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Abstract

Development of a Magnesium Semi-solid Redox Flow Battery

by

Matthew McPhail

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Science

University of California, Berkeley

Professor Vivek Subramanian, Chair

To combat the effects of global warming, renewable energy sources are desirable but produce
power intermittently, greatly limiting their ability to fulfill electricity demand on the grid.
Storing energy produced for the grid and dispensing it at a later time would remove a
major obstacle in the adoption of renewable energy sources. However, grid scale energy
storage must be inexpensive to be cost-competitive with existing energy sources such as
coal and natural gas. Batteries have been widely considered due to their energy storage
capabilities, but existing technologies are too expensive, often limited by raw material cost
and difficulty scaling to high capacity installations. Flow batteries are designed for scaling
to high capacities, but existing materials remain too costly for widespread adoption.

Semi solid flow batteries (SSFB) are developed by forming suspensions of electrochemically
active and conductive particles for use as an anolyte or catholyte in a flow battery. By
utilizing micron-scale powders from mature battery chemistries in a flowable suspension,
the benefits of energy-dense intercalation chemistries with the scalability of flow battery
architectures can be combined for low cost electrochemical storage. Presently, a narrow set
of materials has been explored, focusing on chemistries with a lithium anode. In this work,
a magnesium SSFB with an optimized MoS2 cathodic slurry is demonstrated as a low cost
and high material abundance alternative to lithium-based chemistries.

In this work, a mixed ionic-electronic conductive network is designed around a dual-ion
(Mg2+, Li+) electrolyte, by combining the all-phenyl complex electrolyte (APC) with LiCl.
MoS2 and Ketjenblack (KB) are dispersed in the APC+LiCl electrolyte to form the cathodic
slurry. The rheological, electrical, and electrochemical properties of APC-MoS2-KB slurries
with varying compositions have been measured. Full cells, with a Mg foil anode and MoS2

slurry cathode, are shown to cycle reversibly in a non-flowing and flowing configuration,
reaching 225mAh/g discharge capacity. LiCl concentration and KB concentration are iden-
tified as critical to high capacity slurry cathodes. The relative impacts of Mg2+ and Li+

are quantitatively analyzed, showing that both ions are active and reversible during cycling.
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The rate capability of the optimized slurry is characterized and discussed, and long term
cycling tests are presented, showing non-flowing and flowing slurry batteries for 135 cycles.
This work provides experimental data and insight into how existing low cost material sets
can be utilized in a semi solid flow battery architecture.
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Nobody cares
Work harder

- Lamar Jackson
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Chapter 1

Introduction to Flow Batteries

1.1 Introduction

The effects of climate change have spurred research into energy storage technologies that
can store the intermittent production from renewable energy sources. Batteries have distinct
advantages for large scale storage, but cost targets remain unmet. This chapter contains a
review of the economic motivations for grid scale storage, a review of flow batteries as an
emerging energy storage technology, and concludes with the state of the art for slurry redox
flow batteries.

1.2 Motivation for Grid Scale Storage

As the damages of climate change increase, low carbon emission energy sources have received
increased interest. Many low carbon energy sources, namely solar, wind and wave power,
produce energy intermittently, as they depend on time-varying factors such as sunlight, wind,
and tide patterns. The intermittency of renewable energy is a severe obstacle to its adoption.

Presently, any demand for power on the electricity grid must be met in real time. Grid
operators are challenged with purchasing electricity that will meet their grid’s time-varying
demand but are limited to the energy sources that are available at the time of the demand [1].
Because renewables do not provide steady power throughout the day and cannot be switched
on suddenly to match spikes in demand, the maximum output of renewable energy sources
is limited to the demand present at the hours that renewables produce electricity[2]. Peak
electricity demand commonly occurs in the afternoon and evening times, while renewable
output is typically concentrated in morning and afternoon hours in most locations [3]. This
leads to renewables being severely limited in their overall contributions to power demand on
the grid.

Nuclear power is a low carbon energy source with a different output pattern than time-
varying renewables. Nuclear power plants are designed for infrequent maintenance and are
not operated to respond to sudden changes in demand [4]. Due to its continuous power
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Figure 1.1: Grid-level electricity demand over 24hrs, with color representing the source of
electricity, in the case of a) no grid storage b) with grid storage available. Adapted from [2]

output over long time periods, nuclear power is well suited for baseload power generation.
Baseload power is the portion of electricity demand that is constant throughout the day and
is typically supplied by low-cost power plants whose output needs to be continuous over long
time periods [5]. Baseload is desirable due to its low cost and predictable output, and nuclear
is desirable as a baseload technology because of its low carbon emissions. As demand varies
substantially throughout the day, the inability of nuclear power to respond to immediate
changes limits the maximum amount of nuclear power to the amount of baseload.

As illustrated in Figure 1.1a, intermediate and peak demand are presently beyond what
baseload or renewables can currently provide. In order to meet this demand, energy sources
that respond rapidly to changes in demand are deployed. Natural gas and coal fired power
plants can be switched on almost immediately and are run for short periods of time until
a spike in demand subsides. Short-term generator plants commonly produce high carbon
emissions and are expensive to operate as they run infrequently [6].

The desire to increase the contributions of renewable and baseload energy, and reduce
the amount of high cost and high carbon sources, has motivated a new class of energy
storage technologies, commonly referred to as “grid scale storage”. Grid scale storage refers
to energy storage technologies that store energy, typically from power plants, and use it to
meet demand on the power grid at a later time. Energy storage connected to the grid allows
energy supply and demand to be decoupled; any excess energy produced at a certain time can
be stored and used to fulfill unmet grid demand at a later time. Grid scale storage enables
two pathways that can increase the utilization of low-carbon energy sources: peak shaving
and increasing baseload. Peak shaving is illustrated in Fig. 1.1b and occurs when the peak
electricity demand is supplied by energy that was produced at an earlier time and stored.
Peak shaving is possible because grid scale storage decouples when energy is produced from
when it is used. Solar energy from the early morning can be stored, then dispensed to meet
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demand during the evening peak. Storage can also increase the amount of baseload that is
usable, even above the demand level that is constant throughout the day (see Fig. 1.1b).
Grid storage stores the baseload at times when baseload exceeds demand and supplies the
power back into the grid to address demand peaks at a later time. These pathways solve
technical constraints of integrating low cost, low carbon energy sources into the grid.

1.3 Target Metrics and Options for Grid Scale

Storage

To help researchers working on various grid scale storage technologies guide their efforts,
the US ARPA-E GRIDS (Grid-scale Rampable Intermittent Dispatchable Storage) program
has established the following target technical metrics for grid scale storage, at which it is
estimated that grid scale storage will be commercially viable:

Cost < $100/kWh
Durability > 5000 cycles
Efficiency > 80% round trip
Minimum Time at Rated Power 60 mins

Table 1.1: US ARPA-E grid scale storage target metrics [7]

The cost, durability, and efficiency metrics, taken in combination, represent an estimated
$0.025/kWh storage cost over the lifetime of the battery. This storage cost puts the total cost
of energy production and storage below total electricity cost targets. Utility-scale storage
technologies are expected to last at least 10 years in the field, and the 5000 cycle target is
derived from an expected 10 year operation lifetime. The minimum time at rated power
metric demonstrates that storage technologies that operate for seconds or a few minutes are
not sufficient to smooth the production variability of renewable sources, and that at least
one hour is required for a storage technology to be feasible [8].

Cost estimates for various energy storage technologies, as calculated by ARPA-E, are
shown in Figure 1.2.

Pumped hydroelectric and underground compressed air energy storage are the two tech-
nologies currently below the $100/kWh energy-related cost threshold, as shown in Fig. 1.2.
Due to its low cost and technological maturity, pumped hydroelectricity constitutes 96%
of worldwide energy storage [9]. Both pumped hydroelectricity and compressed air energy
storage are geologically limited to sites that either have a large dam or a large underground
cavern, respectively. Neither technology can be scaled up, as the capacity of each site is
limited by the size of the dam or cavern. The limited number of suitable sites and lack
of scalability for hydroelectricity and compressed air make them insufficient to meet the
growing needs of grid storage.
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Figure 1.2: Energy and power costs of leading grid scale storage technologies. Adapted from
[7]

1.4 Flow Batteries for Grid Scale Storage

Flow batteries are a particularly well suited technology for grid scale storage, as they have
been developed specifically for the constraints and target metrics of large scale energy storage.
This section will discuss the basic components and operating principles of flow batteries,
cover the vanadium redox flow battery in some detail, and then highlight the state-of-the-art
redox flow batteries and their advantages/disadvantages.

Principles of Redox Flow Battery Operation

A traditional redox flow battery consists of two tanks, two pumps, and an electrochemical
cell (see Figure 1.3). Each tank stores an electrolyte, either the catholyte or anolyte, and
a mechanical pump is operated to flow these electrolytes through each side of the electro-
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Figure 1.3: Schematic diagram of traditional 2-tank flow battery, depicting key components
and general ion/electron motion within a flow cell. Adapted from [12]

chemical cell. A catholyte is an electrolyte with a cathode material dissolved or suspended
within and operates as the cathode half reaction of the cell [10]. Anolytes are analogous to
catholytes, for the anodic half cell. The catholyte and anolyte are pumped into the electro-
chemical cell and undergo redox reactions, which produce a cell voltage and generate ions
or electrons. Within the electrochemical cell, the catholyte and anolyte are separated by a
membrane (also referred to as a separator) which permits a flow of ions across it, allowing
charge to balance as electrons flow from the anode to cathode side of the cell. Carbon elec-
trodes are in contact with the catholyte and anolyte, and serve as the sites of redox reactions,
with the carbon electrodes then conducting generated electrons and transporting them to
the external circuit. Bipolar plates are rigid, conductive plates placed between the current
collector and electrolyte to increase mechanical strength of the cell and reduce corrosion of
the current collectors [11].

Commonly, the electrolytes in redox flow batteries are salt-in-electrolyte, where a salt
with multiple valence states is dissolved into a liquid electrolyte. In Section 1.5, the example
of a vanadium redox flow battery, a chemistry explained in more detail later, illustrates how
anolytes and catholytes behave during cycling. The catholyte is vanadium oxide (dissolved
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in an aqueous electrolyte, sulfuric acid), and can exist reversibly in the VO2
+ and VO2+; the

anolyte is vanadium, which can exist in the V2+ and V3+ states. As the cell is charged and
discharged, the vanadium compounds change oxidation states, and produce a redox pair.
This redox pair, with a potential difference between the half cells and free electrons, is where
the charge/discharge capacity of the cell originates.

Scalability Advantages of Redox Flow Batteries

The cathode and anode material in a traditional coin or cylindrical cell are sintered into
solid films that are contained within the battery casing. For these battery cell formats,
the capacity is limited by the size of the electrochemical cell. To increase the capacity,
multiple cells can be attached in an array, or each cell can be made larger. Both of these
methods require additional cell casing, electrodes, separator and current collectors to increase
capacity; in a coin or cylindrical cell, the cell cost is scaled with both the active and inactive
materials. The liquid catholyte/anolyte in a flow battery has the advantage of decoupling
the capacity of the battery from the size of the electrochemical cell. In a flow battery, the
cathode and anode material are stored in tanks, not within the electrochemical cell. By
increasing the size of the storage tanks, the flow battery has more active material available-
without having to increase the area of the electrochemical cell. In a flow battery, the energy
stored is proportional to the storage tank size, not the cell volume or area, and removes the
cost of additional casing, separators, and current collectors when producing a large scale flow
battery [13].

Within a traditional 18650 battery cell, less than 50% of the volume is used for active
materials; the majority of cell volume is taken up by binder, additives, the separator, and
the casing. Flow cells have less volume dedicated to inactive battery material, allowing for
an increased vol% of active material and greater volumetric density [14].

As the catholyte and anolyte are flowable, the flow rate of the electrolytes offers additional
flexibility during operation. By flowing the electrolytes at a higher rate, the power output of
the cell can be increased, because fresh active material is entering the cell as the electrolyte
flows in. Flow batteries offer decoupled control over energy and power output, allowing their
output to be tailored for a variety of different usages.

To meet the capacity needs of grid scale storage, a range of hundreds to thousands
of cylindrical or pouch cells need to be connected in an array. To distribute electrical load
between cells and identify potential thermal runaway, each individual cell must be monitored
using a battery management system (BMS). This introduces additional cost and complexity
to large arrays of battery cells. Flow cells avoid this issue, as many chemistries are made with
non-flammable materials, eliminating concerns over thermal runaway, and substantially fewer
flow cells are required to achieve the same capacity, reducing the amount of BMS-related
electronics.
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1.5 State-of-the-Art in Redox Flow Batteries

A wide array of chemistries have been explored in flow battery systems, each trying to
leverage unique benefits of their own materials while improving on the limitations of previous
designs. In this section, the most significant flow battery chemistries are reviewed. Table 1.2
lists the main chemistries reviewed in this chapter (in order of appearance), and the primary
advantages and disadvantages of each.

Chemistry Key Advantages Disadvantages
Vanadium Durability, low crossover Material cost, low solubility
Organic Tunable molecules, durability Energy density, low solubility
Sulfur Material cost, capacity Side reactions, low conductivity
Metal-air Material cost, low weight Side reactions with CO2 + H2O

Table 1.2: Flow battery chemistries reviewed in this section

Vanadium Redox Flow Batteries

Redox chemistry

The dominant flow battery technology is the vanadium redox flow battery. The vanadium
chemistry was selected because vanadium serves as the active material in both half cells,
which minimizes the negative effects of crossover seen in early iron/chromium flow batteries.
Crossover occurs when chemical species from one half cell mix with the other half cell, leading
to unwanted side reactions, inseparable byproducts, or unwanted capacity loss [15]. The first
vanadium flow cell work from 1985 leverages the fact that vanadium exists in multiple redox
states, using V2+ / V3+ in the anodic half cell and V4+ / V5+ in the cathodic half cell [16].
In the +4 and +5 oxidation state, vanadium produces VO2

+ and VO2+ ions, respectively, so
the V2/3+ / V4/5+ chemistry is commonly expressed as V / VO2, shown in Figure 1.4. The
vanadium half cell reactions are expressed in Equations 1.1-1.3 [14].

