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ABSTRACT OF THE DISSERTATION
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An intercalation reaction is the most commonly utilized redox reaction scheme for
commercial Li-ion batteries (LIBs) due to minimized crystal deformation during the

redox reaction. However, to meet the growing demands for large-scale energy storage
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criteria, low cost and high energy density, other reaction schemes need to be explored. In
order to fully utilize the new schemes, mechanistic understanding of the respective
materials is crucial. A relaxation phenomenon facilitates the mechanistic understanding
because it inspects both kinetic and thermodynamic products of the reaction.

MIL-101(Fe), a MOF material is applied to study the relaxation phenomenon.
MIL-101(Fe) demonstrates a unique rate dependent rechargeability. Through X-ray
absorption spectroscopy and electronic state calculation, a Kinetically stable product and
thermodynamically stable product of MIL-101(Fe) are proposed. Kinetically, Fe** is
reduced upon reduction, however, due to thermodynamic stability, the Fe?* self oxidizes
back to Fe*" after relaxation. This work demonstrates relaxation phenomenon on the
molecular level.

Zn electrode is one of the conversion materials with high energy density, yet Zn
electrode lacks rechargeability due to the zincate ion formation during oxidation reaction.
The zincate ions dissolve into electrolyte making the Zn electrode not rechargeable. One
of the ways to overcome this issue is incorporating Bi,O3 as a composite additive. We
have added the Bi,O; additive and identified a comprehensive role of the Bi,O3. Through
electron microscopy coupled with energy dispersed X-ray spectroscopy and X-ray
photoelectron spectroscopy, we have discovered that the ZnO and Bi,O3; form an
intermediate phase that allows zincate ions to deposit and retain ZnO on the electrode
surface. This work demonstrates relaxation phenomenon on the particle level.

Understanding the relaxation phenomenon upon redox reactions distinguishes the
kinetic and thermodynamic products. The findings in this dissertation provide more

comprehensive methods to identify the energy storage mechanism. MnQO; is one of the

XiX



low-cost, environmentally benign, and promising material for energy storage system. A
preliminary Mn?* deposition test suggested that Bi,O; addition can adhere Mn?*. Based
on the knowledge gained through relaxation characterization, a series of characterizations

and methods to improve MnO, aqueous energy storage system are proposed.
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Chapter 1. Introduction

1.1. Li-ion batteries and intercalation reaction

Power generation on a grid-scale is a complicated system in which various power
generating methods are available. A large-scale energy storage system provides
substantial benefits to an electric power grid.! Without the energy storage system
accompanying the power generation, constant high power must be generated most of the
time. Since the consumers’ need for the power fluctuates throughout the day, excess
power is generated that can be wasted without the energy storage system. The load
leveling is to store and utilize the excess energy when needed (Figure 1.1).? Currently,
less than 2.5% of the total electric power delivered in the United States uses energy
storage system (Figure 1.2).% 3 The need for the large-scale energy storage system is
evident. As an energy storage device, the pumped hydroelectric system is the dominant
system, however, it suffers from a geometric constraint. In addition, the pumped
hydroelectricity has the efficiency of 75-80%.* To gain flexible installation with higher
efficiency, electrical energy storage system (EESS) is favored. While hydroelectricity
stores the energy in a form of displacement and converts it to electricity, the EESS stores
the energy in the form of electricity. Energy stored in the EESS can be directly utilized in

the grid.
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Figure 1.1. Consumer energy demands (load profile) over a 24 h period. The figure on
the left shows a typical application of energy storage. While other intermediate
applications exist, arguably, the ultimate goal of energy storage is load leveling as shown
on the right.>®
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Figure 1.2. The worldwide distribution of electricity production in 2011 (on the left). The
national reliance for electricity production as of 2010 (on the right).> %’

Li-ion battery (LIB) is a device that stores electrical energy to power various
portable electronics. Figure 1.3 illustrates the operating mechanisms of LIB. LIB consists
of a cathode and an anode electrode separated by a separator with an electrolyte.® The
energy is stored in a form of electrons. When the electron migrates from one electrode to
the other, this creates reduction reaction and oxidation reaction in each electrode. Among
various redox reactions, intercalation reaction is one of the most popular and stable

reaction schemes for the LIBs.®* In the intercalation reaction, electrons migrate through



an external circuit and Li* ions migrate in the same direction through the electrolyte. In
order to have a stable retention over prolonged cycles, the electrode materials that hold
the electrons and the ions must be stable throughout the redox reaction. During charge,
the electrons and the ions migrate from cathode to anode. During discharge, the electrons
and ions migrate from anode to cathode. The amount of the migration per cell, per mass,
per volume, or per surface area represents the amount of energy stored in a respective
unit. Maximizing the amount of migration boosts the energy density, yet it needs to be
carefully done. Excessive migration can jeopardize the stability of the electrode materials

and lead to degradation in the prolonged cycle stability.*?
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Figure 1.3. Schematic representation and operating principles of Li batteries.?

Optimizing the amount of migration and the stability is vital in achieving the

commercial LIB cells. Among numerous candidates, three forms of metal oxides are



currently popular as commercial materials (Figure 1.4). Firstly, LiCoO, is a layered
material. Li has a two-dimensional diffusion pathway. This layered material can extract
half a mole of Li reversibly.*** Further extraction causes a major crystal deformation
that is irreversible. Secondly, LiMn,O, is a spinel material.™ *® Li has a three-
dimensional diffusion pathway. This spinel material can extract all the Li reversibly.
However, it lacks electrical conductivity compared to that of the LiCoO,. The lack of
electrical conductivity hinders the electron migration. Lastly, LiFePO, is an olivine
material. The Li has one-dimensional diffusion pathway.'” ' Although this olivine
material has lowest electrical conductivity, it is very stable and can synthesize extremely
small particles with high surface area to dramatically shorten the Li diffusion length. As a
result, LiFePO,4 is mostly known for high power applications. High power applications
require the materials to maintain a high voltage at a high current density or rate of

electron and the ion migration.

Figure 1.4. Structures of the conventional intercalation based cathode materials. (a)
Layer, (b) spinel, and (c) olivine structure (green: Li-ions; pink: TM-ions; blue: P-ions)

1.2. Metal-organic frameworks as L 1B material



Rechargeable LIBs are essential in developing smartphones, laptop computers,
and many other technologies including grid energy storage.’® However, the materials
used in commercial LIBs are far too expensive and energy intensive for large-scale grid
storage applications.’®# For example, layered oxide cathode materials are costly because
they require a high-temperature synthesis process and contain expensive transition metals
such as Co.?*? Often times, these cathode materials are synthesized at around 1000 °C
for several hours. Synthesizing at such a high temperature over a long period of time
requires high energy. Even if the battery materials can save energy by storing and
releasing energy when necessary, the amount of energy to make such a material is high,
the net save can be sacrificed. Furthermore, the energy efficiency dramatically reduces as
the utilizing temperature increases because of heat dissipation (Figure 1.5). The cost of
synthesizing the active material can be greatly lowered reduced if the synthesis
temperature decreases. In order to reduce the cost of LIBs for grid-scale applications,
metal-organic framework (MOF) cathode materials could be applied. MOF materials
offer several advantages with respect to other porous materials owing to their flexible
synthetic routes, low-temperature synthesis, and comparatively inexpensive precursor

materials.?’
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MOFs represent a relatively new class of porous materials assembled from two
main components: an inorganic secondary building unit (SBU) and an organic linker
(Figure 1.6).® * The SBUs are generally comprised of transition metal ions or small
metal clusters, while the organic linkers include a wide range of molecules, such as
dicarboxylates, with 1, 4-benzene dicarboxylic acid (H,bdc) which are most commonly
used ligands.** In LIB, the MOFs have been applied as active electrode materials,
separator, and solid-state electrolyte. The MOFs have micro channels of high porosity,
which can be functionalized via pre-synthetic methods and post-synthetic methods.
Especially, when the channel is functionalized with a strong dielectric group, this can
bridge the Li" ion and facilitate Li* diffusion. Due to this functionality, MOFs have been
utilized as a separator and solid-state electrolyte. The advantage of such applications is
safety. The commercial LIB cells utilize organic electrolyte. The molecules utilized for
the electrolyte are highly flammable. Utilizing inflammable MOF allows one to fabricate

a safe battery.
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Figure 1.6. Lattice structures (middle), corresponding SBUs (metal nodes; left), and
organic linkers (right) of the MOFs discussed in this review. (Atom definition: blue —
metal, red — oxygen, purple — nitrogen, grey — carbon, and green — chlorine.).*

In terms of MOFs’ use as an active electrode material, the Zn,0(4,4',4"-benzene-
1,3,5-triyl-tri-benzoate), (MOF-177) is the first MOF to be studied as a host for a lithium
insertion.®® Unfortunately, MOF-177 does not exhibit good electrochemical reversibility.
Shortly after this initial study, two Fe**-based MOFs — Fe(OH)ogFo2(bdc) (MIL-53(Fe))
and FeOH(bdc) (MIL-68(Fe), MIL = Materials of Institut Lavoisier) — were synthesized

and tested as battery materials.** * MIL-53(Fe) exhibits good electrochemical

reversibility and is superior to MIL-68(Fe).***> However, the synthesis of MIL-53(Fe)



requires HF, which limits its potential as a large-scale grid storage battery material. To
avoid the use of HF, MIL-101(Fe) can be chosen as an electrode candidate.
1.3. Conversion reaction

Conversion reaction in the energy storage system is a type of redox reaction.
Unlike intercalation where the reaction intercalates Li in and out of a host structure
without significantly altering the host crystal structure, conversion reaction completely
alters the host crystal structure (Figure 1.7). Intercalating Li without significantly
altering the host structure limits the amount of Li available for intercalation.®® ¥
Removing or inserting too much Li leads to significant structural degradation. The
amount of available Li intercalation depends on crystal structural Li sites and transition
metal stable oxidation states.® Due to these two reasons, the amount of intercalation
reactions is often limited to one or less electron per molecular formula. On the other hand,
the conversion reactions utilize two or more electron per molecular formula. As a result,
the conversion reactions have more than twice the capacity compared to that of the

intercalation reactions.*® However, this excessive amount of redox reaction brings out the

complete reconstruction of the crystal structure.
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Figure 1.7. Anodes and anode reactions in Li-ion batteries: (a) Insertion reactions, (b)
Conversion reactions. M = transition metal.**

The intercalation reaction dominates the commercial LIB market because this
reaction minimizes the phase transformation and has high rechargeability. Conversion
reaction, on the other hand, maximizes the energy density by entirely transforming the
crystal phases of the active material.** This reconstruction leads to significant volume

changes and accompanies a polarization. The volume change in the electrode materials is
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unfavorable because this can lead to electrical disconnect.”**®> Most of the redox-active
electrode materials lack electrical conduction. In order to achieve maximum redox
activity, electrons must be able to move easily. A conductive additive is added as a
composite additive to enhance the electrical conduction. When the electrode materials
expand and contract, the electrical connection can be lost, losing redox active particles.
Furthermore, when the active materials undergo a crystal reconstruction, the reaction
involves nucleation of new materials. For example, CuF; reacts to Li to form Cu and
LiF.*“ Lithiation causes the nucleation of Cu and LiF and delithiation leads to the
nucleation of CuF,. Since nucleation has high activation energy, this causes polarization.
The polarization appears as significant voltage hysteresis between charge and
discharge.*
1.4. Aqueous battery

LIBs have become the alternative energy supply for portable devices.™ They have
excellent energy density and cyclability because the electrode materials host Li* without
significantly changing its crystal structure.” Despite the superior advantages of the LIB’s
performance, it still suffers from the high fabrication cost and safety issues.® The
commercial LIB system makes use of organic electrolytes that are stable in wide voltage
window. Beck and Ruetschi highlighted the “Three E criteria; energy, economics, and
environment to determine the suitable energy storage system.>’ Utilizing the organic
electrolyte allows the batteries to produce high power and energy from its high voltage.
However, the organic electrolytes are expensive because they require high purity and are

sensitive towards moisture.>” Furthermore, such electrolytes are flammable, raising safety
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concerns. Replacing the organic electrolyte with aqueous electrolyte can drastically

reduce the cost of the battery and eliminate the safety concern from flammability.>®

Large scale EESS is essential for using electricity. In pursuing such EESS,
lowering the cost of the battery is vital. To reach this goal, this dissertation has explored
two novel chemistries: MIL-101(Fe) and Zn + Bi,O3 composite. Both kinetically stable
and thermodynamically stable products must be understood to probe the mechanism. A
phenomenon that relates these two products is relaxation. The aim of this thesis is to

provide methods and comprehension to identify and modify the relaxation phenomenon.

Chapter 1, in part, is a reprint of the material “MIL-101(Fe) as a lithium-ion
battery electrode material_ a relaxation and intercalation mechanism during lithium
insertion” as it appears in the Journal of the Material Chemistry A, Jaewook Shin, M.
Kim, J. Cirera, S. H. Chen, G. Halder, T. A. Yersak, F. Paesani, S. M. Cohen and Y. S.
Meng, 2015, 3, 4738. The dissertation author was the primary investigator and author of

this paper.

Chapter 1, in part, is currently being prepared for submission for publication of
the material “Manganese Based Oxides as Electrode Materials in Energy Storage Devices:

A Review” The dissertation author was the primary investigator and author of this paper.


http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf
http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf
http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf

Chapter 2. Relaxation phenomenon in energy storage materials

Until recently, the relaxation phenomenon was mainly described with the IR or
voltage drop; a simple electrochemical polarization.>® >> During electrochemical bias,
especially when a value of current is flowing in one direction, the electrochemical
polarization can be observed in various magnitudes. Upon the absence of the current,
over a certain period of time, the polarization dissipates as seen by the open circuit
voltage. The voltage represents potential difference and has thermodynamic meaning.
Observing the voltage provides information in the thermodynamic state of the materials
in an electrochemical cell. The electrochemical polarization is representative of the
kinetically favored products. After the dissipation of the polarization, the voltage
represents the thermodynamically stable products. This dissipation is what is understood
as the relaxation phenomenon.>” %

2.1. Relaxation in intercalation reaction

As predominant cathode materials in lithium ion battery systems utilizing the
intercalation reaction, the relaxation phenomenon is described as it is related to the
intercalation. As mentioned earlier, the intercalation reaction is a reaction in which the
electron and cation diffuse in and out of the host material.** When electrochemical bias is
applied, the diffusions start to occur. Since the electron diffusion is significantly faster
than the ion diffusion, the active material may not have an even distribution of the cation
throughout the particle.®® For instance, LiMn,O, spinel phase can be delithiated by the

current bias (Figure 2.1). During the current bias, Li is diffused out starting from the

surface.”® ® The Li diffusion in the core follows with a lag. Due to this lag, during the

13
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intermediate period, Mn,O, spinel phase forms on the surface and LiMn,O,4 remains in
the core. During the intermediate, even if the overall chemical composition is closer to
LiMnO, than the MnOy, the voltage is that of the MnO,4.%* When the current bias stops,
the Li further diffuses and distributes evenly or thermodynamically. This distribution is
the relaxation phenomenon for the intercalation reaction. The voltage at the end of this

relaxation represents thermodynamically stable state of the active materials.®?

Discharge Charge

Figure 2.1. Crystal structure of LiMn,0O4 (left) and A-MnO, or Mn,Q, spinel (right) after
Li has been either etched or diffused out.

