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Abstract

Impact of Vacancies and Chemistry on

Iron-based Electrodes for Alkali-ion Batteries

Zachary G. Neale

Chair of the Supervisory Committee:
Guozhong Cao

Materials Science and Engineering

The exponential growth in population and worldwide prosperity during the last century is
reciprocal with energy consumption. Recent environmentalism and government regulation have
produced greater demand for green energies and electric vehicles. Associated with these
technologies is growing demand for battery materials to support power grid operation and
transportation. Conventional lithium ion batteries are at risk of supply instability of cobalt and
lithium precursors, potentially making them economically unfit for certain applications. Iron-based
materials for lithium-ion and sodium-ion batteries are an attractive alternative for niche

applications and grid level storage due to their abundant and inexpensive precursors.

Material chemistry and structure have a strong influence on the electrochemical properties of
battery electrodes such as redox potential and diffusion kinetics. Vacancy control via synthesis
was investigated as a means of improving the kinetic and thermodynamic limitations of jarosite
and iron hexacyanoferrate. Incorporation of divalent ions into the jarosite structure introduced
cation vacancies that facilitated lithium-ion diffusion and reduced structural transformation.
Cation chelation during synthesis of iron hexacyanoferrate retarded particle nucleation leading to

highly crystalline structures with low vacancy concentration. Cation substitution of jarosite and



iron hexacyanoferrate was investigated for its beneficial electrochemical effects. Doping of iron
hexacyanoferrate with zinc increased the redox activity of low-spin iron species, while doping of
manganese increased the redox potential of high-spin iron species. These findings demonstrate the
importance of materials chemistry, defects, and structure on the properties of electrode materials
for alkali-ion batteries, and the same fundamentals able to be implemented in other electrochemical

material systems.
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Chapter 1. Context

1.1  Global Energy and Prosperity

Prosperity is highly dependent on energy availability. In the most rudimentary sense, energy
in the form of food is a limiting factor in population growth of all species. Species of all types have
aggregated and relocated around sources of food and energy. Humans, being a technologically
advanced species, have learned to harness energy in the form of heat and electricity, and its
transformation into work which has resulted in several revolutionary eras leading to population

booms.

Global energy consumption and world population are strongly related and rapidly increasing.
Primary energy consumption, which includes electricity, transportation, and heat, has steadily
increased nearly 2.5 petawatt hours per year between 1999 - 2019. Despite this, 13% of the world
still does not have access to electricity as of 2016, and per capita electricity consumption varies
over 100-fold among different nations.? In general, more affluent counties have higher energy
consumption per capita; however, it is difficult to discern if readily available energy encourages
economic growth or if economic growth leads energy consumption. Economic growth and its
relation to energy consumption is different between developing and developed nations (Figure 1-
2). Largely, nations with less than 100% access to electricity show proportional growth in per
capita energy consumption and per capita GDP. In contrast, nations that have near ubiquitous
access to electricity have shown a reversal in per capita energy consumption in recent years. The
decrease in energy consumption per capita for wealthier nations could reflect changes in society
such as more efficient appliances and transportation, shrinking manufacturing sector,

governmental restrictions on energy use, and increasing societal attention to environmental impact.



Throughout history energy consumption had been provided through burning of biomass fuels
for light and heat. However, the discovery and utilization of fossil fuels for energy has dominated
the rapid rise in energy consumption since the beginning of the 20" century (Figure 1-3a). Coal,
oil, and gas accounted for 86% of global energy consumption in 2019, equating to 136.7 petawatt
hours.® The burning of hydrocarbons to meet energy demands remains necessary for many nations

for increasing economic opportunity and prosperity due to its availability, reliability, and cost.

However, the massive use of hydrocarbons has resulted in latent and emerging consequences
to health and environment. Pollution-caused disease was estimated to be responsible for 16% of
all deaths worldwide in 2015.* Air pollution contributes to at least five million premature deaths
per year, of which 64% can be attributed to fossil fuels.> Additionally, burning of fossil fuels and
biomass unleashes massive amount of CO; into the air. From 10,000 BCE to 1800 CE atmospheric
COz concentration increased from 249 to 283 ppm; however since then CO2 concentration has
increased to 409 ppm in 2018.% CO. concentration has naturally fluctuated throughout history over
the course of thousands of years, allowing for gradual adaptation. The rapid increase in the last
two centuries may pose a threat to the survivability of some species unable to quickly adapt, which
may lead to more severe ecological problems. Furthermore, CO2 and other anthropogenic
emissions have been linked to increasing average global temperature due to the atmospheric
greenhouse effect.” Increasing global temperature may lead to potential environmental and
ecological threats such as severe weather disasters, perturbed crop growth, disrupted food chains,

and rising sea-levels displacing costal populations.?

Today the world is conflicted between increasing economic prosperity with increased energy
consumption and reducing anthropogenic emissions. An emerging solution has been the rapid

growth in renewable energy generation from solar and wind. Solar and wind energy is growing



exponentially at a faster rate than other energy sources (Figure 1-3b) and has increased over 600%
in the last 10 years compared to only 16% from other sources.® The rapid growth of solar and wind
energy could be attributed to developing technologies in these areas, decreasing cost of
manufacturing, government subsidies and restrictions, and increasing societal demand for green
energy sources. However, an inherent shortcoming of solar and wind energy is its intermittent
operation. Solar energy, although plentiful, is limited to generating energy only during day time,
and efficiency can be severely hampered by cloud cover. Similarly, wind energy is dependent on
wind speed which is not constant. These drawbacks can be countered by pairing energy generation

with energy storage systems, such as grid-level battery storage.

An unintended consequence of increasing grid-level energy from solar and wind is decreased
efficiency of conventional steam power plants (i.e. coal, oil, and gas). During times that solar and
wind energy are able to help supply energy to the grid, conventional power plants are operated at
lower loads with lower efficiencies, thus increasing the amount of CO2 per kWh produced. The
same deficiency is found when daily energy demand switches between peak and low load
throughout the day. A potential solution to this deficiency is the use of grid-level battery storage
in conjunction with conventional power plants. This would allow for continuous optimal operation
throughout the day. During times of low demand, power plants can be used to store energy into
batteries. Battery stored energy can be utilized during times of peak demand, such as in the

afternoon and evening or when there is insufficient solar and wind power.

Another area of rapid energy change is in transportation. Switching from internal combustion
engines to battery powered motors in conjunction with carbon-free energy sources can help reduce
CO:2 emissions. The number of electric vehicles has significantly increased rapidly in the last

decade, increasing over 500% in annual global sales from 2014 to 2019 (Figure 1-4).° This is in



part caused by improvements to battery energy density and lowered cost of manufacturing.
However, continued viability and growth of electric vehicles is potentially threatened by the fragile
stability of the supply chain for battery materials. A large part of this is the cost of cathode
materials for electric vehicle batteries. It is estimated for a LiNi1;zsMn13C01302 (NMC333) lithium
ion battery chemistry and given manufacturing quantity, the cathode is 20% of the total vehicle
battery cost including processing and overhead, and 50% of that is from the raw materials alone.°
Cobalt is the most high-risk component of cobalt-based battery chemistries due to high prices,

political instability, and ethical concerns of cobalt mines.

In summary, global prosperity has rapidly improved during the last century with increasing
energy consumption in all forms. Developing nations have decreased the populace living without
access to electricity, improving livelihood and stimulating economic opportunities. Energy
demand continues to grow exponentially, and with that the creation of anthropogenic emissions
with potential environmental and ecological consequences. To meet the growing demand for
energy, a variety of energy sources will be used in conjunction with energy storage systems such
as batteries. Inexpensive batteries of various chemistries for different applications will be vital to

future energy economy.
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Figure 1-1. Global energy consumption in petawatt hours compared to world population in
billions of people. Primary energy consumption includes electricity, heating, and transporation
converted to units of kWh. Energy data published by Vaclav Smil (2017). Energy Transitions:
Global and National Perspectives and BP Statistical Review of World Energy. Population data
published by Gapminder, HYDE (2016) and United Nations Population Division (2019).
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Figure 1-2. Gross domestic product (GDP) per capita of select nations versus annual energy consumption per capita
between 1990 and 2017. Primary energy consumption includes electricity, heating, and transporation converted to
units of kwWh. Nations are catagorized into two groups: those with citizens that have 100% access to electricity since
1990, and those with less than 100% having access to electricity. China and Brazil achieved 100% access in 2015 and
2016. GDP per capita measured in 2011 international dollars based on purchasing power parity (PPP). GDP data
published by World Bank — World Development Indicators. Energy consumption data published by BP Statistical
Review of World Energy and provided by Our World in Data.
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Data published by BP Statistical Review of World Energy.
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Figure 1-4. Global electric vehicles sold and percentage of market share annually between 2010
and 2019. Data published by IEA analysis based on IEA data and EV-volumes (2020).

Research Objective

There will not be a catchall battery chemistry that is economical or efficient for every

application. Development of alternative battery chemistries is important to filling niche roles in

the growing demand for energy storage. Iron-based battery electrodes is an attractive group of



materials due to their low cost, low toxicity, and Earth abundant precursors. Despite iron’s lower
redox potential compared to other transition metal battery chemistries, the aforementioned reasons
could still make iron-based electrodes economically competitive for applications such as

residential power banks and some consumer electronics.

Crystal defects can hurt or enhance performance of battery materials. Understanding how
defects can be mitigated, encouraged, and controlled in materials is important to improving their
properties. Specifically, vacancies can affect ion diffusivity, redox potential, and structural
stability of the crystal. Besides energy storage, the same materials could potentially be used in

other electrochemical or catalytic devices in which defects can play an important role.

The objective of the following dissertation is to investigate the relationships between synthesis,
chemistry, and electrochemical properties of two iron-based electrode materials. First, the
polyanionic hydroxysulfate material, jarosite, is investigated as a non-aqueous lithium-ion battery
cathode (Chapter 3). Cation vacancies are induced during synthesis by substituting monovalent
Na* for divalent Pb?*. Next is the investigation of iron hexacyanoferrate as a cathode for non-
aqueous sodium-ion batteries. Polyanionic hexacyanoferrate vacancies are reduced by slowing
particle nucleation using the chelating agent EDTA (Chapter 4). Then vacancy concentration of

iron hexacyanoferrate is controlled by adjusting chelation strength through pH control (Chapter 5).



Chapter 2: Battery Background

2.1  Electrochemistry Fundamentals

Many transition metal ions can exist at several different valence states. For example, iron ions
may exist as Fe?* or Fe** in solution. If electrodes of the same material are being used to probe the
reduction and oxidation reaction of iron ions in a hypothetical electrochemical cell containing 10
mM Fe?" and 10 mM Fe?* the cell potential would be measured as OV because there is no chemical
energy difference between the two electrodes, thus there is no thermodynamic driving force to
make the reaction go one way or the other (Figure 2-1a). The two iron species are in equilibrium
and no net concentration change will occur. On the other hand, if one of the electrodes is replaced
with an electrode containing a different chemical environment that is separate from the Fe?*/Fe®*
solution but ionically connected then a potential would develop between the two electrodes
because of a difference in chemical potential energy between the two solutions. The cell voltage

is equal to the difference in chemical potential at the electrodes divided by the charge of an electron,

Hg — Uc

== (2-1)

where u, and u. is the chemical potential energy of the anode and cathode. The forward reaction

indicates reduction at the cathode and oxidation at the anode.!!
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Figure 2-1. (a) Potential between two platinum electrodes and (b) between a platinum electrode and standard
hydrogen electrode in a Fe?*/Fe®* solution.
Electrodes with standard chemistry such as the standard hydrogen electrode (SHE) are used as
a reference to consistently measure voltages of other reactions. The standard reduction potential
of metal ions and molecules at room temperature and pressure are measured against the SHE by
convention but can easily be converted to other reference systems. Chemical species lower on the
standard reduction potential chart in Figure 2-2 have lower electrochemical potential energy
(larger voltage vs SHE) and will become reduced by the oxidation of species higher on the chart.
Similarly, adjusting the electrochemical potential of the platinum electrodes by use of an external
power supply such as a battery will induce oxidation or reduction of species in solution. If the
electrode potential is below that of the reduction potential of the ionic species then it will become

reduced.
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Figure 2-2. Standard reduction potentials of various metals and molecules.

Two essential requirements must be met for a redox reaction to take place. One is the transfer
of electrons to or from the reaction. If the electrodes in Figure 2-1b are connected by a conductive
wire there will be a net reduction of Fe3* species at the platinum electrode and oxidation of
hydrogen gas at the SHE. The second essential part for a redox reaction to occur is charge balance
of the system. The entire electrochemical cell must maintain charge neutrality, i.e. the total charge
of the system is zero. If the net charge of Fe ions decreases during reduction of Fe®* to Fe?* at the
cathode, then positive charge must be maintained in the system by the dissociation of H2 gas into
H* ions at the anode. Similarly, when electrons are transferred to Fe** from the platinum electrode
they must be replaced by electrons in the wire, which are replaced by electrons transferred from

the oxidation of Hy gas.
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The activity of ion species and temperature will affect the free energy change and electrode

potential of reduction through the Nernst equation;

E=E°—ﬂanr (2-2)
zF
where E is the electrode potential, E° is the standard reduction potential, R is the universal gas
constant, T is temperature, z is the number of electrons involved in the reaction, F is the Faraday
constant, and Qr is the ratio of the activities of products to reactants.*? Figure 2-3 illustrates the
Nernst equation for the half-cell reduction potential of Fe3*. As the concentration of reactants
decreases so does the reduction potential. The standard reduction potential is the potential at room

temperature when the concentration of products and reactants are equal.

0.9

[Fe**] = [Fe®]

0.8

Ered

0.7

a(Fe?") / a(Fe?")

Figure 2-3. Half-cell reduction potential of Fe3* versus reaction
guotient. Horizontal dashed line is the standard electrode reduction
potential.
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To measure electrode potential against a reference electrode during an electrochemical test a
3-electrode cell is used. The cell setup involves a working electrode (WE), reference electrode
(RE), and counter electrode (CE) as illustrated in Figure 2-4. Current only flows between the WE
and CE, and potential is measured between WE and RE. This cell setup is used so that the
chemistry of the reference cell does not change during the test, which would shift the reference
potential. This is because no current passes between the WE and RE (actually there is a very
negligible amount). The below example with platinum WE and CE submerged in 0.1M FeCls

solution is the same situation as in Figure 2-1a.

The equipment used to perform electrochemical tests is a potentiostat, which can control the
current between the WE and CE and measure voltage between WE and RE separately. The most
common types of test modes are potentiodynamic, potentiostatic, and galvanostatic. In
potentiodynamic and potentiostatic tests the user prescribes how the WE-RE potential is controlled
while measuring the current response between WE and CE. In actuality, the potentiostat machine
controls current between WE and CE in order to maintain the prescribed WE-RE potential. For
galvanostatic tests a constant current is applied between the WE and CE while the WE-RE voltage

is measured.

12
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Figure 2-4. 3-electrode cell setup.

2.2  Battery Fundamentals

221 Architecture

In any electrochemical cell there exists three essential parts: (1) the cathode, (2) the anode, and
(3) the electrolyte (Figure 2-5). In a battery it is necessary that the cathode and anode are
electrically insulated from each other, otherwise they are in short-circuit and current flows between
them. Therefore, a separator material is used between the cathode and anode to maintain electrical

isolation, but also must maintain ionic connection.

A full-cell battery is one which the cell potential is affected by the state of charge of both the
cathode and anode. As the battery discharges the cathode and anode chemistry may change
drastically. In constructing a full-cell battery it is important to optimize the amount of cathode and
anode material added such that the capacities of both sides match, otherwise anode or cathode
material will be unutilized. Another challenge is that many materials are synthesized in a partially

charged state which may require an additional chemical step to fully reduce or oxidize the material.

13



It is a widespread misconception that commercial rechargeable lithium-ion batteries contain
lithium metal, instead they typically contain graphite as the anode. Non-rechargeable, or primary,
lithium-ion batteries do however contain lithium metal as the anode. The problem with lithium
metal anodes, as with other metal ion battery anodes, is dendrite growth over many cycles that
may eventually lead to dangerous short-circuits. Although, there are emerging companies such as
SolidEnergy Systems from Shanghai and Cuberg from California with the goal of creating
rechargeable lithium metal batteries which would have an advantage in energy density but would

require special liquid electrolytes or solid electrolytes to prevent lithium dendrite formation.

In battery research it is common to use lithium and sodium metal as the counter electrode when
studying electrode materials for secondary lithium-ion and sodium-ion batteries. When these
metals are used as anodes it is considered a half-cell battery. Research can afford to use lithium or
sodium metal as a counter electrode because there is less liability of safety in non-commercial
batteries, and the metal anode is suitable as a common reference electrode in order to make
comparisons with other research. An excess amount of counter electrode is used compared to the
working electrode active mass to guarantee that the electrode under study is the limiting capacity

electrode.

A common half-cell testing setup for studying cathode or anode materials is a 2-electrode coin
cell, or button cell. These cells are relatively easy to make and can provide reproduceable results.
This cell design has two electrodes, the working electrode and the counter electrode. The counter
electrode in a 2-electrode cell is also the reference electrode, usually the metal of the type of ion
battery under study. The two electrodes are electrically isolated from each other by a separator and
are ionically connected by excessive electrolyte. Porous films such as polypropylene and

polyethylene membranes or glass fiber membranes are often used for lithium and sodium ion

14



batteries. The porosity of the films allows ionic continuity of liquid electrolyte while maintaining
electrical separation between anode and cathode. A disadvantage of this type of cell design is that
there may be slight variations in reference potential unrelated to the working electrode during

testing due to side reactions that take place at the counter electrode.

Another type of setup for testing half-cells is a 3-electrode cell setup as described in the

previous section. The working electrode is the electrode under study with its potential measured

<+—— Electrolyte =—

d!
@ )
+ ()
7 om0
Cu || e + L@ e Al
M
M? )
v SH| @
@)
Anode Permeable Cathc;de

Separator

Figure 2-5. Diagram of a typical full-cell non-aqueous rechargeable monovalent ion battery.
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relative to the reference electrode and its current measured against the counter electrode. An
advantage of this setup is that no current passes through the reference electrode so its chemical
state is unchanged during testing and can provide a constant reference potential. Typical reference
electrodes include lithium or sodium metal in non-aqueous cells, or Ag/AgClI reference electrodes
in aqueous cells. The counter electrode can be any material so long as it is able to provide enough
current to or from the working electrode. Platinum is typically used as a counter electrode due to
its chemical inertness and catalytic properties. However, it is important to consider the reactions
occurring at the counter electrode that might change the chemistry of the electrolyte. For example,
the counter electrode may be producing oxygen or hydrogen gas during testing which will affect
the pH of the electrolyte. In most cases the change in electrolyte chemistry due to testing is minimal

in comparison to the volume of solution used in a 3-electrode cell.

