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ABSTRACT

The development of electric vehicles and energy storage devices are part of larger international
efforts to create a sustainable future. Lithium-ion batteries have become crucial components to
powering these technologies. However, the growing dependence of this singular battery chemistry
to power an ever expanding landscape of technologies raises sustainability issues around lithium.
Exploration of alternate battery chemistries have become part of research efforts to meet global
energy demands. Calcium has emerged as one such battery system that could help alleviate stresses
placed on lithium with its energy density and cost. Battery chemistries are unique, and each battery
possesses its own set of challenges. Regarding calcium, one such challenge is the identification of
suitable cathodes. Open framework oxides, based on previous work, have been identified as the
most promising cathode structures for calcium intercalation chemistry. However, many oxides
have yet to be experimentally evaluated. In addition to the issues surrounding cathodes for calcium
batteries, another challenge surrounding calcium chemistry is the use of suitable electrolytes that
would allow for calcium metal to be used as anodes. Calcium electrolytes form passivation layers
on calcium metal electrodes that quickly prevent any calcium diffusion from occurring in the
battery. Recent efforts on calcium electrolytes have focused on engineering the solid electrolyte
interphase to form phases that are more accommodating with calcium diffusion. This dissertation
describes my efforts at experimentally exploring two cathodes for calcium-ion batteries along with
an effort at engineering the solid electrolyte interphase for calcium batteries by using an electrolyte

that is not native to calcium.

The electrochemical activity within a cathode, when using intercalation chemistry, produces

structural changes to the electrode that can be tracked with x-ray diffraction (XRD). My first



project with this dissertation was focused on the design and fabrication of an in situ XRD cell that
could track the structural changes to a cathode as it was cycled. I implemented a glassy carbon
window that would be transparent to x-rays and validated the functionality of the cell with an
established battery system for intercalation chemistry. Lithium Cobalt Oxide (LiCoO2) was cycled
against a lithium metal anode within the in situ cell. The cell was cycled at a rate of C/40 and
achieved reversible capacities of 32 mAh/g. Structural changes to the (003), (101), (009), (107)

and (018) lattice planes were tracked with the in situ cell and validated its functionality.

My following efforts were aimed at evaluating the electrochemical activity of calcium manganese
oxide (CaMn204) post-spinel and its capacity to function as a cathode for calcium-ion batteries.
The CaMn204 post-spinel cathode was synthesized using a solid-state synthesis method and
verified with XRD. The electrochemical activity of the cathode was first analyzed with cyclic
voltammetry and galvanostatic cycling. Oxidation potentials of the cathode were identified at 0.2
and 0.5 V while broad insertion potentials were identified at -1.5 V. A maximum charge of the
cathode was performed at a rate of C/200, yielding a maximum capacity of 100 mAh/g. Structural
characterization of the electrode was performed and compared to theoretical models, confirming
the redox activity of the cathode. Cycling capabilities of the cathode were also performed in coin
cell configurations. Using a c-rate of C/33, the cathode was measured to reversibly cycle 52 mAh/g
and was further verified with Energy-Dispersive X-ray Spectroscopy (EDS) and X-ray
Photoelectron Spectroscopy (XPS). The results from the evaluation revealed that CaMn204 is a

promising cathode for calcium-ion batteries.

Beyond the successful cycling of CaMn204, the next goal of my dissertation was focused on a
similar line of testing with calcium iron oxide (CaFe2O4). The CaFe2Os post-spinel was

synthesized through an auto-combustion route and its phase was also verified with XRD. Cyclic



voltammetry studies were performed on the cathode and reported limited oxidative behavior at
approximately 0.3 V and was not reproduced on subsequent CV cycles. There was no reinsertion
activity observed with the post-spinel. Galvanostatic cycling of the cathode was also performed on
CaFe204 at a c-rate of C/100, cycling a capacity of 50 mAh/g. Postmortem XRD of the cathode
revealed one structural development within the crystal structure of CaFe204 that aligned with
theoretical calculations of the post-spinel. The data collected on CaFe2O4 concluded that this
cathode had limited electrochemical activity and would not be a feasible candidate for calcium-

1on batteries.

The last efforts of my dissertation were focused on addressing SEI issues that occur when using
calcium metal anodes with calcium electrolytes. Previous research on designing SEIs for calcium
batteries have used alternate electrolytes to produce phases that are more ionically conductive. My
project was aimed at using a similar strategy, immersing calcium metal electrodes in a potassium
electrolyte and cycle charge. Using potassium hexafluorophosphate (KPF¢) in a ternary mixture of
carbonate solvents, calcium symmetrical cells were cycled with a charge density of 0.025 mA/cm?
with a capacity of 0.15 mAh/cm? for over 200 hours. Throughout plating and stripping,
overpotentials were maintained below 1.8 V. The phases formed in the SEI were a combination of
permanent and transient phases that were verified with XRD, EDS and Fourier Transform Infrared
(FTIR) spectroscopy. Increased cycling of calcium in the symmetrical cells was further verified
with in situ Raman spectroscopy and the calcium content was measured with inductively coupled
plasma mass spectrometry (ICP-MS). The results confirm the effectiveness of potassium
electrolytes being used to tailor a hybrid SEI for calcium plating and maintaining cycling stability

throughout testing.



In summary, the contributions in this dissertation offer an experimental evaluation of cathodes for
calcium-ion batteries along with identifying a new electrolyte to be used for engineering

interphases. These findings can offer better insights for future strategies with calcium batteries.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 Introduction

The need for technologies that minimize carbon footprints along with an infrastructure to support
them has been a focus of numerous studies and government initiatives. Most notably, the Paris
Agreement of 2016 is a global effort to address climate change with several strategies that include
the development of renewable energy sources (RES) and electric vehicles.!!-*! The widespread
adoption of these technologies is impacted largely by balancing performance and cost. Projects
developing wind and solar energy have made significant advances in decreasing technology cost.
Environmental reports on solar energy have forecasted a 43% drop for solar photovoltaics by 2025,
allowing for further market penetration and projecting a more substantial role in energy supply by
2050.[431 Regarding electric vehicles, countries such as the USA and China are investing $2.4
billion and $15 billion in electric cars. While lithium-ion batteries have one of the highest densities
(100-265 Wh/kg), the driving range of current electric vehicles is still considerably lower than cars
fueled by gasoline. Investments into next generation electric vehicles are aiming to achieve
performance metrics of 300 miles per charge and battery costs being reduced to $125 kWh-!.[1:6]

The energy portfolio from all these technologies is dependent on lithium-ion batteries (LIB) to
power them. Lithium, with a gravimetric capacity of 3863 mAh/g and energy density above 150
Wh/kg, is the primary battery chemistry being used to power electric vehicles.[:7#] Regarding its
role with solar and wind energy, lithium-ion batteries are an established energy storage solution
(ESS) that are effective at managing these intermittent energy sources and providing a more
consistent energy to the national grid. Currently, lithium-ion batteries make up 78% of current
battery solutions used for storing energy from renewable sources.*-14

The use of lithium with these broader applications has caused increased demands of lithium metal

to meet manufacturing and research needs. Global demand has doubled every 5 years with LIB



capacities reaching 125 GWh (2020), 220 GWh (2025) and 390 GWh (2030).!"!3] The global
market for automotive LIB will grow from $7.8 billion in 2015 to $30.6 billion in 2024. Similarly,
energy demands of lithium to serve as storage solutions for wind and solar energy are also on a
trajectory of steep growth. According to the Department of Energy (DOE) Global Energy Storage
Database, 1,364 energy storage projects using 174 GWs of energy are in operation globally with
an additional 334 energy projects totaling 18 GWs in development.[!?-14]

The rising demand for lithium has also led to rising costs and geopolitical concerns since lithium
reserves are unevenly distributed around the world.['®] According to estimates from the US
Geological Survey (USGS) in 2011, the total lithium resources are calculated to be 29 Mts. The
largest resources are in Bolivia (9 Mts), Chile (7.5 Mts), China (5.4 Mts) and Argentina (2.6
Mts).!!17] Historically, lithium was refined for a multitude of different applications with batteries
occupying less than 5% of lithium manufacturing. The projected use of lithium is as follows: 9760
tons of lithium in 2015 being 30% market share. By 2020, 12,160 tons of lithium are mined
accounting for 37% and by 2025, 21,520 tons of lithium will be mined accounting for 66% of the
market share of lithium with most lithium batteries being used for electric vehicles.[!822] The
increased use of lithium along with its finite availability has caused the price of raw materials for
lithium-ion batteries to increase. A 2022 US mineral commodity report summarized the use of
lithium and tracked a 21% manufacturing increase of lithium in 2021 with market volatility
causing the price of lithium to increase from $7,000/ton to $26,200/ton.?*] The volatility with
lithium prices is exacerbated by studies projecting that global lithium resources will be exhausted
by 2030 from manufacturing demand.[?*?42°] Based on the rising energy demands of ever

expanding technologies and market volatility of lithium, alternative battery chemistries need to be



explored to mitigate the rising costs of raw materials that may price out technologies that we need

for a sustainable future.

1.2 Lithium-Ion Batteries

Lithium-ion batteries, since their commercialization in 1991, have fundamentally changed our
everyday lives. They power an ever-expanding range of technologies and are the dominant battery
chemistry we depend on. The discovery and development of this line of batteries is the product of
considerable research efforts since the 1970s. The discovery of lithium cathodes being able to
reversibly intercalate charge for battery applications belongs to John B. Goodenough, M. Stanley
Whittingham and Akira Yoshino and was recognized in 2019 with their Nobel Prize.[2%28] Since
their market introduction, researchers have focused on maximizing the energy density of lithium-
ion batteries to further their applicability towards new and developing technologies.

Lithium-ion batteries consist of 4 components which include the cathode, anode, electrolyte, and
separator. A schematic of the lithium-ion battery is outlined in Figure 1 with Lithium Cobalt Oxide
(LiCo02) as the cathode, graphite as the anode and a lithium-rich electrolyte. Lithium-ion batteries
function on intercalation chemistry, which is the reversible insertion of ions into a host material.[>°]
During the charging process of Figure 1, electrons are transferred from the LiCoO2 to the graphite
through an external circuit, powering a device. In addition to the transfer of electrons, cations
deintercalate from the LiCoO2, causing changes in the interplanar spacing of the cathode, and
migrate to the graphite using the electrolyte as a conductive pathway. The delithiation reaction at
the cathode is outlined by reaction 1 (1.1) while the insertion of lithium into the anode is
represented by reaction 2 (1.2). The separator functions as a physical barrier between the anode
and cathode to prevent a short circuit. During the discharge of the LIB, the charging process is

reversed and ions flow from the graphite back into the LiCoO2, reinserting back into the crystal
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framework and undoing the structural changes observed during charging. This overview of
intercalation chemistry in lithium-ion batteries has become the staple of powering billions of

electrical devices.[?7-3]
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Figure 1.1 - Schematic of lithium-ion battery. Adapted from reference 27
LiCoO:s2 - xe™ - xLi* ¢ Li1xCo02 (1.1)
C +xe +xLi" ¢ LixC (1.2)

The mechanism of intercalation chemistry has considerable benefits including high reversibility,
round trip efficiency and stability. The reversible shuttling of ions in and out of the cathode is
dependent on cycling a certain capacity within the battery. Overcharging of a lithium-ion battery
involves removing a large amount of lithium ions from the cathode which can lead to significant
structural changes and cause phase changes to occur.3!! Such developments have considerable
impacts on the remaining cycle life of a lithium-ion battery and charge that can be cycled. The
performance of a lithium-ion battery requires a reversible capacity with the cathode to be

identified. The reversible capacity is the amount of charge that can be cycled in and out of the



electrode without causing permanent structural changes to the electrode. The magnitude of the
reversible capacity and charging rates of the cathode are dependent on establishing the theoretical
capacity of a cathode. The theoretical capacity is the total possible charge that can be extracted
from a battery. For a lithium-ion battery, it is dictated by the cathode, which serves as the source

of lithitum ions. The theoretical capacity of a cathode is outlined by the following equation (1.3):

n*F* 1000

Theoretical capacity (mAh/g) = 3600 (1.3)

where F is Faraday’s constant (96,485 C/mol), n is the number of electrons transferred, and MW
is the molecular weight of the active material in the electrode. Research efforts on optimizing the
energy density of lithium-ion batteries have focused on achieving high operating voltages and
maximizing the reversible capacity.??l For attaining higher operating voltages, lithium-ion
batteries have relied on the use of aprotic electrolytes since aqueous electrolytes would be limited
to a voltage limit of 1.2 V. Regarding the reversible capacity of lithium-ion batteries, achieving
higher capacities for such systems has involved modifying the active materials used in the
cathodes. Such modifications have included increasing the ratio of active material used, making
lithium-ion batteries lighter to achieve higher gravimetric capacities, and exploring other crystal

(32331 Qutside of achieving higher

structures for LIBs including spinels and NASICON frameworks.
capacities for LIBs, the greatest possible increase in the energy density of lithium batteries would
occur from raising the average operating voltage by using a lithium metal anode. Lithium metal
would be the ideal anode for lithium batteries because of their theoretical capacities (3860 mAh/g)
and low reduction potentials (-3.04 V vs. Standard Hydrogen Electrode (SHE))B3234 However,
lithium metal anodes are known to not plate evenly and are prone to forming dendrites which forms

“dead” lithium and can ultimately cause battery shorts and fires.[**] Based on this safety hazard,

lithium metal anodes have been used primarily for research purposes with lithium based cathodes.



Commercial LIBs have focused on using graphite anodes to avoid the safety hazards associated
with lithium metal. While effective, the use of graphite limits the average operating voltage and,
consequently, the energy density of the battery. Given the demands from electric vehicles and
other technologies for higher energy densities, along with the previously described sustainability
issues surrounding lithium, other battery chemistries will have to be explored since lithium is

reaching a saturation point with its attainable energy densities.!3>-3¢]

1.3 Next Generation Batteries

Several alternate battery chemistries beyond lithium have been explored including sodium,
magnesium, and calcium. Sodium-ion batteries have considerable development since they are a
monovalent system that use similar reaction mechanisms to lithium and have comparable
electrolytes along with similar types of cathodes for intercalation chemistry. Other factors that
enhance the candidacy of sodium-ion batteries is the natural abundance of raw materials for it and
low cost as a result. However, the drawback of this type of battery chemistry is the larger ionic
radius and weight of sodium, which causes sodium batteries to have a lower energy density than
lithium batteries.[*”-38 Magnesium is an alternate battery chemistry of large research efforts due to
its divalency and favorable gravimetric capacity of 2205 mAh/g. Magnesium also has a similar
ionic radius (0.72 A) to lithium (0.76 A) which opens up the possibility of many intercalation hosts
being used with lithium-ion batteries also being used for magnesium. Despite these advantages,
some of the major challenges surrounding magnesium batteries is the identification of suitable
electrolytes that can plate and strip magnesium without the formation of passivation layers along

with electrolytes being able to function at higher voltages.37-*]



An additional post-lithium battery chemistry that is being explored is calcium. Calcium is a
particularly interesting alternative to lithium due to several factors. Calcium is the 5th most
abundant element in earth’s crust, making the economics associated with processing its raw
materials relatively inexpensive.’”! The previously mentioned 2022 US mineral commodity report
reported on the production of lime (CaO), which is the raw materials that calcium metal is refined
from. The report concluded that the US produced 17 million tonnes of lime in 2021 at a price of
$140/ton.[?>] Compared to the previously described lithium market volatility, the price point of
calcium is particularly attractive for initiatives focused on driving down the price per kilowatt-

hour of new and developing technologies.

Other factors that support the candidacy of calcium as an alternative battery chemistry is the similar
redox potential calcium has to lithium along with competitive volumetric capacities. (Figure 1.2)
While the gravimetric capacity of lithium (3864 mAh/g) is considerably higher than that of calcium
(1337 mAh/g) both metals have similar volumetric capacities. The volumetric capacity of lithium
is recorded to be 2062 mAh/cm? while the volumetric capacity of calcium is 2072 mAh/cm?3.[40:41]
The superior gravimetric capacity of lithium makes it a suitable battery system for mobile
applications over calcium. However, for more stationary applications, both systems would be
compatible. Calcium also has a standard reduction potential of -2.87 V (vs. SHE). Compared to
the standard reduction potential of lithium, which is -3.04 V (vs. SHE), the calcium potential is
only 0.17 V higher than lithtum, The similar redox potentials outlines both systems capable of
achieving high energy densities using their respective metal anodes and volumetric capacities.
Lithium metal anodes include the deposition of lithium on the anode surface as dendrites,
increasing the surface area and potentially leading to thermal runaway. However, it has been shown

that multivalent metals can deposit uniformly with minimal dendritic growth.[*”#?1 Additionally,



more electrons are exchanged per charge carrier in multivalent batteries, allowing multivalent

chemistries to reach the same energy and power densities of monovalent batteries with less

[43]
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Figure 1.2 - Comparison of lithium and calcium batteries a) comparison of reduction potentials b)
comparisons of gravimetric and volumetric capacities (Adapted from reference 41
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00593. Future permissions of material excerpted
should be directed to ACS )

1.4 Cathodes for Calcium-Ion Batteries

Cathodes are an essential component to calcium ion batteries. They largely influence the working
voltage, capacity, and energy density of the battery.[**] While cathodes for systems such as lithium-
ion batteries have been well established, the multivalency of calcium ions carries with it a unique
set of challenges for successful cycling of calcium. Cathodes for calcium batteries must possess
certain properties including a high-capacity, ability to run at high-voltage, structural stability
during cycling, and possessing stable transport pathways for calcium diffusion in and out of the
structure.[*34¢] Calcium, with a divalent charge and larger ionic radius than lithium, has more ionic
interactions with its surroundings and is subject to sluggish diffusion kinetics as a result. Ideal

cathodes for calcium-ion batteries should possess frameworks that allow fast diffusion of ions,


https://pubs.acs.org/doi/10.1021/acsenergylett.1c00593

allowing for faster capacity cycling.[***] Additional parameters for assessing the viability of
cathodes for calcium-ion batteries include theoretical capacity, phase stability, conductivity,
average voltage of operation and volume change from intercalation chemistry.[47-#°! Several classes
of calcium cathodes have been explored for use in calcium-ion batteries including prussian blue
analogues (PBA), sodium superior ionic conductors (NASICON), organic, layered, and open-
tunnel oxides.[*”l PBAs are porous electrodes that have a cage-like structure. The formula for such
cathodes is Ax[B(CN)s]yH20 with A and B being transition metal ions. The A and B atoms are
coordinated to form large cubic voids in the structure. These voids are pathways for cations to
diffuse through the crystal structure. While this framework does serve as an effective means for
achieving high cyclability and insertion potentials, it is limited with a low specific capacity.[47-3%-51]
NASICON is a popular class of cathodes for its fast ion insertion. The formula for NASICON
materials is AMM’(POs4)3 where A is for alkali ions, M is for a trivalent transition metal ion and
M’ is for a tetravalent transition metal ion. A NASICON electrode in calcium-ion batteries is
CaxV2(POa4)3. The NASICON structure includes corner-shared VOg octahedra and PO4 tetrahedra.
The NASICON structure also has alkali metals at 6b and 18e sites. During charging, the ions at 6b
sites are stationary while the ions at 18e sites are removed, allowing for cycling of multivalent
ions. The NASICON cathodes have high cycling stability and insertion potentials. However, the
drawbacks with this class of cathodes are the low specific capacity and need for operating at high
temperatures.[472331 Another class of cathodes that has significant potential with multivalent ion
batteries are organic compounds. lonically conductive polymers are frequently used in this line of
cathodes with polyaniline, polypyrrole and polythiophene being the most commonly used

polymers. The benefits of such cathodes include their low cost and high rate-capability. However,

limitations for these systems include low cyclic stability and low volumetric capacities.[#7-3453]
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Layered oxides are another class of cathodes that have promising performance for multivalent-ion
chemistry. This particular class of cathodes consists of transition metal octahedra bonded together
into 2D planes. The planes are connected to neighboring sites through van der Waals interactions.
The removal and insertion of cations into these structures modifies the interplanar spacing between
the 2D planes and is the same mechanism of capacity cycling with LiCoOx as it is used in lithium-
ion batteries. Regarding the use of layered oxides with calcium-ion batteries, the most typical
transition metal used for it is vanadium due to the different oxidation states it can accommodate.>°]
Use of layered oxides have reported high-rate performance and a relatively high specific capacity.
However, the issue associated with layered oxides is the cost associated with their synthesis, which
would be difficult for large scale production.!47-7-381

The last class of cathodes for calcium-ion batteries is open-tunnel transition metal oxides. This
particular type of cathode is regarded as the most promising candidate for calcium-ion batteries
since the 1D tunnels for charge migration provide a framework that can accommodate the larger
ionic radius of calcium ions.[*”! The compounds in this class of cathodes are typically manganese
based, but recent work has also shown open tunnel structures to exist with compounds such as
molybdenum vanadium oxide. The movement of cations is dependent on large pores within these
cathodes that can allow for fast diffusion. For higher capacities, hexagonal or larger pores are
needed for multivalent ions. When compared to alternate cathode classes, open tunnel oxides were
found to have the best overall battery performance with energy densities of 300-500 Wh/kg.
Based on the superior battery performance of open tunnel oxides, several types of transition metal
oxides have been explored using ab-initio calculations.[47-3%6%]

One such system that has been evaluated theoretically and has an open tunnel structure for

multivalent ion diffusion are spinels. Spinels possess a AB204 formula with A being the cation of
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choice and B being the transition metal oxide. In such a structure, the A cations are tetrahedrally
coordinated while the B ions are in octahedral coordinations.[®!] Density functional theory (DFT)
has emerged as a tool for screening potential cathodes and modeling the performance of promising
candidates. Theoretical calculations performed on spinels have reported migration barriers of 600
meV. Previous theoretical studies on the successful diffusion of calcium ions have concluded that
migration barriers in electrodes that are 525 meV correspond to an ionic diffusivity of 10-'? cm?s-
!"and have served as a benchmark for ideal cationic diffusion.[*®! The 600 meV migration barrier
in spinels reports that calcium ions would be able to diffuse through the structure at higher charge
and discharge rates. This low diffusion barrier is possible from the tetrahedral coordination of
calcium functioning in a metastable state.[®?] Spinels, based on DFT calculations, have been
identified as strong candidates for cycling calcium ions. Theoretical calculations on such spinels
have also predicted volume variations of 20% which could lead to phase instability as calcium is
cycled.[?] However, there are no experimental evaluations to corroborate or refute theoretical
predictions made of such spinels due to the processing needed for their formation. The more
naturally occurring variants of the spinel structure are post-spinels.[%*] Post-spinels also possess the
1D conduction pathways that make open-tunnel transition metal oxides attractive candidates for
multivalent-ion batteries. Calcium-ions are projected to move in the post-spinel structure through
one-dimensional chains that are formed by MOs octahedrals in “double-rutile chains.”(6%]
However, the calcium ions in such structures are in octahedral coordinations. While more
thermodynamically stable, this also raises the diffusion barrier from 600 meV to 1.8 eV for calcium
diffusion. This drastic change in migration barriers limits the charge and discharge rates for these

calcium cathodes. As a result of the high diffusion barriers calculated for post-spinel structures,

little work has been dedicated to the experimental evaluation of such systems.[®3641 One of the aims
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of this dissertation is the exploration of such post-spinels for the implementation in calcium-ion

batteries.