Researchers have made strides in improving the electrochemical performance of
the LIB electrodes with relaxation phenomenon. For instance, in commercial devices,
batteries are charged at a constant current constant voltage (CCCV) step (Figure 2.2).
This is an electrochemical charging procedure in which the high current is initially
applied to a certain voltage and once the target voltage is reached, the voltage is kept for
a longer period of time to charge the cell more at lower current. LiCoO,, layered structure,
is one of the most commonly used active cathode material in commercial LIB cells. If

one-mole amount of Li is extracted out of LiCoO,, the capacity is 274 mAh g™. However,
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when too much Li is extracted out of the layered structure, the crystal deforms into Co,05
phase.®® This phase does not have good vacant sites for Li to intercalate. In order to
maintain the electrode integrity, the Co,03 phase needs to be prevented.®* One of the
easiest ways to prevent this phase from forming is monitoring the voltage. Since C0,0;
phase begins at high voltage above 4.3 V vs. Li/Li*, a common charging practice is to
apply constant current and stop the constant current once the cell voltage reaches 4.3 V vs.
Li/Li*.®>® During the charging step, the active material is being delithiated. However, if
the charging simply stops once the voltage reaches the target, due to polarization, Li
distribution is not homogeneous. On the surface, the active particle is on the verge of
undergoing the unwanted phase transformation. However, in the core, the Li
concentration is higher. To maximize the amount of Li extraction without forming the
unwanted phase on the surface, a constant voltage step is commonly added. After a high
constant current charge, a constant voltage charge step maintains the thermodynamic
stability of the active material, maximize the use of the active material, and shorten the

charging time due to the initial high constant current step.
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Figure 2.2. A voltage profile of an electrochemical cycling using the CCCV charge step.

2.2. Relaxation in conversion reaction

The understanding of the relaxation phenomenon in the conventional LIB cathode
materials has allowed the scientists to leap forward in EESS performance. In order to
progress further, unconventional LIB electrode materials need to be explored. Conversion
type materials are attractive due to their high energy density.*” Their bottleneck is the
lack of rechargeability associated with the large crystal deformation. NiF, is one of the
conversion materials. NiF, reacts with Li to form Ni and LiF. Upon lithiating NiF;, NiF;
diffraction pattern disappears and Ni and LiF diffraction patterns are observed (Figure

2.3).%° During this reaction, the NiF, is dissociated into Ni** and F" ions. The Ni*" ion
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reduces to form Ni metal and F reaction with Li* to form LiF. The problem with this
reaction is that Ni metal does not generate the same sized particle as the pristine NiF;
particle. When the pristine NiF, particle is microsized, the resulting Ni metal is
nanosized.®® Furthermore, in the prolonged cycles, the Ni metal particle size becomes
even smaller. There are two drawbacks associated with this process. When the particle
size of the active material is changing, the electrical connections in the electrode are
compromised. Some active particles may completely lose the electrical connection,
making them electrochemically inactive.”” ™ The other drawback is the dissociation of
Ni?* ions. When the ions are dissociated, they are dissolved in the electrolyte. Some
reduce into Ni metal on the surface of the electrode, but others diffuse away from the
electrode surface. The ions diffused away are reduced because they do not receive
electrons for the reduction reaction. They may even diffuse to the other electrode and

precipitate there. In both cases, the Ni** ions are inactivated.
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Thermodynamically, NiF, reacting with Li should make Ni metal and LiF.
Kinetically, when the NiF, electrode starts to reduce, Ni** dissolves into the electrolyte.
Through relaxation, Ni?* is reduced into Ni metal on the electrode surface. One of the
keys for successful integrating conversion materials into the commercial LIB cells lies in
the relaxation process. If Ni** dissolution is either prevented or better controlled, the loss
of active material and the severe volume change would be alleviated. One of the methods
to improve the electrochemical performance of NiF, is adding a functional additive.
When NiO is added to the NiF, electrode, the electrochemical cycling performance is
enhanced. This resulted in a stable Ni metal size throughout the prolonged cycle (Figure
2.4)."" The comprehensive mechanism of the role of NiO in the NiF; electrode is still
unclear, but further exploration of the relaxation phenomenon will pave the way for

advancement in energy density of commercial LIBs.
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Figure 2.4. Schematics |Ilustrat|ng possible reaction mechanisms involving the change in
Ni metal particle size variation for (a) pristine NiF, conversion electrode and (b) NiO-
doped NiF, conversion electrode.”™
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Chapter 2, in part, is currently being prepared for submission for publication of
the material “Manganese Based Oxides as Electrode Materials in Energy Storage Devices:

A Review” The dissertation author was the primary investigator and author of this paper.



Chapter 3. Advanced characterization tools

Throughout the LIB research for this dissertation, by and large, there are three
forms of characterization techniques involved: diffraction, imaging, and spectroscopy. In
any form of characterization tools, there are sources, samples, and detectors. All three
components of a tool are complimentary and variations of these components dictate the
resulting analysis. It is imperative to decide proper tools to observe a respective
phenomenon.

3.1. Diffraction

Incident light, electron, or neutron is generated from the source and interact with
the sample. Diffraction detects bending of the incident source through the sample via the
elastic interference. This utilizes the constructive and destructive wave-like behavior of
the source going through the sample (Figure 3.1).”% When a set of waves goes through
slits, constructive or destructive interactions are observed depending on the position of
the detector. The destructive interactions cause the reduction or absence of signal and
constructive interactions generate signals. Depending on the atom arrangement or the

crystal structure, the diffraction results demonstrate the crystal structure of the sample.”

21
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(100)

Figure 3.1. Top: Photon diffracting off of a 100 lattice. Bottom: The X-ray
diffractometer. Where 20 is the angle in which the photon diffracts out of a lattice
plane.”

There can be two forms of samples in diffraction techniques. Single crystal
samples generate a diffraction pattern of one crystal. The source goes through the sample
projects diffraction pattern onto the 2D screen of detectors.’* Spots of signals on the

detectors represent the presence of lattice planes. The magnitude of the distance at the

center of the detector screen to the signal signifies lattice distance. The closer distance
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refers to the further lattice distance.” The angular location of the signal refers to the
specific lattice of the crystal. These diffraction results obtained from the single crystal
form of samples can be used to define the crystal structure whereas powder samples are
mixtures of crystals. Instead of a 2D patterned signal, rings of signals are observed and
the lattice distance can be distinguished without specific lattice. Thus, with the powdered
sample, the exact crystal is harder to solve.”® ”" Since 2D pattern does not exist in PXRD,
one detector with a variable angle or an arc of detectors is adapted to measure the
diffraction pattern rather than using a screen detector.

There are three sources for the diffraction characterization. A most commonly
implemented X-ray diffraction (XRD) utilizes photons in the X-ray wavelength range.
Single crystal X-ray diffraction (SCXRD) can solve the exact crystal structure and it
needs single crystal samples of at least 100 pum sized particles.”® Powder X-ray diffraction
(PXRD) gives an idea of the crystal structure and it uses samples of any size above about
10 nm. Since most of the battery materials are a few micro-sized or less, the PXRD is the
most suitable diffraction tool.” Another commonly utilized source of diffraction is an
electron. Electron diffraction (ED) is an add-on tool for a transmission electron
microscope (TEM).2® Compared to photons, electrons interact with the sample
significantly more due to a charge. Thus the sample thickness needs to be very thin (>100
nm) to obtain enough elastically interfered electrons. Single crystal electron diffraction is
easy to obtain due to the thickness requirement, however figuring the crystal structure is
not as easy because it is difficult to tilt the sample and obtain diffraction patterns in
different angles. Neutron diffraction (ND) is another source, which utilizes neutrons but

is not as frequently used. While X-ray interacts with the electron, the neutron interacts
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with the nucleus. Hydrogen in a sample lacks electron due to its bonding environment.®*
% Thus, XRD cannot be used to identify the hydrogen or proton arrangement. ND is the
only form of diffraction that identifies the hydrogen arrangement. A downside of ND is
its lack of interaction, thus requiring almost 10 g of electrode material sample, which is
difficult to obtain in a research scale.
3.2. Imaging

Unlike diffraction techniques, X-ray and neutron sourced imaging techniques are
still under development other than electron sourced imaging techniques. In terms of
electrons as the source, sets of magnets are used to focus the source. The focused
electrons interact with the sample in various ways. The electron source is focused into a
coherent incident beam towards the sample (Figure 3.2). Upon interaction with the
sample, the secondary electrons from the sample and incoherent elastic backscattered
electrons are scattered out of the sample other than electron sourced imaging techniques.
Scanning electron microscopy (SEM) techniques detect these electrons.®? ¥89 On the
other hand, if the sample is thin (<100 nm), there are forward scattering electrons going
through the sample. Some electrons have no interaction as a direct beam coming through
the sample. Other electrons with interaction are coherent elastic scattered electrons,
incoherent inelastic scattered electrons, and incoherent elastic forward scattered electrons.
The technique detecting these forward scattered electrons going through the thin sample
is called TEM.** %! TEM detects the electrons that are not transmitted but scattered in the

forward direction.
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Figure 3.2. Coherent electron beam interactions with the sample.

Neutron sourced microscopy technique is underdeveloped because the interaction
between the nucleus and the sample is scarce. However, it penetrates through a thick
sample.” The penetration depth with the photon sourced microscopy techniques depends
on the wavelength. The optical microscope uses photons in the optical range and these
techniques are well developed.***® Due to low energy of the photon, only surface
properties are observed. X-ray sourced microscopy techniques, on the other hand, uses X-
ray ranged photons.’” ® For X-rays similar to diffraction, the source mainly uses a
monochromator. Since the X-ray has higher energy than an optical photon, it penetrates
deeper.

3.3. Spectroscopy

An atom is composed of a nucleus and electrons. The electron density is
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determined around a nucleus in shells of energy levels (Figure 3.3). More stable energy
level shells are located closer to the nucleus. The electrons in the outer most shell is least
stable and these are valence electrons; The electrons in the inner shells are called core-
shell electrons. In spectroscopy, an incident source inelastically interacts with the
electron of the sample.***® Depending on the energy state of the incident source, the
energy state of the electron, the detector, and extra information can be obtained. More
stable electrons require higher energy to excite compared to the electrons in higher
energy levels. When a core-shell electron is excited by the incident source, the core-shell
electron gets ejected out to the vacuum. All electrons have their respective signature
excitation energy depending on the number of protons and electrons in the atom.
Spectroscopy is used to identify elements, their oxidation states, and/or their chemical

environment.%*
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Figure 3.3. A Nucleus with electron shells bombarded with an incident X-ray.

3.3.1. X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) is a spectroscopy technique, which utilizes
a tunable X-ray beam as a source. To be able to tune the X-ray and provide a high flux of
photons, synchrotron facilities are built to supply the radiation sources.'®® The most
common elements to use XAS to detect and characterize is the first row transition metals
because these transition metals have their K shell energy within the hard X-ray range.
The hard X-ray range is about 2000 - 10,000 eV. Above 10,000 eV photons are closer to
the gamma ray that has more complicated interactions.’®® Below 2000 eV photons are
soft X-rays, which is less common than the hard XAS owing to more experimental
constraints.’® With the soft XAS, the sample thickness has to be small to obtain the
transmission data because the X-ray has significantly lower energy than the hard X-

ray.'® If the sample is too thick, fluorescence can be detected for the similar effect, but
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the scattering fluorescence has low intensity and only provides the surface information.
X-ray photoelectron spectroscopy (XPS) is more developed and a suitable technique that
does not require synchrotron radiation and delivers similar information. One of the main
advantages of soft XAS over XPS is the fact that the samples do not have to be in a
vacuum for soft XAS.

For the XAS, the source is supplied from the synchrotron radiation. The energy of
source is tuned using a double slit monochromator via the diffraction phenomenon
(Figure 3.4). When the energy of the source reaches the excitation energy of the core-
shell electron, sudden increase in absorption is observed during the source tuning.%**%
Due to the absorption, the amount of X-ray transmitted through the sample decreases at a
certain energy level. The energy of this sudden absorption is called the edge. The edge

signifies the energy of the excited electron. As mentioned above, this edge is specific to

an element and its oxidation state.

Monochromater

Synchrotron/
Bending Magnet

Detector
| Transmitted X-ray (I,)

hv Fluorescence X-ray ﬂ
(1)

Z-1/
Detector

Figure 3.4. A simplified schematic diagram of a bending magnet XAS facility.

Upon the electron excitation, an electron hole in the core-shell is generated as
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well as an ejected electron in the vacuum out of the valence shell. Due to the hole, an
electron from a higher energy state enters the core-shell and fills that hole.***** Since the
core-shell electrons are at lower energy state, the energy difference between the core-
shell and the electron in the vacuum is scattered as a form of a photon. This scattering
photon is called the fluorescence (Figure 3.5). For XAS, the photon energy is in the X-

ray range.'%

hv Fluorescence X-ray

(I2)

kI
m

n
Vacuum
Figure 3.5. An atom with a core-shell hole filled with an electron from the vacuum while

emitting a fluorescence X-ray.

When the fluorescence X-ray is emitted due to the relaxation of the hole and the
electron of the vacuum, the fluorescence interacts with the surrounding atoms. The
interactions cause constructive and destructive interactions among the fluorescence X-ray

(Figure 3.6). Thus, depending on the scattering factor of the surrounding atoms and the



30

radial location of the surrounding atoms with respect to the center excited atom, the
intensity of the fluorescence out of the sample varies.'® In addition, due to the fact that
the source has a tunable energy, as the energy of the incident X-ray increases, the

interaction between the incident X-ray and the fluorescence X-ray varies as well.

@) Atom of interest
() Neighboring atom

O Wave of photoelectron

Incident X-ray (o)

Figure 3.6. The wave of photoelectron and the fluorescence from the center atom
interacting with the surrounding atoms.

At the moment where the edge is observed, a sudden spike of a signal is observed.
Near this edge, the set of data in this region is called X-ray absorption near edge
spectrum (XANES) (Figure 3.7). The energy of the absorption edge and the immediate
fluctuation of a signal caused by the photoelectron interaction between the center atom
and surrounding atoms are included in the XANES.*™ Typically, this region is

qualitatively compared among samples because quantitatively simulating the



31

photoelectron interaction among atoms requires first principles calculations with high
computing power. The set of data after the XANES region to the next several hundreds of
eV is called extended X-ray absorption fine structure (EXAFS) region. This region
mainly contains the fluctuations from the photoelectron interaction. Because EXAFS is

mostly governed by the Hook’s law, this region is quantitatively analyzed.

XAMES EXAFS
+—p- 4 >

Absorbance

Eo

Energy

Figure 3.7. A typical XAS spectrum.*®

From the raw data, the spectrum is removed from the background and normalized
(Figure 3.8). Performing EXAFS analysis is more involved. However, it can be
quantitatively analyzed more easily. The below equation dominates the EXAFS signal:'%°

x(kK) = Yixi(k) Equation 3.1.

with
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xi (k) = (%sin@km + @;(k)) exp(—207k?) exp (—ZRi/A(k)> Equation 3.2.

and

R; = Ry + AR Equation 3.3.
where, F;(Kk) is effective scattering amplitude, ¢;(k) is effective scattering phase shift,
A(k) is mean free path, R, is initial path length, N; is a degeneracy of path, S3 is a
passive electron reduction factor, o7 is mean squared displacement, and AR is the change
in half-path length. First, upon background removal, an x-axis is rescaled into k scale.

The rescale is as follows: '

2 me (E— Eo)

2 _
ke = v

Equation 3.4.

where m, is the mass of the electron, E, is the threshold energy, and h? is the Planck’s
constant. Because the EXAFS signal is inherently sinusoidal, to analyze the data
qualitatively as well as quantitatively, the EXAFS signal is Fourier transformed. Upon
Fourier transformation, the x-axis represents radial path length from the central atom. The
signal observed in the Fourier transformed EXAFS represents the neighboring atom.

