Chicago Future Manufacturing Seminar Series — 2023

October 26, 2023

Nanomanufacturing: Size-Dependent
Lithium Solubility in Alloy Anodes

Eric Detsi, Associate Prof. Materials Science & Engineering

Contribution:
Dr. John Corsi (Detsi Group Alumnus)
Dr. Sam Welborn (Detsi Group Alumnus)

Penn 3D Advanced Functional &
Engineering MSE Structural Nanocomposites



High-Capacity Alloy Anodes = Enhanced Energy Density
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High-Capacity Alloy Anodes = Enhanced Energy Density

Candidates Alloy Anodes for Li Storage
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High-Capacity Alloy Anodes = Enhanced Energy Density

Problem: Macro-sized (Bulk) Alloy Anodes Fracture During LI Storage
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High-Capacity Alloy Anodes = Enhanced Energy Density

Solution: Nano-Sized Alloy Anodes Should Not Fracture (?)
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Creating Nano-Sized Alloy Anodes by Dealloying

Example 1: Nanoporous Gold (NP-Au)
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Creating Nano-Sized Alloy Anodes by Dealloying

Example 1: Nanoporous Gold (NP-Au)
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Creating Nano-Sized Alloy Anodes by Dealloying

Example 2: Ultrafine Nanoporous Aluminum (NP-AIl)
Applied Voltage
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J.S. Corsi, ..., E. Detsi; ACS Sustainable Chem. Eng. 7, 11194 (2019) 3



Creating Nano-Sized Alloy Anodes by Dealloying

Example 2: Ultrafine Nanoporous Aluminum (NP-AI)

Before dealloying

After dealloying
EDX XRD
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Creating Nano-Sized Alloy Anodes by Dealloying

Example 2: Ultrafine Nanoporous Aluminum (NP-AI)
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Creating Nano-Sized Alloy Anodes by Dealloying




Performance: Macro-Sized vs. Nano-Sized Alloy Anode

Case Study: Bulk Aluminum vs. Nanoporous Aluminum
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Performance: Macro-Sized vs. Nano-Sized Alloy Anode

Why & How Do Nano-Sized Alloy Anodes Fail?
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Morphology Evolution During Li Storage in Nanoporous Alloy Anodes
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(1) Phase Evolution

Phase Diagrams for Ag and Al as Li-ion Battery Anodes
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(1) Phase Evolution

Background (1): Voltage Profile
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(1) Phase Evolution

Background (2): From Phase Diagram to Gibbs Free Energy and Voltage Profile

Corresponding free
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(1) Phase Evolution

Background (2): From Phase Diagram to Gibbs Free Energy and Voltage Profile
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(1) Phase Evolution

Case 1: Ag-Li System

‘Ag — Li Phase Diagram ‘
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(1) Phase Evolution

Theoretical OCV Profile of Ag-LiI System
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(1) Phase Evolution

Theoretical OCV Profile of Ag-LiI System
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(1) Phase Evolution

Theoretical OCV Profile of Ag-Li System
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(1) Phase Evolution

Two Different Ag Morphologies Considered

Nano

J. Corsi, ..., E. Detsi;
ACS Applied Energy
Materials 5, 4547 (2022)
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(1) Phase Evolution

Bulk vs Nanoporous Ag Cycling Performance
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(1) Phase Evolution

Experimental Voltage Profile of Ag-Li System
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(1) Phase Evolution

Bulk Ag NP-Ag Surface
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(1) Phase Evolution

Case 2: Al-Li System

Al — Li Phase Diagram
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(1) Phase Evolution

Theoretical OCV Profile of Al-L1 System
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(1) Phase Evolution

Experimental Voltage Profile of Al-Li System
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(1) Phase Evolution

Performance
Structure
 Bulk vs. nanoporous anodes
. Over-
Properties potential,
«  Bulk anodes follow OCV simulation Stresses,

High capacity
« Nanoporous anodes have metastable phases

SeeTET e Increased Nano-
Li solubility structure

« Nanoporous anodes have enhanced capacity
« Metastable phases cause overpotential, stresses Properti es Structure
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Morphology Evolution During Reversible Li Storage
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(2) SEI Evolution

Formation of solid electrolyte interphase (SEI)

HOMO

Cathode Electrolyte Anode

32



(2) SEI Evolution

Alloy anode SEI model for dense materials

Charge . Discharge \ Charge ‘

Key gquestion: Does this model apply to nanoporous anode materials?

Wu et al: Nat. Nanotechnol. 7, (2012) 33



(2) SEI Evolution

Sequential Lithiation-Delithiation Cycling

Seqguential charge states explored
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(2) SEI Evolution

TEM Characterization of SEI Evolution

Delithiation:
SEI fractures

Lithiation:
Thick SEI grows

J.S. Corsi, S.S. Welborn, E. Stach, E. Detsi; ACS Energy Letters. 6, (2021)



(2) SEI Evolution

Conclusion

Charge . Discharge \ Charge ‘

Model confirmed for nanoporous materials:
« Thick SEI which grows in thickness with cycling
« SEI delamination during delithiation

Dramatic SEI growth/fracture likely to
Impart stress on active material
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Morphology Evolution During Reversible Li Storage
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(3) Microstructure Evolution

NP-Au as Model Anode for Investigation
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(3) Microstructure Evolution

Sequential Charge States Explored

Grid-in-a-coin cell configuration Sequential charge states explored
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(3) Microstructure Evolution

Pristine (P)

Regular spacing of
20 nm ligaments
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Relative intensity
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(3) Microstructure Evolution

First Lithiation (L1)

Fine 5-10 nm
nanoparticles

Relative intensity
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J.S. Corsi, S.S. Welborn, E. Stach, E. Detsi; ACS Energy Letters. 6, (2021)



(3) Microstructure Evolution

First Delithiation (DL1)

Relative intensity
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(3) Microstructure Evolution

Second Lithiation (L2)

Relative intensity
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(3) Microstructure Evolution

Second Delithiation (DL2)
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(3) Microstructure Evolution

Third Lithiation (L3)

Relafive intensity
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(3) Microstructure Evolution

Model: NP-Au Microstructural Evolution

G Electrolyte @
Au . ) - . o

J.S. Corsi, S.S. Welborn, E. Stach, E. Detsi; ACS Energy Letters. 6, (2021)
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(3) Microstructure Evolution

Model: Updated Understanding of Alloy Anode Cycling
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J.S. Corsi, S.S. Welborn, E. Stach, E. Detsi; ACS Energy Letters. 6, (2021)
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Conclusion

What causes poor performance of nanoporous Al?

(1) (2) B
Phase Solid Electrolyte Microstructure
Evolution Interphase Evolution Evolution
Stresses from metastable Stresses from dramatic SEI Ligament degradation due to
phases growth and removal complex pulverization -

processes dealloying mechanism
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