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Abstract

The battery chemistry must be diversified to achieve a sustainable energy landscape by effectively utilizing
renewable energy sources. Alkali metal-ion, all-solid-state, metal-air batteries, and multivalent batteries
offer unique cost, safety, raw material abundance, energy, and power density solutions. However,
realizing these “Beyond Li-ion batteries” must uncover their working principles and performance &
property relationship. In this aspect, mitigating chemo-mechanical instabilities in the structure and
surface of the electrodes plays a crucial role in their performance. Unfortunately, the coupling between
electrochemical and mechanical interactions is often poorly understood due to a lack of operando
characterization. This review article explains the working principles of curvature measurement and digital
image correlation for measuring stress and strain generations in battery materials. We provided specific
examples of how these operando mechanical measurements shed light on instabilities in alkali-metal ion
electrodes, solid electrolytes, Li-O, batteries, and aqueous Zn-ion batteries. Operando mechanical
measurements offer an effective way to map changes in the physical fingerprint of the battery materials,
therefore providing crucial information to elucidate instabilities in battery materials.

Keywords: curvature measurement, digital image correlation, solid-electrolyte interface, cathode-
electrolyte interface, particle fracture, diffusion-induced stress



1. INTRODUCTION

Li-ion batteries have dominated the portable energy storage landscape since their first
commercialization in the early 1990s. Since then, they have powered portable electronic electrical
vehicles and houses. Their successful performance has allowed to harvest renewable energies and store
excessive energy as electricity using Li-ion batteries.[1] However, Li-ion batteries cannot provide the
ultimate solution required to adapt renewable energy sources at a larger scale worldwide due to their
limited power density and raw materials on the earth's crust. Society must consider diversifying battery
chemistries for various application areas depending on the cost, weight, energy density, and lifetime of
the battery.

Large-scale applications and lower-energy demand transportation (e.g., scooters and low-weight
short-distance vehicles) value lower cost. Sodium-ion (Na-ion) and Potassium-ion (K-ion) batteries are
promising candidates for large-scale grid energy storage in terms of availability of raw sources and cost
reduction with minimum sacrifice on the performance. [2,3] Although Li, Na and K belong to the same
alkali metal group with a single charge in their cation form, the reactivity and size of Na* and K* ions are
intrinsically different than Li* ions. [4] Therefore, the physical and electro-chemical behavior of the
electrode materials in response to Na* and K*ion intercalation is expected to be fundamentally different
than Li*ion. [5,6] However, there is not much known about how electro-chemical reactions and transport
of ions take place in electrode materials with different alkali metal ions.

Batteries must provide higher energy density for more energy-demanding applications, such as
long-distance electrical vehicles. The incorporation of Li metal as an anode is a promising way to increase
the energy density of Li-based batteries. [7] Due to the dendrite formation and flammability of the organic
liquid electrolytes, solid electrolytes are proposed to be utilized in Li metal batteries. Li plating/stripping
in the vicinity of the Li metal anode and solid electrolyte interface may lead to uneven deposition due to
inevitable surface roughness on ceramic solid electrolytes. [8-11] Uneven plating eventually leads to
dendrite formations and fracturing of the fragile ceramic electrolytes. Understanding the governing forces
behind this chemo-mechanical deformation is limited by the limited access to operando measurements
due to the challenging buried interface between Li metal and solid electrolyte.

Metal-O; batteries have also emerged as an energy storage device for high energy-demanding
applications due to their high theoretical specific energy (e.g., 3500 Wh/kg for Li-O, batteries). [12]
However, the practical performance of these batteries suffers from poor cycle life and low practical
capacity due to severe interfacial instabilities, especially on the cathode side. [13-16] An Oxygen
reduction reaction during discharge produces lithium peroxide as a primary reaction product. The
insulating nature of the lithium peroxide poisons the cathode surface, leading to a detrimental capacity
loss in the battery. Electrolyte chemistry and the nature of catalysts are widely investigated to avoid the
deposition of lithium peroxide on the cathode surface. [17-19] Despite these efforts, fundamental
mechanisms behind the interfacial instabilities are poorly understood.