Depending on the scattering pathway, various signals can be found.
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Figure 3.8. Top: XANES after background removal and normalization. Middle: k
weighed EXAFS region. Bottom: Fourier transformed EXAFS region.

Most common detector utilized in the XAS measurement is the ion detector. The
ion detector chamber is filled with a designated amount of selective gas molecules.

Detector sensitivity is controlled by the gas filled chamber. When the X-ray interacts with
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the gas molecules in the chamber, the gas molecule becomes ionized and gets collected
by the electrodes placed inside the chamber. The amount of electron collected due to this
process is counted from the detector and represented as the signal. A transmission mode
is the most popular method to detect the XAS signal. This is a mode where the detector is
placed directly behind the sample. This detector detects the amount of X-ray transmitting

through the sample. The data are plotted using the following equation:
Intensity = logi—1 Equation 3.5.
0

where, I, is the amount of incident X-ray and I; is the amount of transmitted X-ray
through the sample. Another popular way to measure XAS is a fluorescence mode.
Instead of the detector behind the sample, the sample is placed perpendicular to the
incident X-ray and the sample is tilted 45° to maximize the signal sent to the fluorescence
detector. While the fluorescence mode adopts the same ion detector as the transmission
mode, a Z-1 filter is used to avoid the fluorescence signal from saturating the detector.
Other modes of detection are called electron yield modes. Total electron yield mode and
partial electron yield mode both detect photoelectron coming out of the sample as a form
of current. Unlike the bulk transmission and fluorescence modes, these electron yield
modes are surface sensitive due to the electron’s mean free pathway.** ! The difference
between the two electron yield modes is that the total electron counts any electron
coming out of the sample whereas the partial electron only counts the photoelectrons of a
certain energy. Since the partial electron yield mode is more selective, this mode is more
surface sensitive.

3.3.2. X-ray photoelectron spectroscopy
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XPS is also an X-ray spectroscopy technique similar to XAS. Unlike the XAS,
where the spectrum is measured in the ambient environment, XPS is obtained when the
sample is in the ultra-high vacuum (UHV) environment."#**> This difference derives
from the fact that the XPS measures the photoelectrons coming out of the sample.
Because the photoelectrons have a short mean free path, the sample is under UHV to
maximize the travel distance. The detector uses an energy analyzer to identify the energy
of the photoelectron to classify the chemical state of the sample. Similar to the electron
yield modes of XAS, XPS is surface sensitive experiments but due to the detector further
away, the detection is most surface sensitive.!*#*1°

Instead of a tunable X-ray source for XAS, XPS’s source has constant energy.
The detectors in XAS often do not discriminate the energy of the X-ray or photoelectron
of detection. In XPS, however, the detected photoelectron is usually energy analyzed and
the detector in XPS detects the kinetic energy of the photoelectron. However, the kinetic
energy is not as meaningful as the binding energy of the photoelectron. The equation to

express the binding energy is as follows: ™

Epinding = Ephoton — (Ekinetic + ¢) Equation 3.6.
where, Epinging 1S the binding energy of the photoelectron, Eppoc0n is the energy of the
source, Eyinetic 1S the Kinetic energy of the photoelectron, and ¢ is the adjustable
instrumental correction. Most of the XPS instruments internally operate the above
equation to present the binding energy.*#**°
One of the issues with measuring the photoelectron is the presence of Auger

effect. The Auger effect is a phenomenon in which the inner-shell electron is filling the

core-shell hole and ejecting another inner-shell electron as a photoelectron. Since the
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XPS only measures the kinetic energy, the instrument cannot distinguish the Auger
electrons from the core-shell electrons. Sometimes, these Auger electrons is convoluted
with the core-shell electron signals. In this case, the Auger electron is moved by utilizing
a different X-ray source. Al k, (1486.7 eV) is the most common source of XPS. When
the Auger complicates the spectra analysis, Mg k, (1253.7 eV) is used as the alternative
X-ray source occasionally.”*™* Since the alternative has lower energy, the Auger
appears in lower binding energy. As the core-shell photoelectron is dependent on the
energy of the X-ray source, the Auger electron is independent of the X-ray source.
3.3.3. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is an electron based spectroscopy
technique. It is an add-on for the TEM instrument especially for the scanning
transmission electron microscope (STEM).*¢2° STEM focuses the electron source to a
small spot on the sample and scans the sample to obtain the image rather than obtaining
an image from a wide electron focus. STEM allows us to focus on a certain spot and
collect localized spectral information. Similar to XPS, the electron source has a constant
energy and the transmitted electron is energy analyzed. However, Auger effect is less
since the detecting electron is closer to the transmission mode XAS, unlike XPS. The
transmitted electron is detected rather than the photoelectron emitted from the sample.
3.4. Ex-situ, in-situ, and operando experiment

Aside from choosing the characterization tools, the way to set up the
characterization is just as important. Especially for studying a component of a device, a
simple pristine, as-synthesized, or as-prepared characterization is not enough to fully

comprehend the relaxation phenomenon.'? 22 The characterization needs to be
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conducted with respect to the device operation.'”® The material stability or the
deformation from the operation can be assessed this way. Especially in energy storage
devices, the redox reaction is pushed to the boundary of instability. After the device
operation, oxidation state, and/or crystal structure are altered. Ex situ setting is where the
device is assembled and disassembled after the device operation, which is a most benign
setting for the instrument. Regardless of the device configuration, the sample is prepared
in the most suitable way for the instrumental measurement. However, this setting may not
perfectly simulate the material inside the device as the energy storage device has
electrode materials immersed in the electrolyte.’? Essentially, ex situ setting takes the
sample out of its operation environment to meet the instrumental requirement. In situ, on
the other hand, alters both the device and the instrument to meet halfway.’***?” The
material is kept in the operation environment to ensure that the collected data represent
the material after the device operation properly. Lastly, operando setting is similar to in
situ but the instrumental measurement is conducted during the device operation.*® There
is a complication such as a device performance decay from applying two different
perturbations. However, operando ensures that the data obtained has the kinetically stable
product. The other two do not have the kinetically stable products due to the time

between the device operation and the sample measurement.



Chapter 4. MIL-101(Fe) as a lithium-ion battery electrode material_ a relaxation

and intercalation mechanism during lithium insertion

4.1. Introduction

Rechargeable Li-ion batteries are essential for the development of
smartphones, laptop computers, and many other technologies including grid energy
storage.™® The materials used in commercial Li-ion batteries are far too expensive and
energy intensive for large-scale grid storage applications.**? For example, layered oxide
cathode materials are costly because they require a high temperature synthesis process
and contain expensive transition metals like C0.?**® In order to reduce the cost of Li-ion
batteries for grid scale applications, metal-organic framework (MOF) cathode materials
could be utilized. MOF materials offer several advantages with respect to other porous
materials because of their flexible synthetic routes, low temperature synthesis, and
comparatively inexpensive precursor materials.?’ MIL-101(Fe) was chosen as an
electrode candidate. The MIL-101(Fe) SBU is composed of a carboxylate-bridged, oxo-
centered, trinuclear Fe** complex (Figure 4.1.a). This particular SBU complex is a well-
known motif in inorganic chemistry, and its electron density distribution, magnetic, and
electrochemical properties have been previously reported.*?*** The theoretical capacity

of the material with one lithium insertion per Fe atom is 107.74 mAh g™.
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Figure 4.1. Structure of MIL-101(Fe). a) The SBU (blue, Fe; red, O; stick, C; green, Cl;
H is omitted for clarity). b) The windows and pores of MIL-101(Fe) with Cl and O atoms
omitted for clarity.

Using PXRD and XAS, we find that MIL-101(Fe) undergoes structurally

reversible intercalation reactions, with the Fe*/Fe”* redox couple being
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electrochemically active. However, in long term cycling, we observe an exponential
decay in reversible lithium insertion capacity. To evaluate the irreversibility associated
with MIL-101(Fe), ex-situ and in-operando XAS experiments are conducted. The two
types of XAS results reveal Fe®" relaxation back to the pristine Fe**. To rationalize this
phenomenon, electronic structure calculations were conducted to model the side reactions
responsible for the lack of reversibility. We propose that the observed Fe*" to Fe*
relaxation promotes irreversible accumulation of lithium in MIL-101(Fe), which leads to
the poor capacity retention.
4.2. Experimental and Computational Methods
MIL-101(Fe) preparation

MIL-101(Fe) was prepared by using a modified procedure.** Equimolar (0.346
mmol) FeCl3-5H,0 (Sigma Aldrich) and H,bdc (Sigma Aldrich) were dissolved in 15 mL
N,N-dimethyl formamide (DMF, Alfa Aesar). This solution was then heated to 150 °C for
15 min via microwave irradiation (CEM discover S-class microwave reactor). After
cooling to room temperature, the particles were filtered and washed with 20 mL of DMF
and methanol.™®" After washing, the product was dried to evacuate water molecules
trapped in the pores. Water can deteriorate the quality of battery electrolyte. Drying was
performed at 150 °C under vacuum for 3 h. After the drying process, the product was
transferred into a dry glove box (MBraun) filled with high purity Argon (Ar) without
exposure to air (Figure 4.2). The MIL-101(Fe) H,O sample is the MIL-101(Fe) electrode
exposed in air. The MIL-101(Fe) DMC sample is the MIL-101(Fe) electrode soaked in

DMC. The magnetic susceptibility is zero field cooled and temperature sweep was done
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in 2 K/min rate and in 5000 Oe. A shift in the magnetic susceptibility is observed and

signifies the change in coordination environment of Fe from H,O to DMC.

—— MIL-101(Fe) H,0
— MIL-101(Fe) DMC

v (emu/g)

0 50 100 150 200 250 300

Temperature (K)
Figure 4.2. Magnetic susceptibility plot of MIL-101(Fe) with H,O vs. DMC.

Electrochemical testing

Unless otherwise noted, electrochemical cells were constructed using Swagelok
cells with 0.5 inches diameter stainless steel rods as the current collector. Following a
previously outlined procedure,™*? assembly was conducted in an Ar filled glove box with
Li metal foil (Sigma Aldrich) used as the counter electrode, Whatman GF/D borosilicate
glass fiber sheets used as the separators, and 1 M LiPFg in 1:1 (by weight) ethylene
carbonate:dimethyl carbonate (EC:DMC) (BASF, 1.6 PPM of water) used as the

electrolyte. The working electrodes were prepared by ball milling (Retsch PM 100)
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carbon black (Super-P (SP), Timcal) and MIL-101(Fe) powders in a weight ratio of 3:7,
respectively. Specifically, 100 mg total of the powder was milled at 100 rpm for 10 min
in a 50 mL agate (Retsch Part # 01.462.0139) jar with a ball to powder weight ratio of
120:1, respectively. Cells were cycled under galvanostatic conditions at room
temperature using an Arbin BT 2100 battery tester between the voltages of 2.0 and 3.5 V
(versus Li*/Li) at rates of C/60, C/40, C/20, and C/10. Theoretical capacity was
calculated assuming the complete one electron redox reaction of the Fe®**/Fe*" redox
couple.
Powder X-ray Diffraction (PXRD)

Cycled MIL-101(Fe) material used in the PXRD was prepared at a rate of C/40.
After cycling was complete, the electrode was recovered from the disassembled
Swagelok cell and washed with dimethyl carbonate (DMC). Upon drying in Ar
environment, the sample was placed inside a kapton capillary tube and sealed with epoxy
glue. Ex situ synchrotron powder diffraction experiments were performed using the
monochromated X-rays (0.6661 A, 300 um diameter beam size) available at the 1-BM
beamline of the Advance Photon (Argonne National Laboratory). The samples were
sealed in 0.9 mm diameter polyimide capillaries. Diffraction data were collected using a
Perkin-Elmer flat panel area detector (XRD 1621 CN3-EHS) over the d-spacing range 1-
50 A . The raw images were processed within Fit-2D,?% % refining the sample-to-detector
distance and tilt of the detector relative to the beam based on the data obtained for a LaBg
standard.

X-ray Absorption Spectroscopy
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In-operando XAS was performed at the Stanford Synchrotron Radiation
Lightsource (SSRL) using the fluorescence mode of beamline 4-1. The in-operando
battery was assembled using a custom designed coin cell with Cirlex film (Fralock) as the
X-ray transparent window and cycled at a rate of C/20 during in-operando XAS
measurements. Transmission mode ex-situ XAS experiments were performed at APS 9-
BM. Electrode samples were prepared as outlined above for the PXRD samples. After
drying, the sample was sealed between two layers of Kapton tape (KaptonTape.com). For
both experiments, the XANES (X-ray Absorption Near Edge Spectroscopy) region
normalization and the EXAFS (Extended X-ray Absorption Fine Structure) region
Fourier transformation were done using Athena software.? The extracted EXAFS signals
v(K), were weighted by k’ to emphasize the high-energy oscillations and the signals were
then Fourier-transformed in a k-range of 2.0 ~ 10.0 A™ (in-operando) or 2.0 ~ 9.0 A*
(ex-situ). During the Fourier-transform, a Hanning termination window with a dk value of
1 was utilized to obtain the magnitude plots of the EXAFS spectra in an R-space (A ).
Computational methods

All calculations were performed with Gaussian 09 (Rev C.01) using the hybrid
B3LYP functional with a 107® convergence criterion for the elements of the density
matrix.”® The fully optimized contracted triple- all-electron Gaussian basis set developed
by Ahlrichs and co-workers was employed for all atoms, with the addition of polarization

functions for Fe.'®

Vibrational analysis was performed for all the optimized structures,
and the corresponding harmonic frequencies were used to estimate the thermodynamic
quantities. The MIL-101(Fe) secondary building unit was properly modeled for

computational efficiency (Figure 4.3). The different spin topologies were modeled using
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the fragments option, which allows the definition of specific electronic structures for each
metal center. The broken-symmetry solutions were spin-projected by using Equation 4.1,
were J is the exchange coupling constant, Egs is the energy of the broken symmetry state,
Eys is the energy of the highest spin state, < S? >gg is the spin expected value of the
total spin for the broken symmetry, and < S? >, is the spin expected value of the total

spin for the highest spin state,

2(E - E ) Equation 4.1.
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Figure 4.3. a) Trimer and b) TrimerDMC model used for the Gibbs free energy
calculation. There are three Fe per model but there are only two different Fe
environments as Fe2 and Fe3 are degenerate. Iron, oxygen, carbon, and hydrogen atoms
are colored blue, red, grey, and white, respectively.

