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Abstract: Utilization of renewable energy sources requires the use of grid-scale stationary energy
storage that requires low-cost, safe, and nontoxic systems. For these applications, “beyond”
lithium-ion battery chemistries, such as sodium and potassium-ion batteries, are possible
alternatives due to their abundance and lower cost. However, their larger ionic radius and chemical
reactivity can cause performance degradation in the long-term because of chemo-mechanical
instabilities. The main goal of the work is to elucidate the relationship between chemo-mechanics
of different alkali-metal ion intercalation and chemo-physical response of electrode materials.
Investigation of this phenomena carried out by utilizing in-situ strain measurement coupled with
in-situ XRD, HR-TEM, and mathematical model. First stage of the investigation focused on the
effect of different alkali metals on the same host structure. Initial findings indicated that iron
phosphate host structure experienced larger-than-expected expansion during first lithium and
sodium intercalation, which became more reversible in subsequent cycles. During potassium
intercalation, in-situ XRD and HR-TEM results showed the amorphization of iron phosphate
structure. By employing DIC technique, reversible deformations in the amorphous phase was
tracked during electrochemical redox reaction. Comparing the effect of these alkali metal on redox
chemistry and mechanical deformation showed that strain rate, instead of absolute value of the
strain, is critical factor in the amorphization of crystal structure. Second stage of the research
focused on the effect of cycling rate on the mechanical deformation of electrode materials. In-situ
strain measurements, coupled with GITT analysis and transport-mechanics model indicated that,
lower diffusivity of sodium in the cathode results in the steep concentration gradient and misfit
strain generation at faster scan rates. In the case of lithium intercalation, in situ strain measurements
during pulsed current charge/discharge experiments indicated that at faster scan rates, phase
transformation was delayed. In the last stage, DIC system was employed to investigate mechanical
deformation of LAGP solid electrolyte for all-solid-state battery applications. During this study,
increase strains at the metal/solid electrolyte interphase coincided with increase in the
overpotential. This result experimentally showed the relationship between overpotential generation
and strain evolution between metal/solid electrolyte interphase. These findings indicate that 1)
strain rate is critical to the amorphization of crystal structure and 2) chemical reactivity of different
alkali metals cause difference in mechanical response of electrode materials when batteries cycled
at different scan rates. Understanding the similarities and differences between alkali metals on
mechanical deformation will provide new insights into the selection of battery materials for beyond
lithium-ion battery applications.
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corresponding lattice fringe widths on the crystalline part of the electrode. F) High-resolution TEM
image taken from the yellow boxed area marked on the Fig A. The inlet figure shows the lattice
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25. Structural, physical, and electrochemical response of the iron phosphate during first three
discharge cycles A) capacity and B) strain derivatives with respect to voltage. C-E) Corresponding
XRD patterns at selected potentials colored and potential values are written for each pattern as
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26. Structural, physical, and electrochemical response of the FePO, during charge cycles A)
capacity and B) strain derivatives with respect to voltage. C-D) Corresponding XRD patterns at
selected potentials colored and potential values are written for each pattern as shown in the figure.

27. Potential evolution, strain generation and strain rates with respect to state of discharge (A, B,
C) and charge (D, E, F) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the first cycle. The square and spherical symbol show when electrode is cycled either in EC:DMC
or EC:PC solvents, respectively. Strain set to zero at the beginning of each charge / discharge
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28. Potential evolution, strain generation and strain rates with respect to state of discharge (A, B,
C) and charge (D, E, F) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the fourth cycle. The square and spherical symbol show when electrode is cycled either in EC:DMC
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29. Normalized derivatives of capacity (dQ/dE) and strains (de/dE) with respect to potential for
intercalation of Li (green), Na (blue) and K (purple) ions into FePO4 during 1% (A, B) and 2" (C,
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cathodic, and irreversible Strain gQeNEratioNS. .........ccoveveiiiiiere e 84
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32. Anadic, cathodic, and irreversible strain at C/10 (red color), C/4 (grey color), 1C (blue color)
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33. Voltage and strain evolution in iron phosphate composite electrode during sodium intercalation
in 1 M NaClO, in EC/DMC electrolyte at different scan rates during the 4™ cycle. Dotted points
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34. Cumulative irreversible strains in the composite NFP electrode cycled at 2C (purple), 1C (blue),
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35. Na Concentration and Mismatch Strains in Electrode Particle: The sodium concentration
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of discharge for 2C, 1C, C/4, C/10, C/25 and C/100. The state of discharge values for each rate is
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36. (A) Potential and (B) strain evolution in iron phosphate composite electrode during cycling
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37. Potential and strain evolution in FP composite electrode during cycling between 2.6-4.4 V
against Li counter electrode at different scan rates with 1 M LiClO4 in 1:1 EC:DMC during first
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38. (a,c) Potential and (b,d) strain evolution in lithium iron phosphate electrode cycled at different
scan rates during the 5™ cycle for (a,b) discharge and (c,d) charge cycles. Strain evolution during
discharge and charge cycles set to zero at the beginning of discharge and charge cycles,
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39. Cumulative irreversible strain evolution in composite lithium iron phosphate electrode at
different cycling rates plotted against the square root of time. (a) lithium iron phosphate electrodes
cycled at C/25 (green), C/10 (red), C/4 (gray), 1C (blue) and 2.5C (orange) rates. (b) Comparison
of cumulative irreversible strain evolution in LiFePO4 and NaFePO4 electrodes cycled at C/25 and
1C rates. Plots for NaFePO4 electrodes are reproduced from our previous publication®. Dash lines
represent the linear fitting of the data with the fitted equation ..............ccccevivieiiiiie v 112
40. Capacity derivatives (dQ/dV, mAh g V1) and strain derivatives (de/dV, %-V!) for 5" charge
and discharge cycles at either C/25, 1C or 2.5C rate. The derivatives were normalized between by
dividing them by the maximum VaIUE. ..........coooi i s 116
41. Potential and strain evolution during pulsed current measurements. Electrodes initially cycled
at (a,c) C/25 and (b,d) C/4 rates for five cycles. Pulsed current was applied to the electrodes
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42. Strain change during the open circuit rest period after pulsed current charge / discharge periods
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44. A) Voltage evolution profile with respect capacity when Li was stripped from the top Li metal
electrode at 1, 2 , 8 and 16 puA/cm? B) Contour plots of normal strain, €,y at the end of the
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45. A) Normal strains, €,y along the line A and line B for four different current densities from figure
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46. A) Voltage evolution during stripping cycles at 8 pA/cm?. B) Contour plots of normal strain,
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after cycling. Large cracks and flaws are observed in the LAGP electrolyte. C) Contour plots of
normal strains, €,y and €x, and shear strains €.y at the end of the corresponding stripping cycle.

Al. Formation of iron phosphate, FePO, electrode by electrochemical delithiation of pristine
lithium iron phosphate, LiFePO, at C/10 against A,C) Li metal counter electrode in 1 M LiClO4 in
EC/DMC or B,D) Na metal counter electrode in 1 M Na NaClO4 in EC/IDMC.............cccouene.n. 157
A2. Potential and strain evolution with respect to capacity in LiFePO4 composite electrode during
Li intercalation in 1 M LiCIO4in EC/DMC at C/10 rate. Dark and light green lines demonstrate
lithiation and delithiation cycles, respectively. The top right figure highlights the potential
evolution 3.35 — 3.5 V during sodiation and desodiation at different cycle numbers. The figure is
generated from data in FIGUIE 16. .......coviii ittt sre s 158
A3. Potential and strain evolution with respect to capacity in NaFePO. composite electrode during
Li intercalation in 1 M NaClO, in EC/DMC at C/10 rate. Dark and light blue lines demonstrate
sodiation and desodiation cycles, respectively. The top right figure highlights the potential
evolution between 2.6 — 2.9 V during sodiation at different cycle numbers. The figure is generated

From data in FIQUIE L7 ... sttt be s ae e teaneesreans 159
AA4. Strain derivatives in LiFePO, composite electrode during Li intercalation in 1 M LiClO4 in
EC/DMC for (A) 1%, (B) 2™, and (C) 3™ cycles at 50 HV/S.....c.cvevevererererererereieiereeresereeeeeenens 160
Ab. Strain derivatives in NaFePO4 composite electrode during Na intercalation in 1 M NaClO4in
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B9. The figure is same as the Figure 25 in the manuscript. Only, the XRD patterns are plotted on
top of each other in this figure. Structural, physical, and electrochemical response of the iron
phosphate during first three discharge cycles A) capacity and B) strain derivatives with respect to
voltage. (C-E) Corresponding XRD patterns at selected potentials colored as shown in the figure.

B10. XRD spectra of electrode before and after the first discharge. Blue and red filled circles shown
in the figure indicates the peak positions for the (211) and (020) planes before and after the
potassium intercalation, reSPECIVEIY. ......cc.civiii i e 182
B11. The figure is same as the Figure 26 in the manuscript. Only, the XRD patterns are plotted on
top of each other in this figure. Structural, physical, and electrochemical response of the FePO4
during charge cycles A) capacity and B) strain derivatives with respect to voltage. (C-D)

Corresponding XRD patterns at selected potentials colored as shown in the figure. ................. 183
B12. Voltage and strain evolution in iron phosphate electrode during potassium intercalation at
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B13. Change in strain versus (A) discharge and (B) charge capacity in iron phosphate during
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C1. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the first cycle. The square and spherical symbol show when electrode is cycled either in EC:DMC
or EC:PC solvents, respectively. The figure contains same data from Figure 27, only focuses on
SOD / SOC UNLH 0.35. ..ottt et e aeraetesseebesrestesee s enes 187
C2. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the second cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, reSpectively. ... 188
C3. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the second cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively. The figure contains same data from Figure C2, only
focuses 0N SOD / SOC UNLI 0.3, ...ttt 189
CA4. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePQO4 electrode during
the third cycle. The square and spherical symbol show when electrode is cycled either in EC:DMC
Or EC:PC SOIVENLS, FESPECTIVEIY. ..o 190
C5. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
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C6. Potential evolution, strain generation and strain rates with respect to state of discharge (A,B,
C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode during
the fourth cycle. The square and spherical symbol show when electrode is cycled either in EC:DMC
or EC:PC solvents, respectively. The figure contains same data from Figure 28, only focuses on
SOD / SOC UNH 0.3 1.ttt bbbttt bbb enes 192
C7. Normalized derivatives of capacity (dQ/dE) and strains (de/dE) with respect to potential for
intercalation of Li (green), Na (blue) and K (purple) ions into FePO, during 3" (A, B) and 4" (C,
D) discharge and charge cycles. Derivatives are normalized by dividing the maximum nominal
values in each charge and discharge CYCIES. ... 193
D1. (A) Voltage and (B) strain evolution during electrochemical displacement of lithium from
lithium iron phosphate LiFePQO,, to form iron phosphate, FePO., against Na counter electrode.
Electrochemical displacement carried out until voltage reached 4.0 V vs Na/Na®* in 1 M NaClO,
with 1:1 (v:v) EC/DMC electrolyte at 0.1C rate. (C) XRD spectra of pristine LiFePO4 composite
electrode, delithiated composite iron phosphate after electrochemical delithiation, the pristine
lithium iron phosphate powders, Super P carbon, Al foil and CMC binder. XRD spectra of
Triphylite LiFePO, (PDF #01-083-2092) and Heterosite FePO, (PDF #00-034-0134) were also
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sodium intercalation in 1 M NaClO, with 1:1 (v:v) EC/DMC electrolyte when cycled at (from left
to right) 2C, 1C, C/4 and C/L0 FalES. ..uvevieieeiiesieeeeie st eee st seesreste e see st e e sre e e ste e seenees 200
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CHAPTER I

INTRODUCTION

1.1 Battery Technologies and Definitions

Roots for commercial energy storage technology can be traced back to the Volta battery in 1800%.
Since then, batteries evolved into technologies such as lead-acid, nickel-metal hydrates (Ni-MH),
or nickel-cadmium (Ni-Cd) batteries. These batteries, while affordable to produce and readily
available, they had very low volumetric and gravimetric energy capacity for portable applications?.
With the afford of recent Nobel winners Dr. Goodenough, Dr. Whittingham, and Dr. Yoshino,
materials such as graphite and LiCoO, for Li-lon batteries were discovered. Using these
discoveries, Sony Corporation announced the first commercially successful Li-ion batteries we
know today in 1991 and started the era of lithium-ion batteries®. Li-ion batteries have since then

affected everyday life by mobile devices, electrical vehicles, and aviation technologies.

Typical battery components are shown in Figure 1. In a typical setup, a battery consists of four

main components®.

o Electrode: Electrochemical oxidation/reduction reaction takes place at the surface of the
electrode and ions are stored in their structure. For electrochemical systems, an anode is an
electrode that has low electrochemical potential whereas a cathode is an electrode with

high electrochemical potential.



o Electrolyte: It facilities the ion transfer between the electrodes while preventing any
electron transfer. It can be ionic liquids, solid-state ceramic, polymeric, salts dissolved in
aqueous solutions, or organic solutions.

o Separator. Separators are essential in battery applications to prevent short circuits (Direct
transfer of electrons between two electrodes) due to the proximity of two electrodes. They
can be considered ionically conducting-electronically insulating materials.

o External Circuit: It is the place where the electrons are transferred between two

electrodes. They do not participate in the electrochemical reaction.

In commercial lithium-ion batteries, anode and cathode materials are prepared by mixing
conductive additives (to increase the conductivity) and polymeric binders (to keep everything
together). This mixture is made into a slurry and cast onto current collectors to prepare the
composite electrode. Then, a separator is placed between the anode and cathode. Finally, liquid
electrolyte fills the pores of electrodes and separator to create a continuous transport pathway
between two electrodes. With the assembly completed, the battery is ready for electrochemical

reactions.

Before going into details about battery operation, the difference between electrochemical and
chemical reactions should be discussed. The main differences between chemical and

electrochemical reactions can be listed as follow®.

o Separation of oxidation and reduction reactions: Since the electrons involved in the
reactions are transferred through the external circuit, oxidation and reduction take place on

the anode and cathode electrodes simultaneously during electrochemical reactions. In

chemical reactions, both oxidation and reduction reactions happen on the same surface.



o Heterogeneity of the reaction: Electrochemical reactions always occur heterogeneously,

which means they occur at the interface between the electrolyte and electrode surface.
Chemical reactions can occur both homogeneously and heterogeneously.
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Figure 1. Schematic of a common Li-ion battery with the main components. During the charging,
Li ions are removed from the cathode structure and inserted into the anode by diffusing through
electrolyte and separator. Electrons generated during the removal of Li ions also transferred to the
anode through the external circuit. During the discharge, the opposite of charging observed, where
lithium ions and electrons transferred to the cathode via electrolyte and external circuit,
respectively. SEI layer shown in the figure is composed of decomposition products of electrolyte
salt, solvent, and composite electrode structure.

o Electrons as work source: Generally, when the external circuit is completed, electrons
spontaneously flows from anode to cathode until equilibrium is achieved. The reason for
this spontaneity is the energy of the electrons in the anode is higher than the cathode side.
If the circuit is connected to an external device; such as a portable device, electron energy
can be converted into work. Discharge of the battery can be a good example of this
application.

o Control of direction and rate of reaction: For electrochemical systems, the electric
potential is a measure of the electron energy. By adjusting the potential or applied current,

one can alter the rate of reaction or change the direction of the reaction altogether.

During the charging of the battery, ions are removed from the cathode material (oxidation) and
inserted into the anode material (reduction) by transporting through the electrolyte. Electrons

3



generated at the cathode side are transferred to the anode side via the external circuit. During the
discharging, opposite to charging, ions and electrons moved from anode side (oxidation) to cathode
side (reduction). During battery operation, some of the organic electrolyte and electrolyte salt might
decompose on the surface of the electrode to form solid-electrolyte interphase (SEI) due to side
reactions. The good SEI layer protects the electrode and prevents further electrolyte decomposition.
However, the undesirable SEI layer can diminish the surface reactions and cause the rapid capacity

fade in the battery.

1.2 “Beyond” Li-ion Batteries

With the help of studies done on lithium-ion batteries for the last 30 years, researchers achieved
higher and lighter energy storage solutions for mobile applications. Advancements in portable
technologies significantly increased electrical energy usage in the world. Due to the depletion of
non-renewable energy sources, the utilization of renewable energy has also increased. Data from
the US Energy Information Administration in Figure 2 shows that electricity consumption in the
world will increase by 30% in the year 20508, In this period, renewable energy production will be
doubled while the contribution of coal will be halved. Currently, the State of Oklahoma alone
generates 17% of its electricity from wind power, which correlates to 9% of all wind power

generated in USA’. While this contribution will lead to a reduction in fossil fuel use, it comes with

billion kilowatthours
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Figure 2. World energy consumption estimation up to the year 2050. The figure is taken from®
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its own set of problems. Oscillation observed in Figure 3 caused by environmental effects such as
day and night cycles, seasonal changes, etc. Thus, the energy produced from renewable energy
should be stored to mitigate this oscillation. With these reasons in mind, researchers started working

on stationary energy storage solutions for renewable energy sources.
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Figure 3. Wind energy production in Oklahoma, and the USA between 2001 to 2019. The figure
is reproduced from’

The main parameters for large scale stationary energy storage are the cost and lifetime of the
battery. Therefore, the scarcity and price of the lithium, shown in Table 1, makes it unsuitable for
this application. For this reason, researchers have been investigated other battery chemistries to
develop more affordable batteries. Sodium and potassium chemistry, which belong to alkali metals
in the 1A group, have been taken serious attention by the researchers for the last ten years®. Table
1 compares the physical, chemical, and economical differences among Li-ion, Na-ion, and K-ion
batteries. Both sodium and potassium materials are much affordable compared to lithium. These
alkali metals are expected to undergo similar electrochemical reactions due to their monovalent
structure. Because of this similarity, these metals can replace lithium. This, in turn, will
significantly reduce the prices, which is the primary concern for large scale energy storage

solutions.



While first studies on sodium-ion batteries started at the same time as lithium-ion batteries®,
however, higher energy density potential of lithium-ion batteries shifted the research in this
direction. Studies on cathode materials were conducted throughout the 1970s and 1980s, but a
suitable anode material wasn’t available for sodium batteries'®?2. Discovery of hard carbon as
sodium insertion anode significantly increased the number of studies for sodium-ion battery
applications®®. Afterward, sodium-ion battery research started to pick up. Currently, Faradion
Limited based in the United Kingdom produces commercial sodium-ion batteries for renewable

energy power storage applications with a capacity of 150-160 mAh/g.

Table 1. Physical and economic characteristics of lithium, sodium, and potassium. Prices for
carbonates and metals are from 2017. The table is reproduced from?®

Lithium Sodium Potassium

Atomic Number 3 11 19
Atomic Mass (u) 6.941 22.99 39.0983
Atomic Radius (pm) 145 180 220
Covalent Radius (pm) 128 166 203
Melting Point (°C) 180.54 97.72 63.38
Crust Abundance (mass %o) 0.0017 2.3 15
Crust Abundance (molar %) 0.005 2.1 0.78
Voltage vs S.H.E. (V) -3.04 -2.71 -2.93
Cost of carbonate (US$ ton™) 23000 200 1000
Cost of industrial-grade metal (US$ ton) 100,000 3,000 13,000

Potassium has its unique advantages compared to sodium for beyond lithium-ion batteries. While
it is less abundant compared to sodium, it offers lower reduction potential compared to sodium?*.In
electrochemistry, the lower reduction potential means that electrons have higher energy*. This
means that potassium batteries can offer higher operating potentials and energy densities compared
to sodium. Potassium also possesses lower Lewis acidity, resulting in faster transport rates through
the electrolyte-electrode interface. However, in comparison with Li and Na ions, K ions diffuse
much slower in the electrode structure due to their larger atomic radius®. After the discovery of

potassium intercalation into graphite structure in 2015, potassium ion battery research increased its
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importance in the research community®. This larger atomic radius significantly alters the
requirements of cathode materials where the larger interlayer distance required from the cathode
side also. Polyanionic materials like KFeSO4F, KVPO.F, K3V2(POa.)2Fs, Prussian blue analogs, and
other organic compounds are widely studied as cathode material for potassium-ion batteries?®.
While beyond lithium-ion batteries offer a more abundant and affordable option for energy storage,
lithium-ion battery research is still the dominant research area among researchers. The primary
reason is the insufficient performance of the Na-ion and K-ion batteries due to the rapid capacity

fade associated with the mechanical and chemical instabilities.

1.3 Chemo-mechanical Degradation Mechanisms in Batteries

Lifetime and capacity of batteries are affected by many factors. During the electrochemical
reactions, a composite electrode interacts with electrolyte and ions transferred between two
electrodes. During these interactions, both electrode and electrolyte undergo irreversible changes.
The performance of electrode worsens by cycling due to the dissolution of active material'’ and
particle failure'® and SEI formation?®. A combination of these factors is considered as the chemo-

mechanical degradation mechanism in batteries.

As mentioned in the previous part, a composite electrode consists of three main ingredients: active
material, binder, and conductive additive. During battery operation, the active ion is inserted or
removed from the active material, while the binder and conductive additive stay inert. During the
ion transport, electrode material undergoes chemical and physical changes due to the
electrochemical reaction. Since electrochemical reaction occurs in the interface between electrolyte
and electrode, this results in the formation of ion rich and ion deficient areas in the electrode
particle. Resulting concentration difference causes volume inhomogeneity inside the electrode
particle itself. Also, free expansion of ion rich areas restricted by the current collector and limited

space in battery packing. The buildup of pressure within and between the active material particles



results in the stress generation. Under the stress, the active material is prone to be fractured which
causes loss connection between the current collector and creates an inactive electrode in the

composite. This is considered as mechanical degradation.

Due to the irreversible interaction between electrode and electrolyte, the SEI layer forms on the
electrode surface. This layer is beneficial because it passivates the electrode surface and prevents
the further degradation of electrolyte. During the ion transport to the active material particle, its
volume change might be up to 300%, depending on the electrode?. If the SEI layer formed during
the cycling is stiff and expansion is large enough, this layer will crack. To passivate the freshly
formed surface, the electrolyte will decompose at that point to create a fresh SEI layer. Repeated
expansion and contraction of active material will cause further electrolyte decomposition and
thickening of the said layer. This is considered as surface instability. Because both mechanical and
surface instabilities are coupled, it can be simply called chemo-mechanical degradation of the
electrode. All these chemo-mechanical degradation pathways can be seen in Figure 4?1, Due to
their bigger ionic radius, insertion and removal of sodium and potassium from the host structure
will induce much higher strain and stress generation within the electrode structure. Understanding
the relationship between electrochemically induced mechanical changes on the electrode with
different active ions and battery performance is crucial for bridging the gap between lithium-ion
and beyond lithium-ion battery research. This work will focus on the characterization of the
mechanical response of similar host structures (for cathodes) with different active ions, specifically

lithium, sodium, and potassium.

Mathematical models developed for lithium-ion batteries show that insertion or removal of lithium
might cause a concentration gradient within the electrode particle. Depending on the type of
electrode material, this change can be caused by the insertion/removal of lithium ions into/from the
lattice structure of the electrode (graphite??, lithium cobalt oxide?, lithium nickel cobalt manganese

oxide?*, etc.) or the alloying/dealloying of lithium ions with the host structure (tin/antimony?,
8
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Figure 4. Visual representation of chemo-mechanical degradation pathways for a battery. Figure
is taken from®L,

silicon?, etc.). Depending on the material properties and cycling rate, the concentration gradient
results in misfit strain generation between lithiated and lithium deficient zones, as well as stress
generation due to expansion and contact between active materials?'. Models suggest that during
these changes if the material is too brittle or gradient is too sharp, electrode material starts to

degrade under the intense mechanical loads?227:28,

To understand how the intercalation chemistry and associated strains influence the mechanical
stability of the electrode particles, researchers have employed different experimental methods to
investigate. Ex-situ analysis of electrode particles employing various experimental procedures
gives us valuable information on how this phenomenon occurs and affects the electrodes. However,
understanding the dynamic changes during the electrochemical reaction is crucial. Therefore, in-
situ experimental procedures coupled with the electrochemical response of the electrode give us a
better picture to design next-generation electrodes. Some of the in-situ analyses can be listed but
not limited to SEM?, TEM?, AFM3, XRD?%243132 XAS3  curvature measurements®*%, and

digital image correlations®*8, Methods such as XRD, XAS, AFM, SEM or TEM gives very
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detailed information on particle level at very high resolutions, they require specialist equipment

and can lack the quantitative analysis tools to understand electrode particle.

The digital image correlation (DIC) method is an optical method at which, displacements are
calculated by tracking the speckle pattern of initial and final images. The computer tracks the
deformation by following the random speckle pattern; natural or artificial, on the surface of interest.
DIC method successfully utilized to track the mechanical changes on alloys®, metal structures®,
and biological materials*#2. The DIC method for electrochemical systems provides a simple
experimental procedure with a powerful quantitative analysis tool. In this research, we will use the
DIC method to quantify the strain generated in a similar host with different alkali metal insertion

and removal and compare them.

1.4 Proposed Research

We hypothesize that, due to the larger ionic radius of sodium and potassium, insertion and removal
of these alkali ions will induce larger chemo-mechanical degradation in the electrode material. The
effect of different alkali ion insertion and removal can be tracked with the DIC method.
Combination of the strain evolution with electrochemical response can give us insight into how
different alkali ions affect similar electrode structures. In this research, we are proposing to utilize
the digital image correlation method to track the changes in the same composite electrode structure
with different alkali ion intercalation. The novel part of this study is the quantitative comparison of
different active ions on the same host structure, for example, lithium iron phosphate or polyanionic
compounds. Parameters such as electrode composition, polymer binder type, electrolyte
composition, and effect of cycling rate will also be investigated. These studies will also provide
crucial insights into how these parameters affect the strain generation with different alkali metal
ions. Our objective is to understand the physical response of the cathodes upon intercalation of

alkali-metal ions
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Chapter 2 describes some of the electrochemical characterization techniques that will be utilized
during the proposed research. Chapter 3 shows the in-situ strain measurement experimental setup
and explains the DIC method. Chapter 4 shows the preliminary study done for the in-situ strain
evolution of perovskite iron phosphate structure during the intercalation of lithium and sodium
ions. In this study, we have investigated how lithium and sodium affect the same composite iron
phosphate structure. Chapter 5 incorporates in-situ XRD and in-situ strain measurements to
investigate the effect of potassium intercalation into iron phosphate structure. By using in-situ
XRD, we showed that during potassium intercalation, crystalline iron phosphate structure
amorphized. Utilization of in-situ strain system, we were able to show the expansion and shrinkage
of composite electrode during electrochemical redox reactions. In Chapter 6, we compared the
effect of lithium, sodium, and potassium intercalation into iron phosphate host structure. At similar
state of discharge, sodium and potassium intercalation showed similar expansion in the electrode.
Interestingly, while the absolute strain at the end of discharge was higher in sodium intercalation,
strain rates were higher in potassium intercalation. This result indicates that, strain rate, not the
absolute strain, is crucial factor for the amorphization of iron phosphate structure. Chapter 7 shows
the effect of cycling rate on the strain evolution during the sodium intercalation into iron phosphate
structure. At higher scan rates, we observed lower capacity in the composite electrode, while as
slower scan rates, electrode undergoes lower strain generation for the same state of
charge/discharge. We have developed a mathematical model to compute the concentration profile
and mismatch strain generation during electrochemical cycling. In Chapter 8, we investigated the
effect of cycling rate on the iron phosphate host structure during lithium intercalation. In Chapter
9, we have established a new experimental protocol for our in-situ strain measurement system to
investigate the strain evolution in all-solid-state ceramic electrolyte batteries using symmetric cells.
In this study, we showed the relationship between overpotential generation and strain evolution at

the interphases, where higher strains resulted with higher overpotential during electrochemical
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cycling. Large shear strains were detected at the middle of ceramic electrolyte, where fractures

were detected using ex-situ micro-X-ray computed tomography.
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CHAPTER Il

ELECTROCHEMICAL CHARACTERIZATION TECHNIQUES

In its core, electrochemistry investigates how the electrons and ions are moved through the reaction
media. It is crucial for researchers to understand the transport and kinetic parameters, as well as
evaluate the performance of an electrochemical system. These parameters can be used to determine
the suitability of the electrode and electrolytes under operating conditions. To investigate these,
researchers set up experimental procedures, such as Cyclic Voltammetry (CV), galvanostatic
cycling, Electrochemical Impedance Spectroscopy (EIS) and Galvanostatic Intermittent Titration
Technique (GITT) for the analysis of electrode and electrolytes. This section will briefly explain

these methods and theories behind them.

2.1 Cyclic Voltammetry

In a cyclic voltammetry experiment, the potential of the working electrode is changed at a constant
sweep rate (V/s) until a certain switching potential. At the switching potential, the direction of the
sweep is changed. If the sweep is in a positive direction, meaning the potential difference between
two electrodes increases, it is named anodic scan. If the sweep is in negative direction, it is called
cathodic scan. During both anodic and cathodic scan, current evolution is monitored.

Representation of voltage change during cyclic voltammetry can be seen in Figure 5.
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Figure 5. Voltage evolution during cyclic voltammetry versus time. The figure is taken from®.
In the battery systems, during the anodic scan, positive electrode (cathode) loses an electron
(oxidation) and releases the active ion to the electrolyte responsible for electrochemical reaction.
This electron travels through the external circuit and reaches the negative electrode (anode). To
complete the electrochemical redox reaction, active ions transported through the electrolyte react
with an electron on the anode surface (reduction). During this process, energy is supplied to the
battery cell. During this step, the battery is charged, and active ions transferred from cathode to

anode. The current response of the anodic scan is represented as positive values.

Opposite to this, during the cathodic scan, anode oxidizes and releases the active ion to the
electrolyte. The electron travels through the external circuit and reaches the cathode. There, active
ion transported through the electrolyte reduces at the cathode surface. This reaction occurs
spontaneously when the external circuit is completed. Thus, this step is called discharge step where
the active ions transported from anode to cathode. The current response of the cathodic scan is

represented as negative values.

As mentioned before, during cyclic voltammetry, the current is monitored during the voltage
change. Then, current vs voltage is plotted. Figure 6 shows a typical CV curve. Peak points
observed on the CV plot can represent different electrochemical reactions, including phase changes
in an electrode material. The correlation between peak positions and phase changes will be

explained in the later chapters. We can also plot the current or current density values vs time, as
14



shown in Figure 7. The area under the curves for anodic and cathodic scans will give the charge
and discharge capacity of the battery. The simple equation given below can be used to calculate

these values.
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The CV method is a powerful tool to understand the response of a battery during operation and it
allows to control the surface potential of the electrode. It allows to investigate the chemical behavior
of the electrode during battery cycling such as phase transformations and irreversible reactions.
However, due to constant changes in the applied potential, the surface reaction rate changes. The
galvanostatic cycle applies constant current on the electrode surface and monitors the potential of

the battery cell. Also, capacity calculation with CV can be problematic due to nonzero current
15



response at the switching potential. In these situations, galvanostatic cycling should also be carried

out.
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Figure 7. Current density versus time plot for capacity calculation

2.2 Galvanostatic Cycling

During the galvanostatic cycling, applied current to the battery is kept constant and the evolution
of voltage is monitored. Similar to CV convention, during the anodic scan, the current is kept at a
positive value (charging) and active ions are transported from cathode to anode. During the cathodic
scan, the current is kept at a negative value and active ions are transported from anode to cathode
(discharging). The current and voltage response of typical galvanostatic cycling is given in Figure

8.