1.5 Electrolytes for Calcium-Ion Batteries

The high energy densities of calcium-ion batteries are contingent on the capacity cycling from
suitable cathodes and the use of calcium metal anodes to elevate the operating voltage of the
battery. The use of calcium metal anodes for such applications is challenged by the solid electrolyte
interphase (SEI) that forms on the calcium in native calcium electrolytes. The SEI is the product
of salt and solvent reduction reactions with an electrode that form a film on the electrode surface.
It serves as an ionically conducting and electrically insulating layer on an electrode that prevents
short circuits within the battery. The SEI phases that have formed with lithium-ion batteries include
lithium fluoride (LiF), lithium chloride (LiCl) and lithium oxide (Li2O). These phases have
functioned as electrically insulating and ionically conductive mediums that allow the batteries to
cycle charge.[®3661 With calcium electrolytes and anodes, the phases in the SEI have included
calctum fluoride (CaF2), calcium chloride (CaClz) and calcium oxide (CaO). These analogous
phases to lithium-ion SEIs are electrically and ionically insulating. These highly insulating layers
reduce ionic conductivity and cause increases in the operating voltage as a result of the developing
charge transfer resistance. Calcium ions cannot move in and out of the SEI and the coulombic
efficiency of such a system was reported to be 5%.[%7! The lack of diffusion from the SEI causes
an increase in the resistance of the SEI and prompts the use of higher voltages that eventually lead

to an inability for the SEI to function any longer.[63:6°]

The possibility of using calcium based electrolytes was not considered feasible because of the

passivation layers that form on the calcium metal electrode. However, recent developments in the
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field of calcium electrolytes have created renewed interest in work focused on calcium metal
anodes with electrolytes. In 2016, reversible calcium deposition was reported by Ponrouch on
stainless steel electrodes at elevated temperatures. The electrolyte used was calcium
tetrafluoroborate (Ca(BF4)2) in a solvent mixture of ethylene carbonate (EC) and propylene
carbonate (PC) at 75-100°C."% The work outlined by the reversible plating and stripping of
calcium in that system elucidated the importance of salt and solvent combinations and how the
SEI resistance could be bypassed with elevated temperatures. Other efforts at attaining reversible
calcium plating and stripping included the use of the same salt and solvent combination and cycling
at room temperature.[’!) Using current densities lower than 0.4 mA/cm?, coulombic efficiencies
larger than 95% were obtained with calcium deposition thicknesses of 20um. The use of lower
current densities also managed to bypass the formation of CaF2 phases. While the current densities
for the system may have been orders of magnitude lower than those for lithium systems, it
established the functionality of calcium plating and stripping at room temperature while also
providing insight into the dependence some SEI phases have with overpotentials.[%®721 Other efforts
at trying to cycle calcium at room temperature have focused on the use of borate salts.l”3-7]
Spectroscopic studies of calcium borohydride (Ca(BHa4)2) in tetrahydrofuran (THF) revealed that
the calcium ions are weakly coordinated with the BH4™ anions and could efficiently deposit on gold
and platinum electrodes with coulombic efficiencies of 95%.[6% The work with borate salts also
revealed a dependence calcium electrodeposition has on current density. Under small current
densities, the calcium deposition on gold and platinum electrodes was reported to have globular
morphologies while higher current densities have more dendritic features.!”37¢ This development
does outline the possibility of dendritic formations that may occur if there are current density

inhomogeneities with the SEI formation.
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One of the latest efforts for implementing calcium metal electrodes at room temperature has been
interphase engineering with non-calcium electrolytes. The passivation layers that limit the kinetics
of plating and stripping are specific to calcium electrolytes and is exemplified by plating and
stripping work with calcium hexafluorophosphate (Ca(PFs)2).l””! Recent research into interphase
engineering reported on the successful plating and stripping of calcium using sodium
electrolytes.”-78] The strategy leverages the similar ionic radius of sodium (227 ppm) and calcium
(231 ppm) while also designing a hybrid sodium/calcium SEI layer with more ionically conductive
phases such as sodium oxide (Na20O). The hybrid SEI lowers the charge transfer kinetics and
achieves consistent plating and stripping of calcium. The hybrid SEI approach is also effective at
maintaining low overpotentials by mitigating the continuous production of the CaF: phase that
occurs with fluorinated carbonate electrolytes. Similar efforts have been made using a hybrid
lithium and calcium SEI and have also been successful with lowering overpotentials for calcium
plating and stripping and enhancing cycling stability. The morphology of deposited calcium from
hybrid SEls has also been reported to have uniform planar growth and avoids the dendritic
structures that have been observed with other strategies.!”” One of the aims of this dissertation is
to explore an alternate electrolyte that can effectively form a hybrid SEI and maintain cycling

stability as calcium is plated and stripped.

1.6 Outline of Dissertation

This dissertation is composed of six chapters. It also fulfills the requirements set by the “Guidelines
for Doctoral Dissertations and Master’s Theses” by the Graduate School at Syracuse University.

The dissertation is organized by the following chapters.
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Chapter 1 introduces the financial and environmental factors that lead to the increased use of
lithium for powering multiple technologies. It segues to the sustainability issues surrounding the
continued use of lithium and creates financial and electrochemical cases for the use of calcium. A
brief overview of the current cathodes used in calcium-ion batteries is discussed while also
identifying transition metal oxide post-spinels as promising candidates. The introductory chapter
also discusses current challenges over the use of calcium metal anodes and efforts at addressing it.
Lastly, the introductory chapter includes the dissertation structure and contributions from each

project covered in this work.

Chapter 2 presents the development of an operando in situ cell for tracking structural changes of
electrodes via X-ray diffraction (XRD). The chapter discusses design considerations for the in situ
cell and validation of the cell with a study performed on LiCoOz2. All design files for reproducing
the in situ cell are included in the supplemental information. The in situ cell successfully tracks
the interplanar spacing changes that occur in LiCoOz as it is cycled and the use of glassy carbon
as an XRD window is verified. This study demonstrates the development of equipment for tracking

structural changes in cathodes for calcium-ion battery intercalation chemistry.

Chapter 3 outlines the exploration of post-spinel Calcium Manganese Oxide (CaMn204) as a
cathode in calcium-ion batteries. A maximum capacity of 100 mAh/g is charged from the post-
spinel. The results from the characterization and cycling of the CaMn204 identify some phase
transformations that occur within the cathode that facilitate the cycling of the cathode. The redox
activity of the cathode is investigated with Cyclic Voltammetry (CV) and Galvanostatic (GS)
cycling, identifying oxidation potentials at 0.2 and 0.5 V, and insertion potentials that begin at -
1.0 and -1.5 V. The CaMn204 can cycle at capacities of 52 mAh/g at a rate of C/33, and calcium

cycling is verified with Energy-Dispersive X-ray Spectroscopy (EDS) and X-ray Photoelectron
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Spectroscopy (XPS). The results from this work conclude that CaMn204 is a promising cathode

for calcium-ion batteries.

Chapter 4 examines Calcium Iron Oxide (CaFe204) as a cathode for calcium-ion batteries. The
results from testing revealed that the CaFe2O4 has limited redox activity and produces minor
structural variations with the cathode. While able to cycle, much of the electrochemical activity is
due to electrolyte side reactions rather than decalciation of the CaFe204. The findings from the
chapter effectively outline a negative result for this post-spinel to function as a cathode for

calcium-ion batteries.

Chapter 5 investigates the use of KPFe salt for a hybrid SEI in calcium metal batteries. The hybrid
SEI strategy is effective at mitigating the continued production of passivation layers that exist with
native calcium electrolytes. Plating and stripping overpotentials in a symmetric calcium cell do
not exceed 2 V and last for over 200 hours of operation. Analysis of the plating and stripping data
reveals the plating and stripping of calcium below 0.5 V. XRD analysis of the SEI that forms on
the calcium is a combination of permanent and transient phases that facilitate cycling. FTIR
identifies the parallel plating of both calcium and potassium in galvanostatic data. Raman
spectroscopy of the electrolyte identifies compositional changes that increase plating and stripping
of calcium. The results from this work indicate that potassium electrolytes are a possible route for
reversible cycling of calcium electrodes and may be a strategy for integrating calcium anodes into

calcium batteries.

Chapter 6 outlines the findings from the works presented in this dissertation and offers an

assessment of future work regarding calcium batteries. The chapter concludes with preliminary
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data on the alloying of iron and manganese to form a cathode that is primarily manganese and

manages to have the more favorable CaFe2Oa-type crystal structure for faster cycling.
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DIFFRACTION CELL
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2.1 Introduction

Lithium-ion batteries since their commercialization in 1991 have fundamentally changed our
everyday lives.l'l They power an ever-expanding range of technologies and are the dominant
battery chemistry we depend on. To further the number of applications for these batteries, research
continues exploring how to optimize these systems. Data on how battery electrodes behave as a
function of cycling and degradation mechanisms provide critical insights into strategies for
improving lithium-ion batteries.!)

The common mechanism of lithium-ion batteries is the use of intercalation chemistry which is the
reversible insertion and removal of ions with a host structure. The shuttling of ions within the host
structure causes the breaking and reforming of bonds and can also lead to volumetric changes in
the electrode.3! The resulting structural changes that occur in an electrode because of intercalation
chemistry are tracked on the atomic scale using X-ray diffraction (XRD). Depending on the degree
of charge cycled with the electrode, phase changes can occur with the crystal structure along with
other events such as microcracking. These permanent changes to the crystal structure have large
impacts on the reversible capacity of the electrode and its lifetime.!¥ The research into optimizing
the performance and lifetime of lithium-ion batteries has relied heavily on techniques such as XRD
to identify events that occur within the electrode as it is cycled.

The use of XRD to track structural changes in an electrode have typically been ex situ
characterizations which involve the assembly and disassembly of a battery. While insightful,
limitations to the characterization approach exist. The use of snapshots of an electrode after it is
removed from the battery configuration do not accurately represent the electrode as it is being
cycled. Factors such as atmospheric contamination or relaxation of the electrodes may take effect
and limit the conclusions that can be drawn from the data. Operando characterization of an

electrode provides critical information into the behavior of an electrode as it exists assembled
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within a battery. While operando cells provide invaluable information into the performance of an
electrode, the design and functionality of the cell must meet criteria for successful electrochemical
operation and use in the X-ray diffractometer.[>-7]

Several strategies for operando XRD cells have been developed to track the behavior of electrodes
as they are cycled.!¥'4 Most notably, coin cells and pouch cells for batteries have been modified
with an opening that is sealed with Kapton tape. These inexpensive solutions address a number of
considerations for an in situ cell. Coin cells and pouch cells are easy to assemble inside of a
glovebox. The kapton tape serves as a transparent window for x-rays to penetrate and the kapton
tape itself is inert with electrochemical components. The drawbacks of such approaches include
the kapton tape not being rigid enough to handle the distribution of pressure inside the cell, which
causes variations in the structural data collected. Additionally, the thin film of kapton tape allows
for x-rays to penetrate different components of the electrochemical cell, making it difficult to
discern which components contribute to the XRD spectra taken.[”!13] Other strategies for in situ
cells have involved the assembly of swagelok-type cells with beryllium windows. These designs
are effective at maintaining uniform pressure distributions within the cell and the beryllium
window is transparent to x-rays. However, the continued use of beryllium does eventually cause
the window to oxidize and become toxic.!”! Other windows such as glassy carbon have been used
for XRD analysis in transmission and reflection modes.">'%1 Glassy carbon is particularly attractive
since it is electrochemically inert, electrically conductive, structurally rigid and does not form any
toxic byproducts with its use. In addition to the criteria set by the transparent XRD window, an in
situ cell needs to be easy to assemble, fit within the XRD diffractometer chamber, align with the

XRD beamline, and achieve reproducible results.
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Here, we propose an in situ cell and cell holder that can operate in XRD reflection geometry. The
inexpensive in situ cell and in situ cell holder are fabricated from stock sources commercially
available. Glassy carbon is used as the in situ cell window. The in situ cell is easily assembled
inside of a glovebox and the in situ cell holder can easily fit with the goniometer of an X-ray
diffractometer while also adjusting the height of the in situ cell. The functionality of the in situ cell
is verified with the electrochemical cycling of lithium cobalt oxide (LiCoO2) as the working
electrode and lithium metal (Li) as the counter electrode. The reversible capacity of the LiCoO2 is
demonstrated with XRD spectra that successfully tracks the structural changes to the electrode as
lithium is cycled. This demonstration of the in situ cell serves as an effective means for tracking

other cathode materials as they are cycled.

2.2 Materials and Methods

2.2.1 Materials

Lithium Cobalt Oxide (LiCoO:2), 3A molecular sieves and Polytetrafluoroethylene (PTFE)
preparation (60% wt) were purchased from Sigma-Aldrich. Additionally, the lithium electrolyte
of Lithium Hexafluorophosphate (LiPF¢) in a binary mixture of Ethylene Carbonate (EC) and
Dimethyl Carbonate (DMC) was also purchased from Sigma-Aldrich. Super P Carbon Black and
15 mm Lithium metal chips were purchased from MTI Corporation, USA. Glassy carbon
(Sigradur-G) disks were used as the XRD window for the in situ cell and were purchased from
Hochtemperatur-Werkstoffe GmbH (HTW). All materials used in the construction of the in situ
cell, including the 316 stainless steel spring and PTFE o-rings, were purchased from McMaster-

Carr.
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2.2.2 Electrode Preparation

To prepare a freestanding electrode, powders of LiCoOz2 (65% wt) and carbon black (5% wt) were
mixed with PTFE Binder (30% wt).['6!71 The active material was mixed with carbon black in a ball
miller. The components were mixed at 19.67 Hz for 90 minutes.['®) After ball milling, the mixture
was placed in a mortar and pestle where PTFE binder was added and suspended in excess ethanol.
The materials were mixed until all excess ethanol evaporated. The freestanding electrode would

then be processed in a hot roll press at 80°C and subsequently vacuum dried overnight at 80°C.

2.2.3 Electrolyte Preparation

The electrolyte used in all electrochemistry experiments was 1.0 M Li(PFs) in EC/DMC. As the
stock electrolyte was purchased from Sigma-Aldrich, the only modification needed was to dry the
electrolyte over 3 A molecular sieves for 48 hours to remove any residual moisture. Water content
in the electrolyte was evaluated and found to be below 50 ppm using a Karl Fischer Titrator (899

Coulometer, Metrohm).

2.2.4 Electrochemistry

Galvanostatic experiments were carried out with the two-electrode in situ cell setup with LiCoO2
as the working electrode (5 mm diameter) and lithium metal (Li) as the counter electrode (15 mm
diameter). 80 puL of 1.0 M Li(PF¢) in EC/DMC was used with the in situ cell and all assemblies
were performed in an argon filled glovebox. Testing began with a 2 hour open circuit voltage to
allow components to equilibrate before testing. In situ cell cycling was performed on an Arbin
battery tester at room temperature with a c-rate of C/40 and cutoff voltages of 3.0 V (v. Li/Li") and

4.2 V (v. Li/Li"). The upper and lower limits of the voltages are selected based on the extensive
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research that has been already performed on LiCoO: and preventing overcharging and

overdischarging.!'’]

2.2.5 Electrode Characterization

A Rigaku Miniflex diffractometer was used for the collection of X-ray diffraction data. Copper
(Cu) Ka radiation was used to collect data in the range of 10-80° at a scan rate of 5°/min. Once
the charging or discharging of the LiCoO2 was completed, the in situ cell was placed inside of the
Rigaku XRD. The XRD data collection was performed at room temperature. In situ XRD
measurements were performed with a custom in situ cell. (Figure 2.1) Rietveld refinement of each
material was performed using Highscore Plus software.[?’ The Materials Project was used for the

identification of phases.[?!]

2.2.6 In situ Cell and Sample Holder Design

Figure 2.1a is a schematic of the fabricated in situ cell and Figure 2.1b is a photo of the assembled
in situ cell. The design of the cell is a modified version of an in situ cell developed by Sottman.!'¢]
Beryllium windows were not used for the in situ cell due to their toxicity and, instead, glassy
carbon was used. The glassy carbon from HTW has a thickness of 0.0415 inches and a diameter
of 0.875 inches. The thickness of the glassy carbon is sufficient to allow x-rays to penetrate the
window while also being rigid enough to prevent any uneven pressure distribution inside the in
situ cell. The aperture of the in situ cell has a width 0of 0.5906 inches and manages to be larger than
the irradiated area width of 0.4331 inches, making sure that all of the XRD measurements
generated are from the glassy carbon and working electrode only. The glassy carbon window has
a considerable amorphous background below 30° (20) in the XRD pattern and can be observed in

Figure 2.2b.
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Figure 2.1 - In situ cell a) Schematic of in situ XRD cell b) Photo of assembled in situ cell

The battery components inside of the in situ cell are assembled below the glassy carbon window
and can also be viewed in the schematic of Figure 2.1a. The working electrode is assembled
directly underneath the glassy carbon window. To avoid any overlapping XRD reflections, the
working electrode is processed as a freestanding electrode and is placed directly on the glassy
carbon.['®!7] Beneath the working electrode, an electrolyte soaked separator maintains a physical
barrier between the working and counter electrode. Contact between the working and counter
electrodes are maintained by a stainless steel spring and brass piston. Teflon (PTFE) is used for its
chemically and electrically inert nature, serving as insulation between components of the in situ
cell and preventing short circuits. The casing of the in situ cell being brass, along with the glassy
carbon, serve as an electrical contact for the working electrode while the brass piston and stainless
steel spring serve as contact for the counter electrode. The teflon insulation, when contacted with

the glassy carbon disk and casing, forms a hermetic seal with the in situ cell.
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Figure 2.2 - In situ cell with Rigaku Miniflex 600 a) Installation of in situ cell inside Rigaku
Miniflex 600 b) XRD diffraction of baseline in situ cell

Samples analyzed with the Rigaku are mounted to a goniometer and rotated to analyze all of the
different scattering angles. To fit with the goniometer in the Rigaku XRD, an in situ cell holder
was fabricated using lightweight acrylonitrile butadiene styrene (ABS). The in situ cell was placed
inside of the in situ cell holder and the installation of both inside the Rigaku diffractometer can be
seen in Figure 2.2a. Deviations in the placement of the height of the in situ cell can result in
erroneous 20 shifts of several reflections. As a result, the height of the in situ cell inside of the cell
holder needs to be set to the same height for each scan and can be adjusted using a wheel that is
under the cell holder. A full turn of the in situ cell wheel corresponds to a height correction of
0.0197 inches. The in situ cell also has a small protruding rod that keeps the in situ cell properly
aligned as it is installed inside the in situ cell holder. Design files for all components of the in situ
cell and in situ cell holder are outlined in the Supplemental Information (Figure SI 2.1 - SI 2.18)

The LiCoO:2 was fabricated using the previously mentioned protocol for fabricating freestanding
electrodes. The freestanding electrode, lithium metal and in situ cell were all assembled inside of

an argon filled glovebox. Once assembled, a baseline scan of the LiCoO: inside of the in situ cell
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was taken and compared to the powder pattern of LiCoO2. The comparisons between LiCoO2
powder and the in situ cell are outlined in Figure 2.3 Rietveld refinement!??>2% was performed on
the LiCoO2 and identified the sample with space group R-3m (mp-22526) and the following lattice

parameters: a = 2.814878 A, b=2.814878 A, and ¢ = 14.044620 A.