4.3. Results
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Figure 4.4 presents the electrochemical performance of MIL-101(Fe) electrodes
versus Li counter electrodes. Upon initial lithiation (Figure 4.4), it was found that MIL-
101(Fe) accommodates 0.62 Li/Fe. Compared to previous reports, this value is similar to
that of MIL-53(Fe) (~0.62 Li/Fe) and higher than that of MIL-68(Fe) (~0.35 Li/Fe).
However, MIL-101(Fe) achieves this value at a higher voltage cutoff of 2.0 V (1.5 V
cutoff for MIL-53(Fe) and MIL-68(Fe)). The initial Coulombic efficiency for MIL-
101(Fe) is 79%, which is lower than the value previously reported for MIL-53(Fe) (~97%)
but close to that measured for MIL-68(Fe) (~79%). Due to this irreversibility, MIL-
101(Fe) exhibits poor capacity retention and accommodates only 0.37 Li/Fe by the 5"

cycle.
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Figure 4.4. Results of galvanostatically cycling MIL-101(Fe) electrodes versus a Li
counter electrode. First five voltage profiles at a rate of C/40.
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To characterize the electrochemistry of MIL-101(Fe), we studied the differential
capacity (dQ/dV) of the first 5 cycles (Figure 4.5). During the first cycle, we observed
five distinct reduction peaks at 2.99, 2.59, 2.42, 2.27, and 2.13 V as well as two distinct
oxidation peaks at 2.87 and 3.00 V. Multiple peaks are expected because MIL-101(Fe)
has a complex SBU structure with several different Li insertion sites. A previous
computational study found that MIL-53(Fe) has at least two distinct sites available for Li
insertion.”> A set of ex-situ XAS data suggests that at least two different reactions
occurred upon lithiation of MIL-101(Fe) (Figure 4.6 and Figure 4.7). Exact assignment
of redox peaks to particular lithiation sites is best left to computational studies beyond the
scope of this work. In the subsequent cycles, the 2.42 V reduction peak and the 2.87 V
oxidation peak increased in intensity while all other peaks reduced in intensity. With
extended cycling, it was observed that all oxidation and reduction peaks decreased in
intensity (Figure 4.8). It is noted that the 2.99 V and 2.59 V reductive peaks fade at much
different rates. A different rate of degradation indicates that the observed irreversibility

MIL-101(Fe) may be associated with a particular Li insertion site.
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Figure 4.5. Results of galvanostatically cycling MIL-101(Fe) electrodes versus a Li

counter electrode. Differential capacity (dQ/dV) of the first 5 cycles at a rate of C/40.
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Figure 4.6. XANES region of the MIL-101(Fe)'s ex-situ XAS results at pristine state,
lithiation to 2.5 V, lithiation to 2.0 V, and delithiation to 3.5 V.
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Figure 4.7. Fourier transformed EXAFS region of the MIL-101(Fe)'s ex-situ XAS results

at pristine state, lithiation to 2.5 V, lithiation to 2.0 V, and delithiation to 3.5 V.
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Figure 4.8. dQ/dV plot of the 5™ to 10" cycles at a C/40 rate. Both reductive peaks and
oxidative peaks decrease continuously.
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In order to study how the rate of lithiation/de-lithiation affects reversibility, MIL-
101(Fe) cells were cycled for 30 cycles at rates of C/60, C/40, C/20, and C/10 (Figure
4.9). Initially, faster rates were associated with lower degrees of lithiation; however, with
extended cycling the cells cycled at faster rates exhibited better capacity retention than
the cells cycled at slower rates. Specifically, the C/60 cell delivered a 30™ cycle discharge
capacity of only 0.1 Li/Fe while the C/10 cell delivered a 30" cycle discharge of 0.2
Li/Fe. The C/10 cell delivered a higher 30™ cycle discharge capacity in spite of
accommodating the least amount of lithium on the first cycle. This result clearly indicated

that there is a stability issue with the lithiated state of MOF.
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Figure 4.9. Results of galvanostatically cycling MIL-101(Fe) electrodes versus a Li
counter electrode. Cyclic capacity of MIL-101(Fe) electrodes at a variety of different C-
rates.
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To further investigate the dependency that the rate has upon capacity retention,
we studied how incorporating an open-circuit voltage rest into the cycling protocol
affects the reversibility of lithium extraction. After being discharged at a rate of C/20, the
MIL-101(Fe) cells were rested for 0, 10, 20, 50, or 72 hours and then charged at a rate of
C/20. Figure 4.10 it shows that the percentage of lithium extracted was dependent upon
the duration of the rest step. If no rest step was included in the cycling protocol, then the
Coulombic efficiency was 73%. However, the Coulombic efficiency was only 23% after
a rest of 72 hours. This experiment indicates that lithiated MIL-101(Fe) suffers from an

irreversible relaxation mechanism that reduces reversibility.
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Figure 4.10. Results of galvanostatically cycling MIL-101(Fe) electrodes versus a Li
counter electrode. First cycle Coulombic efficiency of MIL-101(Fe) electrodes which
were rested between discharge (C/20) and charge (C/20) for different amounts of time.
Coulombic efficiency decreases as the rest time is increased.
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Like many battery materials, MOFs tend to undergo a conversion reaction if
lithiated beyond a certain point. Very often this conversion reaction is irreversible. In the
case of MOFs, if the Fe®* is reduced beyond a certain point, this results in the
disintegration of the material structure.™® % Synchrotron PXRD was utilized in order to
determine if any significant structural changes occur during cycling which could account
for MIL-101(Fe) poor reversibility (Figure 4.11). A simulated PXRD pattern of MIL-
101(Cr) was utilized as a reference.?® MIL-101(Fe) shows some minor secondary phase
peaks that are related to irreversible SP decomposition in the electrochemical cell. In
addition, a reversible change in intensity was observed for some peaks including the (022)
peak. These changes in intensity are attributed to solvent molecules intercalating along
with the Li*. Further discussions regarding the secondary phases and the intensities
changes are described in the Supporting Information. Most importantly, the irreversible
changes in the diffraction patterns were only related to the secondary phase, suggesting
that MIL-101(Fe) was stable during cycling and that the poor capacity retention was not

due to disintegration of the framework.



52

022

Pristine

Intensity (A.U.)

MIL-101(Cr) Simluated

BT VYRS VI IR S
10 15 20 25 30 35

d-spacing (A) (» = 0.6161 A)
Figure 4.11. Synchrotron PXRD patterns for MIL-101(Fe) prior to cycling (red), after
lithiation (blue), and after de-lithiation (green). Patterns are compared to a simulated
pattern of the MIL-101(Cr) analogue structure. Red lines indicate peaks that show a
reversible change in intensity.

In-operando XAS of the Fe K-edge was used to characterize the short range
structural changes occurring in MIL-101(Fe) during a full lithiation/de-lithiation cycle at
a rate of C/20. In the XAS experiment, MIL-101(Fe) only achieved an initial discharge
capacity of 0.3 Li/Fe, whereas in the C/20 experiment without the beam, (Figure 4.9)
MIL-101(Fe) could achieve an initial discharge capacity of 0.57 Li/Fe at the same rate.
We suspect that irradiation of the sample during the in-operando XAS measurement
contributed to a lower lithium insertion capacity.?” ?® Figure 4.12.a presents a contour
plot of the XANES region with respect to measurement time where it is observed that the
Fe K-edge shifts to lower binding energy during lithiation and then reversibly shifts back

to its pristine binding energy upon de-lithiation. A shift to a lower binding energy during
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lithiation is consistent with the reduction of Fe** to a mixed valence state of Fe** and Fe®".
Upon de-lithiation, the mixed valence state is oxidized back to Fe**. Because the binding
energy shift is reversible, in-operando XAS also does not explain the poor capacity

retention of MIL-101(Fe) (Figure 4.10).
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Figure 4.12. In-operando and ex-situ XANES of MIL-101(Fe). a) Voltage profile with
respect to the in-operando XAS scanning time. b) The contour plot of the in-operando
XAS XANES region versus time indicates a reversible change in the Fe oxidation state.
Unlike the in-operando XAS or PXRD experiments, the results of our ex-situ
XAS experiment help describe the time dependent capacity fade mechanism. Figure 4.13
presents a comparison between the in-operando and ex-situ XANES spectra of MIL-

101(Fe) in its pristine, lithiated, and de-lithiated states. The time between electrode

preparation and ex-situ XAS measurement was 3-4 days. Our first observation was that
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the spectra intensities near the Fe K-edge were always lower for the in-operando samples.
This can be explained by the fact that the in-operando samples were thicker than the ex-
situ samples such that more signal was lost to self absorption.” **More importantly, the
K-edge of the lithiated ex-situ sample did not shift to a lower binding energy as it did for
the lithiated in-operando sample. This result indicates that the Fe**/Fe?* mixed valence
state formed upon lithiation is not stable over longer times. For this reason, the Fe**/Fe?*

mixed valence state can be observed only using in-operando XAS.
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Figure 4.13. Comparison of the in-operando (red) and ex-situ (black) XAS XANES

spectra. The Fe K-edge of the ex-situ lithiated sample does not shift to a lower binding
energy that indicates the presence of a time dependent fade mechanism.

A contour plot of the in-operando XAS experiment Fourier transformed EXAFS

spectra is provided in Figure 4.14. The Fourier transform of the EXAFS region is
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correlated to the radial distribution of nearest neighbor atoms about Fe. The nearest
neighbor atoms for Fe are observed at approximately 1.5 A . In the pristine state, the three
Fe ions of the SBU are coordinated with 17 O and one Cl nearest neighbor. The intensity
of the spectrum at 1.5 A decreases upon lithiation and then increases again upon de-
lithiation. We attribute the variability of intensity to a reversible change in the
coordination environment of the nearest neighbors. CI” ions are known to be labile*! and
scatter X-rays more intensely than O ions. With this in mind, it may be possible that for
each Fe, one O atom from an electrolyte solvent molecule replaces CI" ion upon full

lithiation.
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Figure 4.14. Fourier transformed EXAFS region of the in-operando XAS data. a)
Voltage profile with respect to the in-operando XAS scanning time. b) Contour plot of
the EXAFS region versus time that indicates a reversible change in Fe coordination
during cycling.
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To gain further insight into the EXAFS results, electronic structure calculations
on the MIL-101(Fe) SBU were performed. A simplified SBU model (Trimer, Figure 4.3.a)
was used in the calculations. Similarly to the model provided in Figure 4.1.a, the SBU
model includes the three Fe centers, but replaces the benzene groups with methyl groups
in order to reduce the computational cost. An additional model (TrimerDMC, Figure
4.3.b) has been also investigated. In this second model, the axial Cl has been replaced by
a carboxylate group, coordinated to the Fe center via one oxygen atom from the carbonyl
group. Both models have been used to evaluate the changes in the free energy associated
with incremental reduction of the metal centers.

Because there are different reduction centers in the two models, all possible
combinations were calculated (Figure 4.15 and Table 4.1). In Figure 4.15, blue and
green dots are used to simply represent the electronic structure of Fe. The calculated free
energy of the reduced SBUs was found to be largely independent of the particular Fe
center reduced. The first electron reduction of Fe (one green dot, one Fe center reduction
Fe**/Fe*") required -3.13 eV for the Trimer model and -6.46 eV for the TrimerDMC
model. In all four cases one electron reduction is associated with a negative AG
indicating that both models strongly prefer to exist in a reduced state. These results
indicate that the reduction of the MIL-101(Fe) SBU is twice as favorable when a DMC
molecule is coordinated to the iron metal center, and that CI" coordination can slow down
the reduction process. Furthermore, the second electron reduction (2 green dots, two Fe
center reductions Fe**/Fe®") requires -3.36 eV for the Trimer model and -9.00 eV for the

TrimerDMC model. In both cases, addition of a second electron provides with further
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stabilization on the system. However, the reduced TrimerDMC model is much more
stable than the Trimer model. This allows us to conclude that substituting CI" for a DMC
molecule makes the MIL-101(Fe) MOF much more prone to a two electron reduction,
results that can be correlated with the changes in the PXRD peak intensities with cycling

(Figure 4.11).
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Figure 4.15. Gibbs free energies relative to the respective pristine state are shown for the
a) Trimer and b) TrimerDMC model and its reduced forms. Insets: Oxidation state of Fe
for the respective reduced states are illustrated in simple dots. Blue dots are Fe*" and
green dots are Fe?".
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Table 4.1. List of computation conditions and their respective results. HS has all three Fe
spins up. BS1 has only Fel spin state down. BS2 has only Fel spin state down. BS3 has
only Fel spin state down.

Reduction stat{§ Spin Statcjd Total Spin (S?) & Decontaminated Energy (keV)§d
Trimer Pristine HS -152.7917767 |63.7724 N/A

BS1 -152.7919557 [13.6159 -152.7917838

BS3 -152.7918162 |13.7084 -152.7917854
Reduce A HS -152.7949151 |56.0435 N/A

BS1 -152.7950053 |15.9146 -152.7949196

BS2 -152.7950653 |10.8916 -152.7949218

BS3 -152.7949871 [10.9323 -152.7949183
Reduce B HS -152.7949152 |56.0435 N/A

BS1 -152.7950593 |10.8878 -152.7949216

BS3 -152.7946393 |15.9733 -152.7949014
Reduce C HS -152.7951707 |48.7842 N/A

BS1 -152.7952647 (12.6672 -152.7951759

BS2 -152.7952107 |8.6362 -152.7951727

BS3 -152.7951166 |48.7854 -152.7951166
Reduce D HS -152.7951853 |12.6638 N/A

BS1 -152.7951113 (8.6112 -152.7951163

BS3 -152.7951878 |[12.7043 -152.7951205

TrimerDMC |Pristine HS -149.6101776 |63.7702 N/A

BS1 -149.6103224 |13.6399 -149.6101834

BS3 -149.6103053 |13.6504 -149.6101827
Reduce A HS -149.6166378 [56.0555 N/A

BS1 -149.6166383 |15.918 -149.6166378

BS2 -149.6167581 |10.8877 -149.6166431

BS3 -149.6167601 |10.884 -149.6166432
Reduce B HS -149.6166361 |56.0554 N/A

BS1 -149.6168128 |10.8838 -149.616644

BS3 -149.6166971 (15.9284 -149.6166392
Reduce C HS -149.6191745 |48.7758 N/A

BS1 -149.6192814 |12.6601 -149.6191804

BS2 -149.6193124 |8.6136 -149.6191813

BS3 -149.6192338 |12.6815 -149.6191778
Reduce D HS -149.6191745 |48.7758 N/A

BS1 -149.6192368 (12.6614 -149.6191779

BS3 -149.6193094 |8.6088 -149.6191812

4.4. Discussion

MIL-101(Fe) as-synthesized, has an octahedron particle morphology (Figure
4.16). The particles size range in the 2 um and less. Since MIL-101(Fe), due to the BDC
organic linkers acting as nodes, have low electrical conductivity. To compensate for the

low electrical conductivity, 30 wt% Super-P conductive carbon is mixed with the MIL-
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101(Fe). To enhance the carbon to MIL-101(Fe) contact, the two powders are ball milled
together. Here, one may be concerned that MIL-101(Fe) crystal structure may be
destroyed due to the intensive physical or mechanical energy applied during the ball
milling process. To justify that the MIL-101(Fe) crystal structure is uncompromised,
PXRD is taken after the various ball milling conditions (Figure 4.17). As expected, at
high RPM, the crystal structure does completely collapse. However, at low RPMs, 200
RPM and 100 RPM, the overall crystal structure integrity is maintained. In going forward

with the electrochemical reactions, 100 RPM condition is chosen.

g -~
. g |

£5 20" 4 {
Figure 4.16. SEM image of the as-synthesized MIL-101(Fe).
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Figure 4.17. PXRD of the MIL-101(Fe) before and after various states of ball milling
conditions.

Relaxation of Fe** to Fe** will result in the irreversible accumulation of Li* ions
in MIL-101(Fe). As more Li* ions accumulate, MIL-101(Fe) loses potential Li* ion
insertion sites and empty Li* site energy drastically increases for future cycles.
Computational work on MIL-53(Fe) supports this notion.> As the sites fill up, the energy
required for additional Li* insertion will eventually surpass the free energy of Fe*
reduction. It is the constant accumulation of Li* ions that cause the capacity of MIL-
101(Fe) to rapidly fade.

MIL-101(Fe) was lithiated with roughly 0.6 Li/Fe when discharged down to 2.0 V.
Compared to MIL-53(Fe), one of the previous MOFs which showed most promise in LIB,
MIL-101(Fe) had a higher voltage cut-off by 0.5 V. Such advancement may be due to the

fact that MIL-101(Fe) has larger pores than MIL-53(Fe). Li* can be solvated by either
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two (174.5 A*®) or four (350 A ®) DMC molecules.** Only MIL-101(Fe) has large enough
pores and pore windows to allow solvated Li* to diffuse in and out of the material
(Figure 4.1.b).