Since the current is kept constant during anodic and cathodic scan, Equation 1 can be further
simplified to Equation 2. For galvanostatic cycling, charge and discharge current generally
represented as C-rate, which is calculated from the theoretical capacity of the battery. The
theoretical capacity of a battery is calculated by Faraday’s Law, shown in Equation 3. Generally, it
will have a unit of mAh/g. C-rate is a measure of the rate where the anodic and cathodic scans

carried out relative to the maximum capacity. For example, 0.1C means that it will take ten hours
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to completely charge or discharge the battery with the current applied to the battery. Higher C-rate

means that the battery will be charged or discharged at a much faster rate.
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Figure 8. (top) Current and (bottom) voltage evolution of a battery system during galvanostatic
cycling
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o n = Number of charge carrier (1 for alkali metals)

o F =Faraday number, 26,801 mAh/mol

o Muw = Molecular weight of active material, g/mol

2.3 Galvanostatic Intermittent Titration Technique (GITT)

Techniques previously described in this chapter can be used to show us how the current and voltage
is changed during the battery. One of the factors that affect this behavior is the diffusion of active
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ions through the electrode. Since the transport of the active ion involves the mass transfer, knowing
the chemical diffusion rate of active ion is important. It dictates how fast or slow active ions can be
transported to the reactive sides of the electrodes. Galvanostatic intermittent titration technique

(GITT) is a powerful tool for us to understand this Kinetic parameter.

GITT procedure consists of a series of current pulses, followed by a relaxation period where no
current passes through the battery. During the anodic scan, cell potential rapidly increases
proportional to iR drop. iR drop is caused by the internal resistance of the battery and it is the
combination of uncompensated resistance of the battery Ry, and charge transfer resistance Rc:. After
the rapid increase, due to iR drop, potential slowly increases due to the current pulse. During the
current pulse, an active ion concentration gradient occurs between the surface and the bulk of the
electrode. During the relaxation period, active ion concentration inside the electrode becomes more
homogeneous due to the diffusion. The potential of the electrode rapidly decreases proportional to
the iR drop at the beginning of the relaxation period. Then, potential slowly decreases until quasi-
equilibrium achieved (dE/dt ~ 0, E = Potential). This procedure is repeated until the battery is fully

charged.

During the cathodic scan, cell potential rapidly decreases proportional to iR drop. After the rapid
decrease, potential slowly decreases due to the current pulse. During the relaxation period, the
potential of the electrode rapidly increases proportional to the iR drop. Then, potential slowly
increases until quasi-equilibrium achieved (dE/dt ~ 0). This procedure is repeated until the battery

is fully discharged.

Using the GITT, chemical diffusion coefficient can be calculated using Equation 4.

b= %(flv%) %/d_E N
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o D = Chemical diffusion rate, cm?/s

o 1=Current, C/s (A)

o Vm = Molar volume of electrode, cm®mol

o n=Charge number (1 for alkali metals)

o F =Faraday Constant, 96485 C/mol

o S = Area of electrode-electrolyte interface, cm?

o dE/dd = Slope of the coulometric titration curve

dE/d+/t= Slope of linearized potential E (V) versus d+/t

o

In situations where sufficiently small current is applied for short time intervals, both dE/dé and
dE/d+/t can be considered linear. Thus, Equation 4 can be further simplified and takes the form

shown in Equation 5.

- (i) b
o 1= Current pulse duration, s
o m = Electrode mass, ¢
o Mw = Molecular weight of active material, g/mol
o AEs = Change in voltage during the current pulse
o AE; = Total change in the voltage after neglecting the iR drop

The plot of voltage evolution versus time gives us information about AEs and AE; values. These

values can be seen in Figure 9.
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Figure 9. Visual representation of AEs and AE:. The figure is taken from*?
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CHAPTER 1l

IN-SITU STRAIN MEASUREMENT AND DIGITAL IMAGE CORRELATION

To investigate the strain evolution in an unconstraint electrode, we have constructed a custom in
situ strain measurement setup. In this chapter details of the experimental setup and custom cell and

Digital Image Correlation (DIC) method will be discussed.

3.1 Experimental Setup

Figure 10 shows the setup for the in-situ strain measurements. This system is previously utilized
to investigate the in-situ strain generation on electrode materials such as graphite, lithium
manganese oxide, and lithium iron phosphate®2-3844_Since the DIC method is an image-based
method, images were captured with Grasshopper3 5.0 MP camera (Sony IMX250, resolution, 2448
(w)*2048(h) pixel). To increase the zoom, the camera is connected to a 12.0X adjustable zoom lens
(NAVITAR). This setup is fixed on a lab jack to adjust the height of the camera setup. For the
illumination of the subject area, a single constant high intensity LED light source was used
(BiNFU). The custom cell is fixed on an XY translator. XY translator, coupled with the camera lab
jack, enables the adjustment in all three axes. The white light source is used for the unconstrained
electrodes that possess a natural speckle pattern for DIC measurement. If the electrode does not
possess a natural speckle pattern or changes color during the electrochemical cycling, a laser system
is also available. This system consists of a 532 nm green laser, a shutter, and an Arduino controller.

Prior to the assembly of the custom cell, the surface of the electrode is decorated with a fluorescent
21



dye. The laser is then excited the fluorescent dye on the surface and the filter is used to capture
fluorescence emission coming from the dye. To prevent the degradation of dye due to long exposure
to the laser light, the shutter is kept closed and only opened before image capture. Both image

capture and shutter control are done with a lab made LabView program.

Figure 10. In situ strain measurement setup and its components

Captured images during the electrochemical cycling analyzed by Vic-2D 6 program. Vic-2D 6
tracks the changes in speckle pattern positions relative to a reference image, like in Figure 11, to
calculate the strain generation. A subset size of 111 x 111 pixels and a step size of 15 is used during
the image correlation. Strain calculations are synchronized with the electrochemical response of

the electrode (current and voltage) using a lab-made MATLAB program.
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Figure 11. Undeformed (reference) image and (right) deformed image for DIC technique. Picture
is taken from?#

To run the strain experiments, a custom cell, shown in Figure 12 is utilized. The custom cell
consists of two electrode holders for working and counter electrode, a quartz window (99.995 %
Si0,, 1/16 in thick, 2 in diameter, GM Quartz) for optical access to the working electrode, main
body made from polychlorotrifluoroethylene (PCTFE, Plastics International) and a metal flange to
secure the glass window in place. To seal the custom cell, Viton O-rings used at the electrical
connections, electrolyte fill port and between glass window and main body. Free-standing working
electrode is placed on the working electrode holder and spot-welded to the holder using a 100 pm
thick SS316 foil (Grainger), as shown in Figure 13. To limit the deflection of unconstrained
electrode during electrochemical cycling, a polymer support arm is placed on top of the free-
standing electrode without touching the electrode to minimize the z-axis deflection towards the

camera.

During the drying period of the electrode, removal of solvent from the casted composite electrode
causes the free-standing electrode to shrink. Since the uptake of electrolyte into the composite
electrode structure can affect the results obtained during the electrochemical cycling, after the
assembly of the custom cell, a 24-hour resting period was carried out. During this period, a positive

strain of approximately 0.16% was developed on normal directions, € and €,y while shear strain
23



&xy was zero, shown in Figure 14a. This shows us that volume of the electrode expanded during
the resting period. Since both normal directions showed similar strain evolution, strain evolution in

the Exx direction will be reported.

Free-Standing
Working Electrode

Stainless-Steel
Substrate

Alkali Metal
Counter Electrode

Electrolyte

Figure 12. (left) Schematic and (right) actual top view for the custom cell for strain experiments

While the whole experimental setup is located on a passively isolated optical table to isolate it from
floor vibrations, factors such as time varying drift, spatial distortions and electrolyte uptake can
cause strain evolution factors, can result in erroneous strain calculation®. In order to calculate the
error in our measurements, we tracked the strain evolution in €. direction for five different

experiments during the 12-hour resting period. As it can be seen in Figure 14b, all electrodes
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(Spot welds)

Electrode

Stainless Steel Polymer Support
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Figure 13. Side view of the free-standing working electrode holder

24



experienced expansion during the 12-hour resting period, between 0.0011% to 0.0478%. This

indicates that, the error in our strain measurements is 0.0245% + 0.0178%/12 h.
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Figure 14. (a) Strain evolution of lithium iron phosphate composite electrode during the 24-hour
rest period for normal strains &, €yy, and shear strain &€y. (b) Variation of strain during 12-hour
resting period for Evolution of strain for 12-hour rest period for five different experiments.
Deviation of strain during 12-hour rest period is 0.0245% + 0.0178% /12 h.
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ABSTRACT

Sodiation-induced electrochemical strain generation in Potential, V (Na ve Na®)
4 3 2

15 T T

composite iron phosphate (FePOs) host material is ' |
10

compared with lithiation-induced strain evolution. g

. . %o.s—

FePO4s composite materials are prepared by an

oo @t

electrochemical displacement technique using pristine ; : L
Potential, V (Li vs Li"")

composite LiFePO,; as the starting material. The

composite FePO, electrodes have identical composition, binder, conductive additives, and particle
morphology for both Na® and Li* ion intercalation. We employ digital image correlation to
investigate potential-dependent mechanical changes in FePO, host material during alkali-metal ion
intercalation via cyclic voltammetry and galvanostatic cycling. The FePO, electrode experience
much larger strains during the first sodiation (~2.40 %) compared to the first lithiation (~0.60%).
Strains in the subsequent cycles slowly decreased to more reversible strains upon both Na* and Li*
ion intercalation. Analysis of strain derivatives during lithiation, delithiation and sodiation exhibit
a single peak that coincide with associated phase transformation. The relative expansion in the
composite electrode during Na* ion intercalation with respect to Li* ion intercalation is much
greater than the relative expansions in electrode cell volume reported by the previous diffraction
studies. We hypothesize that amorphization and slower Na* diffusion in the electrode can lead to
additional strain development compared to Li intercalation. Our results provide new insights into

the mechanics of alkali metal-ion intercalation in cathodes.

Keywords: Na-ion battery, Li-ion battery, strain, digital image correlation, iron phosphate
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4.1 Introduction

The increasing demand for stationary grid-scale energy storage to utilize renewable energies
requires low-cost, safe and nontoxic systems. Na-ion batteries are a potential alternative to Li-ion
batteries in search of lower-cost, abundant resources, and comparable energy density. Over the past
decade, there has been a tremendous effort to develop cathode materials for Na-ion batteries#4647,
Comparative studies of intercalation mechanisms of Li-ion and Na-ion battery electrodes are
critical to identifying their operational similarities and differences. Many studies mostly focused
on electrochemical characterization and investigation of the crystal structures of the electrode
materials*-52, However, understanding the impact of alkali metal ions on the chemo-mechanical
stability of the electrodes is necessary to order to enhance the lifetime and performance of electrode

materials for Na-ion batteries.

During alkali metal-ion intercalation, considerable volumetric changes, and the formation of the
cathode-electrolyte interface (CEI) on the electrode cause chemo-mechanical changes in the
electrodes® 3, Larger alkali metal-ions causes greater volumetric changes and lattice distortions in
the cathode structure®®*, Even small changes in volume upon alkali metal-ion intercalation can
cause particle fracturing in the brittle cathode materials®*=’. Particle fracture results in isolation of
nonreactive electrode particles in the composite network and causes new surfaces to be exposed to
the electrolyte, which increases the decomposition of the electrolytes. The repeated formation of
more CEIl layers and the generation of more isolated electrode particles cause a further decrease in
electrode capacity®® L, These chemo-mechanical changes are the decisive element behind the
capacity fade and ultimately lead to battery failure. An improved understanding of chemo-
mechanical deformations is important to design robust Na-ion battery cathodes with longer cycle

life.
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Various in-situ experimental techniques have been employed to investigate the coupling between
electrochemistry and the mechanics of Li-ion batteries. These techniques include transmission
electron microscopy?®®?, scanning electron microscopy?®, X-ray diffraction®5463-65  X-ray
absorption spectroscopy?!¢, atomic force microscopy®, curvature measurements®*-3544 and digital
image correlations®-38, Surprisingly, in situ TEM only detected particle fracturing during lithiation
of the FeS; electrode, although the electrode undergoes larger volumetric expansion upon sodium
and potassium intercalation compared to lithium®2. XRD study revealed the impact of alkali metal
ions on crystal structure changes and phase transformations in battery electrodes®. Synchrotron
radiation powder X-ray diffraction (PXD) and pair distribution function (PDF) analysis
demonstrated the formation of amorphous phases in iron phosphate electrodes during Na
intercalation?®. Previously, we performed in situ stress and strain measurements in composite
lithium manganese oxide and lithium iron phosphate electrodes®**73844, These studies revealed
stress and strain generation in the electrode associated with dynamic changes in the

electrode/electrolyte interface and the electrode structure.

In this study, we chose an iron phosphate framework to study the role of Na and Li ions on the
chemo-mechanical response of the electrode. Lithium iron phosphate (LiFePOs4, LFP) is an
inexpensive and environmentally benign cathode material widely used in commercial Li-ion
batteries. Olivine-type sodium iron phosphate (NaFePO,, NFP) is structurally analogous to
LiFePO. and has attracted much attention as a potential cathode material for Na-ion batteries.
LiFePO, and NaFePO, have 3.5 V vs Li/Li* and 2.8 VV vs Na/Na*, respectively and comparable
theoretical capacities of 170 and 154 mAh g1, respectively. Both sodium and lithium are alkali
metals located in the s-block of the periodic table and have a single charge in their cation form.
However, intercalation chemistry and electrochemistry of Na* and Li*ions in the FePO, framework
is quite different. Compared to lithiation of the FePO4 host structure, slower solid-state diffusion

occurs and larger activation energy is required during Na* ion intercalation®”%, Intercalation of Li*
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ion into the host FePO4 framework to form LiFePO, results in a ~6.9% expansion in the unit cell
volume. Delithiation and lithiation of LFP also occur via a two-phase mechanism between lithium-
rich (LiFePOg4) and lithium poor (LigFePOs) phases in lithium iron phosphate. Unlike the
delithiation of LiFePO4, the charge curve of NaFePO4 exhibits two voltage plateaus separated by
the formation of an intermediate Nax~.3FePO4 phase. The unit cell volume of NaFePO, reduces
13.5% and 17.6% during the formation of intermediate phase Nax~23FePOs, and final FePO4 phase
during desodiation, respectively®?. Phase transformations during Na intercalation cause larger
misfit strain at the interface between the growing and the consumed phases, in comparison, to phase

transformation during Li* ion intercalation?°%4,

We investigated electrochemical strain generation in composite FePO, cathode during Li* and Na*
ion intercalation via cyclic voltammetry at 50 pV/s or galvanostatic cycle at C/10 rate. Strains are
monitored using in situ, optical, full-field digital image correlation (DIC) technique. A host FePO.
framework is initially formed by the electrochemical delithiation of the LiFePO., composite
electrode. Our results show that the FePO, electrode undergoes unprecedented expansion during
the first lithium and sodium intercalation. Reversible strains are observed in the subsequent cycles
during both lithium and sodium intercalation. Significantly large volumetric expansion is detected

upon Na* ion intercalation into FePO4 compared to Li* ion intercalation.

4.2 Experimental

4.2.1 Sample Preparation

Composite electrodes were prepared by mixing active material with a binder and conductive carbon
in 8:1:1 mass ratio. Initially, sodium carboxymethyl cellulose (binder, CMC, average MW
~700,000, Aldrich) was dissolved in ultra-pure water with a 1:40 mass ratio. Then, the calculated

amount of pristine lithium iron phosphate (active material, LFP, Hanwha Chemical) and Super P
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(conductive additive, carbon black, >99%, metal basis, Alfa Aesar) was added to the binder

solution. The average particle size of LFP particles was measured by scanning electron microscopy

and it is 250 nm. The slurry was mixed for 30 minutes with Thinky centrifugal mixer at 2000 RPM
mixing speed. Composite electrodes were cast onto the copper foil (9 um thick, >99.99%, MTI)
with a doctor blade to control the slurry thickness. The slurry was then dried under ambient
conditions for 16 h. Dried electrodes were carefully peeled off to create the freestanding electrode

for strain measurements.

The electrolyte solution was prepared by mixing ethylene carbonate (EC, anhydrous, 99%, Acros
Organics) and dimethyl carbonate (DMC, anhydrous, >99%, Aldrich) in 1:1 volume ratio inside
the glove box under an argon atmosphere. Oxygen and water content inside the glove box kept
below 1 ppm all the time. Either 1 M lithium perchlorate (LiClIO4, battery grade, dry, 99.99%<
Aldrich) or 1 M sodium perchlorate (NaClO4, ACS grade, >98%, Aldrich) was added to the

EC/DMC solution.

Li foils (99.9% metal basis, Alfa Aesar) were used as purchased without proceeding any further
treatment and were kept inside the argon-filled glove box. For Na-ion batteries, sodium cubes
immersed in mineral oil (Na, 99.9%, metal basis, Sigma Aldrich) were cleaned with hexane inside
the glovebox. Cleaned Na cubes were stored in EC:DMC solution in a 1:1 volume ratio for future
use. Before custom cell assembly, Na cubes were removed from the solvent solution, dried with a
filter paper, and cut into pieces with a stainless-steel scalpel. The cut piece was placed inside a
polyethylene bag and rolled into the shape of a foil using a rolling pin. Flattened Na foil was then

placed into the battery cell as a counter electrode.

4.2.2 Battery Cycling

Iron phosphate (FP) composite electrode was formed by electrochemical displacement technique

using pristine LFP composite electrode®” . The pristine LFP electrode was electrochemically
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delithiated by sweeping the voltage from open circuit potential to 4.4 V (vs Li counter electrode)
or to 4.0 V (vs Na counter electrode). ). In some cases, the pristine electrode was also
electrochemically delithiated via galvanostatic cycling against either Li or Na counter electrode at
a rate of C/10. For lithium intercalation, FP composite electrodes were cycled against Li counter
electrode in 1 M LiClO4 in 1:1 (v:v) EC:DMC electrolyte between 2.6-4.4 V voltages using Arbin
potentiostat/galvanostat (MSTAT21044). For sodium intercalation, FP composite electrodes were
cycled against Na counter electrode in 1 M NaClO4 in 1:1 (v:v) EC:DMC electrolyte between 2/0-
4.0 V. The electrodes were cycled at either via cyclic voltammetry a scan rate of 50 uV/s or

galvanostatic cycling at C/10 rate.

4.2.3 Strain Measurements

A detailed description of the custom battery cell was described in our previous publication®+=7, The
main body of the custom battery cell and the electrode holders were made from
polychlorotrifluoroethylene (PCTFE, Plastics International). For optical access, a quartz window
(99.995 % SiO;, 1/16 in thick, 2 in diameter, McMaster-Carr) was placed on the top of the custom
cell and sealed with Viton O-rings (Grainger). Analysis of the strain generation was carried out by
taking images of the freestanding electrode throughout the electrochemical cycling periods. Images
were captured with Grasshopper3 5.0 MP camera (Sony IIMX250, resolution, 2448 (w)*2048(h)
pixel) with 2.0X fixed and 12.0X adjustable zoom lens (NAVITAR) for an effective resolution of
0.45 pm/pixel. For illumination, a single constant high intensity LED light source was used
(Amazon). Images were captured every 2 minutes during cyclic voltammetry at a scan rate of 50
MV/s or galvanostatic cycling at C/10. The natural speckle pattern of the LFP composite electrode
was used to calculate the strain generation on the electrode using Digital Image Correlation. Full-
field strain measurements were performed on an area of interest of 750 pm(w) x 500 pm(h). Strains
were synchronized with the electrochemical response of the electrodes (current and voltage) using

a lab-made MATLAB program.
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4.3 Results and Discussion
4.3.1 Formation of Iron Phosphate

Pristine lithium iron phosphate (LFP) composite electrodes were electrochemically delithiated
against either Li or Na counter metal electrodes to form iron phosphate electrodes. Figure 15a
shows the current response in the pristine LFP electrode during linear sweep voltammetry at 50
MV/s between open circuit potential to 4.4 V vs Li counter metal electrode in 1 M LiPFs in EC/DMC
electrolyte. The open-circuit potential prior to linear sweep was 3.29 V vs Li/Li%*. The open-circuit
potential of the electrodes was very similar to our previous measurements (3.29 V vs Li%")*, A
single current peak was observed at 3.64 V vs Li/Li% during the first charge cycle during the
removal of Li ions. The distinct current peak is associated with a two-phase reaction mechanism
between lithium-rich and lithium poor-phase in lithium iron phosphate®2. The current dramatically
decreased to almost zero around 3.80 V vs Li/Li%" when lithium iron phosphate was converted into
the iron phosphate structure. The delithiation capacity is calculated to be 157 mAh g, which is
close to the theoretical capacity of LFP (170 mAh g1). The corresponding strain generation during
electrochemical delithiation of the electrode is shown in Figure 15b. The volume of the composite
electrode started to shrink at the onset of the current rise. The strain continuously decreased during
the removal of Li ions from the electrode until the current became almost zero at higher potentials.

The magnitude of the strain at 4.4 V was -0.32 %.

Figure 15c shows the current response of the pristine LFP electrode while voltage was increased
at a constant rate of 50 pV/s from open circuit potential to 4.0 V against Na metal counter electrode.
The open-circuit potential of the electrode prior to cycling was 2.97 V vs Na/Na”*, which
corresponds to 3.30 V vs Li/Li%*. A single current peak was observed at 3.60 V vs Na/Na®* during
the anodic scan. Current dramatically decreased to almost zero around 3.651 V. A single current

peak at similar potential is also reported for electrochemical delithiation of carbon-coated lithium

33



iron phosphate against Na metal®. The depletion of current at higher potentials during charge
corresponds to the removal of electrochemically accessible Li ions from the host LFP structures.
Delithiation capacity is calculated to be 161 mAh g%, which is very similar to when pristine lithium
iron phosphate electrode is delithiated against Li counter metal (Figure 15a). Michaelis et al.
previously demonstrated similar electrochemical behavior of carbon-coated lithium iron phosphate
electrodes during electrochemical delithiation against Na counter metal®®. Therefore, the chemical
composition of the composite electrode became iron phosphate (FP) as a result of delithiation. The
corresponding strain generation in the composite electrode is shown in Figure 15d. Strain reduced
to -0.33% at the end of the anodic scan at 4.0V vs Na/Na®*. Similar strain reduction is also observed

when the pristine LFP electrode was electrochemically delithiated against the Li counter electrode

LiFePO, s o LiFePO, Fe =

1 M LiClO4 in EC/DMC 1M NaClO, in EC/DMC

(Figure 15b).
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Figure 15. Formation of iron phosphate (FePOs) electrode by electrochemical delithiation of
pristine lithium iron phosphate (LiFePO4) at 50 puV/s against (A, B) Li and (C, D) Na metal counter
electrode. Red square demonstrated the initial point of the experiments.
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The iron phosphate electrodes were also formed by electrochemical delithiation of the pristine LFP
composite electrodes via galvanostatic charging at C/10 rate (Figure Al. Formation of iron
phosphate, FePO, electrode by electrochemical delithiation of pristine lithium iron phosphate,
LiFePO, at C/10 against A,C) Li metal counter electrode in 1 M LiCIO4 in EC/DMC or B,D) Na
metal counter electrode in 1 M Na NaClO, in EC/DMC.). The pristine LFP electrode showed very
flat potential plateaus around 3.47 (vs Li/Li%") and 3.27 V (vs Li/Li°") during electrochemical
delithiation against Li and Na counter electrodes, respectively. Delithiation capacity is calculated
as 154 and 152 mAh g when the electrode is cycled against Li and Na electrodes, respectively.
The corresponding strain generation in the composite electrode was -0.26 and -0.30 % during
electrochemical delithiation against Li and Na counter electrodes, respectively. Overall, similar
capacity and strain evolution are observed during electrochemical displacement of Li ions from the
pristine LFP electrode when the pristine electrode is charged either via linear sweep voltammetry

at 50 uV/s or galvanostatic cycling at C/10 rate.

The main goal of the formation of the iron phosphate electrode is to enable a baseline to study the
deformation mechanics of Li and Na intercalation into the identical electrodes in terms of active
material loading in composite electrode, particle size, binder, and porosity of the composite
electrode. Strain measurements in the composite electrodes exhibit a strong dependence on
morphology and structure of the active material, and composition of the composite electrode¢°.
Similar capacity and strain evolution in pristine LFP electrodes during electrochemical delithiation
against both Li and Na counter electrodes indicate that the formed FP electrodes have similar
morphology, structure and composition In the following section, the role of alkali-ion intercalation
on the mechanical deformations of the composite iron phosphate electrodes were investigated in

detail.

4.3.2 Li* and Na* ion Intercalation via Cyclic Voltammetry
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Figure 16a shows the current response of the FP composite electrode during lithiation and
delithiation for 4 cycles. Cyclic voltammetry began immediately after the electrochemical
delithiation of the pristine LFP electrode by linear sweep voltammetry. Each cycle starts with the
insertion of Li* ions during the cathodic scan and follows with the removal of the Li* ions during
the anodic scan. A distinct peak in current density was observed at 3.58 and 3.29 V during each
lithiation and delithiation cycles, respectively. Previous X-ray diffraction studies demonstrated that
electrochemical lithiation and delithiation of LFP electrodes is a two-phase mechanism for
electrode particles larger than 100 nm (in this work, the particles are around 250 nm in diameter)"*-
s, The bulk phase transformation results in a single peak in the current response. The interval
between the oxidation and reduction potentials is 0.29 V, consistent with prior reports** 7677, The
magnitude and shape of the current evolution were reversible through subsequent cycles,

demonstrating a similar discharge and charge capacities in the electrode.

The corresponding strain generation in the FP composite electrode during lithium intercalation is
shown in Figure 16b. Strain values were set to zero at the beginning of the first cathodic scan. The
strain was slowly generated to around 0.1% until the onset of current reduction at 3.5 V. The volume
of the electrode rapidly expanded from 0.1% to 0.64% between 3.5 and 3.1 V as a result of lithium
intercalation. The strain was almost constant below 3.1 V, resulting in a 0.68% expansion at the
end of the first lithiation cycle. During the first delithiation cycle, strain value did not change
significantly between 2.8 and 3.4 V. A sharp contraction in the electrode volume was observed at
the onset of the current rise. Strain decreased from 0.64% to 0.36% between 3.4 and 3.8 V. The
strain value was almost constant at higher potentials. At the end of the first cycle, the electrode did
not return to its original size, resulting in 0.33% irreversible strain. Strain decreased as Li* ions are
removed from the electrode and it increased as a result of intercalation of Li* ions back to the

electrode during subsequent delithiation and lithiation cycles, respectively.
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Figure 16c¢ shows the current evolution in the FP composite electrode during Na* intercalation.
During first sodiation (cathodic) scan, the current was almost zero until the potential reached 2.90
V. The current reached its minimum value (-57 mAh/g) at around 2.50 V and then increased back
to -7.5 mAh/g at 2.0 V. The current slightly becomes positive at the beginning of the first
desodiation (anodic) scan. Then, it increased rapidly at around 2.80 V and two-distinct current
peaks emerged at 3.05 and 3.26 V. The current slowly reduced to 7 mAh/g at the end of the first
desodiation cycle. In the subsequent cycles, a single current peak at around 2.59 V was observed
during sodiation and two-distinct current peaks at around 3.05 and 3.26 V were observed during
the desodiation of the electrode. A similar current response during Na* intercalation of iron
phosphate electrodes was reported in the literature®”. The shape of the current evolution during
cyclic voltammetry is similar with each cycle, which demonstrates the reversible electrochemical
sodiation and desodiation of sodium iron phosphate (NFP) composite electrode. The removal of
Na* ions from NFP involves the formation of an intermediate phase, NaosFePO, during
desodiation, In the first step, NaFePO4 transforms into an intermediate phase, Nao7FePO, at 3.05
V. In the second step, previously formed Nao7FePO, transforms into FePO, at 3.26 /3248546479,

Previously, Heubner et al. studied the structure of the lithium iron phosphate electrode cycled

37



against Na counter electrode using the x-ray diffraction technique. They reported the successful
formation of olivine type sodium iron phosphate (NaFePO4, NFP) phase after the first discharge
cycle®. Similar to their report, two distinct current peaks during charging and a single current peak
at lower potentials during discharging observed in Figure 16c¢ also demonstrate a reversible phase

transformation between FePO4 and NaFePQ,.

The corresponding strain generation in the electrode is shown in Figure 16d. During the early
stages of the first sodiation (cathodic) cycle at potential until about 3.0 V, strain change was
negligible. The composite electrode experienced 2.43% expansion during the generation of
negative current between 2.90 and 2.00 V. During the first desodiation (anodic) scan, strain slightly
increased to 2.61% until the onset of the current rise at 2.80 V. The volume of the electrode
contracted upon the removal of Na* ions from the electrode. At the end of the first cycle (4.0 V),

the electrode did not return to its original size, resulting in a 1.27% irreversible strain. The
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Figure 16. Current and strain evolution in iron phosphate composite electrodes during (A, B)
lithium intercalation and (C, D) Na intercalation 50 puV/s. The electrodes are first electrochemically
delithiated against Li metal or Na metal counter electrode. Strain set to zero at the beginning of
first lithiation and sodiation.
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cumulative irreversible strain increased with additional cycles to 1.54%, 1.67%, and 1.79% by the
end of 2", 3 and 4™ cycles, respectively. Overall, the shape and magnitude of the strain generation
in the subsequent cycles are similar, demonstrating the reversible sodiation and desodiation of the

composite electrode.

4.3.3 Li* and Na* ion Intercalation via Galvanostatic Cycling

The iron phosphate electrodes were also galvanostatic cycled at C/10 rate against Na or Li working
electrode. Unlike the cyclic voltammetry, galvanostatic cycling applies constant flux of ions into
and out of the electrode. Figure 17a shows the potential evolution during Li* ion intercalation with
respect to time for four cycles. A two-phase reaction between LiFePO4 and FePO, results in a single
potential plateau in the galvanostatic cycling. The LFP electrode showed very flat potential plateaus
around 3.41 and 3.44 V during lithiation and delithiation cycles, respectively. The potential
hysteresis between lithiated and delithiated electrode was around 30 mV for the four cycles (Figure
AZ2. Potential and strain evolution with respect to capacity in LiFePO, composite electrode during
Li intercalation in 1 M LiCIO4in EC/DMC at C/10 rate. Dark and light green lines demonstrate
lithiation and delithiation cycles, respectively. The top right figure highlights the potential
evolution 3.35 — 3.5 V during sodiation and desodiation at different cycle numbers. The figure is
generated from data in Figure 16.). The lithiation and delithiation capacities were 142 and 152
mAh gt during the first cycle, which is close to the theoretical capacity of LFP, 170 mAh/g. The
capacities did not change significantly with the cycle numbers (Table A4). Figure 17b shows the
corresponding strain generation in the electrode. The composite electrode expanded by 0.58%
because of Li intercalation into the FePO, electrode during the first lithiation. The volume of the
electrode shrank during the first delithiation due to the Li extraction. The electrode did not return
to its original volume, resulting in a generation of 0.23 % strain at the end of the first cycle. As

expected, the expansion and contraction in the electrode volume were observed during the
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subsequent lithiation and delithiation cycles. However, cumulative irreversible strains increased

slowly with cycle number and became 0.40% by the end of the fourth cycle.

Potential and strain evolution in iron phosphate electrode during Na* ion intercalation at C/10 rate
with respect to time are shown in Figure 17c and Figure 17d. During the first sodiation, a unique
potential plateau was observed around 2.70 V. The slope of the potential plateau during the first
sodiation was slightly shallower than the subsequent sodiation cycles (Figure A3. Potential and
strain evolution with respect to capacity in NaFePO. composite electrode during Li intercalation in
1 M NaClO4 in EC/DMC at C/10 rate. Dark and light blue lines demonstrate sodiation and
desodiation cycles, respectively. The top right figure highlights the potential evolution between 2.6
— 2.9 V during sodiation at different cycle numbers. The figure is generated from data in Figure
17.). Two distinct plateaus were observed at around 2.95 and 3.17 V during the first desodiation.
The shape of the potential plateaus was very similar in the subsequent desodiation cycles. Two
potential plateaus during desodiation are corresponding to the appearance of intermediate
Nao 7FePO; during the transition of NaFePO, phase to FePO, phase . The initial sodiation and
desodiation capacities of the electrode were 130 and 115 mAh/g, respectively. The capacities
decreased to 103 and 108 mAh/g during the second sodiation and desodiation cycles. At the fourth
cycle, sodiation and desodiation capacities became 96 and 104 mAh/g, respectively. The
corresponding strain generation in the composite electrode during sodium intercalation is shown in
Figure 17d. The strains linearly increased with respect to the sodiation capacity, resulting in a
2.30% expansion in the electrode at the end of the first sodiation (Figure A5. Strain derivatives in
NaFePO4 composite electrode during Na intercalation in 1 M NaClO,4in EC/DMC for (A) 1%, (B)
2" and (C) 3" cycles at 50 pV/s.). The extraction of Na* ions during desodiation causes a reduction

in electrode volume. The irreversible strain at the end of the first cycle was 1.0%. The cumulative
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irreversible strain slowly increased with additional cycles to 1.26%, 1.45%, and 1.55% by the end

of 2", 3 and 4" cycles, respectively.
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Figure 17. Current density (A,C) and strain derivatives (B,D) in LiFePO4 (A,C) and NaFePO4 (B,
D) composite electrodes cycled at 50 pV/sin 1 M LiClO, in EC/DMC and 1 M NaClO. in EC/DMC
electrolytes, respectively at 4" cycle.