Overall, chemo-mechanical phenomena plays a crucial role in the electro-chemical performance
of these battery systems. The coupling between electro-chemical reactions and mechanical deformations
dictates the electrified interfaces' reaction pathways, kinetic limitations, and instabilities. Therefore,
understanding the fundamental mechanics and its coupling with physical phenomena in electrode-
electrolyte interfaces and electrode structure in diverse battery environments is crucial to achieving a
breakthrough with these “beyond Li-ion batteries.” In this aspect, our group investigates the physical
behavior of electrode materials in response to different alkali metal-ion chemistry by utilizing curvature
measurement and digital image correlation techniques. In this short review article, we first summarized
the working principles of curvature measurement and DIC techniques in battery application. Then, we
outlined our efforts in structural and interfacial instabilities in Li-ion batteries, Na-ion batteries, K-ion
batteries, all-solid-state batteries, and Li-O, batteries.

2. OPERANDO MECHANICAL MEASUREMENTS

Curvature measurement and digital image correlation are non-destructive, non-contact, and optical
techniques for probing mechanical deformations in materials.

2.1 Curvature Measurement: Curvature measurement techniques have been employed to monitor stress
generation within the electrode materials as well as an electrode-electrolyte interface in various electro-
chemical systems such as anodizing[20], corrosion[21,22], electrodeposition[23-26], battery
materials[27-31], electrocatalysis[32—35], electrosorption[36—38], and fuel cells[39,40]. A material of
interest is typically deposited as a thin film on one side of the substrate. The substrate must be inert in
applied experimental conditions, and the back side of the substrate must be reflective. The principle of
the curvature measurements is based on the detection of curvature formed on the inert substrate
because of the (electro)-chemical reaction induced stress in the thin film constrained by the substrate.
The measured curvature of the substrate, then, can be converted into the stress-thickness product in the
thin film via Stoney’s equation[41-43];
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where Ay is the thickness of the film, F is the in-plane force per unit width in the thin film, Esis Young’s
modulus of the substrate, hg is the substrate thickness, v is the Poisson’s ratio, and the substrate curvature

is denoted by k.

Figure 1A-B demonstrates the principles of the curvature measurement system. A single-beam
laser reflectometry technique probes the position of the single beam reflected from the back side of the



cantilever [44-46]. The technique is prone to A) (B)
noise and reduced stability since detection
depends on the single beam position on the
cantilever. Several techniques have been
developed to overcome this limitation, such as

scanning laser reflectometry, multi-beam

optical stress sensor (MOSS), and curvature
interferometry. Scanning laser reflectometry

also utilizes a single beam, but it continuously
monitors the backside of the cantilever,
therefore reducing the noise in the
measurements. [47-49] The MOSS technique,
developed by Chason and Floro, probes the in-

plane substrate curvature by monitoring the
Figure 1: Principles of curvature measurement (A, B) and

digital image correlation (C,D) techniques. (A, C) shows

the undeformed electrode whereas (B,D) exhibits
Phase-shifting  curvature interferometry  {eformed electrodes.

deflection of an array of equally spaced laser
beams reflected from the cantilever.[50]

monitors the interference of the beams, which

can be converted into time-dependent path length difference and associated curvature in the cantilever.
[20] Introducing the phase shifting in the reflected beams provides increased sensitivity and stability in
the curvature measurement. Details of the MOSS and phase-shifting curvature interferometry techniques
can be found in our previous publications. [20,51]

2.2. Digital Image Correlation: Digital image correlation (DIC) probes a full-field deformation at
microstructural length scales. [52] The technique has been widely used in mechanical and civil engineering
applications. Yue Qi and Stephen Harris are pioneer scientists applying the DIC to probe 2-D deformation
and strain fields in Li-ion graphite electrodes.[53] Later, Shearing et al. mapped out the 3-D deformations
in lithium manganese oxide via 3D X-ray computed tomography and digital volume correlation. [54] Jones
et al. successfully utilized digital image correlation as an operando technique by synchronizing the electro-
chemical responses with the strain generation on graphite electrodes in Li-ion batteries. [55-57] Later,
Koohbor et al. developed a unique cell design to adapt DIC to monitor interfacial strains in solid
electrolyte—electrode interfaces. [58,59]