The selection of electrolyte is an important factor to the construction of batteries and may be
restricted by the operating voltage. The solvent selected must not undergo oxidation or reduction
at either of the electrodes. The solute also should not undergo reduction or oxidation for
intercalation type materials. The electrolyte stability window has commonly been reported as the
energy window between highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO). If the electrochemical potential is above the LUMO then reduction of
the electrolyte will occur, and if it is below the HOMO then oxidation of the electrolyte occurs.!
However, this definition of electrochemical stability should be used with caution as it does not
always hold true. Peljo and Girault (2018) discuss their opinion on the misconception of using the
HOMO-LUMO definition for electrochemical potential window.'* The most obvious case that
disagrees with this definition is that of liquid water electrolyte which has a HOMO and LUMO of

-9.4 and -0.5 eV, respectively, corresponding to a voltage window between 5.5 and -3.9 V vs SHE

16



(using -4.4 eV as the absolute energy level of SHE).* However, it is well known that the oxidation
and reduction of water occurs well within these limits. On the other hand, the relation between
LUMO energy and reduction potential of many organic solvents has been shown to be strongly

linear.r®

2.2.2 Redox Mechanisms in Battery Materials

There are three mechanisms for electrochemical charge storage in battery materials: (1)
intercalation, (2) conversion, and (3) alloying. For materials containing transition metal ions the
underlying principle in these mechanisms is the change in valence of metal ions. All three
mechanisms require that charge neutrality is maintained in the material. If an electron is added to

the material then a positive ion must be added as well, or negative ion taken away.

Intercalation

The mechanism of reversible ion intercalation was discovered by M. Stanley Whittingham in
the 1970s at the Exxon Research and Engineering Company and is the typical mechanism of
commercial lithium-ion batteries.'® The dictionary definition of intercalate refers to the insertion
of a date into a calendar, such as the addition of February 29" during leap years. Analogous to the
insertion of an extra day into the calendar, ion intercalation into a crystal lattice is associated with
little to no change of the crystal structure. Lack of any major phase change is advantageous to the
reversibility of the intercalation reaction. However, lattice distortion caused by the insertion of
ions can induce stress and volume change leading to mechanical degradation. Intercalation
materials include layered compounds such as graphite, oxides like LiCoO, and V20s, and
chalcogenides such as MoS,. Layered compounds can offer fast transport and storage of ions
through interlayer sites. Other types of intercalation compounds include 3D ionic crystals such as

a-MnO2 and LiFePO.. An example of an intercalation reaction of Li* into layered V20s is:

17



2Li* + 2e” 4 V,05 2 Li,V,05 (2-3)
The vanadium species in V,0s is V** that undergoes reduction to V#* with the intercalation of

Li* ions to produce Li2V20s.

Figure 2-6. lon intercalation mechanism into layered crystal.

Conversion

Unlike intercalation, conversion reactions are associated with total phase transformation of the
initial crystal. An example of this type of mechanism is found in SnO; as an anode material for
lithium-ion batteries (Equation (2-4)). In this reaction tin starts as Sn** in SnO; and is reduced all
the way to Sn metal with the formation of a lithium oxide phase. This reaction is usually
accompanied by several intermediate lithium rich tin oxide phases such as Li>SnO3z and LisSnOe
that are also eventually reduced to Sn metal.!” The complete destruction and reformation of
secondary phases is accompanied by large volume change which leads to reduced cyclability of
conversion type electrodes. Conversion to neutral metal generally happen at lower potentials as
indicated by the metal conversion potentials in Figure 2-2, therefore this reaction mechanism is

mostly restricted towards anode materials.

ALY + 4e” + Sn0, 2 Sn® + 2Li,0 (2-4)



Figure 2-7. Chemical conversion reaction mechanism for metal oxide.

Alloying

Electrochemical alloying can occur in metals and metalloids. Alloying can achieve very high
capacities but are accompanied by large volume changes that mechanically destroy the electrode
during cycling. In contrast to intercalation and conversion, the metal ion from the electrolyte is the
species being reduced since the metal can reduce no further. An example of alloying materials for

lithium ion-batteries are tin and silicon.

() (o)
S e

Figure 2-8. Alloying reaction mechanism for charge storage.

2.2.3 Definitions

Voltage, Current, and Resistance
The unit of voltage is the Volt which is equivalent to Joules per coulomb, in other words it can

be defined as the amount of work required to move a coulomb of charge (1 electron = 1.6x107°

C) between two points (or two electrodes).

Current is the number of charges that pass a point in a period of time with units of ampere or

coulombs per second. It is important to note that current is not related to the speed of charge
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carriers, but rather the net flow of charge past a point. Unbound electrons in metal at room
temperature travel quite fast in random directions (~1 million m/s), but with 0 net flow if there is
no voltage applied. In contrast, when voltage is applied the net flow of electrons known as the drift
velocity is on the order of micrometers to millimeters per second depending on the material,

geometry, and applied voltage.

Voltage and current in a conductor are related through Ohm’s law;

V =1IR (2-5)
where V is voltage, | is current, and R is resistance with units of Ohms () which is equivalent to
volts per ampere and is the inverse of conductance. Materials with high resistance result in small
current when voltage is applied. In battery materials resistance has an adverse effect on working
voltage and should be minimized. The drop between open-circuit voltage and closed-circuit

voltage is due to the Ohmic resistance in the battery and increases with increased current.

Conduction is not restricted to conducting electrons but also include mobile ionic species.
Additionally, electrons bound in the valence band of insulators and semi-conductors can contribute
to current through the migration of holes. Therefore, it is important to consider which charge
carrier species is dominant for a given material system. For battery anodes and cathodes it is
favorable that they possess both high electrical and high ionic conductivity. Every electron that is
transferred in or out of a battery electrode must be accompanied by a transfer of opposite charge

to or from the electrolyte.

Capacity

The quantity of electric charge stored in a battery electrode is known as the capacity with units

of coulombs. It is important to differentiate this term from capacitance which is the charge divided
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by voltage with units of coulombs per volt or farads. Many battery applications operate under
constant current conditions, and tests performed in battery literature are often performed at
constant current known as galvanostatic testing, therefore it is convenient to write capacity in terms
of current as amp-hours (i.e. 1 ampere of current run for 1 hour). If a battery electrode can be
discharged at 1 milliampere for 100 hours then its capacity is 100 mAh, or 360 coulombs, which
is about 0.004 moles of electrons that were exchanged. In literature, battery electrode capacity is
typically normalized to the mass of electrode material labeled as specific capacity (mAh/g). A
material’s theoretical maximum capacity can be calculated by finding the number of available
redox sites available per mass of material. For example, the material Fe2O3 has two Fe®* ions per
molecule. If both Fe** ions are reduced to Fe?* and compensated by the addition of two Li* ions

then the theoretical specific capacity could be calculated as follows;

mAh F 1
)= (2-6)

Theoretical Specific Capacity (7 =nx* m i
where n is the number of electrons exchanged per molecule during reduction or oxidation (2 for
this example), F is the Faraday constant, 3.6 is a conversion factor between coulombs and mAh,
and M is the molar mass of the molecule. Therefore, the theoretical capacity for the reduction of
Fe>Os to Li2Fe20s is 336 mAh/g. However, this theoretical capacity says nothing about voltage,

reversibility of the reaction, or stability of the new phase.

A battery’s theoretical capacity is unrelated to voltage; however, electrode capacities are
usually measured between a specified operating voltage, and the voltage profile throughout the
battery’s state of charge depends on the electrode’s material chemistry. Similarly, a battery’s
capacity may vary depending on the magnitude of current. At higher current the side effects of

overpotential are more prominent, for example there is a larger voltage drop due to ohmic
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resistance at high current according to Ohm’s law. A large overpotential may reduce the capacity

achieved from a battery within a certain voltage range.

Energy

Energy is stored in electrodes as electrochemical potential energy and is converted into
electrical energy during discharge. The units of energy are Joules and electrical energy for a battery
can be calculated as the integral of voltage versus capacity (the area under the curve in
galvanostatic plot). Since the units of capacity are already in amp-hours, it is convenient in
literature and commercial batteries to list energy as Watt-hours instead of Joules. Energy can be
normalized by dividing by mass or volume depending on the system. For example, liquid based
batteries designed for grid-level energy storage such as vanadium redox-flow batteries are best

described by energy per unit volume, since mass is not as important for stationary batteries.

As stated earlier, high current will influence operating voltage and capacity of the battery due to

increased overpotentials, therefore energy is also reduced at higher currents.

Power

The amount of energy a battery can provide in a given amount of time is known as its power,
or power density when normalized by mass or volume. The units of power are conveniently Watts
when dividing energy by time. Applications that utilize large amounts of energy quickly such as
electric motors and electromagnets require batteries with high power densities. The tradeoff
between power density and energy density of a battery material is often plotted in a Ragone plot,

with power density on the x-axis and energy density on the y-axis.
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2.3 Iron-based chemistry for batteries

Iron is the most abundant transition metal element in the Earth’s crust, is the most mined and
produced metal, and is the least expensive element per kilogram.3® More importantly, soluble
iron salts necessary for many syntheses are relatively inexpensive compared to similar nickel and

cobalt salts, but are slightly more expensive compared to manganese salts (Table 2-1).

The two most common oxidation states of iron are 2+ and 3+, with a standard reduction
potential at 0.771 V vs SHE.? Iron(l11) has the electron configuration [Ar]3d°®, and typically forms
octahedral coordination complexes in either the high-spin or low-spin state. The reduction
potential of iron ions can vary greatly depending on ligand species. For example, ferric
triethanolamine complex has a reduction potential of -0.859 V and ferric tripyridinetriazine at

1.484 V vs SHE.%

Iron forms various compounds with electrochemical activity and structures suitable for alkali-
ion intercalation. The most commercially successful has been lithium iron phosphate (LFP) with
formula LiFePOs which has been used in transportation and power tool applications. Research has
investigated other iron systems as anodes and cathodes including oxides, chalcogenides, fluorides,

polyanionic compounds, and hexacyanoferrates.
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Table 2-1. Sale price of iron, manganese, nickel, and cobalt salts ranked by price per mol. Price data acquired from

Sigma-Aldrich on 11/17/2020.

Chemical Grade CAS Price ($/kg) Price ($/mol)
manganese(ll) sulfate monohydrate ReagentPlus, >99%  10034-96-5 97 16
iron(ll) sulfate heptahydrate ReagentPlus, >99%  7782-63-0 102 28
manganese(ll) chloride tetrahydrate ReagentPlus, >99%  13446-34-9 202 40
iron(ll) chloride tetrahydrate Reagent Plus 98% 13478-10-9 205 41
iron(lll) chloride hexahydrate Reagent Grade >98% 10025-77-1 152 41
nickel(ll) chloride hexahydrate ReagentPlus 7791-20-0 185 44
manganese(ll) nitrate tetrahydrate purum p.a., >97% 20694-39-7 189 a7
iron(lll) nitrate nonahydrate ACS reagent, >98% 7782-61-8 141 57
cobalt(ll) sulfate heptahydrate ReagentPlus, >99%  10026-24-1 223 63
nickel(ll) sulfate hexahydrate ReagentPlus 10101-97-0 310 81
cobalt(ll) chloride hexahydrate ReagentPlus, 98% 7791-13-1 472 112
cobalt(ll) nitrate hexahydrate ACS reagent, >98%  10026-22-9 580 169

231 Oxides

Various structures of metal oxides have been investigated as battery electrodes, namely the
layered LixMO> type structure of NMC cathodes have become the most commercially popular due
to their high energy density. Iron oxide materials have been investigated as alternative electrode

materials due to their low toxicity and low cost.

LiFeO: of various crystal phases have been researched as an intercalation cathode for lithium
ion batteries but suffers from irreversible voltage hysteresis upon the first charge cycle.?? While
the fist charge plateau is above 4 V, subsequent discharge and charge cycles fall between 1.5 — 3
V.2 The oxidation state of Fe in pristine LiFeO; is 3+, meaning that the first charge is the oxidation
of Fe3* to Fe** with associated lithium deintercalation. It was proposed that the small Fe** ions
swap coordination sites from octahedral 4a to tetrahedral 8c sites.?* The new coordination would
affect redox potential of the Fe centers and block diffusion pathways of lithium, resulting in higher

diffusion resistance and lower capacity as observed. Other authors reported the presence of Fe?*

24



after the first discharge and proposed that Fe** reacted with electrolyte upon the first charge, thus

subsequent cycles associated with the Fe**/?* redox pair at lower voltage.?

Contrastingly, NaFeO> has shown better success as an intercalation cathode for sodium ion
batteries.?® NaFeO, forms two polymorphs, O3 and P2, both of which consist of FeOs octahedra
layers with Na ions sandwiched in between.?” Unlike its lithium counterpart, NaFeO, displays
reversible Fe*** redox at a constant voltage plateau of 3.3 V vs Na, albeit Na extraction is
restricted to 35% of its theoretical capacity due to irreversible structure change at higher

voltages.?82°

Other iron oxides such as Fe;O3, and Fe3O4 have been of more interest as lithium ion battery
anodes due to their lower redox potentials at around 0.8 V for reduction and 1.75 V for oxidation.
The full conversion reaction from oxide to Fe metal and Li>O product allows for high theoretical
capacities of 1007 and 926 mAh/g for Fe.Oz and FesOs respectively. However, the poor
conductivity of iron oxide and severe structural transformation during lithium exchange
deteriorates the cyclability of these materials. Additionally, it has been shown that Fe2Oz and FezO4
irreversibly change into other FexOy phase upon delithiation.3%3! Much research on these oxides
focuses on synthesizing nanostructures and carbon composites to mitigate problems with volume

expansion and conductivity.*?

2.3.2 Sulfides

Similar to iron oxides, the iron sulfides undergo conversion reactions to form metallic Fe and
LiS, thus they also suffer from the same problems of volume expansion and cyclability.®
Generally metal sulfides have higher conductivity and better mechanical stability than their
oxides.3* However, synthesis of iron sulfide nanoparticles necessary to counter the large volume

expansion of conversion reactions is more challenging.®® Additionally sulfide electrodes suffer
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from soluble polysulfides shuttling between cathode and anode, hurting coulombic efficiency.%
Although FeS> has been commercially available as a primary lithium ion battery, reversibility of

rechargeable iron sulfide in liquid electrolyte at room temperature has been a challenge.®’

The main iron sulfides investigated as lithium ion battery anodes are FeS and FeSg, boasting
high theoretical capacities of 609 and 894 mAh/g, respectively. Iron sulfides exhibit slightly higher
redox potentials than iron oxides. The redox chemistry of FeS, varies between studies, but
generally exhibits two redox pairs around 1.8 and 1.3 V during reduction and 2.0 and 2.5 V vs
lithium during oxidation.® There has been disagreement among researchers on the reaction
pathway between FeS> and Fe + Li»S, with the widely adopted theory being the formation of a

LioFeS; intermediate phase.%

2.3.3 Fluorides

FeFs is electrochemically active to both lithium ion intercalation and conversion into Fe metal
and LiF, obtaining a theoretical capacity of 237 mAh/g for intercalation alone and 712 mAh/g for
the 3-electron reaction. Additionally, the reduction potentials at 3.4 and 2.1 V for intercalation and
conversion make FeFs suitable as a cathode material for lithium ion batteries.®® However, due to
the insulating property of highly ionic FeFs, only nanosized particles are able to realize full
intercalation of 1 Li* ion to form LiFeFs.*° Similar to other conversion chemistries, the drastic
structural change and volume expansion during its conversion reaction severely weaken the cyclic
stability of FeFs. Hydrated phases of FeFz have also been investigated as intercalation cathodes,

allowing for increased cyclability at higher rates due to improved lithium ion diffusion.*4?

2.3.4 Polyanions

Iron-based polyanion compounds encompasses a wide variety of anion species such as

phosphates, sulfates, and silicates. It has been found that the redox potential of a given iron
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polyanion structure is influenced by the X species via the inductive effect where higher
electronegative X species in X-O-M next nearest neighbor coordination results in higher redox
potential.*® Iron polyanion compounds generally have poorer electrical conductivity than layered
and spinel oxides, and have lower specific and volumetric energy density, thus less attractive
towards portable electronic applications. However, their cyclic stability, low cost, low toxicity,

and thermal stability makes the iron polyanion compounds attractive as cathodes.

The most commercially competitive iron-based lithium-ion battery cathode is lithium iron
phosphate (LiFePOs) with decent theoretical capacity of 170 mAh/g and moderate operating
voltage of 3.5 V.* LiFePOy4 belongs to the olivine crystal family in which lithium and iron occupy
octahedral sites linked to phosphorous in tetrahedral sites of an hcp oxygen anion lattice.** Its
advantage over other transition metal phosphates like LiMnPQy is that the delithiated FePO4 phase
is stable and nearly identical in structure with only 6.8% volume change, allowing for good cyclic
stability.*> Another problem with LiNiPO4 and LiCoPOys are the high redox potentials at 5.1 and
4.8 V vs Li*/Li that lead to electrolyte oxidation.*¢4” However, rate performance of LiFePOy is
severely hindered by its low electrical conductivity, which is typically abated by carbon coating

and carbon composites.*

Other polyanion structures have widely been investigated chasing the success of LiFePOa, with
sulfate being the most promising. Substituting sulfate for phosphate requires the addition of a
monovalent anion to maintain charge balance, fluorine being an appropriate choice in the synthesis
of LiFeSO4F having a theoretical capacity of 151 mAh/g. This material has been synthesized in
the low-termperature tavorite and high-temperature triplite structures with respective redox
potentials around 3.6 and 3.9 V vs Li*/Li.*° Both structures are made of interconnected FeO4F,

octahedra with tavorite phase having corner sharing octahedra and triplite having edge sharing
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octahedra. Additionally, the triplite has a random disordering of Li and Fe ions.> The difference
in redox potential between the two phases has been attributed to the lower stability of the triplite
structure due its edge sharing Fe3* repulsion and its cis F-F configuration.*®°! Despite higher redox
potential, triplite has larger polarization and poorer capacity due to larger diffusion resistance
attributed to disordered Li sites.® The development of LiFeSO4F as a cathode material is

challenged by scalable non-aqueous synthesis techniques.