4.3.4 Strain Derivatives

Strain derivatives are calculated to investigate localized changes in the FePO, structure upon Li
and Na intercalation. The phase transformation behavior of lithium iron phosphate particles in the
electrode has been a subject of debate®’. The proposed phase-transformation models such as the
isotropic shrinkage core®! and domino cascade® models are based on steady-state results. The
particle size and cycling rate influence the complex Li intercalation mechanism in the LiFePO.
electrode®. However, the consensus exists for LFP particles with a diameter larger than ca. 100
nm, the electrode undergoes phase reactions between LiFePO, and FePO4 phases with an abrupt
interface between the growing and shrinking domains during electrochemical lithiation and
delithiation’-72848¢_The particle size of lithium iron phosphate in this study is approximately 250
nm. The phase change in the electrode is manifested as a single potential plateau during both

lithiation/delithiation process®. Unlike the delithiation mechanism, the desodiation of olivine-type
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NaFePO. occurs in two voltage plateaus separated by a voltage drop that corresponds to the
formation of an intermediate Nax~o-,FePO, phase®?%3647  Similar to lithiation, the sodiation
mechanism of the FePO, electrode is also manifested by a single potential plateau during

galvanostatic cycling.
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Figure 18. Strain derivatives in FePO4 composite electrode during (left) Li intercalation and (right)
Na intercalation in the 4" cycle at 50 pV/s.

The evolution of strain derivatives during potentiostatic and galvanostatic cycles of Li* and Na*
ions is presented in Figure 18 and Figure 19, respectively. We previously reported that the digital
image correlation technique was able to detect phase transformation induced. nano-scale changes
in the composite electrodes including graphite, lithium iron phosphate, and lithium manganese
oxide during battery cycling®=73844, Strain derivatives were calculated by taking the derivative of
strain with respect to the electrochemical potential. During the delithiation, a single strain derivative
was observed on the onset of the maximum current located at 3.55 V vs Li/Li%". During the
lithiation, the single strain derivative peak aligned well with the current peak within a 0.025 V
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margin. Similarly, strain derivatives were also calculated for lithium intercalation during
galvanostatic cycling and plotted alongside the capacity derivatives in Figure A6. Capacity and
strain derivatives in LiFePO4 composite electrode cycled at C/10 rate 1 M LiClO4in EC/DMC..
Due to very flat potential profiles during both lithiation and delithiation, sharp peaks were observed

on both strain and capacity derivatives. The location of these derivatives takes place at similar
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Figure 19. Current density (A,B) and strain derivatives (C,D) in NaFePO, composite electrode
cycled at C/10 rate in 1 M NaClO4in EC/DMC electrolyte at 4™ cycle

potentials.

In the case of Na intercalation via cyclic voltammetry, two distinct strain derivative peaks were
observed at potentials 3.03 and 3.26 V, which correspond to current peaks. These current peaks are
correlated with the structural changes in the electrode associated with phase transformations®?.
During Na insertion into the electrode, a single strain derivative was observed at the potential where
the current reached its maximum. The magnitude of the strain derivative during the phase transition
of FePO4 to NaFePO, is much larger than the strain derivative observed during the phase transition
from FePO. to LiFePO.. Strain and capacity derivatives during the fourth cycle are shown in Figure

19. Similar to cyclic voltammetry, single strain derivatives were observed during sodiation whereas
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there are two strain derivatives peaks during the desodiation cycle. These strain derivative peaks
were observed at the potentials where the capacity derivatives reach its maxima or minima.
Interestingly, the magnitude and shape of strain and capacity derivatives almost have a linear

relationship.

The location of the strain derivative peaks corresponded well to the location of current peaks for
both Li and Na intercalation mechanisms. These derivative peaks were repeatedly observed at a
similar potential where the current or capacity derivatives reached their maxima or minima in the
previous cycles too (Figure A4. Strain derivatives in LiFePO, composite electrode during Li
intercalation in 1 M LiCIO4in EC/DMC for (A) 1%, (B) 2", and (C) 3" cycles at 50 puV/s.-Figure
AT7). This correspondence indicated that reversible strains developed in the macroscale iron
phosphate composite electrode are directly related to the nano-scale changes in the lattice structure

associated with lithiated or sodiated iron phosphate structures.

4.3.5 Comparison of Strains during Na and Li Intercalation

Large irreversible strain generation during the first cathodic scan in the iron phosphate electrode
during the intercalation of Li* and Na* ions is observed in Figure 16. Strains are categorized as
“anodic”, “cathodic” and “irreversible strain” to compare the strain evolution in the iron phosphate
electrode during Li* and Na* intercalation. Strain values are shifted to start from zero at the
beginning of each cycle to calculate strain generation in each cycle. The strain change during the
extraction of alkali-ions from the electrode is labeled as “anodic strain”. It is calculated by
subtracting the strain value at the end of the anodic cycle (4.4 V for Li* and 4.0 V for Na*) from
the strain value at the beginning of the cycle (2.6 V for Li* and 2.0 V for Na*). The strain change
during the insertion of alkali ions into the FePO4 electrode is labeled as “cathodic strain”. It is

calculated by subtracting the strain value at the end of the cathodic cycle (2.6 V for Li* and 2.0 V

for Na*) from the strain value at the beginning of the cycle (4.4 V for Li* and 4.0 V for Na*),
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respectively. Strain value at the of each cycle is labeled as “irreversible strain” and it is calculated
by subtracting the strain value at the end of the cycle from the initial strain value at the beginning

of the cycle.

Figure 20 demonstrates the anodic, cathodic, and irreversible strains in FP composite electrodes
during Li* and Na* intercalation via potentiostatic and galvanostatic cycling. Average anodic,
cathodic, and irreversible strains are calculated from the individual experiments listed in Table Al-
Table A4. In the cyclic voltammetry, cathodic strain reduced rapidly from 0.57% at the first
lithiation to 0.44% at the second lithiation. In the subsequent cycles, the cathodic strain reduced
slowly with cycle number to 0.38% and 0.35% in the 3" and 4™ cycles, respectively. In the
galvanostatic cycling, the cathodic strain decreased from 0.62 in the first cycle to 0.48 at the second
lithiation. The strain continued to decrease slowly to 0.43 and 0.36 in the 3 and 4™ galvanostatic
cycles, respectively. A similar fade in intercalation-induced strains is also observed in a composite
LiMn204 by digital image correlation and curvature measurements®2’. The anodic strain during
the delithiation cycles slowly decreased from -0.34% to 0.29% and from -0.40 to -0.34 during the
initial four potentiostatic and galvanostatic cycles, respectively. As a result of anodic and cathodic
strains, the irreversible strain generation at each cycle reduced from 0.23% to 0.06% and from

0.23% to 0.03% between the first and fourth potentiostatic and galvanostatic cycles, respectively.

Similar trends in anodic and cathodic strain generation with cycle numbers are observed upon Na*
intercalation in the NaFePO4 composite electrode. However, as expected, the magnitude of strain
generation during Na* intercalation is greater than that of the Li* intercalation. When the electrode
is cycled at 50 pV/s, the magnitude of the cathodic strain dropped sharply from 2.63% at the first
sodiation to 1.56% at the 2" sodiation. Then, cathodic strain slowly decreases to 1.41% and 1.33%
at 3 and 4" sodiation cycles, respectively. Similarly, a large sodiation strain, 2.34%, was recorded
during the first galvanostatic cycling at C/10 rate. The sodiation strain became 1.46% at the second

galvanostatic cycle and reduced to 1.26% at the 4™ galvanostatic cycle. The value of anodic strain
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during the extraction of Na* slowly decreased from -1.33% to -1.22% and from -1.28% to -1.16%

during the potentiostatic and galvanostatic cycles, respectively. Irreversible strain in the electrode
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Figure 20. The role of Alkali metal-ion on Strains: Iron Phosphate composite electrodes were
cycled during A, C) lithium and B, D) sodium intercalation via A, B) cyclic voltammetry at 50
pV/s and C, D) galvanostatic cycling at C/10 rate. Dark green and light green with triangle shape
represents lithiation and delithiation strain in each cycle with error bars. Dark blue and light blue
with square shape represents anodic and cathodic strains during each desodiation and sodiation,
respectively. The orange triangle and square shape represent irreversible strains at the end of each
Li and Na intercalation cycle, respectively. Original data is in Table Al-Table A4.

decreased from 1.30 to 0.10% and from 1.03% to 0.10% during the first four potentiostatic and

galvanostatic cycles, respectively.

Intercalation of alkali metal-ions induces phase transformation in the host FePOs structure.

However, differences in the reaction chemistry between lithium and sodium cause different
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electrochemical response and phase stabilities®2. The ionic radius of Na* (1.02 A) is larger than the
ionic radius of Li* (0.76 A)*. As a result, the intercalation of Na* into the host structure induces
larger changes in the lattice compared to Li* intercalation. Previous XRD studies investigated the
unit cell parameter changes on the FePO, and A«FePO., where A represents Li or Na while x
represents the amount of alkali metal in the electrode structure (Table A5). The unit cell volume
of the fully lithiated phase, LiFePOys is 6.9% larger than the FePO, phase. Sodiation of the electrode
induced a 17.6% increase in the unit volume when FePOy transformed into the NaFePO,4 phase®.
Relative change in the unit cell volume is almost 2.55 times greater when the electrode is fully
sodiated compared to a fully lithiated one. However, our results demonstrate much larger
volumetric changes during Na* ion intercalation in the composite electrode than Li* ion

intercalation.

The number of alkali metal-ion ions removed from or inserted into the electrode defines the
electrode capacity and directly influences strain evolution in the electrodes. The state of charge and
discharge of the electrode is calculated by dividing the experimental capacity by the theoretical
capacity. The experimental capacities are calculated by the integration of current with time and the
electrode was cycled at C/10 rate. Capacity and strain evolutions in individual experiments during
the charging/discharging cycles for Li-ion and Na-ion chemistries are listed in Table A3 and Table
A4, Strains were divided by state of charge/discharge in order to calculate the strain per unit state
of charge/discharge in the composite electrode. Figure 21 shows the expansion and contraction in
the volume of electrode per unit charge/discharge upon Na* and Li* ion intercalation at C/10 rate.
The corresponding ratio of the strain per unit state-of-discharge upon Na* ion intercalation is
approximately 4.75 times greater than the corresponding ratio for Li* ion intercalation at the fourth

cycle.

We also calculate the relative strain per unit discharge when the electrode is cycled via cyclic

voltammetry at 50 pV/s. Values in Li.FePO4 and NaisFePO4 composite electrodes are calculated as
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0.84 and 0.67 in the fourth cycle from Figure 16. During the fourth cycle, the expansions in the
electrode upon Li* and Na* intercalation are 0.33% and 1.26%, respectively. If we divide strain

evolution upon alkali metal-ion insertion by state of discharge, we found that the electrode
3

Composite Strains per unit State-of-Charge / Discharge (%)
(=)

ey

2 3 4
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Figure 21. The strain per unit state-of-charge / discharge in iron phosphate composite upon lithium

(triangle) and sodium intercalation (square). The electrodes were galvanostatically cycled at C/10
rate. Original data is in the Table A3 and Table A4.

experienced 0.39 and 1.88 relative expansion with respect to each alkali metal-ion insertion. Again,
the strain per state-of-discharge is approximately 4.75 times greater upon Na* ion intercalation

compared to the Li* ion insertion.

Our results show a striking difference in relative volumetric expansion in composite iron phosphate
cathode upon Na* vs Li* intercalation when cycled either galvanostatic at C/10 rate or cyclic
voltammetry at 50 uV/s. The ratio of the volumetric changes upon Na* ion intercalation in the
composite electrode with respect to Li* ion intercalation is unprecedently larger than the ratio of
the volumetric changes in the crystal structure measured by previous X-ray diffractometry studies.
The differences between composite strains in this study versus particle strains in XRD studies may
be originated from the misfit strains in the composite electrode and / or the formation of amorphous

phases in the FePO, electrode.
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The Na* intercalation-induced expansions during the first cathodic cycle is significantly different
than those during the subsequent cycles (Figure 21). It suggests that larger cathodic strain in the
first cycle might be associated with the structural deformations in the FePO, composite electrode
during Na* intercalation. Also, shallower potential slope with respect to capacity is observed during
the first sodiation compared to the subsequent cycles in Figure A3. Potential and strain evolution
with respect to capacity in NaFePO4 composite electrode during Li intercalation in 1 M NaClO4in
EC/DMC at C/10 rate. Dark and light blue lines demonstrate sodiation and desodiation cycles,
respectively. The top right figure highlights the potential evolution between 2.6 — 2.9 V during
sodiation at different cycle numbers. The figure is generated from data in Figure 17.. Yet-Ming
Chiang et al. investigated the crystalline structure of FePO. during sodium intercalation
using synchrotron radiation powder X-ray diffraction?’. Surprisingly, almost negligible change in
the cell volume was recorded during the first sodiation of FePO.. However, they observed an almost
20% decline in the total crystalline phase percentage compared to the starting iron phosphate. The
loss of the crystalline phase during the early cycles in LFP is also detected using operando
characterization®-2°. The x-ray diffraction studies support the observation of a large ratio of Na* /

Li* ion-induced strains during the first cathodic scan.

Suo et al. developed a continuum model to study mismatch between two phases in the electrode
particles??. The continuum model calculated larger misfit strains due to localized lithium
distribution near the surface at higher scan rates. In this study, FePO. composite electrode with the
same particle size is cycled against Li and Na counter metals at the same scan rate. Therefore,
inhomogeneity is inversely related to the diffusivity of the alkali metal-ion in the solid electrode
matrix. Impedance spectroscopy study measured the diffusion coefficients for lithiation and
sodiation of FePO, as 1.3 x 1071* and 2.2 x 10715 cm?s, respectively®®. The solid-state
diffusion of Li in FePO, is much faster than Na diffusion. Monte Carlo simulations predicted the

interruptions in Na* diffusion in FePO4 due to Na*/Fe?* defect formation®. Molecular dynamic
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calculations discussed the impact of lattice strains on the alkali metal-ion transport in the host
structure®. The slower diffusion of Na ions in the solid matrix can lead to the generation of misfit
strains in the composite electrode, in addition to the lattice strains. Additional efforts are required
to understand the origin of the large strains during first Li* and Na*ion intercalation such as scan
rate studies, the combination of x-ray diffraction and X-ray absorption spectroscopy-based

experimental studies; and continuum model and DFT-based computational studies.

4.4 Conclusion

Understanding the fundamental differences and similarities between the intercalation mechanisms
of Li and Na ions into electrodes is crucial for further developments in Na-ion batteries. In this
work, digital image correlation was used to measure in situ strains in composite iron phosphate
electrode during Li* and Na* intercalation. Composite iron phosphate electrodes were prepared by
electrochemical delithiation of the pristine lithium iron phosphate. Similar discharge capacity and
strain evolution were observed when the pristine lithium iron phosphate was electrochemical
delithiated against Na and Li counter metals. Unprecedented large strains were observed during
both first Li* and Na* insertion into the iron phosphate electrode. The strain becomes reversible in
the later cycles during both Li* and Na* intercalation. As expected, larger volumetric expansions
are observed in the iron phosphate electrode upon Na* intercalation compared to Li* intercalation
at 50 pV/s. However, the relative volumetric changes upon Na* vs Li* in the composite electrode
was astonishing compared to reported values by previous x-ray diffraction studies. Our results
show that digital image correlation can be used to measure strain evolution in the composite
electrodes during different alkali-ion intercalation. The remarkably large relative volumetric
changes upon Na* vs Li* intercalation in the composite electrode have significant implications for

developing battery electrodes for commercialization of Na-ion and K-ion batteries. Commercial
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electrodes are constrained by current collectors and battery packaging, therefore large volumetric
expansions in free-standing model electrodes will be translated into stress generation in constrained
electrodes. These stresses will directly reduce battery performance and lifetime, which are crucial

for stationary applications such as grid storage.

51



CHAPTER V
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ABSTRACT

Na-ion and K-ion batteries are promising alternatives for large-scale energy storage due to their
abundance and low cost. Intercalation of these large ions could cause irreversible structural
deformation and partial to complete amorphization in the crystalline electrodes. Lack of
understanding of dynamic changes in the amorphous nanostructure during battery operation is the
bottleneck for further developments. Here, we report the utilization of in-operando digital image
correlation and XRD techniques to probe dynamic changes in the amorphous phase of iron
phosphate during potassium ion intercalation. In-operando XRD demonstrates amorphization in the
electrode’s nanostructure during the first charge and discharge cycle. Additionally, ex-situ HR-
TEM further confirms the amorphization after potassium ion intercalation. In situ strain analysis
detects reversible deformations associated with redox reactions in the amorphous phases. Our
approach offers new insights on the mechanism of ion intercalation in the amorphous nanostructure

which are highly potent for development next generation batteries.

Keywords: phase transformation, iron phosphate, amorphous, crystalline, potassium-ion batteries,

electrochemical strains, x-ray diffraction
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5.1 Introduction

Rechargeable Li-ion batteries have been used to power consumer electronics and electric vehicles.
The increasing demand on Li-ion batteries has created concern due to their limited and unevenly
distributed resources. Rechargeable alkali metal-ion batteries with earth-abundant elements as
charge carriers (Na and K) are promising alternatives for large-scale energy devices and stationary
storage®’. Na-ion (NIBs) and K-ion (KIBs) batteries are expected to share similar electrochemical
properties with Li-ion batteries because they are monovalent®?®®, However, many challenges
remain to commercialize NIBs and KIBs including new electrode chemistries and mitigating
chemo-mechanical degradations. Traditional electrode materials designed for Li-ion batteries may
not be ideal to allow reversible charge storage of Na and K-ions due to their different size, mass
and reactivity. Intensive efforts have been focused to develop new electrode nanostructures for

these battery systems®.

During insertion / removal of charge carriers, the electrode structures often undergo phase
transformation, associated with the volume mismatch between the new phase and existing phase in
the electrode particle. Depending on the phase transformation pathway and volume mismatch,
insertion of alkali-ion into the host structure can cause plastic deformation, mechanical fracturing
and even amorphization in the electrode® %%, Insertion of Li-ions into silicon can cause up to
300% volumetric expansion and the extraordinary high transformation strain causes amorphization,
which provides a desirable platform for hosting Li ions in the electrode®. The high transformation
strains during Na intercalation into FePO4 (17% volume expansion) also cause the formation of
amorphous phases between the primary phases, which is beneficial to alleviate the misfit strain

energy®.

The traditional crystalline electrodes may not be able to accommodate the insertion of Na or K-

ions due to their size and reactivity with the host structure. For example, graphite structures allow
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reversible intercalation with Li ions, but are unable to host Na ions'®%10% | ayered metal oxides
can only host a fraction of K-ions, although they allow reversible cycling with Li and Na
ions?4102103 Unlike crystalline structures, the amorphous electrodes have short-range orders with
long-range disordered structures. Due to the unique arrangement of atomic clusters in amorphous
materials, they can store larger ions and provide flexibility to lattice distortions®. The amorphous
materials can be identified by transmission electron microscopy (TEM) while the chemical
composition can be analyzed with energy dispersive X-ray spectroscopy (EDS) techniques. The
material chemistry of the amorphous materials also has been studied by utilizing Fourier-transform
infrared spectroscopy, Raman spectroscopy and X-ray absorption spectroscopy. Although these
techniques provide vital information about the chemistry of the amorphous materials, there is lack
of understanding of the physical and dynamic behavior of amorphous materials during battery
cycling. The chemo-mechanical analysis of dynamic changes in the amorphous materials as well
as amorphization of crystalline structures during battery operation is very challenging due to the

disordered nature of the amorphous phases.

Motivated by this, here, we propose a new experimental approach to monitor dynamic physical and
structural changes in the amorphous phase of the electrodes by combining in situ strain
measurements via digital image correlation (DIC) and in-operando XRD technique. Intercalation
of K-ions into crystalline iron phosphate, FePO4 host structure is chosen as a model system.
Previous ex-situ XRD study demonstrated the amorphization of the crystalline FePO4 upon K
intercalation®. XRD technique can detect crystallographic evolutions in crystalline structures such
as lattice parameters, interplanar spacing and phase identification. DIC technique has been used to
characterize in situ electrochemical strain evolution in the composite electrodes associated with
reversible (e.g., phase transformations) and irreversible (e.g., solid-electrolyte interface)
deformations®33436.104-106 previgus DIC study investigated the relative strain evolutions upon Na

and Li intercalation into FePO, electrode and these relative strains were found to be much greater
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than relative expansions in crystal unit cell volume reported by the previous diffraction studies'®’.
The discrepancy in volumetric changes in the electrode between XRD and DIC studies was
associated with the formation of amorphous phase in the electrode upon Na-ion intercalation, which

cannot be quantified by diffraction alone.

In this study, crystalline FePO. electrode is first formed by utilizing electrochemical ion
displacement method. Then, K-ions were intercalated into the FePO4 electrode during in situ
monitoring of electrochemical strain generation and structural changes by performing DIC and
XRD techniques. The details of in situ strain measurements by digital image correlation and
experimental setup is provided in the Supporting Information. The electrode lost its crystallinity
during the first cycle and Bragg peaks did not show any significant changes in the subsequent
cycles. On the other hand, the electrode showed reversible expansions and shrinkage in its volume
upon discharge and charge cycles, respectively. The strain derivatives demonstrated a characteristic
peak at specific potentials during K intercalation, which suggests reversible redox chemistry in the

amorphous phase of the electrode.
5.2 Results and Discussion

The crystalline FePO, host structure is generated by employing electrochemical displacement
method®?’. The average particle size is about 238+56 nm and the particle size range from 100 nm
to 400 nm (Figure B1 and Figure B2). Figure 22A and Figure 22B show the voltage and strain
evolution in the electrode during the removal of Li ions. The single potential plateau around 3.67V
vs K/K*® indicates the formation of Li-deficient FePO, from Li-rich FePOs, via a two-phase
reaction mechanism°2, Delithiation capacity was calculated as 187 mAh/g and it is close to the
theoretical capacity of lithium iron phosphate, LiFePO., which is 170 mAh/g. Removal of Li ions

from LiFePO, structure results in 0.18% contractions in the composite electrode (Figure 22B).
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Figure 22C-G show the evolution of crystalline structure of composite electrode during
electrochemical displacement to remove Li from pristine LiFePO, electrode. At the onset of the
charge (3.6 V vs K/K*), the pristine electrode demonstrates well-defined XRD peaks around 29.5°,
32°, 35.5° and 37.8°, which are associated with the crystalline structure of the LiFePO, electrode®.
During the process, the intensity of these peaks gradually decreases with the increase in voltage
and eventually disappears at around 4.3V, which indicates the removal of Li ions from LiFePO4
structure. At the same time, new peaks started to appear around 30.5°, 36.5° and 37.2°, which are
associated with FePO, crystalline structure. Intensity of these peaks increases as more Li ions are
removed from the crystalline structure, indicating the conversion of LiFePO4 to FePO.. Overall,
the XRD patterns show the successful phase transition of the crystalline structure of the pristine

LiFePO, into FePO, when the electrode was charged against K counter electrode.
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Figure 22. Formation of FePO, electrode by electrochemical displacement of Li from LiFePO4
electrode. The pristine LiFePO, electrode was delithiated at C/10 rate against K counter electrode
until to 4.3 V vs K/K*°. (A) Voltage and (B) strain evolution during the extraction of Li ions from
LiFePO.. The C-rate is calculated based on theoretical capacity of LiFePO., which is 170 mAh/g.
(C-G) Evolution of LiFePO. composite electrode’s crystalline structure measured with in-operando
XRD during electrochemical displacement process. Color change from red to blue indicates the
increase in voltage as described in the figure.

After the formation of crystalline FePQO, structure with electrochemical displacement, the electrode

is continuously discharged / charged with K-ions at C/25 rate (Figure 23). During the first
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discharge, voltage sharply decreased to 2.3 V and showed a very small plateau around 2.3 V. After
the plateau region, voltage continued to decrease until the lower cutoff voltage of 1.5 V. Discharge
capacity was 43 mAh/g. Intercalation of K into the FePO. structure resulted in the electrode
expanding about 0.66%. The strains show non-linear increase with the discharge capacity (Figure
B5 and Figure B6). Positions of the Bragg peaks in the FePO, structure before the first discharge
were recorded for (211), (020), (311) and (121). The initial structure of the electrode before the
first discharge demonstrated typical FePOy crystalline features®’. Decrease of the intensity of the
XRD peaks at 30.5°, 36.5° and 37.2° indicates the reduction in crystallinity of the electrode due to
K-ion insertion. These peaks are also shifted towards lower 26, indicating the increase in interplanar
spacing with the K-ion intercalation. Table B1 shows the increase in the interplanar spacing along
<311>,<121>, <211> and <020> by more than 0.5 picometer at the end of the discharge cycle. No

LiFePO, peaks appeared during the first discharge.

During the first charge, voltage increased sharply until around 2.3V voltage, and then it had
shallower slope until the upper cutoff voltage of 4.3 V. Charge capacity was about 40 mAh/g. While
the removal of the K after the first charge caused reduction of electrode volume, the electrode did
not return to its original volume, resulting in an irreversible expansion of about 0.21% at the end
of the first cycle. Increase in the intensity of the XRD peaks suggests the partial recovery of the
electrode’s crystallinity. Also, these peaks are shifted towards higher 26, indicating the decrease in

interplanar spacing due to removal of K-ions.

In the subsequent discharge and charge cycles, intercalation of K into the cathode structure resulted
in volumetric expansions and reductions, respectively. The difference in strain evolution between
each charge and discharge cycle leads to increase in irreversible strains in the electrode, which
becomes 0.41% by the end of the fourth cycle. Although both capacity and strain generation
indicate the K-ion intercalation into the electrode, intensity and location of the XRD peaks did not

show any significant changes during the subsequent cycles. This indicates that crystallinity and
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interplanar spacing in the electrode does not change anymore in the crystalline part of the electrode

and suggests that K-ions are intercalated into the amorphized phase of the electrode.
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Figure 23. Discharge and charge of FePO4 composite electrode with K-ions: A) Voltage and B)
strain evolution in the composite electrode during K intercalation at C/25 rate. C) Corresponding
XRD patterns at the beginning and end of charge / discharge cycles. Arrows indicates the direction
of the cycles. The C-rate is calculated based on theoretical capacity of potassium iron phosphate,
which is 141 mAh/g.

High resolution transmission electron microscopy (HRTEM) was conducted to investigate the
amorphization and phase distortions in the electrode structure upon K-ion intercalation. Figure
24A-B suggests two major phases in the electrode structure after the third discharge cycle. Particles
with diameter ~200 nm are consistently indexed as FePO, phase and these particles show the
formation of amorphous layer on their periphery (Figure 24D-E). The ordered lattice fringes and
diffraction maxima in Figure 24A indicates the FePO, crystalline structure. The lattice fringe width
in Fig 3E are also in a good agreement with literature’>. HAADF STEM image in Figure 24B
shows amorphized smaller particles with diameter ~50 nm around the crystalline FePO.. (Figure

24A). The existence of smaller particles with amorphous structure in the TEM images indicates
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the plastic deformations in the electrode particles upon K-ion insertion. Additionally, nano crystals
with 2-5 nm are observed within these amorphized particles (Figure 24F). The corresponding
lattice fridge width of the nano crystals is about 2.4 to 2.7 A. Based on the previous potassium iron
phosphate study®, these nano crystals could be KFex(PO4),. Elemental analysis of the electrode
particles was conducted via STEM-EDS (Figure 24C). The Fe, P and O elements are
homogeneously distributed in the crystalline FePO, particles. However, K was mostly found on the
near surface of these particle and its location coincide with the amorphous layer seen in Figure
24D. The TEM analysis indicates the penetration of K-ions ranges from 5 nm to 25 nm.
Amorphization in the crystalline FePO, particles after intercalation with K-ions is confirmed by

our HRTEM results.

Figure 24. TEM results from the potassium iron phosphate electrode after third discharge cycle.
A) bright field TEM (BFTEM) image showing the crystals of unreacted FePO4 and reaction
product. The inset sub-figure 1 shows selected area electron diffraction (SAED) ring pattern taken
from the circular red area in the Fig A. The inset sub-figure 2 shows the SAED pattern taken from
the circular white area in the Fig A. B) HAADF STEM image of the crystalline particles and the
amorphous region around them. C) Elemental analysis of Fe, P, K, and O from the purple area
described the Fig B. D) HRTEM image taken from the green boxed area marked on the Fig A. E)
HRTEM image taken from the blue boxed area marked on the Fig A. The image also shows the
corresponding lattice fringe widths on the crystalline part of the electrode. F) High-resolution TEM
image taken from the yellow boxed area marked on the Fig A. The inlet figure shows the lattice
fringe widths taken.

60



To better understand nanoscale structural changes in the electrode during charge and discharge
cycles, capacity and strain derivatives with respect to voltage were calculated to investigate the
charge behavior and physical response of the FePO, electrode during K intercalation. Previous
studies on graphite®*1%4, lithium manganese oxide (LMO)3*3":3  [ithium iron phosphate (LFP)* and
sodium iron phosphate (NFP)7 electrodes showed that the evolution of the strain derivatives with
potential closely matches with the phase transformations in the electrode structure. In the studies,
the location of the strain derivative peaks was in good agreement with evolution of the
electrochemical response of the materials associated with the nanoscale changes in their structure.
Charging / discharging of graphite, LMO, LFP or NFP electrodes leads to changes in the crystalline
structure associated with the phase transformations, which are well-reported by XRD studies. On
the other hand, a previous ex-situ XRD study showed significant loss of crystallinity in the FePO4
structure after K intercalation, which is associated with the amorphization of the structure upon

large K-ion intercalation®.

Strain and capacity derivatives are calculated by taking a derivative with respect to potential.
Figure 25 shows the detailed picture of the progression in XRD peaks at selected voltages during
discharge cycles, alongside the capacity and strain derivatives. During the first potassiation, two
distinct strain derivative peaks were observed at around 2.3 V and 1.55 V. The location of these
peaks was closely aligned with the location of capacity derivatives within 3 mV. The absolute value
of the strain and capacity derivatives at around 1.55V were found to be greater than the ones at
around 2.3V. Previous strain study demonstrated that the magnitude of the strain derivatives aligns
well with the nanoscale changes in the electrode structure during Li intercalation into LMO
cathodes. Therefore, the macroscale strain measurements are highly sensitive to hano-scale changes
in the electrode structure®. On the other hand, intensity of the XRD peaks reduced slowly when
the voltage was decreasing from about 3V to 1.5V during the first discharge cycle. Also, their

location was slowly shifted toward higher 20 while inserting more K-ions into the electrode
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structure (Figure B10). Previous study based on amorphous FePO. showed the formation of

KFez(PO4); crystalline structure during the first K intercalation in the electrode structure®,

Strain and capacity derivative peaks around 2.3 V and 1.55 V disappeared in the consecutive
potassiation cycles. A single characteristic peak in capacity derivative emerged at around 1.9 V.
The rate of strain derivatives also changed at around 1.9V in the subsequent discharge cycle,
demonstrated as a shoulder in Figure 25B. On the other hand, both location and intensity of the
Braggs peaks did not change during the 2" and 3™ discharge cycles. The combination of XRD and
strain derivative analysis suggests the reversible electrochemical reaction and associated structural

changes in the amorphous phase of the FePO, at around 1.9V.
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Figure 25. Structural, physical, and electrochemical response of the iron phosphate during first
three discharge cycles A) capacity and B) strain derivatives with respect to voltage. C-E)
Corresponding XRD patterns at selected potentials colored and potential values are written for each
pattern as shown in the figure.