DIC measures deformation by tracking the changes in the speckle patterns in small neighborhoods
called subsets during deformation (Figure 1C & D). Therefore, speckle patterns should be small enough to
facilitate full-field measurements with high spatial resolution. The speckle patterns should also provide
enough contrast with the target material. Digital image correlation requires well-defined speckle patterns
to track the motion of the electrode during charging/discharging. Another requirement is ensuring good
electrical connection while providing unconstrained and free-standing geometry for the battery materials.
To overcome this challenge, Jones et al. and Koohbor et al. designed an electro-chemical custom cell that
can mimic the performance of commercial batteries for in situ strain measurements. [55,59]



3. PROBING INSTABILITIES IN BATTERY MATERIALS

3.1. Structural Instabilities

(A) 20 Q) (D) 0
1 K'intercalation into Graphite 5/ Li,FePO,
- S Na,FePO, -—
3 1 K( 7 y P
§ 1.5 4 s 8 K FePQ, £.> 250 -
@ f %) g @
2 1.0 ~ LI
a . | ] o E
> 3 2 2 = 500
Fos5 o L §
S ] - ) L] R == 3
2 ] ""——--_______ o St 9% e NaCrO,
0.0 — £ Discharge
[
i 5 f— .
z 1 L L 2.~ -
=k 00 02 04 06 08 10 §> 0]
W 2 £ 8
& & State of Discharge, SOD 2E 4
<] & el
2 5 s ¥
= / 58 24
34
0 e ‘ .
0 300 600 900 T T T
i 27 3.0 3.3
Capacity (mAhg') Voltage (V vs Na/Na")
E
(B) Li,FePO, ( ) @ l LiMn,0, - Charge
Na,FePO
15 g Fero, =
/ <02
/ ]
/ &
[}
p =t
S
€10 &
£ / J 00
& / E
o - 2
/ [*]
] g2
/ ]
05 i
on % ; 3.5 4.0 45
0 50 100 150

' 07+
Capacity (mAh g ") Potential (VvsLi™ )

Figure 2: Mechanical deformations in battery electrodes during alkali metal ion intercalation. (A)
electrochemical strains in graphite anode during K-ion intercalation (Modified with permission from ref 66); (B)
Generation of electrochemical strains in iron phosphate cathodes upon intercalation of Li, Na or K ions
(Modified from 67 under the terms of the Creative Commons CC BY 4.0 license); (C) Strain rate in iron
phosphate cathodes upon intercalation of Li, Na or K ions and transmission electron microscopy images after K-
ion intercalation into iron phosphate cathode (Modified with permission from ref 74); (D) Capacity and strain
derivatives in NaCrO, cathode during Na ion intercalation; (E) Electrochemical stiffness calculation in LiMn,0,4
cathode by synchronizing stress and strain generation during charge (Modified with permission from ref 76).

A typical mechanism of alkali metal-ion intercalation into electrodes involves several steps,
including ion transport in the electrolyte, solvation/desolation mechanisms, intercalation of ions into
electrodes, phase transformation in the electrode structure, and solid diffusion of alkali metal ions. [60]
Intercalation of alkali metal into electrodes leads to volumetric changes in the electrode structure and
associated stress generation. Electrode’s ability to accommodate the electro-chemical strains impacts the
structural stabilities. Expansions in the electrode strongly depend on the crystallographic structure of the
host electrode, the size of alkali metal ions, and their chemical interaction. [61]



Digital image correlation has been utilized to measure electro-chemical strains in battery
electrodes during cycling. Intercalation of Li ions into composite graphite electrodes generates almost 1.5
% strain generation [57]. When K ions are inserted into graphite, the electrode experiences lead to 17.6%
strain generation (Figure 2A). [62] Cathode electrodes are mostly brittle materials, and they cause severe
structural instabilities even at smaller strains. [63—65]