Many other iron polyanion compounds have been investigated as lithium and sodium-ion
battery cathodes. Some examples of lithium-ion cathodes include borates,* silicates,> oxalates,>*
jarosites,* and pyrophosphates.®® Iron-based cathodes for sodium-ion batteries include alluaudite-

type sulfates,® pyrophosphates,® and amorphous FePO4.>°

2.35 Hexacyanoferrates

Metal hexacyanoferrate (MHCF) materials encompass a wide variety of compounds with
general formula AxMy[Fe(CN)s].*nH20, where A represents a variety of possible interstitial
cations such as Li*, Na*, K*, NH4", etc. introduced during synthesis or through electrochemical
intercalation, and M can be a transition metal cation.®® MHCF compounds have been of interest
across multiple disciplines due to their unique zeolitic structure, redox activity, magnetic
properties, biocompatibility, and low cost.t MHCF materials have been used in commercial
applications and in research as pigments for paints and dyes, medicine for radiation poisoning and
absorbent of radioactive ions from contaminated water supply, battery materials, electrochromic
coatings, catalysts for oxygen and hydrogen evolution reactions, biomolecular sensors, and cancer

theranostics.®%%7

The iron hexacyanoferrate compound (FeHCF) is commercially known as Prussian blue, a

paint pigment and medicine for cesium poisoning. Various Prussian blue analogs (PBAS) such as
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MnHCF, NiHCF, CoHCF, and CuHCF have also been investigated as cathode materials for
sodium-ion batteries, and other rechargeable batteries such as lithium, potassium, zinc, calcium,
and ammonium.®® These compounds typically arrange in a face-centered cubic crystal lattice of M
cations octahedrally coordinated to the nitrogen of [Fe(CN)¢] octahedra anions and A cations
located in the large interstitial sites (Figure 2-9).%! In FeHCF the strong ligand field of the cyanide
ion results in the C-coordinated Fe cation of [Fe(CN)¢] groups to take the low-spin electronic
configuration while the N-coordinated Fe cation remains in the high-spin state.®® Consequently,
there exists two separate redox potentials for high-spin and low-spin Fe.”® The crystal lattice may
deviate from its cubic symmetry based on intercalant and water concentration. For example,
FeHCF with high sodium content may distort to the rhombohedral phase or further to the
monoclinic phase if water content is also high.”* Furthermore, [Fe(CN),] anion vacancies and
water can exist in the structure which could affect ion intercalation, redox potential, diffusion, and
stability of the crystal. Anion vacancies are presumed to be accompanied by A cation deficiency
or change in valence of Fe to maintain charge balance; however, it has been postulated that OH"
or other anions from synthesis could enter the FeHCF crystal, yet there is no concrete evidence for

this.”

NaxFe[Fe(CN)s] has received much attention as a cathode material for sodium ion batteries
due to its high sodium ion diffusion, high reduction potential (average ~3 V vs Na), good
theoretical capacity (171 mAh/g), and inexpensive iron-based precursors. However, FeHCF
cathodes suffer from poor cyclability due to side reactions with the electrolyte at high voltage,
coordinated water decomposition, and lattice collapse from [Fe(CN)g] vacancies.% It has been
shown that redox activity can be increased from improving crystallinity and sodium

concentration.”>"® Additionally, doping of Ni?* has shown to increase redox activity of low-spin
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[Fe(CN)s], while increased concentrations of Ni?* also help the cyclic stability at the expense of

capacity.®87’
Figure 2-9. Ideal crystal structure of FeHCF. Black lines represent
cyanide ligands.
2.3.6 Iron Flow Batteries

Redox flow batteries are electrochemical systems in which two redox active species exist as
part of two electrolytes separated by a selective permeable membrane (Figure 2-10). During
discharge the electrolyte species with higher reduction potential, termed the catholyte, is pumped
through its cell and is reduced at the surface of its electrode. The anolyte species is pumped through
the other half of the cell and oxidized at its electrode. The separating permeable membrane allows
for selective ion exchange to maintain charge balance between the two electrolytes but should not

allow cross-over of anolyte and catholyte species. All-liquid redox flow batteries have a separation
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of energy capacity and power. Energy capacity is controlled by the volume of electrolyte, while
power is controlled by electrode surface area. Thus the scalability of these cells is practical for

grid-level energy storage where specific and volumetric energy density is not as critical.”®

There have been several startup energy companies focusing on flow batteries for energy
storage. ESS Inc. in Wilsonville, Oregon manufactures all-iron flow batteries with an iron metal /
ferrous chloride anolyte and ferric/ferrous chloride catholyte. The use of iron species provides low
toxicity and low cost compared to chemistries such as the all-vanadium redox flow battery.
However, the use of metallic iron electrode loses the benefit of decoupled energy and power.
Additionally, the reduction potential of Fe?* to Fe metal can be lower than that of the hydrogen

evolution reaction in acidic media.”®

There has been much research into other iron-based flow batteries. Generally, using different
chelates of iron can alter the redox potential of the Fe3*/?* couple and increase solubility, allowing
for all-liquid all-iron flow batteries. Chelation by EDTA, oxalate, and citrate ligands depreciates

redox potential, making suitable anolytes in comparison to H20, CI-, and CN- ligands.®

={ Load +

Electrodes

Anolyte Catholyte

Semi-permeable
Membrane
Figure 2-10. Simplified diagram of generic flow battery. Reduction and oxidation of anolyte and catholyte species
occur at the surface of the electrode. Protons or sodium ions permeate through a separating membrane to maintain

charge neutrality.

Pump
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Chapter 3: Effect of vacancies on lithium-ion diffusion in Jarosite structure

Pb-jarosite, PbosFes3(SO4)2(OH)s, is investigated for the first time as an intercalation cathode
for lithium-ion batteries. Despite having a lower theoretical specific capacity than its Na-jarosite
analog, NaFe3(SO4)2(OH)s, bulk Pb-jarosite displays higher lithium-ion capacity especially at
higher current rates. The greater lithium storage is attributed to more kinetically facile diffusion of
lithium in Pb-jarosite, as evidenced by PITT data indicating an average diffusion coefficient over
10 times larger. ICP-OES and XRD measurements show that the substitution of divalent Pb?" into
monovalent Na* sites result in an increased number of cation vacancies and a more open structure
to facilitate lithium diffusion. Ex-situ XRD measurements show that Pb-jarosite is more resilient
to the semi-reversible crystalline-to-amorphous phase transformation that occurs in Na-jarosite
over many cycles. These findings demonstrate that multivalent cation substitution in jarosite

materials can significantly improve their performance as intercalation cathodes.

3.1 Introduction

Natural jarosite ore has had little economic value, however there has been extensive study on
the formation of jarosite by mineralogists and hydrometallurgists due to its importance in the acid
leach mining industry. During acid leaching of zinc, copper, and nickel bearing ores, precipitation
of jarosite in acidic media is a crucial step that allows for the physical separation of Fe** and other
cations from the leach solution. As a result, these refining plants produce large amounts of
environmentally hazardous jarosite waste that are stored in containment facilities or dumped on
site.8! These jarosite wastes currently provide no economic value but have been the focus of

research investigating the feasibility of recycling jarosite into marketable products. For example,
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Karamanov, et al. studied the crystallization of high-iron content glass-ceramics based on jarosite

and several researchers have explored the use of jarosite in construction materials.8284

Jarosite is a family of naturally occurring minerals that belong to the alunite supergroup with
general formula DG3(TO4)2(OH)s, Where G represents Fe®* cations and TO4 represents SO4*
groups. D can represent different monovalent cations, such as K*, Na*, NH4" and H3O", or divalent
cations Pb?* and Hg?*.8! The substitution of a divalent cation requires charge balance of the
compound by the introduction of vacancies in the D site. The Na-jarosite structure, NaFe3(SO-
4)2(OH)s, is built up of FeOg octahedra layers connected equatorially through (OH)™ groups. SO4*
groups are shared between the poles of three FeOe and point into interlayers. The opposite poles
of FeOg octahedra share with Na* 12-coordinate polyhedral which exist in between layers of FeOg
octahedra. The substitution of monovalent Na* ions for divalent Pb?* ions reduces the required

number of 12-coordinate cations by half and introduces vacant sites while retaining the same

jarosite crystal structure.®

LT LAY

Figure 3-1. Simplified diagram of Na- and Pb-jarosite sructure showing FeOg octahedra (orange) interconnected
equitorially by OH- groups (not shown) and poles shared with base cornors of SO4? tetrahedrals. Not to scale, ion
size is exaggeratted.
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Recycling of an environmentally hazardous waste material is an appealing aspect of jarosite
and could provide it the economic advantage to make it competitive in the battery market that
warrants its further investigation despite its lower energy density. Lithium and sodium
intercalation into the jarosite structure was first reported by the Raveau group in 2014.5>% Since
then there have been several other publications on nanostructured jarosite cathodes, ammonium-
jarosite, and fluoride doped jarosite.®” 8% Currently, synthesized jarosite nanosheets and
nanoparticles provide the best capacity over many cycles and at high currents. However, more
investigation must be done on the bulk electrochemical properties of other jarosite compounds that

could potentially be sourced from leach mining waste.

This study investigates the electrochemical properties of synthetic Pb-jarosite microparticles,
compared to synthetic Na-jarosite. The theoretical capacities of Na-jarosite and Pb-jarosite are
165.9 and 142.2 mAh/g, respectively, when 1 Li* ion is intercalated for every Fe3* cation. It is
hypothesized that the formation of vacancies by the substitution of Pb?* ion in place of Na* would

increase the intercalation capacity of bulk jarosite by increasing diffusion kinetics of lithium ions.

3.2  Experimental

Synthesis of jarosite powders

Na-jarosite was synthesized using a precipitation procedure similar to those investigated by
Dutrizac.*® Ferric sulfate and sodium sulfate were completely dissolved in 100 mL of deionized
water at a concentration of 0.1 and 0.3 M, respectively. The pH of the solution was adjusted to 1.6
at room temperature with the addition of sulfuric acid. The solution was refluxed in an oil bath at
97°C under constant stirring for 48 hours. Afterwards, the yellow jarosite precipitate was collected

and washed with hot deionized water, then dried at 80°C under vacuum for 12 hours.
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Pb-jarosite was synthesized by preparing a 100 mL solution of 0.15 M ferric sulfate and 0.08
M lead chloride. Lead chloride did not readily dissolve into solution due to its low solubility in
water. Additionally, the solution contained 0.3 M lithium sulfate to increase the incorporation of
Pb?* into the product.®* The pH was adjusted to 1.6 using sulfuric acid and the mixture was refluxed
in an oil bath at 97°C under constant stirring for 48 hours. Afterwards a yellow precipitate was
collected and washed with warm 10% ammonium acetate solution in order to leach away any lead
sulfate impurities as prescribed by Dutrizac, then subsequently washed with hot water.®* The Pb-

jarosite powder was dried at 80°C under vacuum for 12 hours.

After drying, the jarosite powders were dry ball milled in polyethylene containers with 500 4-

mm hardened 440C stainless steel balls for 72 hours at a speed of approximately 80 rpm.

Physical characterization

The crystal structures of Na-jarosite and Pb-jarosite powders were characterized with 1D X-
ray diffraction (XRD) using a Bruker D8 Focus with Cu X-ray source with nickel filter. Ex situ
XRD of cycled batteries was performed by the same method. Particle size of the jarosite powders
were determined using a Horiba LA-950 particle size analyzer. The relative concentrations of Na,
Pb, and Fe elements of synthesized powders was determined using inductively coupled plasma —
optical emission spectroscopy (ICP-OES) with a Perkin EImer Optima 8300. Scanning electron

microscopy (SEM) images of jarosite electrodes were taken on a Sirion XL30.

Electrochemical characterization

Cathodes were prepared from jarosite powders by making a slurry of 70% active material, 20%
Super P carbon powder, and 10% carboxymethyl cellulose (CMC) binder in water. The slurry was
deposited onto an aluminum foil current collector via doctor blading and allowed to slowly dry at

room temperature before drying under vacuum for 12 hours at 80°C. Jarosite half-cell batteries
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were assembled in CR2016 type coin cells with commercial lithium metal anodes (MTI Corp.) and
Celgard polypropylene-polyethylene separator inside of an argon-filled glovebox with oxygen and
water concentrations below 0.5 ppm. The electrolyte used was a commercial solution of 1 mol L~
! LiPFs in ethylene carbonate (EC) and diethyl carbonate (DEC) in a 1:1 volume ratio (Sigma-

Aldrich). The assembled batteries rested for at least 12 hours before electrochemical tests.

Galvanostatic cycling was performed between 2.0 — 4.0 V versus Li*/Li at rates between C/20
and 1C with respect to their theoretical capacities. Cyclic voltammetry was performed on batteries
at 0.1 mV/s between 1.6 — 4.0 V. Electrochemical impedance spectroscopy (EIS) was performed
on a Solartron instrument between 100 kHz and 0.1 Hz at an amplitude of 5 mV. Potentiostatic
intermittent titration technique (PITT) was performed from 4.0 to 2.0 V at 5 mV potential steps
until current decayed below C/200. PITT was preceded by two constant current-constant potential
(CCCP) cycles with a constant current of C/20 and held at 2.0 and 4.0 V until current dropped

below C/200.

3.3 Results and Discussion

Structure and Stoichiometry

X-ray diffraction peaks of synthesized jarosite powders fit the rhombohedral R3m jarosite
crystal structure as indicated by their matching PDFs (Figure 3-2). PbSO4 impurities were absent
from Pb-jarosite after washing with a 10% ammonium acetate solution. Pb-jarosite has a larger
interplanar spacing based on its larger c-axis lattice parameter of 16.86 A compared to 16.62 A for
Na-jarosite as determined by their (006) peak positions. The expanded lattice is likely due to the
larger radii of Pb?" ions compared to Na*, but also possibly contributed to from the loss of
coulombic attractive forces in cation vacant sites that are coordinated by oxygen anions. The slight

differences in peak intensity observed between Pb-jarosite and its reference could be caused by
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differences in composition. It is typical for synthetic jarosites to make solid solutions with

hydronium-jarosite.%2
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Figure 3-2. XRD patterns of as-synthesized Na-jarosite
and Pb-jarosite samples compared against PDF card No.
04-015-8168 and 00-033-0759 for natrojarosite and
plumbojarosite with selected peaks indexed.

Aqgueous samples were prepared for ICP-OES by dissolving weighted amounts of Na-jarosite
and Pb-jarosite in hydrochloric acid. Elemental concentrations were determined by measuring
spectral intensity of characteristic wavelengths of selected species in comparison to standard
analytes and background intensity (Figure 3-3). The metal cation ratio between Na, Pb, and Fe
was calculated to be 0.54:0:3 and 0:0.33:3 for Na-jarosite and Pb-jarosite respectively based on
concentration results from ICP-OES (Table 3-1). The negative concentration values for Pb in Na-
jarosite and for Na in Pb-jarosite indicate the concentrations of these components are close to zero.
Charge compensation for missing metal cations could be made possible by crystalline HzO" ions.

Additionally, the divalent Pb?* substitution for monovalent Na* sites will introduce vacancies in

the Pb-jarosite crystal. The resulting chemical formulae based on ICP-OES are
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[Nao s4,(H30)0.46]Fes(SO4)2(OH)s and [Pho 33,(H30)o.33]Fe3(SO4)2(OH)s assuming there are no Fed*

or anion vacancies. These results indicate 1/3 of 12-coordinate D sites are vacant in Pb-jarosite.
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Figure 3-3. Schematic representation of ICP-OES.

Table 3-1. ICP-OES concentration results for element
species Na, Fe, and Pb for Na-jarosite and Pb-jarosite.

Element Line Na-jarosite | Pb-Jarosite
(nm) (mg/L) (mg/L)
Na 589.995 1.013 -0.119
Fe 239.562 13.68 11.39
Pb 220.353 -0.053 4761

Laser particle size analysis and SEM of samples after ball milling reveal bulk jarosite powders

with average particle size of 0.6 and 0.8 um for Na-jarosite and Pb-jarosite, respectively (Figure
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3-4). The refractive indices used by the particle size analyzer to measure particle size were 1.83
and 1.88 for Na-jarosite and Pb-jarosite, respectively.** These values from literature were
measured for natural natrojarosite and plumbojarosite which may differ from synthetic analogs

which could vary these results.

(C) 12
10 - —e—Na-jarosite
mean size = 0.6 um
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o

Particle Size (um)

Figure 3-4. SEM micrograph of Na-jarosite (a) and Pb-
jarosite (b) after ball milling. Particle size analysis of
synthesized Na-jarosite and Pb-jarosite after ball milling

().
Reduction/Oxidation Response
Cyclic voltammetry of lithium half-cells at 0.1 mV/s shows reduction peaks during the first
cycle around 2.4 V for Na-jarosite and at 2.3 V and 2.5 V for Pb-jarosite (Figure 3-5),
corresponding to lithium-ion intercalation and Fe3* reduction. This is followed by oxidation peaks
at around 3.0 and 2.6 V for Na-jarosite and Pb-jarosite, respectively. The redox potential is

influenced by the local chemical environment of the Fe*?* jon, as well as site energy of the
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intercalant ion. Pb has a significantly higher electronegativity than Na (1.9 vs 0.9), and the divalent
Pb?* ion will exhibit a larger coulombic force than monovalent Na* ions. These elemental
properties of Pb may draw more electron density away from neighboring oxygen ions that

coordinate to Fe¥?* centers, thereby increasing the reduction potential of Fe** via the inductive

effect.®
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Figure 3-5. Cyclic voltammetry of Na-jarosite (a), Pb-jarosite (b), and overlayed 3™ cycle (c) at 0.1 mV/s in coin cells
with lithium metal anode and 1 mol L LiPFs in EC/DEC electrolyte.

The reduction peaks of Na-jarosite become broader and shift in redox potential upon
subsequent cycles. Changing redox potential implies a changing environment of the redox active
species. Na-jarosite has previously been shown to undergo a change in phase to an amorphous
polymeric structure during lithium ion intercalation.>® Broadening of CV peaks could be attributed
to amorphization, resulting in a range of energy states for lithium ion insertion.® In contrast, the
distinct redox peaks present in Pb-jarosite is indicative of a more defined chemical environment,
implying a more rigid crystalline host structure upon intercalation. Additionally, a third reduction
peak emerges at 2.63 V which may have been suppressed in the first cycle. The multiple reduction
peaks of Pb-jarosite could arise from multiple non-equivalent Fe** centers or distinct intercalation

sites for lithium ions created by the introduction of vacant sites to the crystal structure.
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Galvanostatic Stability

Galvanostatic cycling was performed on batteries at a current rate of C/5 (Figure 3-6). The
specific capacities of the first discharge were 89.8 and 91.4 mAh/g, which corresponds to 1.62 and
1.93 Li* intercalated per formula unit (FU) for Na-jarosite and Pb-jarosite, respectively. This
illustrates increased lithium ion capacity in Pb-jarosite leading to greater specific capacity despite
the increased molecular weight. The increased lithium ion capacity in Pb-jarosite could be
connected to the vacancies introduced in the crystal lattice and larger interplanar spacing between
Fe(S0Os) layers, both contributing towards a higher lithium ion diffusion coefficient. Furthermore,

the overpotential is approximated for the third cycle by taking the difference in voltage between
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Figure 3-6. Galvanostatic cycling curves of first 3 cycles at C/5 for (a) Na-jarosite and (b) Pb-jarosite.
Comparison of first cycle (c) and overpotential between discharge and charge curve of 3" cycle (d).
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charge and discharge curves (Figure 3-6d). The lower overpotential of Pb-jarosite at lithium
concentrations greater than 0.75 indicate better intercalation kinetics and reversibility, which

corroborates the small peak-to-peak separation seen in Figure 3-5b.