Figure 26 shows the detailed picture of the progression in XRD peaks at selected voltages during
charge cycles, alongside the capacity and strain derivatives. During the first depotassiation, there

are three minima peaks in capacity derivatives at around 2.8, 3.2 and 3.8 V. The associated peaks
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in the strain derivatives are clearly observed at 2.8 and 3.8V. The strain derivative had a shoulder
at around 3.2 V, which aligns with the location of the capacity derivative peak in 3.2 V. The
magnitude of the strain derivative peak at 2.8V was greater than the other detected strain derivative
peaks during the charge cycle. On the other hand, both location and intensity of the Braggs peaks
were almost the same until the higher voltages towards the end of the first charge cycle. The
increases in the peak intensities were detected above around 4.0V and the peaks were shifted to
lower 20. In the subsequent charge cycles, derivative peaks in 3.2 and 3.8V disappeared and there
was only one characteristic peak observed in both strain and capacity derivatives at around 2.8V.
On the other hand, both location and intensity of the Braggs peaks did not change during the 2™
charge cycle. The combination of strain analysis with in-situ XRD data suggests the phase

transformation in the amorphous phase of the electrode at around 2.8V during charge cycles.
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Figure 26. Structural, physical, and electrochemical response of the FePO. during charge cycles
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To examine the impact of the electrolyte decomposition on the capacity and strain derivatives
during K intercalation into FePO4 cathodes, the electrode was also cycled in 0.5 M KPFs in PC
electrolyte (Figure B12 and Figure B14). The evolution of the strain derivative peak during the
first discharge cycle was significantly different than the subsequent discharge cycles. Large
irreversible capacity in the first cycle upon K-ion intercalation is also reported in the literature and
it was associated with the structural deformation’. HR-TEM images (Figure 24) is evident for
amorphous phase upon K-ion intercalation in our measurements. The irreversible characteristic of
the strain and capacity derivatives in the first discharge is associate with the amorphization in the
electrode structure. The electrode demonstrated two distinct strain and capacity derivative peaks at
around 2.8 and 3.8 V during the first charge cycle. Like the strain behavior of the electrode when
cycled in EC: DMC solvent, the peak at around 3.8V disappeared in the subsequent charge cycles.
Beyond the first cycle, the electrode experiences reversible strain and capacity derivatives around
the similar potentials when the electrode cycled in either EC: DMC or PC solvent, pointing out that
the behavior of charge and physical response in the electrode is associated with the changes in the
electrode structure. Also, in both cases, the magnitude of the strain derivatives at the end of the first
discharge cycle is significantly larger than the ones at the subsequent discharge cycles, regardless
of the electrolyte. Overall, strain derivative analysis suggests a significant structural deformation
during the first cycle and electrodes demonstrate reversible mechanical and electrochemical

responses in the subsequent cycles.

Interestingly, the distinct differences between the first cycle and the subsequent cycles during K
intercalation into FePO, are observed in both strain measurements and XRD analysis. In-operando
XRD analysis demonstrated the changes in the electrode structure during the first cycle and in-situ
strain analysis showed irreversible strain and capacity derivatives only observed during the first
cycle. Beyond the first cycle, the electrode no longer undergoes any detectable changes in its

crystallinity in the XRD analysis. Both evolution profile of the strain and capacity derivatives
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become highly reversible beyond the first cycle. TEM measurements confirm the amorphization in
the crystalline iron phosphate electrode and amorphous phases were found to be rich with K
elements in the discharged electrode. Although in-operando XRD analysis was not able to capture
any changes in the crystalline structure of the electrode during the subsequent cycles, strain
derivatives analysis indicates a reversible physical change in the electrode as a result of redox
chemistry in the electrode upon reversible K-ion intercalation. The reversible strain and capacity
derivatives suggest the phase transformations in the electrode structure at redox potentials of 1.9V

during discharge and 2.8 V during charge cycles, respectively.

5.3 Conclusion

Identifying the redox reactions in the amorphous phase and its associated volumetric changes upon
K intercalation into amorphous phase is an important step to understand the dynamic and Kinetic
changes in the amorphous electrodes. We foresee that a similar approach can be utilized to study
chemo-mechanics of amorphous electrodes for many different battery chemistries including Na-
ion, K-ion and Zn-ion batteries. In situ probing of dynamic changes in the amorphous materials
during battery cycling can provide fundamental knowledge to establish a structure — mechanics-

performance relationship for amorphous materials.
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CHAPTER VI

THE IMPACT OF ALKALI-ION INTERCALATION ON REDOX CHEMISTRY AND
MECHANICAL DEFORMATIONS: CASE STUDY ON INTERCALATION OF Li, Na, AND

K IONS INTO FePO, CATHODE

Bertan Ozdogru?, Behrad Koohbor? and O. Ozgiir Capraz?

1) The School of Chemical Engineering, Oklahoma State University, Stillwater, OK 74078

2) Department of Mechanical Engineering, Rowan University, Glassboro, NJ 08028

Note: This article first published in Electrochemical Science Advances (2021): €2100106. | have
prepared cathode slurries and perform in situ strain measurements. Omer Ozgiir Capraz conceived

the idea and supervised the work.

66



ABSTRACT

Batteries made of charge carriers from Earth-crust abundant materials (e.g., Na, K and Mg) have
received extensive attention as an alternative to Li-ion batteries for grid storage. However, a lack
of understanding of the behavior of these larger ions in the electrode materials hinders the
development of electrode structures suitable for these large ions. In this study, we investigate the
impact of alkali ions (Li, Na and K) on the redox chemistry and mechanical deformations of iron
phosphate composite cathodes by using electrochemical techniques and in situ digital image
correlation. Na-ion and Li-ion intercalation demonstrate a nearly linear correlation between
electrochemical strains and the state of charge / discharge. The strain development shows non-
linear dependance on the state of charge / discharge for K ions. Strain rate calculations show that
K ion intercalation results in a progressive increase in the strain rate for all cycles. Li and Na
intercalation induce nearly constant strain rates with the exception of the first discharge cycle of
Na intercalation. When the same amount of ions are inserted into the electrode, the electrode shows
the lowest strain generation upon Li intercalation compared to larger alkali ions. Na and K ions
induce similar volumetric changes in the electrode when the state of charge / discharge is around
30%. Although the electrode experiences larger absolute strain generation at the end of the
discharge cycles upon Na intercalation, strain rates were found to be greater for K ions. Potential-
dependent behaviors also demonstrate more sluggish redox reactions during K intercalation,
compared to Li and Na. Our quantitative analysis suggests that the strain rate, rather than the

absolute value of strain, is the critical factor in amorphization of the crystalline electrode .

Keywords: Iron phosphate, alkali-ions, Li-ion, Na-ion, K-ion, sluggish reactions, electrochemical

strains, chemo-mechanics.
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6.1 Introduction

Development of cathode structures suitable for Na-ion and K-ion batteries is still one of the major
challenges on the way to the design of next-generation alkali metal-ion batteries. Although Li, Na
and K belong to the same alkali metal group with a single charge in their cation form, intercalation
of Na* and K* ions in electrodes is difficult since ionic radii of Na* (1.02 A) and K* (1.38 A) are
larger than that of Li* (0.76 A)!%. Therefore, physical, and electrochemical behavior of the cathode
materials in response to Na" and K* ion intercalation is expected to be fundamentally different from
the response to Li* ion. However, there is not much known about how electrochemical reactions
and the transport of ions that take place in cathode materials with different alkali metal ions. There
have been several studies focusing on electrochemical characterization and investigation of the
structural changes in the electrode materials*®-5052110.111 = A Jack of insight into these reaction-
transport mechanisms limits the design of novel cathode materials for Na-ion and K-ion batteries.
Therefore, comparative studies between Li-ion, Na-ion and K-ion battery cathodes are critical to

identify fundamental similarities and differences during intercalation.

Even modest expansions in brittle cathodes can cause particle fracturing in a larger crystalline-size
scale?®55-578% Intercalation of larger ions can cause structural collapse and amorphization induced
by continuous accumulation of strains and distortions®*°*!2, Dislocation activity has been observed
during electrochemical delithiation of micron size LiFePO, particles, although the lattice strains
were only around %5 for LiFePO,!*3. Synchrotron radiation powder X-ray diffraction and pair
distribution function analysis demonstrated the formation of amorphous phases in iron phosphate
electrodes during Na intercalation?. Islam et al.®® discussed the effect of lattice strain on the ion
condition and defect properties of LiFePOs and NaFePO, using atomistic simulations. The
calculations suggest that tensile strains generated perpendicularly to the migration channels can
improve the intercalation Kinetics in polyanionic compounds cathodes®. Lattice strain induced by

large Na* ion intercalation into NaxCus$S structure causes crystallographic tuning and deviation of
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reaction pathways from the thermodynamic equilibrium***. K* ion insertion into FePO, electrode
resulted in amorphization or severe crystallinity lowering in crystalline FePO, electrode®.
Amorphization of layered manganese oxide (AMnQOy) is also observed upon Na* and K* ion
intercalation'?, Recent TEM studies show a slight amorphization in the iron phosphate electrode
upon Na intercalation?® whereas K ions cause amorphization in the crystal structure of iron
phosphate!. Although the amorphization in the structure can be easily identified by conventional
diffraction or electron microscopy techniques, quantitative analysis of the physical changes in the
structure during and after amorphization while cycling the battery electrode is critical. Recently,
we developed a new experimental approach to monitor dynamic physical and structural changes in
the amorphous phase of the electrodes by combining in situ strain measurements via digital image
correlation (DIC) and in-operando XRD techniques!'®. The study detected the redox chemistry and
the associated electrochemical strains in the amorphous phases of the iron phosphate electrode

during K ion intercalation?®.

In this work, we compare the operando physical and electrochemical responses of the host cathode
electrode upon intercalation of Li, Na and K ions using DIC and electrochemical methods. Iron
phosphate was selected as a model system because it allows intercalation of Li, Na and K ions®",
Chemo-mechanical strains were observed to increase linearly with Li and Na intercalation.
However, strain development shows a non-linear increase with K intercalation. Strain rates were
more constant and lower in value during Li intercalation. Our study provides a quantitative analysis
into the electrochemical strains causing irreversible deformations in the crystalline iron phosphate
electrode. More importantly, we show that although the net value of electrochemical strains are
similar with Na and K ion intercalation, the kinetics of strain development is different for various

ions.
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6.2 Materials and Methods

Composite electrodes were prepared by mixing pristine lithium iron phosphate (LiFePO4, LFP,
Hanwha Chemical) with sodium carboxymethyl cellulose (binder, CMC, Aldrich) and conductive
additive (carbon black, Alfa Aesar) in 8:1:1 mass ratio. Iron phosphate (FePO., FP) composite
electrode was formed by electrochemical displacement technique using a pristine LFP composite
electrode®”%8107115 vig galvanostatic cycle at a rate of C/10. FePO, electrodes were charged /
discharged with Li, Na or K ions by galvanostatic cycles at C/25 rate against Li, Na or K counter
electrodes, respectively. The iron phosphate electrodes were charged and discharged at C/25 rate,
based on a theoretical capacity of 170 mAh/g for LiFePO., 154 mAh/g for NaFePO, and 131 mAh/g
for KFePO.. The following salts and solvents were used to prepare electrolytes: 1 M LiClO4in 1:1
(v:v) EC:DMC for Li intercalation, 1 M NaClOy in 1:1 (v:v) EC:DMC for Na intercalation. 0.5 M
KPFs in 1:1 (v:v) EC:DMC or EC:PC electrolytes were used for K intercalation. DIC technique
was used to probe in situ strain generation during battery cycling. The natural surface features of
the composite electrode were used as a speckle pattern suitable for the calculations of displacement
fields and their resultant strain distribution on the electrode surface. A detailed description of the

technique and custom battery cell was provided in our previous publication®’.

6.3 Results and Discussion

6.3.1 First cycle

Li, Na and K ions are intercalated into iron phosphate electrode at C/25 rate while monitoring in
situ strain generation in the electrode. VVoltage and electrochemical strains during the first cycle are
plotted against the state of discharge (SOD) or state of charge (SOC) during Li, Na and K ions
intercalation / de-intercalation, respectively. (Figure 27). SOD /SOC is calculated by dividing
practical capacity measured in the experiment by theoretical capacity of LiFePO,, LiFePOs or
KFePO.. A single voltage plateau is observed during Li and Na intercalation into iron phosphate at
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around 3.41V (vs Li/Li%*) and 2.81V (vs Na/Na®*), respectively. A two-phase reaction between
iron phosphate and LiFePO, or NaFePO. results in a single potential plateau during the
galvanostatic discharge cycles®” %, The LiFePO, electrode showed a flat potential plateau around
3.44 V vs Li/Li”*. NaFePO; electrode showed two distinct plateaus at around 2.93 and 3.21 V vs
Na/Na”*. The two potential plateaus during desodiation are attributed to the formation of
Nao 7FePOy; reaction intermediate during transition of NaFePO, phase to FePO4 phase®®. In the case
of K intercalation / de-intercalation, potential profiles did not show any distinct plateau during
intercalation of K ions into iron phosphate. Similar potential evolution in two different electrolyte
systems ensures that the electrochemical behavior is due to K-ion intercalation/ de-intercalation in
the electrode. Also, a similar potential profile was reported when K ions were intercalated into the
amorphous iron phosphate!®. A recent in situ XRD study also demonstrated the amorphization of

the crystalline iron phosphate during the intercalation of K ions!*®.

The corresponding electrochemical strains in the electrodes upon Li, Na and K intercalation are
shown in Figure 27B and E. The electrode expanded by almost 0.65% and 2.53 % at the end of the
first discharge of Li and Na ions, respectively. K ions were only able to intercalate into electrode
structure up to a SOD of ca. 0.30, resulting in 0.15% strain generation. In the case of charge
reactions, extraction of Li and Na ions from LiFePO, and NaFePO, resulted in -0.30 and -1.21%
contraction. During the removal of K ions, potassium iron phosphate experienced -0.40% reduction
in the electrochemical strains at 0.3 SOD. The electrode experiences -0.12, and -0.40% strain
generation at 0.3 SOD during Li and Na ion intercalation. The NaFePO, and K FePQO, electrodes
undergo similar strain generation when the same amount of Na or K ions were removed from or
inserted into NaFePO. and K,FePQ, electrodes, respectively. Overall, the slope of strain build up
changes dramatically during K ion intercalation, whereas strain evolutions during Li intercalation

show a lower degree of nonlinearity during the first discharge cycle only. The slope of strains
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increased during Na ion insertion, however strain rate become constant during Na extraction in the

first cycle.
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Figure 27. Potential evolution, strain generation and strain rates with respect to state of discharge
(A, B, C) and charge (D, E, F) of Li (green), Na (blue) and K (purple) ions into FePO4 electrode
during the first cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively. Strain set to zero at the beginning of each charge /
discharge cycles.

Since SOD / SOC during discharge and charge of K ions were less than 0.35, Figure C1 is limited
to 0.35 SOC / SOD for better comparison between Li, Na and K intercalation behavior during the
first cycle. The slope of the strains was progressively increased as more potassium ions were
intercalated into the electrode. We determined strain rates during charge and discharge cycles by

calculating the derivative of electrochemical strains with respect to the state-of-discharge / charge.

Between 0.05 and 0.35 of SOD, the strain rates for Li and Na intercalation into iron phosphate were
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about 1.40 and 2.40 %-SOD, respectively. Strain rate during Na ion intercalation become around
3.5%-SODat the end of the discharge. On the other hand, the strain rates continuously increased
as more K ions were intercalated into iron phosphate and reached to around 3.2 %-SOD* when the
voltage reached 1.5V vs K/K%* at the end of the discharge cycle. During the first charge, strain
rates drastically reduced from about -3 %-SOC™* to almost 0.5%-SOC™ during K extraction from
K:FePOa. On the other hand, extraction of Na and Li from NaFePO,4 and LiFePO4 shows constant

strain rates at around -0.35 and -1.35 %-SOC™, respectively.

6.3.2 Subsequent Cycles

Figure 28 shows the voltage profile and strain generation during the 4" cycle. The 2" and 3" cycle
data were also plotted in Figure C2-Figure C6. Overall, the potential profiles during the
subsequent charge / discharge cycle of Li, Na and K ions show very similar behavior compared
with the 1% cycles. A single potential plateau was observed during both charge and discharge of Li
ions in LiFePO4 cathode. Charge cycles during Na extraction showed two distinct potential plateaus
and Na intercalation resulted in a single potential plateau in NaFePO,. Again, potential profiles did
not show any distinct plateaus during subsequent charge / discharge cycles of K ions in K;FePO,

cathode.

Electrochemical strains showed a nearly linear increase with Li and Na intercalation. However,
strain generation data showed nonlinear increase during K ion intercalation into K,FePO.. Na and
K intercalation resulted in much larger electrochemical strains in the electrode compared to the Li
intercalation due to their comparably larger ion sizes. It is interesting that the electrode experiences
almost the same amount of strain generation during Na and K ion intercalation when the same
number of ions are inserted into or removed from the electrode structure. We, again, calculated the
strain rates during Li, Na and K intercalation into the electrode structure. Similar to the first cycle,

the strain rate continuously increased during K ion intercalation at the 4™ discharge cycle. However,
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Figure 28. Potential evolution, strain generation and strain rates with respect to state of discharge
(A, B, C) and charge (D, E, F) of Li (green), Na (blue) and K (purple) ions into FePQO4 electrode
during the fourth cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively.

the values of calculated strain rates were almost constant during charge / discharge cycles of Li and
Na ions in the electrode. Strain rates during K ion intercalation clearly demonstrated a major
difference in comparison with strain rates during Li and Na intercalation into iron phosphate

electrode.

Overall, lithium intercalation into the iron phosphate results in the least strain generation in the
electrode structure compared to the Na*ion and K* ion intercalation. This behavior was expected
as the Li ions is the smallest in ionic size, therefore results in less expansion in the crystalline
structure during discharge. During the first discharge, Na ion intercalation in the crystalline iron
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phosphate resulted in a steady increase in strain rate, which becomes almost 3.5%-SOD* at the end
of the first discharge. Surprisingly, the rate of strains at the end of the first discharge was very
similar upon Na and K ion intercalation. In the subsequent cycles, Na-ion intercalation cause much
larger strains in the electrode due to larger discharge capacities in comparison with K-ion
intercalation. The strain rates were almost constant around 2%-SOD in the subsequent discharge
cycles during Na insertion. This is quite interesting behavior. Previously, Xiang et al.? reported a
loss of crystallinity in the iron phosphate electrode during the first discharge cycle by in situ XRD
measurements supported by ex-situ TEM analysis. They associated the loss of crystallinity in the
first discharge cycle to the formation of amorphous phases in the iron phosphate electrode. Beyond
the first discharge cycle, their XRD analysis demonstrated the preservation of crystallinity in the
iron phosphate electrode?. This study is well-aligned with our results with the progressive strain
rate evolution only observed during the first discharge of Na ion intercalation. In the case of K ion
intercalation, the steady increase in the strain rates are observed in the subsequent cycles too. XRD
studies on K ion intercalation into iron phosphate demonstrated amorphization in the crystalline
structure®®115, Therefore, progressive evolution of the strain rates in the electrodes is likely due to
the occurrence of plastic deformation in the electrode structure. Constant strain rates during Li and
Na intercalation can be interpreted as preserving crystalline structure while removing these ions
from the host structure. Sharp changes in strain rates during K insertion and removal from the
electrode results in a state-of-charge (discharge) dependent nonlinear strain evolution and

deformations in the electrode.

6.3.3 Potential-Dependent Mechanical Behavior

To further elucidate the difference between the electrochemical deformation behaviors observed in
the electrodes, we further investigated the redox chemistry and associated mechanical deformations
in the electrode. Capacity and strain derivatives in the FePO, electrode during Li, Na and K

intercalation were calculated to evaluate electrochemical reaction processes and structural changes
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in the electrode. The derivatives in the first two cycles are shown in Figure 29. Strain and capacity
derivatives during the 3" and 4" cycles are shown in the Figure C7. The electrochemical potentials

in Na and K ion batteries were measured against the reduction potential of Na and K metals.

Capacity and strain derivative analyses demonstrated the fundamental differences in intercalation
mechanism of Li-ion, Na-ion and K-ion into iron phosphate. During Li and Na intercalation, the
shape and location of strain derivative curves are almost identical to the capacity derivatives during
the four cycles. Capacity and strain derivative peaks during Li and Na intercalation occurred at
potentials where redox reactions and associated phase transformations in the electrode structure
have been reported before®” 8. Reversible behavior of the derivatives in each cycle suggests that

the redox potentials do not change significantly over the subsequent cycles. Li-ion intercalation
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Figure 29. Normalized derivatives of capacity (dQ/dE) and strains (de/dE) with respect to potential
for intercalation of Li (green), Na (blue) and K (purple) ions into FePO, during 1% (A, B) and 2"
(C, D) discharge and charge cycles. Derivatives are normalized by dividing the maximum nominal
values in each charge and discharge cycles.
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took place in a narrow potential range as demonstrated by sharp capacity and strain derivatives in
Figure 29. The observation of broader peaks in capacity and strain derivatives during Na-ion
intercalation suggests the slower intercalation in comparison to Li-ions. In the case of K ion
intercalation, there was a significant difference in terms of the evolution of capacity and strain
derivatives. First, irreversible derivative peaks of strain and capacity derivative peaks were
observed during the first discharge of K ions at around 2.3V and 1.55V. In the subsequent discharge
cycles, very broad capacity peaks were observed at around 1.9V. Strain derivatives did not show
any characteristic peaks except change in the rate of strain derivatives at around 1.9V. This behavior
suggests the structural resistance towards the intercalation of K-ions into iron phosphate. During
the charge cycles and upon K ion extraction from the electrode, broad capacity and strain derivative
peaks were observed at around 2.75V during the extraction of K ions from the electrode. A well-
defined and reversible derivative peak during extraction of K ions points to the slower reaction

kinetics during the phase transformation in the electrode structure.

6.4 Conclusion

In this work, we compared the electrochemical and mechanical response of the iron phosphate
cathodes upon Li, Na and K ion intercalation by using electrochemical techniques and in situ digital
image correlation. Iron phosphate model electrodes were prepared by electrochemical displacement
technique in order to ensure identical morphology, structure and chemistry in the pristine iron
phosphate electrodes. Strain evolution during Li and Na intercalation results in more linear
dependence on the state of charge / discharge with the exception of the first discharge cycle of Na
ions. However, strains generated in the electrode shows nonlinear behavior during insertion /
extraction of K ions. When the same amount of K and Na ions were intercalated, similar chemo-
mechanical expansions were observed. When the same amount of ions are intercalated into the
electrode, the least volumetric expansions were observed for Li-ion insertion. The electrode

experienced larger magnitudes of strains upon Na ion intercalation at the end of discharge cycles.
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However, strain rate calculations showed that K ion intercalation results in a progressive increase
in the strain rate, whereas Li and Na intercalation induce nearly constant strain rates. Potential-
dependent behaviors also demonstrate more sluggish redox reactions during K intercalation,
compared to the Li and Na intercalation. Our results shows that strain rates are critical factor for
the amorphization of the crystalline securer, rather than the absolute value of electrochemical
strains. These observations provide a fundamental insight into the impact of alkali ions on the redox

chemistry and associated chemo-mechanical deformations.
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ABSTRACT

Battery electrodes materials undergo significant mechanical instabilities which affects their
longevity and exert rate-limitations during the cycling process. In this study, we investigate the
rate-dependent mechanical response of sodium iron phosphate (NaFePO4, NFP) cathodes during
Na intercalation via galvanostatic cycling at different rates by employing digital image correlation,
electrochemical methods, and mathematical model. The mechanical behavior of the electrode
shows strong dependance on the applied scan rate. At slower rates, electrode shows asymmetrical
strain generation between anodic and cathodic cycles, which is attributed to the formation of
cathode-electrolyte interface layers. The electrode undergoes smaller strain generation when cycled
at slower rates when the same amount of Na ions is removed or inserted into the electrode. A
mathematical model was developed to predict strain evolution in the composite electrode as well
as the concentration profile of the Na ions in the electrode particles. Rate-dependent and time-
dependent factors on the strain generation in the electrode are attributed to the capacity-dependent
intercalation strains, rate-dependent mismatch strains, and time-dependent irreversible strains. The
combination of in situ strain measurements with the analytical model provided new insight into the

electrochemically induced mechanical deformations in Na-ion cathode electrodes.

Keywords: Na-ion battery, rate dependent strain, digital image correlation, Sodium iron phosphate
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7.1 Introduction

Recent concerns revolving around the relative scarcity and cost of lithium have resulted in
increasing interest in rechargeable Na-ion batteries*®'’. Sodium is a far more abundant material
than lithium and is more evenly distributed throughout the earth crust!!®, However, Na-ion batteries
suffer from low-capacity retention due to chemo-mechanical degradations in the electrodes such as
the decomposition of organic electrolytes on the surface of the electrode, continuous volumetric
changes in the electrode constrained by current collectors, and mechanical damages in the
electrodes*!°, Organic electrolytes decompose on the electrode surface during ion intercalation,
causing the formation of a resistive surface layer on the electrode. Phase transitions commonly
occur as Na ions intercalate into or out of the host lattice which creates volume mismatches. The
associated misfit strains can produce plastic deformation or amorphization in the electrode material
and have negative impacts on reversible ion insertion and extraction processes?>*?°. These chemo-
mechanical degradations can be further exacerbated by the larger ionic radius of Na cations (1.02
A) and their reactivity towards electrolyte species®. Also, it is expected that a cathode electrode
would be prone to mechanical deformations during Na ion intercalation at faster rates due to kinetic
limitation associated with slower Na ion diffusion. Although these chemo-mechanical
deformations have been intensively reported for Li-ion battery electrodes, the physical response of
the electrode upon Na intercalation is expected to be different than ones during Li intercalation.
Therefore, further studies are required to understand the impact of the Na ions on the mechanical

stability of electrodes.

Structural and interfacial instabilities in Li-ion battery electrodes have been studied by using an
analytical mathematical model and various advanced characterization techniques such as electron
microscopy*?*128, atomic force microscopy?®®, in-situ XRD, and X-ray tomography*+13
dilatometry®¥"138  digital image correlation®%’ and in-situ curvature measurements**4,

Transport-mechanics couplings in the electrified interfaces and bulk behavior of battery electrodes
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have been investigated by developing a continuum-based model for Li-ion batteries. These models
enable the prediction of intercalation behavior of Li-ions under various factors such as surface
tension, scan-rate, and morphology of the electrode??4*146, The physical response of the Li-ion
battery electrodes due to chemo-mechanical deformations has been characterized experimentally
by monitoring stress and strain evolutions in the electrode via digital image correlation and
curvature measurements. These in situ mechanical measurements shed light on complex reaction
processes controlling the stability of electrode structure as well as its surface with
electrolyte®6:107.138.140147 " Haowever, chemo-mechanical instabilities associated with interfacial and

structural deformations in the cathode electrodes during Na ion intercalation are not well known.

In this study, we chose sodium iron phosphate cathode to study rate-dependent and time-dependent
deformations by utilizing in situ electrochemical strains, electrochemical techniques, and a
mathematical model. Olivine-type sodium iron phosphate (NaFePO., NFP) is structurally
analogous to the Lithium iron phosphate (LiFePO., LFP) electrode, which is an inexpensive and
environmentally benign cathode material widely used in commercial Li-ion batteries. Due to the
performance of the iron phosphate framework in Li-ion batteries, NFP has attracted much attention
as a cathode electrode for Na-ion batteries. NFP has a theoretical capacity of 154 mAh g™
Michaelis group investigated the intercalation kinetics and electrochemical performance of NFP by
using the electrochemical displacement technique®’%. Casas-Cabanas group monitored reaction
mechanisms and associated structural deformations in the NFP electrodes via in situ x-ray
diffractions®248546479  previously, we developed a methodology to tackle in situ electrochemical

strain evolution in sodium iron phosphate electrodes using digital image correlation?’,

The goal of the study is to explore the rate and time effect on the mechanical behavior of the
composite sodium iron phosphate cathode. To achieve it, we experimentally monitor in situ strain
evolution in the electrode at different rates. In situ strains are monitored using the optical, full-field

digital image correlation (DIC) technique. As expected, sodium intercalation causes volumetric
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expansions in the composite electrode and the volume of the electrode shrinks during the removal
of Na ions. Although a large amount of the irreversible strain was detected during the first cycle,
strains become reversible in the subsequent cycles. Noticeably larger expansions are observed in
the composite electrode when cycled at faster scan rates. Strain evolution in the composite electrode
is predicted based on the elastic properties of the composite electrode and atomic-scale changes in
the crystal structures. Concentration gradients and mismatch strains inside the particles are also
predicted based on the transport model. The experimental and modeling studies demonstrate the

mechanical penalty in the NaFePO4 composite electrode at faster rates.

7.2 Materials and Methods

7.2.1 Material Preparation

Composite electrodes and electrolytes were prepared by following the procedure described
previously'®’. Briefly, sodium carboxymethyl cellulose (binder, CMC, average MW ~700,000,
Aldrich) and ultra-pure water mixed with 1:40 mass ratio and homogenized. Then, lithium iron
phosphate (active material, LFP, Hanwha Chemical) and Super P (conductive additive, carbon
black, >99%, metal basis, Alfa Aesar) were added to the above solution. The average particle size
of LFP used in the study was 250 nm, determined by SEM. Final LFP: SuperP: CMC: Water mass
ratio was 8:1:1:40. This slurry was mixed for 30 minutes with Thinky centrifugal mixer at 2000
rpm until completely homogenizes. To prepare the free-standing electrodes, the slurry was cast on
copper foil (9 um thick, >99.99%, MTI) and a doctor blade was used to control the slurry thickness.
The casted slurry was air-dried ad ambient condition for 16 h. Dried electrodes are carefully
removed from the surface to create the free-standing electrodes used in the strain measurements.
For coin cell and GITT measurements, the same slurry was prepared, and it was cast on aluminum

foil (15 um thick, MTI) with a doctor blade and air-dried for 16 h.
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The electrolyte solution was prepared inside a glove box under an argon atmosphere (MB-Unilab
Pro SP, MBRAUN). Oxygen and water contents were kept below 1 ppm all the time. Ethylene
carbonate (EC, anhydrous, 99%, Acros Organics) and dimethyl carbonate (DMC, anhydrous,
>99%, Aldrich) were mixed in a 1:1 volume ratio. 1 M sodium perchlorate (NaClO4, ACS grade,

>98%, Aldrich) was added to the above EC/DMC solution.

Sodium cubes immersed in mineral oil (Na, 99.9%, metal basis, Sigma Aldrich) were cleaned with
hexane inside the glove box. Cleaned Na cubes were stored in 1:1 (v:v) EC:DMC solution for future
use. Before studies, Na cubes were removed from the solvent solution and dried with filter paper.
A stainless-steel scalpel is used to clean the oxidized surface. The cleaned piece was then placed
inside a polyethylene bag and rolled into the shape of a foil using a rolling pin. Flattened Na foil

was then placed into the battery cell as a counter electrode.