—— Powder
—— In-Situ

Intensity (a.u.)

A l A A M

1 I LB | LI I LB I LI | LI I LU I L L I LI
10 20 30 40 50 60 70 80
Scattering Angle (20)

Figure 2.3 - XRD diffraction of the LiCoO2 powder and freestanding electrode as it is assembled
inside of in situ cell

The highly amorphous nature of the glassy carbon makes direct analysis of the XRD peaks
difficult. The in situ XRD spectra serves as a more qualitative means of tracking structural changes
to the electrode. To provide a slightly more quantitative analysis into the behavior of the electrodes,
a python script was developed for analyzing individual peaks. The python script itself would
implement a background subtraction of the glassy carbon and subsequently deconvolute peaks
using Gaussian functions. This analysis was used for tracking the peak splitting observed with the
(003) lattice planes of the LiCoO2. More quantitative means of analyzing the lithium occupancy

and lattice parameters would require the coordination of ex situ studies and generating theoretical
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patterns of different occupancies of the LiCoOz to serve as a library of reflections to match the in
situ patterns to. This level of analysis was beyond the scope of the LiCoO2 cathode work for
validating the in situ cell and instead relied on previously published literature for the LiCoO2

behavior as it was cycled inside of the in situ cell.

2.3 Results and Discussion

The results of cycling LiCoOz2 are summarized in Figure 2.4. The LiCoO2 was cycled 10 times at
a c-rate of C/40 with a reversible capacity of 32 mAh/g. The achieved capacity is approximately
11% of the total theoretical capacity capable of LiCoO2 (274 mAh/g). The charging profile seen
in Figure 2.4b identifies 1 charging plateau at 3.98 V (v. Li/Li") that decreases over the lifetime of
cycling. The discharge profile of LiCoOz2 has two plateaus of activity. One plateau approximately
at 3.88 V (v. Li/Li") and another at 3.82 V (v. Li/Li"), indicative of some phase change that occurs
with the cathode over the course of cycling.?®) Numerous studies on LiCoO2 have been able to
reversibly cycle 50% of the lithium inside of the electrode which produces more substantial
structural changes with the electrode that can be observed with XRD.!?26271 The gap in
performance between the in situ cell and established literature values for LiCoO2 is likely due to
issues with the electrode fabrication.l?”! Maximizing the achievable capacity of the LiCoO2
depends strongly on the optimization of active material within the electrode. Future iterations of
the work would require modifications between the amount of binder used and the total active

material for the electrode.
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Figure 2.4 - LiCoO: cycling inside of in situ cell a) Voltage-time curves with 10 cycles of testing
b) Voltage-capacity curves for the LiCoO2

Between charge and discharge cycles of the LiCoOz2, the in situ cell was analyzed with the Rigaku
Miniflex 600 XRD. To track the structural changes of the LiCoO2 between each half cycle, the in
situ XRD was analyzed immediately at the conclusion of either charging or discharging. Ideal
operation of the in situ cell would involve the combined cycling of the cathode and simultaneous
XRD spectra to best capture the performance of the electrode. Due to the physical constraints of
the benchtop XRD, the in situ cell was analyzed following the charging and discharging of the
cell. An overview of all the structural changes that occur with LiCoOz2 as a function of cycling is

outlined in Figure 2.5.
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Figure 2.5 - In situ XRD diffraction of LiCoO: cathode as it is charged and discharged

Focusing on one of the most prominent reflections of LiCoO2, the (003) lattice planes are recorded
at approximately 18.1° (20). The results from the LiCoO:2 cycling and their effect on the peak
position of the (003) lattice plane are outlined in Figure 2.6a. The baseline scan of the (003) plane
resolves the reflection at approximately 18.1°. Upon charging of LiCoO2, the intensity of the 18.1°
reflection decreases and a secondary peak forms at 17.8°. The python script for resolving the in
situ XRD reflections was implemented for deconvoluting the twin peaks, removing the amorphous
background of the glassy carbon, and identifying the positions of the (003) lattice plane. The results
of the deconvoluted peaks can be seen in Figure 2.6b. The development of a second peak with the
(003) lattice plane to a lower diffraction angle is indicative of an increase in the d-spacing and
lattice parameters of the c-axis.[?%28-3% This behavior is consistent with delithiation of LiCoO2 and
has been reported in numerous studies.[?2% The continued presence of the 18.1° reflection with
the 17.9° reflection outlines the coexistence of two-phases with LiCoO:z as it is charged. Previous

reports on this structural development concluded a partial phase change as the lithium occupancy
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decreases from 0.93 to 0.75.12%] Subsequent discharging of the LiCoO:2 to 3.0 V (v Li/Li")
eliminated the second peak at 17.8° and increased the intensity of the 18.1° reflection back to its
original value, signaling the reversibility of the intercalation chemistry and decrease of the c-axis

lattice parameters (Figure 2.6a).
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Figure 2.6 - In situ XRD of LiCoO: during first 3 cycles of testing a) XRD evolution of the (003)
lattice plane b) Deconvolution of XRD peaks after first charge of LiCoO2

Analysis of the (101) lattice planes (Figure 2.7a) did not produce a similar peak splitting that is
observed with the (003) planes. This result indicates that the partial phase change of LiCoO2 does
not occur along the basal plane. Previous investigations into LiCoO:2 observed peak splitting of the
(101) planes when 50% of the total lithium was removed and corresponding to the transition of
LiCoO2 from a rhombohedral to monoclinic crystal structure.[!%2%31] Similarly, peak splitting was

not observed with the (109), (107) and (018) lattice planes and can be observed in Figure 2.7b.
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Figure 2.7 - XRD of LiCoO:z for first 3 cycles of testing a) XRD spectra of (101) lattice plane b)
XRD spectra of (109), (107) and (108) planes

2.4 Conclusion

An in situ cell for operando X-ray diffraction studies is presented and its functionality is validated
with an experimental study of a battery system with LiCoOx2 as the cathode and Li as the anode.
Reversible capacities of 32 mAh/g with the LiCoO:2 are established with structural features at
several diffraction angles corroborating the limited phase changes that occur with the cathode.
Glassy carbon is successfully used as the transparent XRD window. The in situ cell and in situ cell
holder prove to be a precise and cost-efficient means of tracking the structural changes of an
electrode during cycling. Further optimizations of the electrode fabrication procedure are needed
to increase the possible capacity out of the cathode and achieve capacities and c-rates that are on

par with lithium battery literature.
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Figure SI 2.4 - Part 1 - Sample holder block
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Figure SI 2.8 - Part 5 - Screw interface
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Top cap (before machining aperture)
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3.1 Introduction

The increasing demand for new technologies that rely on lithium-ion batteries, coupled with the
limited global supply of lithium, underscores the urgent need to explore alternative battery
chemistries that offer a sustainable and economically viable solution to the growing energy
demands of the world. Calcium (ion) batteries are a particularly promising alternative due to a high
volumetric capacity of 2073 mAh/cm? and its low standard reduction potential of -2.87 (vs SHE).
Additionally, calcium is the 5th most abundant element in the Earth’s crust, with abundant
domestic supply in the US and China (two major battery manufacturers), making the economics
associated with its raw materials relatively inexpensive.!l'-* Compared to magnesium, calcium has
a larger ionic radius causing calcium to have a lower charge density that is more amenable to
intercalation chemistry.[*] Calcium-ion batteries would be suitable for the same technologies that
employ Li-ion technology, including portable electronics, stationary storage, and even electric

vehicles, owing to its combine high capacity, high voltage, and low cost.

The development of calcium-based batteries includes a set of challenges that must be addressed.
One prominent issue is the identification of suitable cathodes. Cathodes for calcium batteries must
possess certain properties including a high-capacity, ability to run at high-voltage, structural
stability during cycling, and possessing stable transport pathways for calcium diffusion in and out
of the structure.!'*] To facilitate the search for such candidates, Density Functional Theory (DFT)
calculations have been used as a screening tool, incorporating the previously described criteria in
its search. Results from DFT screening have identified transition metal oxides as promising
candidates for calcium batteries.[®® So far, however, only a select few of these compounds have

9-12

been experimentally investigated.l>!?1 Those that have been evaluated have shown promising
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electrochemical activity with reversible insertion and deinsertion of calcium. These results have

prompted investigation into similar compounds.

One transition metal oxide that has not been thoroughly studied is CaMn20s4. Early DFT
investigations concluded that the spinel structure of CaMn204, with a cubic crystal structure, would
be an attractive option as a cathode due to its low migration barrier of 600 meV since calcium
would be tetrahedrally coordinated.['3'*] However, true spinels of CaMn204 are difficult to
synthesize, requiring high pressures to produce a true spinel structure.['>] The more naturally
occurring alternative is the post-spinel of CaMn204. Post-spinels are crystal structures derived
from spinels after being subjected to high temperature and pressure, causing the cubic crystal
system to change and typically densify. DFT calculations performed on the post-spinel structure
have concluded that while manganese itself is a transition metal capable of accessing different
oxidation states, the diffusion barrier of 1.8 eV associated with calcium’s migration between
octahedral sites is problematic.[!®!7 Preliminary experimental investigations of the post-spinel
using an electrolyte of Ca(BF4)2 in EC/PC at 75°C did not yield any structural changes via XRD

and no other experimental work has been performed on the post-spinel CaMn2Q04.1'7]

Herein, we report an experimental evaluation of the post-spinel CaMn204 for calcium-ion
batteries. The calcium manganese oxide is prepared using a solid-state synthesis method and its
phase is verified through Rietveld Refinement of XRD.[!>!8] The synthesized CaMn20s is
processed into an electrode where its electrochemical activity is evaluated in an electrolyte of
Ca(TFSI)2 in DME using cyclic voltammetry, linear sweep voltammetry, and galvanostatic
cycling. Redox activity of the manganese and cycling of the calcium are analyzed using XRD,

XPS and Scanning Electron Microscopy (SEM), complemented with DFT calculations. The results
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from these experiments and simulations outline that the post-spinel can successfully cycle calcium

at room temperature.

3.2 Experimental Section

3.2.1 Materials

Manganese Oxide (MnQO32), Calcium Carbonate (CaCOs3), Diethylene Glycol Monobutyl Ether
(DME), Ferrocene and 1-Methyl-2-Pyrrolidone (NMP) were purchased from Sigma-Aldrich,
USA, and used as received. Calcium(Il) Bis(trifluoromethanesulfonyl)imide (Ca(TFSI)2) was
purchased from Solvionic. Silver Nitrate (AgNO3) was purchased from Alfa Aesar. Ca(TFSI)2 salt
was vacuum-dried at 120 °C overnight before use. Polytetrafluoroethylene (PTFE) preparation
(60% wt) was purchased from Sigma-Aldrich. Polyvinylidene Fluoride (PVDF) binder, Super P
Carbon black, Activated Carbon, CR2032 316 stainless steel coin cells and Aluminum foil (~10

um thickness) were purchased from MTI Corporation, USA.

3.2.2 Synthesis of CaMn204

A solid state synthesis method was used for post-spinel CaMn204. MnO2 and CaCO3; were
combined in a 7:3 Mn:Ca molar ratio to produce a total mixture of 20g. The powders were mixed
in a ball mill for 1 hour at 200 rpm. The mixture was then baked in a furnace for 20 hours at
1100°C. The calcined product was ground with a mortar and pestle and ball milled under the
previous conditions. After ball milling, the powder was baked for 20 hours at 1200°C. Following
the bake, the same grinding and ball milling process was repeated. The last three bakes were
performed at 1250°C for 20 hours. After each bake, the grinding and ball milling procedure was

followed.[15:18]
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3.2.3 Electrode Preparation

The electrodes used in the study were formulated using two methods. Electrodes used with the in
situ cell and cyclic voltammetry experiments were processed as freestanding electrodes while
galvanostatic experiments using coin cells were assembled with slurry casted electrodes. To
prepare a freestanding electrode, powders of CaMn204 (65% wt) and carbon black (5% wt) were
mixed with PTFE Binder (30% wt).[!*2% The active material was mixed with carbon black in a ball
miller. The components were mixed at 19.67 Hz for 90 minutes.?! After ball milling, the mixture
was placed in a mortar and pestle where PTFE binder was added and suspended in excess ethanol.
The materials were mixed until all excess ethanol evaporated. The freestanding electrode would
then be processed in a hot roll press at 80°C. Freestanding electrodes were then vacuum dried
overnight at 80°C for a final weight density of 3 mg/cm?. Activated Carbon freestanding electrodes
were prepared using the same procedure. The composition of the activated carbon electrodes was
activated carbon (80% wt) and PTFE binder (20% wt) with a mass loading density of 30

mg/cm?.[22]

The following procedure was used for the processing of casted electrodes in galvanostatic
experiments. To prepare the working electrode, a slurry of 95% CaMn204, 2.5% Carbon Black
and 2.5% PVDF binder was made. The solid content of the slurry is fixed at 65 wt%.[2324] The
active material and conductive additive were mixed in powder form for 60 minutes in the ball mill
at 19.67 Hz. Separately, the PVDF and 2/5 of the total NMP were mixed in the ball mill for 30
minutes and then sonicated for another 30 minutes. The pre-mixed solids were added and mixed
again in the ball mill and sonicator. 1/3 of the remaining NMP, or 1/5 of the overall volume, was
added and the ball mill and sonication mixings were repeated. The remaining NMP was added in

1/5 increments with the ball milling and sonication mixings following each addition.[>S] Once
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mixed, the slurry was casted onto the carbon coated aluminum current collector with a thickness
of 200 microns. After the slurry was casted onto the current collector, the casted electrode was
dried at 80°C for 1 hour and subsequently vacuum dried at 110°C overnight.!?) The method for
making the casted activated carbon was the same as the CaMn204 with the exception that the
activated carbon was casted onto a carbon coated copper collector. Mass loading of the CaMn204
working electrode was recorded to be 5 mg/cm? while the activated carbon mass loading was

recorded to be 30 mg/cm?.

3.2.4 Electrolyte Preparation

The electrolyte used in all electrochemistry experiments was 0.5 M Ca(TFSI)2 in DME. A stock
of the DME solvent was prepared by drying it for 48 hours over 3 A molecular sieves. To remove
any residual moisture from the salt, the Ca(TFSI): salt was dried overnight at 120°C in a vacuum
oven. Following the drying, the salt was then dissolved in the DME and magnetically stirred for
24 hours to allow homogenization of the salt in the DME. The electrolyte was then dried over 3 A
molecular sieves again to remove any remaining traces of water and the water content in the
electrolyte was verified to be below 50 ppm using a Karl Fischer Titrator (899 Coulometer,
Metrohm). Experiments involving the calibration of the Ag/Ag" reference electrode included the
addition of dried 50mM ferrocene to the Ca(TFSI)2 DME electrolyte along with the addition of
0.01 M AgNOs supporting salt in the reference electrode.[?”) The use of two electrolytes for the
reference electrode was designed to avoid development of junction potentials between the

reference electrode and bulk electrolyte.
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3.2.5 Electrochemistry

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) experiments were performed in
beaker cell setups (Gamry Instruments). Cyclic Voltammetry experiments used a three-electrode
configuration with Ag/Ag" reference electrode (Redox.me), CaMn204 working electrode and
activated carbon as the counter electrode. Working and counter electrodes were attached to the end
of 316 stainless steel supports and immersed in electrolyte. The experiments were carried out for
20 cycles at a scan rate of 0.5 mV/s and performed with a Metrohm Autolab. Calibrations of the
Ag/Ag" reference electrode and activated carbon with ferrocene were also carried out in a beaker
cell with platinum wire as the working electrode (Figure SI 3.1a,b). The Ag/Ag® reference
electrode consists of 0.5 M Ca(TFSI)2 in DME along with 0.01 M AgNOs. Linear stability window
measurements used a two-electrode cell with stainless steel as the blocking electrode and calcium
as the non-blocking electrode. Linear scans were made at a sweep rate of 0.5 mV/s from 0 to 2.5
V (Figure SI 3.2). All experiments were carried out in an Argon filled glovebox with H20 and O2

levels maintained below 0.5 ppm.

Galvanostatic and in situ EIS experiments were carried out in two-electrode coin cell
configurations with CaMn204 as the working electrode (5 mm diameter) and activated carbon as
the counter electrode (15 mm diameter). 80 pL of Ca(TFSI)2 in DME was used in each coin cell
assembly and all coin cells were assembled in a glovebox. Testing of all coin cells began with a 2
hour open circuit voltage to allow components to equilibrate before testing. Galvanostatic cycling
of coin cells was performed on an Arbin battery tester where the coin cells were cycled at room
temperature at a rate of C/33. In situ EIS measurements were performed with a Solartron Energy

Lab XM Instrument over a frequency range from 0.1 Hz to 1 MHz between each charge and
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discharge of the coin cell. A 10 mV perturbation was used in all EIS measurements and the

resulting Nyquist plot was analyzed using an equivalent circuit model.[?8-31]

3.2.6 Electrode Characterization

A Rigaku Miniflex diffractometer was used for the collection of X-ray diffraction data. Copper
(Cu) Ka radiation was used to collect data in the range of 10-80° at a scan rate of 5°/min. To
eliminate the effect of residual electrolyte, all samples were rinsed with solvent and dried before
measurements were taken. The XRD data collection was performed at room temperature. In situ
XRD measurements were performed with a custom in situ cell (Figure SI 3.3 & SI 3.4). Figure SI
3.3ais a schematic of the in situ cell and Figure SI 3.3b is the assembled in situ cell. Figure SI 3.4a
outlines the assembled in situ cell as it is installed inside of the Rigaku Miniflex diffractometer
while Figure SI 3.4b is a baseline XRD scan of CaMn204 within the in situ cell. Rietveld
refinement of each material was performed using Highscore Plus software.l3?! The Materials
Project was used for the identification of phases.!33! Scanning electron microscopy (SEM) was
performed using a JEOL 5600 and was equipped with an energy dispersive X-ray (EDX) detector.
The accelerating voltage used on all samples was 15 kV. All samples were first sputter coated with
gold before being placed inside the SEM chamber. XPS analysis of the CaMn204 electrodes were
performed at the Cornell Center for Materials Research (CCMR) with a Thermo Nexsa G2 XPS
Surface Analysis System that employs a monochromatic Al Ka X-ray operating at 10 mA and 12
kV. Samples were mounted using conductive spring clips in contact with the top surfaces of the
samples. High resolution scans of the Mn 2p, Mn 3s, Ols, and Cls lines were performed with an
analysis spot 400 um in diameter, a step size of 0.1 eV, and a pass energy of 50 eV. Survey scans

were performed with a pass energy of 200 eV and a step size of 0.4 eV.
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3.2.7 Ab-Initio Calculations

The DFT calculation was performed using the Vienna Ab Initio Simulation Package,?* which uses
the projector augmented wave method.?>! The PBE+U ¢! functional was chosen for electronic
interactions with a U value of 3.9 eV. The cutoff energy for the plane-wave basis is 700 eV and
the k-point grid is a 15x5x5 mesh with a I'-centered scheme. k-Point and cutoff energy were tested,
and results converge to 1 meV per atom difference. Antiferromagnetic configurations were chosen
for all cases. This configuration is kept for all other calculations. Each structure was fully relaxed,
including energies, cell parameters, and atomic positions. All de-intercalation of Ca ions was
performed using the fully relaxed CaMn20s4 structure and was then relaxed again to obtain correct

energies, cell parameters, and atomic positions.