Both materials exhibit capacity loss after the first cycle, possibly due to irreversible
intercalation of Li* remaining in the host crystal. Pb-jarosite has a larger irreversible loss as
illustrated by the larger separation between the start of subsequent cycles and the y-axis in Figure
3-6b. This is also confirmed by a larger c-axis lattice expansion after the first cycle, increasing to
16.73 and 16.98 A for Na-jarosite and Pb-jarosite, respectively (Figure 3-9). Despite lower
coulombic efficiency during its first cycle, Pb-jarosite still retained a greater reversible lithium ion

extraction of about 1.6 Li*/FU compared to 1.4 Li*/FU in Na-jarosite at a current rate of C/5.

Furthermore, the cyclic stability is higher in Pb-jarosite, retaining 90.2% of its original capacity
compared to 85.0% for Na-jarosite after 50 cycles at a current of C/5 (Figure 3-7a). However, the
galvanostatic voltage profiles significantly change for both materials upon subsequent cycling
(Figure 3-7b&c). With each cycle the voltage profile loses its typical plateau shape and becomes
more linear. This trend matches the broadening of redox peaks in CV for Na-jarosite and indicates
a more solid-solution-like intercalation behavior. Additionally, CV of batteries after galvanostatic
cycling generated voltammograms with broad profiles and attenuated redox peaks (Figure 3-8).
It is evident from the transformation of voltage profiles that the local environment of the Fe¥/?*
redox center is irreversibly changing during cycling. The linear galvanostatic profile and pseudo-
capacitive like voltammogram of Na-jarosite resembles the intercalation chemistry of other
amorphous materials.®® This is due to a distribution of energies created by the disordered ligand

environment and intercalation sites.
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Figure 3-7. Galvanostatic cycling stability at C/5 for Na-jarosite and Pb-jarosite (a). Closed circles are discharge
capacity, open circles are charge capacity, and squares are coulombic efficiency. Galvanostatic cycling curves at C/5
for Na-jarosite (a) and Pb-jarosite (b) at various cycles.
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Figure 3-8. Cyclic voltammetry of Na- and Pb-jarosite
after cycling.

Electrochemical induced phase transformation

It has been illustrated by Gnanavel, et al. that Na-jarosite undergoes a reversible crystalline to
amorphous phase transformation upon lithium intercalation and deintercalation, suggesting that
the amorphous phase is closely related in structure to crystalline jarosite.>> However, the longevity
of this reversible transformation was not investigated. To further understand how the jarosite
structure changes during cycling, ex situ XRD was performed on cycled electrodes (Figure 3-9).

Na-jarosite and Pb-jarosite both undergo a crystalline to amorphous transformation during their
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first discharge to 2.0 V evidenced by diminished diffraction peaks. Recharging to 4.0 V coincides
with the regaining of periodic order of the crystal structure, illustrating the reversible
transformation between amorphous and crystalline phases via electrochemical intercalation and
deintercalation. However, this phase transformation loses reversibility upon further cycling. By
the 50" charge cycle Na-jarosite has nearly lost all diffraction peaks, while Pb-jarosite still retains

its strongest peaks, albeit at lower intensity.

The ability for Pb-jarosite to better revert back to its crystalline structure may be evidence of
a lower energy, more stable crystal structure compared to Na-jarosite. Pb?* and Na* ions reside in
the interstitials of large 12-coordiante oxygen icosahedron cages. The stability of ionic polyhedral
generally follow the cation-anion radius ratio limits according to Pauling’s rules for ionic crystals,
with the critical radius ratio of 12-coordinate polyhedral being 1. Considering the Shannon ionic
radii for 12-coordinate Pb?* and Na*, 1.49 and 1.39 A respectively, and 1.40 A for 0%, the cation-
anion ratios are 1.06 and 0.99 for Pb?* and Na*.%” This illustrates Pb?* would be the more stable
cation in the jarosite structure and could be explanation for Pb-jarosite’s improved reversion to its

crystalline form upon deintercalation.
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Figure 3-9. Ex situ XRD patterns of (a) Na-jarosite and (b) Pb-jarosite electrodes at various cycles.
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In conjunction with ex situ XRD, jarosite electrodes were characterized with ex situ FTIR to
better understand the changing chemical environment (Figure 3-10). The different absorption
peaks can be assigned to different molecular bond vibrations and distortions.> In particular, the
relative intensity of absorption peaks at low wavenumber corresponding to Fe-O vibrations
significantly decreases after lithium intercalation in the first discharge. This has been speculated
to be caused by FeOg distortion and conversion to FeOs during lithiation.>® These Fe-O absorption
peaks are restored after delithiation; however, upon subsequent charge cycles the relative intensity
of Fe-O absorption peaks diminishes. The gradual loss of Fe-O bonding could be associated with

the permanent transformation of the amorphous jarosite phase as shown in ex situ XRD.

The transformation of Fe-O bonding corroborates the evolving voltage profiles during
galvanostatic cycling and cyclic voltammetry which occurs to a greater extent in Na-jarosite. A
changing redox potential is indicative of a changing local chemical environment surrounding the
Fe3* redox centers. The redox potential is strongly related to the energy levels of d-orbitals in Fe
ions. The energy levels of d-orbitals split when coordinated to different ligands according to crystal
field theory due to the overlap between metal d-orbitals and ligand bonding orbitals. In an

octahedral coordination the d,z and d,z_,2 have increased energy due to closer overlap with

-y

ligands, while the d,,,, d,,, and d,, orbitals have decreased energy. The octahedral d-orbital

Xy
energies can further split if the octahedral coordination becomes distorted or if ligands are removed
(Figure 3-11). In the crystalline jarosite phase all Fe ions should exist in octahedral coordination
giving more plateau like discharge curves; however, as the jarosite structure becomes amorphous
and loses Fe-O bonding as illustrated in ex situ XRD and FTIR, there may exist other Fe-O

coordination geometries in the material that give rise to a distribution of energy levels during

discharge.
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Figure 3-10. Ex situ FTIR spectra of (a) Na-jarosite and (b) Pb-jarosite electrodes at various cycles.
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Figure 3-11. Orbital splitting of Fe?* in different ligand coordinations.

Kinetics of Na-jarosite and Pb-jarosite

Square Planar

Pb-jarosite and Na-jarosite batteries were cycled at different C-rates to investigate the

influence of lithium-ion kinetics (Figure 3-12). Na-jarosite displayed greater lithium-ion capacity

at lower current rates but had more significant capacity drop off at higher rates than Pb-jarosite.
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At slow current, it would be expected that Na-jarosite has higher capacity because of its higher
theoretical specific capacity. Conversely, Pb-jarosite had superior capacity of 59 mAh/g at 1C
compared to 28 mAh/g for Na-jarosite. The larger dependence on C-rate is indicative of more
kinetically restricted behavior. The increased lithium capacity of Pb-jarosite at higher rates is likely
attributed to increased lithium ion diffusion within the jarosite crystal due to increased vacancies

and interlayer spacing.

Electrochemical impedance spectroscopy (EIS) of Na-jarosite and Pb-jarosite batteries further
illustrate the improved kinetics of Pb-jarosite (Figure 3-13). EIS spectra show Pb-jarosite has a
smaller charge transfer resistance indicated by the lower x-intercept of the large semicircle.
Improved charge transfer could result from better electronic properties by substituting Pb for Na

ions and introducing vacancies.

Furthermore, the low-frequency Warburg region of EIS spectra pertains to lithium ion
diffusion. The lithium ion diffusion coefficient (D,;+) can be calculated using the following

methodology proposed by Ho et al.:

Duir =7 [(AFA;W) 5x ] (3-1)

where Vy is the molar volume, A is the electrode/electrolyte surface area (simplified as the
electrode area, 0.785 cm?), F is the Faraday constant, and gy, is the Warburg coefficient, which is
determined from the slope of real impedance Z’ vs the inverse square root of angular frequency
w~ 12 at low frequencies.® The parameter §E/8x is estimated from the first plateau of the
galvanostatic test in Figure 3-6 as the change in potential vs lithium ion insertion. The resulting
diffusion coefficients are 4.3 x 10713 and 1.7 x 10~ cm? s for Na-jarosite and Pb-jarosite,

respectively, thus showing Pb-jarosite to have two orders of magnitude faster diffusion. It should

47



Reproduced in part with permission from ACS Applied Energy Materials, submitted for publication. Unpublished
work copyright 2020 American Chemical Society. Submitted November 5th, 2020.

be noted that these are only nominal values due to the assumptions made about

electrode/electrolyte interface, but the comparison should still be considered appropriate.
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Figure 3-12. Discharge capacities of Na-jarosite and Pb-
jarosite at different C-rates.
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Figure 3-13. EIS spectra between 100 kHz and 0.1 Hz of lithium halfcell batteries before cycling (a) and
their Warburg impedance at low frequency (b).

Potentiostatic intermittent titration technique (PITT) further corroborated the relationship of
the lithium ion diffusion in Na-jarosite and Pb-jarosite. PITT measured the potentiostatic current
response at 5mV steps starting from 4 V (Figure 3-14). The decay in current during a potentiostatic

test can be modeled by the Cottrell equation to determine kinetic parameters such as diffusion
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coefficient. A fitting approximation developed by Vorotyntsev, et al. was used.® At early times

when diffusion dominates the kinetics, the current is described by

Qtotal

I(tshort) = TD/A n \/F])t (3'2)

where Qt°ta! s the total capacity per voltage increment, t is time, 7 is the characteristic diffusion

time which is equal to L?2/D where L is the characteristic particle size and D is the diffusion
coefficient, and A is the ratio of the diffusion resistance to the external resistance. The parameters

Tp and A are determined graphically by finding the slope and intercept of the linear regression of

1/(I(t)Vt) versus 1/~/t at early times.

Tp
M = 1ot (3-3)
TTp
= Qeetal (3-4)

The parameters 7, and A were found for each potential step and used to calculate diffusion

coefficient (Figure 3-15).
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Figure 3-14. PITT current and voltage profile of Pb-jarosite.
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Figure 3-15. Example of single PITT step and graphical transformation to determine 7, and A.

The calculated diffusion coefficient varies during lithium ion intercalation in Na-jarosite and
Pb-jarosite (Figure 3-16a). In general, the weighted average diffusion coefficient when
considering amount lithium intercalated at each potential step is 8.6 x 10713 and 1.1 x 10~** cm?
s’ for Na-jarosite and Pb-jarosite, respectively. The larger average diffusion coefficient over all
lithium concentrations corroborates the improved capacity and rate performance of Pb-jarosite
over Na-jarosite. However, Pb-jarosite exhibits lower lithium-ion diffusivity than Na-jarosite at
lower lithium concentrations but increases to higher diffusivity upon further intercalation. This
region of low diffusivity corresponds well with the large overpotential of Pb-jarosite during initial

intercalation (Figure 3-6d).

An explanation to the large change in diffusion coefficient in Pb-jarosite could be the transition
between lithium intercalation first into amorphous Pb-jarosite and its crystalline phase (Figure 3-
17). It has already been shown that both jarosite materials undergo a semi-reversible crystalline-
to-amorphous phase transformation upon lithium intercalation (Figure 3-9). The PITT test was

preceded by two CCCP cycles which would have contributed to the formation of some amorphous
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Pb-jarosite phase responsible for the initial low diffusivity. The amorphous phase would not
receive the same benefits from vacancies due to its disordered structure. Additionally, the lower
density of amorphous phase would result in larger hopping distances for lithium ions, further
decreasing diffusivity. In contrast, Na-jarosite without vacancies does not receive the same boost

in diffusivity for its crystalline phase.

PITT performed after 30 galvanostatic cycles at C/5 illustrates the growing amorphous
environment for lithium diffusion (Figure 3-16b). Pb-jarosite retains a high diffusivity above 10
11 em? 52, albeit throughout a smaller concentration range. Similarly, the range of low diffusivity
increases but with higher diffusivity. In contrast, Na-jarosite exhibits a mostly unchanging
diffusion coefficient during intercalation which is consistent with the diffusivity independence on
lithium concentration in disordered materials because of less change in local environment during
intercalation.’®® This supports the idea that Na-jarosite and Pb-jarosite are irreversibly
transforming into a disordered phase through electrochemical cycling, with Pb-jarosite being more
resilient to the irreversible transformation. The decreasing high diffusivity region corresponds with
decreasing crystalline content of Pb-jarosite and increasing amorphous phase that does not receive

the same boost in diffusivity from vacancies.
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Figure 3-16. PITT discharge profile and calculated diffusion coefficient of Na-jarosite and Pb-jarosite before cycling
(a) and after 30 galvanostatic cycles at C/5 (b). PITT was preceeded by two CCCP cycles.
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Figure 3-17. Proposed theory for transitioning diffusion coefficients in Na-jarosite and Pb-jarosite after 2 CCCP
cycles (a) and after 30 galvanostatic cycles (b).
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Diffusivity results from PITT of batteries after 30 galvanostatic cycles were validated by
performing EIS at various depths of discharge. EIS was performed on batteries after intermitant
steps of galvanostatic discharge at a rate of C/20 for 1 hour followed by 1 hour of open circuit rest
(Figure 3-18). Diffusion coefficient after each step was determined from the Warburg impedance
using equation (3-1). The corresponding diffusivity vs lithium intercalation profile matches the
trend in diffusivity determiend by PITT; albiet diffusivity values are about an order of magnitude
higher when determiend by EIS (Figure 3-19). The higher diffusivity values determined by EIS is
likely caused by the assumptions made about electrode surface area in its calcualtion. While it is
typical to assume electrode surface area is the plane area of the current collector, in reality the
active electrode surface area of may be significantly larger due to particle geometry and electrode
thickness. A larger surface area value would decrease the diffusivity results from this calculation,
coming closer to the values determiend by PITT. Nonetheless, the similarity between two different
methods of calculating diffusivity helps to validate the general trend in lithium ion diffusivity as a

function of lithium ion intercalation in Na-jarosite and Pb-jarosite.
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Figure 3-18. Galvanostatic intermittant titration profiles for Na-jarosite (a) and Pb-jarosite (b) after 30 cycles and
PITT. Galvanostatic discharge was done at a current rate of C/20 for 1 hour followed by open circuit rest for 1 hour.
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Figure 3-19. Open circuit voltage profile after resting
during intermittant galvanostatic discharge (top) and
calculated diffusivity (bottom) for Na-jarosite and Pb-
jarosite determined from EIS at each open circuit rest step.

3.4  Conclusions

Lithium ion intercalation into synthetic Pb-jarosite was investigated and compared to its Na-
jarosite analog. Substituting Pb?* for Na* in the synthesis of jarosite results in the formation of
cation vacancies that help contribute to improved lithium ion diffusion of its crystalline phase.
Despite having a lower theoretical specific capacity, Pb-jarosite demonstrated increased lithium-
ion uptake at competitive rates attributed to faster diffusion kinetics and lower charge transfer
resistance. However, average diffusivity in Pb-jarosite decreases due to the accumulation of
amorphous phase from a semi-reversible crystalline-to-amorphous phase transformation during

lithium intercalation over several cycles.
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This work helps contribute to the understanding of solid ionic diffusion in jarosite materials
with unique amorphous phase transformation over many cycles. The characterization of Pb-
jarosite having higher lithium ion diffusivity and capacity helps to open the possibility of recycling
jarosite waste materials in energy storage applications. Additionally, it suggests that utilizing

mixed jarosite waste material with higher Pb content would be more desirable.
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Chapter 4. Room temperature synthesis of crystalline iron hexacyanoferrate
through EDTA chelation

Iron hexacyanoferrate (FeHCF) is synthesized at room temperature with the addition of EDTA
to produce highly crystalline faceted particles compared to nanoparticles synthesized without. The
highly crystalline particles have fewer Fe(CN)s anion vacancies and improved electrochemical

activity.

4.1 Introduction

In general, there are two routes to chemically synthesizing FeHCF. First is through a two-
precursor method, utilizing an iron salt and sodium ferrocyanide. The precipitation reaction at
room temperature between free iron ions and ferrocyanide complex is rapid. The solubility product
of FeHCF was determined to be 1027 suggesting that nucleation of this phase due to
supersaturation is incredibly rapid.*° The fast nucleation kinetics results in nanoparticles with
poor crystallinity, low initial Na* concentration, high vacancies, and high water content.”* In
contrast, high quality FeHCF crystals can be grown through a one-pot synthesis route in which a
single precursor, such as sodium ferrocyanide, is slowly decomposed with hydrochloric acid or a
hydrothermal treatment to produce free iron ions that can react with undecomposed ferrocyanide
ions.”74192 This route produces highly crystalline FeHCF particles that have improved capacity
and cyclability compared to nanoparticles prepared by simple mixing.”* However, the one-pot
synthesis route creates hazardous cyanide as a byproduct, generating six moles of cyanide per mole
of FeHCF. Furthermore, this route does not easily allow for the doping or substitution of the M

species with other transition metals due to the fast precipitation between ferrocyanide and
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transition metal ions. Therefore, it is important to investigate new synthesis routes that avoid
cyanide generation and can allow M species substitution at room temperature while retaining a

highly crystalline structure.

It was hypothesized that ethylenediaminetetraacetic acid (EDTA) would inhibit fast nucleation
of FeHCF during simple mixing of ferrous chloride and sodium ferrocyanide precursors, thus
increase particle crystallinity and improve electrochemical performance. Retarding nucleation
would allow more controlled growth of the crystal as previously shown by the citrate molecule for
FeHCF, Ni/MnHCF, and CoHCF.”>1031% EDTA is a hexadentate chelating agent commonly used
in industry to suppress the activity of metal ions in solution and is a strong chelator of Fe ions.%®
It forms complexes with metal ions through two amine groups and four carboxyl groups. Due to
the pH dependence of deprotonation the synthesis pH was held constant through a buffer.

Preliminary studies determined a pH of 3.8 proved suitable for experiment.

4.2  Experimental Procedures

Synthesis of FeHCF

A 0.3M acetate buffer solution was prepared with sodium acetate and acetic acid at pH 3.8.
Two separate 200 mL solutions of 20 mM Na,Fe(CN)¢ * 10H,0 and 30 mM FeCl, * 4H,0 were
prepared from the buffer solution. Sufficient time was allowed for both solutions to fully dissolve,
after which the FeCl; solution was quickly added to the former solution while stirring. The solution
was mixed for 24 hours before particles were collected and washed with water and ethanol through
centrifugation. The blue product was dried in air at 80°C overnight. For EDTA-synthesized
particles the same procedure was used with the addition of 30 mM ethylenediaminetetraacetic acid
tetrasodium salt to the FeCl> solution. Herein samples made without EDTA will be labeled as PB-

1 and samples made with EDTA will be labeled PB-2.
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Physical Characterization

The crystal structure of the as-synthesized products were determined via powder X-ray
diffractometry (XRD) on a Bruker D8 Discover using a Cu-K X-ray source with nickel filter and
a 1-dimensional x-ray transducer. A JSM 7000F scanning electron microscope was used in SEI
mode to collect electron micrographs. SEM samples were prepared by drop casting FeHCF-water
suspensions onto silicon substrates and drying at 80°C under vacuum. The optical absorbance was
measured using a UV-vis spectrometer. Thermal gravimetric analysis (TGA) was performed on
samples under nitrogen gas at 5°C/min. Exhaust gas from TGA was filtered through a 0.1M ferrous
sulfate water trap to capture any cyanide gas generated. Total carbon, hydrogen, and nitrogen

content (CHN) was determined using a Perkin EImer CHN 2400 series analyzer.