7.2.2 Electrochemical Cycling

Electrochemical displacement technique was used to form iron phosphate (FP) composite electrode
using pristine LFP composite electrode®”%81%7  Electrochemical delithiation of the pristine LFP
electrode was done by applying a positive current at C/10 rate to 4.0 V vs Na counter electrode. FP
composite electrodes were cycled against Na counter electrode in 1 M NaClO4 in 1:1 (viv)
EC:DMC electrolyte between 2.0-4.0 V. We provided further details of the electrochemical
displacement technique in the Supplementary information by conducting X-ray diffraction analysis
and in situ strain measurements. The electrodes were cycled at C/25, C/10, C/4 and 1C rates. GITT
measurements were carried out using a custom Swagelok coin cell system. Pristine LFP electrode
cast on aluminum foil assembled into the custom cell with or Na counter electrode and electrolyte.
A Celgrad 2044 polymer separator was used to separate both electrodes. Before GITT
measurements, cells were cycled at a C/10 rate for 5 cycles. GITT measurements carried out with

a series of current pulses at C/25 for 1 h, followed by a 10 h relaxation period.
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7.2.3 Strain Measurements

A detailed description of the custom battery cell was provided in our previous publications®.
Polychlorotrifluoroethylene (PCTFE, Plastics International) was used to make the main body of
the custom battery cell and the electrode holders. Optical access was achieved by a quartz window
(99.995 % Si02, 1/16 in thick, 2 in diameter, McMaster-Carr). This window was placed on the top
of the custom cell and Viton O-rings (Grainger) used to seal the cell. Strain analysis was conducted
by taking images of the freestanding electrode throughout the electrochemical cycling periods.
Grasshopper3 5.0 MP camera (Sony IMX250, resolution, 2448 (w)*2048(h) pixel) with 12.0X
adjustable zoom lens (NAVITAR) for an effective resolution of 0.873 um/pixel was used for image
capture. Illumination of the freestanding electrode was achieved with a single constant high-
intensity LED light source (Amazon). Depending on the cycling rate, images were captured every
10 min, 2 min, and 0.25 min for galvanostatic cycling at C/25, C/10, and C rates, respectively. A
lab-made LabVIEW program was used to capture the images. The natural speckle pattern of the
LFP composite electrode was used to calculate the strain generation on the electrode using Digital
Image Correlation (DIC). Full-field strain measurements were performed on an area of interest of
750 pm(w) x 500 pm(h) using Vic2D software with a subset size of 111 x 111 pixels and a step
size of 15. Strains were synchronized with the electrochemical response of the electrodes (current

and voltage) using a lab-made MATLAB program.

7.3 Results and Discussion

7.3.1 Representative Electrode Response during Na* ion Intercalation

Figure 30A shows the representative electrochemical behavior of a sodium iron phosphate (NFP)
composite electrode cycled galvanostatically at a C/25 rate against a sodium counter electrode for
four cycles. Iron phosphate composite electrodes were formed by electrochemical displacement of
Li ions from pristine lithium iron phosphate composite electrode using the methodology described
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Figure 30. A) Voltage and B) strain evolution in iron phosphate composite electrode during sodium
intercalation cycled at C/25 in 1 M NaClO, in EC/DMC electrolyte. C) Corresponding anodic,
cathodic, and irreversible strain generations.

in our previous publication?’. VVoltage and strain evolution during electrochemical delithiation of
pristine LFP and resulting crystalline structure change can be seen in Figure D1. The sodiation of
the iron phosphate in the first discharge resulted in 144mAh g* discharge capacity, which is close
to the theoretical capacity of sodium iron phosphate (154 mAh g1)¢78, The electrode showed a
very flat potential plateau around 2.85V during the sodiation of iron phosphate in the first discharge.
The discharge capacity decreased to 138 and 130 mAh g in the second and fourth discharge cycles.
Charge capacities during the first, second, and fourth cycles were calculated to be 174, 164, and
158 mAh g2, respectively. Two distinct potential plateaus at around 2.88 and 3.10 V were recorded
during the first charge (desodiation). The evolution of the potential plateaus in the subsequent
cycles were like the first cycle. A similar potential response during Na ion intercalation of NaFePQO4

electrodes via galvanostatic cycling was reported in the literature®”,
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The corresponding strain evolution in the sodium iron phosphate composite electrode cycled at
C/25 rate is shown in Figure 30B. Electrochemical strains demonstrated a linear relationship with
galvanostatic charge/discharge time at all cycle numbers. As expected, electrochemical strains
increased and decreased during the discharge and charge cycles, respectively. Strains were
categorized as “anodic”, “cathodic” and “irreversible strain” to evaluate their progression with
cycle numbers'®. Anodic and cathodic strain values were shifted to start from zero at the beginning
of each charge/discharge cycle to calculate strain generation in each cycle. The strain value at each
cycle was labeled as “irreversible strain” and it was calculated by subtracting the cathodic strain
from anodic strains for each cycle. During the first discharge cycle, the insertion of Na ions into
iron phosphate resulted in 2.43% volume expansion in the NFP composite electrode. Cathodic
strain progressively decreased from 2.43% at 1t discharge to 1.48% at 2" discharge. The cathodic
strains became 1.34 and 1.26% at the end of the 3™ and 4" discharge cycle, respectively. The
removal of Na ions during the first charge cycle caused a reduction in electrode volume, generating
about -1.34 + 0.1% anodic strain in the first charge cycle. However, there is an asymmetrical strain
evolution in magnitude between charge and discharge cycles, causing mechanical irreversibility
between anodic and cathodic cycles. At the end of the first cycle, the electrode did not return to its
original size, which results in 1.16% irreversible strains. In the subsequent cycles, the generation

of the irreversible strains at each cycle reduced slowly from 0.36% at the end of the second cycle

to 0.20 % at the end of the fourth cycle.

Strain and capacity derivatives with respect to potential are calculated to investigate the reversible
changes in the electrode during Na ion intercalation. The angstrom-scale changes in the electrode
structure during metal ion intercalation induce macroscale volumetric expansions in the composite
electrode. Previous studies demonstrated a good correlation between phase transformations and the
evolution of potential-dependent strain rates in the composite graphite, lithium iron phosphate, and

lithium manganese oxide electrodes for Li-ion batteries3343844107 The |ocation of strain derivative
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peaks in these studies matches very well with the current peaks in cyclic voltammetry or the
capacity derivative peaks in galvanostatic cycling. Similar to the previous studies, the strain
derivatives, de/dE and capacity derivatives, dQ/dE were calculated with respect to potential.
Figure 31 shows strain and capacity derivatives during fourth charge and discharge cycles at C/25
rate. Two characteristic peaks in capacity derivatives are observed during fourth charge cycle at
2.92 and 3.11 V in Figure 31. A well-defined two peaks in the strain derivative matches with the
corresponding peaks in the capacity derivative within £0.02 V. Two peaks in the capacity
derivatives correspond to the appearance of intermediate Nao 7FePO. during transition of NaFePO4
phase to FePO, phase®3248, A similar evolution in strain and capacity derivatives is also observed
in the earlier desodiation cycles too (Figure D5). During discharge, two overlapping 2-phase
reactions FePO, - NaysFePO4 and NaysFePOs — NaFePO, take place in potentials close to each

other, therefore they merged into a single plateau with the overlap of the two reactions, leading to
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Figure 31. Capacity derivatives and strain derivatives in NaFePO4 composite electrode cycled at
C/25 during sodiation (left size) and desodiation (right side) in 1 M NaClO, in EC/DMC electrolyte
during 4" cycle.
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3 phase coexistence at half discharge®>544, Our measurements at a slow rate showed that there are
almost two capacity and strain peaks observed during the fourth discharge cycle in 2.80 and 2.84

V, and these peaks were separated with a very narrow potential window.

In general, the electrode experiences reversible and irreversible deformations during Na ion
intercalation. The irreversible physical response of the electrodes has been attributed to the
formation of cathode — electrolyte interface (CEl), the dissolution of transition metal ions, and the
generation of defects in the crystalline structure!*'®. Reversible deformations in the Na-ion
electrodes are correlated with the changing lattice parameters as alkali metal ions are intercalated
into and deintercalated from the electrode!®*1%’. In the next section, the role of scan rate and
intercalation time on the physical response of the sodium iron phosphate electrode is investigated
to elaborate these reversible and irreversible changes in the sodium iron phosphate electrode. We
will discuss how rate and intercalation time impacts the irreversible behavior of electrode as well

as intercalation mechanics.

7.3.2 Electrochemical Strain Generation at Different C-Rates

NFP cathodes were cycled at C/10, C/4, 1C and 2C scan rates while monitoring in situ strain
evolutions in the composite electrode (Figure D4). Single potential plateaus are observed during
the insertion of Na ions at 2.82, 2.68, and 2.44 V for C/10, C/4, and 1C rates, respectively. There
was no clear potential plateau observed for the electrode cycled at 2C rate, it is likely due to the
low charge / discharge capacity of the electrode when cycled at 2C rate. Discharge capacities in
the first cycle were 142, 125, 83.9 and 20.4 mAh g at C/10, C/4, 1C and 2C rates, respectively.
Two distinct potential plateaus were clearly observed when the electrode was charged at C/10 and
C/4 rates. These two potential plateaus are corresponding to the appearance of intermediate
Naop7FePO. during the transition of the NaFePO, phase to FePO, phase?3248, However, these

potential plateaus became less pronounced in the subsequent cycles when the electrode is cycled at
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a 1C and 2C rates rate (Figure D2 and Figure D3). The overpotential is calculated by subtracting
a potential at beginning of the first plateau during charge (marked with circle times symbol on the
Figure D4) from the potential at the beginning of the single plateau during discharge (marked with
asterisk symbol on the Figure D4). The overpotential in the first cycle were 0.02, 0.10, 0.27, 0.65
and 1.03V at C/25, C/10, C/4, 1C and 2C rates, respectively. The increase in potential hysteresis at
higher scan rates has been observed for other cathode materials during Li and Na intercalation48.149,
Previous experimental studies, as well as mathematical models also showed the increase in the
overpotential with increasing scan rates*®521%0, For sodium, both reaction kinetics and diffusion
rates are sluggish compared to lithium. This, in turn, increases the overpotentials required to insert

or remove sodium from the FePQ, structure, especially at higher scan rates.

Figure D4 shows the electrochemical strain evolution in the composite sodium iron phosphate
electrode cycled at C/10, C/4, 1C and 2C rates. Electrochemical strains demonstrated a linear
relationship with galvanostatic charging / discharging at all different scan rates. The progression of
anodic, cathodic, and irreversible strain generation with cycle numbers at different scan rates are
plotted in Figure 32. The cathodic strain became 2.31, 2.25, 1.27% and 0.28% at the end of the
first discharge cycle at C/10, C/4, 1C and 2C rates, respectively. During the first charge cycle, -
1.31, -1.22, -0.57% and -0.15% anodic strains are generated at C/10, C/4, 1C and 2C rates,
respectively. In the subsequent cycles, the average anodic strains became -0.46, -1.05, and -1.16%
within the margin of 0.02% at C/10, C/4, and 1C rates, respectively. Like C/25 rate, slightly
asymmetrical strain evolution in magnitude was detected between charge and discharge cycles
when the electrode cycled at C/10. Interestingly, the cathodic and anodic strain increased by the
cycle number at 2C rate with cycle number, while irreversible strains was below 0.1%. Irreversible
strains at the end of the first cycle were 1.00, 1.03, 0.70 and 0.13% at C/10, C/4, 1C and 2C rates,

respectively. Irreversible strains decreased rapidly in the subsequent cycles. The generated
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irreversible strains in the third cycle were 0.19, 0.13, 0.05% and 0.05% for C/10, C/4, 1C and 2C

rates, respectively.
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Figure 32. Anodic, cathodic, and irreversible strain at C/10 (red color), C/4 (grey color), 1C (blue
color) and 2C (purple) rates.

The total amount of sodium ions displaced during cycling directly influences the strain evolution
in the electrode. Previous studies on Li-ion electrodes showed a linear relationship between the
capacity and strain evolution in graphite anode and lithium manganese oxide cathode materials®*%®,
In situ stress and XRD studies on lithium manganese oxide® graphite®®, lithium cobalt oxide!*?,
and lithium iron phosphate® showed the linear relationship between capacity and physical response
of electrodes. To better understand the rate-dependent strain generation in the composite sodium
iron phosphate cathode, electrochemical strains during the fourth charge and discharge cycles at
different rates are plotted with respect to capacity in Figure 33. Strain values were shifted to zero
at the beginning of each charge and discharge cycle to calculate strain generation in each cycle.
The strain increases almost linearly with respect to charge and discharge capacities at all scan rates.
However, the rate of the electrochemical strains with respect to capacity depends on the applied

scan rate. For example, when the sodium ions are intercalated into the electrode until the discharge
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Figure 33. Voltage and strain evolution in iron phosphate composite electrode during sodium
intercalation in 1 M NaClO, in EC/DMC electrolyte at different scan rates during the 4™ cycle.
Dotted points indicate the predicted strains calculated from the mathematical model.

capacity becomes 40 mAh g, the composite electrode expands 0.426, 0.505, 0.540, and 0.589%
when cycled at C/25, C/10, C/4, and 1C rates, respectively. The slope of the strains with respect to
the state of discharge (SOD) is calculated as 1.75, 1.99, 2.13, 2.04 and 2.25 at C/25, C/10, C/4, 1C
and 2C rates, respectively. When considering the same charge capacity, the electrode volume also
shrinks greater at faster rates. Strain and capacity relationships during the third cycle are also
compared at different scan rates in the Figure D10. The distinct difference in the electrochemical
strain evolution during charge is clearly observed for the third charge cycle too. The magnitude of
electrochemical strains was slightly higher at faster rates in the third charge cycle. The electrode
experience larger strains at faster scan rates although the same amount of sodium ions is inserted

into or extracted from the electrode. However, it is important note that the additional strains at
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higher rates compared to the slower rates are more pronounced during charge cycles compared to

discharge cycles.

Overall, there are two distinct rate-dependent physical responses of the composite NFP electrode.
The first one is asymmetrical strain evolution between charge and discharge cycles at slower rates.
The electrode demonstrated a more symmetrical strain evolution between charge and discharge
rates when cycled at faster rates, which leads to smaller irreversible strain generation in each cycle
(Figure 32). Another distinct physical behavior of the electrode is the rate-dependent strains with
respect to capacity. When the same amount of sodium is inserted into or removed from the
electrode, the electrode undergoes larger volumetric changes at faster rates. To shed light on these
discrepancies, we will discuss the possible factors, such as the progression of cathode-electrolyte
interface (CEI) formation, and the transport-mechanics coupling of Na ions in the cathode particles,

on the rate- and time-dependent electrochemical strains.
7.3.3 Progression of Irreversible Strains

Irreversible deformations in the electrodes have been attributed to the dissolution of transition metal
from the structure of the electrode!®, vacancy formations in the crystalline structure, and the

formation of CEI layers?!. To differentiate these factors on the irreversible strains at different rates,
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the cumulative irreversible strains were plotted with respect to cycle number (Figure 34A). If the
dominant force on the irreversible deformation is the dissolution of iron metal from the NaFePO,
structure, we expect to observe negative irreversible strains with increasing cycle numbers. Zhao
et. al showed the reduction in strains in lithium manganese oxide cathodes due to the dissolution of
manganese into electrolyte!®. Since the cumulative irreversible strains increased with cycle number
for all scan rates, it is unlikely that the dissolution of iron dominates the irreversible behavior in the

sodium iron phosphate electrode.

Another factor contributing to irreversible deformation could be the formation of vacancies in the
crystal structure of the electrode. Unexpected compressive stress generation was observed during
the first delithiation cycle in lithium manganese oxide cathode® and the irreversible behavior was
associated with the formation of oxygen vacancies in the electrode structure. Large irreversible
strains were detected in the first cycle of lithium intercalation into lithium iron phosphate and
lithium manganese oxide electrodes®"%’. Figure 34 demonstrates the large deformations only in
the first cycle in sodium iron phosphate cathode at all scan rates. Although the generation of oxygen
vacancies may contribute to the irreversible behavior of sodium iron phosphate in the first cycle,
they are unlikely to cause the progressive evolution of irreversible strains with increasing cycle

numbers.

The formation of cathode — electrolyte interface (CEI) layers is a well-known phenomenon causing
irreversible deformation in the alkali-metal ion battery electrodes. Oxidation of electrolyte species
at high voltages and interaction between electrolyte and cathode can cause the formation of organic
and inorganic layers on the cathode surface'*'°. Smith et al. previously demonstrated that the
thickness of the solid-electrolyte interface layer increases approximately with the square root of
time on graphite electrode in Li-ion batteries'®®. Cycle time and operational temperature dominate
the solid-electrolyte interface growth rate, not the cycle number!**1%’, Also, a continuum-based

mathematical model predicted the growth rate of solid-electrolyte interface layers with the square
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root of time'*®, Previously, we observed a linear relationship between cumulative irreversible
strains and the square root of time for graphite anode and lithium manganese oxide cathodes for
Li-ion batteries. The irreversible strains were associated with the electrolyte decomposition on the

surface of the electrodes®” 1%,

To shed light on irreversible strains on the sodium iron phosphate electrode, the cumulative
irreversible strains were plotted against the square root of time (Figure 34B). A linear relationship
between cumulative irreversible strain generation and the square root of time is observed for all
scan rates. Interestingly, the electrode undergoes larger cumulative irreversible strain generation at
faster rates when cycled for the same amount of time. As a result, the rate of irreversible strain with
respect to the square root of time increases from 0.134 hr =% at C/25t0 0.179 hr~%° at 1C. The
slope was calculated as 0.390 hr %> at 2C rate. Attia et al. also demonstrated a similar correlation
between the rate of solid electrolyte interface growth and nominal C-rate for Li-ion graphite

electrode!®®.

If we assume that the growth of CEI layers on the electrode causes an overall increase in the size
of the sodium iron phosphate particles, then this deformation on the electrode surface will lead to
irreversible macroscopic expansions of the electrode. Based on this assumption, we previously
estimated the thickness of the decomposition products for Li-ion graphite composite electrode

using the following equation;

hegr = 0.5 Dparticlegirr

where hegp, Dparticies and &, denote the thickness of the CEI layer, the original size of the
particle diameter, and generated irreversible strains, respectively'®. The average particle size in the
composite sodium iron phosphate cathode is about 250 nm. With the given irreversible strains of
1-2% on the electrode, the thickness of the CEI layer is estimated to be ca. 1.25 — 2.5 nm. Previous

studies based on X-ray photoelectron spectroscopy detected a few nanometer-thick layer of CEl on
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lithium iron phosphate and nickel manganese cobalt oxide cathodes*®1¢°, Therefore, the estimated
thickness of CEI from the strain measurements is consistent with the experimentally measured CEI

thickness.

To summarize this section, the irreversible strains increase linearly with the square root of time for
all scan rates. This correlation between irreversible deformations and time suggests the contribution
of the CEI growth on the irreversible strains. Since the rate of decomposition on the electrode
surface is time-dependent, the irreversibility causes asymmetrical strain response between anodic
and cathodic cycles at slower rates. The growth of the CEI layer contributes to irreversible positive
strain evolution in the electrode. In addition to intercalation-induced strain, if the CEIl growth is the
only irreversible factor causing strains in the electrode, then it was expected to observe more
positive strain generation during sodiation and less negative strains during desodiation at the slower
rates, compared to the behavior of electrode cycled at faster rates because of the difference in
intercalation time. However, this cannot simply explain the rate-dependent strain profiles observed
in Figure 33 and Figure D10. Local volume mismatch between separated phases in the electrode
structure and mismatch strains due to rate-dependent concentration gradients in the electrode might
also contribute to the rate-dependent strain behavior. In the following section, we will discuss the

factor of diffusion-limitations at faster rates and their impact on the strain evolution in the electrode.

7.3.4 Predicted Strains in Composite Electrode

A typical composite electrode consists of active materials, conductive carbon, and polymeric
binders. Conductive carbon and polymeric binders do not intercalate with ions, their function is to
provide conductive network and mechanical strength in the composite electrodes!®:1%2, During
battery operation, electrochemical strains in the active materials during ion intercalation (e.g.
NaFePO.) governs the volumetric changes in the composite electrode. Previously, the expansions

in the Li-ion battery composite electrodes were estimated by considering the volumetric changes
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in the active particles and calculating the elastic properties of the composite electrode!®®1%4, The
model assumes that lithium ions are uniformly distributed in the active particles. The model only
considers elastic and reversible deformations upon reversible Li* ion intercalation. Also, the impact
of side reactions, defect formations, plastic deformations, and the formation of the cathode-
electrolyte interface are not included in the model calculation. The individual active materials might
show anisotropic behaviors, however, the randomly distributed active materials in the composite
network leads to isotropic behaviors in the composite electrodes at the length scales considered in
the model. The predicted strains showed good correlations with the experimentally measured
composite strains in Li-ion batteries when the electrodes were cycled at slow scan rates63164,
Sodium-intercalation induced strain in the composite NaFePO, electrode is calculated by adjusting
the previous composite model for Na-ion batteries. Strains in composite electrode, €., is computed

as,

ENFP 1 1
Ece = EnFPPNFP T T 1 (K_ Ko >
e average

Kpm ~ Kyrp

Elastic properties of the composite electrode such as bulk modulus, K, are calculated by using open
cell theory for anisotropic porous solid end S-combining rule!®. The volumetric fraction of the
NFP particles, ¢nrp, in the composite electrode is calculated by measuring the porosity of the
composite electrode. The model and porosity calculations are described in the supporting
information. Calculation of the strains in the composite electrode requires information about the
linear strains in the NFP particles, eygp, during Na* ion intercalation. Changes in the lattice
parameters can be used to calculate linear strains in the NFP particles. Previously, Casas-Cabanas
and her group intensively investigated the structural changes in the olivine NaFePO, during
charging / discharging by using synchrotron X-ray diffraction experiments®>4854647 The intensity

of the low angle diffraction peaks of the phases, unit cell parameters and cell volumes is plotted

97



with respect to Na content in the electrode discharged at C/66 rate in Figure D11 and Figure D12

using the previously published XRD study*®

Linear strain in the sodium iron phosphate electrodes was calculated from the changes in the cell
volume of the electrode particles with respect to SOD. The predicted strains in the unconstrained
composite electrode are compared with the experimentally measured strains during discharging at
different scan rates in Figure 33B. In the calculations, the predicted strains were calculated between
SOD of 0.25 — 0.65 to avoid the three-phase region at around 0.65 state of discharge. The
corresponding discharge capacity at 0.25 SOD is 38.5 mAh g. The predicted strains were shifted
by 0.41% to provide a better comparison with the experimentally measured strains. The model
predictions resemble the experimentally measured strains at slow scan rates until discharge capacity
becomes 80 mAh g*. Note that the model assumes uniform sodiation of the sodium iron phosphate
electrode and it is incapable of incorporating possible mismatch strains associated with large
concentration gradients at faster scan rates. We hypothesize that the diffusion-limited concentration
profile of Na ions in the electrode particles causes mismatch strains at faster scan rates. To further
investigate, we calculate the concentration gradients and mismatch strain profiles in the electrode

particle using Fick’s law.

7.3.5 Predicted Na Concentration and Mismatch Strains in the Electrode Particle

An analytical model based on Fick’s law and elastic deformation was developed to stimulate the
concentration profile of Li ions and stress generation in various shapes and orientations of Li-ion
battery electrodes?2120142143166-168 \\je adopted previous diffusion-mechanics models of Li-ion
batteries into Na-ion batteries to compute the Na concentration gradient and mismatch strains in
spherical NaFePO, particles. In the olivine NaFePO, structure, FeOs octahedra connect with
neighbor FeOg by sharing corner in the ab plane, whereas PO, tetrahedra shares corners and edges

with the FeOg octahedra. The structure provides open channels along the a-axis and b-axis for Na
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ions. We consider a simple problem of diffusion of Na ions within the sphere shape of particles
with the radius, r. From SEM images, the average radius of the particles was around 125 nm. The
concentration of sodium in the particle is governed by time-dependent Fick’s law'*;

dc D 0 dc

5 =73 ()
The primary driving force for sodium diffusion is the concentration gradient. GITT measurements
were performed to calculate the diffusion coefficient of the sodium in the NaFePO, particles (Supp.
Information). The diffusion coefficient varies between 1 x 107* cm?/s and 1 x 10717 cm?/s
during intercalation of Na ions. In the calculations, we assume constant diffusivity of
2 x 10715 cm? /s and the stress-induced diffusion is neglected. Initial and boundary conditions

are given by;

C(r,0)=0for0<r<R

DD _ hfor ¢ > 0
ot

DaC(R't) = ifort >0
ot F

At the surface of the electrode, current density, I is constant under galvanostatic discharging and it
can be defined with the galvanostatic discharge rate as I = (C — rate) “g;R where a and p denote

theoretical capacity and density of the electrode, respectively. The C-rate represents the amount of
time it takes to discharge the battery with respect to its theoretical capacity. C,,4, iS the maximum
concentration of sodium in the NaFePO,. In Figure 33, the state of discharge at the end of the
discharge was 0.27, 0.50, 0.62, and 0.84 when the electrode was cycled at 1C, C/4, C/10, and C/25
rates, respectively. To simulate the concentration gradients and mismatch strains, the electrode
particles are discharged until the average SOD in the particle reached the experimentally observed

SOD for four different scan rates in Figure 30 and the Figure D4. As a reference point, the
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concentration profile of sodium is also computed when cycled at C/100 until 0.95 SOD. The
concentration profile of sodium inside the electrode particles is estimated by solving the partial

differential diffusion equation using the MATLAB PDEPE toolbox.

Figure 35 shows the distribution of sodium at different C-rates. At slower rates (C/100 and C/25),
sodium is almost uniformly distributed along the particle radius. When the scan rate increased
further, the concentration of sodium near the particle surface differs significantly from the

concentration in the center of the particles. As a result, a large sodium concentration gradient is
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Figure 35. Na Concentration and Mismatch Strains in Electrode Particle: The sodium concentration
profiles and the mismatch strains at five different scan rates. In the calculations, it is assumed that
the electrode particles are discharged until 0.15, 0.27, 0.50, 0.62, 0.84 and 0.9% state of discharge
for 2C, 1C, C/4, C/10, C/25 and C/100. The state of discharge values for each rate is chosen based
on experimentally measured electrode capacity in Figure 34.

observed near the electrode surface at faster rates. We calculate the deformation mismatch due to
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the inhomogeneous distribution of sodium inside the electrode particle by following the previous
elastic model developed for Li-ion batteries??. Mismatch strains are calculated as

L(r) — Ur=o
l|r=0

e(r) =

Concentration dependent-lattice parameters among the a-axis and b-axis are used to calculate
strains. Shortly, the estimated concentration profiles throughout the radius of the electrode particle
were converted into radius and time-dependent SOD and match with the lattice parameter in the a-
axis and b-axis from the Figure D11. Steep concentration gradients at faster scan rates result in the

generation of large mismatch strains in the electrode particle.

Table 2. Average concentration in the electrode particle Cave, and mismatch strains in the particle
along a-axis (€qave) and b-axis (Ep,ave).

C-rates 2C 1C Cl4 C/10 Cl25 C/100
Coave 0.15 0.30 0.53 0.63 0.84 0.89
Eaave | Cave 617 6.19 5.21 2.08 0.53 0.10
Epave / Cave 691 7.00 5.95 2.55 0.63 0.14

The average concentration in the electrode particle (Cape, Where Chpe = C/Crmax ), average

mismatch strains in the particle along a-axis (g4 gye) and b-axis (g, 4,¢) are calculated from the

. . . . Road
simulation and tabulated in Table 2. Average values are calculated via @, = % where & =

Odr

Cove, €q OT €. Average predicted Na concentrations in the electrode particle at different rates are
in good agreement with the experimentally measured Na content in the composite electrode (Figure
33). The average mismatch strain evolution per charge is greater in magnitude when the electrode
is cycled at faster rates. These mismatch strains in the electrode particle leads to additional

macroscopic expansions of the composite electrode at faster rates.
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7.3.6 Factors Contribution Electrochemical Strains in NaFePO4 Electrode

Intercalation of Na ions generates electrochemical strain generation in the composite electrode
(Figure 30). Strain derivatives during charge / discharge cycles match well with the capacity
derivatives, which points out that the phase transformation in the electrode causes potential-
dependent strain rate changes in the electrode (Figure 31). Strains also show very linear
dependence on the capacity. Predicted composite strains based on anisotropic porous solid end S-
combining rule also agrees well with the electrochemically measured strains at C/25 rate (Figure
33). The measurements also point out to irreversible and rate-dependent strain generation factors
in the electrode in addition to the intercalation-induced electrochemical strains. First, large amount
of irreversible strain generations is detected in the early cycle (Figure 32). Cumulative irreversible
strain shows a linear dependence with the square root of the cycle time (Figure 34). When
irreversible strain generation becomes negligible small in the subsequent cycles compared to the
intercalation-induced strains, the electrode experiences a slightly larger expansion when cycled at
the faster rate (Figure 33). This behavior suggests the rate-dependent strain evolution in the
composite electrode. In summary, strains in the composite sodium iron phosphate electrode, €. can

be defined as

g = Q)+ ey(v) + Ep—phase T ecer(O)+ Eother

where €;(Q) is the capacity-dependent intercalation-induced strains, &, (v) is the rate-dependent
mismatch strains due to concentration gradients, ey_ppqse IS Mismatch strains due to the volume
mismatch between separated phases in the electrode structure, eqg;(t) is time-dependent, CEI-
induced irreversible strains. &,:per IS the strain generation due to the combination of other
irreversible deformations such as oxygen vacancies, dissolution of iron, and irreversible structural
or microstructural changes (e.g. cracks). Experimentally measured and predicted composite strains

in Figure 33 indicate the linear relationship between intercalation-induced strains, ¢;(Q) and the
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electrode capacity. Time-dependent cumulative irreversible strains in Figure 34 points out the
contribution of CEI growth on the irreversible deformation, eqg;(t). Large irreversible strains are
detected during the first cycle at any scan rates (Figure 30 and Figure D4) and it can be associated

with either ez (t) and/or &,iper-

Rate-dependent strain rates with respect to capacity in Figure 35 is associated with the generation
of mismatch strains in the electrode. Mismatch strains, &, (v), can be generated due to rate-
dependent concentration gradients in the electrode particle and volume mismatch between two
separate phases in the electrode. The energy accommodation during mechanical deformations in
the electrode widens the potential gap between the electrochemical redox reactions, which leads to
higher potential hysteresis?. Zhu and Wang calculated the strain accommodation energy for
LiFePO. electrodes with 40-nm and 100-nm particle sizes. The bigger particles require large
potential hysteresis to accommaodate the volume differences between Li-rich and Li-poor phases'®®.
Synchrotron X-ray diffraction and pair distribution function analysis suggest NaFePO,
accommaodates discontinuous volume changes in the electrode by forming short-range amorphous
phases?®. Operando synchrotron study also suggested the formation of mismatch strains on
NaFePO, cathodes induces cost of mechanical energy, which causes larger potential hysteresis
between redox reactions®®. The analytical model predicted sharper concentration gradients and
localized strain generation near the electrode surface during Li-ion intercalation electrode?>14:-146,
In situ stress measurements and finite strain model demonstrated local stress gradients near the Si
thin film electrode surface due to sharp concentration gradients near surface’®"*, In our study, the
transport model only simulates the rate-induced concentration gradient within the solid solution
(Figure 35). The model predicts sharp concentration gradients of Na near the electrode surface at
higher rates, which contributes to greater mismatch strains (Table 2). It should be noted that large

concentration gradients impede the volume mismatch between two separate phases in the electrode.
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Although predicted strain values do not incorporate the phase separation factor, it demonstrates the

contribution of sharp concentration gradients at faster rates on the mismatch strains.