3.3 Results and Discussion

The synthesized calcium manganese oxide was identified with XRD. Figure 3.1a displays the XRD
profiles of experimental and fitted results from Rietveld refinement performed on the synthesized
CaMn204 powder. The refinement on the sample concluded a pure post-spinel phase with high
crystallinity and no remaining competing phases from the solid-state synthesis. The results from
the refinement identifies an orthorhombic structure with a space group of Pbcm (mp-18844).137]
The resulting lattice parameters were a=3.1575 A, b=9.9916 A, and ¢ = 9.6738 A. The Scherrer
equation performed on the synthesized powder found a crystallite size that was approximately 600
A.138] SEM analysis of the synthesized powder (Figure 3.1b, c¢) found the morphology of the

particles to have a polydisperse, irregular morphology. ‘!
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Figure 3.1 - Synthesis of post-spinel CaMn204. a) XRD diffraction of CaMn204 (inset of lattice
parameters, space group and unit cell) b) SEM image of CaMn204 powders (Scale bar of 10
microns) ¢) Close up SEM image of CaMn204 particles (Scale bar of 0.5 microns).

Evaluation of the redox activity for the CaMn204 began with cyclic voltammetry. A three-
electrode cell was used for the analysis. The freestanding electrodes of CaMn204 and activated
carbon were assembled in a beaker cell with Ag/Ag” being used as a reference electrode.
Calibrations of both the Ag/Ag" electrode and the activated carbon are summarized in Figure SI
3.1. Open circuit voltage (OCV) measurements of the cell were made before electrochemical
testing and found the cell to have an OCV of 0.275 V vs. Ag/Ag". The results from cyclic
voltammetry outline redox active processes with the CaMn204 where an oxidative potential can
be observed at 0.2 V (Figure 3.2a). Upon continued cycling, the oxidative potential shifts from 0.2
V to approximately 0.5 V, indicative of an irreversible process or partial phase change from the
CaMn204 undergoing a conversion reaction.[*>!6 The oxidation potential does stabilize at 0.5 V
by the end of cycling and is consistent with previously reported oxidation potentials of
manganese.*!] There is also evidence of limited reinsertion of the calcium back into the CaMn204

electrode. There is a broad reduction peak observed at -1.5 V.34 The lack of a clear cathodic
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peak indicates that the reinsertion of calcium into the cathode is slow.[*?] With continued cycling
of the electrode, the reduction peak at -1.5 V diminishes until the feature is absent by the 20th
cycle and only a negative sloping line exists in the cathodic trace of the CV. This behavior outlines
the limited success in reducing manganese from its +4 to +3 oxidation state with the intercalation
of calcium.[*] The results from the CV also produce a secondary peak that drifts between 1.5 and
2 V and is observed on the first cycle at 2 V. However, this peak is not related to the redox activity
of the manganese and is instead a product of the electrolyte interaction with the 316 stainless steel
electrode supports. A linear stability window of the electrolyte was performed and found behaviors

consistent with this peak in the cyclic voltammetry experiment (Figure SI 3.2).
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Figure 3.2 - a) Cyclic voltammetry of CaMn204. b) In situ EIS measurements of the CaMn204
(inset shows equivalent circuit used for impedance analysis and charge transfer resistance plot).

One of the major issues known to the post-spinel structure of CaMn204 is the charge transfer
resistance that develops from calcium attempting to diffuse through the crystal structure of the
electrode. Previous DFT investigations into the post-spinel CaMn204 have revealed that a
substantial diffusion barrier exists for the electrode that suppresses large capacities of calcium
from being cycled in and out of the electrode.['®!171 To establish the degree of the charge transfer

resistance experienced by the CaMn204, in situ EIS studies were performed on the electrode in
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coin cell configurations.[?8-3!1 The Nyquist plots generated from the in situ EIS experiments can be
seen in Figure 3.2b and Figure SI 3.5. The impedance data was fit to an equivalent circuit that can
be seen in an inset of Figure 3.2b. The resulting resistances from cycling CaMn20s4 are an inset as
well with Figure 3.2b. The charge transfer resistance increases substantially over the course of
cycling, reaching a maximum resistance of 700 ohm. The increase in resistance is consistent with
the previously reported sluggish diffusion kinetics of the post-spinel structure and has been
observed with a decreased charge capacity with initial cycles.[*!1 By cycle 8 though, a drop in the
resistance can be seen with the value decreasing from 700 to 600 ohms. This decrease in resistance
allows for better intercalation chemistry in CaMn20a4. Upon continued cycling, the charge transfer
resistance continued to decrease and comparisons of cycling data can be seen in Figure SI 3.5.
This decrease of charge transfer resistance in the CaMn20s4 is suspected to be partly influenced by
some irreversible process or change in the CaMn204 that has already been identified with the CV
experiment.

To determine the maximum capacity of calcium that could be extracted from the calcium
manganese oxide, a maximum charge was performed on it. Freestanding electrodes of CaMn204
and Activated Carbon were used in the analysis and charged at a rate of C/200. The results from
the maximum charge revealed that a total of 100 mAh/g could be extracted from the CaMn204
(Figure 3.3a). Similar experiments aimed at performing maximum charges on a spinel structure
have yielded the same two-tiered charging profile that has been labeled as some partial phase
transformation.[**] There are small fluctuations in the voltage of the second plateau at
approximately 0.6 V. There are several possible causes for this including nonuniform electrolyte
distribution and variations in electrode roughness causing nonuniform charging. The sharp rise in

voltage after 100 mAh/g to 4 V identifies that the capacity of the cathode has been exhausted.
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Based on DFT calculations and literature with magnesium-based spinel structures, the phase
change observed in the charging profile would be a result from conversion reactions that form
decalciated CaMn204 and Mn304 phases. The DFT calculations performed on the CaMn204 are
summarized in Figures SI 3.6-SI 3.8 and Tables SI 3.1-SI 3.8. Figure SI 3.6a outlines the voltage
profile of the CaMn204 while Figure SI 3.6b is the convex hull of the CaMn204 as it undergoes
intercalation chemistry. Based on the established convex hull of the CaMn204, much of the
formation energies lie slightly above the hull, identifying a preference for the post-spinel cathode
to undergo conversion reactions.!'®! Based on magnesium battery literature, the lower voltages
from the charging of the CaMn204 would be identified as intercalation behavior involving the
extraction of calcium from the post-spinel while the second plateau would focus more on
conversion reactions of the post-spinel cathode.l!®174245-52] XRD analysis was performed on the
working electrode before and after charging. The refinement performed on the CaMn204 tracked
lattice parameter changes of the CaMn204 and occupancies of the calcium. The pristine sample of
CaMn204 was refined with lattice parameters a = 3.156676 A, b =9.988452 A and ¢ = 9.675391
A. The charged sample was analyzed to have lattice parameters a = 3.154765 A, b =9.978689 A
and ¢ = 9.666233 A. The occupancies of the calcium were also tracked before and after charging.
The occupancy of the calcium in the CaMn204 post-charging decreased from 1.0 to 0.785. In
addition to the decalciated CaMn204 phase, Mn3O4 (mp-18759) and MnO (mp-19006) phases were
also identified and refined.!33** The Mn30O4 phase was refined with lattice parameters a= 5.761503
A, b=5.761503 A and c = 9.464502 A while the MnO phase was refined with lattice parameters
a=b=c=4.48 A. The Mn304 phase was the product of a conversion reaction while the MnO
phase occurred from a disproportionation reaction occurring on the surface of the CaMn204

electrode.[1617:43:35.56] Results from the Rietveld refinement performed on the CaMn204 cathode
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post-charging are summarized in Figure SI 3.9a and Tables SI 3.9-SI 3.11. Previous DFT
calculations performed on the CaMn204 post-spinel have reported that successful intercalation
chemistry with the structure would require volume variations of the CaMn204 to be less than
6%.11"5T1 DFT calculations of the CaMn204 yielded a volumetric reduction of 3% for removal of
25% of calcium. Comparisons of the experimental lattice parameters produce a volume variation
of approximately 0.25%. The small volumetric variations of the CaMn204 post-charging are a
feature that has been observed with MgMn204 spinels when two phases were present in the cathode
as a result of conversion reactions.[**8] In addition to performing Rietveld refinement of the
charged CaMn204 cathode, several XRD changes in the electrode were observed that align with
DFT calculations. The scope of structural changes of the cathode and their comparisons to
theoretical XRD patterns where 25% of calcium was removed are summarized in Figure SI 3.10.
Figure SI 3.10a compares the experimental XRD patterns between the pristine and charged
samples while Figure SI 3.10b compares theoretical XRD patterns generated from DFT
calculations. Theoretical XRD patterns of declaciated CaMn20s4 are also outlined in Figure SI 3.8.
One of the most prominent changes with the CaMn204 was an increase in the intensity of the (020)
reflection (Figure 3.3b). The (020) lattice plane intensity increase is a feature consistent with DFT
calculations and is associated with activity occurring along the MnOs edge sharing octahedra.[!%:40]
The intensity increase of the (020) lattice planes was attributed to the activity of calcium extraction
and not a preferred orientation effect since similar effects were not observed with parallel
planes.[’8] Another structural development predicted from DFT calculations is the development of
two peaks with the (132) reflection (Figure 3.3c). The emergence of a second peak for the (132)
reflection is identified with dashed lines at ~44.5° and its intensity increases by the end of charging.

The development of two peaks in the CaMn204 post-charging is likely caused by some decrease
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of symmetry in the host structure or could be attributed to the formation of a secondary phase in
the CaMn204 as it undergoes a conversion reaction forming Mn3Qy. [16:17:48:50.59.601 Eyidence of
partial phase changes is further supported by the activity of the (055) reflection. The pristine
CaMn204 (055) reflection (Figure SI 3.10) has twin peaks and upon charging, the reflections are
consolidated where the second peak is observed as a shoulder rather than an individual peak,
consistent with a phase change in the host structure. The structural changes previously outlined
between pristine and charged samples of the CaMn20s4 are outlined in Figure SI 3.10b with
asterisks. Additionally, cyclic voltammetry of the CaMn204 (Figure 3.2a) did produce a shift in
the oxidation potential from 0.2 V to 0.5 V, consistent with the activity seen in the maximum
charge of the CaMn204 and would align with some irreversible process with the CaMn204. Based
on the XRD from the maximum charge, probable developments within the CaMn204 would be
several domains of the post-spinel undergoing conversion reactions while others transition their
symmetries due to Jahn-Teller distortions. Further testing of the electrode with TEM would be

needed to confirm crystal structure changes within the CaMn20a4.
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In addition to the maximum charge performed on the CaMn204 post-spinel, a discharge of 65
mAh/g (Figure 3.3a) was also performed and subsequently characterized with XRD and Rietveld
refinement. A discharge plateau with CaMn204 is observed between 2.9 and 2.75 V (vs Ca/Ca?").
The discharge plateau is consistent with the reduction of manganese from +4 to +3 oxidation states
based on magnesium battery literature. [*44648] Following the discharge of the CaMn20s4, the
cathode was characterized with XRD and analyzed with Rietveld refinement. The CaMn204 phase
was refined with lattice parameters a = 3.158088 A, b=9.997047 A, ¢ = 9.678633 A. Occupancy
of calcium within the CaMn204 phase was also refined to a value of 0.864617, an increase from
the 0.785 occupancy with the maximum charge and identifying a reinsertion of calcium into the
post-spinel. The Mn3O4 phase was also identified and refined with lattice parameters a = 5.753304
A, b=5.753304 A and ¢ = 9.481883. The MnO phase was refined with lattice parameters a=b =
¢ = 4.46448 A. The results from the analysis performed on the discharged sample are summarized
in Table SI 3.9b and Tables SI 3.9-SI 3.11. The Rietveld refinement performed on the cathode
supports some intercalation chemistry occurring within the cathode as the calcium occupancy
within the phase increases from 0.785 to 0.864617 at the end of discharge.

To further corroborate the redox activity associated with the decalciation of CaMn20s4, XPS
analysis was performed to track the average oxidation state change of manganese between pristine
and charged samples. To determine the average oxidation state of the manganese, high resolution
scans of the CaMn204 were performed on Mn 3s, Mn 2p and C 1s orbitals. Spectra were fitted
after applying Shirley background subtractions using non-linear least squares (implemented in
CasaXPS). The charging of the CaMn204 was fixed with a C 1s binding energy of 285 eV. Analysis
of'the Mn 3s orbitals (Figure 3.4a) gave binding energy differences of 5.54 and 5.49 eV for baseline

and charged samples of the CaMn20s4, respectively. Because the average oxidation state of the
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manganese is established to vary linearly with the binding energies of the 3s orbitals,[©!6%] the
average oxidation state of the baseline manganese was found to be 2.94 and the charged sample
was 3.01.16364 The average oxidation state of the baseline manganese would be lower than +3 from
either oxygen vacancies within the cathode or manganese occupying interstitial sites.[%3-6] To
verify the accuracy of the average oxidation states of each sample, the Mn 2p orbitals were
analyzed. Deconvolutions of the binding energies were made using a Voigt function with
Gaussian/Lorentzian (G/L) contributions. Using established values for the Mn 2p orbital binding
energies (Figure 3.4b, c), the ratios between the manganese oxidation states was found to be in

close agreement with the measurement that was made using the Mn 3s orbitals.[61:67]
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Figure 3.4 - XPS of CaMn204 for average oxidation of manganese a) Mn 3s binding energy b)
Mn 2p binding energy of charged sample c) Mn 2p binding energy of baseline sample.

After establishing the redox activity of CaMn204, the cathode was then assembled into a coin cell
for evaluating long term cycling behavior at a rate of C/33 for a capacity of 52 mAh/g. The results
from the coin cell cycling are outlined in Figure 3.5a. Analysis of the coin cell cycling with a
capacity voltage curve is outlined in Figure 3.5b. The oxidation of the CaMn204 occurs in the
voltage region from 0 - 0.5 V and includes a shoulder of redox activity at approximately 0.5 V

(~3.5 V vs Ca/Ca?"), consistent with expectations made with cyclic voltammetry studies. The

77



capacity associated with this region of activity is approximately 15 mAh/g. The oxidation of
CaMn204 at 3.5 V (vs. Ca/Ca®") is a promising first step towards this post-spinel system
functioning as a high voltage cathode. The termination of CaMn204 oxidation is identified by an
additional increase in voltage from ~0.5 V to 1.8 V (~4.7 V vs (Ca/Ca®"). There is a plateau
approximately at 1.8 V and a large amount of the coin cell capacity occurs at this voltage. However,
this electrochemical activity is not associated with intercalation chemistry of the CaMn204 cathode
and is instead a product of electrolyte oxidation.[*”) The first cycle of galvanostatic data does
exhibit voltage variations from several factors including temperature fluctuations within the coin
cell and the C/33 charging rate. Other researchers have cycled cathodes at more modest rates below
C/50.11741] The higher cycling rate, along with sluggish diffusion kinetics contributes to voltage
spikes in the galvanostatic data. Additional galvanostatic studies using lower cycling rates have
been performed and exhibited a decrease in voltage noise as the cathode was cycled. The results
of lower cycling rates are outlined in Figure SI 3.11.

The first several discharges of CaMn204 include some electrochemical activity observed at -1.5
V, corresponding to the reduction of manganese and can be observed in cycle 10. Beyond the first
10 cycles of testing, the reinsertion of the calcium back into the CaMn204 follows a voltage curve
that consistently trends downward. This behavior outlines the reinsertion of calcium back into the
electrode but does not include reduction of manganese back into its lower oxidation state.[3!41]
Further confirmation of the calcium activity in the cathode is supported by postmortem EDS and
XRD analysis run on the CaMn204 at the conclusion of testing. The EDS analysis revealed that
the end of cycling produced a decrease in the calcium signal from 12% to 9%. The decrease in the

manganese signal can be attributed to the decrease of crystallite size that occurs in the cathode as

a function of cycling. Decreased crystallite sizes can translate to a decrease in fluorescence of
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elements and, as such, cause the elemental signal of manganese to decrease.!%®! Results from EDS
analysis are summarized in Figure 3.5¢. Post-cycling XRD of the CaMn2Os4 verified activity of the
CaMn204 with a decrease in the reflection at 34 degrees (Figure SI 3.12). The decrease of this
reflection is consistent with DFT calculations performed on the CaMn204. The 34 degree angle of
the CaMn204 is identified with the (120) lattice plane of the CaMn204. Calcium, with a Wyckoff
factor of 4d, strongly contributes to the scattering intensity of the (120) lattice plane. The removal
of calcium from the CaMn204 can be observed with the decrease with the intensity of the (120)
lattice plane. XRD analysis of the electrode, using the Scherrer equation, before and after cycling
also concluded a decrease in the crystallite size of the CaMn204 from 600 A to 480 A. Decreases
in crystallite size are correlated to more favorable cycling behavior and its effect can be observed
with the evolution of the voltage-capacity curves in Figure 3.5b.1! The energy density from the
CaMn204 coin cell cycling behavior was calculated to be 205 Wh/kg and falls within the range of
energy densities for nickel, manganese, and cobalt (NMC) cathodes for lithium-ion

batteries.[70-71,72]
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Figure 3.5 - Galvanostatic cycling of the CaMn204 a) Voltage-time curve of selected cycles (inset
of full 100 cycle testing with CaMn204) b) Capacity-voltage curves of selected cycles of CaMn204
c¢) EDS of the CaMn204 before and after galvanostatic cycling.

In situ XRD measurements made of the CaMn204 were also performed on the CaMn20Oa.
Freestanding electrodes of CaMn204 and Activated Carbon were assembled into the in situ XRD
cell. Charge and discharge studies were performed on the CaMn204 at a C-Rate of C/200 (Figure
3.6a). The charging of the CaMn204 achieved approximately 25 mAh/g of capacity which would
be 10% of calcium within the cathode. Discharge of the CaMn204 exhibits a two tiered reinsertion
of calcium into the cathode, consistent with phase transformations that would be expected in the
host structure.[44+3%-60] Based on magnesium literature, the first plateau of the discharge curve would
be the reduction of manganese from +4 to +3 oxidation states. The second plateau would be
attributed to the reduction of manganese from +3 to +2 oxidation states along with the Activated
Carbon counter electrode forming a double layer capacitance.l*¢4341 Following the charge and

discharge of the CaMn20s4, the XRD of the cell was measured. Structural changes of the (020)
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plane in the CaMn204 are the most notable development with the in situ XRD pattern (Figure
3.6b). A shift of the (020) peak from 17.02° to 17.04° is consistent with a decrease in the d-spacing
of the CaMn204 from 5.01159 A to 4.99347 A as it is charged. Factors such as sample
displacement were accounted for in the XRD measurements by having an adjustable stand with
the in situ cell and maintaining the same sample height for each measurement. Additionally, there
is an increase with the (020) intensity, consistent with previous findings on a decalciated
structure.[*?l These findings are also consistent with DFT calculations performed on the CaMn20a.
DFT calculations project a shift of the (020) lattice plane from 17.45° to 17.64°. Differences of the
20 angles between experimental and theoretical predictions would be influenced by the glassy
carbon window of the in situ cell. The DFT predictions for the changes in the d-spacing are a bit
more substantial with changes from 5.07857 A to 5.0235 A as the electrode is charged. While there
is a slight shift in the CaMn204 (020) reflection toward a lower angle, indicative of an increase in
the interplanar spacing, there is no decrease in the intensity of the (020) signal, outlining limited
effect on reinserting calcium back into the CaMn204 cathode. A large portion of the capacity
reported from the reinsertion is likely due to the Activated Carbon forming a double layer

capacitance.[40- 4849
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Figure 3.6 - In situ cell cycling of CaMn204 a) voltage-capacity curves of CaMn204 b) XRD of
CaMn204 during charge and discharge within in situ cell (inset of interplanar spacing during
charge and discharge).