V O+
2 + 2H+ + e− ←→ V O2+ +H2O (1.1)

V 2+ − e− ←→ V 3+ (1.2)

V O+
2 + V 2+ + 2H+ ←→ V O2+ + V 3+ +H2O (1.3)
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Figure 1.4: Schematic of vanadium flow cell. Adapted from [17]

Electrolyte

Vanadium redox flow batteries commonly use an aqueous electrolyte of concentrated sulfuric
acid. In aqueous systems, voltages of >1.25V decompose H2O into O2 and H2 gases, a
reaction known as electrolysis. In flow battery systems, electrolysis should be avoided to
prevent electrolyte decomposition. Figure 1.5 shows the standard potential of common
electrochemical redox couples, and illustrates the boundaries (vs SHE) at which the anode
evolves oxygen (0.815V) and the cathode evolves hydrogen (-0.414V). By choosing a pair
of redox reactions, each with a standard potential within the electrolysis boundaries, the
evolution of both H2 and O2 gas is avoided. The V2+/ V3+ and VO2

+ / VO2+ redox
reactions are near the theoretical limits for aqueous reactions, forming a redox couple with
an open circuit voltage of 1.25V [18].

In flow batteries, the electrolyte serves as a host medium, in which the redox-active
materials are dissolved and flowed throughout the electrochemical cell via mechanical pumps.
The electrolyte for the vanadium redox flow battery system is most commonly a highly
concentrated sulfuric acid/water solution [19]. In traditional flow battery systems, active
materials are dissolved in the electrolyte, creating the anolyte and catholyte. (Other systems
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Figure 1.5: Standard potential of redox couples commonly found in electrochemical litera-
ture. Adapted from [14]

in which the active material is not dissolved in the electrolyte are discussed later in this
section) Commonly, the active materials in a flow battery are salts that are dissolved in the
electrolyte. The solubility of the salt in the electrolyte is a critical parameter that determines
the amount of redox-active species per unit volume in the flow battery, or the volumetric
energy density. For vanadium salts in sulfuric acid, the solubility limit is around 2M, leading
to a volumetric energy density of <25 Wh/L [19] [20] [21]. This solubility limit is widely
acknowledged as the main bottleneck to increasing the energy density of vanadium flow
batteries.

An important consideration for vanadium systems is the operating temperatures that the
electrolyte will be exposed to during the cell lifetime. Vanadium electrolytes have shown to be
stable between 10-40◦C. Outside of this range, the solubility of vanadium salts decreases and
active material precipitates out of the catholyte and anolyte, leading to capacity loss [18]. For
many practical applications, temperature control is required to keep the stack temperature
between 10-40◦C, which can significantly increase costs and reduce round trip efficiency [22].
The use of additives has been explored, with polyacrylic acid helping to impart stability on all
4 valence states of vanadium up to 2M. However, temperatures greater than 40◦C remained
unstable [23]. Work at Pacific Northwest National Lab into mixed-acid electrolytes, namely
sulfuric acid and hydrochloric acid, showed stability at a higher concentration (2.5M) and
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across a wider range of temperature (-5-50◦C) [18].

Membrane

Vanadium flow batteries require an ion exchange membrane (IEM), as the soluble vanadium
ions are sub-nanometer in diameter and would not be filtered by size selective membranes.
Nafion remains the most widely studied and highest performing IEM, with high performance
shown in a range of vanadium systems [24]. However, the high cost of Nafion represents a
bottleneck for flow batteries and is cited as one of the largest single costs in a flow battery
stack [25]. Research on less expensive membranes has focused on non-fluorinated membranes
and sub-nanometer size selective porous membranes [14].

Electrode

The redox reactions occurring in a vanadium flow battery occur on the surface of the elec-
trodes, making electrode design a vital component of flow battery development. Typically,
carbon materials, such as carbon felts or glassy carbon, are used as VRFB electrodes, as they
are low cost, conductive, and suitable for a variety of surface treatments and modifications
[26]. Vanadium conversion reactions on the surface sites of the carbon electrodes cause no
degradation of the vanadium compounds or the carbon electrodes, and has led to cycle life
demonstrations of over 10,000 cycles [27]. There is on-going work to elucidate rate limiting
steps and understand the exact surface site chemistries of electrodes in VRFBs [26].

Cost

The high cost of vanadium precursors remains the greatest limitation for widespread adop-
tion of VRFBs. Raw material costs for vanadium redox flow batteries are approximately
$120/kWh, surpassing the total system cost target for grid scale storage (Figure 1.6) [28].
Total system costs, for 4-8 hr storage time frames, are predicted to reach $200-300/kWh,
still well short of the $100/kWh grid level target [29]. This inherent materials limitation
of VRFBs has ignited research into lower cost precursor materials for flow batteries (see
Sections 1.5.2-1.5.4). The solubility limits of vanadium salts, which limit volumetric en-
ergy density, have spawned interest in chemistries that are not constrained by solubility (see
section 1.5.4 on semi-solid flow batteries).

Organic redox flow batteries

Organic redox flow batteries utilize organic molecules that are redox-active, and are of in-
terest to the flow battery community due to their high structural tunability and low pre-
cursor cost [30]. The field of organic flow batteries can be divided into metal-containing
(organometallic) and metal-free (all organic) chemistries.

Metal-containing organic redox chemistries show high chemical stability, high redox po-
tential (3.44V vs Li), and stable cycling. However, the high cost of cobalt and ruthenium, the
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Figure 1.6: Chemical cost of storage for grid scale technologies (2019). Adapted from [28]

most common metals used in these systems, and their low solubilities in suitable electrolytes
are ongoing barriers for organometallic systems. These challenges led to the development of
all-organic redox systems without metals [31] [32].

All-organic flow batteries are based on either an aqueous or non-aqueous electrolyte. The
energy density of aqueous electrolytes is limited by low open circuit voltages of ≈1.5V due
to H2/O2 evolution (electrolysis) but exhibits less toxicity/flammability and lower material
costs. The low solubility of organic materials in aqueous electrolytes is an additional bottle-
neck [31] Cost modeling by Dmello et al. shows the route to lowering costs in an aqueous
organic flow battery is to integrate less expensive active materials, as the operating voltage
is constrained, and electrolyte materials are already low cost due to high volume production
for other applications [33].

Non-aqueous all-organic flow batteries are not limited by electrolysis voltages and can
show open circuit voltages of ≈3V. Irreversible reactions due to radical generation during
redox reactions have caused diminished cycling efficiency, but additives have been employed
to mitigate those concerns in some chemistries [12]. Organic solvents used in non-aqueous
systems are more expensive than in aqueous systems, so the high solubility of the active
compounds in non-aqueous systems is required to achieve lower costs. The most promising
route to lowering cost for non-aqueous systems is to increase the voltage of the redox couple,
as the materials costs are not too high and solvents are known to be relatively expensive
[33].
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Figure 1.7: Economically viable technical parameters for aqueous and non-aqueous elec-
trolytes, highlighting the effect of solubility and voltage. Adapted from [33]

Sulfur-based flow batteries

Sulfur is a highly suitable material for batteries, with a high energy density (2200 Wh/L) [12]
and low cost ($0.20/kg) [33]. These characteristics have attracted significant attention to
lithium-sulfur batteries as outlined in several review papers [34, 35]. The main issue limiting
Li-S batteries is polysulfide dissolution, when highly soluble intermediate redox states of
lithium-sulfur (Li2S4, Li2S8) are created and migrate towards either the anode or cathode.
This migration, known as “shuttling”, is a form of self discharge that reduces the coulombic
efficiency of the cell and leads to irreversible Li2S/Li2S2 solid deposition on the current
collectors [12]. In most Li-S literature, strict voltage limits are set, which limits sulfur to
the solid state to avoid generating soluble polysulfide species. As shown in Figure 1.8, these
voltage limits severely hamper sulfur capacity [12].

Pan et al. capitalized on the high solubility of the polysulfide species and designed
a Li-S flow battery with lithium polysulfide species as the redox active material. With
soluble polysulfide species now a desirable feature in the cell, a DMSO-solvent was chosen
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Figure 1.8: (a) Schematic of Li metal-sulfur flow battery (b) Capacity diagram for different
states of lithium-sulfur compounds. Adapted from [12]

to maximize polysulfide solubility. The operating voltage was restricted to a range where
sulfur existed only in the liquid state, greatly increasing the theoretical capacity of their
system over standard Li-S systems that used solid-state sulfur voltage limits [12]. Evidence
of any shuttling mechanisms was not found, and high capacity retention (85% retention over
50 cycles) was demonstrated [36].

Fan et al. used a flow battery architecture to address two prominent limitations of coin
cell sulfur-based batteries. Sulfur is known to suffer from low utilization due to its insulating
properties, and many strategies to mix in conductive additives have been employed in the
coin cell literature [37]. Fan et al. mixed solid state sulfur particles with carbon black and
suspended the mixture in the liquid electrolyte, forming a flowable percolating conductive
network. This flowable suspension promotes high sulfur utilization via chains of conductive
carbons that contact each sulfur particle and transport redox charge to the current collectors.
The sulfur-carbon suspension was cycled over the full voltage window of sulfur to include
solid state and liquid state sulfur. In this flow system, sulfur precipitates out of solution as a
solid onto the carbon particles at high voltages and solubilizes into the electrolyte as a liquid
at low voltages. This study highlights how flow batteries can accommodate precipitation-
dissolution redox reactions while retaining reversibility [38].

Metal-air flow batteries

Metal-air batteries offer an ideal combination of high theoretical energy density and low
material cost, as the air half cell is compact, low weight, and offers unlimited material
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Figure 1.9: Types of metal-air flow battery: (a) Anolyte-flowing (b) Electrolyte-flowing.
Adapted from [12]

supply (oxygen) at no cost. As the air half cell has virtually no weight, metal-air chemistries
have the potential to reach the theoretical gravimetric energy density of the metal half
cell. In a lithium-air battery, the theoretical limit of lithium metal is 11,700 Wh/kg, close
to the energy density of gasoline [39]. As shown in Figure 1.9, metal air batteries have
an oxygen evolution reaction (OER) or oxygen reduction reaction (ORR) as one half cell,
and a metal-based redox reaction as the other half cell. Zinc-air [40], vanadium-oxygen
[41], and lithium-air are common oxygen-based battery chemistries [42]. Cells combining
air/sodium/sulfur, and using OER/ORR and polysulfide oxidation/reduction to combine 3
inexpensive materials, brought materials cost for both half cells to ≈$1/kWh [29].

Metal air flow batteries have two variations: flowing an anolyte (Fig 1.9a), or flowing the
liquid electrolyte across an anode foil (Fig 1.9b) [12]. Similar to traditional vanadium flow
batteries, vanadium-oxygen flow cells operate by flowing the anolyte solution but replace the
catholyte with an air cathode. An air cathode doubles the theoretical gravimetric energy
density compared with the traditional liquid VRFB, as the cathode half cell is replaced with
only a thin membrane [43]. In Zn-air flow batteries, controlling anodic Zn deposition mor-
phology is critical to long term operation. Studies have shown that flowing the electrolyte
in a Zn-air system suppresses dendrite formation, as it is predicted that refreshing the elec-
trolyte provides uniform ion transfer at the Zn surface, leading to uniform Zn plating on the
anode [40]. In Zn-air flow batteries, flowing the electrolyte across a solid anode is used to
improve performance.
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Slurry Flow Batteries for Grid Scale Storage

Slurry flow batteries, also known as “semi-solid” batteries, are classified as flow batteries that
include either an active or conductive material in the solid phase. In liquid flow batteries, the
active material is fully dissolved in the electrolyte, whereas in a slurry flow battery either
the active or conductive material is insoluble in the electrolyte and is instead suspended
within the liquid electrolyte. As described in the next several sections, there are a variety of
advantages to incorporating solid materials into a flow battery- most notably that it allows
high energy density materials to be exploited in the scalable architecture of a flow battery.

Qi et al. classify the various types of flow batteries involving solid electroactive materials
into four groups, depending on which components (conductive or active) are suspended in
the electrolyte (flowing), or are solid and non-flowing (static) [44]:

• Type 1: Flowing conductive material, static active material

• Type 2: Flowing conductive material, flowing active material

• Type 3: Static conductive material, flowing active material

• Type 4: Static conductive material, static active material, flowing chemical redox
mediators

Type 1

In Type 1 flow cells (Figure 1.10a), the conductive material (carbon) is suspended in the
electrolyte and flows through the cell, while the active material exists either as a solid
electrode or is dissolved into the electrolyte. As the electrolyte-carbon suspension flows
through the cell, redox reactions occur on the surface of the conductive material. The charge
from the redox reactions is transported to the current collector when the carbon particle
hosting the reaction is in physical contact with the current collector, or when electrically
connected to the current connector via a chain of carbon particles/aggregates. In some
architectures (Type 2, Type 4), large pumping forces are required to flow the anolyte or
catholyte, leading to a large pressure drop in the channel and high energetic losses via
the mechanical pump. Flowing only the conductive material reduces the viscosity of the
electrolyte and reduces the pumping losses for Type 1 cells [44].

Ruggeri et al. adapted the Li-O2 chemistry into a Type 1 cell (Figure 1.11), and out-
lined several advantages of flowing the conductive additive in their design compared with a
traditional non-flowing coin or cylindrical cell [45]:

1. No redox mediators are needed

2. ORR reactions can take place on dispersed carbon particles, which prevents them from
passivating the current collector
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Figure 1.10: Types of semi-solid flow batteries (a) Type 1 (b) Type 2 (c) Type 3 (d) Type
4. Adapted from [44]

3. Flowing carbon particles offer high surface area

4. ORR products can be deposited on the carbon, stored in the tank, then reoxidized
later, without affecting the active materials/surfaces within the electrochemical cell

In Type 1 cells, reactions take place on carbon surfaces, which avoids passivation of
current collectors, allows soluble species in the electrolyte to precipitate as solids onto the
carbon, and can be reversibly solubilized when reversing the reaction. Ruggeri et al. lever-
aged these unique advantages of Type 1 cells to remove the cathode (O2) discharge products
from the Li-O2 system. The suspension provided sites for redox reactions, then, by pumping
out the discharge products, the current collector and separator were kept safe from passiva-
tion. [45].