Five reduction peaks were observed in differential capacity (dQ/dV) plot (figure
4.8). In MIL-53(Fe), lithium insertion process primarily involves two reactions. The first
is a kinetically limited solid-solution reaction. The second is a two-phase reaction.** Like
MIL-53(Fe), it is expected that the lithiation of MIL-101(Fe) also proceeds with a series
of solid-solution reactions followed by a series of two phase reactions. Evidence of solid-
solution and two phase reaction are provided by ex-situ EXAFS (figure 4.7). No clear
change in Fe coordination during lithiation to 2.5 V suggests a solid solution reaction,
while a change in Fe coordination during lithiation from 2.5 V to 2.0 V suggests a two
phase reaction (Figure 4.14 and Figure 4.7).

In the PXRD results, some irreversible structural changes were observed to occur
at lower d-spacing (Figure 4.8). To further diagnose the diffraction patterns, the three
synchrotron PXRD patterns were profile matched with Fd-3m cubic symmetry (Figure
4.18, Figure 4.19, and Figure 4.20)."** Overall, the peaks matched well with some
exceptions in the lower d-spacing. Three peaks in which did not match well in the cubic
symmetry were near 9.7, 9.6, and 9.1 A. The impure peak observed near 9.7 A started to
disappear upon lithiation and completely disappeared upon de-lithiation. Comparing
PXRD result of as-synthesized material and the pristine which had been ball milled with
Super-P (SP) the conductive carbon additive, the peak near 9.7 A, was a product of ball
milling SP and the MOF together (Figure 4.21). A new peak near 9.6 and 9.1 A appeared

as 9.7 A peak disappeared. Since the ball milled SP is known to have irreversible
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electrochemical reaction, these peak can be attributed to the decomposition of SP during
electrochemical test."* Regardless of the impurities, the irreversibilities were not related

to the cubic MIL-101(Fe) framework.
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Figure 4.18. Lower d-spacing PXRD of MIL-101(Fe) at its pristine, lithiation and de-
lithiated states. Irreversible peak disappearance and appearances are labeled with "*" sign.



64

—— Simulated MIL-101(Cr) with H20 ]

a) In house MIL-101(Fe) as-synthesized 5

—— APS 1-BM MIL101(Fe)_Pristine I
—
=
<
)
=
)
o
=

d-spacing
—— Simulated MIL-101(Cr) with H20

In house MIL-101{Fe} as-synthesized
- AP S 1-BM MIL101{Fe) Pristine E

o
~

043

Intensity (A.U.)

j. B 9.0 9.5 100 105 11.0 115

d-spacing

Figure 4.19. a) PXRD comparison of MIL-101(Fe) at its as-synthesized state, electrode
(pristine) state, and simulated state. b) Lower d-spacing PXRD of a). The as-synthesized
PXRD pattern is collected using a Bruker D8 Advance diffractometer at 40 KV, 40 mA

for Cu Ka (A=1.5418 A), with scan speed of 0.1 sec/step, a step size of 0.02°in 20 and a

20 range of 1.0 to 55°. The experimental backgrounds were corrected using Jade 5.0
software package. The pristine PXRD pattern is collected from APS 1-BM using
synchrotron source as described in this paper. A secondary phase near 9.7 A d-spacing is
labeled with "*".
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Figure 4.20. a) Profile matched MIL-101(Fe) pristine synchrotron PXRD pattern. b)

Lower d-spacing PXRD of a). Regions associated with the secondary phase were
excluded from the fit.
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Figure 4.21. a) Profile matched MIL-101(Fe) lithiated synchrotron PXRD pattern. b)

Lower d-spacing PXRD of a). Regions associated with the secondary phase were
excluded from the fit.

In the higher d-spacing, there are increases in intensity for some peaks including

the (022) peak. The increased peaks reversibly decreased in intensity after the de-
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lithiation. To comprehend this phenomenon, some diffraction patterns were simulated
(Figure 4.22). A MIL-101(Cr) was simulated from the reported crystal information file
(CIF). The CIF contains oxygen atoms from solvent molecules. After deleting the oxygen
atoms from solvent molecules, PXRD pattern was simulated again. Clearly, a decrease in
intensity of (022) peak was observed for desolvated PXRD simulation. The same trend
was observed when Cr was changed to Fe. Upon lithiation, electrolyte solvent molecules
will be co-intercalating with Li*. We suspect that when the Li" are intercalating inside the
MOF, the solvent molecules will also intercalate. Therefore, the reversible peak intensity

changes are likely due to electrolyte solvent molecules intercalating in the MOF.
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Figure 4.22. a) Profile matched MIL-101(Fe) de-lithiated synchrotron PXRD pattern. b)

Lower d-spacing PXRD of a). Regions associated with the secondary phase were
excluded from the fit.
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Table 4.2. Profile matching parameters for MIL-101(Fe) synchrotron PXRD patterns.

MIL-101(Fe) | a (A) X2 Space Lamda (A) | Excluded
Group regions (A)
Pristine 89.781(3) | 1.014 Fd-3m 0.6168 ~9.5-9.7
Lithiated 89.687(3) | 2.179 Fd-3m 0.6168 ~8.8-8.9,~9.3-
9.7,~9.9-10.0
De-lithiated 89.690(2) | 0.3262 | Fd-3m 0.6168 ~8.8-8.9, ~9.3-
9.7

The main difference among the synchrotron sourced PXRD is the relative
intensity of the 022 peak (Figure 4.11). Based on the Gaussian 09 computation and the
EXAFS results, the guest molecules may be entering the pores. To test this phenomenon,
the PXRD pattern of the 022 peak is simulated with water as guest molecules within the
pores and without (Figure 4.23). It is clear that when there are guest molecules orderly
trapped inside the pores of MIL-101(Fe), the 022 peak intensity decreases. This implies
that when the MIL-101(Fe) electrode is lithiated, the guest molecules enter with the Li".

This causes the changes in relative intensity changes.
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Figure 4.23. a) Simulated PXRD patterns using solvated MIL-101(Cr), desolvated MIL-
101(Cr), solvated MIL-101(Fr), and desolvated MIL-101(Fe). b) Higher d-spacing PXRD
of a). One of the intensity changing peaks (022) is labeled with solid red line.
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Figure 4.24. Left: the crystal structure of MIL-101(Fe) without H,O guest molecules and
Right: the crystal structure of MIL-101(Fe) with H,O guest molecules used for PXRD
simulation

In addition to the in-operando EXAFS, we conducted an ex-situ EXAFS
experiment (Figure 4.6 and Figure 4.7). Ex-situ EXAFS spectra were collected after the
MIL-101(Fe) MOF electrode was reduced to 2.5 V and again after the electrode was
further reduced to 2.0 V. Although the first neighbor peak intensity was identical for the
pristine and the 2.5 V sample, there is a reduction in the first neighbor peak intensity for
the 2.0 V sample. When the electrode was oxidized back to 3.5 V, the first neighbor peak
did not completely regain intensity. The ex-situ EXAFS data thus provide further support
for our computational results suggesting that CI" ions may be irreversibly replaced by
DMC molecules in order to decrease the free energy of Fe site reduction.

A major point provided from the electronic structure calculations is the significant
difference observed in the free energy profiles associated to the changes in the axial
coordination sphere of the iron metal center. Different coordination spheres lead to

different behaviors towards reduction, thus affecting the recycling efficiency of the



72

material. The resulting electron density of the trimer and trimerDMC models (Figure
4.25). Because a ClI" ion can be more easily detached from the coordination sphere. As
observed in Figure 4.10, a longer rest time between the lithiation and de-lithiation
reduces the coulombic efficiency. This temporal effect can be associated with CI" ligand
lability. After lithiation, the CI" ligand can dissociate from the Fe center, and with longer
times, the anion can diffuse further away from the metal center. This may have
detrimental effects on the electrochemical performance since MIL-101(Fe) will not
regain its pristine structure after de-lithation. One way to try to avoid such irreversible
change is to switch CI" to F to strengthen the bond between Fe-F. However this will
require the use of HF. Other possible ways to improve the reversibility of the MIL-
101(Fe) redox would be to improve the stability of its reduced SBU. To stabilize the SBU,
one can alter the electronic structure of SBU. Many studies have demonstrated different
pathways to alter the electronic structure via ligand functionalization,**® by increasing the

conjugation on the system.? In addition, one can replace the ligands with other redox

7 26, 138, 139

active organic molecules such as benzoquinones,™’ organic radicals, or

oxocarbons. 1%
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4.5. Conclusion

In this work, the MIL-101(Fe) MOF was tested as an electrode for use in lithium
ion batteries. The redox chemistry (Fe®*/Fe**) was found to not be completely reversible.
We characterized the decay mechanism using ex-situ and in-operando XAS
measurements. The Fe®" oxidation state was not observed from ex-situ experiments. The
temporal dependency of Fe** observation indicates the importance of in-operando
experiments. The computational results indicate that significant energy differences can be
expected between the pristine and reduced forms of MIL-101(Fe). This is ascribed to the

axial ligand coordinated to the Fe** metal centers. Our study thus suggests that an



74

appropriate functionalization of the MIL-101(Fe) SBUs can improve the reversibility of
the Fe?*/Fe®" redox reaction.

Chapter 4, in part, is a reprint of the material “MIL-101(Fe) as a lithium-ion
battery electrode material_ a relaxation and intercalation mechanism during lithium
insertion” as it appears in the Journal of the Material Chemistry A, Jaewook Shin, M.
Kim, J. Cirera, S. H. Chen, G. Halder, T. A. Yersak, F. Paesani, S. M. Cohen and Y. S.
Meng, 2015, 3, 4738. The dissertation author was the primary investigator and author of

this paper.


http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf
http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf
http://smeng.ucsd.edu/wp-content/uploads/MIL-101Fe-as-a-lithium-ion-battery-electrode-material_-a-relaxation-and-intercalation-mechanism-during-lithium-insertion.pdf

Chapter 5. Relaxation of ZnO on Bismuth Species Towards Rechargeable Zn-based

Aqueous Battery

5.1. Introduction

Rechargeable or secondary batteries have become an essential part of
everyday life. A battery is the most efficient way of storing energy because it does not
need an external conversion mechanism.* While the need for a low-cost battery is rising,
LIBs dominate the secondary battery in the market even though the material synthesis for
a LIB is energy intensive and expensive.”®% LIBs utilize ceramic oxides and highly
ordered graphite, which require high temperature synthesis and organic electrolytes,
which are flammable and require expensive casing (Figure5.1).? One attractive option to
lower the cost of energy storage is to design secondary batteries with aqueous electrolyte.
Zn anodes are a promising aqueous battery material because they are nontoxic, earth
abundant, low-cost, and energy dense resource.**® Utilizing Zn anode also raises the
working voltage due to its low reduction voltage, thus applying a rechargeable Zn anode

can dramatically drop the cost of secondary batteries.***

75
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Chemical Battery Based Storage
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Figure 5.1. Comparing chemical energy storage in typically batteries using normalized
and logarithmically plotted average data.’

Zn anodes are one of the oldest electrochemical electrodes dating back to the
batteries invented by Alexssandro Volta in the 1800s, yet commercial rechargeable Zn
anode implementation is scarce because the Zn anode suffers from a critical intrinsic
issue. It has been long discovered that when Zn oxidizes (or discharges), zincate ions are
formed and relax to ZnO.*? The problem is that the zincate ions are soluble in aqueous
alkaline electrolyte. When the zincate ions are formed, the ions detach from the Zn
surface and dissolve in the electrolyte. Eventually the Zn particles lose the electrical

connections rendering the anode no longer rechargeable. As Zn anode is a promising
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anode for both alkaline batteries and the metal-air batteries, resolving the

rechargeability with Zn anode is beneficial to the field of electrical energy storage.

To overcome this issue, there are numerous reports utilizing various methods
including composite, electrolyte modification, and nanostructuring.*****® Among them,
the composite addition of Bi,O3 is notable for its simplicity and effectiveness. Some
reports show that Bi,Os significantly improves the cycling performance of the Zn anode,
however much of the literatures suggest that enhanced cycle performance is due to the
advanced electrical conductivity.®* **! Moser et al. observed Bi metal formation through
in situ powder X-ray diffraction (PXRD) and concluded that the Bi metal further
increased the conductivity.™> However, it is difficult to argue that Bi,Os is the most
effective additive to elevate the electrical conductivity. Bi,O3 exhibits p-type electronic
conductivity in room temperature, but it is heavy and not easy to obtain high surface
area.”™ Using Bi,O3 as a conductive additive makes the whole electrode too heavy
without providing much electrical connection. A more optimum choice to increase the
conductivity is to employ simple conductive carbon with high surface area. But it is
known that the benefit of Bi,O3; surpasses that of the carbon.’®® Therefore, a more
comprehensive understanding of the mechanism of a Zn and Bi,O3; composite electrode is
needed. This paper proposes that when the zincate ions are formed, the ions are deposited
onto the surface of bismuth species, which allows the Zn anode to be rechargeable. The
authors prove this with various characterizations of the composite electrode at different

states of electrochemical cycles.
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5.2. Experimental Section

Composite electrode mass ratio: For the Zn electrode without additives, Zn
(96.4 wt%) and polyvinylidene fluoride (PVDF) (3.6 wt%) was utilized. For the Zn
electrode with Super-P (SP) additive, Zn, (86.0 wt%) SP, (10.4 wt%) and polyvinylidene
fluoride (PVDF) (3.6 wt%) was utilized. For the Zn electrode with ZnO additive, Zn,
(86.0 wt%) ZnO, (10.4 wt%) and polyvinylidene fluoride (PVDF) (3.6 wt%) was utilized.
For the Zn electrode with Bi,O3; additive, Zn, (86.0 wt%) Bi,Os, (6.2 wt%) and
polyvinylidene fluoride (PVDF) (3.6 wt%) was utilized. For the Zn electrode with all the
additives, Zn, (69.4 wt%) SP, (10.4 wt%) ZnO, (10.4 wt%) Bi,O3, (6.2 wt%) and
polyvinylidene fluoride (PVDF) (3.6 wt%) was utilized. For the Ag electrode, Ag,O
(Alfa Aesar) (80.0 wt%), SP (12.0 wt%), and polyvinylidene fluoride (PVDF) (8.0 wt%)

was utilized.

Cell fabrication: All inks were prepared by first, preparing polyvinylidene
fluoride (PVDF) solution. PVDF solution is made with dissolving 1 g of PVDF (MTI,
EQ-Lib-PVDF) in 10 ml of n-methyl-2-pyrrolidone (NMP) (MTI EQ-Lib-NMP). The
PVDF was dissolved over night after vortex mixing and sonication. Then the appropriate
amount of PVDF solution was added to the composite powder. The mass ratio of the
composite powder and the PVDF is illustrated in supplementary information. The active
electrode area was 0.7 cm X 0.9 cm and the distance between the electrodes were kept at
2 mm. Electrode patterns were designed in AutoCAD (Autodesk, San Rafael, CA) and
outsourced for fabrication on stainless steel through-hole 12 inch framed stencils (Metal

Etch Services, San Marcos, CA). A conductive carbon ink (ERCON E3449) was printed
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as a carbon based current collector layer on a polyethylene terephthalate (PET) film. On
the current collector layer, the respective electrodes were printed. The printings were
performed employing an MPM-SPM semiautomatic screen printer (Speedline
Technologies, Franklin, MA). For the three-electrode cell electrochemical experiments,
the Zn electrode was taped to a glass slide in between two strips of Zn foils (Sigma-
Aldrich 356018). The two strips of Zn foils were utilized as a counter electrode and a
d. 154

reference electrode. Then the gel based electrolyte was prepared with polyacrylic aci

The electrolyte was extruded onto the three-electrodes via syringe.