Electrochemical Characterization

Electrodes were made on aluminum foil by doctor blading a slurry of 70% active material, 20%
Super P conductive carbon, and 10% sodium carboxymethylcellulose (CMC) binder dissolved in
water. The aluminum foil was cleaned with 0.1 M oxalic acid solution and ethanol before doctor
blading. The electrodes were dried under vacuum at 80°C for 12 hours before punching into 20mm
diameter disks. After measuring mass, the electrodes were transferred into an argon filled glove
box with oxygen and water concentration below 0.5 ppm. Sodium half-cells were made with
CR2032 type coin cells with a sodium metal anode and Whatman glass fiber separator saturated
with 1M NaClO4 in PC with 5% FEC electrolyte solution. Batteries for cyclic voltammetry did not
include FEC additive in their electrolyte. Galvanostatic cycling was done on a LAND battery tester
between 2 and 4.3V. Cyclic voltammetry was performed with an Arbin electrochemical tester

between 2 and 4.3V at 0.1mV/s.

58



Reproduced in part with permission from Royal Society of Chemistry Copyright 2020.
Neale, Z. G.; Liu, C.; Cao, G. Effect of synthesis pH and EDTA on iron hexacyanoferrate for sodium-ion batteries.
Sustainable Energy & Fuels 2020, 4 (6), 2884-2891. https://doi.org/10.1039/d0se00120a.

4.3 Results and Discussion

Physical Characterization

XRD patterns of PB-1 and PB-2 (Figure 4-1) both closely match the cubic Fm3m crystal
structure of Prussian blue. The diffraction peaks of PB-2 grown with EDTA are stronger in
intensity and have smaller peak width compared to PB-1 grown without EDTA, indicating that
PB-2 consists of larger crystals. The peak position of the (200) plane is slightly smaller for PB-2,
indicating a larger lattice constant of 10.24A compared to 10.17A for PB-1. The average crystallite
size using the Scherrer equation was estimated to be 51 and 116 nm for PB-1 and PB-2,
respectively. SEM images (Figure 4-2) show that particles synthesized with EDTA display cubic

morphology and agree with the estimation of crystal size by XRD.
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Figure 4-1. XRD pattern of PB-1 (without EDTA) and
PB-2 (with EDTA) compared against ICDD No. 00-052-
1907 for Prussian blue.
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Figure 4-2. SEM images of PB-1 (a) and PB-2 (b).

» 500 nm

The crystal structure of FeHCF is typically associated with zeolitic water and water
coordinated to high-spin Fe in place of [Fe(CN)¢] anion vacancies. TGA and CHN elemental
analysis can elucidate the amount of water in the FeHCF lattice. TGA results up to 400°C (Figure
4-3) show an initial weight loss of about 23 and 16% for PB-1 and PB-2, respectively, followed
by a second weight loss step of 13 and 6%. The first weight loss step is associated with the loss of
water and the second step is the partial decomposition of Fe(CN)s groups.’®® CHN elemental
analysis results (Table 4-1) for total hydrogen correlates well with TGA results. Assuming all
hydrogen corresponds to water in the sample, CHN analysis returns 22 and 17 wt% H.O
respectively for PB-1 and PB-2. The similarity between TGA and CHN indicate that the first
weight loss step is attributed to both zeolitic water and coordinated water. The higher carbon
weight percentage in PB-2 corroborate this speculation. These results allude that the addition of

EDTA to FeHCF synthesis decreases water content and vacancy concentration.
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Figure 4-3. TGA of as-synthesized FeHCF powders
under nitrogen at 5°C/min.

Table 4-1. Elemental analysis results for carbon,
hydrogen, and nitrogen.

Weight %
Sample c 4 N
PB-1 19.7 2.5 21.3
PB-2 21.1 1.9 24.2

Maossbauer spectroscopy was performed to better understand the structure of FeHCF grown
with EDTA. Madssbauer spectroscopy is a characterization technique that uses gamma ray
absorption to probe the chemical environment of iron species in materials. The source of gamma
rays comes from a radioactive Co-57 source that decays into Fe-57 with an excited nuclear state
through electron capture (Figure 4-4). The excited state of Fe-57 lowers its energy through
emission gamma rays. Fe-57 in the sample absorb these gamma rays, but the energy of resonant
absorbance is influenced by the local chemical environment of iron in the sample. To change the
gamma ray energy the source is linearly actuated towards and away the sample target at constant
acceleration (Figure 4-5). The positive and negative velocities of the gamma ray emitting source
correspond to blue-shift and red-shift of gamma rays due to the Doppler effect, in which 1 mm/s

velocity corresponds to an energy shift of 48.075x10°eV. For example, if the absorbing Fe species
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in the sample has the same chemical environment as the iron emitting gamma rays, then there
would be an absorption peak at 0 mm/s. A different chemical environment of the absorber species
can lead to an isomer shift, §, away from 0 mm/s which is influenced by electron density at the
nucleus and change in nuclear radius between the excited and ground state (negative for Fe-57).
The nuclear energy level is affected by s-character bonding of the species and electron screening
of the nucleus by p and d electrons. Therefore, a positive isomer shift would be expected for Fe3*
with fewer s-electrons compared to Fe® and a greater positive shift for Fe?* which has greater
electron screening by d electrons. Furthermore, the shape of nuclear charge distribution of the
absorber species can be affected by coordinated ligands and valence state which can lead to
quadrupole splitting of absorbance peaks (Figure 4-6). For example, a uniform electric field
gradient of octahedrally coordinated high-spin Fe3* or low-spin Fe?* will not result in quadrupole
splitting of peaks. However, a non-uniform electric field gradient such as in high-spin Fe* or low-
spin Fe®*, or when there is a non-uniform ligand field coordinated to Fe, then the singlet absorbance

peak will turn into a doublet.
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Figure 4-4. Nuclear decay of Co-57 and emission of Mdssbauer gamma rays from Fe-57.
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Figure 4-6. Isomer shift and quadrupole splitting due to different
chemical environment of absorber species and non-uniform electric field
influencing nuclear energy level of Fe species.

Mdossbauer spectroscopy was performed at room temperature using a Co-57 source and
calibrated to a-Fe. The nuclear resonance of Fe-57 atoms in FeHCF are sensitive to their local
chemical environment and valence state. The Mdssbauer spectra (Figure 4-7) can be fitted with
Lorentzian curves representing each iron species and the area of the curve is proportional to the
molar fraction of that species. Using the same fitting methodology as Grandjean et al., a single
doublet was assigned to low-spin Fe(l1), and three doublets were assigned to high-spin Fe(l11) with
their line widths, I", held equal to that of the a-Fe calibration of about 0.34 mm/s.%” Although one
doublet could be assigned to high-spin Fe(lll), it was found that the fitted curve would produce
line widths much larger than that of a-Fe. This is because the presence of low-spin [Fe(CN)s]
vacancies create several chemically unique identities of high-spin Fe(l1l) which would increase
the line width of a composite doublet fitting curve. The fitting parameters of each curve are listed

in Table 4-2.
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The curve area ratios between high-spin and low-spin iron species are approximately 2:1 and
1.2:1 for PB-1 and PB-2, respectively. These ratios correspond to an estimated 50% and 18%
[Fe(CN),] anion vacancies in the FeHCF lattice. The measured anion vacancies for PB-1 are
higher than what is typically reported for Prussian Blue and other metal hexacyanoferrates, that is
less than 33%. 72108109 Syrface effects could influence the results with increasing effect for smaller
particles; however, a cubic FeHCF particle of 50 nm in width only has 6% of its atoms on the
surface. Another explanation could be that the recoil-free factors, the f-factors, for the different
iron species is not the same which would affect the measured absorption.X®” Another concern is
that FeHCF with such high anion vacancies would not be able to maintain charge neutrality
according to the traditional chemical formulation of Prussian Blue, but could be possible if OH"
anions were present as proposed by Bueno, et al.”? Regardless, the Méssbauer data clearly indicates
an increase in low-spin Fe concentration of PB-2 which corroborates with the increased carbon

weight percentage results from CHN analysis.

The decreased weighted quadrupole splitting, (AE,), of the high-spin Fe(I11) doublets indicate
a more symmetric ligand environment of PB-2, likely due to a decrease in [Fe(CN)e] vacancies.
The decreasing (AE,) is also supported by the increasing isomer shift, &, of both low-spin and
high-spin Fe. The isomer shift is sensitive to s-electron density, with more negative velocity for
increasing s-electron density at the nucleus of Fe atoms.** High-spin Fe in FeHCF is coordinated
to the highly electronegative nitrogen of [Fe(CN)s]. When [Fe(CN)e] ligands are replaced by
coordinated water which is less electronegative, the s-electron density at the nucleus of high-spin
Fe increases resulting in a negative isomer shift. Similarly, the increased electron density of high-
spin Fe pulls cyanide ligands closer to it, thus increasing the s-electron density of low-spin Fe

atoms causing the relative negative shift in § for PB-1. These results corroborate with the higher
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water content of PB-1 determined by TGA and CHN analysis due to increased coordinated water

in vacant sites resulting in decreased octahedral symmetry of high-spin Fe ions.
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Figure 4-7. Mossbauer spectra at room temperature of (a) PB-1 and (b) PB-2 with fitted Lorentzian curves
representing iron species.

Table 4-2. Fitting parameters for Mdssbauer spectra. & is the isomer shift relative to a-Fe in mm/s, AE,, is the

quadrupole splitting in mm/s, and T is the full line width at half max in mm/s. The quadrupole splitting displayed for
high-spin Fe(l11) is the weighted average of the three doublets.

Low-Spin Fe(II)

High-Spin Fe(III)

) AE, r Area % ) (AEg) T'(fixed) Area %
PB-1 -0.24(0)  0.13(2)  0.43(2) 33 0.37(0)  021(0)  0.34 67
PB-2 -0.19(0)  0.15(0)  0.34(0) 45 0.41(0) 0.150) 034 55
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UV-visible light absorbance spectroscopy was performed on FeHCF samples diluted in water
to an approximate concentration of 0.4 and 0.1 mg/mL for PB-1 and PB-2, respectively. The
absorbance spectra match that of Prussian blue pigments with a main absorption peak at 700nm. 1%
The light absorption in the visible range is associated with charge transfer between Fe(ll) and

Fe(I1l) ions. The higher absorption in PB-2 despite lower concentration could arise from a more

even ratio of Fe(I1)/Fe(l11) ions to facilitate charge transfer.
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Figure 4-8. UV-vis absorbance spectra. Sample
concentration was approximately 0.4 mg/mL for PB-1 and
0.1 mg/mL for PB-2.

Electrochemical Results

Cyclic voltammetry (CV) (Figure 4-9) reveals several redox peaks corresponding to sodium
ion intercalation and deintercalation. PB-1 has broad peaks, possibly indicating that its iron redox
sites vary with energy due to high vacancy concentration and surface defects. In contrast, PB-2
displays sharper, more distinct redox peaks, an indication that redox sites are more uniform in

chemistry.

PB-2 possess an additional reduction peak at 3.8 V. This high-voltage reduction peak is also

observed in other FeHCF non-aqueous systems when water content is high,” but is absent when
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the crystal is dehydrated which only shows the peak at 3.3 V (Figure 4-10).1* Similarly, sodium
ion intercalation in FeHCF of agueous systems demonstrate a high redox potential corresponding
to about 3.9 V vs Na*/Na, but are absent of the peak at 3.3 V.19 The potential during intercalation
is not only affected by the crystal field energy of Fe**, but also the interaction energy between

intercalant and host crystal, and the repulsive energy between intercalated ions.'*2

It is apparent
that the crystalline water content strongly influences the energy interaction between sodium ions
and host crystal. On the other hand, PB-1 does not show the high voltage reduction peak although
its water content is also supposedly high. One explanation is that the nanosized PB-1 particles are
dehydrated during the thermal preparation of electrodes due to its lower dehydration temperature
according to TGA. Additionally, electrochemical dehydration of the crystal will occur when

cycling to 4.3 V,”* which is evidenced by the large anodic current above 4 V during the first cycle

and the disappearance of the reduction peak at 3.8 V during subsequent cycles in PB-2.
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Figure 4-9. Cyclic voltammetry at 0.1 mV/s of (a) PB-1 and (b) PB-2. Dotted line indicates the initial charge cycle.
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Figure 4-10. Cyclic voltammetry of PB-2 after

galvanostatic cycling at 100 mA/g for 100 cycles versus

the first cycle of a PB-2 electrode dehydrated at 200°C

under N for 1 hour.

Galvanostatic cycling was performed on sodium metal half cells at 100 mA/g (Figure 4-11).
The initial charge cycle (dotted line) capacity is slightly higher for PB-2. The initial charge cycle

corresponds to the initial Fe?* available for oxidation, or possibly oxidation of coordinated water.

The first cycle discharge capacities were 111 and 151 mAh/g for PB-1 and PB-2, respectively.

Upon further cycling PB-1 and PB-2 suffer from gradual capacity decay (Figure 4-12). The
average coulombic efficiencies (discharge / charge) after the 3™ cycle up to 100 cycles are 98 and
99% for PB-1 and PB-2, respectively. An efficiency less than 100% corresponds to extra capacity
gained during oxidation. The oxidation of zeolitic and crystalline water maybe attribute to this
inefficiency. Additionally, FeHCF has been shown to oxidize electrolyte forming a cathode
electrolyte interface (CEI) at high voltages.*® If the CEI layer is unstable then further electrolyte
may decompose on every cycle contributing to coulombic efficiencies below 100%. PB-2 also
demonstrates less capacity decay after the 3" cycle, with a capacity retention of 83% up to 100
cycles. In contrast, PB-1 had lower capacity retention at 79%. The increased coulombic efficiency

and cyclic stability of PB-2 may be a result of its larger particle size allowing for a more stable
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CEl layer or from fewer side reactions at the electrolyte interface due to its lower specific surface
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Figure 4-11. Galvanostatic profile at 100 mA/g of the initial charge and subsequent cycles for (a) PB(3.8), (b) PB(4.4),

(c) EDTA(3.8), and (d) EDTA(4.4).
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Figure 4-12. Galvanostatic cycling at 100 mA/g. Discharge shown as open
circles and charge shown as filled circles.

The intercalation kinetics of FeHCF samples were investigated by cycling batteries at various

current densities (Figure 4-13). The specific discharge capacities at a current density of 3.2 A/g

were 63 and 122 mAh/g, corresponding to capacity retentions of 56 and 85% respectively for PB-
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1 and PB-2 compared to their 4" cycle. The high capacity retention at high current of PB-2
indicates fast intercalation Kinetics which can be ascribed to Prussian Blue’s unique cage-like
structure which can facilitate rapid ion transport. On the other hand, PB-1 suffers from capacity

loss at higher current densities.
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Figure 4-13. Discharge capacity at various current rates.

Kinetics were further explored with electrochemical impedance spectroscopy (EIS) on
batteries in the charged state after galvanostatic cycling. Nyquist plots (Figure 4-14a) show a high
frequency semi-circle representing charge transfer resistance and a low-frequency tail indicating
Warburg diffusion. PB-1 shows a larger semi-circle compared PB-2 indicating that its charge
transfer resistance is higher. The higher resistance is a contributing factor to the poor rate
performance of PB-2. Additionally, the Warburg diffusion tails can be analyzed to estimate the

nominal sodium diffusion coefficient of the FeHCF electrode by the following:
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Na

The Warburg coefficient, g, is the slope of real impedance versus the inverse square root of
frequency in the low frequency region (Figure 4-14b). R is the gas constant, T is temperature, n is
the number of electrons transferred during intercalation, F is the Faraday constant, A is surface
area which is estimated in this case as the electrode surface area, Cy, is the molar concentration
of sodium ions which is set to 0.001 mol/cm?®, and Dy, is the nominal diffusion coefficient of
sodium ions. Solving for Dy, results in values of 2 x 10712 and 7 x 10712 cm?/s respectively for
PB-1 and PB-2. The more crystalline FeHCF particles of PB-2 with low vacancies demonstrate
faster ion diffusion than nanoparticles with high vacancy concentration. VVacancies and high energy
surface defects may act as traps for sodium ions. Another possibility is that the water content of
PB-2 after thermal preparation is higher than PB-1 due to its higher dehydration temperature
according to TGA. Water can help shield the coulombic interaction between the crystal host and

intercalated ions, allowing for faster diffusion.
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Figure 4-14. EIS spectra (a) and plot of real impedance vs inverse square root of angular frequency (b) for FeHCF
batteries after cycling.
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4.4 Conclusions

FeHCF cubic crystals were synthesized with and without EDTA at constant pH and its effect
on sodium-ion battery performance was observed. XRD and SEM characterization showed that
particle size and crystallinity increased with the addition of EDTA. TGA and CHN analysis
confirmed that PB-2 had a lower water content and higher carbon content, indicating fewer
[Fe(CN),] anions. The lower ratio of LS-Fe to HS-Fe measured by Mdssbauer spectroscopy
corroborates with this claim. Battery performance greatly increased for PB-2 with higher capacity,
better coulombic efficiency, and faster rate performance than PB-1 due to more redox active low-

spin Fe capacity contribution, faster diffusion, and lower charge transfer resistance.

This work demonstrates that the EDTA molecule can be used as an effective additive for the
synthesis of iron hexacyanoferrate at room temperature. By controlling nucleation rate, particle
size and vacancy concentrations can be controlled. This has positively affected the capacity and
rate performance of FeHCF in sodium-ion batteries. To the best of the author’s knowledge, this
research has demonstrated the highest capacity recorded for a FeHCF electrode grown at room
temperature, and it is competitive with many made through high-temperature decomposition

synthesis that generates toxic cyanide byproduct.
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Table 4-3. Literature comparisons of FeHCF for non-aqueous sodium-ion batteries.