3.4 Conclusion

Our study provides important insights into the intercalation chemistry of calcium-ion batteries
using post-spinel CaMn204 as a cathode material, which can offer an alternative to lithium-ion
batteries in the future. We have shown the successful synthesis and characterization of post-spinel
CaMn204. Cyclic voltammetry measurements outlined the redox activity of the CaMn204
electrodes. In situ EIS measurements revealed the rapid increase of charge transfer resistance that
builds within the electrode and leads to limited capacities during cycling. A maximum charge of
the CaMn20s at a rate of C/200 yielded a capacity of 100 mAh/g that could be extracted from the
electrode. Structural changes of the CaMn204 post-charging with XRD revealed several features
that aligned with DFT calculations made of decalciated CaMn20a4. Additional techniques involving
XPS confirmed an increase in the average oxidation state of manganese, further supporting the
redox activity of the CaMn204 electrode. Coin cell cycling demonstrated the capability of
CaMn204 to reversibly cycle calcium at higher rates of C/33. The electrochemical activity of the

coin cell, along with its capacity to function as a high-voltage cathode when measured against
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Ca/Ca?", yielded an energy density of 205 Wh/kg. Results from in situ cell testing revealed a shift
of the (020) reflection towards higher diffraction angles, outlining a decrease in the interplanar
spacing that would occur from the removal of calcium and is consistent with theoretical
calculations on CaMn204. Further evidence of the calcium extraction with the in situ experiment
is the increase of the (020) reflection intensity which was also projected with DFT calculations.
Future work with in situ cell testing would have to include strategies to increase the active material
with the working electrode. The intensity of several CaMn204 reflections were minimal due to the
amount of active material within the electrode. Maximizing the amount of active material in the
working electrode will not only increase the charge capacities but also improve signal intensity of
the CaMn204, allowing for more detailed analysis of the structural changes to the electrode as it is

cycled within the in situ cell.

The successful demonstration of CaMn204 post-spinel as a viable cathode material for calcium-
ion batteries represents a significant breakthrough in the search for alternatives to lithium-ion
batteries. Our findings indicate that CaMn204 post-spinel exhibits intercalation capacities and
redox activity, with structural developments supporting its effectiveness as an electrode material.
While the diffusion kinetics of calcium remain a limiting factor for achieving larger capacities, our
study was able to accomplish all experiments at room temperature, providing a strong foundation
for future optimization. These results establish a new baseline for the functionality of CaMn204
post-spinel and pave the way for further exploration of its potential as a high-performance cathode
material. Further studies could investigate the use of other transition metals in the CaMn204 host

to optimize the crystal structure and facilitate more substantial diffusion of calcium.
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Figure SI 3.1 - Calibration of reference electrodes a) CV test of Ag/Ag" reference electrode (0.01
M AgNO3 in 0.5 M Ca(TFSI)2 DME) with 50 mM ferrocene dissolved in 0.5 M Ca(TFSI)2 in DME
with Pt working electrode and AC counter electrode b) OCV of the activated carbon is -0.187 V

vs. Ag/Ag"

Figure SI 3.1a shows the cyclic voltammetry (CV) of a three-electrode system with 50 mM
ferrocene dissolved in Ca(TFSI)2 in DME. The working electrode was platinum while the counter
and reference electrodes were activated carbon and Ag/Ag™, respectively. The ferrocene potential
was calculated using equation (S3.1)

bpctdpa
Prepet = —BL P2 > L (S3.1)

with ¢, JFct being the measured potential of the ferrocene/ferrocenium reaction. Dy and Dy a

were the cathodic and anodic potentials, respectively. The results from the CV yielded a redox
potential at 0.065 V. The value of the ferrocene reaction against the standard hydrogen electrode
is 0.4 V. Using the results of the ferrocene CV and the established 0.4 V (vs. SHE) redox reaction,
the potential of the Ag/Ag" reference electrode was adjusted from its standard reduction potential

of 0.8 V to 1.135 V. The calibration also establishes that the Ca/Ca?* redox reaction would occur
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at-3.205V vs Ag/Ag". Following the calibration of the Ag/Ag" reference electrode, an open circuit
voltage (OCV) measurement of the activated carbon was performed and found the potential to be
-0.187 V (vs Ag/Ag+). (Figure SI 3.1b) Using the OCV, the voltage of the activated carbon would
be 3.018 V (vs Ca/Ca"). Values from the ferrocene CV and activated carbon OCV are in close

agreement with previous studies on reference electrode calibrations.3!.73]
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Figure SI 3.2 - Linear Stability Window of Ca(TFSI)2 in DME using 316 stainless steel blocking
and calcium nonblocking electrode at 0.5 mV/s
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Figure SI 3.3 - In situ cell a) Schematic of in situ cell used for CaMn204 b) photo of the in situ
cell assembled

85



Intensity (a.u.)

—— Powder
/\‘1 In-Situ
1

20 30 40 50 60 70 80
Scattering Angle (20)
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Figure SI 3.5 - Nyquist plots of impedance for CaMn204 after charge and discharge cycling

After the DFT calculations were completed, structure files were generated using VASP. These

files were opened with VESTAI"# and XRD patterns were generated using powder diffraction

pattern functionality. The simulation incident light has wavelength of 1.54059 A (X-ray) and the

XRD plot was generated based on atomic positions.

The method for simulating the XRD diffraction pattern required the use of eq. S3.2. After

performing Fourier transformation of the structural information, the phase of incident light and the

structure were combined. The intensity of reflected light can be calculated using structure factor,
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I(q) = f2 XN, eCiaRD, (S3.2)

where R; is the atomic position, f is the atomic form factor, and q is the scattering vector. A plot
of intensity with respect to angle 20 was generated. The results for the theoretical XRD patterns
from CaMn204 at 0% and 25% decalciation are outlined in Figure SI 3.10b. The generated lattice
parameters, coordinates and theoretical XRD patterns from DFT calculations are summarized in
Figures SI 3.7 & SI 3.8 and Tables SI 3.1-SI 3.8. Structural information in Tables SI 3.2-SI 3.8

used P1 cell symmetry.
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Figure SI 3.6 - DFT Calculations of CaMn204 a) Voltage profile of CaMn204 as calcium is
removed. Voltage values were calculated with stable concentrations of calcium in CaMn204 with
the convex hull. b) Convex hull of CaMn204. Three concentrations of calcium were on the hull
and connected by the line.
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Figure SI 3.7 - Structural models of Cai-xMn204 deinsertion a) x =0b) x=0.25¢)x=0.5d) x =
0.5¢)x=05)x=0.75g)x=1.0
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Figure SI 3.8 - Theoretical XRD patterns of Ca1-xMn204 deinsertion a) x =0b) x=0.25¢c) x =
0.5d)x=05¢)x=05)x=0.75g)x=1.0
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() (b) (©) (d) (e) () )

Space Pbcm Pm P21/m Pmc2; Pma2 Pm Cmcm
Group
a 3.21696 | 3.15752 | 3.02402 | 3.02795 | 3.08506 [ 2.98366 | 2.86492
(A)
b 10.15714 | 10.04844 | 9.87361 | 9.99746 | 9.88520 | 9.78194 | 9.35579
(A)
c 9.78279 | 9.77412 | 9.90640 | 9.58717 | 9.75041 | 9.74097 | 9.53471
Q)
alpha 90 90 90 90 90 90 90
beta 90 90 90 90 90 90 90
gamma 90 90.9703 | 94.9005 90 90 95.3300 90

Volume | 319.6542 | 310.0698 | 294.7035 | 290.2206 | 297.3530 [ 283.0702 | 255.5645
(A%

Table SI 3.1 - Calculated lattice parameters of Ca1-xMn204 deinsertion a) x =0b) x=0.25¢c) x =
0.5d)x=05¢e)x=051)x=0.75g)x=1.0

Element X y z Occupancy Biso Symmetry
Mnl 0.20741 0.38861 0.56872 1 0 la
Mn2 0.79259 0.61139 0.43128 1 0 la
Mn3 0.79259 0.61139 0.06872 1 0 la
Mn4 0.20741 0.38861 0.93128 1 0 la
Mn5 0.79259 0.88861 0.93128 1 0 la
Mn6 0.20741 0.11139 0.06872 1 0 la
Mn7 0.20741 0.11139 0.43128 1 0 la
Mn§ 0.79259 0.88861 0.56872 1 0 la
Cal 0.31975 0.64956 0.75000 1 0 la
Ca2 0.68025 0.35044 0.25000 1 0 la
Ca3 0.68025 0.14956 0.75000 1 0 la
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Ca4 0.31975 0.85044 0.25000 1 0 la
01 0.81210 0.81293 0.75000 1 0 la
02 0.18790 0.18707 0.25000 1 0 la
03 0.18790 0.31293 0.75000 1 0 la
04 0.81210 0.68707 0.25000 1 0 la
05 0.79989 0.52693 0.60840 1 0 la
06 0.20011 0.47307 0.39160 1 0 la
07 0.20011 0.47307 0.10840 1 0 la
08 0.79989 0.52693 0.89160 1 0 la
09 0.20011 0.02693 0.89160 1 0 la
o10 0.79989 0.97307 0.10840 1 0 la
Ol11 0.79989 0.97307 0.39160 1 0 la
012 0.20011 0.02693 0.60840 1 0 la
013 0.41369 0.75000 0.50000 1 0 la
Ol14 0.58631 0.25000 0.50000 1 0 la
O15 0.58631 0.25000 0.00000 1 0 la
ol16 0.41369 0.75000 0.00000 1 0 la
Table SI 3.2 - Atomic x, y, z coordinates and occupancy of CaixMn204 deinsertion with x = 0 (a)
Element X y z Occupancy Biso Symmetry
Mnl 0.22867 0.39685 0.57301 1 0 la
Mn2 0.78981 0.61431 0.43390 1 0 la
Mn3 0.78981 0.61431 0.06610 1 0 la
Mn4 0.22867 0.39685 0.92699 1 0 la
Mn5 0.78378 0.88411 0.92890 1 0 la
Mn6 0.22606 0.11148 0.06818 1 0 la
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Mn7 0.22606 0.11148 0.43182 1 0 la
Mn§ 0.78378 0.88411 0.57110 1 0 la
Cal 0.69770 0.35446 0.25000 1 0 la
Ca2 0.69131 0.14775 0.75000 1 0 la
Ca3 0.32500 0.84975 0.25000 1 0 la
01 0.77912 0.81724 0.75000 1 0 la
02 0.20186 0.18852 0.25000 1 0 la
03 0.20109 0.31590 0.75000 1 0 la
04 0.81657 0.68402 0.25000 1 0 la
05 0.73681 0.50649 0.60359 1 0 la
06 0.20313 0.47443 0.39430 1 0 la
07 0.20313 0.47443 0.10571 1 0 la
08 0.73681 0.50649 0.89641 1 0 la
09 0.20586 0.02673 0.89109 1 0 la
o10 0.80158 0.97480 0.10688 1 0 la
Ol11 0.80158 0.97480 0.39312 1 0 la
012 0.20586 0.02673 0.60891 1 0 la
013 0.39520 0.75136 0.48795 1 0 la
O14 0.61399 0.25621 0.50476 1 0 la
O15 0.61399 0.25621 0.99524 1 0 la
ol6 0.39520 0.75136 0.01205 1 0 la
Table SI 3.3 - Atomic X, y, z coordinates and occupancy of Cai-xMn204 deinsertion with x = 0.25
(b)
Element X y y/ Occupancy Biso Symmetry
Mnl 0.22519 0.39463 0.57167 1 0 la
Mn2 0.77481 0.60537 0.42833 1 0 la
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Mn3 0.77481 0.60537 0.07167 1 0 la
Mn4 0.22519 0.39463 0.92833 1 0 la
Mn5 0.73099 0.88570 0.92318 1 0 la
Mn6 0.26901 0.11430 0.07682 1 0 la
Mn7 0.26901 0.11430 0.42318 1 0 la
Mn8 0.73099 0.88570 0.57682 1 0 la
Cal 0.69825 0.14808 0.75000 1 0 la
Ca2 0.30175 0.85192 0.25000 1 0 la
01 0.65418 0.82085 0.75000 1 0 la
02 0.34582 0.17915 0.25000 1 0 la
03 0.22284 0.32377 0.75000 1 0 la
04 0.77716 0.67623 0.25000 1 0 la
05 0.75370 0.51567 0.60221 1 0 la
06 0.24630 0.48433 0.39779 1 0 la
o7 0.24630 0.48433 0.10221 1 0 la
08 0.75370 0.51567 0.89779 1 0 la
09 0.20665 0.02964 0.89409 1 0 la
o10 0.79335 0.97036 0.10591 1 0 la
Ol1 0.79335 0.97036 0.39409 1 0 la
O12 0.20665 0.02964 0.60591 1 0 la
013 0.32231 0.73033 0.47593 1 0 la
Ol4 0.67769 0.26967 0.52407 1 0 la
Ol15 0.67769 0.26967 0.97593 1 0 la
Ol16 0.32231 0.73033 0.02407 1 0 la

Table SI 3.4 - Atomic x, y, z coordinates and occupancy of Ca1xMn204 deinsertion with x = 0.5

(©)
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Element X y V4 Occupancy Biso Symmetry
Mnl 0.18099 0.38648 0.57847 1 0 la
Mn2 0.72385 0.61251 0.43775 1 0 la
Mn3 0.72385 0.61251 0.06225 1 0 la
Mn4 0.18099 0.38648 0.92153 1 0 la
Mn5 0.81901 0.88648 0.92153 1 0 la
Mn6 0.27615 0.11252 0.06225 1 0 la
Mn7 0.27615 0.11252 0.43775 1 0 la
Mn8 0.81901 0.88648 0.57847 1 0 la
Cal 0.69049 0.35705 0.25000 1 0 la
Ca2 0.30951 0.85705 0.25000 1 0 la
Ol 0.82356 0.80820 0.75000 1 0 la
02 0.21395 0.18646 0.25000 1 0 la
03 0.17644 0.30820 0.75000 1 0 la
04 0.78605 0.68646 0.25000 1 0 la
05 0.67964 0.50442 0.61043 1 0 la
06 0.16910 0.47928 0.39630 1 0 la
07 0.16910 0.47928 0.10370 1 0 la
08 0.67964 0.50442 0.88957 1 0 la
09 0.32036 0.00442 0.88957 1 0 la
o10 0.83090 0.97928 0.10370 1 0 la
Ol11 0.83090 0.97928 0.39630 1 0 la
012 0.32036 0.00442 0.61043 1 0 la
O13 0.34901 0.76704 0.49946 1 0 la
O14 0.65099 0.26704 0.49946 1 0 la
Ol15 0.65099 0.26704 0.00054 1 0 la
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1

0

la

Table SI 3.5 - Atomic x, y, z coordinates and occupancy of Cai-xMn204 deinsertion with x = 0.5

(d)
Element X y z Occupancy Biso Symmetry
Mnl 0.21500 0.37853 0.57067 1 0 la
Mn2 0.76363 0.60297 0.42849 1 0 la
Mn3 0.76363 0.60297 0.07152 1 0 la
Mn4 0.21500 0.37853 0.92933 1 0 la
Mn5 0.76363 0.89703 0.92848 1 0 la
Mn6 0.21500 0.12147 0.07067 1 0 la
Mn7 0.21500 0.12147 0.42933 1 0 la
Mn8 0.76363 0.89703 0.57152 1 0 la
Cal 0.29500 0.64494 0.75000 1 0 la
Ca2 0.29500 0.85506 0.25000 1 0 la
01 0.78649 0.81599 0.75000 1 0 la
02 0.20512 0.18771 0.25000 1 0 la
03 0.20512 0.31229 0.75000 1 0 la
04 0.78649 0.68401 0.25000 1 0 la
05 0.79038 0.52429 0.60737 1 0 la
06 0.25860 0.49084 0.39764 1 0 la
07 0.25860 0.49084 0.10236 1 0 la
08 0.79038 0.52429 0.89263 1 0 la
09 0.25860 0.00916 0.89764 1 0 la
o10 0.79038 0.97571 0.10737 1 0 la
Ol1 0.79038 0.97571 0.39263 1 0 la
012 0.25860 0.00916 0.60236 1 0 la

94




013 0.34353 0.75000 0.50000 1 0 la

014 0.63219 0.25000 0.50000 1 0 la

O15 0.63219 0.25000 0.00000 1 0 la

016 0.34353 0.75000 0.00000 1 0 la
Table SI 3.6 - Atomic x, y, z coordinates and occupancy of Cai1-xMn204 deinsertion with x = 0.5
(e)

Element X y V4 Occupancy Biso Symmetry
Mnl 0.20158 0.38870 0.57660 1 0 la
Mn2 0.76135 0.60601 0.43231 1 0 la
Mn3 0.76135 0.60601 0.06769 1 0 la
Mn4 0.20158 0.38870 0.92340 1 0 la
Mn5 0.74277 0.89470 0.91827 1 0 la
Mn6 0.29525 0.11841 0.07202 1 0 la
Mn7 0.29525 0.11841 0.42798 1 0 la
Mn§8 0.74277 0.89470 0.58173 1 0 la
Cal 0.30680 0.85120 0.25000 1 0 la

01 0.72435 0.81364 0.75000 1 0 la
02 0.29349 0.18962 0.25000 1 0 la
03 0.17474 0.31232 0.75000 1 0 la
04 0.77044 0.67759 0.25000 1 0 la
05 0.73506 0.51271 0.60860 1 0 la
06 0.22913 0.48584 0.39946 1 0 la
07 0.22913 0.48584 0.10054 1 0 la
08 0.73506 0.51271 0.89140 1 0 la
09 0.27415 0.01325 0.89353 1 0 la
010 0.81030 0.97619 0.10443 1 0 la
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Ol11 0.81030 0.97619 0.39557 1 0 la

012 0.27415 0.01325 0.60647 1 0 la

013 0.31212 0.73571 0.48077 1 0 la

O14 0.66214 0.27189 0.51390 1 0 la

O15 0.66214 0.27189 0.98610 1 0 la

ol16 0.31212 0.73571 0.01923 1 0 la
Table SI 3.7 - Atomic X, y, z coordinates and occupancy of Ca1-xMn204 deinsertion with x = 0.75
()

Element X y z Occupancy Biso Symmetry
Mnl 0.24956 0.38384 0.57700 1 0 la
Mn2 0.75044 0.61616 0.42300 1 0 la
Mn3 0.75044 0.61616 0.07700 1 0 la
Mn4 0.24956 0.38384 0.92300 1 0 la
Mn5 0.75044 0.88384 0.92300 1 0 la
Mn6 0.24956 0.11616 0.07700 1 0 la
Mn7 0.24956 0.11616 0.42300 1 0 la
Mn8 0.75044 0.88384 0.57700 1 0 la

O1 0.75182 0.80217 0.75000 1 0 la
02 0.24818 0.19782 0.25000 1 0 la
03 0.24818 0.30217 0.75000 1 0 la
04 0.75182 0.69783 0.25000 1 0 la
05 0.74965 0.51078 0.60865 1 0 la
06 0.25035 0.48922 0.39135 1 0 la
07 0.25035 0.48922 0.10865 1 0 la
08 0.74965 0.51078 0.89135 1 0 la
09 0.25035 0.01078 0.89135 1 0 la
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o10 0.74965 0.98922 0.10865 1 0 la
Ol1 0.74965 0.98922 0.39135 1 0 la
O12 0.25035 0.01078 0.60865 1 0 la
013 0.25035 0.75000 0.50000 1 0 la
O14 0.74965 0.25000 0.50000 1 0 la
015 0.74965 0.25000 0.00000 1 0 la
Ole6 0.25035 0.75000 0.00000 1 0 la

Table SI 3.8 - Atomic x, y, z coordinates and occupancy of CaixMn204 deinsertion with x = 1.0

(2

(@) (b)
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Figure SI 3.9 - Rietveld refinement of CaMn204 cathode a) post-maximum charge b) post-
discharge

a Deviation b Deviation c Deviation
(A) (A) (A) (A) (A) (A)
Pristine 3.156676 | 0.000119 [ 9.988452 [ 0.000457 [ 9.675391 0.000396
Charged | 3.154765 | 0.000302 | 9.978689 | 0.001508 | 9.666233 0.00109
Discharged | 3.158088 | 0.000311 9.997047 | 0.001092 | 9.678633 | 0.000979

Table SI 3.9 - Refined parameters for CaMn204
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a Deviation b Deviation c Deviation
A) A) A) A) A) A)
Charged 5.761503 0.000405 5.761503 0 9.464502 0.002912
Discharged | 5.753304 0.001810 5.753304 0 9.481883 0.003148
Table SI 3.10 - Refined parameters for Mn3O4
a Deviation b Deviation c Deviation
A) A) A) A) A) A)
Charged 4.48863 0.001023 4.48863 0 4.48863 0
Discharged | 4.46448 0.001569 4.46448 0 4.46448 0
Table SI 3.11 - Refined parameters for MnO
(a) (b)
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Figure SI 3.10 - XRD changes with CaMn204 from maximum charge a) Full experimental XRD
of CaMn204 from its pristine electrode and after maximum charge of the CaMn204 b) Theoretical

XRD of the CaMn204 with 25% vacancies from the pristine electrode
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Figure SI 3.11 - Galvanostatic cycling of the CaMn204 at C/39 a) Voltage-time curve of 30 cycles
of testing b) Capacity-voltage curves of selected cycles of CaMn204
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Figure SI 3.12 - XRD of the CaMn204 before after galvanostatic cycling of the CaMn204
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CHAPTER 4

A STUDY OF CALCIUM ION INTERCALATION

IN POST-SPINEL CALCIUM IRON OXIDE
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4.1 Introduction

The continuous expansion of new technologies that rely on lithium-ion batteries to power them,
along with lithium’s limited supply, has prompted the exploration of alternative battery chemistries
including calcium and magnesium based batteries.[!] Calcium holds particular appeal as an
alternative battery chemistry due to its high gravimetric capacity of 2205 mAh/g and a standard
reduction potential of -2.87 V (vs. SHE), which is similar to that of lithium.[>*] Calcium is also the
5th most abundant element on the planet, making the raw materials needed for processing it
relatively inexpensive. The United States has the greatest annual Ca production which alleviates
the problem of geographical material distribution that is felt with other metals such as lithium.[?!
The multivalency of calcium-ion batteries has the potential to achieve energy densities that would
make them applicable for technologies that use lithium-ion batteries including portable electronics

and stationary storage solutions.