Electrochemical tests: The electrochemical tests were conducted with Arbin
electrochemical cycler channels. All the electrochemical cycling tests were conducted
with galvanostatic discharge at 4 mA cm current density and constant current constant
voltage charge at 2 mA cm™ current density and constant voltage hold for 20 mins at -0.3
V vs. Zn/Zn* for three-electrode cells and 2.05 V vs. Zn/Zn?** for a full-cell. The three-
electrode cells were cycled in -0.3 - 0.4 VV Zn/Zn* range and the full-cell is cycled in 0.8
- 2.05 V Zn/Zn**. The three-electrode cells were cycled with a capacity limit of 1 mAh

cm™.

PXRD: Pristine sample is the Zn + Bi,O3 electrode. The soaked sample is the
pristine sample soaked in electrolyte for the same time as oxidized sample (45 minutes).
The oxidized sample is the pristine sample after electrochemical oxidation (discharge).
Both the soaked sample and the oxidized sample were washed with running D.l. water
and soaked in the D.I. water overnight. Upon washing, the electrode was dried in 60 °C

for 3 hours. All the PXRD data were collected at ambient temperature on a Bruker D8
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Advance diffractometer at 40 kV, 40 mA for Cu K, (. = 1.5418 A), with a scan speed of

1 s/step, a step size of 0.05°in 26, and a 26 range of ~10-80°.

Raman spectroscopy: The Raman samples were prepared the same way as the
PXRD samples. The Raman spectra were taken with Renishaw InVia Raman microscope,
with the laser excitation source of 514 nm, the magnification of 20x, the power of 0.1%,
and three accumulations of 30 seconds. For the oxidized sample, ten different spots were

examined to confirm the consistent results.

Scanning electron microscopy/energy dispersive X-ray spectroscopy
(SEM/EDS): The SEM/EDX samples were prepared the same way as the PXRD samples.
After drying, the electrodes were scrapped off from the PET substrate and ground in
agate mortar and pestle. The electrode powder was then loaded onto a SEM holder with a
carbon adhesive tape. The images and the EDS mapping were taken using 10 kV energy

source using the FEI/Phillips XL30 ESEM.

X-ray photoelectron spectroscopy (XPS): The electrode samples were prepared
in the same way as the PXRD samples. Then the electrodes were adhered to a Si wafer
with carbon tape. The baseline powders were also adhered to a Si wafer with carbon tape.
XPS was performed using a Kratos AXIS Supra with Al anode source operated at 15 kV.
The chamber pressure was <10 Torr during all measurements. High resolution spectra
were calibrated using the hydrocarbon C1s peak at 284.8 eV. Fitting was performed using

CasaXPS software using a Shirley-type background.
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5.3. Results

The three-electrode system of various Zn cells was electrochemically cycled
(Figure 5.2). When the electrode only contains Zn, the cell cycled for only 8 times with a
small capacity, followed by a rapid capacity failure. With the addition of Super-P (SP), a
conductive carbon additive, the capacity retention exponentially decays in the first ten
cycles, gradually decreases until 40 cycles, and finally has no capacity after 50 cycles. By
including ZnO, the electrode cycles for only two times and outputs no capacity. When
added with Bi,O3, the capacity exponentially decays for the first three cycles but
increases back to 1 mAh cm™ over the next 12 cycles. This Zn electrode with Bi,O3
additive is referred to as the Bi,Oselectrode. With the addition of all three additives, the
capacity remains at 1 mAh cm™ for at least 50 cycles. Bi,O3; compared to SP, increases in
capacity after the exponential decay and after 15 cycles, the capacity retention stays
mostly at 1 mAh cm? Although adding all three additives improves the capacity
retention, it is worthwhile to understand the role of Bi,O3 to form strategies to further

enhance the rechargeability.
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Figure 5.2. a) First discharge voltage profile and b) discharge cycle retention of various
Zn electrode electrochemically cycled in a three-electrode cell. All electrodes contain
PVDF as the polymer binder but PVVDF is omitted for clarity. All electrodes are cycled at
current density of 4 mA cm™ and a capacity limit of 1 mAh cm™.



83

Since the Zn oxidizes to form ZnO crystals, PXRD of the Bi,O3 electrode is
obtained at various states (Figure 5.3). In the pristine electrode, there are clear reflections
from both Zn metal and Bi,03. After being soaked in the electrolyte, the Bi,O3 reflections
disappear, but reflections corresponding to Bi metal appear. To confirm the absence of
Bi,O3 reflections, same mass amount of Zn and Bi,O3 is mixed and soaked in the
electrolyte. It shows the absence of Bi,O3; and Bi metal-like reflections (Figure 5.4). The
Bi,O3 is reduced without electrochemical bias. The Zn and Bi,Oj3 particles separately in
the electrolyte do not form a new crystal phase (Figure 5.5 - 5.7). A new phase is only

formed when Zn is present with the Bi,Os in the electrolyte.
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Figure 5.3. PXRD of the Bi,O3 electrode at various states in color and raw materials in
black. The pristine sample is the Bi,O; electrode after curing. The soaked sample is the
Bi,O3 electrode after soaking in the electrolyte. The oxidized sample is the Bi,O3
electrode after first electrochemical oxidation or discharge.
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Figure 5.4: Same mass of Zn and Bi,O3 particles are mixed and soaked in the electrolyte.
PXRD is obtained after soaking, the Bi,O3 reflections are completely vanished and only
Zn and Bi metal reflections are present.
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Figure 5.5. a) Wide range and d) narrow range of PXRD of Zn particle soaked in the
electrolyte. The electrode samples contain PVVDF polymer binder.
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Figure 5.6. a) Wide range and b) narrow range of PXRD of Bi,O3 particle soaked in the
electrolyte. The electrode samples contain PVDF polymer binder.
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Figure 5.7. a) Wide range and b) narrow range of PXRD of Zn + Bi,Oj3 electrode soaked
in the electrolyte. The electrode samples contain PVDF polymer binder.

After 50 cycles, the ZnO reflections become obvious but the Zn and Bi metal-like

reflections vanish. This suggests that the Bi metal-like species is actively involved during
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the electrochemical cycling, however the ZnO growth is not very clear upon first
oxidation. To elucidate the electrochemical reaction that occurs in the Bi,Oj3 electrode,
Raman spectra are obtained before and after the electrochemical oxidation reaction
(Figure 5.8). Before the electrochemical reaction, the pristine electrode only shows the
typical Bi,O3z vibration modes. Upon oxidation reaction, the Bi,O3 vibration modes
disappear, similar to the Bi,O3 reflections in PXRD, and only two broad peaks appear
near 440 cm™ (E, (High) mode) and 565 cm™ (A; (longitudinal optical or LO) mode).
These two peaks indicate ZnO formation. The E, (High) mode is typically an intense and
sharp signal originated from the vibrational motion of oxygen atoms in the ZnO."*® The
low intensity and the broadening imply a disorder in the crystal structure.™®> **® The
disorder can be a result of lattice mismatching from relaxation, reconstruction, structural
imperfection, and adsorbed impurities.™" A; (LO) mode is typically a low intensity signal
from c-face ZnO. The enhancement of this signal is due to the Raman resonance effect.'*®
The observed resonance effect is most likely due to ZnO that is not nucleated as an
isolated compound but rather deposited on a conductive substrate/surface. The Raman
signal may be contributed by the passivation ZnO layer on the Zn metal or on the Bi

metal-like species. Further experiments are conducted to identify the exact location of the

Zn0.
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Figure 5.8. Raman spectra of the Bi,O; electrode at pristine and oxidized (first
discharged). The pristine sample is the Bi,O3 electrode after curing. The soaked sample is
the Bi,O3 electrode after soaking in the electrolyte. The oxidized sample is the Bi,O3
electrode after first electrochemical oxidation or discharge.

The Raman spectra suggests that the ZnO is formed on a conductive surface, yet it
is not clear whether the ZnO observed in Raman is a passivation layer on the Zn metal or
on the surface of the bismuth species. SEM images along with the EDS mapping are
collected after oxidation. Pristine Bi,Os particles are about 2 um in size. EDS mapping of
a 2 um particle shows that this particle is composed of both zinc atoms and bismuth
atoms (Figure 5.9). This mapping suggests that the ZnO is deposited on the surface of

the bismuth species. Furthermore, EDS mapping of a particle after 50 cycles also exhibit
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both Zn and Bi (Figure 5.10). Unlike after the first oxidation, this particle is about 8 um
and the concentration of the Zn is much higher than that of Bi. The growth of the particle
size and the change in atomic concentration clearly indicate that the ZnO continues to

grow on the surface of the bismuth species over prolonged cycles.

Figure 5.9. a) SEM image of the bismuth species after oxidation. b) EDS mapping of Zn
Ko; and ¢) Bi Ma;. The EDS mapping is performed on the same particle as the SEM

image ().
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Figure 5.10: a) SEM image of the bismuth species after 50 cycles. b) EDS mapping of
Zn Koy and c) Bi May. The EDS mapping is performed on the same particle as the SEM
image (a).

To confirm the ZnO deposition on the bismuth species, XPS is collected for the
pristine, electrolyte soaked, and oxidized electrode. The survey scans are provided to
ensure the absence of electrolyte salt or other impurities (Figure 5.11). The pristine
electrode contains Zn metal and Bi,O3 with respective surface passivation layers (Figure
5.12).291%1 After being soaked in electrolyte, the Zn metal peak shifts to lower binding
energy indicative of the Zn alloying.’® In the Bi 4f spectra, the Bi,Os passivation layer
disappears and a Bi metal peak appears. The absence of Bi,Os and the presence of Bi
metal support the hypothesis that the Zn reduces the bismuth species. Furthermore,
compared to the Bi metal baseline spectrum, the spectrum of the soaked sample is much

broader. This is likely due to the Bi-Zn alloying.
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Figure 5.11. Survey scans of the Bi,O; electrode. All the samples are in the form of
electrodes printed on a PET substrate. The pristine sample is the Bi,O3 electrode after

curing. The soaked sample is the Bi,Oj3 electrode after soaking in the electrolyte. The
oxidized sample is the Bi,O3 electrode after first electrochemical oxidation or discharge.
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Figure 5.12. a) Zn 2p and b) Bi 4f XPS of the Bi,O3 electrode at various states along

with ZnO and Bi metal as baseline materials. Crystal structure of ¢) a-Bi,O3; and d)

Bi3gZnOsg. Green: Bismuth, Red: Oxygen, and Blue: Zinc. In d) Bi3sZnOsg, the Zn site is
partially occupied by Zn and Bi.

Upon oxidation, the Zn alloy peak disappears and zincate peak appears. This
suggests that the alloyed Zn is electrochemically active to form zincate ion. As mentioned
earlier, the zincate ion is soluble in aqueous electrolyte. Thus the formation of zincate ion
leads the active material loss because the ZnO is developed in the electrolyte
disconnected from the electrode. However, the presence of zincate peak implies that the
zincate ion is well bound to the electrode even after the rigorous washing. In the Bi 4f

spectra, upon oxidation, the Bi metal peak disappears and a new peak appears in between
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Bi,O; and Bi metal peaks. Since the Bi*" is unstable and undergoes disproportionation

reaction, this new peak most likely originates from some Bi**/zn** compound.*®®

It is clear that Bi,O3 provides the vital assistance in prolonging the cyclability of
the Zn anode. However, the Bi,O3; added electrode suffers from a rapid decay in the
retention during the first few cycles. By adding the three additives (Bi,O3, SP and ZnO),
the cycling performance of the three-electrode cell noticeably improves (Figure 5.2.b).
ZnO is required to match the extra charging capacity of the Ag,O cathode.?’ With this
anode, a Zn-Ag full-cell is constructed (Figure 5.13). The Zn anode behaves as the
Zn/Zn** redox couple and the Ag cathode behaves as the AgO/Ag,0 and Ag,0/Ag redox
couples. There are largely two plateaus in both charge and discharge corresponding to
these two redox couples. First discharge curve dominantly consists of Ag,O/Ag redox
behavior because at the beginning, Ag electrode mostly contains Ag,O. The full-cell is
fully functional even with the high discharging current of 4 mA cm™. To the best of our
knowledge, among Zn-based printable batteries, 4 mA cm™ of discharge current density

in this work is among the highest®® 3%

and for printable batteries, the highest current
density to date is 1.4 mA cm™.? During discharge, a consistent high power output of
about 5 mW cm is achieved. The capacity of the full-cell is above 1.2 mAh cm™ (Figure
5.13). Gaikwad et al. achieved about 3.5 mAh cm? but their battery is not

rechargeable.'®*

Among the rechargeable printable batteries, the highest capacity is 1.2
mAh cm™.% Although the cycling retention degrades only after 6 cycles, this is attributed

to the decay in the cathode (Figure 5.14). The bare Zn anode’s poor cycling performance
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originates from the large crystal transformation during the electrochemical reaction and

the Ag cathode also undergoes a significant crystal transformation.”
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Figure 5.13. a) Voltage profile and b) power density of Zn-Ag full-cell battery
performance with all the additives added in the Zn anode. The full-cell is cycled with
current density at 4 mA cm™ without a capacity limit.
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performance with all the additives added in the Zn anode. The full-cell is cycled with
current density at 4 mA cm™ without a capacity limit.
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5.4. Discussion

The Zn particles are conductive itself, yet when Zn starts to oxidize, the Zn
surface gets etched away, losing the electrical connections and eventually no capacity is
given off, as shown in Figure 5.2. Conductive additive is needed even though the Zn
particles are conductive. Utilizing Zn plates bypasses such issue; however, Zn plates
suffer from dendritic deposition of ZnO.*® It is reported that the composite electrodes
exhibit higher energy density due to its higher surface area and porosity compared to
those of the plates.'®® '* Both SP and the Bi,O; are conductive additives and they
provide electrical connection. Compared to Bi,O3, the SP electrode decays in capacity
more slowly. This is attributable to the fact that SP has much greater surface area than
Bi,O3, making it capable of maintaining a better network of electrical connection.
However, the SP electrode eventually uses up the electrical network and does not give off
capacity. The Bi,O; electrode has low retention between first and 15" cycle. Given the
high rate cycling, the low retention of the Bi,O3 electrode is most likely due to the delay
in the relaxation of zincate ions into ZnO. Lastly, ZnO additive is insulating. Although it
helps giving extra capacity at the second cycle by reducing to Zn metal during the first

reduction/charge, it does not allow stable electrical conductivity.

The PXRD and XPS results suggest the reduction of Bi,O3 into a Zn-Bi alloy.
Although Zn is kinetically stable in aqueous electrolyte, it is not thermodynamically
stable because Zn has lower reduction potential compared to hydrogen. Zn anode in
aqueous electrolyte oxidizes, which is called self-discharge.'®® *° Self-discharging can be

suppressed by the presence of bismuth species.*®® '*® The amount of H, gas evolution is
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suppressed with the presence of Bi,O3 (Figure 5.15). The H; gas evolution is the result of
water molecule breaking down due to the Zn oxidation and H,O reduction in other words:
self-discharge. Besides the hydrogen, Bi®* also has higher reduction potential than Zn.
The Bi** reduces to form Bi** or Bi metal to oxidize the Zn and after reducing to Bi**, the
Bi** undergoes disproportionation reaction to develop Bi metal.”® Bi metal-like

reflections have been formed and reported in the literature.™:
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Figure 5.15. Volumetric measurement of hydrogen spontaneously evolved on the surface
of Zn gel anode at 60 °C. *

In the XPS results, a Bi**/Zn** mixed phase is found. A phase diagram of the

Bi,O3 and ZnO mixture suggest that there are various mixed compound variations
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available (Figure 5.16). At the room temperature, monoclinic a-Bi,O3 phase is stable and
all the Bi** coordination environments are distorted half-octahedron: [BiOsE] (E denotes
an unshared electron pair) (Figure 5.17). At higher temperature, a body-centered cubic
(BCC) y-Bi,0; is the stable phase and some Bi*" coordination environments are
tetrahedron: [BiO,4].** Furthermore, in the presence of Zn?*, the BCC phase is stable at
the room temperature.’>*"? BizsZnOsg, part of the sillenite family, is a BCC phase with
the tetrahedron coordination environment. Although it is hard to conclude that BizgZnOsg

is formed, but we can be certain that a new phase with [BiO4] local bonding has formed.
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Figure 5.16. Phase diagram of the Bi203 and ZnO. *®
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Figure 5.17. Crystal structures of a) a-Bi,O3,b) y-Bi,03, and c¢) BizsZnOsg. Light purple:
bismuth, Red: oxygen, grey: zinc, and dashed circle indicates the site in which the
tetrahedral coordination exists.