First

Synthesis . . Rate
Method Formula Electrolyte D(:'Ts](':at\wr?/rgg)e Retention (MAh/g) Source
Precipitation 82% .
NaClO4 151 122 This
Room temp. Nao.71Fe[Fe(CN)sJo.s22.68H20 0 (100 cycles
EDTA pH 3.8 PC 5%FEC (100mA/g) @100 mA/g) (3.2 AJg) work
77%
One-pot reflux NaClO4 150
140°C NazFe[Fe(CN)e] * 2 H20 EC/PC (85 mA/g) (10 cycles @ - 71
85 mAJ/g)
- 0,
Orfifm Nao s:Fe[Fe(CN)eloss 15.7% NaPFe 170 (15100;/(‘;65 70 s
HCl 60°C H20 EC/DEC (25 mA/qg) @ 25 mAlg) (0.6 A/g)
Precipitation 70%
Roonﬂ’ o Naz o2Fe[Fe(CN)e] * 13.2% NaClOa 129 (100 cycles 71 .
m temp. H20 ECIPC (200 mA/g) @ 200 (1.2 Alg)
citrate
mA/g)
One-pot NaPFs ~150 ~89% 145
Hydrothermal | Naig2Fe[Fe(CN)s] *0.08 H.O | EC/DEC 5% (75 mA/g) (100 cycles (15 Alg) 111
140°C FEC 9 | @300marg) | 2NV
R 96%
Precipitation NaPFs 109 98
Fe[Fe(CN)s] (150 cycles 114
0
60°C EC/DEC (60 mA/qg) @60 mA/g) (1.2 Alg)
- * 0,
On,ZiFOt Nao.52Fe[Fe§_|ng)6]o.85 3.15 NaPFs 130 K 3)(/)(:'/(;5 o 775 s
HCI 65°C @c EC/DEC (50 mA/g) 2 Alg) (45 AJg)
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Chapter 5: Chemical control of vacancy concentration in iron
hexacyanoferrate

Iron hexacyanoferrate (FeHCF) particles were synthesized at room temperature with
ethylenediaminetetraacetic acid (EDTA) at varying pH. The presence of EDTA produced faceted
particles and increasing synthesis pH resulted in slower reaction kinetics and larger particles with
lower water content and fewer anion vacancies determined by TGA and Mdssbauer spectroscopy.
Electrochemical testing of sodium metal half cells revealed higher capacity in FeHCF particles
grown at lower pH with EDTA, obtaining a maximum discharge capacity of 151 mAh/g with 79%
capacity retention after 100 cycles at 100 mA/g and a rate capability of 122 mAh/g at 3.2 A/g. In
contrast, particles grown at higher pH had stunted low-spin Fe redox activity but with improved
long-term cyclic stability. These findings demonstrate that small changes in synthesis pH can
greatly affect the growth and electrochemical properties of FeHCF when using a pH sensitive

chelating agent such as EDTA.

51 Introduction

The chelation strength of EDTA depends on solution pH. The EDTA molecule can change
from a bidendate to hexadendate chelator by deprotonation of its carboxylic acid groups. It is
hypothesized that increasing the synthesis pH of FeHCF precipitation with EDTA additive will
decrease nucleation and increase crystal growth, thus improving battery performance. FeHCF with
less anion vacancies would be less prone to crystal instability during oxidation, thus increase cyclic

stability of intercalation. The decrease in nucleation rate was measured by time-dependent light
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absorbance during precipitation. Preliminary trials have demonstrated complete inhibition of
FeHCEF precipitation without pH control of solution due to the basicity of the NasFe(CN)s and Na-
EDTA precursor salts (pH > 6). Additionally, if pH is too low the EDTA molecule becomes
insoluble and does not participate in chelation. A pH range between 3.8 and 4.4 was deemed

suitable for experimentation.

5.2  Experimental Procedures

Synthesis of FeHCF with EDTA at different pH

Four 0.3M acetate buffer solutions were made at pH 3.8, 4.0, 4.2, and 4.4 with sodium acetate
and acetic acid. Samples were made at each pH from a 200 mL solution of 20 mM Na,Fe(CN)g *
10H,0and a 200 mL solution of 30 mM FeCl, * 4H,0 and 30 mM ethylenediaminetetraacetic
acid tetrasodium salt. The FeCl> solution was quickly added to the former solution and stirred for
24 hours at room temperature before particles were collected and washed with water and ethanol
through centrifugation. The blue product was dried in air at 80°C overnight. Herein samples will
be labeled as PB(3.8), PB(4.0), PB(4.2) and PB(4.4) corresponding to their respective solution pH

during synthesis.

Physical Characterization

The crystal structures of the as-synthesized products were determined via powder X-ray
diffraction (XRD) on a Bruker D8 Discover using a Cu-K X-ray source with nickel filter and 1-
dimensional X-ray transducer. A JSM 7000F scanning electron microscope was used in SEI mode
to collect electron micrographs. SEM samples were prepared by drop casting FeHCF-water
suspensions onto silicon substrates and drying at 80°C under vacuum. The optical absorbance at
700 nm was measured for PB(3.8) and PB(4.4) using a UV-vis spectrometer at 10 second intervals

for the first 30 minutes after mixing precursor solutions together. Thermal gravimetric analysis
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(TGA) was performed on samples under nitrogen gas at 5°C/min. Exhaust gas from TGA was
filtered through a 0.1M ferrous sulfate water trap to capture any cyanide gas generated. Total
carbon, hydrogen, and nitrogen content was determined using a Perkin EImer CHN 2400 series
analyzer. Mossbauer spectroscopy was performed on FeHCF powders using a °’Co radioactive
source. X-ray emission spectroscopy (XES) was performed on a lab-built high-resolution

spectrometer from the Seidler X-ray Spectroscopy Lab at the University of Washington.

Electrochemical Characterization

Electrodes were made on aluminum foil by doctor blading a slurry of 70% active material, 20%
Super P conductive carbon, and 10% sodium carboxymethylcellulose (CMC) binder dissolved in
water. 2032 type coin cells were made in an Argon glovebox with a sodium metal anode and
Whatman glass fiber separator saturated with 1M NaClO4 in propylene carbonate (PC) with 5 vol%
fluoroethylene carbonate (FEC) electrolyte solution. Batteries for cyclic voltammetry did not
include FEC additive in their electrolyte. Galvanostatic cycling was done on a LAND battery tester
between 2 and 4.3V. Cyclic voltammetry was performed with an Arbin electrochemical tester

between 2 and 4.3V at 0.1mV/s.

53 Results and Discussion

Crystallinity and particle size

The XRD patterns of the four FeHCF samples synthesized under different pH match the cubic
Fm3m crystal structure of Prussian blue (Figure 5-1a). Sharp diffraction peaks with small FWHM
suggests large crystallite size with good crystallinity. The diffraction peak intensity increases
slightly with synthesis pH. Improved diffraction intensity corresponds to crystallinity, indicating
better crystalline particles grown at higher pH. Additionally, peak position of the (200) diffraction

peak decreases with increasing pH, corresponding to an approximate lattice increase from 10.24
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to 10.27 A between pH 3.8 and pH 4.4 (Figure 5-1b). An increasing lattice could correspond to

higher concentration of Na* inside the crystal.

The trends in XRD intensity are confirmed by SEM micrographs (Figure 5-2) showing that
particles display faceted morphology, and particle size increases from ~100 nm at pH 3.8 to
micrometer size at pH 4.4. Particle geometry is not necessarily cubic and consists of irregular
particles with square and rectangular facets. The thermodynamic equilibrium shape of FeHCF is
cubic because of its face-center-cubic lattice. The synthesized FeHCF particles with EDTA do
display faceted features, which might suggest that the crystal was grown under thermodynamic
conditions; however, the non-uniformity and irregularity of particle geometry could be due to non-
classical crystallization, such as mesocrystal assembly. Mesocrystals are hierarchical structures
formed by the oriented self-assembly and fusing of smaller nanoparticles.''6118 There are several
reports on the formation of FeHCF mesocrystals of various morphologies through hydrothermal
synthesis with different organic additives such as glucose, polyethylene glycol, or
polyvinylpyrrolidone.'**12! The addition of EDTA could assist in oriented aggregation of FeHCF
nanocrystals as it has been shown in the formation of biomineral mesocrystal materials.*??1%3 The
difference in mesocrystal size between PB(3.8) and PB(4.4) may be due to a difference in the

initial nanocrystal size as illustrated in Figure 5-3.

Crystal size is dependent on the competition between growth rate and nucleation rate, where
the energy barrier for nucleation is related to particle solubility and free ion concentration.?* The
solubility product of Prussian blue has been reported as between 1025 and 1017, resulting in
extremely fast nucleation.®* The presence of EDTA reduces the activity of free Fe in solution by
forming a complex with Fe ions, slowing the kinetics of nucleation which typically dominate over

particle growth. Formation of crystal nuclei with [Fe(CN)s]* anions is more inhibited by EDTA
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at higher pH, resulting in increased crystal size. Acetate anions from the acetate buffer solution
can also form a complex with Fe ions in solution; however, it is a monodentate ligand and has a
lower stability constant of 10%? (K1) compared to 10**3 for EDTA.'?® In comparison, FeHCF
grown by the same procedure without EDTA results in nanoparticles that do not show any

significant difference in particle size between different pH (Figure 4-2).

Growth rate and sodium concentration

UV-visible light spectroscopy of FeHCF particles dispersed in water show an absorbance peak
associated with Prussian blue (Figure 5-4a) at 700 nm. Visible light absorption is due to charge
transfer between low-spin Fe?* and high-spin Fe®* ions in Prussian blue.1®® Increasing synthesis
pH results in decreasing absorbance at 700 nm but increasing absorbance near 400 nm. The lower
absorbance at 700 nm could be caused by an increased concentration of reduced high-spin Fe?* in
the larger FeHCF particles. The reduced state of FeHCF, known as Prussian white, is not stable in
air and will gradually oxidize to Prussian blue. PB(4.4) may be less prone to oxidation due to its
larger particle size, or perhaps because free Fe** ions in solution are preferentially chelated by
EDTA compared to Fe?*.2% The higher concentration of Fe?* could be balanced by an increased
concentration of Na* in the FeHCF crystal to maintain charge neutrality. Energy dispersive X-ray
spectroscopy (EDS) reveals Na:Fe ratios of 0.39, 0.42, 0.43, and 0.51 for PB(3.8), PB(4.0),
PB(4.2), and PB(4.4), respectively. The increasing concentration of Na* with synthesis pH for
FeHCF samples could directly correspond with the ratio of Fe?* to Fe*" and corroborates the

decreasing peak intensity of UV-vis.

The claim that EDTA retards the nucleation of FeHCF particles more at higher pH was tested
by measuring optical absorbance at 700 nm during the first 30 minutes of synthesis for PB(3.8)

and PB(4.4) (Figure 5-4b). The solution synthesized at pH 3.8 reaches saturated optical
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absorbance within the first few minutes of reaction. In contrast, the sample synthesized at pH 4.4

increases optical absorbance more gradually with time, indicating slower precipitation of particles.

(a) (b)
PB(4.4) PB(4.4)
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Figure 5-1. XRD patterns of FeHCF samples between (a) 10-50 degrees compared against ICDD No. 00-052-1907
for Prussian blue and (b) zoomed pattern on the (200) peak.
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Figure 5-3. Proposed mechanism of oriented aggregation between different synthesis pH.
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Figure 5-4. UV-visible light absorbance spectra for FeHCF samples (a). Normalized optical absorbance at 700nm
during the first 30 minutes of synthesis (b).

Water concentration

The crystal structure of FeHCF is typically associated with zeolitic water and water
coordinated to high-spin Fe in place of Fe(CN)s anion vacancies. TGA results (Figure 5-5) show
two weight loss regions that corresponding to dehydration and partial decomposition of cyanide
groups.1% The initial weight loss step associated with total dehydration reveals water content of
16.4, 14.4, 13.8, and 13.4 wt% for PB(3.8), PB(4.0), PB(4.2), and PB(4.4), respectively. The
increasing water content at lower synthesis pH could be attributed to additional water present in
Fe(CN)s anion vacancy sites and from increased surface absorbed water due to smaller particle
size. Additionally, Fe ions in solution are coordinated by water during a typical synthesis which
could lead to a high water content of FeHCF during rapid precipitation. When EDTA is added it
blocks coordinated water by chelating with Fe ions. At higher pH the chelation strength of EDTA
is stronger and more water may be blocked from coordinating with Fe. Furthermore, the

dehydration and decomposition temperature increase with particle size which could be due to a
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thermal delay dependent on particle size, a similar phenomenon to a shift in onset temperature

when heating rate is increased.

CHN elemental analysis results (Table 5-1) for total hydrogen corroborate the correlation with
synthesis pH. Assuming that all hydrogen corresponds to water in the sample, CHN analysis

returns 16.7,12.8, 12.1, and 11.1 wt% H-O respectively for PB(3.8), PB(4.0), PB(4.2), and PB(4.4).
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Figure 5-5. TGA of as-synthesized FeHCF powders
under nitrogen at 5°C/min.

Table 5-1. Elemental analysis results for carbon, hydrogen, and
nitrogen, and calculated H20.

| Weight %
Sample c H N H,0
PB(38) | 211 | 19 | 242 | 167
PB(4.0) | 212 | 14 | 242 | 128
PB(4.2) | 214 | 14 | 247 | 121
PB(4.4) | 216 | 12 | 248 | 111

Vacancy concentration

Mossbauer spectroscopy was performed on PB(3.8) and PB(4.4) to investigate the effect
synthesis pH had on Fe(CN)s vacancies. The nuclear resonance of *'Fe atoms in FeHCF are

sensitive to their local chemical environment and valence state. The Mdéssbauer spectra of PB(3.8)
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and PB(4.4) (Figure 5-6) can be fitted with Lorentzian curves representing each iron species and
the area of the curve is proportional to the molar fraction of that species. Using the same fitting
methodology as Grandjean et al., a single doublet was assigned to low-spin Fe?*, and three doublets
were assigned to high-spin Fe3* and Fe?* with their line widths, I, held equal to that of the a-Fe
calibration of 0.34 mm/s.1% This is because the presence of low-spin Fe(CN)s vacancies create
several chemically unique identities of high-spin Fe. For PB(4.4) it was necessary to add an
additional set of doublets corresponding to high-spin Fe?* to fit a shoulder peak, which
corroborates the increased Na:Fe ratio from EDS and decreased absorption peak at 700 nm
observed in Figure 5-4 indicating increased high-spin Fe?* concentration. The fitting parameters

of each curve are listed in Table 5-2.

The curve area ratios between low-spin and high-spin iron species reveal approximately 18
and 4% Fe(CN)s anion vacancies for PB(3.8) and PB(4.4), respectively, corresponding to
estimated chemical formulae of Nao.71Fe[Fe(CN)sJo.s2:2.68H20 and
Na1.ooFe[Fe(CN)s]o.96:2.38H20 when incorporating EDS and TGA results. This result is supported
by the decrease in weighted quadrupole splitting, (AE,), of high-spin Fe3* from 0.14 t0 0.11 mm/s.
Quadrupole splitting of the iron nucleus is caused by an electric field gradient contributed to by
nonsymmetric valence electrons or ligands.'?®® The smaller quadrupole splitting of PB(4.4)
suggests its high-spin Fe* centers are surrounded by a more symmetric octahedra of Fe(CN)e

anions due to fewer vacancies.

Similarly, the isomer shift, &, of high-spin Fe3* increases from 0.41 to 0.42 mm/s for PB(3.8)
and PB(4.4), respectively. The isomer shift is sensitive to s-electron density, with more negative
shift for increasing s-electron density at the nucleus of Fe atoms.!!® High-spin Fe3* in FeHCF are

octahedrally coordinated to the electronegative nitrogen of Fe(CN)s, pulling electrons away from
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its center. When Fe(CN)s ligands are vacant the s-electron density at the nucleus of high-spin Fe
increases resulting in a less positive isomer shift as seen in PB(3.8). The decreasing vacancy

concentration of FeHCF grown with EDTA at higher pH indicated by Mdéssbauer spectroscopy

may be attributed to the slower nucleation and growth rate of particles.
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Figure 5-6. Mdssbauer spectra at room temperature of (a) PB(3.8) and (b) PB(4.4) with fitted Lorentzian curves
representing iron species.

Table 5-2. Fitting parameters for Mdssbauer spectra. & is the isomer shift relative to a-Fe in mm/s, AE,, is the
quadrupole splitting in mm/s, and T is the full line width at half max in mm/s. The quadrupole splitting displayed for
high-spin Fe(l11) is the weighted average of the three doublets.

Low-Spin Fe(II) High-Spin Fe(III) High-Spin Fe(II) Ratio

§ AE, r Area % § (AEg) T (fixed) Area% ) (AEy) T (fixed) Area% | 15.HS

PB(3.8) 0.19 0.14 0.34 45 041 0.14 0.34 55 - - - 0 082:1
PB(44) | -0.18 000 037 49 042 011 034 43 106 018 034 9 |096:1

Further examination of the iron species concentration between PB(3.8) and PB(4.4) was
performed with XES (Figure 5-7). FeO and Fe>O3 were used as standards for high-spin Fe(ll) and
Fe(Il) in octahedral coordination, and NasFe(CN)s and KsFe(CN)s were used as standards for
low-spin Fe(1l) and Fe(l11) in octahedral coordination. The XES spectra of PB(3.8) and PB(4.4)
were fit by a linear combination of the standard spectra in order to estimate the relative

concentration of each iron species. The relative amount of low-spin iron was calculated to be 43
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and 49% in PB(3.8) and PB(4.4), respectively (Figure 5-8). However, the error associated with
the line fitting was very large, especially for high-spin iron species. The reason for such a large
error is due to the chemical dissimilarities between the standard oxides of high-spin iron and the
nitrogen-coordinated high-spin iron in FeHCF. Additionally, the high-spin iron of FeHCF may not
necessarily be octahedrally coordinated due to [Fe(CN)¢] vacancies. Nevertheless, the general

trend in XES results supports the lower vacancy formation determined by Mdssbauer spectroscopy.
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Figure 5-7. XES spectra of (a) Fe standards, (b) zoomed spectra of PB(3.8) and PB(4.4), (c) fitted spectra of PB(3.8),
and (d) fitted spectra of PB(4.4).
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Figure 5-8. Species fraction between low-spin Fe and
high-spin Fe in PB(3.8) and PB(4.4) determined by XES.