There are several challenges to the development of calcium-based batteries including the
identification of suitable cathodes for intercalation chemistry. A successful calcium cathode must
be able to intercalate and deintercalate cations at high current densities, operate at high voltages,
and retain structural stability that allow for high capacities and cycling life.[**! Because of the
multivalent nature of calcium cations, they have more interactions with the intercalation host
through stronger attraction to anions and greater repulsion with cations.*$] These stronger

interactions cause slower diffusion kinetics and limit the performance of calcium-ion batteries.

Density Functional Theory (DFT) is a quantum mechanical modeling method that has been used
as a screening tool for identifying suitable cathodes for calcium-ion batteries. Based on the criteria
set for successful intercalation chemistry with electrodes, DFT calculations have been able to

identify transition metal oxides as promising cathodes for calcium batteries.[”*1 While numerous

108



studies have focused on modeling the intercalation behavior between calcium and transition metal

10-12] Transition

oxides, only a few of the modeled systems have been experimentally investigated.[
metal oxides that have been evaluated have shown promising electrochemical activity and

reversible capacities.

One such transition metal oxide that has been theoretically investigated but does not have
experimental validation is calcium iron oxide (CaFe204). Theoretical work done on the transition
metal oxide has concluded phase stability with the transition metal oxide as it is decalciated and
has also reported a diffusion barrier of 1.2 eV.[!3] Conclusions drawn from the theoretical
investigations reported that the diffusion barrier for the CaFe204 would be too high for any calcium
ion mobility and that other ferrites would be more suitable for achieving the desired 600 meV

diffusion barrier.['*] However, these theoretical predictions have not been experimentally verified.

Here, we report an experimental evaluation of post-spinel CaFe204 for calcium-ion batteries. The
calcium iron oxide is synthesized using an autocombustion synthesis method and the phase of the
resulting post-spinel is verified through Rietveld Refinement.!!>:1¢] The CaFe204 is processed into
an electrode where its electrochemical activity is evaluated with Ca(TFSI)2 in DME as the
electrolyte and Activated Carbon as a counter electrode. The activity of the calcium iron oxide is
evaluated using cyclic voltammetry and galvanostatic cycling and the activity of the CaFe204 is
characterized using XRD and Scanning Electron Microscopy (SEM). The results from the
experimental evaluation reveal that CaFe204 does not have significant electrochemical activity and

would not be a prime candidate for calcium-ion batteries.
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4.2 Materials and Methods

4.2.1 Materials

Calcium Nitrate Tetrahydrate (Ca(NOs)2 - 4H20), Iron (III) Nitrate Nonahydrate (Fe(NO3)3 -
9H20), Diethylene Glycol Monobutyl Ether (DME), Glycine and 1-Methyl-2-Pyrrolidone (NMP)
were purchased from Sigma-Aldrich, USA, and wused as received. Calcium(Il)
Bis(trifluoromethanesulfonyl)imide (Ca(TFSI)2) was purchased from Solvionic. The Ca(TFSI)2
salt was vacuum-dried at 120 °C overnight before use. Polytetrafluoroethylene (PTFE) preparation
(60% wt) was purchased from Sigma-Aldrich. Polyvinylidene Fluoride (PVDF) binder, Super P
Carbon black, Activated Carbon, CR2032 316 stainless steel coin cells and Aluminum foil (~10

um thickness) were purchased from MTI Corporation, USA.

4.2.2 Synthesis of CaFe204

CaFe204 post-spinels were synthesized using an auto-combustion synthesis.['3] The synthesis
begins with mixing 1 mmol Ca(NOs3)2 - 4H20 with 2 mmol Fe(NO3)2 in deionized water for 3
hours. Once thoroughly mixed, 3 mmol of glycine is added to the mixture and allowed to stir for
another 3 hours. Following the mixture of the glycine, the solution is transferred to a petri dish and
subsequently placed on a hot plate set to 100°C. The solution begins to evaporate, and a viscous
material begins to form in the petri dish. Once the mixture forms a gel, the temperature of the petri
dish is incrementally increased to 300°C where the auto-combustion reaction is triggered. The
result from the autocombustion synthesis is the formation of a brick red powder. The powder is

subsequently ball milled and calcined for 2 hours at 800°C in a furnace.
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4.2.3 Electrode Preparation

The electrodes used in the study were formulated using two methods. Electrodes used with the in
situ cell and cyclic voltammetry experiments were processed as freestanding electrodes.
Galvanostatic experiments that involved the assembly of coin cells used slurry casted electrodes.
To prepare a freestanding electrode, powders of CaFe204 (65% wt) and carbon black (5% wt) were
mixed with PTFE Binder (30% wt).l'718] CaFe20O4 and carbon black were mixed together in a ball
miller at 19.67 Hz for 90 minutes.!'”! After ball milling, the resulting mixture was transferred to a
mortar and pestle where PTFE binder and ethanol were added to it. The materials were
continuously mixed in the ethanol until the electrode congealed from ethanol evaporation. The
electrode was processed through a hot roll press at 80°C. Following the hot roll press, the
electrodes were vacuum dried overnight at 80°C for a final weight density of 3 mg/cm?. Activated
Carbon freestanding electrodes were prepared using the same procedure. The composition of the
activated carbon electrodes was activated carbon (80% wt) and PTFE binder (20% wt) with a mass

loading density of 30 mg/cm?.[20]

The following procedure was used for the processing of casted electrodes in galvanostatic
experiments. The preparation of slurry casted electrodes required the vacuum drying of the current
collectors. Carbon coated copper foil was used for the counter electrode while carbon coated
aluminum foil was used for the working electrode and each foil was vacuum dried at 120°C
overnight before slurry casting. To prepare the working electrode, a slurry of 95% CaFe204, 2.5%
Carbon Black and 2.5% PVDF binder was made. The solid content of the slurry is fixed at 65
w1%.12122] The CaFe204 and carbon black were mixed in powder form for 60 minutes in the ball
mill at 19.67 Hz. Separately, the PVDF and 2/5 of the total NMP were mixed in the ball miller for

30 minutes and then sonicated for another 30 minutes. The pre-mixed CaFe2O4 and carbon black
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were added to the PVDF and NMP mixture and mixed again in the ball miller and sonicator. 1/3
of the remaining NMP was added to the suspension and the ball milling and sonication steps were
repeated. The remaining NMP was added in 1/5 increments with ball milling and sonication
following each addition.!?*] Once mixed, the slurry for the working electrode was casted onto the
carbon coated aluminum current collector with a thickness of 200 microns. After the slurry was
casted, the electrode was dried on a hot plate at 80°C for 1 hour and subsequently vacuum dried at
110°C overnight.?*) The method for making activated carbon electrodes was the same as the
CaFe204 with the exception that the activated carbon was casted onto a carbon coated copper

collector.

4.2.4 Electrolyte Preparation

The electrolyte used was 0.5 M Ca(TFSI)2 in DME. A stock of the DME solvent was prepared by
drying the solvent for 48 hours over 3 A molecular sieves. To remove any trace moisture from the
salt, Ca(TFSI)2 salt was dried overnight at 120°C in a vacuum oven. Following the vacuum drying,
the salt was dissolved in DME and magnetically stirred for 24 hours to allow full dissolution of
the salt in the DME. The resulting electrolyte was again dried over 3 A molecular sieves again to
remove any residual water. Water content of the solvent and electrolytes was verified to be below

50 ppm using a Karl Fischer Titrator (899 Coulometer, Metrohm).

4.2.5 Electrochemistry

Cyclic voltammetry (CV) experiments were performed in beaker cells (Gamry Instruments) using
three-electrode configurations with Ag/Ag™ reference electrode (Redox.me), CaFe204 working
electrode and activated carbon as the counter electrode. Working and counter electrodes were

suspended in the electrolyte with 316 stainless steel supports. Cyclic voltammetry experiments
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were performed for 20 cycles at a scan rate of 0.5 mV/s. A Metrohm Autolab was used for running
CV experiments. All experiments were carried out in an Argon filled glovebox with H20 and O2

levels maintained below 0.5 ppm.

Galvanostatic experiments were performed in coin cell configurations with CaFe2O4 as the
working electrode (5 mm diameter) and activated carbon as the counter electrode (15 mm
diameter). All coin cell assemblies were performed in an argon filled glovebox. Each coin cell
assembly consisted of a working electrode, counter electrode, separator and 80 pL of Ca(TFSI)2
in DME. Each galvanostatic experiment began with a 2 hour open circuit voltage to allow
components to equilibrate. Galvanostatic experiments were performed on an Arbin battery tester

where the coin cells were cycled at room temperature at a rate of C/100.

4.2.6 Electrode Characterization

X-ray diffraction data was collected with a Rigaku Miniflex 600 diffractometer. Scattering angles
between 10-80° were collected at a scan rate of 5°/min using Copper (Cu) Ka radiation. To
eliminate erroneous XRD reflections from residual electrolyte, all samples were rinsed with DME
solvent and dried before measurements were taken. XRD scans of the cathode were all performed
at room temperature. In situ XRD measurements were performed with an in situ cell that has been
previously described. (Figure SI 3.3 & SI 3.4) Rietveld refinement of the cathode was performed
using Highscore Plus software.[>’] The Materials Project was used for the identification of
phases.[?] Scanning electron microscopy (SEM) was performed using a JEOL 5600 and was
equipped with an energy dispersive X-ray (EDX) detector. The accelerating voltage used on all
samples was 15 kV. All samples were first sputter coated with gold before being placed inside the

SEM chamber. N2 adsorption/ desorption measurements were performed using a surface analyzer

113



(Micrometrics ASAP 2020). Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

methods were used to determine the specific surface area.[?7-28]

4.2.7 Ab-Initio Calculations

Structure optimization of a CaFe204 unit cell was performed using the ab-initio program VASP
(Vienna Ab-Initio Simulation Program).[?’! Total energy calculations based on Density Functional
Theory (DFT) were performed within the General Gradient Approximation (GGA), with the
exchange and correlation functional form developed by Perdew, Burke, and Ernzerhof (PBE). ]
The interaction of the core electrons with the nuclei was described by the Projector Augmented
Wave (PAW) method.3! Spin polarized calculations were performed with a U value of 4.0 for
manganese. The energy cut off for the plane wave basis set was fixed to 700 eV. The structure was
fully relaxed (atomic positions, cell parameters, and volume) with a force convergence criterion

of 1 meV/atom.

4.3 Results and Discussion

The phase of the synthesized calcium iron oxide from the autocombustion reaction was analyzed
with x-ray diffraction. Figure 4.1 shows experimental and fitted XRD profiles for CaFe204
powder. The results from the analysis confirm the post-spinel phase of CaFe204 with a high degree
of crystallinity. The Rietveld refinement of the CaFe204 identifies an orthorhombic structure with
a Pnma space group. The lattice parameters for the post-spinel phase were reported to be a=9.2195
A,b=3.0176 A, and c = 10.6938 A. The diffraction pattern did not produce any other peaks other
than those indexed to CaFe20O4, indicative of the phase purity from the autocombustion

synthesis.3?]
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Figure 4.1 - Synthesis of post-spinel CaFe204

SEM imaging of the synthesized powders are outlined in Figure 4.2 a,b. The CaFe204 in Figure
4.2b shows spongy and interconnected, porous agglomerates. The porosity of the CaFe2O4 is a
product of the autocombustion process where gases such as N2 and CO2 were instantly released
forming the highly porous network in the CaFe204.32! The highly porous nature of the CaFe204
would allow for better electrolyte percolation into the electrode, which could be beneficial to
electrochemical performance. N2 isotherms performed on the CaFe2O4 powder reported a surface

area of 30.256 m?/g and an average pore size of 387.259 A. (Figure SI 4.1)
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Figure 4.2 - SEM images of CaFe204 powders a) Overview image of CaFex04 (Scale bar of 5
microns) b) Close up SEM image of CaFe204 (Scale bar of 1 microns)

The redox activity of the CaFe2O4 was first evaluated with cyclic voltammetry. (Figure 4.3) A
three-electrode cell with CaFexO4 as the working electrode, activated carbon as the counter
electrode and Ag/Ag" as a reference electrode. Calibrations of the Ag/Ag* reference electrode and
activated carbon were previously established in Chapter 3. The results from cyclic voltammetry of
the CaFe204 identify a cathode with limited redox activity. The first scan of the CaFe204 identifies
some oxidative behavior that begins to appear at approximately -0.1 V and is more prominent at
0.3 V (vs Ag/Ag"). The oxidative voltage is consistent with other experimental voltages that have
been observed for calcium extraction from ferrites.[!*! Beyond 0.3 V, there is a substantial increase
in the current response as the CV continues to scan up to 1 V (vs. Ag/Ag"), which is assigned to
the formation of an SEI on the cathode and anodic stability limits of the electrolyte. Additional
experiments have been performed to expand the voltage range of the CV. When the voltage range
was increased to 1.2 V, there was a continued increase in the current response and would be
assigned to the anodic stability limits of the electrolyte that have been previously established in
Chapter 3. (Figure SI 3.2) Upon continued cycling of the cell, the oxidative features that were

observed in the first cycle are no longer present and do not appear again in subsequent cycling.

116



CV scans of the CaFe204 do not identify any reduction peak of the cathode. During cathodic traces

of the CV, only a small, negative sloping line can be observed after the -1.5 V (vs. Ag/Ag")

potential, identifying an effort to insert calcium into the cathode.
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Figure 4.3 - Cyclic voltammetry of CaFe20O4 working electrode, activated carbon counter electrode
and Ag/Ag" reference electrode at 0.5 mV/s scan rate

Following the cyclic voltammetry work performed on calcium iron oxide, the next goal was to

determine the maximum capacity of calcium that could be removed from the cathode. Freestanding

electrodes of CaFe204 and activated carbon were fabricated and assembled inside of the in situ

cell. To track structural changes to the CaFe204, a baseline scan of the assembled cell was indexed

to the powder pattern of CaFe20a. (Figure 4.4) Rietveld refinements performed of the freestanding

electrode reported the lattice parameters of CaFe204 being a = 9.223253 A, b =3.018984 A, ¢ =

10.695890 A. The reflections of the CaFe204 inside the in situ cell (Figure 4.4) are not as prominent

as previous spectra taken for LiCoO2 and CaMn204. This is partly due to the scale of intensities
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between the CaFe204 powder and in situ cell reflections along with a need to further optimize the

active material of freestanding electrodes for stronger signal intensity in future work.[*3]
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Figure 4.4 - XRD of CaFe204 synthesized powder and in situ XRD of CaFe204

The in situ cell was charged at a c-rate of C/50 with XRD measurements being taken at every 10%
depth of charge. The result of the maximum charge and in situ measurements taken of the CaFe2O4
are summarized in Figure 4.5 and 4.6. Figure 4.5 outlines a maximum capacity of 180 mAh/g. The
charging voltage of the CaFe204 exceeds well beyond the oxidation activity observed in the cyclic
voltammetry experiment of 0.3 V (vs. Ag/Ag"). Figure 4.5 identifies a voltage plateau that begins
to appear at approximately 1.5 V (vs. Activated Carbon) and gradually increases over the course
of charging to 1.9 V (vs. Activated Carbon). Exceeding well beyond the linear stability window
of the electrolyte, the capacity observed from the in situ cell charging was a product of electrolyte
oxidation and not from activity of the cathode.[!33] XRD measurements taken reveal no structural
variations in the cathode over the course of charging. (Figure 4.6a) Further inspection of the

CaFe204 reflections from the in situ XRD data confirm this. Figure 4.6b is focused on a (200)
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lattice plane reflection. Under normal XRD conditions, this reflection would be located at 19° (20).
However, due to the distortion created by the glassy carbon window, this reflection with the in situ
cell is located at 17° (26). Comparisons between baseline scans, 20% charge and 50% charge
reveal no variation in the intensity or position of the reflection. These experimental results are
indicative of little to no redox activity with the CaFe204 and this conclusion is further supported
by how the experimental results contrast with theoretical XRD patterns generated from decalciated
CaFe20a.

DFT calculations performed on CaFe204 with 25% decalciation project that the intensity of the
(200) lattice plane reflection would increase. Results from the theoretical predictions of CaFe204
are outlined in Figure SI 4.2. Figure SI 4.2a is the theoretical XRD pattern generated for pristine
CaFe204 while Figure SI 4.2b is the theoretical pattern when the occupancy of calcium has been
reduced to 75%. The (200) lattice plane reflection change is denoted by an asterisk in Figure SI
4.2. In addition to differences in the intensity of the (200) lattice plane reflection, DFT calculations
also project a decrease in the d-spacing value from 4.6407 A to 4.5797 A as the 20 position of the
(200) lattice planes shifts from 19.1089° to 19.3660°. The calculations performed on CaFe204 also
project changes from baseline lattice parameters a = 9.282 A, b=3.037 A, c=10.784 A to a =
9.160 A, b=3.042 A, and c = 10.737 A upon decalciation of the post-spinel. The DFT calculations
performed on CaFe204 predict XRD developments that the experimental data does not reflect,

further supporting the lack of redox activity with this cathode.
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Figure 4.6 - In situ XRD of the CaFe204 a) in situ XRD overview of CaFe204 from maximum
charge b) In situ XRD of the (200) lattice planes over course of charging

The results from the in situ cell experiments produced no evidence of redox activity with the
CaFe204 and all capacity associated with the maximum charge is expected to be a product of

electrolyte oxidation. However, part of the inactivity of the CaFexOs is also attributed to its
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sluggish diffusion kinetics since the CaFe204 has a diffusion barrier of 1.2 eV. An additional
experiment focused on a slower charging of the cathode was done to accommodate this diffusion
barrier and was performed with a c-rate of C/100. Slurry casted electrodes of CaFe20O4 and
activated carbon were prepared and assembled inside of a coin cell. The coin cell was then cycled
at a c-rate of C/100 with a capacity of 50 mAh/g for each charge and discharge. The results from
the coin cell cycling are outlined in Figure 4.7. Figure 4.7a is the coin cell cycling over time. The
initial cycles account for some electrolyte oxidation and formation of an SEI on the electrodes and
can also be seen in Figure 4.7b. Subsequent cycling of the cathode results in a lower oxidation
potential, ~0.4 V (vs. Activated Carbon), and is more consistent with previously reported CV
results (Figure 4.3). Subsequent cycles of testing outline a gradual increase in the charging voltage

that would be assigned to side reactions occurring with the electrolyte.[!3!
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Figure 4.7 - Galvanostatic cycling of CaFe204 a) Voltage-time curve of cycling b) Capacity-
voltage curves of cycled of CaFe204

At the conclusion of coin cell testing, the coin cells of CaFe2Os4 were opened and ex situ
characterization of the CaFe204 was performed. XRD of the CaFe2O4 electrode before and after

testing is summarized in Figure 4.8. Comparisons between the pristine and cycled electrodes of
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CaFe204 show no structural differences between the cycled and pristine electrodes of CaFe2O4
with the exception of a new reflection at 26.75°, corresponding to (103) lattice plane reflections.
Figure 4.9 is XRD spectra of the new (103) lattice plane post cycling. The (103) lattice planes
intersect the edge sharing FeOg octahedra. (Figure SI 4.3) Theoretical calculations from the 25%
decalciated CaFe204 predict a shift in the placement of the oxygen and iron atoms that lie more
directly on the (103) lattice plane, increasing the atomic density of the plane and contributing to
the increased XRD intensity of the plane post cycling. While this feature is an indicator of some
decalciation of the CaFe20s, it is present in a limited capacity. Before testing began, baseline
analysis of the CaFe2Os4 electrode was performed and reported lattice parameters of a = 9.225781
A,b=3.017116 A, c = 10.694950 A. The new lattice parameters of the CaFe204 following Pawley
fittingl%! of the electrode are a = 9.220151 A, b =3.014550 A, ¢ = 10.695260 A. Occupancy of
the calcium in the CaFe204 electrode was analyzed with Rietveld refinement. However, no changes
to the calcium occupancy were detected from the analysis. Additional analysis of crystallite size
over the course of cycling was performed using the Scherrer equation.3”] Baseline crystallite size
was recorded to be 300.9 A while post cycling measurements reported 304.9 A. These additional

parameters offer more evidence regarding the limited redox activity of the CaFe2Oa.
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Figure 4.8 - Overview XRD of CaFe:0s4 from galvanostatic cycling (asterisk in figure are
reflections from aluminum current collector)
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Figure 4.9 - XRD of the CaFe204 before and after galvanostatic cycling with (103) lattice planes

The last ex situ characterization of the CaFexO4 performed was SEM/EDS analysis of the
electrodes as a product of cycling. Figure 4.10 outlines the elemental mapping of the calcium iron

oxide electrodes before and after cycling. The results of the analysis reveal that there is a small
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decrease in the calcium signal at the conclusion of galvanostatic cycling as it decreases from 10.6%
to 9.8%. This small decrease in the calcium signal does highlight some electrochemical activity

that would be consistent with previous results from CV and ex situ XRD.