Our team has investigated the electro-chemical strain generation in various cathode structures
such as transition metal oxides, olivine-type polyanions, and Prussian blue analogs for Li, Na, and K-ion
batteries. [62,66—73] Overall, there is a linear correlation between electro-chemical strains and capacity
in the electrode with an expectation in iron phosphate cathode in K-ion chemistry (Figure 2B). A non-
linear correlation between strains and capacity was observed when K ions were intercalated into
crystalline iron phosphate cathodes. To shed light on this discrepancy, strain rates per state-of-discharge
were calculated during Li, Na, and K ion intercalation into iron phosphate cathodes (Figure 2C). [67] K-ion
intercalation leads to an increase in the strain rate with the state of discharge. In situ X-ray diffraction
demonstrated amorphization in the crystalline iron phosphate during K-ion intercalation, and it was
verified by ex-situ high-resolution transmission electron microscopy (Figure 2C). [74] Li and Na ion
insertion into iron phosphate results in nearly constant strain rates except for the first discharge with Na
ions. Interestingly, Yet-Min Chiang and his group also detected anomalies only during the first discharge
of Na ions into iron phosphate cathodes via in situ x-ray differentiation. [61] Overall, the operando DIC
study suggests that strain rate, rather than nominal strains, is responsible for the amorphization in the
crystalline electrodes. Furthermore, DIC measurements were able to capture deformations quantitively
during amorphization, which opens the door to investigate chemo-mechanical instabilities in amorphous
electrodes as well.

The DIC technique also provides localized changes in the electrode structure during intercalation.
Despite being a microscale technique, the DIC was able to track nanoscale changes in the electrode
structure associated with the phase changes. [62,66—73] Strain derivatives were calculated by taking the
derivative of strain to the electro-chemical potential. The location of the strain derivatives matches very
well with the current peaks in cyclic voltammetry and peaks of capacity derivatives in galvanostatic cycling.
Our team recently investigated the phase-transformation-induced structural changes in transition metal
oxide cathodes for Na-ion batteries. Figure 2D shows capacity (dQ/dV) and strain derivatives (de/dV)
during the discharge of Sodium Chromium Oxide (NaCrO;) cathode in Na-ion batteries. Two strain
derivative peaks around 3.0 and 2.9V align well with the capacity derivatives. Two strain derivative peaks
with opposite directions indicate the distinct difference in the structural distribution in the cathode during
Na insertion. The directional differences in strain derivatives result from phase transformations from P3
to O’3+P3 and O’3+P3 to 03+0’3 in the NaCrO2 structure. [75]

Synchronizing digital image correlation and curvature measurement techniques further offers
opportunities to differentiate complex structural instability problems in battery electrodes. Dr. Elizabeth
Jones et al. calculated electro-chemical stiffness evolution in graphite anode during discharge in Li-ion
batteries by combining stress and strain measurements. [56] Electrochemical stiffness demonstrated a
significant stress build-up on the electrode before Li intercalation, followed by strain-dominated
deformations associated with Li insertion into graphite sheets. Later, we calculated electro-chemical



stiffness evolution in lithium manganese oxide cathodes for Li-ion batteries (Figure 2E). [76] The electrode
experienced significant stress build-up before the extraction of Li from the electrode during charge,
followed by strain-dominated deformation at higher voltages as the electrode underwent phase
transformations. Dr. Kimberly Bassett et al. carefully analyzed the impact of electrolyte chemistry on the
surface stress build-up on the model lithium iron phosphate cathode. The model electrode undergoes
only one phase change, which allows deconvoluting structural instabilities with surface stress generation
on the electrodes. [77] Surface stress was associated with the higher impedance in LiPFg vs. LiClOs-
containing electrolytes. Based on these results, our team has been working on identifying governing
forces behind the instabilities in metal oxide cathodes at higher voltages by synchronizing stress and strain

measurements.