Effect on redox potential

Cyclic voltammetry (CV) of sodium metal half-cells reveals several redox peaks corresponding
to sodium ion intercalation and deintercalation (Figure 5-9). The redox potential of sodium-ion
intercalation into FeHCF can be affected by ligand field energy of the transition metal ion and
energy of the intercalation site which could be influenced by the concentration of sodium and water
in the crystal.}'? Previous studies have modeled the different energies associated with ion
intercalation into different sites, as well as the influence of water molecules. Possible sodium sites
include 8c (body-centered), 24d (face-centered), 32f (displaced 8c towards high-spin Fe), 32f
(displaced 8c towards low-spin Fe), and 48g (displaced between 8c and 24d).1'? Additionally, the
presence of water has been reported to affect the redox potential of sodium ion intercalation in the

large interstitial sites of FeHCF 127128

Cyclic voltammetry during the initial charge cycle shows a large current response at high-
voltage which may be the oxidation of water in the crystal. The oxidation peak is larger in PB(3.8)

than PB(4.4) which could be because of the larger water content of PB(3.8). The first reduction
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peak located above 3.5 V may be the intercalation of Na-ions into hydrated sites and low-spin Fe
reduction.’ This peak’s redox potential is higher for PB(3.8) than PB(4.4) which could be due to
the amount of water, which has been modeled to influence the redox potential of FeHCF and
decrease in potential with lowering water content.'?” After subsequent cycling the first reduction
peak above 3.5 V decreases in current density while the second reduction peak at around 3.3V
increases, attributed to dehydrated Na-ion intercalation and low-spin Fe reduction. The reduction
and oxidation peaks below this voltage are attributed to Na-ion intercalation and high-spin Fe
reduction. The several peaks of high-spin Fe may also be due to the influence of water and

intercalation site preference.
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Figure 5-9. Cyclic voltammetry at 0.1 mV/s for PB(3.8) (a) and PB(4.4) (b). Dashed line is initial charge.
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Figure 5-10. Cyclic voltammetry at 0.1 mV/s of FeHCF synthesized with EDTA at (a) pH 3.8, (b) pH 4.0, (c) pH
4.2, and (d) pH 4.4 (b).

Effect on capacity and cyclic stability

Galvanostatic cycling was performed on sodium metal half cells at 100 mA/g (Figure 5-11).
During the initial charge cycle PB(4.4) shows a significantly larger plateau at 3.1 V than PB(3.8)
indicating a greater concentration of initial high-spin Fe?*. This corroborates the presence of a
high-spin Fe?* peak in the Mossbauer spectra and lower absorbance at 700 nm in UV-Vis of
PB(4.4). On the other hand, the initial charge capacity contribution beyond this voltage plateau is
larger for PB(3.8), indicating more redox active low-spin [Fe(CN)s]* despite having slightly more
vacancies according to Mdssbauer spectroscopy. The first cycle discharge capacities were 151,

142, 125, and 124 mAh/g for PB(3.8), PB(4.0), PB(4.2) and PB(4.4), respectively. The increased
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capacity of FeHCF synthesized at lower pH with EDTA is primarily due to a larger contribution
of low-spin Fe redox activity (Figure S4). When the synthesis of FeHCF is carried out without
EDTA, there is no significant difference in capacity or voltage between pH 3.8 and pH 4.4 (Figure
S5), confirming that the difference is primarily influenced by the addition of EDTA and not the

acetate buffer at different pH.

Capacity loss occurs after the first cycle and is more significant in samples synthesized at
higher pH. Capacity loss could arise from irreversible ion insertion or extraction, structural
collapse due to crystal distortion or dehydration, and irreversible side-reactions. Work by Rudola,
et al. on high-quality micron-sized FeHCF crystals demonstrate electrochemical dehydration of
the crystal when cycled to 4.3 V which may result in structural distortion and capacity loss.”
PB(4.4) shows a larger initial capacity loss despite having slightly less water than PB(3.8). The
larger particle size of PB(4.4) with fewer vacancies may be less accommodating to structural

transformation resulting in larger initial capacity loss.

Upon further cycling all FeHCF samples suffer from capacity decay at different severity
(Figure 5-9) with samples synthesized at higher pH demonstrating better cyclic performance.
Capacity retention up to 100 cycles after the 3" cycle was 82, 85, 94, and 91% and average
coulombic efficiencies (discharge divided by charge) were 99.2, 99.5, 99.5, and 99.6% for PB(3.8),
PB(4.0), PB(4.2), and PB(4.4), respectively. Long term cyclic instability in FeHCF can be caused
by lattice collapse from Fe(CN)e vacancies and side-reactions from the oxidation of coordinated

129

water,~” thus the samples grown at higher pH with a more perfect crystal structure and less water

has improved cyclability.

PB(3.8) particles were washed in pH 4.4 buffer solution and PB(4.4) particles washed in pH

3.8 buffer solution for 24 hours to test whether surface chemistry change due to pH had any effect
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on cyclability. The cyclic performance of the FeHCF particles did not change after washing in

different pH solutions, and capacity retention remained nearly the same at 86 and 94% for PB(3.8)

and PB(4.4), respectively (Figure 5-13).
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Figure 5-11. Galvanostatic profile at 100 mA/g of the initial charge and subsequent cycles for (a) PB(3.8), (b)
PB(4.0), (c) PB(4.2), and (d) PB(4.4).
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Figure 5-12. Galvanostatic cycling at 100 mA/g. Discharge shown as open
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Figure 5-13. Galvanostatic cycling at 100 mA/g for PB(3.8) washed
for 24 hours in pH 4.4 solution and PB(4.4) washed for 24 hours in
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Intercalation Kinetics

The intercalation kinetics of FeHCF samples were investigated by cycling batteries at various

current densities (Figure 5-14). The specific discharge capacities at a current density of 3.2 A/g
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were 120, 104, 95, and 89 mAh/g, corresponding to capacity retentions of 84, 80, 83, and 80%
respectively for PB(3.8), PB(4.0), PB(4.2), and PB(4.4) compared to their 4™ cycle at 100 mA/g.
The high capacity retention at high current indicates fast intercalation kinetics which can be
ascribed to Prussian Blue’s unique cage-like structure which can facilitate rapid ion transport.
However, further analysis of discharge curves of PB(3.8) and PB(4.4) when current rate increases
shows that capacity of the upper voltage plateau attributed to low-spin Fe is disproportionately lost
compared to the lower voltage plateau attributed to high-spin Fe (Figure 5-15). The asymmetric
decrease in capacity between voltage plateaus suggests that the intercalation or redox mechanism
of the upper plateau is more impacted by kinetics. Furthermore, the capacity retention of the upper
voltage plateau more quickly decreases for the larger microscale particles of PB(4.4) retaining
about 32% capacity compared to 61% for PB(3.8) at 3.2 A/g (Figure 5-17). In contrast, the lower
voltage plateau capacity retains about 97% capacity for PB(4.4) and there is no decrease for
PB(3.8). The larger diffusion distance of micrometer-sized particles could be responsible for the
decreased electrochemical activity of larger particles grown at higher pH with EDTA, despite

having fewer vacancies.
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Figure 5-15. Rate performance of PB(3.8) (a) and PB(4.4) (b), and their respective estimated capacity contributions
between low-spin and high-spin Fe (c, d).
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Figure 5-16. High-spin and low-spin Fe reduction capacity
contributions for first discharge cycle at 100 mA/g. Low-
spin capacity contribution approximated as discharge
capacity associated with the high-voltage plateau.
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Figure 5-17. Approximate capacity retention of low-spin Fe reduction at increasing
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Kinetics were further explored with electrochemical impedance spectroscopy (EIS) on PB(3.8)
and PB(4.4) batteries in the charged state after galvanostatic cycling. Nyquist plots (Figure 5-18)
show a high frequency semi-circle representing charge transfer resistance and a low-frequency tail
indicating Warburg diffusion. PB(4.4) has slightly larger charge transfer resistance than PB(3.8).
The Warburg diffusion tails can be analyzed to estimate the nominal sodium diffusion coefficient

of the FeHCF electrode by the following:

_RT 1
’ T Rz AV2\Cy D (5-1)

Na

The Warburg coefficient, g, is the slope of real impedance versus the inverse square root of
frequency in the low frequency region (Figure 5-18b). R is the gas constant, T is temperature, n is
the number of electrons transferred during intercalation, F is the Faraday constant, A is surface
area which is estimated in this case as the electrode surface area, Cy, is the molar concentration
of sodium ions which is set to 0.001 mol/cm?®, and Dy, is the nominal diffusion coefficient of
sodium ions. Solving for Dy, results in values of 7 x 1072 and 2 x 10~ cm?/s respectively for
PB(3.8) and PB(4.4). Although this result may not be accurate because of the assumption for

sodium ion concentration which may be different between the two samples.
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Figure 5-18. EIS spectra of PB(3.8) and PB(4.4) in the charged state after galvanostatic cycling (a). Plot of real
impedance vs inverse square root of angular frequency (b).

Diffusion kinetics were also analyzed between PB(3.8) and PB(4.4) using cyclic voltammetry
at different scan speeds (Figure 5-19). The nominal diffusion coefficient was estimated at four

different current peaks using the Randles-Sevcik equation at 25°C:

i, = 268,600 n3/2AD/2Cv1/2 (5-2)

The slope of the peak current i,, versus square root of scan speed v1/2 were determined for each
of the four redox peaks, n is the number of electrons transferred during reaction, A is the electrode
surface area, D is the nominal diffusion coefficient, and C is the molar concentration of sodium in
the host for a given peak which was estimated by finding the capacity at the peak position of the
slowest scan speed. The individual parameters and diffusion coefficients are listed in Table 5-3
and the average diffusion coefficient of the four redox peaks is 4 x 107% and 2 x 1071% cm?/s
for PB(3.8) and PB(4.4). These results differ from the diffusion coefficients estimated by EIS

because the sodium concentration was set to 0.001 mol/cm?® for those calculations since it was
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unable to be determined in the charged state after cycling. The close proximity in nominal diffusion
coefficient and similar capacity retentions at high current rate suggest that the large particle size
of PB(4.4) is not a major contributor to its lower capacity compared to PB(3.8). Furthermore, the
b values are relatively close to 1. The b value parameter shows if a reaction is surface limited or
diffusion limited. A high b value close to 1 means that charge storage is predominantly surface
controlled, indicating capacity is not bulk diffusion limited. The b values greater than 1 in Table
5-3 are not possible and probably arise because the peaks they are derived from are composites of

several hidden peaks.
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Figure 5-19. Cyclic voltammetry of PB(3.8) (a) and PB(4.4) (b) at various scan speeds
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Table 5-3. Parameters derived from cyclic voltammetry results of PB(3.8) and PB(4.4).

PB(3.9) PB(4.4)
Peak A B C D A B C D
(|0"(v\){]lor'[\.l,s) 0.86 1.16 0.76 1.05 0.84 1.23 0.82 1.03
(,,,Oﬁcms) 0.006 0.004 0.002 0.007 0.006 0.003 0.001 0.004
ip /01 25 5 5 5
(A(V/s)y1?) 0.025 0.01: -0.014 -0.017 0.015 0.004 -0.004 -0.015
(m?:__s) 35%10°°  29x107°  83x107°  15x107° [ 14x107°  45x10°M  31x107%°  28x 1071

54 Conclusions

The effect synthesis pH and EDTA had on FeHCF growth and its influence on sodium ion
battery performance was investigated. Increasing synthesis pH results in slower nucleation kinetics
leading to increased particle size, fewer anion vacancies, and decreased water content. However,
galvanostatic cycling illustrated that FeHCF synthesized with EDTA at lower pH had increased
capacity with more prevalent low-spin Fe redox activity and increased rate performance, but also

suffered from faster cyclic decay.

It was originally hypothesized that particles with fewer vacancies would have improved
capacity. While this still may be possible, rate-dependent results illustrate that any gains in
capacity because of fewer vacancies were overshadowed by Kkinetic limitations of the low-spin Fe
redox reaction. On the other hand, kinetic limitations due to large particle size was not a serious
factor as illustrated by the competent rate capability of high-spin capacity contribution and higher
lithium-ion diffusivity of PB(4.4). Therefore, the electrochemical activity of low-spin Fe could be

more affected by electronic properties influenced by vacancies.

In summary, growth of FeHCF faceted particles with EDTA can be controlled by the

adjustment of synthesis pH that results in significant changes in their electrochemical activity over
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a small pH range. These findings suggest that pH should be carefully considered especially when

utilizing a chelating agent in other procedures of FeHCF synthesis.
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Chapter 6: Doping of iron hexacyanoferrate

6.1 Introduction

lon doping can affect mechanical properties of materials such as yield strength and electronic
properties such as conductivity and band structure. Nickel doping of iron hexacyanoferrate
(FeHCEF), or Prussian blue, has shown increased redox activity of low-spin iron, speculated to be
caused by decreased Fe-C bond force.”” Other multivalent transition metal ions can easily be
incorporated into the FeHCF crystal structure. Doping and substitution of ions in FeHCF is
typically done with the high-spin iron ion while keeping the hexacyanoferrate component. For
example, in the ideal chemical structure AxM[Fe(CN)s], A is the monovalent ion such as sodium
and M is the transition metal cation that is substituted. Fully substituted M species can create
Prussian blue analogs (PBAs) of the same or similar crystal structure. For example, replacing high-
spin Fe with Co or Mn to create COHCF and MnHCEF result in in increased redox potential, while

replacing with Ni to form NiHCF increases cyclic stability at the expense of capacity.58130.131

6.2  Zinc-substitution in FeHCF

Zinc ions can be partially substituted for high-spin iron during synthesis FeHCF. The 6-
coodrinate Zn?* ion has a smaller ionic radius of 0.74 A compared to Fe?* at 0.78 A.%” Zinc-doped
FeHCF has been investigated as a material to enhance photothermal ablation of bacteria used in
near-infrared photothermal therapy, where zinc-doping results in band-gap narrowing of
FeHCF.132 With fully occupied d-orbitals, Zn?* does not exhibit any reversible oxidation reaction
within a reasonable voltage range, thus loss of capacity would be expected for significant

substitution of high-spin Fe?* for Zn?*. Additionally, higher concentrations of Zn?* results in a
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crystal phase transformation to rhombohedral Zns[Fe(CN)e]2 (ZnHCF) with zinc ions in tetrahedral
coordination with the nitrogen of Fe(CN)e octahedra, although hydrated ZnHCF is able to retain
an unstable cubic structure.r® It should be noted that the rhombohedral ZnHCF phase is
significantly different than the rhombohedral sodium-rich phase of FeHCF which still retains
octahedral coordination of high-spin Fe ions.** ZnHCF has been investigated as a cathode material
for aqueous zinc-ion batteries with high working voltage (~1.7 V vs Zn?*/Zn) but limited specific

capacity (~80 mAh/g).13

In this work, zinc-doped FeHCF and ZnHCF at higher zinc concentrations were synthesized
and characterized as cathodes for non-aqueous sodium-ion batteries. FeHCF was synthesized by
mixing 100 mL of 0.02 M NasFe(CN)e solution with 100 mL of 0.03 M FeCl, and 0.03 M
ethylenediaminetetraacetic acid (EDTA) solution at room temperature for 24 hours. Both precursor
solutions were made from a 0.3 M acetate buffer at pH 4. Zinc-doped FeHCF and ZnHCF samples
were made by substituting FeCl. for ZnCl, at concentrations of 1, 3, 5, 10, 20, 50, and 100%
(labeled as Zn-1, Zn-3, Zn-5, Zn-10, Zn-20, Zn-50, and Zn-100). The resulting precipitates were

washed with water and dried at 80 °C for 12 hours.

XRD shows Zn-FeHCF retains its cubic Fm3m crystal structure up to 20% substitution which
has a mix of cubic and rhombohedral R3c phase (Figure 6-1a). At 50% and 100% Zn substitution
the material is entirely rhombohedral phase. Increasing Zn?* concentration of the cubic phase
results in decreasing lattice parameter from 10.26 A for Zn-0 to 10.22 A for Zn-10 attributed to
the smaller ionic radius of Zn** compared to Fe?* (Figure 6-1b). The coexistence of both cubic
and rhombohedral phases at 20% Zn represents a two-phase region of an iron-rich cubic phase and
a zinc-rich rhombohedral phase with zinc and iron solubility limits for each phase (Figure 6-3). It

should be noted that these percentages represent the concentration of Zn?* substituted for Fe?*
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during synthesis, which may not be consistent with the actual Zn?* concentration incorporated into
the material. The chelation strength between EDTA and Zn?* is stronger than Fe?*,**® thus it might
be expected that less Zn?* is incorporated into the structure than the percentage prescribed during
synthesis. On the other hand, Fe?* easily oxidizes to Fe3* which has a significantly stronger

chelation strength with EDTA.
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Figure 6-1. XRD patterns of zinc-substituted iron hexacyanoferrate and the reference patterns of cubic Fm3m
Prussian blue and rhombohedral R3c zinc hexacyanoferrate (a) and zoomed view of the (400) peak of 0, 5, and 10%
doped iron hexacyanoferrate (b).

(b)

Figure 6-2. Unit cell model of (a) cubic Fe[Fe(CN)¢] and (b) rhombohedral Zns[Fe(CN)g].. FeCs octahedra shown in
orange, FeNs octahedra shown in red, and ZnN4 tetrahedra shown in gray. Model generated on VESTA software
developed by Koichi Momma and Fujio Izumi.
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Figure 6-3. 1-dimensional phase diagram of Zn-substituted FeHCF. a represents cubic
FeHCF structure and B represents rhombohedral ZnHCF structure.

Electrodes were made from a slurry of 70% active material, 20% carbon powder, and 10%
sodium carboxymethyl cellulose binder dissolved in water and doctor bladed onto aluminum foil
and dried under vacuum at 80 °C for 12 hours. Sodium metal battery coin cells were made in an
argon glovebox using a glass fiber separator and 1 M NaClO4 in propylene carbonate electrolyte

with 5 vol% fluoroethylene carbonate additives.

Galvanostatic cycling at 100 mA/g of samples with rhombohedral phase display limited
sodium ion capacity (Figure 6-4). The theoretical specific capacity of dehydrated rhombohedral
ZnHCF with ideal chemical formula NaZns[Fe(CN)s]2 is 80 mAh/g due to the inactive Zn?* ions.
The initial charge half-cycle resulted in decent capacity above 60 mAh/g corresponding to
desodiation and Fe?" oxidation. The following discharge cycle had capacities of 63, 48, and 36
mAh/g for Zn-20, Zn-50, and Zn-100 respectively. The higher capacity of Zn-20 is likely due to
the presence of cubic Fe-rich phase. Similarly, the higher capacity of Zn-50 could be due to the

presence of tetrahedral Fe ions in place of Zn that could help contribute to the capacity.

In contrast to rhombohedral ZnHCF, the Zn-doped FeHCF samples that retain cubic phase
have significantly higher capacities, with first discharge capacities at 200 mA/g of 142, 137, 137,

131, and 125 mAh/g for Zn-0, Zn-1, Zn-3, Zn-5, and Zn-10 respectively (Figure 6-5). This cannot
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only be attributed to the greater concentration of redox active high-spin iron in these lower Zn-
concentration samples. In relation to the theoretical capacity of Na;Fe[Fe(CN)s] (171 mAh/g), the
cubic FeHCF samples obtained between 73-83% of theoretical capacity on their first discharge,
while rhombohedral ZnHCF only obtained 45-60% of the theoretical capacity of NazZnz[Fe(CN)s]2
(80 mAh/qg) for Zn-50 and Zn-100. The improved sodium ion capacity of cubic FeHCF could be
related to improved kinetics. This could be due to faster diffusion in cubic FeHCF which has
straight channels for sodium ion diffusion in 3 dimensions. Additionally, kinetics could be
impacted by electronic structure of ZnHCF. Zn?* ions have a fully occupied d-orbital shell which
would not as easily facilitate electron hopping between metal ions like in FeHCF with Fe** jons

that have partially filled d-orbitals.

