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Electro-chemo-mechanical coupling
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Electrical

Chemical Mechanical

Electrochemistry
(e.g., Batteries)

Chemo-mechanics
(e.g., Actuators)

Electro-mechanics
(e.g., Piezoelectric)

Xu, Chem. Rev., 2004

Swallow, Tuller, Van Vliet et al., Nat. Mater. 2017

Wu et al., Nature, 2014
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Adler, J. Am. Ceram. Soc., 2001

Bishop et al., Annu. Rev. Mater. Res., 2014

Chemical
(i.e., point defects)

Mechanical
(i.e., strain, lattice constant)

Crack

Chemical expansion: definition and consequence



4Bishop et al., Annu. Rev. Mater. Res., 2014

Defect chemical reaction in CeO2-x

𝑂𝑂𝑂𝑂× →
1
2
𝑂𝑂2 + 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶′ + 𝑉𝑉𝑂𝑂��

Different effect on lattice constant:

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶′ expansion (ionic radius Ce3+ > Ce4+)
𝑉𝑉𝑂𝑂�� contraction (vacancies = voids)

Imaginary case

Overall, increase of x in CeO2-x increases lattice constant

CeO2-δ as a model system to study chemical expansion



5Tuller and Bishop, Annu. Rev. Mater. Res., 2011

𝑂𝑂𝑂𝑂× →
1
2
𝑂𝑂2 + 2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶′ + 𝑉𝑉𝑂𝑂�� CeO2-δ

𝜀𝜀 = 𝛼𝛼𝐶𝐶 [𝑖𝑖]

Strain
def: Δ𝐿𝐿/𝐿𝐿

Concentration 
of defects
Unit: #/cm3

Chemical 
expansion 
coefficient

Note: concentration of defects expressed by using 
#/cm3 is different from δ

How to give a quantitative description on chemical 
expansion? 



Chemical expansion in other oxide systems

6Bishop et al., Annu. Rev. Mater. Res., 2014

Marrocchelli et al., PCCP, 2015

Note: concentration of defects expressed by using 
#/cm3 is different from δ



Anisotropic chemical expansion
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Ruddlesden-Popper phase
A2BO4 e.g., Nd2NiO4

Perovskite layer

Rock salt (AO) layer

Majority ionic defect
Oxygen interstitials

𝑂𝑂𝑖𝑖′′
Negatively charged 
Charge balanced by 
holes (ℎ�)

pO2   δ  a, c Va

c

Oxygen interstitials affect a
and c differently.



Li+

Anisotropic chemical expansion: battery materials

8Koerver et al., EES, 2018

LCO = LixCoO2
NCMxyz = Liδ(NixCoyMnz)O2
NCA = Liδ(NixCoyAlz)O2

LiCoO2

[CoO6]

�𝑉𝑉𝑚𝑚 𝐿𝐿𝐿𝐿 = (
𝜕𝜕𝑉𝑉
𝜕𝜕𝑛𝑛𝐿𝐿𝐿𝐿

)𝑇𝑇,𝑝𝑝,𝑛𝑛𝑖𝑖≠𝑛𝑛𝐿𝐿𝐿𝐿 Partial molar volume of Li



How to model the equilibrium of charged ionic defects 
under strain/stress?
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�𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹

Space charge layer + stress field

Chia-Chin Chen, Wei Cai, William C Chueh et al., PCCP, 2021

-
-
-

-Qcore

Equilibrium condition: �𝜇𝜇𝑖𝑖 is uniform

�𝜇𝜇𝑖𝑖 = 𝜇𝜇𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹 = 𝜇𝜇𝑖𝑖0 + 𝑃𝑃𝑉𝑉𝑚𝑚,𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑖𝑖 + 𝑧𝑧𝑖𝑖𝐹𝐹𝐹𝐹

hydrostatic pressure partial molar volume

In dilute limit:

𝑐𝑐𝑖𝑖(𝑥𝑥)
𝑐𝑐𝑖𝑖,ref

= exp[−
1
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖𝐹𝐹 𝜙𝜙 𝑥𝑥 − 𝜙𝜙ref + 𝑉𝑉𝑚𝑚,𝑖𝑖(𝑃𝑃 𝑥𝑥 − 𝑃𝑃ref) ]

Chemo-mechanical 
coupling

Electro-chemical 
coupling



How to model the equilibrium of charged ionic defects 
under strain/stress?
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In dilute limit:

𝑐𝑐𝑖𝑖(𝑥𝑥)
𝑐𝑐𝑖𝑖,ref

= exp[−
1
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖𝐹𝐹 𝜙𝜙 𝑥𝑥 − 𝜙𝜙ref + 𝑉𝑉𝑚𝑚,𝑖𝑖(𝑃𝑃 𝑥𝑥 − 𝑃𝑃ref) ]

Chemo-mechanical 
coupling

Electro-chemical 
coupling

Vacancy: 𝑉𝑉𝑚𝑚,𝑖𝑖 < 0
Interstitial: 𝑉𝑉𝑚𝑚,𝑖𝑖 > 0

Note:
 In this picture, electrons and holes are treated as localized charge 

(polarons)  reduced cations (electrons) lead to expansion while 
oxidized cations (holes) lead to contraction;

 At equilibrium, the concentration of ionic defects are determined 
collectively by both electrochemical and chemomechanical coupling.



How to model the equilibrium of charged ionic defects 
under strain/stress?