3.2. Interfacial Instabilities
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Figure 3: Interfacial deformations in electrified electrode — electrolyte interface in battery applications. (A)
electrochemical strains in Ni- (KNHCF) and Mn- (KMHCF) based Prussian blue analogues cycled in 1 M KPFg in
EC:PC electrolyte and associated surface chemistry analysis after cycling (Modified with permission from ref
62), (B) Generation of electrochemical strains in the LAGP solid electrolyte — Li anode during stripping
(Modified with permission from ref 96) and (C) Stress-thickness product on Au positive electrode during the
electrochemical polarization in either oxygen-saturated diglyme electrolyte, argon saturated diglyme
electrolyte or argon-saturated PC electrolyte (Modified from ref 51 under the terms of the Creative Commons

CC BY-NC-ND 4.0 license).

3.2.1 Liquid Electrolyte — Solid Electrode Interface: Interfacial instabilities are associated with liquid
organic electrolytes' stability, compatibility, and reactivity in alkali metal-ion chemistries. The chemical



composition of the surface layers on the electrode depends on the organic solvent and type of salt in the
electrolyte [78,79]. The chemistry of surface layers and the electrochemical stability of various salts and
solvents have been systematically investigated for alkali-metal ion batteries. [80—87] The transport of ions
across the solid-electrolyte interface (SEI) or cathode-electrolyte interface (CEl) layers and the stability of
the battery components are the key factors controlling battery performance. These surface layers function
as an electronic insulator, preventing the continuous consumption of the electrolyte solvents and salts.
The formation of SEI / CEIl layers strains the electrode's surface, causing surface stress. SEI/CEI layers
influence the electro-chemical performance of the electrodes as well as the mechanical stability of the
electrodes. The decomposition of organic electrolytes on the electrode surface introduces an additional
barrier for ions to be inserted into or removed from the electrode structure. However, it is very challenging
to identify the potential-dependent CEl layer and associated mechanical deformations because the
intercalation of alkali-metal ions into the electrode structure also induces volumetric changes
simultaneously.

In order to deconvolute these competing mechanisms, our team recently utilized electro-chemical
characterization, X-ray photoelectron spectroscopy (XPS), and digital image correlation on Prussian blue
analogs (PBA). [62] When cycled under the same conditions, Mn-based PBA suffers rapid capacity loss
compared to the Ni-based PBA cathodes. DIC analysis demonstrated similar reversible electro-chemical
strains during each cycle in Ni-based and Mn-based PBA cathodes (Figure 3A). This observation is quite
surprising given that Ni-based PBA is often described as a “zero-strain” electrode in the literature. [88—
90] XPS analyses revealed a higher presence of complex organic substances within the cathode electrolyte
interface (CEIl) layer developed on Mn-based PBA cathodes when contrasted with Ni-based PBA cathodes.
The accelerated decline in capacity observed in Mn-based PBA cathodes, compared to nickel (Ni)-based
counterparts, is linked to the augmentation of organic compounds within CEl layers rather than physical
distortions.

3.2.2 Solid Electrolyte — Solid Electrode Interface: Investigation of fundamental interfacial instability
mechanisms in solid electrolytes is challenging due to the complex nature of the solid electrolyte-
electrode interface and the difficult differentiation of deformed products. [91-95] Although ex-situ
techniques indicate the dramatic changes that happened on the surface and bulk of the electrolyte
because of the electrochemical processes, these techniques cannot monitor what happens on the solid
electrolyte surface and bulk structure during battery operations. Operando studies of the interfacial
degradation process of all-solid-state batteries are crucial to formulating solid electrolyte design
strategies for mitigating these degradation processes and improving battery performance.

Our team developed an operando digital image correlation method to address this need to probe
deformations in the LAGP — Li metal interface during plating/stripping. [96] Figure 3B demonstrates the
voltage evolution and associated counterplots for strain generation in the LAGP solid electrolyte and the
Li metal — LAGP interface. DIC detected increased heterogeneity by increasing the cycle number and
applied current density. Measurements indicate the correlation between the overpotential and the
increase in strains in the interface. Abnormal strain generation was detected in the center of the solid
electrolyte, where large fractures were detected via ex-situ Micro CT. Overall, operando DIC allowed us
to monitor strains with spatial and temporal resolution and synchronize the strains with the electro-



chemical response during Li plating/stripping. We foresee that this feature will enable us to investigate
how the structure & chemistry properties of solid electrolytes impact instabilities in Li anode—solid
electrolyte and solid electrolyte—cathode interfaces.