Higher Zn-doping in cubic FeHCF samples results in lower capacity as previously illustrated.
This trend may be expected due to the inactivity and heavier mass of Zn?* ions; however, the loss
in capacity is not proportional between high-voltage and low-voltage redox plateaus which
correspond to low-spin and high-spin Fe redox reactions. Inspecting the 20™ cycle reveals that in
general as zinc concentration increases the capacity contribution above 3.1 V also increases, but
the capacity contribution below 3.1 V decreases (Figure 6-6). The lower capacity contribution
below 3.1 V could be because more inactive Zn?* is replacing high-spin Fe?*. The increased
capacity above 3.1 V is similar to what has previously been reported for Ni-doping of FeHCF and
the previous study of pH controlled synthesis that influenced vacancy concentration.””*3 What is
common between these three studies is a decreasing lattice parameter associated with increasing
low-spin Fe activity. Both chemical substitution and vacancy introduction will influence electronic

properties of FeHCF, which likely has an impact on the redox activity of low-spin Fe.
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Figure 6-4. Galvanostatic profiles at 100 mA/g of zinc-substituted iron hexacyanoferrate for 20% (a), 50% (b), and
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Figure 6-5. Galvanostatic profiles at 200 mA/g of zinc-substituted iron hexacyanoferrate for 0% (a), 1% (b), 3% (c),
5% (d), and 10% (e) ZnCl; substitution for FeCl, during synthesis. Cyclic capacity of samples at 200mA/g ().
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Figure 6-6. Galvanostatic profiles of the 20™ cycle at 200 mA/g of zinc-substituted iron hexacyanoferrate (a) and the
approximate capacity contributions of low-spin (red) and high-spin (black) iron redox reaction determined by capacity
above and below 3.1 V (b).

6.3  Mn-doping of Prussian white

Prussian white (PW) is the fully reduced phase of Prussian blue (PB) with ideal chemical
formula Na2Fe[Fe(CN)g]. The high concentration of sodium induces a lattice distortion from cubic
Fm3m structure to rhombohedral R3 structure or hydrated monoclinic P2, /n structure,’%:/4137.138
All three structures of FeHCEF still retain octahedral coordination of high-spin and low-spin iron
species. Direct synthesis of Prussian white is preferable as a battery cathode over partially reduced
Prussian blue because its fully reduced state would be advantageous when paired with a fully
oxidized anode. Prussian white when exposed to air changes color to cyan or light blue, probably
an indication of slight iron oxidation. Similarly, synthesis of Prussian white must be done under a
reductive environment to prevent oxidation of iron species. Typically, reducing agents such as

ascorbic acid and addition of nitrogen sparging are used during synthesis to minimize oxidation.

In this work, Prussian white was synthesized with manganese doping through a hydrothermal
co-precipitation route. Mn?* has a larger ionic radius of 0.83 A than Fe?* at 0.78 A. Additionally,

Mn*?* has a higher standard reduction potential than Fe*?*. Mn?* has 5 d electrons which
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completely half-fill the d-orbitals in octahedral configuration; however, octahedral Mn**

compounds typically undergo Jahn-Teller distortion to alleviate the d-orbital degeneracy.

Prussian white was synthesized by slowly dripping 50 mL of a 0.06 M solution of FeCl, at
approximately 1 drop per second into a stirring 50 mL solution of 0.06 M NasFe(CN)s and 0.02 M
ascorbic acid at 80 °C and under N2 sparging for 20 hours. Precipitate was washed with water and
dried at 80 °C in air (Figure 6-7). The product turned light blue during washing with water. Mn-
doped samples were made in the same method by substituting FeCl,> with MnCl,. Samples were

made with 0%, 5%, and 10% Mn-doping (labeled as Mn-0, Mn-5, and Mn-10).

Mn-0 and Mn-5 displayed the monoclinic P21/n phase typical of hydrated Prussian white with
high sodium content, while Mn-10 displayed a single (220) peak (Figure 6-8). The presence of
cubic phase is an indication of lower sodium content; however, Mn?* having a higher oxidation
potential than Fe?* should be less prone to oxidation during synthesis and allow for greater
incorporation of Na* ions. The addition of larger Mn?* ions may influence [Fe(CN)s] vacancies or

allow more space for higher Na* concentration before distorting to monoclinic phase.

m@f

Figure 6-7. Diagram of experimental setup (a), precipitation of Prussian white under N sparging (b), and
dried Prussian white product that has turned cyan (c).
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Figure 6-8. XRD patterns of Mn-doped Prussian white
with the hkl indices of cubic Fm3m and monoclinic P2:/n
phases.

Electrodes were made by preparing a slurry of 70% Prussian white material, 20% carbon
powder, and 10% sodium carboxymethyl cellulose binder dissolved in water. The slurry was
doctor bladed onto aluminum foil and dried under vacuum at 80 °C for 12 hours. Sodium metal
half-cell batteries were assembled in an argon glovebox using 1 M NaClO4 in propylene carbonate

electrolyte.

Cyclic voltammetry at 0.1 mV/s between 2.25-4.25 V reveal many redox peaks corresponding
to reduction and oxidation of high-spin and low-spin Fe species (Figure 6-9). The presence of
water in the FeHCF crystal also has been shown to influence the site energy of sodium intercalation,
which may add additional redox peaks.*?” Between the first and second cycle there is a large
decrease in current density of the peaks between 3.8-4.0 V, but is replaced by an increase in current
density of peaks between 3.2-3.6 V. This is likely due to a loss of hydrated sodium ions during the
initial charge cycle. Hydrated sodium ions may give rise to the high redox potential between 3.8-

4.0 Vv.7H112127.139 ypon the first deintercalation, many of the hydrated ions may dissociate and
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become replaced by dehydrated sodium on the next intercalation cycle which results in a lower

redox potential of FeHCF.

There are no apparent new redox peaks between Mn-0 and Mn-10 that would indicate the
presence of a Mn*?* redox reaction. The reported voltage plateau of high-spin Mn in MnHCF is
between 3.48-3.60 V; however, this also overlaps with reported voltage plateaus of low-spin Fe in
FeHCF between 3.23-3.80.%8 The redox peaks of Mn-doped samples increased in current density
and became sharper, except for the redox pair between 3.8-4.0 V which became lower in intensity
for Mn-10. Increased current density could be indicative of higher redox activity. Additionally, the
redox potential between 2.6-3.0 V corresponding to high-spin Fe shifts to higher voltage in Mn-
10. Similarly, the reduction potential of low-spin Fe at 3.25 and 3.89 V for Mn-0 become lower
with increased Mn content to 3.22 and 3.81 V for Mn-10. This shows that the addition of Mn to
FeHCF influences the local chemical environment of the Fe species and increases with Mn

concentration.

The initial charge capacities during galvanostatic cycling at 10 mA/g were 130, 146, and 143
mAh/g for Mn-0, Mn-5, and Mn-10 respectively (Figure 6-10). The high initial charge capacities
are evidence of high sodium incorporation during synthesis. The higher initial capacity of Mn-5
and Mn-10 could be because Mn?* is less prone to oxidation than Fe?* and would be able to
incorporate more Na* into the structure during synthesis. In corroboration with CV results, the
voltage plateau corresponding to high-spin Fe** reduction is higher with increased Mn content, but
the capacity contribution of this plateau is also reduced (Figure 6-11). The reduction in capacity
below 3 V corresponds to the replacement of high-spin Fe with high-spin Mn which has a higher
redox potential. The increased capacity of the reduction plateau around 3.3 V in Mn-10 could

reflect the contribution from high-spin Mn®2*,

110



150
100

50

Current Density (mA/g)

~
(¢
~
N
o
o

150
100

Current Density (mA/g)

-100

-150

50 ~

Voltage (V vs Na*/Na)

(b) 200
1 0% Mn
1 0.1mV/s 150
| 0
2.99 3.46 364405 E 100
f\ A z
~L S [
——"“\,/\ — g 0
325796 389 4 5 30
2.61 2 3 100
3
T T T T T T T T T _150
2.5 3 3.5 4 4.5
Voltage (V vs Na*/Na)
(d) 100
10% Mn 236
. 3.08 .
e mV/s 3.45 = 50 A
3.59 =
4.03 &
=~ 0
\\J\/ §
’(\ . a -50
/ \ /'\/ -lE
‘ 4 o
349 B 2 3 -100
2.69 3
——— -150
25 3 3.5 4 4.5

1 5% Mn
1 01mv/s

3.02

4 \

1 /
] \/
1 327 348 385 —1
- 259 2
1 3
2 2.5 3 3.5 4 4.5
Voltage (V vs Na*/Na)
{ 3rd Cycle
0.1 mV/s
/\_,,-J‘\/\\'
4 _ ,/4 ~
L\ /\/—/_\\/
W
] —0% Mn
5% Mn
10% Mn
2 2.5 3 3.5 4 4.5

Voltage (V vs Na*/Na)

Figure 6-9. Cyclic voltammetry at 0.1 mV/s for 0% (a), 5% (b), and 10% (c) Mn-doped Prussian white. Comparison
of 3" cycle (d).

@ (b) (©)
4.5 45 45
4 1J l Y- 1 !
—~ 40 -+ — 40 - —~ 4.0 -
1] o o
= = =
P — Initial P —Initial P —Initial
2 35 2 35 2 35
P { 1 w 1 " . 1
> > >
= b 5 = J 5 > 5
= 30 10 =30 10 =30 10
[ oo oo
= £ £
S 25 S 25 - S 25 -
= 0% Mn = 5% Mn = 10% Mn
10 mA/g 10mA/g 10 mA/g
0+t e 0 .
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Specific Capacity (mAh/g)

Specific Capacity (mAh/g)

Specific Capacity (mAh/g)

Figure 6-10. Galvanostatic cycling at 10 mA/g between 2.25 — 4.25 V of Prussian white samples with 0% (a), 5% (b),
and 10% (c) Mn-doping.

111



4.5

/
4.0 - /

N
DN S
| \ —0% Mn

N 5% Mn

25

110 mavg )
20th cycle

Voltage (V vs Na*/Na)

2.0

0 50 100 150
Specific Capacity (mAh/g)

Figure 6-11. Comparison of 20" cycle at 10 mA/g of Mn-
doped Prussian white sodium-ion batteries.

The cyclic stability and rate performance of Mn-10 was inferior to Mn-0 and Mn-5 (Figure 6-
11). The poor cyclability of Mn-10 is similar to reported MnHCF and could be caused by the Jahn-
Teller distortion of Mn®* which would degrade the structural stability of FeHCF.*340 The Jahn-
Teller theorem is that a non-linear coordinated species will have an energetic driving force to
undergo a geometric distortion of coordinated ligands in order to alleviate a degenerate electronic
state.’*! In the case of high-spin Mn®" with 4 d-electrons in octahedral coordination, there exists a
single electron between the d,2 and d,2_,2 orbitals. In order to remove this degeneracy and lower
energy the octahedral coordination can distort by compression or elongation (Figure 6-13). Other
transition metal ions like low-spin Fe** and high-spin Fe?* are also prone to Jahn-Teller distortion,
however a weaker Jahn-Teller effect is expected for these ions because the unequally occupied

degenerate orbitals occurs in tzg orbitals rather than eq orbitals.
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Figure 6-13. Jahn-Teller distortion of Mn®* octahedron.
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Iron hexacyanoferrate substitution of high-spin Fe for other transition metals such as Zn and
Mn can easily be done during synthesis through co-precipitation. Higher concentrations of Zn-
substitution in FeHCF result in a change in crystal phase to rhombohedral structure with tetrahedral
metal ion coordination. The rhombohedral phase of ZnHCF had severely stunted capacity

compared to the cubic phase of FeHCF, in part due to the high concentration of inactive Zn



replacing high-spin Fe. Zn-doping at lower concentrations had the effect of increasing low-spin Fe
redox activity, despite lower overall capacity. Doping FeHCF with Mn resulted in higher initial
charge capacity, possibly due to the higher oxidation potential of Mn?* compared to Fe?* during
synthesis. However, Mn-doped FeHCF suffered greatly from cyclic decay likely caused by the

greater Jahn-Teller distortion of Mn®*,

Doping and ion substitution presents an effective way of tuning the properties of FeHCF.
Depending on the individual properties of substitutional ions such as oxidation state, ionic size,
and electronic structure, electrochemical properties such as redox activity, voltage, and cyclic

activity can be affected.
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Chapter 7: Conclusions

This work has demonstrated how chemistry and vacancies impact the electrochemical
properties of two iron-based electrode materials, jarosite and iron hexacyanoferrate (FeHCF). Both
materials contain redox active Fe*’?* but behave differently electrochemically. The reduction
potential of Fe** in jarosite is about 2.7 V vs Li*/Li and in FeHCF there are multiple reduction
peaks between 2.7 — 3.8 VV vs Na*/Na (3.0 — 4.1 V vs Li*/Li). The difference in reduction potential
is explained by the differences in local chemical environment surrounding the Fe center. Unlike
other iron sulfates such as LiFeSO4F with high working potential that coordinate two F~ and four
oxygens of SO42 groups, the FeOg octahedra in jarosite coordinate to the oxygen of four OH-
groups that are less electronegative. FeHCF on the other hand has Fe(CN)e octahedra linked by Fe
cations, making two unique iron species in high and low spin states coordinated to N or C of CN-

groups.

The divalent cation substitution between Na* and Pb?* in the jarosite structure creates vacant
sites that help facilitate lithium-ion diffusion and increase bulk lithium capacity. In order to
maintain charge neutrality in the crystal, two Na* ions are replaced by every Pb?* ion, introducing
vacancies in cation sites. Complete substitution is only possible by ions of similar size, thus smaller
divalent cations such as Zn?* and Ca?* were not possible candidates in jarosite. Despite lower
theoretical specific capacity of Pb-jarosite, it obtained higher capacity at higher current rates with
lithium diffusion orders of magnitude higher. Additionally, the introduction of vacancies and Pb?*

improved the cyclic structural stability of the jarosite crystal helping prevent irreversible
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amorphous phase transformation. This was ascribed to extra space for lattice distortion due to

vacancies and improved coulombic attraction between layers from Pb?*.

In contrast, FeHCF synthesis was controlled to influence particle morphology and reduce
Fe(CN)s anion vacancy concentration. In theory, fewer vacancies are desired in order to increase
capacity and initial sodium content. It was shown that vacancy concentration could be controlled
by synthesis pH due to its influence on chelation strength and nucleation rate. The electrochemical
results of FeHCF grown with EDTA at higher pH were unexpected. The larger particles had
significantly lower capacity despite having lower water content and vacancy concentration
determined by Md&ssbauer spectroscopy, with corroboration from TGA, CHN, and XES. It was
determined that lower capacity originates from poor electrochemical activity from low-spin
Fe(CN)e in larger FeHCF particles. Furthermore, electrochemical properties of FeHCF could be

influenced by doping with Zn and Mn through co-precipitation.

In summary, electrochemical properties of electrode materials are dependent on many factors.
Some factors such as local chemistry, vacancies, and structure can be manipulated through
synthesis in order to improve battery performance. Cation vacancies in jarosite materials can help
lithium-diffusivity, while anionic vacancies in FeHCF may increase activity but decrease cyclic
stability. This research contributes to the understanding of these potential battery materials and its

findings could be applied to similar materials.
Further Work

The findings related to Pb-jarosite and lithium ion diffusion could be explored in the same
manner for sodium-ion batteries. Na-jarosite has been previously studied as a cathode for sodium-

ion batteries and has been shown to also undergo a amorphous transformation.*? Sodium ions will
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be more impacted by kinetic limitations than lithium due to their larger size, thus the introduction
of vacancies in Pb-jarosite should be more beneficial in sodium-ion batteries. One interesting
question will be the structural stability during sodium-ion intercalation between Pb-jarosite and
Na-jarosite. Na-jarosite already has fully occupied 12-coordinate sites before intercalation, thus a
structural transformation upon further Na-ion insertion would be expected. On the other hand, Pb-

jarosite has vacant 12-coordinate sites that could host the intercalation of Na-ions (Figure 7-1).

Figure 7-1. Possible sodium intercalation in vacant sites of Pb-jarosite.

In continuation of the study of Jarosite would be to investigate the effect other substitution ions
have on its electrochemical properties. Other multivalent cations could be substituted to induce
vacancies. The selection of divalent cations could be extended to Ba** and Sr?* which have 12-
coordiante ionic radii near that of Pb?* of 1.61and 1.44 A respectively (Figure 7-2).°” However,
barium is a more acutely toxic compound than lead, and these materials do not exist naturally. The
selection of trivalent ions is limited due to the smaller size of these species. Small trivalent ions
such as AI** substitute with Fe3* rather than in the 12-coordinate site. The incorporation of Sc3*,
Y3 and UO2?* into the jarosite structure has previously been investigated but concluded that end-
member analogs could not be synthesized.** Sc®" and Y3* are possibly too small of ions and UO,?*

too large to form a stable jarosite compound. The only reasonable trivalent cation would be Bi®*
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with a 8-coordinate ionic radius of 1.17 A and presumably larger 12-coordinate radius.®’
Furthermore, Bi** forms a stable compound when SO4% is replaced by PO.s*, forming
BiFes(POa4)2(OH)s, of the alunite group with the same R3m crystal structure as jarosite.}#
However, one remaining issue of synthesis of hypothetical Bio.33Fe3(SO4)2(OH)s would be its
structural stability. The introduction of a large number of vacancies would increase the energy of

the crystal, and possibly induce transformation into a more stable phase.

262A 288A 298A 3.22A
:‘—':

EN=2.0 1.0 1.9 0.9

Figure 7-2. Possible substitutional multivalent cations and their respective ionic diameters and
electronegativities.

Another potential research avenue for jarosite materials would be their conversion to more
favorable, higher energy density iron-sulfate and iron-phosphate materials. For example, LiFePO4
was produced via the carbothermal reduction of ammonium jarosite extracted from vanadium slag
as an inexpensive iron source.*> Other reduction methods could be investigated using jarosite as
a source material. A disadvantage of many iron sulfate and phosphate materials is that they require
a non-aqueous synthesis process. These materials also suffer from poor diffusion kinetics and
conductivity which could be mitigated by the formation of nanostructures. Possibly jarosite
precursor material could be synthesized as a nanostructure then converted into other iron sulfate

or phosphate compounds but retain the original nanostructure.
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Varying chemical composition of hexacyanoferrate compounds through cation doping and
substitution has continued potential for investigation. Recently, multi-cation in Prussian blue
analogs has gathered attention.®® The combination of multiple cation species may have a
synergistic effect on electrochemical performance. For example, partial Ni and Fe substitution in
MnHCF displayed reduced Jahn-Teller distortion and increased cyclic stability.'® Other
combinations of different cation substitutes and their effect on electrochemistry of FeHCF have

yet to be studied.
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