7.4 Conclusion

A better understanding of the rate effect on electrode mechanics is required to develop new
electrodes with better rate-capabilities. In this work, we interrogated the impact of scan rate on
electrochemical strain generations in the NaFePO, composite cathode for Na-ion batteries. Digital
image correlation was used to monitor strain generation in the composite cathode during cycling at
different scan rates. A large irreversible strain is observed in the first cycle at all scan rates. A linear
relationship between electrode capacity and strain evolution is observed at all scan rates.
Asymmetrical strain evolution between anodic and cathodic cycles is observed at slower rates and
it was attributed to the generation of time-dependent irreversible strains due to CEI growth. The
rate of increase in the cumulative irreversible strain was greater when the electrode cycled at faster
rates. The remarkably larger intercalation-induced strain evolution is observed in the composite
electrode when cycled at faster scan rates. Experimental strain measurements were compared with
the predictions from an analytical model for composite electrodes based on uniform elastic
deformations and intercalation-induced structural changes in the NFP particles. A transport-
mechanics model is developed to predict the concentration profile of Na in the electrode particles
and associated mismatch strains at different scan rates. Our study demonstrated the scan rate-
dependent and time-dependent additional volumetric changes in the electrode due to the formation
of CEl layers and mismatch strains. When considering commercial electrodes being constrained by
current collectors and battery packing, these constrained electrodes will be more prone to
mechanical degradations at faster rates due to larger electrochemical strains. Mechanical
instabilities in the electrode particles will shorten the lifetime and worsen the performance of the

battery electrodes.
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CHAPTER VIII

RATE-DEPENDENT ELECTROCHEMICAL STRAIN GENERATION IN COMPOSITE

IRON PHOSPHATE CATHODES IN Li-ION BATTERIES

Bertan Ozdogru, Vijayakumar Murugesan, and Omer Ozgiir Capraz

1) The School of Chemical Engineering, Oklahoma State University, Stillwater, OK 74078

2) Joint Center for Energy Storage Research, Pacific Northwestern National Laboratory, 902

Battelle Blvd, Richland, WA 99354

Note: This article first published in Journal of Materials Research (2022): 1-12. | have prepared
cathode slurries and performed in situ strain measurements. Omer Ozgiir Capraz conceived the idea

and supervised the work.
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ABSTRACT

The performance of battery electrodes is significantly impacted by chemo-mechanical instabilities
at faster charge/discharge rates. This study reports rate-dependent mechanical deformations in the
LiFePO, cathodes during battery cycling by synchronizing in situ digital image correlation and
electrochemical techniques. The electrode undergoes larger mechanical deformations in the early
cycles and irreversible strains become negligible at the subsequent cycles. Cumulative irreversible
strains show a linear relationship with the square root of cycling time, and the slope of the
cumulative irreversible strains is greater at faster rates. The study compares the irreversible strains
in LiFePO, for Li-ion batteries with its analogous NaFePO4 cathodes for Na-ion batteries. Rate-
dependent mechanical deformations are reported as LiFePO, electrode undergoes larger strains per
capacity at faster rates. Pulsed current charge/discharge experiments coupled with strain
measurements suggest a delay in the phase transformations at faster rates. The study provides new

insights about rate-dependent chemo-mechanical deformations in the LiFePO, electrodes.

Keywords: Rate-dependent deformations, fast charging, irreversible deformations, digital image

correlation, Lithium Iron Phosphate

106



8.1 Introduction

Rechargeable lithium-ion batteries have been widely used to provide power to portable electronics
since their commercialization in the early 1990s!2. In recent years, there has been a growing
interest to power electric vehicles with Li-ion batteries’. The fast-charging ability of Li-ion
batteries with long cycle life is desirable for electric vehicle applications. However, the electrodes
suffer from chemo-mechanical instabilities associated with the formation of cathode-electrolyte
interface (CEI) layer and particle fracture!’*!”>, Cathode materials undergo repeated volumetric
changes during Li intercalation, which eventually leads to mechanical degradations in the brittle
cathodes and further electrolyte decomposition on the fresh cathode surfaces after fractures?!6217¢,
Fast charging intensifies the chemo-mechanical deformations due to the diffusion-limitations in the
electrode and disruptions in the phase transformation pathways in the cathode structure. In this
study, we choose to investigate the rate-dependent chemo-mechanical deformations in lithium iron
phosphate (LiFePO4, LFP) cathodes. LFP is an environmentally benign cathode material with lower
cost compared to lithium metal oxide cathodes, and LFP has a promising ability for fast-
charging®®17"178 | FP cathodes have been widely used in electrical vehicle applications, where fast

charging ability plays an important role on battery material selection®’.

Phase transformation dynamics in LFP has received great interest due to its ability for fast charging
/ discharging. In general, the phase transformation of the lithium iron phosphate to iron phosphate
during delithiation induces 6.8% volumetric reduction®. During the Li insertion and removal
processes, the repeated volumetric changes result in mechanical fracture in the LFP electrodes’*7®.
Phase transition impacts the misfit strains between the boundaries of Li-poor and Li-rich phases in
the electrode. A high-resolution transmission electron microcopy study reported that the phase
boundary migration mechanisms in lithium iron phosphate electrodes were associated with the
relaxation of the elastic strains in the phase boundaries!!®. There are several mechanisms proposed

for the phase transformation in lithium iron phosphate such as shrinking core®®  domino
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cascade’® and nonequilibrium solid solution3!71808385181-183 These studies indicate the impact of
the particle size and charge/discharge rates on the phase transition in the electrode. Also, operando
X-Ray diffraction (XRD) measurements revealed the formation of the intermediate LixFePO,
(where 0.6<x<0.75) at the faster rates®18318  Asymmetric phase transition behavior between
lithiation and delithiation processes in the electrode was reported by scanning transmission X-Ray
microscopy and operando XRD studies®®1%, Despite the extensive literature reports on the dynamic
changes in material chemistry of LFP electrodes during cycling, there is still little understanding
about how rate-dependent phase transformations in LFP electrode impact the chemo-mechanical

stability of the electrodes at faster rates.

To fill this gap, we utilize digital image correlation (DIC) coupled with electrochemical techniques
in order to probe strain generation in the LFP electrode during cycling. DIC technique has been
utilized to investigate the chemo-mechanical deformation mechanisms in various electrode material
chemistries materials for alkali metal ion batteries®*%11518 Strain evolution during battery
operation was monitored using an in-situ, optical, full-field digital image correlation technique.
Iron phosphate composite electrode was prepared from lithium iron phosphate composite electrode
using electrochemical displacement method. Our results indicate that a large irreversible
deformation in LFP electrode is observed during the early cycles regardless of cycling rate.
Irreversible strain generation reduces significantly with the subsequent cycles. Analysis on the
cumulative irreversible strain generation shows linearity with square root of experimental time, and
the slope of the cumulative strain generation with respect to the square root of time is higher with
higher scan rates. In order to understand the phase transformation mechanism at different cycling
rates, pulsed current measurements with resting periods were carried out at| different C-rates while
monitoring in situ strains in the electrode. Pulsed current experiments pointed out the delay in the
phase transformation at faster rates. This study provides new insights into the effect of cycling rate

on the chemo-mechanical degradation of LFP cathodes during lithium intercalation.
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8.2 Results and Discussion

8.2.1 Electrochemical and Mechanical Behavior of Iron Phosphate

Figure 36 shows the potential evolution and the corresponding strain evolution in iron phosphate
composite electrode during the charge/discharge cycles. The iron phosphate electrodes were
galvanostatic cycled at C/25 rate between 2.6-4.4 V for five cycles. During the discharge (lithiation)
and charge (delithiation), flat potential plateaus are observed around 3.42 and 3.45V, respectively.
Single potential plateaus during charge / discharge cycles were associated with the two-phase
transition between Li-rich LiFePO4 and Li-poor FePO4 phases’7°. Charge and discharge capacities
were about 150 and 177 mAh/g, which are close to the theoretical capacity (170 mAh/g). Lithium
insertion into FePO, caused generation of 0.61% strains in the electrode during the first discharge.
Extraction of the Li during charge cycles resulted in the contraction of the electrode’s volume. The
electrode did not return to its original state and 0.27% irreversible strains were observed at the end

of first cycle. The irreversible deformations became 0.57% strains by the end of the fifth cycle.

In order to investigate the rate-dependent mechanical behavior of the electrode, LFP electrodes
were charged/discharged at various scan rates. Figure 37 shows the potential evolution and
associated strain generation in the electrode cycled at 2.5C, 1C, C/4, and C/10 rates. Single flat
plateaus were observed during each delithiation and lithiation flat potential plateaus were observed
during each delithiation and lithiation cycle at all rates, which indicates an expected two-phase
reaction between LiFePO4 and FePO,. The discharge capacities at the 5 cycle were 150, 151, 134,
and 126 mAh/g for C/10, C/4, 1C, and 2.5C rates, respectively. Due to transport limitations, the
discharge capacity reduced as scan rate increased. Potential plateaus during the 5 charge cycle
were about 3.46, 3.47, 3.54, and 3.73V for C/10, C/4, 1C, and 2.5C rates, respectively. The potential
hysteresis is calculated by subtracting the potential plateau during charge (marked with circle times

symbol) from the potential plateau during discharge (marked with circle times symbol)'¥’. The
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potential hysteresis in the 51 cycle were about 50, 70, 240, and 520 mV for C/10, C/4, 1C, and 2.5C
rates, respectively. The increase in the potential hysteresis at faster rates was associated with the
solid diffusion limitations at higher rates**!#,_ At all scan rates, the electrode undergoes volumetric
expansions during Li insertion and negative strains were generated because of Li extraction from

the electrode.
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Figure 36. (A) Potential and (B) strain evolution in iron phosphate composite electrode during
cycling between 2.6-4.4 V against Li counter electrode at C/25 rate with 1 M LiClO, in 1:1
EC.DMC.

Figure 36 and Figure 37 indicate that the magnitude of the strains depends on the cycle number
and the applied scan rates. Strain values are shifted to start from zero at the beginning of each
charge and discharge cycle. Strain generation during Li insertion and extraction is called “discharge
strain” and “charge strain”, respectively. Strain value at the end of each cycle is labeled as
“irreversible strain,” and it is calculated by subtracting the cathodic strain from anodic strains for
each cycle. These strains and the capacities for each of the charge / discharge cycles were tabulated
in Supp. Table 1-5. Charge, discharge, and irreversible strains were also plotted with respect to

cycle number at different rates in Supp. Fig 2. Overall, larger strain generation is observed in the
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Figure 37. Potential and strain evolution in FP composite electrode during cycling between 2.6-
4.4 V against Li counter electrode at different scan rates with 1 M LiClO4 in 1:1 EC:DMC during
first five cycles.

first discharge cycle compared to the discharge strains in the subsequent cycles. Similarly, the
charge strains also reduced with the cycle numbers. As a result, strain generations became more
reversible, and generation of irreversible strains reduced at the later cycles as shown in Figure E1

and Figure E2.

To better depict the rate-dependent mechanical behavior of the LFP electrode, the strain generation
and potential evolution in the electrode during the fifth cycle were plotted against charge/discharge
capacities for all rates in Figure 38. Similar behavior is also observed for the early cycles in Figure
E3-Figure E6. Electrochemical strains are set to zero at the beginning of charge and discharge
cycles. The total amount of displaced Li ions in the electrode influences the strain generation in the
electrode. The strains increased during the discharge cycle as a result of Li* ion insertion into the

structure. Similarly, the strains decreased when the Li* ions were extracted from the electrode.
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Figure 38. (a,c) Potential and (b,d) strain evolution in lithium iron phosphate electrode cycled at
different scan rates during the 5" cycle for (a,b) discharge and (c,d) charge cycles. Strain evolution
during discharge and charge cycles set to zero at the beginning of discharge and charge cycles,
respectively.

However, the rate of the electrochemical strain generation showed a strong dependence on the
applied scan rate, especially on the charge cycles. For example, when the charge capacity of the
electrode was 100 mAh/g, the corresponding electrochemical strains in the electrode were -0.17, -

0.25, -0.27, -0.30, and -0.35% at C/25, C/10, C/4, 1C and 2.5C rates, respectively.

Overall, in situ strain measurements indicate two major factors effecting the mechanical response
of the LFP electrodes. The first characteristic behavior is the cycle-number dependent strain
evolution in the electrode. Large irreversible strains are observed in the early cycles and the
irreversible mechanical deformations are reduced in the subsequent cycles. Large strain generation

was observed during the first lithiation cycle at any rate. The second major factor is the rate-
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dependent mechanical deformations in the electrode. At faster rates, larger strain generation is
recorded in the composite electrode when the same amount of Li* ions are removed from and
inserted into the electrode. This rate-dependent behaviour is especially amplified during the charge
cycles. In the following sections, we will discuss the potential sources for the irreversible

mechanical deformations and rate-dependent mechanical deformations in the composite electrode.

8.2.2 Cycle Number-Dependent Irreversible Deformations in the Iron Phosphate Electrode

Li-ion battery electrodes experience irreversible deformations during early cycles due to several
chemo-mechanical degradations such as the formation of solid-electrolyte interface (SEI) layers on
the electrode surface and the dissolution of transition metals from the electrode structure into the
electrolyte. Governing mechanisms behind these deformations occur under different conditions and

depend on the chemistry of the electrode and electrolyte materials.

Dissolution of the transition metals (TMs) has been investigated for metal oxide and olivine-type
cathodes. During the Li intercalation, TMs are expected to remain in the cathode structure.
However, TMs in the near surface of the cathodes may dissolve into electrolyte'®. The dissolution
of the TMs is one of the biggest reasons behind the capacity loss especially in transition metal oxide
cathodes®®*1%, The olivine-type structure of the LiFePO4 provides more protection to stabilize Fe
in the crystalline structure. If dissolution of the iron in the LFP cathode in our study is a dominant
factor for the irreversible strains in the early cycles, then, it is expected that the volume of the
electrode reduces as a result of the loss of active materials from the electrode. However, the
irreversible strains are positive, indicating the irreversible expansions in the electrode volume.
Aurbach et al. showed that dissolution of Fe ion is negligible in LiFePO, cathodes cycled in LiClO4
salt-containing electrolytes, even at elevated temperature!®*. Therefore, the dissolution of the Fe

ions cannot be the primary force behind the irreversible strains in Figure 36 and Figure 37. %
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Figure 39. Cumulative irreversible strain evolution in composite lithium iron phosphate electrode
at different cycling rates plotted against the square root of time. (a) lithium iron phosphate
electrodes cycled at C/25 (green), C/10 (red), C/4 (gray), 1C (blue) and 2.5C (orange) rates. (b)
Comparison of cumulative irreversible strain evolution in LiFePO4 and NaFePO4 electrodes
cycled at C/25 and 1C rates. Plots for NaFePO4 electrodes are reproduced from our previous
publication®. Dash lines represent the linear fitting of the data with the fitted equation

Formation of cathode-electrolyte interface (CEI) can be responsible for irreversible mechanical
deformations in the electrode. CEI layers could form due to the electrochemical oxidation of
electrolyte species at higher voltages, and chemical reactions between electrolyte species and
cathode electrode®>1%, Similarly, the electrochemical reduction of electrolyte species at lower
voltages causes the formation of solid-electrolyte interface (SEI) layers on the anode electrodes.
Previous in situ DIC study coupled with electron microscopy demonstrated the correlation between
irreversible strains in the early cycles with the formation of SEI layers on the Li-ion graphite
electrodes!®. Also, the combination of in situ DIC with impedance spectroscopy study associated
the irreversible strain generation during the initials cycles with the formation of CEI layers on the
lithium manganese cathode®’. Dahn and his group showed that thickness of the SEI and CEI layers
increases approximately with the square root of time (t®°) on graphite and NMC electrodes for Li-
ion batteries, respectively!®>!%, More importantly, studies indicate that SEI/CEI growth rate is

controlled by the cycle time and operational conditions (e.g. temperature and potential window),
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not by cycle number®5-1571%_The linear relationship between cumulative irreversible strains and t-
95 was observed for lithium manganese oxide, sodium iron phosphate and graphite composite

electrodes®”98.104,

If the CEI formation contributes to the irreversible strains in lithium iron phosphate cathode, then
we expect to observe similar linear relationship between cumulative irreversible strains with t°°,
The cumulative irreversible strains were calculated from Figure 36 and Figure 37 for different
rates, and they are plotted against the square root of cycle time in Figure 39A. Cumulative
irreversible strains in LFP cathodes linearly increase with t°. Slope of cumulative strain increases
with scan rate, from 0.036 hr'2 at C/25 to 0.071 hr'? at 1C. Rate-dependent SEI growth was also
reported for graphite electrode in Li-ion batteries>®. We previously investigated the rate-dependent
irreversible mechanical deformations in sodium iron phosphate cathodes for Na-ion batteries®. Our
study also showed a similar relationship between cumulative irreversible strains with t°°. In Figure
39B, we compared the irreversible strain generations in LiFePO4 and NaFePO, cathodes cycled at
1C and C/25 rates. In both cases, the slope increases at the higher C-rates. When comparing the
irreversible strains per t0° at the same rates, the slopes are greater in NaFePO, cathode compared
to LiFePO,. This indicates the formation of thicker CEI layers on the iron phosphate cathodes in
Na chemistry compared to in Li chemistry. Previous XPS studies on antimony anodes also indicated
the formation of thicker SEI layers during Na-ion intercalation compared to the Li-ion

intercalation®"1%,
8.2.3 Rate-Dependent Electrochemical Strains:

Li-ion intercalation into the cathodes involves the diffusion of Li in the cathode and structural
changes associated with the phase transformations in the electrode structure. As discussed before,
several different phase transformation mechanisms are proposed for lithium iron phosphate, such

as shrinking core'®*° domino cascade™® and nonequilibrium solid solution3!71:80.83:85.181-183
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These studies indicate the impact of the particle size and charge/discharge rates on the phase
transition in the electrode. In general, LFP electrodes with a diameter larger than ca. 100 nm
undergo phase transformation between Li-rich LixFePO4 and Li-poor Lii.xFePO, phases with a
sharp interface™ 728486 The Li transport in the electrode could be impacted by the sharp interface
between the growing and shrinking domains during phase transformation®. Also, at faster charge
/ discharge rates, intercalation could be limited by the low diffusivity of the Li-ions in the
electrode?1%2, The average size of the iron phosphate particles is approximately 250 nm in our
study and the phase change is manifested via a potential plateau during both lithiation/delithiation

process.

Volumetric changes in the crystalline structure are a result of the lattice mismatch between the
consumed phases and the created new phases in the electrode. Previous studies showed the
correlation between nanoscale changes in the crystalline structure during phase transformation with
the microscale changes in the electrochemical strain in electrodes during Li-ion, Na-ion, and K-ion
intercalations®104115 |n these studies, capacity and strain derivatives were calculated with respect
to electrochemical potential. The shape and the location of the strain derivatives resemble the
capacity derivatives for galvanostatic cycling and current evolution for cyclic voltammetry. In this
study, we also calculated the strain and capacity derivatives at different rates in Figure 40. Strain
and capacity derivatives for different cycle numbers and scan rates are also plotted in Figure E7-
Figure E11. Both strain and capacity derivatives demonstrate a very sharp and narrow peak
derivative when cycled at C/25 rate. It can be associated with the two-phase structure with the sharp
interface in the electrode during phase transformation at the slower rate®. The minima of the strain
derivatives match with the capacity derivatives within 0.01 V. The shape of the strain derivatives
and capacity derivatives also resemble each other. At the faster rates, the potential location of the
derivative peaks becomes wider between charge and discharge cycles. Both strain and capacity

derivatives become broader at faster rates. Strain derivative analysis suggests that higher C-rates
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could impact the phase transformation pathways, causing the delay or limited intercalation capacity
in the electrode. We have also analyzed the contour plots of the electrodes to understand how the
strain is generated on the free-standing electrode. When the electrode is cycled at slow scan rate
(C/25), shown in Supp. Fig. 12, strain is homogeneously distributed over the whole region of
interest. However, at faster scan rates (1C), shown in Supp. Fig. 13, localized strain evolution can

be seen during cycling, which can be related to delayed phase transformations at higher scan rates.

In order to probe the possible delay in the phase transformations and associated mechanical
response in the electrode, we monitor in situ electrochemical strain in the electrode via pulsed
current charge/discharge method. Figure 41 shows the potential and strain evolution during C/25
and C/4 rates for pulse current measurements. In the pulsed current experiments, first, electrodes
were cycled for five cycles at either C/25 or C/4 rates. The fifth cycle is called the uninterrupted
charge/discharge cycle. Then, pulsed current was applied to the electrodes equivalent to C/25 (at
6.8 mA g1) and C/4 rates (at 42.5 mA g1) for 150 and 24 min, respectively. Between current pulses
at 6.8 mA gtand 42.5 mA g, electrodes were at open circuit for 150 min and 300 min, respectively.
Figure 41A and Figure 41C shows the potential and strain evolution during uninterrupted and
pulsed current measurements for the electrode cycled at C/25. At this rate, the potential evolution
and specific capacity shows similarities between uninterrupted and pulsed current charge/discharge
cycles. Magnitude and evolution of electrochemical strains in the electrode show similarity between
uninterrupted and pulsed current charge/discharge cycles. This similarity indicates the

homogeneous phase transition between LFP and FP at slower scan rates.

Electrode was also charged/discharged via uninterrupted and pulsed current measurements at C/4
rate in Figure 41B and Figure 41D. Interestingly, overall charge and discharge capacities in the
electrode were almost 15% greater in the pulsed current experiment compared to the uninterrupted

one. The slope of the strains with respect to charge/discharge capacities was lower when the
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electrode was cycled via pulsed current measurement compared to the uninterrupted one. The lower
slope indicates that the electrode undergoes less strain generation when the electrode was permitted
to relax after pulsed current charge/discharge periods. During the relaxation period, the electrode
is allowed to reach a quasi-equilibrium. Figure 42 shows the strain evolution in the electrode during
resting periods after the pulsed current charge/discharge at C/25 or C/4 rates. The strain evolution
during the open circuit resting periods was found to be greater when the electrode was

charged/discharged via pulsed current method compared to the uninterrupted one. The distinct
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Figure 41. Potential and strain evolution during pulsed current measurements. Electrodes initially
cycled at (a,c) C/25 and (b,d) C/4 rates for five cycles. Pulsed current was applied to the electrodes
equivalent to (a,c) C/25 (6.8 mA g*) and (b,d) C/4 rates (42.5 mA g*) for 150 and 24 min.
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difference in the mechanical relaxation of the electrode at faster rates further indicates the peculiar

phase transformations in the iron phosphate electrodes at faster rates.

In situ XRD studies™®® showed that at slower scan rates, delithiation of LFP to FP follows the
nucleation process. However, at higher scan rates, delithiation follows nonequilibrium solid
solution by forming metastable LixFePO4 phases. When these particles are relaxed, the particles
phase separate into their equilibrium state with only single particle LFP and FP present. X-ray
diffraction and X-ray absorption spectroscopy studies showed that the formation of the transient
state phase leads to lag in the phase transformation between Li-rich and Li-poor phases®.. Hess et
al?® employed a novel operando X-ray diffraction-electrochemical impedance spectroscopy and

showed the presence of solid solution phases at faster scan rates. Moreover, at the end of

10 10
(A) Pulsed Current Charge at C/25 (B) Pulsed Current Charge at C/4
S &2
o~ o
S X5 C X5
Sa 5@
T+ T+
0B o 3
2 o €< o
5= gz
58 cpo
=1®) cO
O c-5— g SO
b » 8
O O
-10x10° - -10x10° -
| | | | | | | | | |
0 50 100 150 0 50 100 150 200 250 300
Open Circuit Time (min) Open Circuit Time (min)
(C) 10 - (D) 10 -
_ Pulsed Current Discharge at C/25 = Pulsed Current Discharge at C/4
2% o
5o 5 e
© ‘<7; 'g .y
20 o 3
cr o
c= 0 S=0
i1 <5
og oo
€O =18}
Sc 5L S5
hQ Applied Pulsed Currents =0
o) — st — 8th °8
— 2nd — 10th
10x10° |- A 10x10° -
| | | | | | | | | |
0 50 100 150 0 50 100 150 200 250 300
Open Circuit Time (min) Open Circuit Time (min)
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charge/discharge, the majority of the intermediate product stays in metastable form and slowly
converts into its single phase LFP or FP particles. This behavior was also observed by Chang et
al®®*, when intermittent resting was employed at the end of discharge and charge, where no LFP or
FP phases were observed prior to discharge and charge resting, respectively. Therefore, rate-
dependent strain evolutions (Figure 38) and pulsed current charge/discharge experiments in
Figure 41 and Figure 42 are in good agreement with the literature. Our study demonstrates the
impact of the peculiar phase transformations at faster rates on the mechanical behavior of the iron

phosphate cathodes for Li-ion batteries.

8.3 Conclusion

A Dbetter understanding of the rate-dependent chemo-mechanical behavior of the lithium iron
phosphate (LFP) cathodes is necessary for their employment for fast charging applications. In this
study, we investigated in situ electrochemical strain evolution in the composite LFP electrodes
cycled at various rates. Digital image correlation was employed to monitor electrochemical strains
in the composite electrode. Time-dependent and rate-dependent strain evolutions were identified
in LFP electrodes. Strain generation during the first discharge was greater than the subsequent
cycles at any scan rate. Strains became more reversible at the subsequent cycles. Cumulative
irreversible strains showed linear relationship with the square root of cycle time. The slope of the
cumulative irreversible strains was greater at faster rates. We also compared the irreversible strain
generation in LFP cathodes with our previous study on NaFePO, cathodes. Na-ion intercalation
induces much larger cumulative irreversible strains per cycle in the iron phosphate electrode
compared to the Li-ion intercalation. Rate-dependent strains were investigated at the later cycles
where irreversible strains almost become negligible. Larger strain evolution per discharge/charge
capacity were recorded when the electrode was cycled at faster rates. Pulsed current
discharge/charge experiments were performed to investigate the rate-dependent mechanical

behavior of the LFP electrodes. Strain measurements during the open circuit periods after applied
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pulsed current indicated the mechanical relaxations in the electrode when cycled at higher currents.
The rate-dependent mechanical deformations in the LiFePO, are associated with the phase delays
and metastable phase formations at faster rates. The outcome of this study sheds light into rate-
dependent deformations in the LiFePO4 electrodes, which is crucial understanding to improve the

electrochemical performance of LiFePO, electrodes at faster charge / discharge applications.
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ABSTRACT

Solid electrolytes show a great promise to use Li metal as an anode for high-energy all-solid-state
batteries. However, the practical performance of these batteries suffers from severe chemo-
mechanical degradation at the solid electrolyte — Li metal electrode interface. It is critical to
understand the governing forces behind the chemical and mechanical deformations during battery
operation. The buried interface between Li metal and solid electrolyte present challenges to probe
dynamic changes in the interface during battery cycling. In this study, we establish in operando
experimental system by utilizing digital image correlation (DIC). In operando DIC measurements
provided temporal and spatial resolution of the chemo-mechanical deformations in LAGP solid
electrolyte during the symmetrical cell cycling. The study reports experimental evidence for the
correlation between overpotentials and mechanical deformations in the interface. The increase in
strains in the interphase layer coincides with increase in overpotential. At the later cycles, large
shear strains (~0.75%) were generated in the middle of the solid electrolyte where fractures were
detected by ex-situ micro-X-ray computed tomography. This work highlights the mechanical
deformations in LAGP / Li interface and its coupling with the electrochemical behavior of the

battery.

Keywords: solid electrolyte, LAGP, interfacial deformations, strains, chemo-mechanical

instabilities, overpotentials, fracture
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9.1 Introduction

Rechargeable Li-ion batteries with organic liquid electrolytes have been widely used in portable
electronics since their first commercialization in the early 1990s?°2. However, demanding
applications such as electrical vehicles require batteries with much higher energy density than Li-
ion batteries. Replacing organic liquid electrolytes with the solid electrolyte helps to eliminate the
fire hazard to improve the safety, and in addition, it offers a promising way to increase the energy
density by allowing the utilization of Li metal as an anode material. Despite the growing interest in
solid electrolyte-based Li metal batteries, the utilization of the technology is still hindered by solid-

solid interactions and chemo-mechanical instabilities in all-solid-state batteries03204,

Chemo-mechanical instabilities may originate from penetration of Li metal towards solid
electrolyte, the formation of interphase layer in the vicinity of solid electrolyte — electrode, and
void formation and associated contact loss between electrode and electrolyte?*®-2°, Understanding
the driving forces behind these instability mechanisms and their coupling with the electrochemical
performance of the all-solid-state batteries is required to engineer the properties of solid electrolytes
and the interface between electrode — solid electrolytes. However, the buried nature of the solid-
solid interface makes it a challenge to probe the so-called chemo-mechanical deformation using in
operando techniques. Various characterization techniques have been adopted to investigate these
chemo-mechanical deformations in the solid electrolyte — electrode interface such as optical
microscopy?®, X-ray computed tomography®72%° Raman spectroscopy?'®, scanning electron
microscopy?, transmission electron microscopy?*?, in situ X-ray photoelectron spectroscopy??,

and in situ neutron diffraction®*.

Here, we demonstrate a new experimental approach to monitor dynamic physical changes and their
resultant mechanical variations in solid electrolytes by utilizing in operando strain measurements

via digital image correlation (DIC). These in operando experiments are supported by
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electrochemical measurements and ex-situ micro-X-ray computed tomography (Micro-CT)
analyses. LiisAlosGe1sP3O12 (LAGP) solid electrolyte is selected as a model system. DIC
technique has been used to investigate reversible and irreversible strain generation in the battery
electrodes due to phase transformations®15215 and a formation of solid-electrolyte interface"1%,
Recently, Koohbor et al. applied DIC technique to monitor spatial deformations in the solid
electrolyte — Au electrode interface?'®. Building on it, we utilized the DIC technique to monitor
strain generation in LAGP solid electrolyte and at the interface between LAGP — Li metal electrode
during Li plating and stripping. In operando DIC measurements provided spatial and temporal
development of the chemo-mechanical strains in the interphase layer. The study provides
experimental evidence for the relationship between mechanical deformations in the interphase layer
and the overpotential. Fractures in the solid electrolyte were found by ex-situ Micro-CT analysis
and the location of the fractures coincides with the areas wherein large shear strains were generated.
Counterintuitively these shear bands were formed away from the SE/electrode interface but near

the middle of the solid electrolyte.
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Figure 43. Schematic of in operando strain measurement for solid electrolytes.
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9.2 Results and Discussion

Figure 43 demonstrates the schematics of the experimental setup for in operando strain
measurements on LAGP solid electrolytes during battery cycling and the details of the system can
be found in Figure F1. A symmetrical Li | LAGP | Li cell was cycled by applying constant current
density. In operando strain measurements were performed to monitor deformations in electrode-
solid electrolyte interface during battery cycling. Details of the sample preparation can be found in
the Experimental Section in Appendix F. Figure 44 shows the galvanostatic voltage profiles during
3 (at 1 uA/cm?), 6™ (at 2 uA/cm?), 17" (at 8 uA/cm?) and 21% (at 16 uA/cm?) stripping cycles
where Li is stripped from the upper Li metal electrode and plated on the bottom one in Figure 43.
The applied current density was selected based on the electrochemical performance of the LAGP
solid electrolyte in the strain custom cell and similar current densities were previously used for
other solid electrolyte system?'’. The voltages showed a flat profile at around 0.04 and 0.08V when
Li was stripped at 1 and 2 uA/cm?, respectively. When cycled at 8 uA/cm? for 4 hours, the voltage
profile demonstrated an increase from 0.32 to 0.38V with the total 32 uAh/cm? charge being

transferred. At 16 uA/cm?, the voltage profile rapidly increased from 1.27 to 2.56 V.

Figure 44B shows the corresponding contour plots for normal vertical strains, ¢, on the LAGP
solid electrolyte at the end of the stripping cycles. A negligible amount of strains development was
observed at the end of the third stripping cycle at 1 uA/cm?. When the current density was
increased to 2 uA/cm? while keeping the total charge transferred to be the same, interphase
formation and associated chemo-mechanical strains were detected in the interface of LAGP — Li
metal electrodes. Non-homogeneously distributed negative strains were generated at the top
interface, while positive strains were observed on the bottom interface. At 8 ud/cm?, strains

further propagated towards the solid electrolyte and a strain generation in the middle of the solid
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electrolyte was observed. Propagation of mechanical deformation and the interphase formation

towards the solid electrolyte became more pronounced when current was 16 uA/cm?.
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Figure 44. A) Voltage evolution profile with respect capacity when Li was stripped from the top
Li metal electrode at 1, 2, 8 and 16 uA/cm?. B) Contour plots of normal strain, €y at the end of the
corresponding stripping cycle.