Mubeen et al. explored zinc, manganese, and copper as deposition metals in their Type
1 flow battery design, plating these earth-abundant materials onto the surface of carbon
particles. Figure 1.12a shows the overpotential and current produced for each metal, and



CHAPTER 1. INTRODUCTION TO FLOW BATTERIES 17

Figure 1.11: (a) cell schematic of Li-O2 system (b) system diagram of Li-O2 system (c)
picture of lab setup for Li-O2 system. Adapted from [45]

Figures 1.12c and 1.12d highlight that only when the carbon particles are incorporated does
this cell format show any electrochemical activity [46]. Their work shows explicitly that
micron-scale carbon particles act as hosts for redox reactions and can subsequently transfer
the redox charge through a percolating network.

Type 2

Type 2 flow batteries are the most common type throughout the semi-solid flow battery
literature and will be the subject of the work presented in later chapters. In Type 2 flow
batteries, both the active and conductive material are suspended in the electrolyte. Gener-
ally, the active materials are intercalation compounds, selected for their high energy density.
Ions from the electrolyte intercalate into the active material, and the charge generated by
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Figure 1.12: Cyclic voltammetry results of plating Zn, Cu, and MnO2 on carbon particles.
Adapted from [46]
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this redox reaction is transported to the current collector via a conductive network of the
conductive carbon particles.

Material design: Type 2 semi-solid batteries were developed to combine existing low cost,
high energy density materials with the scalable architecture of flow batteries. The slurry in
a Type 2 cell contains both the active and conductive materials, and, therefore needs to
transport ions and electrons, host redox reactions, and be flowable.

The critical innovation in Type 2 cells is using a suspension of solid active particles in a
liquid electrolyte, to avoid the constraint of solubility limit present in liquid flow batteries.
Solubility limits have limited energy densities in most existing flow battery designs, and by
creating a suspension in which solubility is not a factor, the active material density in Type
2 cells is only limited by flowability through the channel.

Type 2 battery research has predominantly focused on intercalation materials as the
active material for their high energy density and well studied properties in existing battery
literature. Lithium compounds are the most commonly studied, such as LCO [13], LFP [47],
LTO [13, 47, 48], and LMO [13]. Sodium-based compounds have also been studied via the
NaTi2(PO4)3 cathode [49]. Ketjen black (KB), a type of carbon black, has been the near
exclusive choice as a conductive additive in semi solid systems due to its high surface area
and electrical conductivity [50, 51].

An important material design consideration for semi-solid flow batteries is the concen-
tration of active material. Initial estimates from Dudata et al. suggested that semi solid
batteries could achieve concentrations of 10-40M of active material (compared with 2-3M in
vanadium systems), assuming that 50%vol solid loading is achievable [13]. They note that
70%vol solid loading had been achieved in similar flowable systems. Active mass loadings of
15-25%vol [13, 47, 48] have been explored, while scaling to higher loadings has not yet been
shown. Madec et al. highlight the challenge of increasing active particle loading in a slurry,
and show that at 25%vol LTO, that particle utilization and gravimetric capacity was lower
than at 15 or 20%vol for a fixed amount of ketjen black [48]. Estimates from Dudata et
al. suggest a material cost of $40-80/kWh for a lithium intercalation compound/KB slurry
in nonaqueous electrolyte, with roughly $10-14/kg active material, and $14/kg for the elec-
trolyte components [13]. This cost is well below that $100/kWh target for widespread grid
scale storage.

A key advantage of using insoluble, micron-scale powders in a Type 2 battery is that
microporous polymer membranes can be used as the separator. Other flow systems require
expensive ion exchange membranes to separate the anode and cathode half cells, as the ions
in the anolyte and catholyte are dissolved compounds that are subnanometer in size. In
Type 2 systems, inexpensive and widely available polymer membranes such as Celgard have
been used throughout the literature with high success [44].

Rheology : The rheology of the catholyte/anolyte suspension is critical to cell performance,
and is the most important and novel technology within the cell. A conductive network of
conductive particles must exist within the suspension that connects each active particle to
the current collector, such that the charge from redox reactions can be injected/collected
during charging/discharging of the cell. This network is designed to be percolating, with
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Figure 1.13: (a) shear rate vs viscosity curves (b) EIS impedance curves (c) SEM images of
various LCO suspensions. Adapted from [13]

clusters of conductive particles in contact to form many conductive pathways spanning the
full volume of electrolyte.

The percolation threshold for carbon black networks, in which they begin to show non-
negligible electronic conductivity, has been measured to be ≈1%vol [13, 47]. It has also been
reported that the addition of 0.6%vol carbon black led to 10-fold increase in viscosity of
a 22.4%vol LCO slurry [13]. Establishing a balance between high particle loading for high
conductivity and energy density, and decreasing particle loading to reduce slurry viscosity
and decrease mechanical pumping losses remains a central challenge to understanding and
optimizing Type 2 flow battery systems.

Dudata et al published the first characterization of Type 2 slurry rheology in 2011,
shown in Figure 1.13. In Fig 1.13a, the existence of shear thinning behavior in all LCO-
KB slurries is shown, with shear thinning used as an indicator of the existence of particle
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network formation within the slurry. This data, coupled with the EIS plots shown in Fig
12b, showed that an ionically + electronically conductive network was formed. Figure 1.13a
also highlights the high viscosity (2000-4000cP) nature of the slurries that are typical for a
Type 2 cell when both conductive and active materials are co-suspended. Later in the work,
they show activity from a static and intermittently pumped cell of LCO/LTO at a discharge
capacity of 127 mAh/g, the first example of a Type 2 flow battery in operation [13].

Additives are commonly employed to tune suspension rheology in other fields, and the
use of additives has been explored for Type 2 flow batteries. Wei et al. used polyvinylpyrroli-
done (PVP) as a steric stabilizer, to control the rheology of their LFP-KB slurries. PVP
was introduced to help control agglomerate formation and drive homogenous distribution
throughout the particle network. PVP was shown to reduce viscosity (Fig 1.14a) and shear
yield stress (Fig 1.14b) of the slurry, while maintaining high electronic conductivity. Static
and flow cells showed high capacity (>131 mAh/g) over 100 cycles [47]. Figure 1.14a shows
the decrease in viscosity by an order of magnitude with the LFP-KB-PVP blend (labeled
Biphasic) compared with the pure LFP-KB suspension (labeled Attractive).

Cell design: In addition to the materials within the cell, the design of the cell hardware
presents a new set of challenges for slurry batteries. Two types of cell hardware have emerged
from early work on Type 2 flow batteries: a static cell and a flow cell. The static cell is used
for testing the properties of the slurry in a battery cell without the slurry being flowed. This
design, as shown in Figure 1.15a, is commonly housed in a chemically-resistant polymer
Swagelok cell, with stainless steel current collectors on either end for electrical contacts.
Anode foils, as well as Celgard separators, can be punched to the appropriate size, and held
under pressure via a spring. The slurry needs to be held in a conductive well, to confine it
to a well-defined active area and to prevent the compression of the cell from spreading the
slurry. This design will be discussed more in a later section. For designs where no separator
is desirable, such as only measuring the properties of the slurry via EIS, a design with Teflon
walls separating the two current collector is used (Fig 1.15b).

The flow cell, shown in Figure 1.15c, shows an inlet and outlet, to which either a syringe
or peristaltic pump are connected, and a syringe filled with slurry is loaded into. The flow
channel is machined out of a metal block, which is contacted perpendicularly by a current
collecting metal rod. As with the static cell, metal and separator foils are cut/punched out
to the appropriate geometry, and the cell is fabricated by stacking the layers of the cell and
holding them under pressure via threaded screws.

The thickness of the channel (also thought of as the channel diameter) has shown to
be a critical variable in the performance of a Type 2 flow battery. The thickness of the
channel sets the thickness of the active layer in the battery. To transport the electrons
needed for a redox reaction, a conductive pathway must exist from each active particle to
the current collector. Necessarily, there must be a chain or network of carbon that creates this
transport pathway. This requirement suggests the farther distance the conductive pathway
must span, the greater chance exists of the pathway being incomplete, thereby leaving out
active particles from the network. Because this layer is a suspension, electrical conductivity
needs to be maintained across the full thickness of the suspension to maintain capacity.
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Figure 1.14: Rheological data comparing LFP slurry with (Attractive) and without PVP
(Biphasic) additives. Adapted from [47]
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Figure 1.15: (a) Static (b) Conductive/EIS (c) Flow cell hardware designs. Adapted from
[47]
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Figure 1.16: Charge/discharge curves of an LTO semi solid suspension at (a) 0.5mm and (b)
1.0mm slurry thickness. Adapted from [48]

Figure 1.16 shows the same LTO/KB slurry being cycled at various C-rates, with a channel
diameter of 0.5mm (Fig 1.16a) and 1.0mm (Fig 1.16b). At moderate and high discharge
rates, a severe drop in capacity is observed, with 0.5mm showing notably higher capacity
in all cases, with the capacity at C/2 rate being 6 times lower for 1.0mm compared with
0.5mm. This result was attributed to a carbon black network that incompletely filled the
full volume of the 1.0mm diameter channel, and highlights the difficulty of maintaining a
suspended conductive network over large distances [48].

In traditional flow batteries, the spatial extent of the reactions is limited to the solid
electrodes and is well defined. In a Type 2 flow battery, the electrode is instead defined
by the space over which the conductive network is continuous (the electroactive zone) and
could therefore theoretically extend past the edges of the flow channel. Additional parti-
cles/agglomerates beyond the edges of the current collector may be electrically wired to the
slurry within the current-collector defined flow channel. Smith et al. studied the effect of
channel length and discharge rate, and showed that longer channels and higher C-rate dis-
charge (>C/11) minimize the parasitic effect of this additional electroactive zone to <1%
total capacity in the LTO system [52].

Performance under flow / pumping : For flow batteries, the effect of flow can be under-
stood through its impact on capacity (performance) and on required pumping energy (loss).
Selecting the optimum flow rate highlights the tradeoff between capacity and loss: higher
flow rates bring new material or ions into the flow cell at a high rate and can potentially
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increase capacity, but high flow rates require more energy to be consumed through pumping,
decreasing the energy efficiency of the overall system [53].

The effect of flow and shearing-related phenomena on the capacity of a Type 2 flow battery
have not been directly studied. However, work on the effects of shearing in carbon black
suspensions in nonaqueous electrolytes suggests important effects of flow rate on electroactive
suspensions. Hipp et al. use the inverse Bingham number Bi−1, the ratio of applied shear
stress to yield stress, as a metric for how much shear is applied to the slurry under flow.
Their work shows that for Bi−1 > 1, the high flow regime, the applied shear breaks up
large carbon black agglomerates and more homogeneously disperses the carbon particles
throughout the network. This led to higher conductivities, lower viscosity, and strongly
reduced sedimentation of the carbon particles [54]. Connecting the principles explored in
their work to the electrochemical metrics of a full battery would help inform future Type 2
flow battery research about how to tune rheology to better apply the effects of flow during
cycling.

Brunini et al. suggested that for flow cells which are continuously pumping new material
into the channel, the optimum flow rate would cause the material to be fully charged or
discharged within one pass through the channel, which they denote as “stoichiometric flow”.
During stoichiometric flow, a gradient can form across the flow channel, as the state of charge
(SOC) varies throughout the channel with new material entering one end of the channel and
cycled material exiting the other end. Their electrochemical modeling found that utilizing
redox materials with a flat discharge profile eliminated the current density variation in a flow
channel during discharging and pumping, and that cells with flat discharge voltage profiles
more closely matched their theoretical capacities [55].

The potential losses due to pumping a high viscosity fluid through flow battery are a
primary concern for this flow battery variation and were estimated by Dudata et al. in their
original Type 2 flow battery paper. For their work, Dudata et al. proposed two pumping
methods: continuous and intermittent. Continuous pumping circulates slurry through the
flow channel without interruption. Intermittent pumping fills the channel with fresh slurry,
stops pumping while the slurry in the channel is discharged or charged, and then once the
discharging or charging is complete, pumps just enough slurry to refill the channel with
fresh material. The authors calculated that at a 15 mL/min flow rate, 44.12% of the energy
produced by the battery would be used for pumping in a continuous pumping scheme, but
merely 0.6% of the energy would be lost with intermittent pumping protocol [13]. This
result has served as a proof of concept that pumping high viscosity slurries is not energy-
cost prohibitive, and has been widely cited throughout the flow battery literature. This has
led to intermittent pumping being exclusively used in subsequent Type 2 flow battery cycling
protocols.

Type 3

Carbon additives are included in semi-solid flow cells to increase conductivity and ensure
pathways for electrons to travel from active particles to current collector, but they can have
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Figure 1.17: The effect of flow rate on estimated pumping loss, for intermittent and contin-
uous pumping protocols. Data plotted from [13]

adverse impacts on the rheology of the flowing media in a flow battery. As noted earlier,
the addition of 0.6%vol carbon black to a 22.4%vol LCO suspension increased the viscosity
of the suspension by 10-fold [13]. Decreasing the volume of carbon additive is favorable,
to reduce suspension viscosity and decrease the volume of inactive material in the cell. In
Type 3 flow cells (Figure 1.10c), redox active particles are dispersed in the electrolyte, and
no conductive materials are added to the suspension. This suspension architecture seeks
the benefits of a flowing active material like in Type 2 systems, without the high viscosity
imparted from carbon additives. Without a percolating carbon network to conduct electrons
from active particles, Type 3 cells require the active particles to be in physical contact with
the current collectors in order to transfer charge [44].

