥𝐿𝑖) 	=

𝑉	 % 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
𝑔(𝐶∗ + 𝑆𝐸 + 𝑥𝐿𝑖)

*𝑔(𝐶) 	 = 𝑔[𝑆 + 𝑆𝐸(𝐶) + ℎ𝐺]

Cathode (C)

SE

Li Anode

Maximize S Content and Utilization

Specific Energy
Reduce Li Anode Excess 
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Reducing SE Thickness with Dry Pressing
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114 mg/cm2 57 mg/cm2

20 mg/cm228 mg/cm2

~1.45 g cm-3
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Improved Energy Density

Advanced Materials and Processing Branch                       NASA Langley Research Center

1.0

1.5

2.0

2.5

3.0

0 500 1000 1500

Vo
lta

ge
 (V

 v
s.

 L
i+ /

Li
)

Specific Capacity (mAh/g)

30% S @ 5 mg/cm2; 60oC
114 mg/cm2 LPSC

28 mg/cm2 LPSC

30% S @ 5 mg/cm2; 60oC

q All dry-pressed cathodes
q No additional stack pressure
q 0.032 mA/cm2

10% S @ 5 mg/cm2; 60oC

q Reduction in SE thickness + Increasing cathode S content with retained S utilization = Improved Energy Density
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Toward 500 Wh/kg
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500 Wh/kg

S-DOE6 @ 5 mg/cm2; RT
60oC

S-DOE6 @ 5 mg/cm2; RT 60oC

S-V4 @ 5 mg/cm2; 60oC

S-V4 @ 10 mg/cm2; 60oC

S-V4 @ 15 mg/cm2; 60oC

S-V1 @ 5 mg/cm2; 60oC
S-V4 @ 5 mg/cm 2; 60 oC

S-V4 @ 10 mg/cm2; 60oC

S-V4 @ 15 mg/cm2; 60oC

S-V1 @ 5 mg/cm2; 60oC

q Calculated based on N:P = 2:1 (or 2x Li)
q Anode to be further optimized for cyclability

Increasing cathode S content and loading and reducing solid electrolyte thickness pushed specific energy pass 500 Wh/kg.

q “DOE6”: 12% S
q “V1”: 10% S
q “V4”: 30% S
q All dry-pressed
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Coin Cell → Pouch Cell
15mm Diameter

1” Square 30 mm Diameter
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CR2032

q Small format pouch cell allows scale-up materials engineering studies with (currently) costly chemicals 
conducted at affordable scale. 16



4x area

Ni current collector tab

Li metal anode

Cu anode current collector

Al current collector tab

SE Layer

Al cathode current collector
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S Cathode

Coin Cell → Pouch Cell
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Processing Improvements

Generation 1
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Generation 2 Generation 3

February 2023 April 2023 September 2023
Direct scale-up from coin cell studies Improved dry-processing via proper use of polymer binders
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Reliable Reductions of SE Thickness
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Free-standing LPSC Thin Films

Tape-Casted LPSC Films  
(~25 μm thickness)

~8 cm x 24 cm

10 μm

v Future development and direction: 
5-10 μm

v Feasible? Reliable? Safe?

NASA Glenn Research Center (GRC): Donald Dornbusch 19



Dry Processing of Solid Electrolyte Layer

PTFE: Polytetrafluoroethylene
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PTFE Fibers Provide Mechanical Support
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350 µm
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200 μm



Dry Processing of Sulfur Cathode

q PTFE binder is also compatible with dry processing of sulfur cathode.
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Cathode Processing: Gen. 2 to Gen. 3
Generation 2 Pouch Cell Generation 3 Pouch Cell
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q Discs are all 3 cm in diameter



X-Ray Computed Tomography (CT)

Courtesy: Dan Perey 
NASA Langley Research Center (LaRC)
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Generation 2 Pouch Cell Generation 3 Pouch Cell

q Discs are all 3 cm in diameter



Self-Discharge Issues

qOptimized binder processing eliminates self-discharge
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q Polymer binder reacts with Li metal, resulting in self-discharge overtime

No binder

With binder
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Pouch Cells with Improved Shelf Life
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Electrochemical Impedance Spectroscopy (EIS) Constant Current Discharge
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Coin Cell → Pouch Cell

Pouch Cells at 100oC
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Key Role of SE Ionic Conductivity

30°C

60°C

100°C

q Battery capacity linearly correlates with solid electrolyte (LPSC) conductivity
q Solid electrolyte with higher ionic conductivity should result in enhanced battery performance
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More Challenges!
Before Discharge After Discharge
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Courtesy: Dan Perey (NASA LaRC)
q Discs are all 3 cm in diameter



Before Discharge

After Discharge
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More Challenges!
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Courtesy: Dan Perey (NASA LaRC)

q Discs are all 3 cm in diameter



q Innovations in materials science and 
engineering are key to battery technology 
development.

q Example 1: Materials chemistry and 
processing for cathode improvement

 
q Example 2: Materials processing and 

engineering for battery cell scale-up
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Summary

From Feb. 2023 From Dec. 2023
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Battery 
Materials 
Chemistry

Component
Processing

What’s Next?

Application

Scale-Up Engineering

Materials Fundamentals

Where we are

Battery Cell
Engineering

SABERS
Pack Design

Flight 
Integration

Addressing Materials Challenges 
to Power the Future of Aerospace
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Future of SABERS
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