To demonstrate the chemo-mechanical strains quantitively, the strain evolution along the thickness
of solid electrolyte (vertical lines A and B) and along the width of the solid electrolyte (horizontal
lines I, Il and 111) are plotted in Figure 45A and Figure 45B, respectively. Normal strains on the

vertical line A and B demonstrate the evolution of the interphase formation when the symmetrical

cell was cycled under different current densities. As the current density was increased, the
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interfacial deformations reached almost -2.25% in some areas in the LAGP —top Li metal interface.
The negative strains could be associated with the formation of voids at the top Li-LAGP interface
because of the Li stripping process. The presence of these voids will possibly weaken the
mechanical load-bearing capacity of LAGP at areas close to the top interface and reduce the contact
area between LAGP SE and Li electrode?!':?'2, At the same time, positive strains at the opposite
side indicate the expansions in the interphase of LAGP — bottom Li metal which could be due to Li
penetration and / or amorphization in LAGP. Li plating can penetrate in ceramic solid electrolytes,
causing the expansions in the interphase of solid electrolyte — Li metal?°42%6211 Reaction between
Li and LAGP solid electrolyte causes volume expansions due to amorphization of the LAGP
interphase?®218, The depth profile of strains on the vertical lines suggests that the interphase
formation is about 75 micrometers thick. Previous studies on LLZO and LAGP solid electrolytes
also reported around 50-90 micron-thick interphase formation between Li metal and solid
electrolyte?218, Generation of normal strains in the center of the solid electrolyte was recorded at
higher current densities in the vertical lines. We will discuss these deformations in the solid

electrolyte and how it impacts the electrochemical behavior in the later section.

The strain profiles on the horizontal lines in Figure 45B provide information about the strain
magnitudes 50 and 100 microns away from the interface of LAGP-Li metal electrodes. Strains

measured at the end of the 3" stripping cycle at 1 uA/cm? were negligible. Normal strains, Eyy

along the horizontal line I, 11 and 111 became noticeably large at the 6" cycle at 2 uA/cm?. Normal
strains, ¢,,,, further increased by the end of the 17" cycle at 8 puA/cm?. The strain patterns on the
horizontal lines show heterogenous Li plating and stripping in the LAGP / Li metal interface. The
interfacial deformations became more heterogonous by increasing the applied current density. For
example, on line 111, the minimum strains are on the same location regardless of the applied current
density and cycle number. However, the magnitude of the strains in the neighboring areas increased
with increasing current density. The strain measurements in Figure 44 and Figure 45 demonstrate
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Figure 45. A) Normal strains, €y, along the line A and line B for four different current densities
from figure 2. B) normal strains, €,y along the horizontal lines I, Il and I11. Line I and Il are 50 and
100 pm away from the upper Li metal / LAGP electrolyte in Figure 2, respectively. Line III is 50
pum away from the below Li metal / LAGP electrolyte.

the impact of the early non-uniform deformations on the spatial distribution of Li plating and
stripping on the solid electrolyte — electrode interface?'2'°. Surface roughness in the Li anode —
solid electrolyte interface distorts the electrical field distribution during battery cycling and leads

to uneven electrodeposition of Li metals??’. The heterogeneity in the interface increases with the

subsequent cycles due to uneven electrodeposition and stripping. The surface roughness of the solid
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Figure 46. A) Voltage evolution during stripping cycles at 8 pA/cm?. B) Contour plots of normal
strain, €yy at the end of the corresponding stripping cycle. C) Average voltages from Fig 4A and
average normal strains, €y along the horizontal lines I, Il, 111 and IV. Line I and Il are 50 and 100
um away from the upper Li metal / LAGP electrolyte, respectively. Line III and IV are 50 and 25
um away from the bottom Li metal / LAGP electrolyte, respectively.

electrolyte in this study was measured as about 300 nm (Figure F2B). Therefore, the strain
measurements point out the importance of the interfacial morphology of the solid electrolytes (e.g.,

surface roughness) and their impact on the interfacial deformations in the subsequent cycles.

To understand the relationship between overpotential and the chemo-mechanical strains in the
interphase, Li ions were stripped and plated at the same current density for consecutive cycles at

8 uA/cm?. Figure 46A shows an increase in the voltage with the cycle number. The average value
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of the voltage during each stripping cycle also increases with subsequent cycles. Contour plots of
normal strain, &,,, at the end of the corresponding stripping cycles are shown in Figure 46B. The
depth of the strained layers near Li metal / LAGP interface increases slightly with the subsequent
cycles (Figure F4 and Figure F5). Strains profiles for &, and ,,, components on the horizontal
lines I, Il and 111 were plotted in Figure F6-Figure F8. Assuming symmetry about the y-axis, the
strain components &,.,. and €,, can be taken to be equal (or at least close) in value. Volumetric
strains developed at any given location across the SE thickness could then be calculated ¢, =
2&xx + €,,. Considering the dominance of ¢, values over those of &, , volumetric strain is
expected to have the same sign as &,,, strain component. The calculated volumetric strains along
the horizontal lines are plotted in Figure F9. The average ¢y is calculated along each horizontal
line for each cycle as shown in Figure 46C. Overall, both average voltage and average strains
increased with the subsequent cycles. This suggests a direct correlation between the interfacial

deformations and the mechanical overpotential.

At the LAGP — Li electrode interface, the electrochemical redox reactions are Li <= Li* +e~. In
the Figure 46, the Li metal is oxidized at the top Li metal / LAGP interface, and it is reduced at the
bottom Li metal / LAGP interface. The overpotential is the summation of the electrical

overpotential, ny and the mechanical overpotential, 1. The electrical potential can be defined as.

U¢=¢s—¢e—U

where @ is the electrical potential and U is the equilibrium potential. The contribution of stress on
the overpotential has been discussed for alloy-type anodes and lithium iron phosphate cathode in
organic liquid electrolytes for Li-ion batteries?148169221 = Recently, Mistry and Mukherjee??
developed the mathematical expressions for the mechanical overpotential, n, by also considering

deformations in solid electrolyte particles as well as the electrode.
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Mo = {Qu+one — Quioni}/F

where Q;;+ is the partial volume of Li* in the solid electrolyte, Q;; is the molar volume of Li and
oy, is the hydrostatic stress. The Butler-Volmer relationship correlates the overpotential, n with the
Faradaic reaction current. If the electrical overpotential impacts the anodic and cathodic reactions
equally but mechanical overpotential selectively contributes to the anodic reaction, then the Butler-

Volmer relationship becomes?23224;

=1, <exp (%> exp (ﬂ) —exp (ﬂ»
RT 2RT 2RT
where i, is the exchange current density, a, and a, are the charge transfer coefficients, F is the
Faraday’s constant, R is the gas constant, and T is temperature. The mathematical model based on
the updated Butler-Volmer relationship predicted the contribution of the hydrostatic stress in the
solid electrolyte particles in overpotentials for all-solid-state batteries??2. While the present results
only show the evolution of chemo-mechanical strains, a simple stress analysis can be conducted to
highlight the role of hydrostatic stresses as well. A correlation between volumetric strain and
hydrostatic stress can be easily established using the well-known linear elastic mechanics as o, =
Ke, where K denotes the bulk modulus of the solid electrolyte material. Bulk modulus can be
calculated via K = E/[3(1 — 2v)]. Elastic modulus, E and Poisson’s ratio, v for LAGP were
reported as 144 GPa and 0.25, respectively??. When considering the relationship between stress
and strains, our experimental measurements on the correlation between overpotential and strains in
the interphase layer aligns very well with the predictions in the mathematical model. The
nonuniform growth of the interphase layer accelerates at higher currents, which leads to the chemo-
mechanical failure in the solid electrolytes?®®?18, The surface overpotentials can also be impacted
by the contact loss between solid electrolyte and Li metal electrode, charge transfer resistance at

the interface, and transport rate of Li ions in the solid electrolyte?!22%6, Evolution of overpotential
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Figure 47. A) Voltage evolution during stripping cycles at 16 pA/cm? , B) 3-D  X-ray
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after cycling. Large cracks and flaws are observed in the LAGP electrolyte. C) Contour plots of
normal strains, €,y and €xx, and shear strains &y at the end of the corresponding stripping cycle.
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will increase the energy cost for Li plating / stripping processes. The correlation between
mechanical deformations and overpotentials during battery cycle indicates the importance of

chemo-mechanical stabilities in the interphase.

In order to quantitively analyze the role of strains on the mechanical failures at higher current
densities, the Li metals were stripped and plated at 16 pA/cm? for four consecutive cycles (Figure
47A). The voltage was set to 5V upper limit. A rapid increase in the voltage profile was observed
in the first two consecutive cycles at 16 uA/cm? (cycle 21 and 22). In the last two consecutive
cycles, the voltages reached to 5V upper limit. After the electrochemical cycling, an ex-situ Micro-
CT image of the solid electrolyte was taken without dissembling the cell. The Micro-CT image in

Figure 47B shows evidence of cracks and flaws in the LAGP solid electrolyte after cycling.

The associated counter plots for ¢,,,, £,, and &,,, strains at the end of each stripping cycle are
plotted in Figure 47C. The strain evolutions along the thickness of the solid electrolyte (vertical
lines A and B) are shown in the Figure F10 and Figure F11. Generation of positive normal strain,
&yy in the middle of the LAGP solid electrolyte is recorded in the 21* stripping cycle. However,
the magnitude of the &,,, normal strains and ,,, shear strains were much smaller compared to the
gy, normal strain. In the subsequent cycles, the magnitude and size of the ¢,,, normal strain
became much greater. The &,,, normal strain could be associated with the formation of voids in the
solid electrolyte, which can disturb the conduction of the Li ions in the solid electrolyte. At the
same time, the magnitude of the shear strains increased dramatically in the middle of the LAGP
electrolyte. These mechanical deformations in the middle of the solid electrolyte correspond well

with the cracks observed in the Micro CT analysis in Figure 47.
9.3 Conclusion

In conclusion, in operando DIC measurements provided temporal and spatial analysis of the chemo-

mechanical strains in LAGP solid electrolyte during battery cycling. The depth of the interphase
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layer was about 75 microns and the normal strains progressively increased with consecutive cycles
and increasing current density. The maximum and minimum value of normal strains were detected
between 1.75 and -3.25% in the vicinity of the Li metal anode — LAGP electrolyte. An increase in
the average strains in the interphase layer corresponds to the increase in overpotential. The DIC
measurement detected the generation of 2.25% normal strains and 0.75% shear strains in the middle
of the solid electrolyte, which coincides with the mechanical fracture detected by ex-situ Micro CT.
In operando DIC measurements offer promising capabilities to study interfacial instabilities in
solid-solid interfaces by probing spatial and temporal resolution of mechanical deformations during

all-solid-state battery operation.
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CHAPTER X

CONCLUSION AND FUTURE WORK

10.1 General Conclusion

In the Chapter 4, we have first showed that in-situ strain measurement system, which was
previously employed to analyze lithium-ion battery electrodes such as graphite®, lithium
manganese oxide®**, and lithium iron phosphate*, is suitable for the investigation of mechanical
deformation in sodium-ion battery environment, During the first discharge, we have observed
unexpectedly large strain generation with lithium and sodium intercalation. The strain evolution
becomes more reversible in the subsequent cycles for both lithium and sodium. Interestingly,
expansion in the sodium electrode compared to lithium electrode is much larger compared to unit
cell volume difference observed in the previous diffraction studies. We hypothesize that the
diffusion limitations, combined with amorphization can cause larger expansion in the case of
sodium intercalation. More importantly, we showed that the DIC technique is suitable for alkali

metal-ion battery investigations.

Previous studies show that, during potassium intercalation into iron phosphate causes irreversible
amorphization of iron phosphate crystalline structure. To investigate the effect of electrochemical
redox reactions on the mechanical deformation, in Chapter 5, we combined in-situ XRD and strain
techniques to understand the phase evolution and mechanical deformation during potassium

intercalation into iron phosphate host structure. Both in-situ XRD and HR-TEM analysis showed
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the amorphization of iron phosphate during potassium intercalation. We were able to track the
volume changes in the amorphized iron phosphate structure during electrochemical redox reaction,

which enables future studies on amorphous electrode materials.

To understand the difference between lithium, sodium, and potassium intercalation, in Chapter 6,
we compared the strain evolution for these alkali metal-ions. Except for first discharge, a linear
correlation between state of charge/discharge and strain is observed for Li-ion and Na-ion
intercalation, while it was nonlinear in the K-ion case. Interestingly, while sodium intercalation
resulted with the largest expansion in the composite electrode; when the same number of ions
inserted or removed from structure, sodium and potassium showed similar strain evolution. While
the absolute strain is larger in Na-ion, strain rates were higher in K-ion. We hypothesized that the
strain rate, instead of absolute strain, is the key factor contributing in the amorphization of electrode

structure.

To understand the effect of different cycling rate on the iron phosphate host structure during sodium
intercalation, in Chapter 7, we cycled electrode via galvanostatic cycling, employing DIC, GITT
and mathematical model. We observed a strong dependence on the applied scan rate and
mechanical behavior of the electrode. At slower scan rates, an asymmetrical strain generation
observed between anodic and cathodic cycles, associated with the formation of CEIl layer.
Additionally, for the same amount of Na inserted and removed, electrode undergoes smaller strain
generation when cycled at slower scan rates. To predict the concentration profile and mismatch

strain in electrode particles, a mathematical model was developed.

In Chapter 8, we employed a similar approach that we used in Chapter 7, during lithium
intercalation. For all scan rates, at early cycles, larger irreversible strains observed, where they
become negligible at later cycles. Per capacity basis, LFP electrode undergoes larger strain

generation when cycled at higher scan rates. We have also conducted pulsed current
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charge/discharge experiments during in situ strain measurement, where the results suggest a delay

in the phase transformation at faster scan rates.

In Chapter 9, we establish an in-situ experimental system by utilizing DIC technique to investigate
the chemo-mechanical deformation in LAGP solid electrolyte during symmetric cell cycling.
Results showed a correlation between mechanical deformation and overpotential generation in the
Li/LAGP interphase. Increase in strain at interphase coincides with the increase in overpotential.
We observed large shear strains at the middle of the solid electrolyte at later cycles, where fractures

were detected by ex-situ Micro X-Ray CT.

10.2 Future Work

Throughout this dissertation, we showed that in-situ strain measurement system that utilize Digital
Image Correlation technique can be utilized for “beyond” Li-ion battery applications. We have
shown how lithium, sodium and potassium intercalation changes the strain evolution in iron
phosphate composite electrode under different cycling rate. These results are an excellent starting

point for the future studies.

Previously, Gribble et al??” showed the effect of different binders in the graphite anode material for
potassium-ion battery application. This study signifies the importance of the chemical stability of
different components of composite electrode under sodium and potassium-ion battery conditions.
By optimizing the composite electrode composition, by changing the mass ratios as well as its

composition, we can optimize the strain evolution in the composite electrodes.

Investigation of amorphous materials and their mechanical response during redox reaction is a
crucial step for the commercialization of these technologies. Materials such as hard carbon??,
antimony??°, and tin?° show amorphous behavior during sodium intercalation/deintercalation,
where tin and antimony reversible switch between amorphous and crystalline phases. In the Chapter

5, we showed that, in-situ strain measurement system can quantify the amount of expansion and
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shrinkage in the host structure, even after electrode particle amorphized due to potassium
intercalation. Future studies will enable the researchers to understand the effect of electrochemical

reactions under composite electrode configuration.

Finally, the results obtained for perovskite iron phosphate structure can be extended into other
structures such as rock-salt (LiCoO2), and polyanionic compounds (Prussian Blue analogs) will
enable the researchers to understand the effects of reactivity and ionic radius of different alkali

metal-ions on the same host structure.
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APPENDICES

APPENDIX A

SUPPLEMENTARY INFORMATION FOR ELECTROCHEMICAL STRAIN EVOLUTION IN
IRON PHOSPHATE COMPOSITE CATHODES DURING LITHIUM AND SODIUM ION

INTERCALATION
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Figure Al. Formation of iron phosphate, FePO, electrode by electrochemical delithiation of
pristine lithium iron phosphate, LiFePO, at C/10 against A,C) Li metal counter electrode in 1 M
LiClO4 in EC/DMC or B,D) Na metal counter electrode in 1 M Na NaClO4 in EC/DMC.
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Figure A2. Potential and strain evolution with respect to capacity in LiFePO. composite electrode
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figure is generated from data in Figure 16.
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Table Al. Anodic, cathodic, and irreversible strains during electrochemical cycling of LiFePO4
from individual experiments with average value and error margin. The electrodes were cycled at
50 uV/s in 1 M LiClO4 in EC/DMC. The first cycle starts with the lithiation of FePO4. The average
anodic, cathodic, and irreversible strains are plotted in the Figure 20a with error bars.

Cycle Experiment Experiment Experiment Standard

Number 1 2 3 Average Error (+/-)
1 0.683 0.617 0.436 0.578 0.074
Cathodic 2 0.443 0.525 0.351 0.440 0.050
Strains 3 0.397 0.440 0.312 0.383 0.038
4 0.338 0.413 0.299 0.350 0.034
1 -0.353 -0.381 -0.296 -0.344 0.025
Anodic 2 -0.309 -0.373 -0.285 -0.322 0.026
Strains 3 -0.296 -0.344 -0.284 -0.308 0.018
4 -0.289 -0.342 -0.238 -0.290 0.030
1 0.330 0.235 0.139 0.235 0.055
Irreversible 2 0.134 0.152 0.066 0.117 0.026
Strains 3 0.101 0.096 0.028 0.075 0.024
4 0.048 0.072 0.060 0.060 0.007
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Table A2. Anodic, cathodic, and irreversible strains during electrochemical cycling of NaFePO, from individual experiments with average value
and error margin. The electrodes were cycled at 50 pV/s in 1 M NaClO, in EC/DMC. The first cycle starts with the lithiation of FePO,. The average
anodic, cathodic, and irreversible strains are plotted in the Figure 20b with error bars.

) ) . ) Standard
Cycle Number Experimentl Experiment2 Experiment3  Experiment4 Average
Error (+/-)
1 2431 3.244 2.346 2517 2.635 0.206
Cathodic 2 1.481 1.948 1.391 1.441 1.565 0.129
Strains 3 1.340 1.742 1.294 1.285 1.415 0.109
4 1.264 1.632 1.203 1.221 1.330 0.102
1 -1.155 -1.636 -1.202 -1.347 -1.335 0.108
2 -1.215 -1.616 -1.227 -1.219 -1.319 0.099
Anodic Strains
3 -1.199 -1.555 -1.148 -1.176 -1.270 0.096
4 -1.144 -1.486 -1.108 -1.138 -1.219 0.089
1 1.277 1.607 1.144 1.171 1.300 0.106
Irreversible 2 0.266 0.331 0.164 0.222 0.246 0.035
Strains 3 0.141 0.187 0.146 0.109 0.146 0.016
4 0.120 0.146 0.095 0.083 0.111 0.014
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Table A3. Anodic, cathodic, and irreversible strains and capacities during electrochemical cycling
of LiFePO, from individual experiments with average value and error margin. The electrodes were
cycled at C/10 in 1 M LiCIlO4 in EC/DMC. The first cycle starts with the lithiation of FePO4. The
average anodic, cathodic, and irreversible strains are plotted in the Figure 18c with error bars.

Cycle ) ) Standard
Experiment 1 Experiment 2 Average
Number Error (+/-)
1 0.581 0.673 0.627 0.046
Cathodic 2 0.435 0.531 0.483 0.048
Strains 3 0.406 0.471 0.438 0.033
4 0.313 0.423 0.368 0.055
1 142.279 149.160 145.719 3.440
Cathodic
) 2 142.965 150.186 146.576 3.610
Capacity
3 143.483 150.146 146.815 3.332
(mA h/g)
4 143.478 150.584 147.031 3.553
1 -0.351 -0.439 -0.395 0.044
2 -0.367 -0.424 -0.396 0.029
Anodic Strains
3 -0.311 -0.408 -0.359 0.048
4 -0.304 -0.371 -0.338 0.034
) 1 152.836 154.816 153.826 0.990
Anodic
) 2 153.449 155.853 154.651 1.202
Capacity
3 153.294 156.305 154.799 1.505
(mA h/g)
4 154.185 156.397 155.291 1.106
1 0.230 0.234 0.232 0.002
Irreversible 2 0.067 0.106 0.087 0.019
Strains 3 0.095 0.063 0.079 0.016
4 0.009 0.052 0.030 0.021
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Table A4. Anodic, cathodic, and irreversible strains and capacities during electrochemical cycling
of NaFePO, from individual experiments with average value and error margin. The electrodes were
cycled at C/10 in 1 M NaClO,4 in EC/DMC. The first cycle starts with the lithiation of FePO4. The
average anodic, cathodic, and irreversible strains are plotted in the Figure 18d with error bars.

Cycle ) ) Standard
Experiment 1 Experiment 2 Average
Number Error (+/-)

1 2.308 2.340 2.324 0.016
Cathodic 2 1.435 1.499 1.467 0.032
Strains 3 1.333 1.371 1.352 0.019
4 1.257 1.267 1.262 0.005
1 130.633 131.759 131.196 0.563

Cathodic
) 2 103.383 104.165 103.774 0.391

Capacity
3 99.145 98.826 98.985 0.160

(mA h/g)
4 96.533 96.679 96.606 0.073
1 -1.306 -1.266 -1.286 0.020
2 -1.174 -1.255 -1.215 0.040

Anodic Strains
3 -1.139 -1.209 -1.174 0.035
4 -1.164 -1.156 -1.160 0.004
1 115.653 114.731 115.192 0.461
Anodic

) 2 108.356 105.776 107.066 1.290

Capacity
3 105.254 102.675 103.964 1.290

(mA h/g)
4 104.732 101.638 103.185 1.547
1 1.002 1.074 1.038 0.036
Irreversible 2 0.260 0.244 0.252 0.112
Strains 3 0.194 0.162 0.178 0.073
4 0.094 0.111 0.103 0.045
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Table A5. Unit cell parameters and volumetric expansion in electrode particles during Li* and Na*
ion intercalation into iron phosphate. Data is taken from literature®,

Unit Cell )
FePO, LiFePO, Nao.7FePO4 NaFePO,

Parameters
a (A 9.76 10.33 10.29 10.43
b (A) 5.75 6.00 6.08 6.22
c(A) 4.75 4.69 4.93 4.94

Volume change vs

0.0 6.9 13.5 17.6

FePO4 (%)
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR IN SITU PROBING POTASSIUM-ION
INTERCALATION-INDUCED AMORPHIZATION IN CRYSTALLINE IRON PHOSPHATE

CATHODE MATERIALS

EXPERIMENTAL

Sample Preparation: Composite electrodes were prepared by mixing active material with binder
and conductive carbon in 8:1:1 mass ratio. Initially, sodium carboxymethyl cellulose (binder, CMC,
average MW ~700,000, Aldrich) was dissolved in ultra-pure water with a 1:40 mass ratio. Then,
the pristine lithium iron phosphate (active material, LiFePO,, LFP, Hanwha Chemical) and Super
P (conductive additive, carbon black, >99%, metal basis, Alfa Aesar) were added to the binder
solution. Scanning electron microscopy (SEM) images of the electrode particle are shown in the
Figure B1. The average particle size of LFP particles was measured by SEM as 219+78 nm (Figure
B2). Particle size ranges from 100 nm to 400 nm. The slurry was mixed for 30 minutes with Thinky
centrifugal mixer at 2000 RPM mixing speed. Composite electrodes were cast onto the copper foil
(9 um thick, >99.99%, MTI) with a doctor blade to control the slurry thickness. The slurry was
then dried under ambient conditions for 16 h. Dried electrodes were carefully peeled off to create

the freestanding electrode for strain measurements.
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Electrolyte solution was prepared by mixing ethylene carbonate (EC, anhydrous, 99%, Acros
Organics) and dimethyl carbonate (DMC, anhydrous, >99%, Aldrich) in 1:1 volume ratio inside
the glovebox under an argon atmosphere. Oxygen and water content inside the glovebox kept below
1 ppm all the time. 1 M lithium perchlorate (LiCIO4, battery grade, dry, 99.99%< Aldrich) or 0.5
M KPFg (99% min, Alfa Aesar) was added to the EC/DMC solution for Li, Na or K intercalation,

respectively.

Li foils (99.9% metal basis, Alfa Aesar) were used as purchased without proceeding any further
treatment and were kept inside the argon-filled glove box. Potassium chunks (98%, Acros
Organics), immersed in mineral oil, were cleaned with hexane inside the glovebox. Cleaned K
chunks were stored in EC:DMC solution in a 1:1 volume ratio for future use. Prior to custom cell

assembly, K chunks were removed from the solvent solution, dried with a filter paper, and cut into

mag O | HV [spot] WD [det[ HFW
100 000 x |20.00 kV| 3.0 [10.0 mm|ETD|2.56 um

Figure B1. SEM image of the pristine electrode particles
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pieces with a stainless-steel scalpel. The cut piece was placed inside a polyethylene bag and rolled
into the shape of a foil using a rolling pin. Flattened K foil was then placed into the battery cell as

a counter electrode.

Battery Cycling: Iron phosphate (FP) composite electrode was formed by electrochemical
displacement technique using a pristine LFP composite electrode®’®8, The pristine LFP electrode
was electrochemically delithiated via galvanostatic cycle against K counter electrode at a rate of
C/25. For potassium intercalation, FP composite electrodes were cycled against K counter electrode
in 0.5 M KPFg in 1:1 (v:v) EC:DMC electrolyte between 1.5-4.3 V. The electrodes were cycled via

galvanostatic cycle at C/25 rate.

In-operando XRD Measurements: X-ray diffractometer (SmartLab, Rigaku) equipped with an in-
operando battery cell was employed for the XRD analysis. LFP slurry was drop-casted directly on
Beryllium window and dried overnight in ambient condition. The loading of LFP was measured to
be approximately 2 mg/cm?. With the prepared LFP cathode, the in-operando battery cell was
assembled in Ar filled glove box where moisture and oxygen level were controlled to be below
0.5ppm. K metal electrode and electrolyte were prepared in a same manner described above. Two
glass fiber separators were used between the K metal anode and LFP cathode. The XRD patterns
were continuously collected over the electrochemical displacement process at C/10 up to 4.3V and
subsequent discharge/change cycling process at C/25 between 1.5~4.3V (1C=141 mAh/g of active
material). The XRD scan range (20) was between 28° and 38°, in which all the main peaks of LFP
and FP can be observed. Every scan took approximately 20 minutes. The step width used in the

XRD measurement was 0.01°.

High Resolution Transmission Electron Microscopy Measurements: The sample preparation
for high-resolution transmission electron microscopy (HRTEM) was performed using a FEI Helios

Hydra UX Focused lon Beam-Scanning Electron Microscope (SEM) using Xe ions, outfitted with
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an Oxford Instruments X-ray Energy Dispersive Spectroscopy (EDS) system for compositional
analysis. An aberration-corrected TEM (Titan 80-300 Scanning TEM/ STEM from Thermo Fisher
Scientific, USA) equipped with a high-angle annular dark-field (HAADF) detector and an EDS
system was employed at 300 kV for bright-field (BF), HRTEM, high angle annular dark field

(HAADF) STEM, selected area electron diffraction (SAED), and composition analysis.
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Figure B2. Particle size distribution of Lithium Iron Phosphate cathode particles from 225
particles.

4%

Strain Measurements: A detailed description of the custom battery cell was described in our
previous publication®®*". Figure B3 shows the experimental setup and custom battery cell for the
in-situ strain measurement system. The main body of the custom battery cell and the electrode
holders were made from polychlorotrifluoroethylene (PCTFE, Plastics International). For optical
access, a quartz window (99.995 % SiO,, 1/16 in thick, 2 in diameter, McMaster-Carr) was placed

on the top of the custom cell and sealed with Viton O-rings (Grainger).

Analysis of the strain generation was carried out by taking images of the freestanding electrode
throughout the electrochemical cycling periods. Images were captured with Grasshopper3 5.0 MP

camera (Sony IMX250, resolution, 2448w x 2048h pixel) with 12.0X adjustable zoom lens
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(NAVITAR) for an effective resolution of 0.873 pm/pixel when using 4.0X setting on the
adjustable zoom lens. A LED light source (Amazon) was used for illumination of the electrode
surface. Images were captured using a lab made LabView program every 2 minutes during
galvanostatic cycling at C/25. Captured images during electrochemical cycling were analyzed by
Vic-2D Digital Image Correlation software. The software tracks the changes in the speckle pattern
positions on the electrode surface, taking the initial image as reference, to calculate the strain
evolution during the experiment. The natural speckle pattern of the LFP composite electrode was
used to calculate strain generation on the electrode using Digital Image Correlation. Full-field strain
measurements were performed on an area of interest of 750 um x 500 pm. Strains were
synchronized with the electrochemical response of the electrodes (current and voltage) using a lab-
made MATLAB program. An example calculation of in situ strains on the composite electrode is
shown in the Figure B4. Counter plots shows the homogeneous average of the individual particle
response. For each image captured during cycling, €, is averaged over the area of the region of

interest.
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Figure B3. A) In-situ strain measurement setup and its components. B) Schematic view of the
custom cell. C) Magnified view of a composite electrode spot welded on the stainless steel. The
orange marked area on the Figure C is the region of interest for the strain analysis.
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Figure B4. (A) Voltage and (B) strain evolution in iron phosphate electrode for potassium
intercalation at C/25 rate with 0.5M KPFs in EC/DMC electrolyte during first cycle. DIC contour
plots show the equivalent strain generation for (C) at the beginning of discharge, (D) at the end of
1%t discharge and (E) at the end of first charge.
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Table B1. Interplanar spacing in iron phosphate electrode structure upon potassium intercalation
during first discharge cycle.

(hkl) (311) (121) (211) (020)
Before 20 36.47 37.2 30.06 30.63
Discharge d (nm) 0.246 0.242 0.297 0.292
After 20 36.4 37.1 29.94 30.53
Discharge d (nm) 0.247 0.242 0.298 0.293
Change Ad (pm) +0.457 +0.628 +1.163 +0.932
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Figure B5. Voltage and strain evolution in iron phosphate electrode during potassium intercalation
at C/25 rate in 0.5M KPFg in EC/DMC electrolyte
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Control Experiment: First, the LFP electrode is delithiated against Li counter metal in LiCIO4 in
EC:DMC electrolyte in order to form iron phosphate. Then, Li counter metal is removed.
Delithiated composite electrode was rinsed, and the custom cell is washed with 1:1 EC:DMC
electrolyte inside the glovebox. Then, battery cell was reconstructed with K metal counter electrode
and filled with 0.5 M KPF¢ in 1:1 EC:DMC electrolyte. The iron phosphate electrode is charged /

discharged against K metal while monitoring in situ strains as shown in Figure B8 below.
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Figure B8. VVoltage and strain evolution with time for the interrupted experiment against K counter
electrode using 0.5 M KPF6 in 1:1 EC:DMC electrolyte during cycling.
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Figure B10. XRD spectra of electrode before and after the first discharge. Blue and red filled circles
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potassium intercalation, respectively.
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Figure B12. Voltage and strain evolution in iron phosphate electrode during potassium
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APPENDIX C

SUPPLEMENTARY INFORMATION FOR THE IMPACT OF ALKALI-ION
INTERCALATION ON REDOX CHEMISTRY AND MECHANICAL DEFORMATIONS:

CASE STUDY ON INTERCALATION OF Li, Na, AND K IONS INTO FePO, CATHODE
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Figure C1. Potential evolution, strain generation and strain rates with respect to state of discharge
(A,B, C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO, electrode
during the first cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively. The figure contains same data from Figure 27, only
focuses on SOD / SOC until 0.35.
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Figure C2. Potential evolution, strain generation and strain rates with respect to state of discharge
(A,B, C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO, electrode
during the second cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively.
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Figure C3. Potential evolution, strain generation and strain rates with respect to state of discharge
(A,B, C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO, electrode
during the second cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively. The figure contains same data from Figure C2, only
focuses on SOD / SOC until 0.3.
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Figure C4. Potential evolution, strain generation and strain rates with respect to state of discharge
(A,B, C) and charge (C, D, E) of Li (green), Na (blue) and K (purple) ions into FePO, electrode
during the third cycle. The square and spherical symbol show when electrode is cycled either in
EC:DMC or EC:PC solvents, respectively.
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APPENDIX D

SUPPLEMENTARY INFORMATION FOR ELUCIDATING CYCLING RATE-DEPENDENT
ELECTROCHEMICAL STRAINS IN SODIUM IRON PHOSPHATE CATHODES FOR Na-

ION BATTERIES

Formation of Iron Phosphate Cathode via Electrochemical Displacement Method

Prior to each experiment, composite LiFePO, electrode galvanostatically delithiated at C/10 rate
until the voltage reached 4.0 V against Na counter electrode. Figure D1 (A,B) shows the potential
and strain evolution during electrochemical displacement of Li from pristine LiFePO, electrode
cycled in NaClO4 in EC:DMC electrolyte against Na metal. The pristine LFP electrode showed
very flat potential plateaus around 3.30 V (vs Na/Na®*) during electrochemical delithiation against
Na counter electrodes. Delithiation capacity is calculated as 165 mA h g* when Li is extracted
from pristine LiFePO, electrode and the capacity is similar to the theoretical capacity of the
LiFePO, cathodes (170 mAh/g), which suggests that the lithium is successfully removed from the

electrode structure. Figure D1 (B) shows that during delithiation, electrode shrinks about 0.3%.