Work from Qi et al. uses the LTO chemistry to demonstrate Type 3 flow cells. As shown
in Figure 1.18, their work successfully demonstrates this type of charge transfer but only
for short time periods (10 mins), low power densities (0.01 mW/cm) and at low coulombic
efficiency (45%) [56]. Similar results were reported in the LCO chemistry [56]. Work on
Type 3 cells with redox active colloids demonstrated 21% of theoretical capacity at a low
concentration (0.01M) [57]. While Type 3 cells aim for lower viscosity and less inactive ma-
terial than other solid-containing flow batteries, engineering suspensions and reactor design
to increase particle utilization and long-term power output remain substantial obstacles to
this new form of redox flow battery.
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Figure 1.18: (a) discharge (b) cyclic voltammetry (c) cycling behavior of LTO particles in a
Type 3 flow cell. Adapted from [58]
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Figure 1.19: (a) System level schematic and (b) Picture of lab setup for Type 4 LFP-TiO2

flow cell. Adapted from [59]

Type 4

Type 4 flow batteries do not flow suspensions of solid particles in a liquid electrolyte, but
instead flow liquid electrolytes through a tank packed full with solid active particles. The
electrolyte flowing through the particle bed contains dissolved redox mediators, which are
chemical compounds used to shuttle charge between the current collector and active material.
Redox reactions occur on the active particle surface, and the resulting charge is transported
via mediators through the electrolyte without relying on networks of conductive carbon
particles like in Type 2 flow batteries.
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Figure 1.20: Schematic of the redox reactions in Type 4 LFP flow system. Adapted from
[60]

Wang et al. first demonstrated the dissolved redox mediator approach via the LFP
chemistry [60]. Figure 1.20a illustrates the reaction scheme present in the LFP system,
with S demarcating the redox mediator. The mediators are chosen such that their energetic
alignment with the active material produces charge transfer upon contact, in this case finding
that osmium-based had proper energetic alignment [60]. This was confirmed in Figure 1.20b,
which shows the cyclic voltammograms of a pristine FTO electrode in electrolyte (solid line,
b)) and an LFP-coated FTO electrode in electrolyte (dashed line, a)). Upon adding the redox
mediators, new, reversible peaks appear on the LFP-FTO voltammogram that confirm their
role in facilitating charge transfer. The authors noted that developing a separator that
excluded the mediating species would be challenging and was a limitation in their initial
work.

The porosity of the particle bed needs to be controlled to allow electrolyte to flow through.
If liquid cannot flow through the powder bed, then a high pressure drop across the tank will
be created, and high pumping losses will be incurred to flow the electrolyte. Porosity control
is essential for Type 4 systems and may limit the maximum powder loading within the
tanks to ensure sufficient porosity [44]. Additionally, as mentioned by Wang et al., redox
mediator flow batteries cannot use size exclusion membranes, which are inexpensive and
commonly used in other solid-containing flow batteries. The mediator species are dissolved
into the electrolyte and, therefore, can only be separated by an ion exchange membrane.
Currently, all redox mediator flow batteries use organic solvents, necessitating that the IEM
is stable in organic solvents. This is not common, as IEMs have been almost exclusively
designed for aqueous and acidic environments such as vanadium flow batteries, and may
require substantial research to develop for Type 4 cells [44].
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Conclusion

Despite focused efforts to avoid expensive vanadium salts and ion exchange membranes,
realizing high solubility and low cost active materials remains a challenge for redox flow bat-
teries. Solubility remains a limitation for vanadium and organic systems, while the intrinsic
materials challenges of sulfur and metal-air systems threaten their usability in flow systems.
The novel approach of semi-solid flow batteries offers a route around solubility limits, but
low cost materials are not well explored. In the remainder of this work, we focus on designing
and demonstrating low cost materials for semi-solid flow batteries- as a route to low cost,
high energy density redox flow batteries.

Chapter 2 establishes the criteria for material selection for our low cost slurry flow battery.
A theoretical basis for a general slurry battery is developed, and the requirements and desired
traits of each component are explained. The rationale for the active materials used in our
system, a metal foil Mg anode, MoS2-KB cathode slurry, dual-ion Mg/Li electrolyte, and
Celgard polymer separator, is explored in this chapter. The specialized cell hardware for a
non-flowing and flowing cell is described and illustrated.

Chapter 3 outlines the core suspension characteristics needed for semi-solid battery op-
eration, and presents relevant rheological, electrical, and electrochemical measurements used
to investigate those characteristics. These results are used as evidence of particle-to-particle
contact within the formed suspension, and to quantify both ionic and electronic conductivity
within the suspension. Cyclic voltammetry measurements show the role of Li intercalation in
this dual ion system, and begin to justify the performance difference observed in low-KB and
high-KB systems. The charge-discharge capacity measurements presented in this chapter are
the first ever demonstrations of a magnesium semi-solid battery.

Chapter 4 focuses on quantifying the role that Mg and Li ions have in providing reversible
capacity in a Mg/MoS2 slurry battery. Cells with either Li or Mg ions are shown to have
negligible reversible capacity, solidifying the need for a dual-ion system. ICP measurements
establish Li as the ion responsible for the majority of capacity, but show that Mg is actively
participating in the cathode-side reaction. An optimal level of Li ions in the electrolyte is
characterized and presented.

Chapter 5 characterizes the performance of the optimal MoS2 slurry, at varying discharge
rates and in both non-flowing and flowing hardware. The measurements shown in this chap-
ter benchmark the performance capabilities and limitations of this slurry flow battery system.
Relevant C-rates for practical applications are discussed. Cycle life measurements are pro-
vided to gauge the ability of the MoS2-KB slurries to withstand repeated charge-discharge
cycles. Contrasts between the non-flowing and flowing cells are drawn and examined.

Chapter 6 provides a review of the results presented in this work, as well as a discussion
of potential future research directions.
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Chapter 2

Designing an Intercalation-based
Redox Slurry

2.1 Overview of semi-solid (slurry) battery design

The operation and structure of semi-solid batteries show several analogous properties to
standard coin/cylindrical cells: ion and charge transport to the active material must be
simultaneously achieved to deliver reversible capacity. In traditional cells, electrodes are
formed from slurries, consisting of active, conductive, and binder materials mixed in a sol-
vent. These electrode slurries are then cast, dried, sintered, and calendared- leading to
compact, freestanding electrode films [61]. Figure 2.1 shows the steps in a traditional elec-
trode fabrication process. The electrode films can be thought of as a particle network that
is both sintered and compacted. The challenge for semi-solid (slurry) batteries is achieving
ionic and electronic conductivity from a particle network that is suspended in a liquid, and
does not have sintering or calendaring mechanisms to promote particle-particle contact.

In order to host redox reactions, electrons and ions must be transported to the active
particles within a battery electrode. Ion conduction occurs from electrolyte-active particle
contact; electrode films are wetted with electrolyte during cell fabrication to enable ionic
conductivity throughout the film (see the final step in Fig. 2.1). Electron conduction is
possible when an active particle is electrically connected to the external circuit via a current
collector. Electrical connection to the current collector occurs under two conditions: 1) direct
active particle-current collector contact 2) via chains/networks of conductive particles that
are in contact with both the active particle and the current collector. As a low percentage
of active particles are able to be in direct contact with the current collector simultaneously,
chains of conductive particles are the most common route to electrically connecting active
particles to the current collector. Conductive materials, typically carbon blacks, are added
to the electrode to form conductive chains/networks [62].

Electronic conductivity in an electrode occurs when the percolation threshold is reached.
The percolation threshold of a particle network is the mass/volume concentration of a particle
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Figure 2.1: Fabrication steps for mass-produced traditional battery electrodes. Adapted
from [61]

at which long range connectivity begins to be exhibited within the particle network. For par-
ticle networks of conductive materials, the percolation threshold refers to the mass/volume
concentration of the conductive material at which non-negligible conductivities are measured
in a particle system [63]. The mass/volume loading at which percolation is reached is typical
around 1-5 wt%/vol% [64], and is known to vary by particle size, aspect ratio, and mate-
rial choice [65, 66]. Percolation represents the minimum threshold at which non-negligible
conduction is measured; additional increases in conductivity are observed with the addition
of conductive material above the percolation threshold. Fig 2.2 illustrates various states of
a dispersed carbon black particle network. The percolation threshold is expected to exist
between Fig 2.2a and Fig 2.2b, where long range connectivity is formed. In a slurry flow
battery electrode, conductive pathways like shown in orange in Fig 2.2b or Fig 2.2c are
required to transport electrons from active sites to current collectors.

Slurry electrodes also require ionic and electronic conduction. Ionic conduction to the
active material occurs via the electrolyte in which the particle network is suspended. Slurry
electrodes are believed to rely on suspended networks of conductive particles for electron
conduction between active particles and current collectors [13, 67]. Electronic conduction is
more challenging, as particle-particle contact is not developed via sintering/compression as
in traditional battery electrodes.

To form a suspension of active and conductive materials, the active and conductive
particles are dispersed in the battery electrolyte. Dispersion can be accomplished via a
variety of mixing methods, with probe-tip sonication, bath sonication, and ball milling among
the most common [68]. Each dispersion process induces collisions between particles, with a
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Figure 2.2: Different states of carbon black network (a) disconnected (b) partially connected
(c) fully connected. Adapted from [63]

fraction of these collisions leading to “hit-and-stick” behavior, where particles coalesce into
groups (known as agglomerates) that maintain contact after the collision occurs [69]. Ideally,
these agglomerates are also connected to other agglomerates, and these large networks of
active and conductive particles then allow ion and electron conduction to/from each active
particle.

The remaining sections of this chapter detail the design and material selection of the
anode, cathode, electrolyte, current collector, separator, and cell hardware used in this work
to create a novel semi-solid flow battery system.

2.2 Anode

In previous slurry flow battery work, both anodic and cathodic slurries have been developed
[13]. Figure 2.3a illustrates a slurry flow battery with anodic and cathodic slurries, labeled
as anolyte and catholyte as is conventional in flow battery literature. For this project, the
anode was chosen to be a metal foil, to simplify the cell design and maintain focus on the
cathodic slurry. Metal foils are attractive in half cell assemblies, as they provide an excess of
ions for the other half cell redox reaction, and are easily integrated during cell fabrication.
Figure 2.3b illustrates the cell architecture used in this work.

Prior work has investigated slurry flow batteries with lithium redox couples, with some
work using Li metal foil anodes and several works developing Li anodic slurries [13, 70, 71].
Lithium metal foils are ≈10x more expensive than alternative anode materials such as Na
or Mg [72, 29, 73]. In an effort to use low cost materials, while simultaneously expanding
the material catalog that has been explored with slurry flow batteries, the anode selection
was limited to non-Li metals.
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Figure 2.3: Illustration of semi-solid (slurry) flow battery with (a) slurry anode (b) metal
foil anode

Magnesium metal foil anodes

Magnesium has undergone extensive research for decades, as an alternative to lithium as a
battery anode material. Magnesium is highly abundant, with an abundance in the earth’s
crust that is ≈1000 times greater than lithium [74]. Its lower raw material cost reflects this
increased supply, with prices currently at $2-5/kg for Mg metal and $50-80/kg for Li metal
[72, 29, 73]. When incorporating the theoretical capacity of both materials, the cost-per-
charge, or $/kAh, still compares favorably: $2/kAh for Mg, $13/kAh for Li. The material
characteristics for both Mg and Li are summarized in Table 2.1 below.

Magnesium (Mg) Lithium (Li)
Abundance (per 106 atoms Si) 105 102

Annual production (kg/yr) [75] 6.3 x 109 2.5 x 107

Price ($/kg) 2-5 50-80
Theoretical capacity (mAh/cm3) 3833 2061
Theoretical capacity (mAh/g) 2062 3861
Cost per charge ($/kAh) 2 13
Voltage (V) -2.37 -3.04

Table 2.1: Key battery material metrics for Mg and Li metals

Magnesium metal has a high volumetric energy density (Table 2.1), allowing it to deliver
a high capacity for a relatively small volume of material. Magnesium metal foils have also
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Figure 2.4: SEM images of the anode surface in a cycled (left) lithium and (right) magnesium
battery. The rod-like shapes on the lithium surface are dendritic growth, the magnesium
surface shows smooth, uniform plating. Adapted from [78]

been shown to have a low propensity for developing dendrites [76]. While dendrites under
certain electrolyte/cycling conditions have been shown [77], Mg metal is considered dendrite-
free under most operating conditions. This removes a key obstacle encountered in Li metal
batteries, and is a significant advantage of Mg metal anode systems.

Magnesium has seen significant research in literature, establishing a number of elec-
trolytes and cathodes to choose from [79, 80]. Despite this, magnesium had not yet been
explored in the semi-solid flow battery literature- and therefore represented a path to expand
the current library of material choices in SSFBs.

2.3 Cathode

With a magnesium anode, Mg2+ is the primary working ion. To produce a full cell with
reversible capacity, a cathodic half cell needs to be selected.

The three primary charge transfer mechanisms in rechargeable batteries are intercalation,
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Figure 2.5: The three primary charge transfer mechanisms found in rechargeable batteries.
Adapted from [81]
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alloying, and conversion. Each mechanism is depicted in Figure 2.5. Alloying and conver-
sion chemistries typically offer high capacity, with the downside of poor reversibility and
stability. Intercalation is the most widely studied of the three mechanisms, and is common
in commercial batteries due to its stability and high cycle life. For this work, the selection
of cathodic chemistries was limited to intercalation compounds, as stability and longevity
provide a reliable base through which to study the effect of a slurry electrode.

Intercalation, as illustrated in Fig 2.5, is the process during which an ion is inserted
between two layers of a layered material without significantly changing the host structure.
During the discharge of a cell, this insertion event causes a redox reaction, which requires
an electron to be drawn from an external circuit. During charging, the ion is deintercalated
from the host structure, and this redox reaction produces an electron that is injected into the
external circuit, producing current. The stability of the layered host structure against defor-
mation during insertion/removal, and the rate at which an ion can insert and remove from
these layers are generally the two key criteria for a high capacity intercalation compound.