3.1.3 Triphase Interface: The practical performance of Li-O, batteries is hindered by inadequate cycle
durability and limited usable capacity attributed to unstable interfaces at the electrode surfaces. Many
studies compare the chemistry of electrolytes and catalysts with the overall discharge reaction products
in Li-O, batteries.

The electro-chemical reaction environment in Li-O; batteries resembles electrocatalysis, where
gas phase material is electrochemically oxidized/reduced on a solid catalyst in a liquid electrolyte. [32—
35] Furthermore, if the discharge reaction products favor surface-based mechanisms, one should also
expect stress to be generated due to nucleation and growth of lithium superoxide and peroxide. In this
manner, the surface-based mechanisms may demonstrate similarities with electrodeposition and
anodizing studies. [24,97-100] Unfortunately, the role of surface stress on the electrocatalytic reaction
pathways has not received any attention yet.

To fill this gap, our group developed a specialized battery cell to probe stress generation on Au
electrocatalyst via a multi-beam optical sensor (MOS). The Li-O; battery underwent discharge within a
LiINO3-diglyme electrolyte using two methods: linear sweep voltammetry and constant current
application, both conducted in an O, environment. Parallel control tests in Argon-saturated electrolytes
demonstrated surface stress origination from charge-induced stress (Figure 3C). The generation of stress
on the positive Au electrode is ascribed to the creation of Li,O, reaction products on the Au surface and
the stress induced by the electrocapillary. Surprisingly, the average stress-charge coefficient during
oxygen reduction reaction in oxygen-saturated electrolytes was almost 2-orders smaller than the stress-
charge coefficient recorded for Li-Au formation.

We want to note that instabilities in lithium superoxide reaction intermediate and lithium
peroxide discharge products may originate from complex chemo-mechanical interactions. These may
involve the adsorption of solvated ions and /or reaction intermediates, the chemical properties under
applied electrical field variation, and changes in the surface potential during nucleation, growth, and grain
formation.
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3.3. Rate-Dependent Mechanical Deformations in Battery Electrodes
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Figure 4: Rate-dependent deformations in Li-ion and Na-ion battery cathodes. (A) Voltage evolution and
strain generation in NaFePO, cathode cycles at different C-rates. Dotted points indicate the predict strains
calculated via mathematical model (Modified with permission from ref [72]), (B) Voltage evolution and strain
generation in LiFePO,4 cathode cycles at different C-rates (Modified with permission from ref [71]), (C) Potential
and strain evolution in LiFePO4 during pulsed current charge/discharge at C/4 rate (Modified with permission
from ref [71]), (D) Strain generation in LiMn,04 cathode with/out Au-coating at different C-rates. Square points
indicate the predict strains calculated via mathematical model (Modified with permission from ref [73]).

The fast-charging ability of batteries is a desirable feature for many demanding applications,
including electric vehicles. However, the electrodes further suffer from severe chemo-mechanical
instabilities at faster charging rates, which is associated with the diffusion limitations in the electrode and
the shift in the phase transformations at faster rates. The steep concentration gradients of charge carrier
metal ions can develop in the electrode. These concentration gradients cause highly non-uniform volume
changes and phase transformation between the electrode's surface and center. Therefore, they cause
misfit strains and associated stress development in the electrode. [27,101,102] Misfit strains and
concomitant stress influence the thermodynamics of electrochemical processes, particularly the
electrochemical potentials for charge/discharge reactions. During a single charging and discharging cycle,
misfit strains and stress cause open circuit potential hysteresis, an energy loss during electrochemical
cycling. [103]