The improvement of the rechargeability of the Bi,Os electrode over time is related
to the deposition of ZnO rather than conductivity. While this work describes various
bismuth species involved during the cycling process, the zincate ions deposit on the
surface of the bismuth species regardless of the bismuth species. Based on the findings of
this study, a possible reaction mechanism is proposed in Figure 5.18. Without the Bi,O3
additive, the Zn particles in the electrode upon oxidation, form zincate ions. The zincate
ions are dissolved into the electrolyte and into ZnO. Since ZnO is not on the electrode
where electron pathways are, this electrode is not fully rechargeable. By adding Bi,Os3,
the zincate ions deposit on the surface of the bismuth species and relax into ZnO on the

bismuth species, making this electrode rechargeable.
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Figure 5.18. a) Two Zn-Ag full-cells lighting up an LED. b) A conceptual image
illustrating the full-cell configuration. Schematics illustrating possible reaction
mechanisms for the Zn electrode (c-e) and the Zn with Bi,O3 additive electrode (f-h). In
the scheme, the phase transformation of bismuth species, PVDF polymer binder, and
polyurethane sealing are omitted for clarity.

5.5. Conclusion

Various additives are mixed into the Zn electrodes and their electrochemical
performances are presented. Among the additives, Bi,O3 is the critical additive in
improving the cycle life of the Zn electrode. Through carefully characterizing the Bi,Os
containing Zn electrode, we gained the comprehensive mechanistic role of Bi,Os. Firstly,
upon oxidation, the zincate ions are formed and deposited on the surface of the bismuth
species. Secondly, the zincate ions relax into ZnO on the bismuth species. The electrode
is fully rechargeable because the electrical connection is retained for the ZnO. Notable
additional phenomena were discovered in this work. The Zn-Bi alloy and the new
Bi**/zn** mixed oxide phases were found. Although the exact crystal structure of these

phases is unknown, the identification of the phases can be achieved through series of
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computational modeling and experimental investigation. Nevertheless, the benefit of
adding Bi,Os3 is previously assumed to be in conductivity, however this work confirms
that the vital role of Bi,Os is providing surfaces for the ZnO to deposit. This work clearly
defines the mechanistic role of Bi,O3 in the Zn electrode. The findings in this work can
potentially help gaining a better understanding on the large crystal transformation

systems such as conversion systems in LIBs.

Chapter 5, in part, is a reprint of the material “Relaxation of ZnO on Bismuth
Species Towards Rechargeable Zn-based Aqueous Battery” as it appears in the Physical
Chemistry Chemical Physics, Jaewook Shin, R. J.-M. You, J. Lee, R. Kumar, L. Yin, J.
Wang, and Y. S. Meng,, 2016, accepted manuscript. The dissertation author was the co-

primary investigator and author of this paper.



Chapter 6. Selecting functional additives for composite electrode

6.1 Introduction

It is clear that most of the active electrode materials cannot serve as a perfect
electrode alone.*™ '™ First of all, to make a film of electrode out of powder of active
materials require binders to bind the particles together. Many active electrode materials
lack electrical conductivity.!”>*"® As a common practice, the conductive carbon additive
is added into the active material and binder mix. Aside from these common issues, there
are material specific bottlenecks, especially in the conversion materials. To solve the
material specific bottlenecks, additional functionality must be added.

As mentioned in chapter 5 of this dissertation, Zn, undergoes a zincate
dissolution. In the literature some solutions exist to solve such issue.*® A custom made
separator composed of nylon non-woven cloth coated with poly(vinyl alcohol) containing
boric acid is utilized as a Zn-Ni battery.'®* This separator is able to block the zincate ions
from diffusing from the Zn electrode to the Ni electrode (Figure 6.1). In the materials
level, there are several ways to achieve functionality in an electrode: composite additive,
electrolyte additive, coating, doping, etc. However, many methods require high cost

fabrication techniques or extra fabrication steps.
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Figure 6.1. Electrolytic cell to determine Zn®* penetration quantity: A: 8M KOH + 0.5M
ZnO (initial), B: 8M KOH.*®

To accomplish a low cost electrode, the fabrication cost must be low and method
simple. One of the cheapest and simplest method to add functionality is by adding
composite additives.”* *"* Most of the composite electrodes are already being mixed with
carbon additive. The composite additive method only requires that one add the additive
during the preexisting mixing step. However, even though the fabrication process is
simple, many materials still suffer from the unknown solution to their respective
bottlenecks. Especially, with all conversion type materials, dissolution of the active
material is a major issue.'®* As described in earlier chapters, a functional additive that can
absorb the active material and maintain the electrical connection is one of the major keys
to solving the issue. In many cases of conversion type materials, the optimum functional

additive is not clear. Here, we propose a simple and quick experiment to screen various
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composite additive candidates for the conversion type materials.
6.2. Experimental details

All reagents are used without further purification.

Zn** deposition on Bi,O3: 0.6 g of Bi,O3 (Alfa Aesar) was immersed in a 12 ml of
aqueous 6 M Zn(NOs), (Sigma Aldrich) solution. After soaking overnight, the solute was
filtered and washed with copious amount of water. The soaking, filtering, and washing
were repeated three times.

Zn** deposition on Bi: 0.6 g of Bi (Alfa Aesar) was immersed in a 12 ml of
aqueous 6 M Zn(NO3), (Sigma Aldrich) solution. After soaking overnight, the solute was
filtered and washed with copious amount of water. The soaking, filtering, and washing
were repeated three times.

Cu?* deposition on NiO: 0.6 g of NiO (Alfa Aesar) was immersed in a 18 ml of
aqueous 0.5 M Cu(SO,) (Sigma Aldrich) solution. After soaking overnight, the solute
was filtered and washed with copious amount of water. The soaking, filtering, and
washing were repeated three times.

Mn?* deposition on Bi,Os: 0.6 g of Bi,O3 (Alfa Aesar) was immersed in a 12 ml
of aqueous 2 M Mn(NOs), (Sigma Aldrich) solution. After soaking overnight, the solute
was filtered and washed with copious amount of water. The soaking, filtering, and
washing were repeated three times.

Scanning electron microscopy/energy dispersive X-ray spectroscopy: The
SEM/EDX samples were all powder samples. The powder sample is sprinkled on a strip

of carbon adhesive tape and inert air is blown to the tape to remove excess powder. The
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images and the EDS mapping were taken using 10 kV energy source using the

FEI/Phillips XL30 ESEM.

6.3. Results and discussion
6.3.1. Zn** deposition on Bi,O3

To simulate the presence of Bi,Oj3 particle composite additive in the Zn electrode,
the Bi,O3 particle is immersed in the Zn** containing solution. When Zn is oxidized, the
zincate ions are dissolved into the electrolyte, Zn®* solution simulates the electrolyte
solution after Zn oxidation reaction. From the previous chapter, the Bi,O3 allows the
zincate ions to adhere on its surface. The morphology of the Bi,O3; surface has
completely changed after soaking the particles in the Zn** solution (Figure 6.2). The
pristine Bi,O3 surface is smooth and has about 1 - 2 um particle size distribution. After
the soaking, the surface has became rough with smaller particles surrounding the larger
particles. To further confirm the Zn** deposition on the Bi,O3 surface, EDS mapping has
been collected (Figure6.3). The Bi,O3 particle after soaking in 12 ml of aqueous 6M
Zn(NO3), solution is used to observe the presence of Bi and Zn. The elemental

distribution is homogeneously distributed.
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Figure 6.2. SEM images of Top: pristine Bi,O3 particle and bottom: Bi,O3 particle after
soaking in 12 ml of aqueous 6M Zn(NOj3), solution.
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Figure 6.3. Bi,Oj3 particle after soaking in 12 ml Of aqueous 6M Zn(NO3); solution. Top:
SEM image of the EDS site. Middle: EDS mapping using the Zn L; data. Bottom: EDS

mapping using the Bi My, data
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6.3.2. Zn** deposition on Bi

In the previous chapter, the Bi,O3 additive has shown that it forms Bi metal phase
in the presence of Zn metal. To make sure that Bi,Os additive in fact allows the Zn*
deposition, Bi metal is also soaked in the Zn®" containing solution. The morphology of
the Bi surface has completely changed after soaking the particles in the Zn®* solution
(Figure 6.4). The pristine Bi surface is smooth and has about 20 - 30 um particle size
distribution. After the soaking, the surface has become rough with smaller particles
surrounding the larger particles. To further confirm the Zn** deposition on the Bi surface,
EDS mapping has been collected (Figure6.5). The Bi particle after soaking in 12 ml of
aqueous 6M Zn(NOg), solution is used to observe the presence of Bi and Zn. The

elemental distribution is homogeneously distributed.
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Figure 6.4. SEM images of Top: pristine Bi particle and bottom: Bi particle after soaking
in 12 ml of aqueous 6M Zn(NO3); solution.
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Figure 6.5. Bi particle after soaking in 12 ml Of aqueous 6M Zn(NO3), solution. Top:
SEM image of the EDS site. Middle: EDS mapping using the Zn L; data. Bottom: EDS
mapping using the Bi My; data
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6.3.3. Cu?* deposition on NiO

This simple soaking experiment with SEM observation is proven itself to be able
to demonstrate the Zn** deposition phenomenon. Now that this simple experiment has
proven its potential to display the deposition function of an additive, this test is applied in
a different conversion type system. CuF; is another conversion type system in which its
cycling performance benefits from NiO additive.®® Similarly to the Zn electrode's case,
the comprehensive mechanistic role of NiO additive is unclear. CuF, when lithiated
produces Cu metal and LiF. Delithiating reproduces CuF,. During these processes,
nucleation reactions are involved and Cu?* dissolves into the electrolyte. Cu?* dissolution
reduces the amount of active material. The NiO composite additive may be assisting to
keep the Cu?* ions from dissolving out into the electrolyte. To test this hypothesis, NiO is
soaked into the 18 ml of aqueous 0.5 M Cu(SO,) solution. Upon collecting, the
morphology of the NiO surface has completely changed. (Figure 6.6). The pristine NiO
surface is smoother and has various particle size distribution. After the soaking, the
surface has became rough with smaller particles surrounding the larger particles. To
further confirm the Cu®* deposition on the NiO surface, EDS mapping has been collected
(Figure 6.7). The NiO particle after soaking in 18 ml of aqueous 0.5M Cu(SQO,) solution
is used to observe the presence of Cu and Ni. The elemental distribution is

homogeneously distributed.
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Fiure 6.. SM imagesof Top: pristine NiO particle and bottom: NiO particle after
soaking in 18 ml of aqueous 0.5M Cu(SQy,) solution.
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Figure 6.7. NiO particle after soaking in 18 ml of aqueous 0.5M Cu(SO,) solution. Top:
SEM image of the EDS site. Middle: EDS mapping using the Ni L, data. Bottom: EDS

mapping using the Cu L; data
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6.3.4. Mn?* deposition on Bi,O3

Utilizing MnO; in an electrochemical system alkaline battery has a long history.
Since it was first commercialized in 1940s, MnO,/Zn alkaline chemistry has been widely
applied to operate household goods as well as small portable devices.'** Recently,
adopting alkaline batteries into grid-scale EESS is emerging especially in load leveling
and stabilizing intermittent renewable energy from solar and wind power.'® MnO; in
alkaline batteries has several advantages: low cost, high energy density, and safety. For
example, MnO,/Zn alkaline battery has a capital cost of $ 90-140 per kwWh.'** Theoretical
energy density of MnO, reaction is 308 Wh kg® and the chemistry of MnO, alkaline
battery is relatively safe as it operates under aqueous media.*** While most other alkaline
battery materials are predominantly primary batteries (non-rechargeable) by nature,
MnO; is recently considered as a secondary battery (rechargeable). However, MnO, after
reduction goes through several crystal reconstruction as well as dissolution. After one
electron reduction, a-MnOOH and y-MnOOH phases are formed. Upon two electron
reductions, Mn(OH), phase is formed. While going through the phase transformations,
the Mn** can dissolve into the electrolyte. In addition, Mn(OH); phase is highly soluble
due to Mn?* having ionic bond. Recently, Bi,O3 composite has shown to improve the

cycle ability of MnO,.*

Again, the mechanistic role of Bi,O3 in MnO, battery is not well described. To
see if the role of Bi,O3 is related to the Mn®* dissolution, the simple soaking test is
conducted. To test this hypothesis, Bi,O3; is soaked into the 12 ml of aqueous 2M

Mn(NQO3), solution. Upon collecting, the morphology of the Bi,O3 surface has completely
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changed. (Figure 6.8). The pristine Bi,O3 surface is smoother and has various particle
size distribution. After the soaking, the surface has became rough with smaller particles
surrounding the larger particles. To further confirm the Mn?* deposition on the Bi,O3
surface, EDS mapping has been collected (Figure 6.9). The Bi,Oj3 particle after soaking
in 12 ml of aqueous 2M Mn(NOs), solution is used to observe the presence of Mn and Bi.

The elemental distribution is homogeneously distributed.
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Figure 6.8. SEM images of Top: pristine Bi,O3 particle and bottom: Bi,O3 particle after
soaking in 12 ml of aqueous 2M Mn(NOs3), solution.
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Figure 6.7. Bi,Oj3 particle after soaking in 12 ml Of aqueous 2M Mn(NO3); solution. Top:
SEM image of the EDS site. Middle: EDS mapping using the Mn L,; data. Bottom: EDS
mapping using the Bi My, data
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6.4. Conclusion

There is a great energy density incentive for being able to utilize the conversion
type electrode materials. One of the biggest hurdles for these materials is the dissolution
problem of the intermediate phase. Since the intermediate phase is soluble in electrolyte,
the electrode material is lost. In the previous chapter, functional composite additive that
can deposit the dissolved ions is introduced. This functionality should be utilized in wide
range of conversion electrodes. However it is too time consuming to test all candidates in
the battery system as fabrication and the electrochemical testing are time consuming. A
simple soaking test is proposed to identify the promising functional composite additive
candidate for a respective system. This test can potentially save time and research cost as
well as allow for higher energy density energy storage devices.

Chapter 6, in part, is a reprint of the material “Relaxation of ZnO on Bismuth
Species Towards Rechargeable Zn-based Aqueous Battery” as it appears in the Physical
Chemistry Chemical Physics, Jaewook Shin, R. J.-M. You, J. Lee, R. Kumar, L. Yin, J.
Wang, and Y. S. Meng,, 2016, accepted manuscript. The dissertation author was the co-

primary investigator and author of this paper.