Figure 4.10 - EDS of the CaFe204 before and after galvanostatic cycling.

4.4 Conclusion

Our study of CaFe204 post-spinel provides important insights into its intercalation chemistry as it
is used as a cathode for calcium-ion batteries. CaFe204 has been successfully synthesized via auto-
combustion and its phase verified with XRD. Cyclic voltammetry studies on the CaFe2O4 revealed
a limited redox activity of the cathode and began to articulate issues that would be encountered
with this transition metal oxide. The diffusion barrier of 1.2 eV for CaFe204 translates to a c-rate
that needs to be lower than C/50, which was demonstrated with the maximum charge of the cathode
with the in situ cell setup and its lack of structural changes upon charging. Galvanostatic testing
of the CaFe204 in a coin cell configuration using a slower c-rate of C/100 produced a structural
variation that was recorded with XRD. The intensity increase of the (103) lattice planes at the end
of cycling does corroborate some DFT expectations of decalciation with CaFe2O4. Further
evidence of declaciation is supported by ex situ EDS analysis performed on the cathode, outlining

a decrease in the calcium signal post-cycling. While there is evidence of some decalciation, there
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isn’t significant removal of calcium from the post-spinel. The lack of additional structural changes
to the XRD profiles, including the lack of occupancy changes to the calcium in the cathode and no

significant development of crystallites, reveals a limited electrochemical activity of the CaFe20a.

The exploration of CaFe204 post-spinel as a cathode for calcium-ion batteries outlines important
experimental evaluation of transition metal oxides for these battery chemistries. While there is a
limited amount of redox activity in the cathode, there isn’t a substantial capacity cycled from the
electrode to justify use in a calcium-ion battery. While CaFe204 may not be the ideal cathode for
calcium-ion batteries, it does validate limitations outlined by theoretical models and prompts

exploration of other transition metal oxides.
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Figure SI 4.1 - N2 isotherm CaFe204
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Figure SI 4.2 - Theoretical XRD Patterns of CaFe204 a) XRD with 100% calcium occupancy b)
XRD with 75% calcium occupancy
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Figure SI 4.3 - Crystal structure of CaFe2O4 a) 100% calcium occupancy b) 75% calcium
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5.1 Introduction

The ever-increasing energy demands from developing technologies, along with the limited supply
of lithium to meet them, has necessitated the need to explore post lithium-ion battery solutions.!
Divalent ions such as calcium are particularly attractive due to their similar reduction potentials to
lithium and wide availability making the economics associated with its use feasible. While there
are such benefits to the use of calcium, there are challenges that need to be addressed such as the
identification of appropriate electrolytes to use with calcium metal. Electrolytes for calcium metal
batteries have been limited by successful plating and stripping. The cause of such bottlenecks has
been the passivation layer that forms on the calcium metal surface as plating continues with native
calcium electrolytes (i.e., employing only calcium salts). The SEI is formed from the degradation
of the electrolyte onto the surface of the calcium, functioning as an electrically insulating material
while still being ionically conductive. The use of fluorinated electrolytes produces a continuous
deposition of calcium fluoride (CaF2) onto the SEI of the calcium which acts as highly insulating
materials, decreasing ionic conductivity of the SEI and ultimately reducing the capacity on
subsequent cycles.? This issue was first addressed by running plating and stripping of calcium at
elevated temperatures.’ The use of elevated temperatures increased the ionic conductivity of the
SEI and slowed the development of the passivation layer. The successful plating and stripping of
calcium from such efforts renewed interest in exploring alternative solutions with electrolyte

formulations.*?

An alternate strategy that bypasses the need for elevated temperatures and high overpotentials is
the use of a hybrid SEI. The use of mixed cations in the SEI has proven effective at cycling with
lithium anodes.” Expanding the use of the hybrid SEIs to calcium has focused on using cations

with similar atomic radii such as sodium (Na) and continuing the use of hexafluorophosphate

133



anions due to their weakly coordinating nature.!® Sodium hexafluorophosphate (NaPFs) was used
as the salt in an electrolyte with calcium metal to create a sodium oxide (Na2O) phase in the SEI
that allowed the deposition of calcium while mitigating the continuous formation of CaF2 that
would occur with a native calcium based electrolyte.* The efficacy of such an approach with
sodium has prompted additional efforts at tailoring the SEI for improved cycling efficiencies.!!*1?
An additional possibility for hybrid SEIs with calcium metal is the use of potassium owing to its
larger ionic radius to calcium. Currently, potassium is a largely unexplored option for hybrid SEIs
with calcium. The existing work on it has focused on having potassium partake in composite SEI

along with sodium and calcium.!*> While successful, an evaluation of the standalone hybrid SEI

between potassium and calcium remains unexplored.

Here, we report the development of such a hybrid SEI using potassium hexafluorophosphate
(KPFs) salt in a composite solvent of ethylene carbonate (EC), dimethyl carbonate (DMC) and
Ethyl methyl carbonate (EMC) as it is cycled between calcium metal electrodes. The plating and
stripping behavior observed maintained overpotentials below 2 V throughout the course of cycling,
while also exhibiting discrete events of potassium and calcium deposition onto the electrodes.
XRD characterization of the SEI that formed on the electrodes revealed a composite of phases that
allow the plating and stripping of calcium. Phase composition of plated materials was further

supported by FTIR and SEM/EDX analysis on the deposited materials.

5.2 Experimental Section
5.2.1 Materials

Potassium Hexafluorophosphate (KPFs, > 99%), Calcium (Ca, 99%) granules and molecular

sieves (3 A, 4-8 mesh) were purchased from Sigma-Aldrich. Calcium granules were first flattened
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to an 8 mm diameter and 0.5 mm thickness with a mechanical press. The calcium pieces were
subsequently polished with a dremel (4300, Dremel). Gold electrodes (99.95%) were purchased
from Goodfellow Cambridge Limited. Additionally, Ethylene Carbonate (anhydrous, 99%),
Dimethyl Carbonate (anhydrous, > 99%) and Ethyl Methyl Carbonate (99%) were purchased from

Sigma-Aldrich.

5.2.2 Electrolyte Preparation

All electrochemistry experiments used a 1 M solution of KPFs in EC/DMC/EMC. The solvents
were first mixed in a 1:1:1 volume ratio for 24 hours before being dried for 48 hours over molecular
sieves. The KPFs was dried overnight in a vacuum oven at 120°C before being added to the solvent
mixture. The KPFs solution was stirred for 24 hours to allow full dissolution of the salt and was
again dried over molecular sieves. Water content of the electrolyte was verified by a Karl Fisher
Titrator (899 Coulometer, Metrohm) to be below 50 ppm. All experiments were carried out in a

glovebox where H20 and O2 levels were below 0.5 ppm.

5.2.3 Electrode Preparation

The calcium pellets were first flattened to a diameter of 8§ mm and thickness of 1 mm using a
mechanical press. The calcium electrodes were then polished with a Dremel 4300 using a
procedure found elsewhere.® All polishing procedures were carried out in a glovebox with O2 and
H20 levels below 0.5 ppm. Briefly, a wire brush was first used to remove the oxide layer on the
calcium disc. Once the initial oxide layer was removed, a dremel (Dremel 4300) with a silicon
carbide (SiC) tip was used to polish the calcium to achieve a mirror finish. The dremel was
operated between S5k-15k rpm to achieve the high polished finish on the Ca electrodes. For

electrochemical experiments using a gold (Au) electrode, the electrode was electrochemically
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cleaned in a sulfuric acid bath before being rinsed with methanol and dried under ambient

conditions.!*

5.2.4 Electrochemistry

A beaker cell was used in all experiments. Calcium electrodes were attached to the end of 316
stainless steel supports and immersed in the electrolyte. Two-electrode configurations were used
for plating and stripping. Calcium or gold were used as the working electrodes (WE) and calcium
as the counter (CE) and reference (RE) electrodes. Following the immersion of the electrodes into
the electrolyte, the plating and stripping experiments were performed with a Metrohm Autolab at
a current density of 0.025 mA/cm? and an areal capacity of 0.15 mAh/cm?. Linear stability window
measurements were made using a two-electrode cell with gold as the blocking electrode and
calcium as the nonblocking electrode. Measurements were made at a sweep rate of 0.5 mV/s with
a voltage window from 0 to 5 V. Cyclic voltammetry was performed after 10 plating and stripping
cycles (0.025 mA/cm?, 0.15 mAh/cm?) with a calcium symmetric cell configuration. The 10 cycles
of plating and stripping were used to form the hybrid SEI on the calcium electrodes. The scan rate
used was 0.5 mV/s with a voltage range from -3 to 3 V. The evolution of the hybrid SEI on calcium
electrodes was recorded using in situ electrochemical impedance spectroscopy (EIS). The
measurements were performed with a Solartron Energy Lab XM Instrument over a frequency
range from 0.1 Hz to 1 MHz between each plating and stripping step. A 10 mV perturbation was
used in all EIS measurements and the resulting Nyquist plot was analyzed using an equivalent
circuit model.>%!5-16 Transference number measurements were performed using the Bruce and
Vincent method.'”!® A 10 mV potential was applied to a calcium symmetric cell and the current
response over time was recorded. The contact resistance of the calcium electrodes was recorded

with impedance measurements and determined using an equivalent circuit model. The transference
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number of the potassium hexafluorophosphate electrolyte was calculated with the following

formula (5.1):

Iss(AV — IyRy)
— >V T T0%0) 5.1
t T 1y(aV - IgRss) .1)

where Iss is the steady-state current, o is the initial current, AV is the applied potential, Rss is the

steady-state resistance and Ro is the initial resistance.!”?

5.2.5 Electrode Characterization

A Rigaku Miniflex diffractometer was used for the collection of X-ray diffraction data. All samples
analyzed under XRD were washed with solvent following experiments. Cu Ka radiation was used
to collect diffraction data in the range of 10°-80° at a scan rate of 5°/min. All XRD measurements
were performed at room temperature. XRD analysis of each material was performed using
Highscore Plus software.?! The Materials Project was used as well for identification of phases.??
Scanning electron microscopy (SEM) was performed with a JEOL 5600 and was equipped with
an energy dispersive X-ray (EDX) detector. The accelerating voltage used on the samples was 15
kV. All samples analyzed with the SEM were sputter coated with gold. FTIR analysis of the
samples was performed in transmission mode at 4 cm' resolution with an ATIR-FTIR
spectrometer (Bruker, Alpha). Raman spectroscopy was used for evaluating the compositional
changes of the electrolyte during plating and stripping between the calcium symmetric cell
experiments. All measurements were performed with a confocal microscope connected to a Raman

spectrometer (Renishaw InVia).
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5.3 Results and Discussion

Figure 5.1a details the plating and stripping behavior of the calcium symmetrical cell in 1 M KPFe
EC/DMC/EMC electrolyte. The overpotentials from plating and stripping remain at 1.8 V (vs
Ca/Ca?") for over 20 cycles. Unlike plating and stripping experiments that use Ca(PF¢)2 where the
overpotentials quickly rise to 5 V,*cycling with KPFg is far more stable. Plateaus at -0.2 V and -
1.8 V can be observed in the experiments, consistent with behavior that has been seen previously
with hybrid SEI plating and stripping.'®> The galvanostatic cycling for the symmetric cell was set
to an areal capacity of 0.15 mAh/cm?. The capacities are summarized in Figure 5.1b with the -0.2
V potential plating with an areal capacity of 0.0085 mAh/cm? and the -1.8 V potential plating with
an areal capacity of 0.1415 mAh/cm?. The capacities from the plating and stripping at 0.2 V
overpotentials increased over the course of cycling and ultimately reached a capacity of 0.05
mAh/cm? at 0.3 V overpotentials. Additional plating and stripping studies using a separate
reference electrode were found to decrease overpotentials from 1.8 V to 1.7 V (vs. Ca/Ca?").
Measurements taken of the symmetric cell working electrode during stripping were recorded to be
1.6 V (vs. Ca/Ca*") while the counter electrode was measured with a potential of -0.07 V (vs.
Ca/Ca’"). Additionally, the working electrode potential is -0.07 V (vs. Ca/Ca") and the counter
electrode potential is 1.6 V (vs. Ca/Ca®") during plating. The results from the three-electrode are
summarized in Figure SI 5.1. Cyclic voltammetry studies were performed to correlate faradaic
reactions with the observed plating and stripping behavior. The results from the cyclic
voltammetry study are outlined in Figure 5.1c. The voltage scans identify a redox active process
on the calcium electrodes with an onset potential of -0.2 V and a maximum current response at -
0.5 V. A cross-section of the SEI formed on the calcium metal electrodes was analyzed under SEM

imaging and was found to have formed an SEI thickness of 9 um. (Figure 5.1d)
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Figure 5.1 - Galvanostatic cycling a) Plating and stripping of the Ca//Ca symmetric cell b) Voltage
vs. capacity curves ¢) CV of the Ca//Ca symmetric cell d) Cross-sectional of SEI on calcium
electrode after 10 cycles of galvanostatic cycling.

To characterize the plating and stripping behavior observed in Figure 5.1a, ex situ XRD studies
were performed on the calcium electrodes. Potentiostatic holds at the previously observed voltages
were performed to run controlled plating and stripping experiments on the calcium electrodes.
Once completed, the electrodes were placed inside the Rigaku MiniFlex Diffractometer and
analyzed over the specified range of diffraction angles. The results from the XRD analysis are
summarized in Figure 5.2 a,b. Initial reflections of the calcium metal (mp-45) are recorded at 28°,
32° and 46°. Additional reflections of calcium did not appear in the baseline scan due to the
processing conditions of the electrode. Comparisons between processed and unprocessed calcium
electrodes can be found in Figure SI 5.2. Following the plating potential at -0.5 V, new calcium
(mp-45) reflections are observed at 54.5°, 57.2° and 74°, revealing that the -0.5 V plating potential

deposits calcium metal onto the SEI surface. The plating of calcium at -0.5 V is consistent with
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the cyclic voltammetry data and reveals that the redox reaction observed in Figure 5.1c was the
plating and stripping of calcium. In addition to the new calcium reflections observed, phases of
calcium fluoride (CaF2, mp-2741) and phosphorus pentoxide (P20s, mp-562613) were detected on
the calcium surface and are identified in Figure 5.2 a, and b. Phosphorus pentoxide reflections
were observed at 17.5°, 35.5°, 44.5°, 52.9°, 58.8°, 65.5° and 67°. The presence of the CaF2 phase
in the plated material is an inevitable product of electrolyte decomposition onto the surface of the
calcium metal electrode.? The appearance of potassium (mp-58) as a plated material is observed
after plating at the -1.8 V potential. Potassium plating reflections are identified at 26.7°, 47.1°,
54.4° and 69.2°. While the reflections at 47.1°, 54.4°, 69.2° overlap with calcium and calcium
fluoride phases, the 26.7° reflection is unique to potassium and identifies it as a plated material
onto the hybrid SEI surface. In addition to the previously defined phases, potassium
difluorodiphosphate (K2P20sF2, mp-558480) is also detected as a deposited material onto the
hybrid SEI and its reflections are observed at 17.1°,22.9°,26.7°, 57.1°, 61.4° and 62.9°. The final
component of the ex situ XRD study was performing a stripping step to the calcium electrodes.
After stripping the calcium electrodes, reflections associated with potassium and potassium
difluorodiphosphate were removed. Reflections of calcium metal decreased after stripping. The
reflections of P20s at 65.5° and 67°, while reduced in intensity, remained after stripping.

FTIR ex situ studies were performed to complement the findings from XRD analysis. Focusing on
the -0.5 V plating potential, the presence of calcium and calcium fluoride in the hybrid SEI surface
is outlined from the Ca-F bond observed at 770 cm™'.23 Following the same behavior as the ex situ
XRD study, the P2Os phase is also observed at the -0.5 V plating potential and is identified by the
P-O-P bond at 970 cm™!.2* The P=0 bond at 1210 cm™! forms from the decomposition of the KPFs

electrolyte during the SEI formation.?>?¢ The degradation of the carbonate solvents in the
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electrolyte produce C-O-C bonds at 1067 and 1154 cm™! along with C=0 bonds at 1300, 1769 and
1800 cm™'.23-28 Additionally, carbonate degradation on the calcium electrode produces C-H bonds
at 1475, 2900 and 3000 cm™'.2327 Minimal water is observed through an O-H bond at the broad
peak centered around 3350 cm'!.?> The plating potential at -1.8 V includes the previously
determined bond assignments. The intensity of Ca-F, K-F and C-F bonds all increase after plating
at -1.8 V, indicating an increased deposition of materials consistent with the ex situ XRD study
performed on the calcium cycled in the symmetric cell. Plating of the potassium onto the calcium
surface is identified with increased peak intensities at 717 and 892 c¢cm™!'.2%3* The increase of the
Ca-F bond, based on its increase in intensity at -1.8 V, would have some overlap with the K-F
bond as well. Lastly, the stripping at 1.8 V results in a decrease of the fluoride based bond length
intensities. The decrease of the fluorinated bonds, based on the ex situ XRD, would coincide with
the stripping of the K2oP20sF2. The primary peaks remaining on the calcium electrode post-
stripping are C-O-C bonds that were formed from the decomposition of the solvent onto the
calcium surface along with small amounts of the P-O-P bonds from the P.Os and Ca-F from CaF.

This is corroborated from the FTIR and XRD analyses that have been performed on the SEI.
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Figure 5.2 - XRD of galvanostatic cycling with calcium electrodes a) XRD profiles of plating at -
0.5 V and -1.8 V along with XRD of stripping at 1.8 V in a calcium symmetric cell. b) XRD
profiles of plating and stripping between the diffraction angles of 40°-70° ¢) FTIR on the calcium
plated and stripped materials

The plating and stripping behavior were also analyzed by EDX mapping of a cycled Ca electrode.
Figure 5.3 details the EDX map spectra observed for the two plating and stripping potentials
examined. Figure 5.3a-g maps plating at -0.5 V. Focusing on the phases of the plated materials,
the atomic signals for calcium, oxygen, phosphorus, and fluorine were 8.83%, 32.22%, 0.61%,
and 13.45%, respectively. Beyond the plating at -0.5 V, the deposition of potassium onto the
calcium electrode increases. (Figure 5.3h-n) EDX of the potassium shows a strong increase in its
fluorescence at this potential. While the atomic % signal of potassium remains below 1% at -1.8
V, this is influenced by the strong calcium signal (7.02%) from the bulk electrode and carbon
(46.34%), minimizing compositional changes from the surface of the SEI. The phosphorus, oxygen
and fluorine signals from the -1.8 V plating were 0.52%, 36.52%, and 7.8%. The stripping from

1.8 V (Figure 5.30-u) shows a decrease in fluorescence with the plated elements. The
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compositional changes in the calcium, oxygen, fluorine, phosphorus, and potassium signals were
17.05%, 44.8%, 11.34%, 0.09%, and 0.37%, respectively. From the analysis performed with EDX,
all plated materials observed consist entirely of inorganic materials since no change in the carbon
signal is observed throughout cycling. (Figure 5.3g,n,u) To determine the thickness of deposition
from each plating cycle, the K2P2OsF2 phase from the XRD was chosen since it is one of the phases
fully stripped after applying the 1.8 V stripping potential. Focusing on the potassium EDX, it can
be inferred, based on the atomic radius of potassium, that the deposition of each plating cycle is at

least approximately 280-400 picometers.