In this aspect, our team has investigated the rate-dependent mechanical deformations in Li-ion
and Na-ion batteries by employing operando digital image correlation and mathematical models. To
compare the behavior of Li vs. Na intercalation at faster rates, electrochemical performance and strain
generation were also measured in NaFePO, and LiFePQO, cathodes (Figure 4). Both studies employed the
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electrode (iron phosphate) as a reference material prepared by the electrochemical displacement method
for better comparison. [68,104] NaFePO, cathodes suffer from limited practical capacities at faster rates
(Figure 4A). The associated strain generation in the NaFePO, indicated the additional strain generation in
the electrode at faster rates. At the slower rates (C/25), experimentally measured strains agreed with the
predicted strains based on open cell theory for anisotropic porous solid end S-combining rule. [72] A
transport-mechanics model demonstrated the steeper concentration profile of Na in the electrode
particles and associated mismatch strains at faster rates. The practical capacities in LiFePO, decreased
modestly at faster rates than analogous NaFePQ, cathodes (Figure 4b). [71] On the other hand, more
significant strain evolution per charge/discharge capacity was observed in LiFePO,4 cathodes at faster
rates. The electrode was cycled via uninterrupted and pulsed current measurements while monitoring
strains in the electrode (Figure 4C). Interestingly, the electrode undergoes more significant mechanical
deformations in uninterrupted cycling compared to the pulsed current cycling with periodic open circuit
relaxations at the same rate. This district difference in the LiFePO, was associated with the peculiar phase
transformation behavior of the electrode at faster rates.

There have been several suggestions to mitigate the mechanical deformations in the electrodes
at faster rates, including surface modification [105-107] and particle size optimization. [108] Reducing
the particle size helps shorten the diffusion pathways in the electrode particles, but the cost of a larger
surface area with electrolyte increases manufacturing costs. Various surface coatings have been reported
to improve the rate capability of the electrodes, but the underlying physics behind the surface coatings
was barely understood. We investigated the role of Au coating on the mechanical stability of LiMn,0,
cathodes at faster rates. Strain measurements indicate smaller deformations in the electrode with Au
coating than in uncoated ones. The better rate capability was attributed to the more spatially uniform
lithium distribution in the LMO particles with surface coating. [73]

3.4. Perspective on Chemo-Mechanical Deformations in Multivalent Batteries

Multivalent-ion batteries are based on shuttling multivalent metal ions such as magnesium,
calcium, aluminum, and zinc between electrodes. These battery systems promise a sustainable future for
grid storage due to their abundance in the Earth’s crust. However, unlike alkali metal ions, the charge
carriers are divalent magnesium, calcium, zinc, or trivalent aluminum. [109,110] Storing multivalent ions
in electrodes and transporting them between electrodes through electrolyte media is more challenging
than the monovalent ion system. These challenges include designing new electrolytes [111-115],
preventing dendrite formations on metal anodes [116—-119], and exploring cathode structures that can
store these ions reversibly. [120-123] Among the multivalent ion batteries, Zinc-based batteries have a
long history, with the invention of the Zn-Cu battery in the early 1800s. [124] Zinc-based primary batteries
have been developed in the past century, such as Zn-air batteries, alkaline Zn-Mn batteries, and Zn-AgO
batteries. These primary batteries account for almost 30% of the commercialized batteries in the world’s
battery market [125,126]. However, the lack of fundamental understanding of reaction-transport
mechanisms limits the design of suitable cathodes and electrolyte chemistries for rechargeable
multivalent ion batteries.
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On the anode side, the formation of dendrites is the main challenge to improve the cycle life of
rechargeable multivalent-ion batteries. [116-119] We foresee that operando DIC and curvature
measurements can provide new insights into the dendrite formation mechanisms. Similar to Li metal
battery studies as listed above, DIC operando tools can be utilized to probe spatial deformations on metal
anodes during the plating/stripping of multivalent ions. Furthermore, operando curvature measurement
can provide vital information about nucleation and growth mechanisms for multivalent ion deposition
and the onset of elastic/plastic deformations during the dendrite formation.