11Chia-Chin Chen, Wei Cai, William C Chueh et al., PCCP, 2021

𝑐𝑐𝑖𝑖(𝑥𝑥)
𝑐𝑐𝑖𝑖,ref

= exp[−
1
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖𝐹𝐹 𝜙𝜙 𝑥𝑥 − 𝜙𝜙ref + 𝑉𝑉𝑚𝑚,𝑖𝑖(𝑃𝑃 𝑥𝑥 − 𝑃𝑃ref) ]

Space charge layer + stress field



How to model the equilibrium of charged ionic defects 
under strain/stress?
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𝑐𝑐𝑖𝑖(𝑥𝑥)
𝑐𝑐𝑖𝑖,ref

= exp[−
1
𝑅𝑅𝑅𝑅

𝑧𝑧𝑖𝑖𝐹𝐹 𝜙𝜙 𝑥𝑥 − 𝜙𝜙ref + 𝑉𝑉𝑚𝑚,𝑖𝑖(𝑃𝑃 𝑥𝑥 − 𝑃𝑃ref) ]



13Lu and Yildiz, Nano Lett., 2016

In situ XRD to monitor chemical expansion in SrCoOx
Chatterjee et al., J. Mater. 
Chem. A, 2018

Operando study on 
GdBaCo2O5.5 (double 
perovskite)

Lattice constant ~ time
relaxation experiment 
(kinetics)

How to probe chemical expansion: X-ray diffraction 
(XRD)



How to probe chemical expansion: X-ray diffraction 
(XRD)
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Hydrogenation of NdNiO3 thin films w/ a 
3-electrode electrochemical system

* *

H-NNO 001 H-NNO 002

NNO 001 NNO 002

* LaAlO3 substrate

Pristine NdNiO3 (NNO) cpc = 3.816 Å

Hydrogenated NdNiO3 (H-NNO) cpc = 4.312 Å
Δc/c = 13% (!)

Counter 
electrode

Reference 
electrode

NNO thin film as 
working electrode

Potentiostat

0.1 M KOH 

Ni

O

Nd

H. Chen, M. Dong, Q. Zhang, E.-J. Guo, L. Gu, J. Wu, Q. Lu#, Nano Letters, 2022



The chemical expansion in HxNdNiO3 is by far largest in 
oxide thin films reported in the literature
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𝐻𝐻2𝑂𝑂 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁× + 𝑂𝑂𝑂𝑂× → +2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁′ + 2𝑂𝑂𝑂𝑂𝑂𝑂�

r(Ni3+)      <<       r(Ni2+) 

Chemical expansion expected w/ reduced cations 
(although not as large as 13%)

2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁× + 𝑂𝑂𝑂𝑂× →
1
2
𝑂𝑂2 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁′ + 𝑉𝑉𝑂𝑂��

Oxygen vacancy 
 Contraction

𝐻𝐻2𝑂𝑂 + 2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁× + 𝑂𝑂𝑂𝑂×
→ +2𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁′ + 2𝑂𝑂𝑂𝑂𝑂𝑂�

Filled oxygen vacancy
 Increased expansion



Concentration gradient of protons in NdNiO3 thin films 
enables efficient characterizations
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Moderately 
reducing

Au

Au
0.47 V v.s. RHE

0.02 V v.s. RHE

Focused X-ray spot size: 
Diameter d = 0.6 mm

Very reducing

H. Chen, M. Dong, Q. Zhang, E.-J. Guo, L. Gu, J. Wu, Q. Lu#, Nano Letters, 2022

*

* LAO substrate

H-NNO (002)
NNO (002)
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In situ monitoring of stress in oxide thin films during PLD 
deposition

How to probe chemical expansion: optical measurement 
(MOSS)



18Swallow et al., ACS Nano, 2018

 In situ monitoring of strain in (Pr,Ce)O2-x thin films by using 
in situ TEM

 Lattice mismatch between substrate (YSZ) and thin film 
(PCO) introduces interfacial misfit dislocations

 Chemical expansion can be observed by tracking lattice 
parameter ratio between PCO and YSZ.

How to probe chemical expansion: electron microscopy
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 Strain introduced into Pt by 
chemically expanding/contracting 
LixCoO2 lattice;

 Introduced strain affects the ORR 
activity of Pt.

Effect of chemical expansion on electrocatalytic activity
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Diffusivity of oxide ion in (Y,Zr)O2 (YSZ) 
increases with tensile strain (up to ~103).

Effect of strain on ion migration

𝐷𝐷 = 𝐷𝐷0exp(−
Δ𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑅𝑅

)

w/ strain: Δ𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 = Δ𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚0 + 𝜎𝜎 � 𝜀𝜀

stress strain

𝜎𝜎 = 𝐸𝐸 𝜀𝜀

Young’s modulus 
(1D case)
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Solid state battery (SSB)  very large volume change due to 
(de-)intercalation of Li+

Battery cycling  stress change 
(constant volume)

Koerver et al., EES, 2018

Effect of chemical expansion on energy storage devices

𝜇𝜇𝐿𝐿𝐿𝐿 = 𝜇𝜇𝑖𝑖0 + 𝑃𝑃𝑉𝑉𝑚𝑚,𝑖𝑖 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑎𝑎𝑖𝑖

hydrostatic pressure partial molar volume

OCV changes as a function of pressure 𝑃𝑃 (!)



22McGrogan et al., JES, 2018; Xue, Dong, Shao-Horn, Li et al., Nat. Energy, 2021

Fracture of battery cathode materials (e.g., LixMn2O4)

Capacity loss due to disconnected primary particles.

Effect of chemical expansion on energy storage devices



Things we have discussed in this lecture
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Goal of this lecture: you should be able to answer the questions above now (hopefully) : )

Chemo-mechanical coupling (chemical expansion/contraction):
 What is the microscopic mechanism of lattice expansion/contraction induced by point defects? 

 How to describe and quantify the change of lattice constant induced by point defects?

 What are the consequences of chemical expansion/contraction in the context of energy storage 
and conversion devices?



End of Lecture 13
Solid State Ionics Fall 2022
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