Chapter 7. Future aspects

MnQO,, a conversion type cathode material

MnO, battery has a promising but uneasy future ahead. One of the major
difficulties in installing an EESS is the cost of the materials. For a large scale EESS, the
material cost should be low, such as water for the hydroelectric. MnO, is a promising
candidate in terms of the cost. Manganese is the 12" most abundant element in the
Earth’s crust;*®’ it is a significant component in soil'®*®° thus, making it one of the
cheapest materials available. However, MnO, has intrinsic lack of conductivity and

dissolution problem those hinder its commercialization. Since EESS is in dire need of

improvement, MnO, system is proposed to be studied.

The electrochemical activities of MnO, have been reported for more than a
century. The old MnO, system deserves to gain the spotlight because of its complexity.
Even though the system has been studied for decades, recent development of
characterization techniques and knowledge broadened the understanding of MnO, system
and left rooms to improve. First of all, MnO, does not refer to one material. It is
necessary to understand that there are a few polymorphs of MnO, and they should be
considered differently.’®> ¥ Due to the difference in crystal structure of the MnO,, a
redox reaction kinetic is completely disparate.®® There are six polymorphs of manganese
dioxide discussed in the literature: (1) a-MnO; (2 X 2 tunnel or hollandite), (2) f-MnO;
(1 X 1 tunnel or pyrolusite), (3) R-MnO, (2 X 1 tunnel or Ramsdellite), (4) y-MnO, (mix

of 2 X 1 and 1 X 1 tunnels or nsutite), (5) 6-MnO, (layered or birnessite), and (6)

120
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A-MnO, (3-dimensional pores or spinel) (Figure 7.1). The polymorphs have distinctive
atomic arrangements those result in various types of pores or tunnels within the crystal
structure. Due to the distinctive crystal structure, the selectivity towards different ions or
electron transfer kinetics is immense. Since most EESS utilizes ions in the electrolyte and
electron transfer kinetics on the electrode surface, it is expected that the crystal structure
and the applications are closely related. Each EESS has their own mechanisms of ions
and electron transfer, so depending on the crystal structure of the MnO,, different EESS

is associated.
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y-Mn02 8‘Mn02 A-M n02

Figure 7.1. Crystal structures of MnO;, polymorphs (Mn: magenta and O: red). The
structure of y-MnO; consists of an intergrowth between 1 X 1 and 2 X 1 tunnels. The
ratio of 1 X 1 tunnel over 1 X 1 and 2 X 1 tunnels is called Pr (0% < Pr < 100%)."** The
shown y-MnO, compound has Pr = 50%. Water molecules and guest cations are omitted
for clarity.

There are four major types of EESS in which MnO, has been utilized: alkaline
battery, LIB, supercapacitor, and metal-air battery (MAB). All EESS in discussion focus
on aqueous electrolyte systems because of their low cost compared to their counterpart,
organic electrolyte systems. Great interest in these systems has exponentially grown over
the years (Figure 7.2.a). Especially, the alkaline battery system has the longest history
among the four systems with almost an order of magnitude more papers published than
the other three systems. On the other hand, although the supercapacitor system has the

shortest history, myriad papers are published on supercapacitor every month these days.
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The other two systems have fewer publications, yet they are accumulating research
papers as many as that of the supercapacitor and still have faster rate of publications than
that of the alkaline battery. Mostly due to the low cost nature of MnO,, it has been
utilized in cathode materials. As mentioned earlier, the crystal structure has the great
effect on the performance of EESS depending on the mechanism. The four EESS have
distinctive mechanisms, which fill different areas on the Ragone plot (Figure 7.2.b). The
alkaline battery has high energy, but low power whereas the supercapacitor has high
power and low energy. The LIB sits in the middle of the two and the metal-air has a wide
range of energy, but narrow power. In the large-scale energy storage, the power required
by the consumers varies throughout the day. It is vital to have complimentary EESS to be
able to charge/discharge in a wide range of energy and power. EESS with lower power
but higher energy is favored in the hour range of fluctuation and EESS with higher power
but lower energy is suitable in the minute range of fluctuation. In the real world with a
dynamic range of the fluctuation, a combination of MnO, systems with varying

performance will complement each other.
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6

Figure 7.2. a) Accumulated papers (articles and review) published on various EESS
systems. Source: Web of Science database. b) A Ragone plot comparing alkaline battery,
LIB, supercapacitor, and metal-air battery that utilize manganese dioxide. Source: Web of

Science database. Data is updated on November 2015.
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In order to develop methods for commercializing MnO, systems, it is essential to
understand the mechanisms.™*>**® Owing to its longest history, the alkaline systems have
extensive comprehension of additive’s function and benefits. Based on Minakshi’s work,
it is clear that the optimum use of the additives can dramatically boost the performance of
the EESS.™" Unlike the alkaline system, the other three systems have a quite short history.
Although they are showing fast growth, much of the mechanism is not fully explained.
Probing the mechanism provides efficient ways to achieve optimum conditions for the
best performance.’® It is necessary to devise suitable tools to examine the change
happening in MnO,. Finding out the exact change of MnO, phase and products of side
reaction during the electrochemical cycling is imperative to develop optimum MnO,.
Much of the characterization tools are invented in the ORLB field. One of the main
differences between the ORLB and the four EESS systems is the electrolyte. Because the
dry organic electrolyte is used in the ORLB, it often requires special experimental set-ups
to avoid air contamination.'?® The four EESS systems adopt aqueous electrolytes and the

samples can be exposed to the air, the experimental design is easier than ORLB.

As mentioned earlier, the polymorphic crystal structure has a vital influence on
the MnO, mechanism. Unfortunately, in some literature, even the pristine material is not
properly identified before moving on to the electrochemical tests. The exact crystal
structure needs to be recognized to enable pursuing further mechanism studies ahead.*?*
1% Due to the presence of water molecules, hydronium ions, and alkali metal ions in the
tunnels of the porous structures, a simple PXRD is not a sufficient tool to solve the

crystal structure.®*?°! In case of y-MnO,, which is a mixture of p-MnO, and R-MnO,,*?
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the phase boundary between the two phases is difficult to observe. In many cases, the
PXRD result needs to be combined with other complementary techniques: ND, the XAS,
and the magic angle spinning nuclear magnetic resonance (MAS-NMR).% 203205 The
combination of these techniques determines both the long range ordering and short range

ordering to obtain the exact crystal structure of the pristine material.

Once the pristine material has been clearly identified, the electrochemical test
needs to be conducted. In EESS, the energy is stored in the form of electrons, one should
monitor the change in electronic structure and/or magnetic property of the material > ™
204, 206208 Characterizing these properties in an electrochemical test helps defining the
mechanism. In an electrochemical cell, this is not a simple task because the material’s
properties change sometimes when the material is extracted from the electrochemical cell.
In this case, an in situ cell must be constructed to collect the material property with the
electrochemical property.'?® Compared to ORLB, constructing this type of in situ cells is
much easier for the aqueous electrolyte systems. In case of a supercapacitor, the
electrochemical test only takes few minutes and the self-discharge starts to occur almost
immediately. By the time the sample property is measured, the material relaxes into a
different state.’®® For this case, an operando measurement is required because it
determines the material property during the electrochemical test. While ex situ
measurements mostly observe thermodynamically stable products, operando
measurements can observe kinetically stable products as well. Various conditions of

characterizations should be employed to construct a solid mechanism.

Based on thorough interpretation of the mechanism, numerous methods can be
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applied to improve the electrochemical performance. The routes that are discussed in this
review are additives, coating/deposition, and doping/defect; exploring these routes
requires screening.?'® Since screening every possible solutions can take too much time
and effort, first principles high-throughput computation methods should be utilized to
screen promising materials.”*" 22 In order to perform the high-throughput screening,
different traits of the potential property need to be established. Fortunately, these
properties would have been identified from constructing the comprehensive mechanism.
Through considering these parameters, the new materials can be proposed minimizing the
unnecessary syntheses.?'? %13

Chapter 7, in part, is currently being prepared for submission for publication of

the material “Manganese Based Oxides as Electrode Materials in Energy Storage Devices:

A Review” The dissertation author was the primary investigator and author of this paper.



Chapter 8. Summary

8.1. MIL-101(Fe) as LIB electrode material

The current commercially available LIB material cost is too high to be
implemented into the grid scale energy storage. To combat the cost issue, MIL-101(Fe) is
synthesized via the low cost and quick microwave synthesis. MIL-101(Fe), similar to
MIL-53(Fe) and MIL-68(Fe), undergoes quasi reversible Fe** and Fe®* redox reaction.
The amount of Fe usage is only about 60% while maintaining the intercalation reaction
scheme rather than the conversion type reaction. Particularly with MIL-101(Fe), a
surprising phenomenon occurs with respect to the rate of electrochemical cycling. The
retention decreases when there is a rest step in between the lithiation and delithiation step.
A longer rest step leads to lower the retention. To investigate this issue, PXRD is
conducted to ensure that the crystal structure is not collapsing. Although MIL-101(Fe)
undergoes only the pure intercalation reaction, the retention suffers from a time
dependent electrochemical reaction. To confirm the Fe** and Fe®" redox reaction, XAS is
collected. When XAS is measured several days after the device operates only Fe**, the
pristine oxidation state of MIL-101(Fe) can be achieved. On the contrary, when the XAS
is measured during the device operation, Fe** to Fe®* reduction and Fe?* to Fe®*
reversible oxidation can be observed. This time dependent oxidization change suggests
that when MIL-101(Fe) is lithiated or reduced, there are a kinetically stable product and a
thermodynamically stable product. The kinetically stable product is the Fe?* containing
phase and the thermodynamically stable product is the Fe** containing phase. To identify

the thermodynamically stable phase, Gaussian code is adopted to compute the electronic
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structure of Fe containing oxo-tricluster. EXAFS suggests that there is a change in
coordination environment with Fe. The electronic state computation concludes that the
coordination altered tricluster is more stable at the reduced state. Furthermore, in all the
reduced states, the electron density from the Fe?* (the initial state of iteration) becomes
closer to that of Fe®" (after the convergence). This suggests that the electron density
among the tricluster is shared thermodynamically.

This MIL-101(Fe) case is a study in which a non-conventional LIB electrode
material exhibited a conventional intercalation reaction. However, due to the novel
crystal structure and thermodynamic stability of MIL-101(Fe), the relaxation
phenomenon complicates the lithiation and delithiation process. In order to understand
the relaxation phenomenon of MIL-101(Fe), it is best to use the electrode in charge and
discharge these type of applications swiftly. If there is limited time between the discharge
and charge, the electrode performs much better than when there is ample time.

8.2. Bi,03 as functional composite additive for rechargeable Zn electrode

The current commercially available LIB materials lack energy density to be
implemented into the grid scale energy storage. The LIB is constrained by the type of
reaction it utilizes. Intercalation reaction provides a high stability in cycling retention.
However, this is due to the fact that significant crystal strain is avoided during charge and
discharge by adopting only a fraction of the available oxidation states of transition metal.
Conversion reaction, on the other hand, employs all the oxidation states available. This
causes the complete reconstruction of the crystal structures, which leads to low cycling
retention, yet providing the significantly high energy density. The key to successfully

employing the conversion reaction is by understanding the main issues and proper
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solutions.

Zn electrode is one of the oldest form of battery electrodes mankind has known.
Its theoretical energy density and low cost are far beyond those of the conventional LIB
electrodes, however, its cycling retention is particularly poor. This is due to the relaxation
of Zn when it oxidizes in the electrolyte. When Zn oxidizes, the ZnO is formed, which is
a thermodynamically stable phase. As an intermediate, Zn ions are created as a
kinetically stable product. The problem is that the Zn ions are soluble in the electrolyte.
Since the Zn ions dissolve into the electrolyte, the Zn electrode loses active materials. As
cycles go on, the loss of active materials and electrical connections during the process is
detrimental to the rechargeable Zn electrode retention. One of the promising methods to
solve this issue is adding Bi,O3; as a composite additive. This additive has proven to
enhance the cycling performance of Zn electrode. However, the mechanistic role of Bi,O3
is described as a conductive agent. Literatures describe the benefit of Bi,O3; additive as
the enhanced electrical connection in the electrode. However, it is difficult to assess that
the conductivity solves the Zn dissolution. Dissolution problem is intrinsic to the Zn
electrode. Electrical conductivity can be solved with other alternatives at lower cost.

To comprehend the role of Bi,O3 in rechargeable Zn electrode, Bi,O3 additive has
been systematically studied. To test the effect of electrical conductivity, conductive
carbon powder is added into the Zn electrode. This electrode yields slightly higher
capacity retention than pure Zn electrode, but not enough to be considered rechargeable.
Bi,O3, however, as an additive, follows similar retention decay in the first few cycles.
After a few cycles, the cycling retention improves and maintains stability for at least 30

cycles. It is clear that the electrical conductivity is not the main role of Bi,O3 additive.
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Bi,03 is further studied with PXRD. Bi,Os in the Zn electrode, after being soaked in the
electrolyte, reduces to Bi metal-like crystals. Neither Bi,O3 particles nor Zn particles
alone does not have this change in the electrolyte, the combination of the two results in
this change. A form of interaction between the two particles is expected. The Zn
electrode upon oxidation reaction is observed under SEM to identify the changes Bi,O3
went through. The surface morphology of the Bi,Os is altered upon oxidation reaction.
Furthermore, EDS mapping shows that the Bi,O3; particles not only contain the Bi
element, but also the Zn element. Raman spectrum also indicates that the ZnO is formed
on the Zn electrode, but the ZnO has defects such as lattice mismatching or oxygen
deficiency. Zinc and bismuth oxide have certain interaction. XPS is applied to confirm
that there is an intermediate Zn-Bi-oxide phase present in the Zn electrode upon
oxidation reaction. During the large crystal reconstructions of both Bi,O3 and Zn, an
intermediate phase is created on the surface of the bismuth species. This species becomes
the source of further ZnO deposition on the conductive bismuth species maintaining the
electrical contact as well as redox activity.

Zn is a conversion type battery material. Two electrons are involved in its redox
reaction. During the redox, the Zn has the major dissolution problem that can be resolved
by the Bi,O3 composite additive. This is a case where relaxation phenomenon causes the
deterioration of the electrode integrity whereas an additive is utilized to bypass and solve
the issue.

8.3. A simple soaking experiment to propose functional composite additive
The conversion type materials have higher energy density than the intercalation

type materials but lack rechargeability due to their dissolution problem during the redox
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reaction. Thermodynamically the phase transformation during redox reaction is
straightforward, however, intermediate phases get involved kinetically. The kinetically
stable products are soluble in the electrolyte. The dissolution of the intermediate phase
leads to a loss of active materials. The Bi,O3 and the Zn study demonstrated that the
conversion materials benefit from adding a functional additive to retain the active
material on the surface of the electrode. However, it is difficult to test all the candidates
in a battery. Electrode fabrication requires optimizing which requires multiple trial and
error.

To speed up this process, a simple soaking experiment to determine the additive’s
functionality is demonstrated. First, Bi,Os and Bi metal are both soaked in the Zn?*
solution. These two tests confirmed that the Bi,O3 and Bi metal surface has deposition
property with Zn?* ions. Another example of this case is the NiO additive effect on CuF,
electrode. Adding NiO enhances the CuF, cycleability, yet the comprehensive role of
NiO is still unknown. The same simple soaking test is conducted with the NiO powder
and Cu?* containing solution. NiO has deposition property with the Cu?* ions. To further
expand on the practical use of this test, MnO, system is applied. The MnO, system is also
a conversion type system in which the Mn*" dissolution is a major concern. Bi,Os
composite additive was utilized in the past without a proper justification, however, Bi,O3
has deposition property with Mn*" ions as well.

While the first two cases are offered to probe the importance and mechanism of
the relaxation phenomenon, this case is dedicated to the future aspects. MnO; is a
complex system in which multiple phase transformations exist. A simple test is necessary

to simplify the problem and solve multiple issues one by one.
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