Oxygen Carbon
1)

Figure 5.3 - SEM/EDX from plating and stripping (a-g) EDX of calcium electrode from -0.5 V
plating. (h-n) EDX of calcium electrode from -1.8 V. (0-u) EDX analysis after stripping at 1.8 V.
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electrode at -0.5 V and -1.8 V. b) XRD profiles from plating onto gold between diffraction angles
of 10°-40° ¢) EDX of plated gold electrode at -0.5 V and -1.8 V.

FX ———loimm

To further understand the plating behavior with the KPFs EC/DMC/EMC electrolyte, a secondary
cell was set up that used gold as a working electrode and calcium as a counter electrode (Au//Ca).
The cell was subjected to the same potentiostatic holds (-0.5 V and -1.8 V) that were used for
analyzing the plating potentials of the calcium symmetric cell. Following the potentiostatic holds,
the gold electrodes were analyzed with XRD and SEM/EDX. Figure 5.4a,b shows the ex situ XRD
study performed on the gold working electrodes. The established reflections for gold are 38°,
44.4°, 64.7° and 77.8°. All other reflections are from the deposition of materials onto the surface
from plating with KPFs electrolyte. Three phases were observed from the plating potential at -0.5
V including Ca, P20s and residual KPFs. The calcium reflection is observed at 28.27°. The P20s
phase reflections are at 17.27° and 35°. The residual KPFe on the gold electrode surface is indicated

by the reflections at 19.8°, 20° and 20.2°. The plating at -1.8 V produced the same potassium and
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potassium difluorodiphosphate phases that were observed with the calcium symmetric cell. A
potassium phase reflection is observed at 28.8° while the K2P2OsF2 phase is outlined by reflections
at 19.6°,20.9°,26.1°,30.3° and 31.4°. To verify that all activity from the potentiostatic holds were
strictly plating behavior, a linear stability window experiment was performed. (Figure SI 5.3) The
KPFs electrolyte remained stable with the gold electrode up to 4V, confirming that no side
reactions are occurring on the gold electrode.

Figure 4c is the SEM/EDX analysis performed on the gold working electrodes post-plating. The
calcium, oxygen, fluorine, phosphorus, and potassium atomic signals were recorded to be 2.2%,
15.59%, 15.45%, 1.09% and 3.2%, respectively. The phosphorus, potassium and fluorine signals
would account for the residual KPFs on the electrode. The remaining calcium signal would be due
to the plating of calcium metal onto the gold electrode. The morphology of the deposited materials
at-0.5 V is characterized as small globules. When analyzed with an EDX point spectra, the globule
was found to have a calcium atomic signal of 42%, confirming that the composition of the plated
calcium is calcium metal. When the plating potential of the KPFs system was increased to -1.8 V,
the SEM/EDX analysis revealed a potassium atomic signal increase from 3.2% at -0.5 V to 15.97%
at -1.8 V. The signals for calcium, oxygen, fluorine, and phosphorus were reported to be 0.41%,
38.59%, 8.3%, and 1.38%, respectively. Additionally, the deposition of potassium on the gold
working electrode surface also had more of a fractal pattern to it. When comparing the current
densities from the two plating potentials, the -0.5 V plating achieved a steady current density of
0.00015 mA/cm? while the -1.8 V plating had a current density of 0.112 mA/cm?. The difference
between current densities are orders of magnitude apart from one another and consequently

produce plated materials with drastically different morphologies.!
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Figure 5.5 - In situ EIS of calcium electrodes during galvanostatic cycling. a) Nyquist plot from
in situ EIS b) Hybrid SEI resistance from in situ EIS. Inset in (b) is equivalent circuit for SEI
resistance

To maintain such low overpotentials throughout the course of plating and stripping, the SEI itself
should have low resistance. The resistance of the SEI was studied through the use of in situ EIS
where the impedance of the SEI was studied as a function of cycling. The first 10 cycles of plating
and stripping were studied on the calcium electrode surfaces and the resulting Nyquist plot is
shown in Figure 5.5a. The full scale of the Nyquist plot can be found in Figure SI 5.4. An
equivalent circuit was used to determine the SEI resistance, the schematic of which is the inset of
Figure 5.5b. The circuit includes an inductor which accounts for impedance at high frequencies.
The first resistor in the circuit accounts for the bulk resistance of the electrode. Following the first
resistor, the first parallel circuit describes the interfacial resistance and the second parallel circuit
models the charge transfer. A Warburg element was also included in the equivalent circuit.3?-3
Figure 5b summarizes the SEI resistance over the course of cycling with the KPFs electrolyte
between the calcium symmetric cell. The SEI resistance increased to above 1800 Q on the first
cycles of testing, consistent with the formation of the SEI on the calcium electrode surface.

Following the formation of the SEI, the resistances decreased to 800 Q by cycle 8. The plating
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resistance during testing was larger than the stripping resistance. This is consistent with the cycling
behavior since the plating SEI would have a thicker layer and therefore a higher resistance. The
decrease of the SEI resistance over subsequent cycles would indicate an increase in ionic
conductivity.®> This increase in ionic conductivity is also observed as the evolution of the plating
plateau at -0.2 V during the calcium symmetric cell plating and stripping experiment. (Figure 5.1a).
The overpotentials and capacities at the -0.2 V plateau increase over the lifetime of testing,
consistent with the maximum current response observed in the cyclic voltammetry. The resistance

of the SEI stabilized at the end of cycling, indicating the formation and retention of a stable SEI

layer.
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Figure 5.6 - Raman analysis of electrolyte a) Gaussian fits of PFe interactions in KPFs electrolyte
(pristine) b) Gaussian fits of PFe interactions in KPFs electrolyte (cycled)

The last component analyzed was the KPF¢ EC/DMC/EMC electrolyte. A transference number
experiment was performed on a pristine electrolyte sample using protocols previously described.!”
20 The transference number of the electrolyte was reported to be 0.101. (Figure SI 5.5) This value
is consistent with other findings on the transference number of other potassium electrolytes.?” The
low value of the transference number was indicative that the majority of ion movement is
accomplished by the PFs™ anion. Focusing on the PF¢ anion interactions, Figure 5.6a shows the
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native electrolyte as analyzed under Raman spectroscopy. The results from peak deconvolution
reveal a contact-ion pair existing at 748 cm'.38 This contact ion pair interaction was understood to
be the interaction between K™ and PFs™ ions. Additionally, peaks are observed at 734, 739 and 744
cm’!. The peaks at 739 and 744 are identified as symmetric PFs stretching and are consistent with
the interactions of anions with the different solvents.?*-*? The 734 cm! peak has been identified as
the C-C bond in ethylene carbonate.*! Following 20 plating and stripping cycles in a symmetric
cell, there is a shift of several peaks to higher wavenumbers. The peak at 735 cm™! is the C-C bond
in ethylene carbonate. Peaks observed at 738, 742 and 746 cm™! are interactions of the PFs™ anion
with the solvents of the electrolyte.3**4? The peak shift to 750 cm™! is a contact ion pair that forms
between the PFs anion and the uptake of calcium into the electrolyte.**** These shifts in
wavenumbers outline how the continued plating and stripping with the hybrid SEI also produces
compositional changes in the electrolyte, creating a dual ion system for plating and stripping.
Previous research efforts mixing Li(BH4) and Ca(BHa4)2 as a dual ion electrolyte promoted
conversion of the Ca(BHa4)2 into ionic clusters that were more electrochemically favorable for
plating and stripping.*> Similar effects are observed with the evolution of capacities at 0.2 V over
the course of cycling. While calcium plating does occur at both 0.2 and 1.8 V overpotentials, the
redox activity benchmarked at 0.2 V was determined to be predominantly calcium plating and the
1.8 V overpotential was predominantly potassium. The increase of the capacity at 0.2 V
overpotentials reflects the compositional change of the electrolyte and how it translates to
increased redox activity at that potential. Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) was performed 70 hours into plating and stripping with a symmetric cell. The results from

the analysis revealed a calcium concentration of 0.004 M in the cycled electrolyte. As cycling of

148



the cell would continue, increase of the calcium concentration in the electrolyte would be expected

with the increased electrochemical activity at 0.2 V.

5.4 Conclusion

We have shown successful plating and stripping with calcium metal electrodes using a native
potassium electrolyte while maintaining overpotentials at 2 V. The SEI formed from the
galvanostatic cycling plates and strips both calcium and potassium, as observed with XRD, FTIR
and EDX. The SEI formed on the calcium electrodes is influenced by the two regions of plating
and stripping behavior with Ca, CaF2 and P20s phases forming at the 0.2 V overpotential and
K2P20s5F2 and K phases forming at 1.8 V. The SEI also has a mixture of permanent and transient
phases with K and K2P20sF2 being removed after stripping while CaF2 and P2Os remain. The
uptake of calcium into the KPFs electrolyte over the course of cycling transition the conducting
media to a dual ion system that increases the availability of calcium. The compositional changes
to the electrolyte and low interfacial resistance of the SEI allow for increased plating and stripping
of calcium and is most notable with the increased capacities at 0.2 V. This work provides
demonstration that potassium electrolytes provide similar benefits to the plating and stripping of
calcium that has been observed with sodium electrolytes. While the plating and stripping behavior
of sodium electrolytes is more concise with all redox activity being observed at a single
overpotential, the potassium electrolytes develop an SEI through a more multi-step behavior.
Future opportunities with this work can be explored with understanding the dynamics that lead to
the development of two distinct regions of redox activity. Other features of this hybrid system that
need to be addressed are strategies to lower the overpotentials from 1.8 V. Optimizing the
electrolyte to function at 0.2 V is essential for more substantial calcium cycling and for the system

to serve as an alternative to such electrolytes such as Ca(BHa4)2 in THF. One such optimization that
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needs to be explored is different salt and solvent combinations. Another aspect of this hybrid SEI
that needs further investigation is lifetime testing of the potassium electrolyte with higher current

densities and capacities.
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Supplemental Information
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Figure SI 5.1 — Plating and stripping Ca//Ca symmetric cell with dedicated calcium reference
electrode
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Figure SI 5.2 - XRD of pristine and pressed calcium pellets
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK
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6.1 Conclusions

The aim of this dissertation was to: (i) experimentally evaluate the electrochemical activity of
transition metal oxide cathodes for calcium-ion batteries (ii) track their structural changes as a
function of cycling and (iii) develop an SEI for calcium metal that allows for calcium cycling while
mitigating the formation of a passivation layer. In this dissertation, post-spinel cathodes of
CaFe;0s4 and CaMn20s were successfully synthesized and evaluated. Their structural
developments were tracked with an in situ cell in addition to ex situ characterization methods.
Evaluation of the CaMn204 was found to be a promising cathode for calcium-ion batteries while
CaFe204 was identified to be a cathode of limited redox activity. Additionally, a hybrid SEI system
was explored using a potassium electrolyte. This approach resulted in successfully plating and
stripping with calcium electrodes and avoiding the continuous increase of overpotentials that exist
with native calcium electrolytes. These findings provide further insight into the field of calcium-
ion batteries and calcium-metal batteries.

An in situ cell for operando XRD characterization was designed, fabricated, and validated with
lithium-ion battery chemistry. LiCoO2 was cycled with a lithium metal anode and the structural
changes to the electrode were tracked over cycling. A capacity of 32 mAh/g was cycled with the
cathode and structural changes to the LiCoO2 were in agreement with previous studies. Glassy
carbon was validated as an effective XRD window with the in situ cell. Further optimizations to
the work would focus on optimizing the amount of active material in the freestanding electrode to
achieve better capacities. This optimization is equally applicable to the CaMn204 and CaFe204
cathodes that were analyzed with the in situ cell.

CaMn204 was successfully synthesized and evaluated as a cathode for calcium-ion batteries. The
charging of the electrode and structural characterization of it provides important insights into the
intercalation chemistry of the post-spinel. Structural changes to the cathode were tracked with in
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situ XRD measurements and ex situ techniques. The electrochemical activity of the cathode was
further validated by comparing the experimental XRD data to theoretical XRD patterns generated
from DFT calculations. The cathode itself was subject to changes in its crystal symmetry during
charging from conversion chemistry and disproportionation reactions. Additional changes in
crystal symmetry are a result of Jahn-Teller distortions. Using a c-rate of C/200, a total capacity
of 100 mAh/g was charged from the CaMn20sa. It is also important to note that all electrochemical
experiments were performed at room temperature. Future work on the cathode can include
improving the amount of active material in the cathode to achieve better capacities along with
charging the cathode at elevated temperatures for improving diffusion kinetics. This work on
CaMn204 provides an important baseline for the performance of the cathode and serves as
motivation for continued exploration of this post-spinel in its use as a calcium-ion cathode.
CaFe204 post-spinel was also evaluated as a cathode for calcium-ion batteries. The work
performed in this dissertation serves as an experimental validation of the limitations that were
expected of CaFe204 from DFT calculations. Theoretical work on this post-spinel concluded the
diffusion barrier would not allow for considerable capacity cycling. Even with the use of a slower
c-rates on the cathode, minimal structural changes to the cathode were observed with the only
notable change being from the intensity increase of (103) lattice planes. The work on CaFe204
establishes a negative result for this transition metal oxide in its role as a cathode for calcium-ion
batteries.

The use of KPFs as a salt for calcium-metal batteries was effective in developing a hybrid SEI on
calcium metal electrodes and achieving plating and stripping overpotentials below 2 V. The phases
formed on the calcium electrode SEI were a composite of calcium, calcium fluoride, phosphorus

pentoxide and difluorodiphosphate. Additional characterizations confirmed the uptake of calcium
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into the electrolyte as more calcium was plated and stripped throughout the course of cycling. This
result demonstrates that potassium has a similar capability to sodium in forming a hybrid SEI that
allows for the cycling of calcium while mitigating the continued formation of passivation layers
that are present in native calcium electrolytes. This work is an important step towards the
implementation of calcium metal anodes and achieving high energy densities with calcium
batteries. Future efforts with this work should focus on understanding the development of two

distinct regions of redox activity in addition to exploring different salt and solvent combinations.

6.2 Future Work

Regarding the work on cathodes for calcium-ion batteries, CaMn204 post-spinel was a cathode
that exhibited promising electrochemical activity. However, some limitations that exist with this
cathode are the high diffusion barrier of 1.8 eV, limited capacities, and the phase instabilities that
exist from calcium extraction due to Jahn-Teller distortions.[!? These limitations were evident
with the changes of crystal symmetry that occurred because of charging along with the need to use
small c-rates to extract larger capacities of calcium from the host structure.

There are several strategies that can be implemented for improving the electrochemical
performance of the studied cathodes including the processing of cathodes into single crystals and
controlling the fugacities of oxygen within the post-spinels. The use of polycrystalline materials
in an electrode is common with batteries. However, polycrystalline electrodes eventually form
microcracks that ultimately become grain boundaries and other defects that impact the durability
and lifetime of the electrode.>*] The use of single crystal electrodes has already been studied with
lithium-ion batteries and has yielded higher capacities along with improved mechanical and

thermal stabilities.[*®! Processing single crystal calcium cathodes has the potential to increase the
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operating voltage and capacities of calcium batteries while also providing structural stability that
improves the lifetime of the battery. Additional efforts to engineer more favorable cathode
performance include controlling the fugacity of oxygen to design vacancies within the crystal
structure of the electrode. The use of oxygen vacancies within an electrode not only changes the
oxidation state of the transition metal used within the cathode, but also creates new diffusion
pathways for calcium to migrate through. Designing such atomic defects within manganese oxide
cathodes has reported capacities of 130 mAh/g at room temperature and holds similar potential
with other transition metal oxides.[”#!

Other doping strategies include alloying CaMn204 with other transition metals to address the high
migration barrier of 1.8 eV and facilitate larger capacity cycling by changing the crystal structure
of the post-spinel. Three variants of post-spinel crystal structures exist: CaFe2Os-type, CaMn20s-
type and CaTi2Os-type.’! DFT calculations on simulating cation mobility through post-spinel
structures have found the CaFe20as-type crystal structure to possess the lowest diffusion barrier.[?!
Based on the theoretical evaluations of the post-spinels, better cathode performance for calcium-
ion batteries could be achieved if the oxidation states of manganese that enable intercalation
chemistry could be combined with the favorable crystal structure of CaFe2O4. Efforts at alloying
iron and manganese have already been performed and other studies concluding the preferable
diffusion of cations into the CaFe:Os-type spinel have been established with other battery
chemistries.[10-14]

The addition of iron to a CaMn204-type post-spinel structure reorients the crystal structure from
CaMn204 to CaFe204 while retaining manganese as the dominant transition metal in the structure.
The addition of iron to the crystal structure will not only lower the diffusion barrier from 1.8 eV,

but also serve to stabilize manganese in high spin configurations and mitigate Jahn-Teller
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distortions as calcium is cycled through the electrode. This alloying effort represents the next step
in the exploration of cathodes for calcium-ion batteries and an initial synthesis of the alloyed

structure has already been performed and verified.

6.2.1 Synthesis of Cao.csMn1.4Feo.c04

Materials
Calcium Nitrate Tetrahydrate (Ca(NO3)2 - 4H20), Manganese Nitrate Hydrate (Mn(NO3)2 - xH20),

Iron (IIT) Nitrate Nonahydrate (Fe(NO3)3 - 9H20), and Glycine were purchased from Sigma-

Aldrich, USA, and used as received.

Synthesis

Cao.ssMn1.4Fe0.604 was synthesized using an auto-combustion synthesis.['3! 7 mmol of Ca(NO3)2,
14 mmol of Mn(NO3)2 and 6 mmol of Fe(NO3)3 were dissolved and mixed together with a total
volume of water approximately 25 mL. Following the mixture of all nitrates, 2.1g of glycine was
added to the mixture. The glycine was added in quantity to maintain a glycine/metal molar ratio
of 2. This would ensure optimum cation chelation. Once the glycine was added to the mixture, the
solution was transferred to a beaker and placed on a hot plate, heating it at 100°C. The heating of
the solution would cause excess water to evaporate and induce polycondensation of glycine. The
beaker was then covered with a 1 L glass beaker to contain the auto-combustion reaction and
ensure the containment of the ashes. The temperature of the hot plate was incrementally increased
to 250°C for the auto-combustion reaction. Once completed, the ashes were placed in a box furnace

and heated to 850°C for 12 hours to obtain the alloyed calcium manganese iron oxide.

163



Results

The resulting alloyed structure was analyzed under X-ray diffraction (XRD) using Highscore plus
software.['>] The synthesized Cao.s6Mni.4Feo604 was compared to literature values and analyzed
with Rietveld refinement.l'®!7] The results from the analysis confirm the phase of the synthesized
product to be the alloyed calcium manganese iron oxide. (Figure 6.1) The space group of the
calcium manganese oxide successfully has a CaFe204-type post-spinel structure with Pnma. The
lattice parameters of the post-spinel were refined to be a = 9.099943 A, b =2.883023 A and ¢ =

10.958590 A.

Intensity (a.u.)
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Figure 6.1 - XRD of synthesized Cao.ssMni.4Feo.cO4

Following the successful synthesis of the alloyed structure, future efforts will be aimed at
processing the raw materials into an electrode and cycling the electrode with an activated carbon
counter electrode in Ca(TFSI)2 in DME. The preferable crystal structure of CaFe204 post-spinel is

expected to facilitate with faster capacity cycling, and the alloying of iron with manganese, from
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theoretical calculations, will help mitigate the phase transitions that occur from Jahn-Teller

distortions that are experienced with pure CaMn204 electrodes.?!
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