The electrochemical performance of the =1 N R I
cathode materials is still a limiting factor for developing
rechargeable multivalent-ion batteries. Instability
studies in multivalent cathodes must also consider the
impact of electrolyte (organic vs. aqueous) on the
charge storage mechanisms and performance decay.
For example, even though Yamamoto et al. developed
rechargeable Zn-ion batteries by utilizing aqueous
electrolytes and MnO; cathode in the 1980s, the
unknown reaction mechanisms have been a limiting
factor for the further developments in aqueous Zn-ion
batteries [127-129]. There has been a growing interest 0 KRN RERR AL R R
in recent years to seek suitable cathode structures for Vottage, V vs Zn"
multivalent-ion batteries such as MnO, polymorphs Figure 5: Preliminary studies on mechanics of
[128,130-146], vanadium-based materials [147-154],  myltivalent ion cathodes. Voltage evolution and
MoeSg [155], Prussian blue analogs [148,156-161] and  strain generation in V,0s during discharge at
organic-based cathodes [162]. However, the C/20ratein an aqueous electrolyte in Zn-ion
electrochemical performance of rechargeable  batteries.
multivalent-ion batteries suffers from short cycle life
and rapid capacity fade because of chemo-mechanical deformations in cathode materials. The (electro-
chemical reactions at the cathode/electrolyte interface and charge storage mechanisms in the cathode
structure are still significantly debated. Furthermore, there is not much known about mechanical
deformations in these cathodes during multivalent ion storage. Understanding multivalent-ion transport
and its coupling with interfacial reactivity in cathodes is crucial to achieving reliable long-term
performance of aqueous ZIB. In this aspect, we foresee that operando DIC and curvature measurements
can be utilized to investigate the charge storage mechanisms, structural instabilities in various states of
(dis)-charge, and competition between proton and multivalent ion intercalation into host cathode
structure. Our group recently began investigating mechanical deformations in aqueous Zn-ion battery
cathodes using these operando tools. Figure 5 demonstrates our preliminary study on strain generation
in the V,0s cathode during discharge in aqueous electrolytes for Zn-ion batteries. DIC measurement
provided strain generation in the cathode during cycling. Furthermore, the strain evolution shows a strong
dependence on the voltage, indicating its high sensitivity to the nano-scale structural changes in the
electrode. By using DIC and curvature measurements and carefully designing experimental conditions
(e.g., electrode, type of salt and solvent in electrolytes, and cycle conditions), we aim to elucidate the
charge storage mechanisms in cathode materials for multivalent ion batteries.
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4. CONCLUSION

Operando digital image correlation (DIC) and curvature measurement techniques were used to probe the
battery materials' electro-chemical strain and stress generations in alkali metal-ion batteries, all-solid-
state batteries, Li-O, batteries, and multivalent-ion batteries. In alkali metal-ion batteries, DIC provided
information about how different alkali metal ions impact the deformations in graphite, transition metal
oxide, olivine-type electrodes, and Prussian blue analogs. Strain analysis indicated that strain rates, rather
than nominal strains, are responsible for the amorphization in crystalline electrodes, with the support of
in situ X-ray diffraction and electron microscopy studies. Characteristic evolution of micro-scale strain
measurement mimics the nano-scale deformations in the electrode structure. Synchronization of stress
and strain measurements allows differentiating driving forces dictating surface pressure build-up and
structural distortion in the electrodes. Combining X-ray photoelectron spectroscopy with DIC indicated
governing mechanisms behind the capacity fade in manganese-based Prussian blue analogs. In all-solid-
state batteries, the utilization of operando DIC provides spatial and temporal resolution of deformations
in the vicinity of solid electrolyte — Li metal interfaces. The results also indicated the correlation between
mechanical deformations and overpotential generation during Li plating in solid electrolytes. Curvature
measurements during the discharge of Li-O, batteries indicate the interference of the non-faradaic
reactions on the electro-chemical reactions. Our preliminary studies on aqueous Zn-ion batteries
demonstrate promising features of operando DIC measurements to probe potential-dependent
deformations in multivalent battery cathodes. Overall, utilizing DIC and curvature measurements
provided novel information about the governing forces behind the chemo-mechanical instabilities of
battery materials. We foresee that the unique capability of these mechanical techniques can be utilized
to unravel charge storage mechanisms in amorphous electrodes, interfacial instabilities on the electrode-
electrolyte interface, and reaction dynamics in electrocatalytic systems.
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