Compared with other ion systems, Mg2+ has slow intercalation kinetics, and many tra-
ditional layered materials previously used in Li batteries show negligible capacity in Mg
systems [82]. The atomic radius of magnesium (0.72Å) is smaller than lithium (0.76Å), yet
the capacity in similar cathode materials consistently favors Li [83].

The origin of slow kinetics in Mg2+ systems is the higher electrostatic force present when
the high valence state of the Mg2+ ion is in close proximity to the layered structure. This
electrostatic force acts to repel the ion, preventing its insertion into the layered structure
[84]. Fig 2.6 illustrates the enhanced electrostatic force present with Mg ions with the lightly
shaded spikes surrounding the atom. Previous work on MoS2 showed that by increasing
the interlayer spacing from 0.615nm to 1.45nm (and thereby decreasing the electrostatic
interaction between ion and the nearby layers), a 100-fold increase in Mg mobility was
measured [84]. A limited number of cathodes that intercalate the Mg2+ ion is currently the
most substantial bottleneck in magnesium battery development.

Cathode criteria

The requirements for a cathode in this magnesium-based system, similar to all grid scale
battery systems, centered around cost and capacity.

Low cost: To meet the ambitious cost targets of grid scale storage, all materials within
the cell are chosen to have low cost. As raw material cost is often the cost-limiting factor in
long-duration storage, having low material cost is of high importance.

High capacity: While cost is the ultimate metric of success in grid scale storage, achiev-
ing high capacity per weight or per volume can bring down the system cost per kilowatt-hour,
as less raw material is required to achieve the same capacity. The search for a cathode was
limited to existing intercalation materials, to leverage their high energy density and demon-
strated capacity in literature. Specifically, cathode materials that intercalate Mg were under
consideration.
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Figure 2.6: Illustration of (a) Mg vs Li transport in layered MoS2 (b-d) possible pathways
to enhance Mg diffusion. Adapted from [84]

Low capacity fade: Grid scale applications have high cycle life requirements, and
therefore require materials with low capacity fade per cycle. Capacity fade, as observed in
coin cell batteries, can be used to benchmark the rate of degradation in a more optimized
battery system. The capacity fade in a novel slurry design will likely be more severe than
observed in coin cells, as is explained in later sections. Choosing a material with low capacity
fade in existing coin cell literature offers a reference point, from which any observed capacity
fading in a slurry electrode can be compared.

Off-the-shelf availability: An ideal cathode material is low cost and already com-
mercially available. By requiring off the shelf availability we restrict our options to mature
materials that are presently available in higher volumes. By purchasing a material off-the-
shelf, the time and resources normally required for synthesis could be channeled into other
aspects of this project.

2.4 Electrolyte

Electrochemical stability window (ESW): Also known as the voltage stability window,
the ESW is defined as the voltage range over which an electrolyte does not oxidize or re-
duce, and does not oxidize/reduce the current collectors that are in direct contact with the
electrolyte. Most Mg cathode materials operate between 0-2V vs Mg [85], in which case an
electrolyte-current collector pair with an ESW of 2V would be sufficient to avoid decompo-
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Figure 2.7: Illustration of electrochemical stability window (ESW) in a an-
ode/electrolyte/cathode system. Having the uA and uC within the ESW ensures no de-
composition from electrolyte-current collector oxidation/reduction during cycling. Adapted
from [86]

sition of the electrolyte and current collectors during cycling. Generally lower cost metals
(copper, aluminum, stainless steel) have a lower stability window than higher cost metals
(gold, platinum), so a balance between cost and stability may be required.

In many other battery material systems, such as lithium ion, SEI (solid electrolyte inter-
face) formation is directly linked to ESW. In these systems, the electrolyte is deliberately
reduced, with the reduction products forming a thin film, ion-conducting barrier on the
anode surface that acts as protection during cycling, and is critical to the high capacity
and lifetimes observed in Li-ion systems. The SEI formation process is highly complex, and
substantial efforts to understand and optimize SEI formation continue, both in research labs
and in mass-production facilities [87]. A key feature of current Mg chemistries is their ho-
mogeneous, reliable plating and stripping on the anode, during which an SEI is not formed
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[88]. By removing the need for SEI formation, the complexity of Mg chemistries is greatly
reduced.

High ionic conductivity: High ionic conductivity is desirable for high rate perfor-
mance. In slurry battery systems, electronic conductivity is expected to be rate-limiting,
and there are no demonstrations of high rate performance, decreasing the priority on ionic
conductivity [13].

Toxicity: In a storage application, large volumes of the electrolyte will be present in any
full scale design. In some flow battery chemistries (particularly bromine-based systems), the
use of highly toxic chemicals has been criticized for its potential impact to the surrounding
environment (human/wildlife/water/soil) [89]. For this work, materials with highly toxic
chemicals were avoided.

Ease of synthesis: While synthesis is expected for electrolytes in a novel battery field,
some electrolyte synthesis procedures were deemed so complex and time-intensive that they
would be a major bottleneck in battery development. These materials were excluded.

Dual salt electrolytes to enable cathode materials

As ions other than lithium are of increasing interest to the battery community, the search
for cathode materials that intercalate novel ions (Mg, Na, K, Al, Zn) represents a challenge.
While lithium is able to readily intercalate into many layered cathode materials, ions with
a higher valence state (such as Mg2+) are not able to intercalate into many of the same
compounds. Significant research into novel cathode materials that intercalate Mg ions is
underway, as this is currently the primary bottleneck in advancing Mg batteries.

To increase the pace of battery research, utilizing existing cathode materials is ideal
as many existing cathode options have already been identified to have low cost and high
capacity. Dual salt electrolytes have been examined for the purpose of integrating existing
cathodes with novel ions. In this work, we will use the term ‘dual salt electrolyte’ to refer
to electrolytes with two working ions present in solution. This is commonly achieved by
synthesizing an electrolyte with one ion, and then dissolving a salt containing the second ion
into the electrolyte. For example, a Mg electrolyte is synthesized, and then a lithium salt is
added- leaving Mg2+ and Li+ ions in the electrolyte.

Dual salt electrolytes enable a broader range of cathode materials to be used with a given
anode, in one of two ways:

1) The primary ion reacts exclusively at the anode, while the secondary ion interca-
lates/deintercalates into the cathode. In this case, there are two separate reactions at the
anode and cathode, with a different working ion in each half cell.

2) The secondary ion causes a phase transformation at the cathode, and after the phase
transformation, the transformed cathode material can now intercalate the primary ion in
subsequent cycles.

Dual salt electrolytes are often demonstrated in battery cells where the anode is a metal
foil. In these systems, the primary ion plates/strips on the anode, but the secondary ion
does not [90]. This is commonly verified via EDX on the surface of the anode, looking for
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the chemical presence of the secondary ion after a full plating cycle has been run [91]. The
secondary ion reacts with the cathode material, shuttling in/out of solution during cycling.

For the purpose of this work, we will be utilizing a dual salt electrolyte in which the
secondary ion causes a phase transformation in the cathode material. This mechanism will
be explained further in the next section.

Cathode-electrolyte pair selection

Choosing a cathode material: MoS2

Based on the cathode constraints listed in Section 2.3, molybdenum disulfide, or MoS2, was
identified as a promising cathode material. A list of material properties is presented in Table
2.2, but in summary, MoS2 is inexpensive, has high theoretical capacity, is commercially
available, and has been successfully demonstrated with a variety of working ions [92, 93, 94,
95, 96].

Theoretical capacity 669 mAh/g [97]
Cost $5-10/kg [97]
Crystal structures 1T, 2H, 3R [79]
Density 5.06 g/cm3

OCV (vs Mg) 1.8V [95]

Table 2.2: MoS2 material properties

MoS2 is most commonly available in its semiconducting 2H phase (2H-MoS2), as depicted
in Fig 2.8b. However, it has been shown that Mg ions do not readily intercalate into the
2H-MoS2 [98]. In Figure 2.10a, we see a Mg-MoS2 coin cell battery, in which 2H-MoS2 is
used, and negligible capacity is observed.

The role of Li-ions

From the literature on Li-MoS2 batteries, it is known that Li intercalation into MoS2 during
the first discharge causes a phase transformation, transforming 2H-MoS2 to 1T-MoS2 [100].
Figure 2.9 shows in-situ XRD data, where Li intercalation causes a phase transformation in
the MoS2, and the corresponding 2H → 1T transition can be directly observed through the
decline of the (002) peak and rise of the (001) peak.

The 1T, or metallic MoS2 phase, has a greater interlayer spacing- and Mg ions have shown
to intercalate into 1T-MoS2 in battery systems [98]. To accomplish this phase transformation,
Li+ is added to the Mg-based electrolytes, and a first discharge cycle is run. Similar to the
Li-only system, a distinct voltage profile exists in the first cycle, corresponding to the phase
transformation. In Figure 2.10b, we see the first cycle of a Mg/MoS2 battery with a Mg+LiCl
electrolyte, and see the characteristic first cycle, with a voltage plateau at 0̃.2V vs Mg. This
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Figure 2.8: (a) General arrangement of Mo, S atoms in MoS2 molecule (b) crystal structures
of MoS2. Adapted from [99]

plateau is also observed in the CV plot, in Figure 2.10c. Figure 2.10d shows the same Mg-
LiCl electrolyte, but cycled down to 0.4V, and the lack of capacity in subsequent cycles is
apparent.

The use of Li as a secondary ion enables high capacity operation in MoS2, and only
requires 1 formation cycle to enable the incorporation of an inexpensive, off-the-shelf cathode
in a magnesium battery. Therefore, MoS2 was selected for the cathode, and LiCl solubility
became an additional constraint to the electrolyte selection process.

Choosing an electrolyte: all-phenyl complex (APC)

The electrolyte needed for this system required high ionic conductivity, a wide electrochem-
ical stability window, a robust and widely repeated synthesis protocol, and LiCl solubility.
The all phenyl complex, or APC, was selected for its performance and versatility.

The APC electrolyte was developed in 2008 in Doron Aurbach’s group, after nearly a
decade of work focused on increasing the ESW from 0-2V to 0-3V vs Pt [101]. It has been
shown since that the phenyl rings present in APC impart stability on the electrolyte, and
prevent oxidation at higher voltages, which made it the first Mg electrolyte to show high
voltage (3V) stability. APC has almost universally been the electrolyte of choice for dual
salt magnesium batteries, as LiCl has high solubility (≈1M) in THF [102]. The synthesis
protocol is straightforward, dissolving and mixing commercially available aluminum chloride
and THF with phenylmagnesium chloride in THF [101]. Ionic conductivity of 3-4 mS/cm,
among the highest of Mg electrolytes, has been measured over a variety of temperatures
[101]. The APC electrolyte has been studied with a wide variety of cathode materials, and
has demonstrated strong compatibility with Mg foils and Celgard separators through these
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Figure 2.9: In-situ XRD during Li intercalation, showing transition from (002) peak [2H-
MoS2] to (001) peak [1T-MoS2]. Adapted from [100]
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Figure 2.10: (a) Mg battery with 2H-MoS2 cathode and Mg-only electrolyte (b) First 3 cycles
of a Mg/2H-MoS2 battery, with LiCl (c) CV scan of Mg/MoS2 battery, with and without Li+

in electrolyte (d) Mg/MoS2 battery with LiCl, cycled down to different voltages. Adapted
from [98]
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Figure 2.11: Cyclic voltammetry of APC electrolyte (red), showing low overpotential and
high coulombic efficiency. Adapted from [101]

studies [91, 103, 104]. The coulombic efficiency, or reversibility, or Mg plating/stripping
in APC has consistently been measured around 100%, indicating that side reactions or
degradation products are negligible in the APC electrolyte (see Fig 2.11).

For each of these reasons, APC is the most common Mg electrolyte in current Mg battery
research, and was selected as the electrolyte for the Mg slurry in this work.

2.5 Cathodic slurry

Like standard thin film electrodes, semi-solid electrodes need an active material, conduc-
tive material, and electrolyte. The active and conductive material are dispersed within the
electrolyte to form a suspended particle network, which is then used as an electrode in
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a battery cell. For this work, the material selection is outlined above (anode=Mg, elec-
trolyte=APC+LiCl, cathode=MoS2). To form a slurry electrode, the primary design con-
siderations are the mass loading of the active and conductive materials and the electrode
thickness.

Mass loading

Active material

The active material provides sites for redox reactions, and the theoretical capacity of the
slurry electrode is set by the mass/volume of active material in the slurry. The mass loading
in a semi solid/slurry system is commonly reported in volume percentage (vol%), as the
spatial extent of each material in a given volume is critical to the amount of particle-to-
particle contact.

The capacity and energy density of the battery can be increased with an increase in
active material volume percentage, as increasing the vol% of active material provides more
sites for redox reactions. Increasing the volume percentage also increases the viscosity of the
slurry, by increasing the amount of solid material suspended within the electrolyte. A higher
viscosity is expected to increase the energy required for pumping, which detracts from the
round trip efficiency as is a form of loss in semi-solid batteries [13].

To deliver capacity, an active particle needs to be dispersed into a conductive particle
network. This connection into the conductive particle network is referred to as an active
particle being “electrically wired” into the network. An active particle which is electrically
wired into the network can be accessed by electrons traveling through the conductive particle
network, and can host redox reactions. Madec et al. studied the effect of varying the active
material loading, from 15-25 vol%, and observed that at higher vol%, not all active particles
were electrically wired into the network, leading to lower utilization and lower capacity (see
Fig 2.12) [48]. Their work showed that a balance between active and conductive particles
needs to be achieved to maximize capacity, and that the conductive particle vol% may need
to be reoptimized as the active material vol% varies. For this work, we chose 10, 25 vol% as
the active particle loadings to study, as they cover the range of values explored throughout
the Li slurry literature.