To further verify the extraction of Li from the pristine LiFePO4 while forming FePO4 electrode, we
also performed ex situ XRD analysis. Swagelok coin cell system was used to prepare XRD samples
for the verification of delithiation of pristine LFP electrodes. After the electrochemical
displacement, carried out at C/10 rate to 4.0 V vs Na counter electrode, Swagelok coin cell was
disassembled, and newly formed FP electrode removed from the cell. Electrode rinsed with 1 ml

of 1:1 (v:v) EC:DMC to remove excess salt and dried for 24 h under ambient conditions. Samples
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were characterized by X-ray diffraction (XRD, Bruker AXS D8 Discover diffractometer with
General Area Detector Diffraction System, 40 kV, 35 mA) with Cu Ka radiation at scan rate of
1.0°/min with the 20 range of 15-40°. Figure D1 (C) shows the XRD pattern of the pristine
LiFePO, and iron phosphate electrode formed by electrochemical displacement technique. The
broad XRD peak around 34.5° was observed in the pristine composite lithium iron phosphate
electrode. To verify its sources, we also perform XRD analysis on lithium iron phosphate powders,
CMC binder, Super P carbon and Al foil individually. Two XRD peaks were observed from Al foil
at 34.5° and 38.5°, which are associated with aluminum oxide (PDF #10-173) and aluminum (PDF
#4-787) respectively. We found that the broad peak comes from the Al foil. XRD pattern of pristine
electrode matches well with Triphylite LiFePO, (PDF #01-083-2092). After delithiation, peaks
associated with LiFePO4 disappear and new XRD spectra fits the Heterosite FePO,4 (PDF #00-034-
0134) crystalline structure, showing the complete delithiation of LiFePO, to FePO,.. Table D1
shows the calculated interplanar spacing before and after electrochemical displacement of LiFePO4
composite electrode. These calculations show that electrochemical displacement of Li from
LiFePO, reduces the interplanar spacing of the FePO.. This observation agrees well with our strain
measurement shown in Figure D1(B), which shows the shrinkage of composite electrode during

electrochemical displacement of Li from LiFePO,.
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Figure D1. (A) Voltage and (B) strain evolution during electrochemical displacement of lithium
from lithium iron phosphate LiFePQy4, to form iron phosphate, FePO,, against Na counter electrode.
Electrochemical displacement carried out until voltage reached 4.0 V vs Na/Na®* in 1 M NaClO,
with 1:1 (v:v) EC/DMC electrolyte at 0.1C rate. (C) XRD spectra of pristine LiFePO4 composite
electrode, delithiated composite iron phosphate after electrochemical delithiation, the pristine
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plotted in the Figure D1C.
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Table D1. Interplanar spacing in LiFePO,4 and FePO, structure before and after electrochemical

delithiation, respectively.

(hKI) (200) (211) (311) (121)
Before
) 20/deg 17.1526 29.7220 35.5892 36.5264
Electrochemical
Delithiation
_ d (A) 5.1654 3.0034 2.5206 2.4580
(LiFePO.)
After
) 20/deg 17.9401 30.1932 36.5776 37.3468
Electrochemical
Delithiation
d (A) 4,9404 2.9576 2.4547 2.4059
(FePO.)
Change Ad (A) -0.2250 -0.0458 -0.0659 -0.0521
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Figure D7. Capacity derivatives (A,B) and strain derivatives (C,D) in NaFePO., composite
electrode cycled at different scan rates during sodiation (A,C) and desodiation (B,D) in 1 M NaClO,
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GITT Experiments

Experimental Details

Galvanostatic Intermittent Titration Technique (GITT) was conducted using an Arbin battery
cycler. The NaFePO. cell were cycled between 2.0 and 4.4 V (vs. Na/Na+). All C-rates used in this
study were based off of the theoretical capacity of NaFePO, (154 mA h g). Prior to application of
GITT, the electrochemical cells were first cycled galvanostatically 5 times at a current of 0.1 C.
GITT was used to determine the equilibrium potentials and apparent diffusion coefficients as a
function of composition. The thermodynamic equilibrium potentials were taken to be the open-

circuit-voltage (OCV) at the end of the relaxation period.
Calculation Details

Chemical diffusion coefficients were calculated at the end of each step using the formula derived

by Webbner et al?!
dE\ 12
T \n SFz; 4dE D
i vt

where Vu is the molar volume of the electrode (44.11 cm® mol™*)#2, S is the electrochemically

active surface area, F is Faraday’s constant (96 485 C mol?), zi is the charge number of species i,

lo is the constant current applied during GITT, Z—g is the slope of the coulometric titration curve,

and ;—; is the slope of the linearized plot of the potential during the current pulse of duration t. The

electrochemically active surface area was roughly estimated using the following equation®’
1 6m

S== (—A ) @)
3 \dpprero,
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where ma is the active material mass of the pristine NFP electrodes, d;, is the mean particle diameter
(~250 nm), and prepoa is the mass density of FePO4 (3.5 g cm®). The factor of 1/3 comes from the
assumption that sodium extraction and insertion is analogous to lithium insertion and extraction
along the [010] direction in LiFePO,*32% If sufficiently small currents and pulse durations are
applied so that the two derivatives in the earlier equation can be considered constant (t << L2/D),

then the following approximation may be used for determining diffusion coefficients*

D= () (&) ®

where 1 is the current pulse duration, mg is the electrode mass, Mg is the molecular weight of the
electrode (150.82 g mol™), AE; is the change in equilibrium voltages over a single galvanostatic
titration, and AE; is the total change in the cell voltage during the constant current pulse neglecting
the iR drop. The apparent chemical diffusion coefficients of Na* in NFP at the end of each rest

period was calculated using the above approximation. However, the Equation 1 was derived

assuming ion diffusion in one-dimensional solid solution electrode materials! and is not valid at
. . dE . .
phase transition regions where the value ofﬁshould be zero according to Gibbs phase rule??.

Therefore, the values obtained in the phase transition region may not be reliable, but the values
obtained in the solid solution regions are valid. The inability to satisfy this assumption is likely the
reason for the deep minima observed in the phase transition region for the chemical diffusion

coefficient.
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Figure D11. (A) Voltage evolution during GITT experiment for sodium insertion and extraction
into NaxFePO, electrode. GITT experiment was carried out with 1 h current pulse at C/40 rate and
10 h rest period in between current pulses in 1 M NaClO4 with 1:1 (viv) EC/DMC electrolyte.
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resting periods used to produce Figure D12 and Figure D13. (B) Apparent Na* diffusion
coefficients in NaxFePO4 electrode produced from GITT data.
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Predicting Strains in Composite Electrode

To investigate the strain on an unconstrained NaFePO, electrode during sodiation, the properties
of the composite electrode are analyzed by assuming that the NaFePO, composite consists of a

porous matrix of conductive carbon, Super P, and CMC binder3®.

Table D2. Material Properties of the Composite Electrode Matrix

Material Properties of the Composite Electrode Matrix

i . Elastic
Material Fraction of Dens'gy Modulus Poisson’s Ratio
Total Mass (g/cm?) (GPa)
NaFePO, 0.8 3.53%¢ 84x10° 0.25%7
CMC binder 0.1 1.6%% 1.2x10° 0.45%
Super P 0.1 1.9%% 32.47x10° 0.315%

The lower bound of the effective shear modulus containing both carbon black particles and CMC
binder where K, is the bulk modulus of the matrix of carbon black and CMC binder particles. The
bulk modulus of the carbon black is K¢, and that of the CMC binder is Keme. Gm is the shear modulus
of the matrix of carbon black and CMC binder particles. The shear modulus of the carbon black is
Geb and that of the CMC binder is Geme.

i — ¢’m,cc + ¢m,cmc (4)

Km KCC Kcmc

Lower bound of the bulk modulus containing both carbon black particles and CMC binder

L — ¢m,cc + ¢m,cmc (5)
Gm GCC Gcmc
Where
¢cmc
— __tfcme 6
¢m'cmc ¢cmc+¢cc ( )
¢CC
—_ __rcecc 7
Pmcd = G0 e "

Kom i the bulk modulus of a porous matrix of with solid components carbon black and CMC

binder.

Kpm = (3(1—;vpm)> (3§:f7(r;lm) (IZ[’:)Z ®)
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Where the densities of the porous and solid matrices are

pm = d)m,ccpcc + d)m,cmcpcmc (9)

ppm = ¢pm,ccpcc + ¢pm,cmcpcmc (10)
The volume fractions of the conductive carbon and the CMC binder in the porous matrix is given
by

¢
¢pm,cmc = ¢Cmc (11)
pm
¢CC
= — 12
¢pm,cb ¢pm ( )
The total volume fraction of the CMC, conductive carbon, and the porosity in the composite
electrode is
¢pm = QPcc + beme + ¢p =1—dnrp (13)

The bulk modulus of the composite electrode!®® for NaFePO, particles, Ke is

_ Kpm(1+$nrpSix)
K, = (14)
1-¢nrp¥X
Where
Knrp—Kpm
y = Sure~Kom_ (15)
KnrP=$1Kpm
2(1-2vpm) 2(1-2vNfFp)KNFP
w1 ¢NF'P¢Pm(1_y¢Pm)(KNFP_KPm)( (1+vpm) (1+vNFP)Kpm )
=1+  2(1-2vNFEpP)KNFP (16)
KnFEp+ A+vNrp)Kpm \¢NFPKNFP+¢mepm)
217 -1
y =" (17)

The linear strain during sodiation of the composite electrode is

1 1
Ece = EnrpPnrp T <£—FP1> (_ - —> (18)

Ke Kavera e
Kpm KNFp 9

Where the average linear strain during sodiation is

€average = EnrpPnrp + ¢pm€pm (19)
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And the average bulk modulus of the composite electrode is

1 énrp | P
= + = (20)
Kaverage KnFp Kpm

Table D3. Nomenclature for Equations used

Abbreviation Definition

NFP Sodium Iron Phosphate (NaFePOy)
ce Composite Electrode
cc Conductive carbon

cmc Carboxymethyl cellulose binder
pm Porous matrix

Table D4. List of variables used and the descriptions

Variable Definition
K., bulk modulus of the matrix of carbon black and CMC binder particles
Kee bulk modulus of the conductive carbon (Super P)
Keme bulk modulus of the CMC binder
G, shear modulus of matrix of carbon black and CMC binder particles
Gec shear modulus of the conductive carbon
Geme shear modulus of the CMC binder particles
Volume fraction in the conductive carbon/CMC matrix of the
bm,cc .
conductive carbon
Pm,cc Volume fraction in the conductive carbon/CMC matrix of the CMC
Kpm bulk modulus of a porous matrix of with solid components conductive
carbon and CMC binder
Vpm Poisson’s ratio of the porous matrix, assumed to be 1/3*
Density of the porous matrix consisting of conductive carbon, CMC
Ppm binder, and porosity
) Density of the solid matrix consisting of conductive carbon and CMC
" binder
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Table D4. Continued

Variable

Definition

pCC

Density of the conductive carbon (Super P)

pcmc

Density of the CMC binder

¢pm,cc

Volume fraction of the conductive carbon in the porous matrix of the

conductive carbon and CMC

¢pm,cmc

Volume fraction of the CMC binder in the porous matrix of the

conductive carbon and CMC binder

¢cmc

Volume fraction of the CMC binder in the composite electrode

¢cmc

Volume fraction of the CMC binder in the composite electrode

¢cmc

Volume fraction of the CMC binder in the composite electrode

¢CC

Volume fraction of the conductive carbon in the composite electrode

¢pm

Volume fraction of the CMC, conductive carbon, and the porosity in
the composite electrode

P

Porosity within the composite electrode

¢NFP

Volume fraction of the iron phosphate within the composite electrode

Kce

Bulk modulus of the composite electrode

VNFP

Poisson’s ratio of the NaFePO4

Knep

Bulk modulus of particles in NaFePO4

A*

Critical volume fraction for close packing of the particle filler, 2/3
[reference 7]

y

Correction factor term

Gce

Linear strain of composite electrode

eaverag e

Average linear strain during sodiation

€pm

Linear strain of the porous matrix

ENFP

Linear strain of the NaFePO, during sodiation

Kaverage

Average bulk modulus of the composite electrode
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Inputs for Transport-Mechanics Model
Density of NaFePO (density)c®® = 3.47x10° %
Constant Diffusivity = 2x10° cm?/s

Faraday’s constant = 26.801 Ah

mol

Molecular Weight of NaFePO, host structure?®® (MW) = 173.81 —=

g
mol
Maximum Concentration of Sodium = £2%= 2 g1x10% 2%

MW m
Theoretical Capacity of NaFePOy, (alpha)®® = 0.154 A?h

I'max (radius of sodium particle) = 125x10° m

C-rates=1/100,1/66,1/25,1/10,1/2,1
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APPENDIX E

SUPPLEMENTARY INFORMATION FOR RATE-DEPENDENT ELECTROCHEMICAL
STRAIN GENERATION IN COMPOSITE IRON PHOSPHATE CATHODES IN Li-ION

BATTERIES

Table E1. Discharge, charge, and irreversible strain evolution during electrochemical cycling at
C/25 rate cycled with 1 M LiClO4 in 1:1 EC:DMC electrolyte against Li counter electrode.

Cycle Number  Discharge Strain (%) Charge Strain (%) Irreversible Strain (%)

1 0.612 -0.345 0.267
2 0.448 -0.309 0.139
3 0.377 -0.293 0.084
4 0.344 -0.290 0.054
5 0.323 -0.288 0.035
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Table E2. Discharge, charge, and irreversible strain evolution during electrochemical cycling at
C/10 rate cycled with 1 M LiCIlO4 in 1:1 EC:DMC electrolyte against Li counter electrode.

Cycle Number  Discharge Strain (%) Charge Strain (%) Irreversible Strain (%)

1 0.644 -0.368 0.276
2 0.467 -0.343 0.124
3 0.396 -0.325 0.071
4 0.369 -0.321 0.048
5 0.354 -0.322 0.032
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Table E3. Discharge, charge, and irreversible strain evolution during electrochemical cycling at
Cl/4 rate cycled with 1 M LiClO4 in 1:1 EC:DMC electrolyte against Li counter electrode.

Cycle Number  Discharge Strain (%) Charge Strain (%) Irreversible Strain (%)

1 0.603 -0.402 0.200
2 0.467 -0.380 0.087
3 0.418 -0.362 0.056
4 0.392 -0.361 0.031
5 0.376 -0.347 0.029
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Table E4. Discharge, charge, and irreversible strain evolution during electrochemical cycling at
1C rate cycled with 1 M LiClO4 in 1:1 EC:DMC electrolyte against Li counter electrode.

Cycle Number Discharge Strain (%) Charge Strain (%) Irreversible Strain (%)

1 0.452 -0.361 0.091
2 0.422 -0.389 0.033
3 0.424 -0.393 0.031
4 0.423 -0.395 0.028
5 0.413 -0.393 0.020
6 0.417 -0.404 0.013
7 0.413 -0.391 0.022
8 0.406 -0.394 0.013
9 0.403 -0.394 0.009
10 0.408 -0.398 0.010
11 0.398 -0.383 0.015
12 0.395 -0.382 0.012
13 0.393 -0.381 0.012
14 0.401 -0.386 0.015
15 0.394 -0.385 0.008
16 0.391 -0.377 0.014
17 0.383 -0.373 0.009
18 0.381 -0.376 0.006
19 0.385 -0.379 0.006
20 0.386 -0.380 0.006
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Table E5. Discharge, charge and irreversible strain evolution during electrochemical cycling at
2.5C rate cycled with 1 M LiClO4 in 1:1 EC:DMC electrolyte against Li counter electrode.

Cycle Number Discharge Strain (%) Charge Strain (%) Irreversible Strain (%)

1 0.383 -0.305 0.078
2 0.355 -0.333 0.022
3 0.360 -0.343 0.017
4 0.362 -0.343 0.019
5 0.366 -0.353 0.013
6 0.372 -0.362 0.010
7 0.366 -0.354 0.012
8 0.359 -0.350 0.009
9 0.365 -0.351 0.014
10 0.372 -0.361 0.010
11 0.377 -0.360 0.017
12 0.364 -0.356 0.009
13 0.374 -0.362 0.011
14 0.368 -0.365 0.003
15 0.374 -0.373 0.001
16 0.377 -0.367 0.009
17 0.373 -0.364 0.010
18 0.374 -0.363 0.010
19 0.383 -0.376 0.008
20 0.379 -0.370 0.009
21 0.376 -0.365 0.011
22 0.378 -0.364 0.014
23 0.380 -0.373 0.007
24 0.366 -0.363 0.003
25 0.364 -0.357 0.006
26 0.373 -0.362 0.012
27 0.359 -0.351 0.008
28 0.371 -0.355 0.017
29 0.374 -0.358 0.016
30 0.357 -0.344 0.013
31 0.350 -0.342 0.008
32 0.358 -0.347 0.012
33 0.354 -0.344 0.010
34 0.357 -0.349 0.009
35 0.350 -0.342 0.008
36 0.350 -0.347 0.002
37 0.358 -0.343 0.015
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Table E5. Continued

Cycle Number

Discharge Strain (%)

Charge Strain (%)

Irreversible Strain (%)

38 0.352 -0.340 0.012
39 0.352 -0.338 0.015
40 0.358 -0.346 0.012
41 0.348 -0.340 0.008
42 0.354 -0.348 0.006
43 0.352 -0.349 0.003
44 0.355 -0.345 0.010
45 0.347 -0.343 0.003
46 0.349 -0.333 0.017
47 0.341 -0.330 0.012
48 0.343 -0.335 0.008
49 0.343 -0.337 0.006
50 0.360 -0.357 0.003
51 0.349 -0.343 0.007
52 0.345 -0.342 0.003
53 0.338 -0.332 0.006
54 0.355 -0.342 0.013
55 0.353 -0.349 0.004
56 0.337 -0.322 0.014
57 0.350 -0.337 0.013
58 0.343 -0.337 0.006
59 0.349 -0.338 0.011
60 0.340 -0.324 0.016
61 0.347 -0.336 0.011
62 0.339 -0.336 0.003
63 0.345 -0.336 0.009
64 0.343 -0.336 0.007
65 0.339 -0.332 0.007
66 0.337 -0.326 0.011
67 0.343 -0.345 -0.001
68 0.346 -0.344 0.002
69 0.345 -0.332 0.014
70 0.329 -0.330 -0.001
71 0.341 -0.328 0.013
72 0.334 -0.338 -0.004
73 0.336 -0.327 0.009
74 0.341 -0.340 0.001
75 0.356 -0.335 0.020
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Figure E1. Discharge, charge, and irreversible strain evolution for FP composite electrode during
cycling between 2.6-4.4 V against Li counter electrode at different scan rates with 1 M LiClOs in
1:1 EC:DMC electrolyte.
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in 1:1 EC:.DMC.
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Figure E8. Normalized (a,b) capacity and (c,d) strain derivatives in FP composite electrodes during
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APPENDIX F

SUPPLEMENTARY INFORMATION FOR THE COUPLING BETWEEN VOLTAGE
PROFILES AND MECHANICAL DEFORMATIONS IN LAGP SOLID ELECTROLYTE

DURING Li PLATING AND STRIPPING

Experimental

Livs,AlosGe1sP3012 powder (LAGP, Ampcera™, 300-500 nm particle size, MSE Supplies) was
used to prepare solid electrolyte without any further processing. The crystalline structure of the
pristine LAGP solid electrolyte powders (As received without any heat treatment) was
characterized by X-ray diffraction (XRD, Bruker D8 Advance XRD with Lynxeye Detector, 40
kV, 35 mA) with Cu Ka radiation with a step size of 0.016° and collection time of 5 seconds per
step (Figure F1A). XRD pattern of the solid electrolyte matches well with LiGe,P30:, (JCPDS 00-

041-0034)%*,

To prepare the electrolyte, 0.25 g of LAGP powder was loaded into the 1/2 inch die and cold-
pressed under 80 MPa for 5 min to form a pellet. The newly formed pellet was then sintered at
800°C for 4 h. To obtain a flat surface for the DIC measurements, the solid electrolyte was cut in
half to obtain a semi-circle. The top, bottom, and flat side surfaces of the solid electrolyte were
polished with 1000 grit number sandpaper. The surface roughness of the solid electrolyte was
measured at about 300 nm by using NANOVEA Optical Profiler with Chromatic Confocal 740

pum. The flat side of the LAGP solid electrolyte was slightly immersed in the mixture of carbon
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black:ethanol solution (1:50 in mass ratio) to create a speckle pattern. Then, the solid electrolyte
was air-dried, and carbon black speckle patterns were produced on the flat side of the solid
electrolyte LAGP solid electrolyte. A symmetrical Li | LAGP | Li cell was fabricated, and stainless-
steel disks were used as a current collector and placed into a custom cell inside an argon-filled
glove box. The lab-made custom battery cell and DIC allowed us to feasibly measure the strain
development during the electrochemical processes in real time. Images were taken periodically
every 60 seconds from the side view of the all-solid-state battery during battery cycling. DIC
computes strains by tracking the changes in the speckle patterns in small neighborhoods called

subsets during electromechanical deformation®-242,

Electrical
Connections

DIC Arbin In Situ Strain Measurement White LED Light Source

. ¥ for fi { nd -
Computer Potentiostat | Setup located on an optical table | 1. steatons

Strain Cell
Arduino
Controller

for Shutter Filter
Laser Beam
Shutter (off Position) Expander

% 4 -y . Zoom Lens Assembly
a ~’, y \ N 3 by Laser
- : g
Laser Power Source = a
P 3 -~ 2, =

Camera

Figure F1. Experimental DIC setup to monitor strains in solid electrolytes.
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APPENDIX G

SAMPLE PREPARATION FOR COMPOSITE ELECTRODES FOR IN-SITU STRESS

MEASUREMENTS

Brief Explanation

A custom electrochemical cell, previously described in a study done by Hannah et al?**24 will be
used to perform in situ curvature measurements for composite electrodes. To track the curvature
evolution, laser beams produced by the Multi Beam Optical Sensor (MOSS) will be reflected off

the substrate, which is coated by composite electrode, situated in the custom cell.

Slurry Preparation

Composite electrode slurry can be prepared following the procedure previously described for in
situ strain measurements®11°24°  Briefly, binder of choice, carboxymethyl cellulose or
poly(vinylidene fluoride) (PVDF), is mixed with ultra-pure water or N-Methyl-2-Pyrrolidinone
(NMP), respectively, with Thinky centrifugal mixer. After the binder is dissolved in the solvent,

active material and conductive carbon is added to the solution and further mixed to obtain the slurry.

Electrode Preparation

Two types of substrates can be used for the electrode preparation, gold coated borosilicate glass
and silicon wafers. For the borosilicate substrate, gold coated side shown in Figure G1la should be

coated with composite electrode for better electrical connection. For silicon wafer substrates, rough
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side shown in Figure G1b is used for composite electrode coating. Back side of the substrates,

shown in Figure G2, is used to reflect the laser beam.

Figure G1. Composite electrode casting surfaces used for (a) Gold coated borosilicate glass and
(b) silicon wafer substrates

The composite electrode slurry deposited on the substrate by using doctor blade casting method.
Depending on the substrate and composite electrode slurry in question, doctor blade setting for the
thickness of the casting can vary. For gold coated borosilicate glass (with a thickness of 200 pum)
and silicon wafer (with a thickness of ~480 um), doctor blade settings of 25 and 55 shown in Figure

G3 are suitable for initial trials, respectively.

i ; e
Figure G2. Laser reflection surfaces used in curvature measurement experiments for (a) Gold
coated borosilicate glass and (b) silicon wafer substrates

To cast the electrodes, secure the substrate on a clean glass slide with one sided tape at two corners.

Then, transfer the slurry from mixing canister to the surface of substrate carefully, without touching
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Figure G3. Reference doctor blade settings used for (a) gold coated borosilicate glass and (b)
silicon wafer for composite electrode coating.

the surface with your transfer spatula. Continue with setting the doctor blade to appropriate
thickness and slowly sliding it over the substrate to obtain a uniform slurry thickness. Finally, dry
the composite electrode under the fume hood. If the desired uniformity of coating is not achieved,

repeat this step to obtain a stress electrode shown in Figure G4.

Figure G4. Slurry casted borosilicate glass for in situ curvature measurements
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Cantilever Preparation for In-Situ Curvature Measurements

To measure the curvature occurring during the battery operations, prepared electrodes should be
cut to 4 mm wide, at least 20 mm in length strips, called cantilevers. Both coated and uncoated
surface of the substrate can be protected by sandwiching both sides between two weighing papers
on a flat surface, making sure that the composite electrode coated face is facing up. Then, using a
metal ruler as guide, shown in Figure G5a, score the substrate using the scriber, shown in Figure
G5b, until it breaks. The cut piece can be mounted into the custom electrochemical cell for in situ
curvature measurement like the Standard Operating Procedure described by Hannah et al??®

previously.

Figure G5. (a) Example of substrate cutting arrangement for composite electrode experiments. (b)
Diamond tipped scriber used for glass cutting.
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APPENDIX G

STANDARD OPERATING PROCEDURE FOR IN-SITU CURVATURE MEASUREMENT

DURING METAL ELECTRODEPOSITION

Brief Explanation

A custom electrochemical cell holder will be used to perform in situ curvature measurements metal
electrodeposition on gold coated borosilicate cantilevers. A glass cuvette is used as reaction cell,
while 3D printed electrochemical cell holder is situated on a 5-axis optical stage in front of MOSS
system. Experiments are carried out to investigate the effect of electrodeposition rate on stress

evolution.

Design of Experimental Cell

Figure H1 shows the exploded view of the experimental cell for the in-situ electrodeposition
experiment. The main reaction cell is made from fused glass (Starma-GmbH, 96/G/40). Main body
and the cover are designed in-house and 3d printed using polylactic acid (PLA) filament.
Cantilevers used as electrodeposition media is secured to the top cover with sample holders made
from SS 316 (Grainger) and Viton O-rings are used to prevent sample holder from moving during
electrodeposition. A platinum wire (99.997% metal basis, Alfa Aesar) and saturated calomel

electrode (Gamry Instruments) are used as working and reference electrodes, respectively.
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Au Cantilever, secured with
Stress Electrode Holders

Electrodeposition Solvent filled
Reaction Cell

Figure H1. Exploded view of custom three electrode electrodeposition cell

Conversion of Sample Stage for Electrodeposition Experiments

1

Remove the mounting post used for battery measurements, shown in Figure H2, by
removing four %4 screws using 3/16” hex key.

Remove the tilt plate, shown in Figure H3a, by removing six hidden }4” setscrews using
1/8” hex key, as shown in Figure H3b.

Remove the x-translator, shown in Figure H4, by removing four '4” screws using 3/16”
hex key. Note that one side of the translator will be hidden under the breadboard, so after
removing one side of the translator, shift the plate all the way to other side to remove the
remaining two screws.

Be careful with the placement of x-y translator used in the electrodeposition experiment.
Note the location of bottom left screw in the figure sss and insert the remaining three /4"

screws using 3/16” hex key.
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TN

It plate and using 1/8” hex key and (b) location of hidden setscrews

B

Figure H3. (a) Removal of ti

5- In order to increase the footprint of 8-32 screws used in the assembly of laboratory jack,
use two different size washers, shown in Figure H6a. First, insert the small washer (Figure

H6b), then place the bigger washer to the 8-32 screw, as shown in Figure H6c.
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Figure H4. Removal of x-axis translator for (a) right and (b) left side screws

Figure H6. (a) 8-32 screw and two sizes of washers for lift stage assembly while (b) first small and
then (c) big washer inserted to the screw.
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6- Place the laboratory jack-tilt plate assembly on the x-y translator as shown in Figure
H7a, and secure it using the previously prepared four 8-32 screws using 9/64” hex key.
Final form of the electrodeposition sample stage can be seen in Figure H7b.

2 0 e ..
AN L Ll DL e
Figure H7. (a) Placement of laboratory jack-tilt plate assembly and (b) final electrodeposition
sample stage assembly.

Preparation of Electrodeposition Experiment

To increase the consistency between experiments in terms of stress evolution, precut gold coated
borosilicate cantilevers with a dimension of 4 mm x 22 mm x 200 um (width x length x thickness)
are used for electrodeposition experiments, stored in a wafer storage box, shown in Figure H8a.
To remove the cantilever from the sticky surface, slowly work your way around the cantilever with
a safety blade until the safety blade is completely under the cantilever. Then, using a tweezer, secure
the cantilever in the sample holder where reflective surface is facing the laser beam and attach the

electrical connection as shown in Figure H8b.
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Figure H8. (a) Precut gold coated borosilicate cantilevers. (b) Fully assembled working electrode
for electrodeposition experiment.

After the working electrode is secured to the top cover, fill the reaction cell with the
electrodeposition solution 3 mm below its upper limit and place the reaction cell into the main
body. To secure the top cover to main body, screw the four 8-32 screws using 9/64” hex key. Put
the whole electrodeposition experiment holder assembly on the sample stage and place counter and

saturated calomel reference electrode as shown in Figure HO.

To record the potential of counter electrode during the experiment, potentiostat cables should be

connected to their respective electrodes as described below (Figure H10.

o Black and green alligator clips with matching cable colors: Connect to counter electrode.
e Red and white alligator clips with matching cable colors: Connect to working electrode.
e Green alligator clip with black cable: Connect to counter electrode.

o White alligator clip with red cable: Connect to reference electrode.
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Figure H9. Fully assembled electrodeposition cell

Figure H10. Potentiostat connections for (a) counter electrode, (b) working electrode, (c) counter
electrode (reference connection) and (d) reference electrode (reference connection).

261



VITA
Bertan Ozdogru
Candidate for the Degree of
Doctor of Philosophy

Dissertation: CHEMO-MECHANICS OF IRON PHOSPHATE CATHODE IN ALKALI
METAL-ION BATTERIES

Major Field: Chemical Engineering
Biographical:
Education:

Completed the requirements for the Doctor of Philosophy in Chemical Engineering at
Oklahoma State University, Stillwater, Oklahoma in December, 2022.

Completed the requirements for the Master of Science in Chemical Engineering at
Izmir Institute of Technology, Izmir, Turkey in 2018.

Completed the requirements for the Bachelor of Science in Chemical Engineering at
Izmir Institute of Technology, Izmir, Turkey in 2015.

Experience:

August 2018-Present Graduate Research Assistant at
Oklahoma State University

September 2015-February 2018 Graduate Research Assistant at

Izmir Institute of Technology

Professional Memberships:

The Electrochemical Society



