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Multifunctional Energy Storage Composites

 Multifunctional Energy Storage Composite (MESC) carry load and store energy
simultaneously.

[D. Peyrow Hedayati, ICCM23 Conf. Proc.]

 Examples: Structural Battery (SB) and Structural Supercapacitor (SSC) 

 High power density (SSC) for fast charge/discharge applications
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Structural Supercapacitors
Architecture

[M.F. Pernice et al 2022 Multifunct. Mater. 5 025002]

SSC composite

SSC components:

- Electrode (CF)
- Structural Electrolyte
- Separator

[E. S Greenhalgh (2023, October 6), Structural power 
composites - the route to more electric aircraft]
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SSC matrix

SSC demonstrator
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Structural Electrolytes

 Structural electrolytes: ionically conductive  + high mechanical integrity
 Gel polymers are typically used but not stiff for structural applications. 

[Dharmasiri, CEJ, V.455, P.2, 2023, 140778][Shirshova, J . Mater. Chem. A, 2013, 1, 15300-15309]

 Novel solution: bicont inuous porous polymer electrolytes
 Porous polymer skeleton: non-conducting and stiff 
 Ionic liquid: ion conductive

[D. Peyrow Hedayati, Materials 2023, 16(3), 1232]
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Motivation and objective

 Multiphysics in a SSC

 SSCs as structural parts need to sustain mechanical loads.

need for a mechanical-electrochemical model!
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 How will the SSC electrochemical performance change under load conditions?
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Methodology

RVE
numerical 

regeneration

Electrolyte
sample

SEM image
microstructure

inverse bead model

 Computational homogenization
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[Tu, 2020 Multifunct. Mater. 3 025001]

 Modeling workflow
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Governing equations

2D Linear Elastic Model (in Ω𝑝𝑝 × ℝ+)

∇ � 𝑺𝑺 + 𝑭𝑭𝑉𝑉 = 0

𝛆𝛆 =
1
2
∇𝐮𝐮 + ∇𝐮𝐮 𝑇𝑇

𝐒𝐒 = 𝐂𝐂 ∶ 𝛆𝛆

[Tu, 2020 Multifunct. Mater. 3 025001]
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SEM image of the 
bicontinuous SPE 

inverse bead RVE deformation plots at  ε=5%, and  ε=10%
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Governing equations

2D Linear Elastic Model (in Ω𝑝𝑝 × ℝ+)

∇ � 𝑺𝑺 + 𝑭𝑭𝑉𝑉 = 0

𝛆𝛆 =
1
2
∇𝐮𝐮 + ∇𝐮𝐮 𝑇𝑇

𝐒𝐒 = 𝐂𝐂 ∶ 𝛆𝛆

one-way coupling?

1D Electro-Diffusion CV Model (in Ω𝑒𝑒 × ℝ+) 
𝜙𝜙𝑙𝑙 = 0

𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

𝑖𝑖loc = 𝑛𝑛𝑛𝑛𝑘𝑘0(𝑐𝑐𝐴𝐴exp( (𝑛𝑛−𝛼𝛼𝑐𝑐)𝐹𝐹𝐹𝐹
𝑅𝑅𝑇𝑇

)−𝑐𝑐𝐵𝐵exp( −𝛼𝛼𝑐𝑐𝐹𝐹𝐹𝐹
𝑅𝑅𝑇𝑇

))
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Governing equations

2D Linear Elastic Model (in Ω𝑝𝑝 × ℝ+)

∇ � 𝑺𝑺 + 𝑭𝑭𝑉𝑉 = 0

𝛆𝛆 =
1
2
∇𝐮𝐮 + ∇𝐮𝐮 𝑇𝑇

𝐒𝐒 = 𝐂𝐂 ∶ 𝛆𝛆

Diffusion (in Ω𝑒𝑒 × ℝ+)

𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

𝐷𝐷=ĉ = 𝜅𝜅𝐷𝐷: MDC
𝜅𝜅 =

𝜑𝜑
𝜏𝜏

1D Electro-Diffusion CV Model (in Ω𝑒𝑒 × ℝ+) 
𝜙𝜙𝑙𝑙 = 0

𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝐷𝐷𝑖𝑖
𝜕𝜕𝑐𝑐𝑖𝑖
𝜕𝜕𝜕𝜕

𝑖𝑖loc = 𝑛𝑛𝑛𝑛𝑘𝑘0(𝑐𝑐𝐴𝐴exp( (𝑛𝑛−𝛼𝛼𝑐𝑐)𝐹𝐹𝐹𝐹
𝑅𝑅𝑇𝑇

)−𝑐𝑐𝐵𝐵exp( −𝛼𝛼𝑐𝑐𝐹𝐹𝐹𝐹
𝑅𝑅𝑇𝑇

))

𝜑𝜑 =
𝐴𝐴pore
𝐴𝐴total

𝜏𝜏 = 𝐿𝐿𝑔𝑔
𝐿𝐿
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Results and Discussion

Compression Strain

Tortuosity
Porosity

Effective Diffusion

low high

low high
high low

lowhigh
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Results and Discussion

increasing the compression strains to 10% 12% reduction in SSC energy density!  

Compressive strain leads to morphological changes in SE 
effective diffusion reduction 
lower specific capacitance (shrinking CV diagrams)
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Conclusion

 Structural supercapacitors as game changers for future lightweight high-power 
applications.

 Proposition of a model to investigate the mechanical-electrochemical coupling in 
a structural supercapacitor with a bicontinuous polymer electrolyte. 

 A one-way coupling introduced using FEA and image processing techniques.

 The results showed that increasing the compressive strains up to 10% lowers the 
energy density of the SSC by around 12%. 

 Future efforts will focus on validating the model with experimental data. 
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