Conductive material

The conductive additive is included in a semi-solid electrode to create conductive pathways
for extracting/injecting electrons. Dispersed carbon particles form a suspended network,
which electrically connects the current collector and active particles. As noted previously, the
percolation threshold is the minimum amount of carbon additive required for non-negligible
conductivity. The percolation threshold represents the lower bound on the amount of carbon
additive required in our system. Increasing the volume percentage of conductive additive
above the percolation threshold can be expected to further increase conductivity, reducing
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Figure 2.12: Percentage of the LTO and KB particles electrically wired into the network, as
a function of electrode thickness. Adapted from [48]
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Figure 2.13: Electronic conductivity of MoS2/KB slurries with varying KB vol%

IR losses and improving rate capacity. Increasing the vol% of conductive additives can also
substantially increase the viscosity of the slurry, increasing pumping losses and reducing
round trip efficiency of the cell [13]. Literature on Li semi-solid systems typically report
1-3%vol KB [13, 47, 48].

To establish bounds for the KB vol% in our MoS2/KB slurry, a series of slurries were
prepared with varying KB vol% (detailed in Chap 3 Experimental section) and the electronic
conductivity was measured (see Fig. 2.13). A sharp increase in conductivity observed at
8%vol, and was chosen as the starting point for further studies. Later experiments that
included 16%vol KB produced a gel-like slurry after mixing, which was in contrast to the
liquid-like 8%vol KB sample. A phase transition between 8-16%vol was expected to exist,
and 8,16 vol% were chosen as the low-high values for conductive additive loading for the
initial slurry studies.

Electrode thickness

The thickness of the slurry electrode (set by the channel geometry) has shown to be a
critical variable in the performance of a slurry flow battery, as it determines the active layer
thickness in a battery. The working path length in a battery is the shortest distance from
a given active particle to the current collector, as this is the length a conductive path must
span to transport electrons to/from active sites (see Fig 2.14). Therefore, a chain/network
of conductive particles must exist from each active particle to the current collector in order
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Figure 2.14: Cross-section illustration of flow channel, to illustrate how channel depth
(1.42mm in image) affects slurry thickness in slurry flow battery. Adapted from [55]

to enable capacity from that active particle. As the path length that the conductive material
must span increases, the probability of the conductive material being connected continuously
over the full distance decreases. Incomplete conductive pathways therefore leave out active
particles from the network, and reduce the capacity.

Figure 2.15 shows an LTO/KB slurry being cycled at various C-rates, but in Fig 2.15a the
channel depth (active layer thickness) is 0.5mm, while in Fig 2.15b a channel depth of 1.0mm
is used. At moderate and high discharge rates, a severe drop in capacity is observed at the
larger 1.0mm channel diameter. The thinner 0.5mm diameter channel shows notably higher
capacity in all cases, with the capacity at C/2 rate being 6x higher for 0.5mm compared with
1.0mm. This result was attributed to a carbon black network that incompletely connected
active particles throughout the larger volume of the 1.0mm diameter channel, and highlights
the difficulty of maintaining a continuous, suspended conductive network [48]. A 0.5mm
active layer thickness was chosen for this work (further details in Section 2.8).
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Figure 2.15: Charge/discharge curves of an LTO semi-solid suspension at (a) 0.5mm and (b)
1.0mm slurry thickness. Adapted from [48]

2.6 Current collector

In a slurry battery system, the current collector has the following criteria:
High electronic conductivity: The current collector’s primary responsibility is to

conduct electrons from the external circuit to the electrodes. Carbon or metal are commonly
used for current collectors for their high conductivity.

Stable in electrolyte: Current collectors can degrade or corrode at high voltages in
some electrolytes. It is critical that the current collector is stable within the ESW of the elec-
trolyte, to avoid degradation products and side reactions from affecting the electrochemical
performance of the cell during cycling.

Low cost: Current collector stability is essential, however the materials with the highest
stability (i.e. the largest barrier to reduction/oxidation) are typically noble metals like gold
or platinum. These materials are prohibitively costly for high-volume, low cost applications.
Striking a balance between cost and stability is a core challenge for current collector selection.

To quantify the electrochemical stability window (ESW) of an electrolyte/current collec-
tor combination, a LSV or CV sweep is conducted in a 3 electrode setup. The working and
reference electrodes in the 3 electrode setup are typically a metal foil of the working ion in the
battery (in this case, Mg foil was used for the working and reference electrodes). Possible cur-
rent collector materials are used for the counter electrode, and a voltage is imposed between
the counter and working electrodes. Voltage is swept from low to high, until a sharp increase
in current is observed. The current produced is attributed to the oxidation/reduction of ei-
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Figure 2.16: Electrochemical stability of current collectors in APC electrolyte, by CV mea-
surement

ther the electrolyte or current collector, as there is no active material present within the cell.
The voltage at which an inflection point in current is observed is considered the breakdown
voltage, and marks the upper bound of the ESW for that electrolyte/counter electrode pair.

It is common to run a 3-electrode setup with platinum as the counter electrode first,
as platinum is highly resistant to reduction and oxidation, and is considered inert. The
breakdown voltage measured vs Pt represents the breakdown voltage of the electrolyte itself,
and the ESW of the electrolyte/Pt becomes the standard to measure other current collec-
tors against. If ESWelectrolyte/current collector < ESWelectrolyte/Pt, then the observed breakdown
voltage is attributed to the current collector material.

In Fig. 2.16 below, several current collector materials, representing common battery
current collectors in Mg and Li literature [105, 106], are evaluated via CV measurements.
The breakdown voltage for each current collector is tabulated in Table 2.3. The ESW of
APC/Pt in this study was 2.9V, and the open circuit voltage of Mg/MoS2 is 1.8V. The
selected current collector therefore needs to have an ESW in APC of just 1.8V, as that
will be the highest voltage used during cycling. As the inflection point methodology for
breakdown voltage has some subjectivity, a target of 2.0V ESW was selected to provide a
margin for error. From Table 2.3, stainless steel 304 (SS304) was selected, as it offers the
highest voltage stability (2.25V) of the low cost materials (Al, Cu, SS304).
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Current collector ESW (V)
Al 2.0
Cu 2.1
Ni 2.25
SS304 2.25
Ti 2.5
Pt 2.9
W 3.3

Table 2.3: Electrochemical stability window of current collectors in APC electrolyte

2.7 Separator

The purpose of a separator (also known as a membrane) in a battery is to conduct ions
between the half cell reactions, but prevent electron transfer. In a slurry flow battery, the
electronic conductors are the conductive and active material. The active material (MoS2) is
micron-scale in diameter, and the Ketjenblack EC-600JD powder is approximately 40nm in
diameter [107]. In other flow battery technologies, where active compounds are dissolved and
are ≤1nm in size, ion-selective membranes are required because sub-nanometer membranes
are not yet available. In this work, size-selection membranes can prevent material crossover,
provided that their pore size is smaller than the smallest charge carrier- for this design,
40nm.

Intercalation compounds in coin/cylindrical cells commonly use size-selection membranes,
with Celgard membranes being the most widely used. Celgard manufactures a variety of
membranes, which are polymer films (typically polypropylene and/or polyethylene) which are
12-38µm thick with controlled pore sizes ranging between 26-64nm [108]. Celgard membranes
have been shown extensively with Mg-MoS2 coin cells, providing evidence of strong material
compatibility [95, 109, 110]. For this cell design, Celgard 2325 (see Fig 2.17) was selected
for having sufficiently small pore size (28nm) and for its trilayer design (polypropylene-
polyethylene-polypropylene) to prevent material crossover [108].

2.8 Cell hardware

To fabricate slurry cells, existing hardware could not be used, and therefore new hardware
had to be designed. Electrodes need to be fabricated with well-defined dimensions, to control
surface area, thickness, and mass. They also need to withstand compression of the cell
layers; pressure is applied during fabrication to ensure strong layer-to-layer contact between
the anode, separator, and cathode, and springs are common in cell designs to maintain
pressure during cycling. In coin/cylindrical cells, freestanding thin film electrodes and/or
metal foils are cut to well-defined geometric specifications, and can withstand compression
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Figure 2.17: Product specifications for trilayer commercial Celgard separators. Adapted
from [108]

during cell assembly and sealing. Slurry electrodes are flowable and not inherently restricted
to a well-defined geometry, and can only withstand compression if placed in a solid container.

This section describes the cell hardware design used throughout this work. Two cell
designs were created: a flow cell, and a non-flowing, or static cell. The static cell has a fixed
volume of slurry, and does not have the ability to flow in the cathodic slurry, but would be
a prototyping testbed that allows for the slurry parameters to be rapidly studied without
the effects of flow. Figure 2.18 shows the existing slurry cell hardware designs available in
literature, however few specifications were provided, and so designs had to be specified from
scratch.

Static cell hardware design

The design criteria for the static cell were:
Defined electrochemical area/volume: The flowable slurry would need to be con-

fined to a defined volume, to control the amount of slurry in each cell, and to prevent
flowing/leaking of the slurry when the cell is compressed/moved during assembly and oper-
ation. The thickness of the container holding the slurry would define the cathode thickness,
which is a critical variable in previous slurry battery works.

Airtight: Magnesium foils and the APC electrolyte are both sensitive to oxygen and
moisture contamination, and would be prepared in a nitrogen glovebox, but cell testing
would happen largely outside of the glovebox. The cell design needed to prevent air ingress
during cycling, to prevent oxygen and moisture-related degradation of active materials.
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Figure 2.18: Semi-solid battery hardware in literature, from [47] (left: a) conduction b) static
c) flow cells) and [13] (right: flow cell)

Reusable hardware for full cell, conductivity cell: A full cell setup, with Mg foil
anode, separator, and cathode slurry, is the default configuration for the static cell hardware.
A conductivity cell, which has insulating sidewalls and conducting end plates for LSV/EIS
measurements, allows for conductivity measurements to be taken on the slurry, without any
other films/materials present. The hardware selected for a full cell had to be adaptable to
create a conductivity cell as well.

Solvent resistant (THF): The housing for the cell materials cannot degrade in the
presence of the THF found in the electrolyte. THF is a highly volatile solvent which actively
dissolves many common labware plastics [111].

Rapid assembly: Assembling large batches of cells quickly allows for rapidly exploring
the parameter space for design of experiments. The flow cell hardware is more complicated,
and having a rapid option for studying the non-flowing slurry was critical to success in this
work.

Inexpensive, commercial hardware: To allow for other research groups to easily
purchase and reproduce this cell hardware, components were purchased and used as-is or
machined from inexpensive, commercially available hardware.

Swagelok hardware was chosen for the static cell, as it is already used in battery liter-
ature for 2 and 3 electrode setups in literature, is airtight, and easy to assemble. A two
terminal Swagelok union (item #: PFA-820-6) was selected, and the housing material PFA
(perfluoroalkoxy alkane) is known to be resistant to THF [111]. By inserting SS304 rods into
either terminal of the union, electrical contact is made to both the anode and cathode sides
of the cell.
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Figure 2.19: Schematic of static cell hardware variations used in this work

Swagelok hardware is popular within the battery community, as it is an easily sealable,
airtight enclosure with a well-defined cavity in the center. Custom machined parts can be
sized to fit within this cavity, for different electrochemical cell types. In the design for this
work, a Mg foil and Celgard separator were inserted on one end of the Swagelok union, and
held in place by a stainless steel rod (see Fig. 2.19). A custom metal part, designed in a cup
shape to contain the cathodic slurry, was designed to fit within the cavity (see additional
details below). Finally, a metal spring placed between the metal cup and SS304 rod provides
compression when the cell is sealed, to ensure good contact is made between all of the parts
within the Swagelok housing.

Machining a custom slurry container allowed off the shelf Swagelok hardware to be
adapted for static slurry cells. To contain the slurry, an open-ended well of 0.5mm depth
was machined into a cylindrical metal rod (Figure 2.20a). This design allows the slurry to be
contacted by a separator on the open face of the metal container, while providing a base and
sidewalls to contain the slurry so it cannot flow. This cup shape also allows the container to
be put under compression as the pressure is applied to the walls of the metal cup and not
the slurry. It allows strict definition of the depth and volume of the slurry, so that an exact
amount of slurry is loaded into each cell, and the thickness of the slurry is set by the depth
of the open-ended well.
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Figure 2.20: Schematic of metal slurry cup design, in the (a) full cell configuration (b)
conductivity cell configuration

Figure 2.21: Picture of static cell hardware
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To adapt this cell design for conductivity measurements, the same slurry container was
inverted to establish a parallel plate configuration (see Fig 2.20b). Conductive surfaces
on either end of an enclosed area, with insulating walls, allows for the conductivity of a
battery material to be measured by applying a voltage across the conductive end plates
and measuring current across the material enclosed within the volume. The existing open-
ended cup side of the slurry holder has conductive sidewalls, and therefore is not suitable
for conductivity measurements. The other end of the slurry cup was designed with a raised
middle section with cut-out side walls. This geometry allows an insulating Teflon o-ring to
be firmly attached around the middle section. As shown in Figure 2.20b, the o-ring thickness
is chosen to be greater than the depth of the sidewall cutout, which results in the Teflon
o-ring creating a cup-shaped well with a depth of 0.5mm , with Teflon (insulating) sidewalls
and metal surfaces on either face. The slurry is loaded into this Teflon-walled well, and
conductivity measurements can be conducted. A photograph of each piece of the static cell
hardware is shown in Figure 2.21.

Flow battery hardware design

The flow cell hardware in this work had similar design constraints to the static cell, with the
added constraint of having an inlet/outlet through which sorry could be pumped into/out
of the cell. This cell hardware is meant to capture the effects of flow on the slurry during
cycling, and to more closely mimic how the cell would be operated in a practical application.
A syringe pump was used at the inlet, to provide precise volumes of slurry into the flow cell.
Further details about the syringe pump setup can be found in the Experimental section of
Chapter 3.

The flow cell, shown in Figure 2.22, shows an inlet and outlet, to which either a syringe
or peristaltic pump can be connected, and a syringe filled with slurry is loaded into. The
channel is machined out of a SS304 block, which is contacted perpendicularly to a current
collecting metal rod. As with the static cell, metal and separator foils are cut/punched to
the appropriate geometry, and the cell is fabricated by stacking the layers of the cell and
holding them under pressure via threaded screws. The housing is machined out of a PTFE
block, to provide solvent resistance from THF.

