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Energy Storage

From adsorption to ion insertion
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The Nanoscale Challenge

Processes on different length scales determine energy storage performance.

Battery
example
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l Length scale l l
« interfacial reaction kinetics

* grain boundaries
* electronic and ionic transport through  « grain orientation
bulk and across interfaces * pores

* vacancies

» doping

« dislocations

In order to optimize battery functions, the role of interfaces, microstructure,
and defects in the electrochemical process need to be investigated.

Images: Edwin Garcia, Purdue University; Shao-Horn, Solid State lonics 2001; Shao-Horn, Nat. Mat. 2008



Atomic Force Microscopy

Use AFM to reveal nanoscale processes in energy storage

PRO:

Nanoscale resolution (10’s of nm)
Volume changes

Mechanical stiffness (Young's modulus) Global or local
Local potential excitation
Electrical current

CON:

» Baseline drift (min)

* Liquid damping

» Electrochemical cell design*

Static or dynamic tip
motion

Aaadoud

10 um

In situ Electrochemical Cell
(Asylum Research)




Atomic Force Microscopy

Challenges to transfer electrochemical methods to the nanoscale

« Very small contact area between AFM probe and sample — tiny currents
« Liguid environments prevent local probing
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tan 6 >>100 tan & ~100 tan & <1 ¢ 25 nm
h ~ 250 nm

Measurements with a biased tip in liquid challenging
— restricted to measurements in air

N. Balke et al., ACS Nano 6, 10139 (2012).




Chemical Expansivity

Challenge for nanoscale: Solution:

Standard electrochemical .
measurements detect current;

Use chemical expansivity in electrochemical reactions to study local
phenomena (electromechanics)

» lon concentration is strongly coupled to a local change in strain (new
measurement paradigm)

Faradaic and ionic currents are
small (scale with volume)

Lattice parameter in Li,CoO, Chemical expansion in oxides
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Universal feature in many ionic processes.




The Importance of Strain
Strain is an integral part of energy storage

Sn-Co-C anode

o — li,CoO,cathode
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Typically discussed
in the context of

« Battery materials

* Mechanical
degradation

* Monitoring state
of charge

What we want

* Minimized volume
changes

« |sotropic volume
changes



The Importance of Strain

Strain as a design concept to achieve high power and high energy

108

Energy and power density are tightly

coupled:
10*

» A device that provides high energy more
density typically undergoes significant }sluggish
- structural tfransformations reaction

« Energy storage reaction with lower

capacity show more gradual structural
changes

Specific Power (W kg™)

Hypothesis: Coupling between electrochemical
reaction and structural deformation is a pathway
to enable simultaneous high power and high
energy.

10
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Specific Energy (Wh kg™)

T. Mathis et. al. Adv. Energy Mater. 2019, 9, 1902007




Nanoscale Strain Detection working electrode [raised)

. . . . Electrochemical
Static Electrochemical Strain Microscopy (ESM) Cell (Asylum
« Operando technique (electrochemical cell) Research,

) : : MFP 3D)
« SPM tip as passive strain sensor
« “Nanoscale dilatometry”
* Mapping capabilities with 10’s of nm resolution

counter electrode  filled with electrolyte
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Porous EDL capacitor

EHT = 3.00 kV

WD = 46mm
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Porous EDL capacitor
Electrosorption and

Relative Height Change (%)

transport: scan rate
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lons are not reaching the adsorption equilibrium because of transport limitations
(Equilibrium condition: Phase shift between bias and strain = 0)
Anions (bigger) are limiting kinetics



Layered Electrodes
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Layered Electrodes

Theoretical insights

Where do the cations
go and how do they
interact with water
and MXene?

Most relevant

properties

» Hydration shell
radius
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Layered Electrodes
Theory and experiment can explain charge storage properties
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Redox Reactions
WO, in H,SO,
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Redox Reactions

Mechanical cyclic voltammetry (mCV)
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General Application of mCV

Towards physical identification of redox peaks
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AFM Modalities in Energy Storage

Topography

Contact resonance imaging
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Summary

« Electrode strain due o ion

: . . . . W,0,'H,0:
intercalation/insertion relevant for lifetime, Single particle
electrochemical performance, and local ion electrochemistry

detection

 AFM can detect electrochemical strains in @
variety of energy storage materials (EDL to
batteries)

« Mechanical CV curves can detect local
deformation processes and are directly related
to electrochemical current

« Universal in-situ approach working across many
materials

Deformation [a.u.]

« Potential applications towards single particle 2l — -
eIecTrOChemlsTry Potential [V]