2.9 Summary

This chapter outlines the design decisions made to select the materials and hardware for
this project. A magnesium anode was selected, for its lack of dendrites, low cost, and high
abundance. A MoS2 cathode was selected, for its low cost, high capacity, and commercial
availability. The all-phenyl complex (APC) electrolyte provides high ionic conductivity and
a wide electrochemical stability window. To enable MoS2 to be used with a Mg anode,
Li+ were added to the APC electrolyte via the dissolution of LiCl salt. Li+ intercalation
transforms the phase of MoS2 from 2H → 1T, and 1T-MoS2 allows for both Li+ and Mg2+
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Figure 2.22: (a) Flow cell hardware configuration (b) Schematic showing dimensions of
Teflon housing and slurry channel SS304 block (c) Front view of the flow cell (d) side view
c) component view. In order, from left to right: acylic endplate, Teflon baseplate, SS316
plate, Mg foil, Celgard, PTFE film, flow channel block, top Teflon housing, acrylic endplate
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intercalation. Celgard 2325 separators were used as size-exclusion separators, due to their
small pore size. Stainless steel 304 showed sufficient stability and low cost, and was selected
as the current collector material. Custom cell hardware was designed and machined, to allow
a flowable slurry to be contained and integrated into flowing and non-flowing cell hardware.

The next chapter presents the first experimental data from a magnesium-based slurry
flow battery. It will present electrochemical, electrical, and rheological data collected on the
initial formulations of a MoS2/KB cathodic slurry. Experimental methods of how the slurries
are prepared and the custom cell hardware is assembled is included. Characterization data
from multiple slurry compositions will be presented and discussed, with cycling data used
as the final metric to select the optimal slurry composition.
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Chapter 3

Rheological and Electrochemical
Characterization of Magnesium
Slurries

In order to develop an understanding of a slurry’s characteristics, a suite of measurements
was applied to an initial set of slurries to understand their rheological, electrical, and elec-
trochemical properties. The purpose of the measurements described in this chapter was to
characterize these four slurry compositions for their potential use in a slurry battery. We
have broken down the basic criteria for a slurry in an SSFB, as outlined by prior works: 1)
a shear thinning particle network, 2) ionic and electronic conductivity, and 3) hosting redox
reactions. The measurements in this chapter aim to evaluate each of these criteria, with the
final section providing data on the full cell performance of each of the four studied slurries.

As outlined in Chapter 2, several volume loadings were selected for our initial studies.
For the concentration of Ketjenblack (KB), 8%vol and 16%vol are used, and for molybdenum
disulfide (MoS2), 10%vol and 25%vol were used. Crossing these factors produced four slur-
ries: 10%vol MoS2 - 8%vol KB (10MoS2-8KB), 10%vol MoS2 - 16%vol KB (10MoS2-16KB),
25%vol MoS2 - 8%vol KB (25MoS2-8KB), and 25%vol MoS2 - 16%vol KB (25MoS2-16KB).
These four slurries were used throughout this chapter, with an APC concentration of 0.8M
and a LiCl concentration of 0.5M in the APC electrolyte.

3.1 Experimental methods

Materials
Aluminum chloride (AlCl3, 99.999%), phenylmagnesium chloride (PMC, 2M in THF),

anhydrous tetrahydrofuran (THF), 3Å molecular sieves (4-8 mesh), Whatman filters, and
lithium chloride (LiCl, 99.98%) were purchased from Sigma Aldrich. Magnesium foil (100 µm)
and Celgard 2325 were purchased from MTI. Molybdenum disulfide (MoS2, 6 µm) was pur-
chased from US Nanomaterials. Ketjenblack EC-600JD (KB) was donated by Akzonobel.
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MoS2, KB, and LiCl powders were dried at 150C under vacuum for 18hrs before each use.
All other materials were used as received. All materials were opened and stored in a N2

glovebox (MBraun, <1ppm O2, 1ppm H2O).

Electrolyte synthesis
All processes were carried out at room temperature in a N2 glovebox. All materials were

stored in glass vials with Teflon lined-caps in the glovebox. Powders were handled with
a stainless steel scoop, and solutions were handled with a 10mL glass barrel syringe with
Teflon-coated plunger.

To dry the THF, 3Å molecular sieves were activated under vacuum in an oven for 18hrs
in an uncapped 500mL glass Nalgene bottle. Sieves were transferred into the glovebox im-
mediately after removal from the vacuum oven, and cooled to room temperature before use.
THF was poured over sieves in a glass bottle (1:1 vol ratio of THF:sieves), and left for 24hrs.
Dried THF was then filtered through Whatman filter paper into a glass vial. To prepare
the electrolyte, 800mg AlCl3 was added to 9mL of dried THF under 1500rpm stirring with
1/2” Teflon-coated stir bar. The addition of AlCl3 produces white smoke if added quickly,
AlCl3 was slowly added over a 15min period to minimize smoke formation. The AlCl3/THF
mixture was then added to 6mL of PMC, over a period of 2 mins. The solution was left
overnight to stir at 1500rpm. After stirring, LiCl was added with a polypropylene scoop to
the APC while under stirring at 1500rpm. The APC+LiCl was left for 6hrs (0.5M LiCl) or
overnight (1M LiCl), until fully dissolved. Unless otherwise noted, a 0.8M APC+0.5M LiCl
concentration was used for the electrolyte.

Slurry preparation
KB + MoS2 were handled with a polypropylene scoop, and measured into a 20mL glass

vial. APC+LiCl was then added via glass syringe. The tap density of each powder was mea-
sured multiple times and averaged, and used for slurry vol% calculations. The tap densities
of the slurry powders: MoS2=0.735g/mL, KB=0.088g/mL. For an example of the slurry
vol% calculations: 5mL of 10MoS2-16KB slurry = 0.0705g KB, 0.3675g MoS2, 3.7mL APC-
LiCl. To disperse the slurry, a probe tip sonicator (Branson 2400) with 6mm tip was used
at 20% power for 150sec, paused for 60sec, then sonicated at 20% power for an additional
150sec. The vial was moved continuosuly by hand during sonication to allow the probe tip
to contact the entire volume of slurry. The slurry was then homogenized (AN Laboratory
AD300S-P) at 75% power for 1 min. The batch size was 5mL of slurry. Fresh slurry was
prepared for each batch of batteries, and used immediately after preparation.

Full cell assembly
All cell assembly steps were carried out in an N2 glovebox. Magnesium foil was twice pol-

ished with 800 grit SiC sandpaper in a cross hatch pattern, then twice polished in the same
manner with 3000 grit SiC sandpaper. Mg anodes were punched out of polished Mg foil with
a 12mm steel hole punch (McMaster, 3418A12) using a metal hammer on an OXO plastic
cutting board. Each punched foil was rinsed with THF and dried with a Tekwipe. Celgard
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2325 was laser cut into 12.5mm circles for the separator. The Mg foil and Celgard separator
were placed into one end of the 1/2” Swagelok PFA union housing (Swagelok, PFA-820-6) and
a 1/2” diameter x 2” long SS304 rod (McMaster, 89535K15) and PFA ferrules/end cap were
tightened down to make contact with the anode foil and seal the union on one side. The cus-
tom slurry cup was placed in a custom 3D-printed plastic holder (see Chapter 2 for diagrams).
The flat end of a PTFE-coated spatula (Sigma, Z513334) was used to scoop the slurry out
of its vial and into the slurry cup. The flat edge of the spatula was used to blade coat across
the top of holder to remove excess slurry. The Swagelok union was inverted and screwed into
the threaded end of the custom plastic holder. A stainless steel rod (diameter: 9mm, length:
75mm) was used to push the slurry cup out of the holder and insert it into the cathode side
of the Swagelok union, so that the open face of the slurry cup containing the slurry contacted
the Celgard 2325 foil. The insertion rod was removed, and a 0.36” x 0.125” compression
conical spring (McMaster, 1692K11) was added to the backside of the slurry holder. The
Swagelok union was sealed by tightening down an end cap with PFA ferrules on a SS304
rod. Hose clamps (McMaster, 5388K17) were attached to each SS304 end rod to allow easy
connection via alligator clips. To clean the hardware after use, all Swagelok parts and slurry
cups were wiped with THF-soaked cotton tip applicators, and then sonicated in THF. 3000
grit SiC sandpaper was used to further clean the slurry cups, which were sonicated afterwards
with THF. Fig 3.1 graphically illustrates the assembly procedure for the static cell hardware.

Conductivity cell assembly
Conductivity cells were assembled similar to full cells, except a 12mm diameter SS304

disk replaced the Mg foil and Celgard 2325 separator, and the other end of the slurry cup
was used. An o-ring (inner diameter: 7.6mm, outer diameter: 10.2mm) was laser cut out of
1/16” (1.56mm) thick PTFE sheet (McMaster, 8545K13) and was attached around the metal
center of the slurry cup. Slurry was then added into the center well, per full cell instructions.

Cycling protocol
Cells were mounted vertically into a plastic holder, with the metal anode foil above the

slurry cup (as oriented in Fig 3.1). All cells were oriented this way during testing. A Biologic
BCS-805 with BT-Lab software was used for cycling. All cycling protocols began with a 15
min rest period at open circuit, followed by a discharge-then-charge pattern for subsequent
cycles. A voltage range of 1.8-0.1V was used, with a 15min rest in between each cycle. Dis-
charge rates are calculated per gram of MoS2, based on the slurry cup volume of 22.7 µL. For
example, 22.7 µL of 10MoS2-16KB slurry has 1.67mg of MoS2; a 25mA/g rate corresponds to
41.67 µA.

CV protocol
Voltage was scanned between 1.8V and 0.1V, at a scan speed of 0.1mV/sec.

LSV protocol
A Gamry Reference 600 was used to scan between 0-100mV in 1mV intervals while cur-
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rent is measured. EChem Analyst software was used to fit the slope of the I-V curve between
10-90mV, providing a resistance value Rslope. sigma = (L/A) / Rslope, with a cell configura-
tion factor (L/A) of 0.1069 was used to calculate electronic conductivity.

EIS protocol
A Gamry Reference 600 was used to run a 10mV amplitude (vs Eoc) potentiostatic EIS

scan from 1MHz to 0.1Hz, starting with a 15min rest period. The circuit model fitting is
discussed in Section 3.3.

Rheometer
Brookfield DV-III+ and DV3T cone-plate rheometers were used for viscosity measure-

ments. Rheometers with different viscosity ranges and spindles were required due to the large
range in viscosity of the four slurries. The following slurry/rheometer/spindle combinations
were used: 10MoS2-8KB/DV-III+/CP-40, 10MoS2-16KB/DV3T/CP-40, 25MoS2-8KB/DV-
III+/CP-52, 25MoS2-16KB/DV3T/CP-52. Slurries were measured in air, with air exposure
limited to 30 sec while loading into the rheometer. The measurement protocol was to let
the slurry rest in the rheometer chamber for 15mins once loaded, preshear at 100 1/sec for
1min, rest for 1min, then measure from high to low shear, from 50 1/sec to 5 1/sec at 5 1/sec
intervals. Each shear rate was applied for 2mins, and data from the last 30sec was averaged
and taken as the measurement value. Fitting to the Herschel-Bulkley model was done using
Microsoft Excel’s Solver add-in.

3.2 Evidence of shear thinning in Mg slurries

To have a slurry that can provide reversible capacity as a battery electrode, the active and
conductive particles must be in contact to transport electrons for redox reactions. The
rheology of the slurry can provide evidence that such a particle network exists. In sus-
pension/slurry literature, shear thinning is often used to indicate if a particle network has
formed [112, 113, 114, 115]. To observe shear thinning, a viscosity-shear rate plot is gener-
ated, by varying the shear on a suspension and measuring the viscosity at each shear rate.
Shear thinning refers to a monotonic decrease in viscosity with increasing shear rate. The
reduction in viscosity is attributed to breaking apart connections between particles and ag-
glomerates, reducing agglomerate size, and resulting in a loosely bound particle network of
small agglomerates [113, 54]. Fig 3.2 graphically illustrates the effect of shear on a network
of agglomerated particles.

To look for shear thinning behavior, viscosity as a function of shear rate was measured
for each slurry composition in a cone-spindle rheometer (further experimental details are
found in Section 3.1). As shown in Fig. 3.3a, the magnitude of viscosity across the measured
slurries shows a range from 100 to 30,000cP. The wide range in viscosity justifies the need
to study and refine the volume loading in a slurry electrode, as the pumping losses and
rheological behavior are highly dependent on the viscosity.
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Figure 3.1: Fabrication steps for static cell hardware
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Figure 3.2: Illustration of agglomerate breakup due to high shear. Adapted from [113]

Slurry viscosity is strongly correlated to the number of particle-to-particle interactions
within the slurry; increased volume loading within a slurry leads to increased contact between
particles/chains of particles within the fluid, and the forces between particles increase the
viscosity of the slurry. However, slurry viscosity did not increase monotonically as the mass
loading increased in the four measured slurries for this work. For the four slurries presented
we see the following total volume loadings: 10MoS2-8KB = 18%vol, 10MoS2-16KB = 26%vol,
25MoS2-8KB = 33%vol, 25MoS2-16KB= 41%vol. However, the viscosity increases in the
following order by total vol%: 18 < 33 < 26 < 41. The effect of KB on the viscosity is
highlighted relative to the 10MoS2-8KB slurry: adding 8%vol more KB (10MoS2-16KB)
results in a 14x increase in viscosity, while adding 15%vol more MoS2 (25MoS2-8KB) results
in a 3x increase. The vol% of KB is therefore critically linked to viscosity, and efforts to
reduce viscosity to reduce pumping losses should primarily focus on KB vol% reduction.

Fig 3.3a exhibits the presence of shear thinning is each of the 4 slurries, showing a decrease
in viscosity with increasing shear. Fig 3.3b shows the normalized viscosity of each slurry,
to more clearly display this trend. This plot highlights the similar slopes for each volume
loading curve and suggests a similar degree of shear thinning for each slurry. Fig 3.3c plots
the shear stress vs shear rate. The solid line shows the Herschel-Buckley model fit for each
slurry, and the fitted flow indices confirm pseudoplastic behavior for all slurries (n<1, see
Table 3.1 for values). These data taken together show the presence of a non-Newtonian fluid
with particle connectivity.

Slurry Yield Stress (τ 0) Consistency (k) Flow Index (n)
10MoS2-8KB 0.11 15.84 0.25
10MoS2-16KB 0.00 249.18 0.25
25MoS2-8KB 0.00 66.41 0.21
25MoS2-16KB 0.00 1198.07 0.32

Table 3.1: Parameters for Hershel-Bulkley Model Fitting in Fig 3.3c
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Figure 3.3: (a) Viscosity-shear (b) Normalized viscosity-shear rate (c) Shear stress-shear rate
plot for four studied slurries

3.3 Electronic and ionic conductivity in MoS2/KB

particle network

A slurry electrode in a semi-solid flow battery needs to conduct both ions and electrons,
similar to a traditional battery electrode. Particle-to-particle contact is of interest to trans-
port electrons to/from active particles within the slurry. Conductivity measurements are a
direct way to evaluate the transport properties of a given slurry composition, and were used
to quantify ionic and electronic transport in each of the explored slurry compositions.

Electronic conductivity

Two methods were used to evaluate conductivity, linear sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS), both using the conductivity cell hardware
(see Section 3.1 for further experimental details). LSV applies a voltage across two ion-
blocking, electron-conducting electrodes, measures a current, and uses Ohms law (V=IR)
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Figure 3.4: Circuit schematic of Randle cell

to calculate resistance. In our hardware, the SS304 rods can conduct electrons but not
ions. Because of the ion-blocking electrodes, the current measured is solely attributed to the
conduction of electrons. EIS measures impedance across two conductors, and then the raw
data is fit to a circuit model to extract relevant parameters about resistance, capacitance,
and inductance. The chosen circuit model often allows for separation between the ionic and
electronic conductivity.

For this work, the EIS model of choice was the Randle cell. The Randle cell contains the
following elements, depicted in Fig 3.4: solution resistance (Rs), double layer capacitance
(Cdl), charge transfer resistance (Rct), and ion diffusion modeled as a Warburg impedance
(W). A similar version of this circuit model is used in several other semi-solid battery works
[116, 67, 113]. In a Randle cell, the solution resistance and charge transfer resistance are sepa-
rate elements, to allow the decoupling of various transport processes. A Warburg impedance
element is included for modeling the diffusion of ions, and the double layer capacitance
accounts for the effect of ions near the electrode double layer.

The data points in Fig 3.5a show the raw data from the EIS scans of each slurry, plotted
as Nyquist plots. The semi-circle behavior seen in the data has two x-axis intercepts, each
one corresponding to a different mechanism of charge transport. The low impedance x-axis
intercept (the high frequency EIS measurements) represents the ionic resistance, and the
high impedance intercept represents the electronic resistance. The intercepts are assigned
to those charge transfer mechanisms because 1) the conductivity of the electrolyte is 3-
4 mS/cm, matching closely to the values extracted from the low impedance intercept 2)
the LSV results, representing the electronic conductivity, match reasonably well to values
extracted from the high impedance intercept.

The solid lines in Fig 3.4a show the Randle cell fit to each of the slurry data. Randle cell
model fits approximated the 10MoS2-16KB and 25MoS2-16KB data well, but significantly
worse fits were obtained for the 10MoS2-8KB and 25MoS2-8KB slurries. Because of this poor
fit, the electronic conductivity was instead taken from the LSV data. The LSV data collected
on each slurry was analyzed by fitting the slope of the I-V curve under small bias (0-100mV),
and calculating conductivity using the found resistance value. This data is plotted in black
in Fig 3.6.
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Figure 3.5: (a) Nyquist plots from raw EIS data, for all slurries (b) High frequency x-intercept
showing ionic resistances

All four slurries were found to have non-negligible electronic conductivity, suggesting
that each slurry had sufficient KB-chain connectivity to span the electrode thickness. The
general trend seen is for higher electronic conductivity at higher volume loadings. This could
be attributed to better particle-particle contact due to higher volume loading, particularly
due to increased KB to create additional conductive paths and reinforce existing paths.
The 10MoS2-16KB slurry is a notable outlier, which has higher conductivity than would be
expected from the general trend.

Ionic conductivity

Ionic conductivity is primarily imparted onto the slurry via the electrolyte. As the electrolyte
comprises the majority (between 59-82%vol) of the volume in our slurries, and the particles
are fully immersed in the electrolyte, high ionic conductivity is expected for each slurry
blend. As shown in Fig 3.5b, the low frequency intercept for EIS measurements is accurately
modeled with the Randle cell, and therefore EIS data was used to extract ionic conductivity.

Fig 3.6 shows the ionic and electronic conductivity of the four studied slurries. Across
all slurries, the ionic conductivity is 3 orders of magnitude higher. This discrepancy is
similar to other literature reports on SSFBs, and why electron conduction is expected to
be rate limiting in SSFBs [13]. It is not yet clear why ionic conductivity increases with
higher volume loading of KB and MoS2 particles. All slurries under study showed significant
electronic and ionic conductivity, and did show a trend towards higher conductivity at higher
volume loading.
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Figure 3.6: Ionic and electronic conductivity for each slurry composition

3.4 Redox activity in static Mg slurry batteries

While the rheology and conductivity measurements suggest the existence of a conductive
particle network, the connectedness of the active MoS2 particle into this particle network
has not yet been verified. To quantify this behavior, cyclic voltammetry (CV) measurements
were carried out. By sweeping voltage and measuring current, CV measurements capture the
rate at which redox reactions are occurring across a range of voltage. Knowing that MoS2 is
the only redox active compound in the electrode, we can therefore quantify the utilization of
MoS2 in the slurry via CV measurements. Peaks in the current occurring at specific voltages
can also help identify which redox reactions are occurring, and provide further insight about
the mechanisms at work during cycling.

The full CV data is presented in Fig 3.7, including all 6 cycles of data for each slurry.
The current shown on the y-axis has been normalized to the mass of MoS2 in each slurry, to
allow a direct comparison across different MoS2 volume loadings. It is apparent that more
electrochemical activity is happening in the two 16%vol KB slurries, as each 16%vol CV plot
has several notable peaks where the 8%vol slurries have none. The plots in Figures 3.8 and
3.9 show certain aspects of the data in Fig 3.7, to highlight specific features.

Fig 3.8 shows the first two cycles of the CV scan, for each slurry composition. In order for
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Figure 3.7: Cyclic voltammetry (CV) scans for each slurry, for 6 cycles

the MoS2 particles to intercalate Mg2+ ions, the Li+ ions need to intercalate into the MoS2

particle in the first discharge cycle, and drive a phase transformation to convert from 2H-
MoS2 → 1T-MoS2. From literature, it is known that Li+ intercalates into MoS2 around 0.2V
vs Mg [98]. Each cell was cycled between 1.8-0.1V, to fully capture the Li+ intercalation.

In the 16%vol KB slurries, there is a pronounced peak at 0.2V in the first discharge
cycle (see Fig 3.8a), indicating that Li+ intercalation is occurring in those slurries. This Li+

intercalation peak is≈3-5x smaller in the 8%vol KB slurries, suggesting that Li+ intercalation
is happening to a lesser extent in the 8%vol KB slurries. Upon sweeping from 0.1V to 1.8V in
the first cycle (corresponding to the charging direction), a prominent peak exists at ≈1.2V in
the 16%vol KB slurries, and in the second cycle a discharge peak at ≈0.9V is visible as well.
These peaks are consistent with CV reports of APC-LiCl/MoS2/KB in the literature [98].
This data indicates that both charging and discharging redox reactions are happening in the
16%vol KB slurries, and the absence of peaks suggests that redox reactions are happening at
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Figure 3.8: (a) 1st cycle (b) 2nd cycle of CV scans for each slurry

far fewer rates in the 8%vol KB slurries. Further work to elucidate if the charging/discharging
reactions are driven by Li+ or Mg2+ ions is presented in Chapter 4.

In prior work on Mg-MoS2-LiCl systems, the Li+ intercalation peak at 0.2V disappeared
after 1 discharge cycle, suggesting that the 2H-MoS2 → 1T-MoS2 transformation was com-
pleted within the first cycle. In the slurry systems used in this work, the same effect is not
observed; the Li+ intercalation peak is present across 6 cycles (the full length of the mea-
surement), but diminishes in magnitude each cycle. Fig 3.9 shows the value of the current
at 0.1V for each slurry for each CV cycle. This plot suggests that the MoS2 is not fully
transformed to the 1T phase after the initial discharge cycle. This behavior should be noted
for long term cycling studies, as a period of several cycles may be required before full MoS2

conversion is achieved.

3.5 Reversible capacity in static cells for low and high

concentration slurries

Ultimately, reversible capacity is the metric that determines the suitability of a slurry elec-
trode in a full cell system. Full cells were fabricated using the same slurries discussed in
this chapter. A 25 mA/g current was used to discharge and charge the cells for an ini-
tialization cycle, allowing Li+ intercalation into the MoS2, followed by 5 subsequent cycles.
The voltage-capacity data in Fig 3.10a shows the 2nd cycle, occurring after the initialization
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Figure 3.9: Current after full discharge (0.1V vs Mg) from CV measurements, representing
the magnitude of the Li+ intercalation peak

cycle was completed. The 16%vol KB slurries both showed non-negligible capacity, with
capacities of 60 mAh/g and 165 mAh/g for the 25MoS2-16KB and 10MoS2-16KB slurries,
respectively. The 8%vol KB slurries showed capacities of 12 mAh/g and 6 mAh/g for the
25MoS2-8%KB and 10MoS2-8%KB slurries, respectively. Fig 3.10b shows the initialization
cycle (cycle 1) and the subsequent 5 cycles. Despite a capacity drop after the initialization
cycle (attributed to some Li+ trapped in the transformed MoS2), the capacity of the 16%vol
KB slurries remains high during cycling, while the 8%vol KB slurries is negligible after the
initialization cycle.

The lack of capacity shown in the 10MoS2-8KB and 25MoS2-8KB slurries is consistent
with their lack of redox activity present in their CV plots. It is expected that low amounts
of Li+ intercalation in the first cycle would inhibit capacity, as few MoS2 sites have been
transformed to the 1T phase and therefore intercalation for Mg ions is prevented in later
cycles. Therefore, the 16%vol KB slurries with high Li+ activity would be expected to show
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Figure 3.10: (a) 2nd voltage-capacity data (b) discharge capacity for first 6 cycles, for each
slurry composition

higher capacity than the 8%vol KB slurries with low Li+ activity, and this trend is present
in Fig 3.10a and 3.10b. The capacity data follows the trend presented in the electronic
conductivity data, with the both capacity and electronic conductivity data following the
order of 10MoS2-16KB >> 25MoS2-16KB > 25MoS2-8KB > 10MoS2-8KB. The higher ionic
conductivity and higher viscosity of the 25MoS2-16KB slurry did not lead to superior perfor-
mance over the 10MoS2-16KB slurry. Our data is consistent with theories in the literature
than electronic conductivity is rate-limiting in semi-solid electrode systems, and that Li+

intercalation in the first cycle is a strong predicator of later cycling performance. Due to its
high capacity, the 10MoS2-16KB slurry composition was chosen for all subsequent studies.

3.6 Conclusion

In this chapter, MoS2/KB slurries with varying volume loadings have been characterized
for their rheological, electrical, and electrochemical performance. Shear thinning rheology
was shown in all slurries, indicating the presence of a particle network suspended within
the electrolyte. Viscosities varying from 100-30,000cP were measured, showing the critical
effect of volume loading on the slurry rheology. Ionic and electronic conductivity was present
in all slurries, with both positively correlating to the overall volume loading of the slurry.
A notable exception at 10MoS2-16KB was observed, for which high electronic conductiv-
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ity was observed. Cyclic voltammetry measurements illuminated that 16%vol KB slurries
showed strong Li+ intercalation peaks, which were far smaller in 8%vol KB systems. This
result is consistent with cycling data, for which 8%vol KB slurries showed negligible ca-
pacity compared to the 16%vol KB slurries. The highest observed capacity was found in
the 10MoS2-16KB slurry system at 165 mAh/g, demonstrating the high potential of the
Mg/MoS2 system to deliver capacity in a semi-solid system.

In the next chapter, the contributions of both Mg2+ and Li+ ions will be explored and
quantified. This chapter is focused on the two-ion nature of the electrolyte and its impact
on the performance of this slurry flow battery. The use of a dual-ion electrolyte is justified
via cells fabricated with Mg2+, Li+, or Mg2++Li+ ions in the electrolyte. To quantify the
contributions of both ions at the cathode, ICP-OES measurements are carried out at various
stages of cycling. The Li+ concentration is optimized, resulting in high capacity cells.
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Chapter 4

Ionic Mechanisms in Magnesium
Slurry Static Batteries

In the previous chapter, initial cycling results showed that MoS2/KB slurries can exhibit
high, reversible capacity. However, the origin of this capacity is not clear. The mechanism
for capacity (conversion, intercalation, alloying, etc) has not been confirmed in the literature,
with intercalation believed to be the working mechanism. It has also not been studied which
ion, Mg2+ or Li+, is active at the cathode, and to what extent either ion is contributing to
reversible capacity after the initialization cycle. The results presented in this chapter provide
evidence of both ions being active at the cathode and quantifies the extent to which both
Mg2+ and Li+ contribute to capacity.

4.1 Experimental methods

Materials
Hydrochloric acid (HCl), nitric acid (HNO3), 1ppm yttrium standard solution in HNO3

(Sigma, 75592), 100ppm ICP multi-element calibration solution in HNO3 (Sigma, 1094920100,
solution VIII containing Mg, Li), and 1000ppm Mo solution in HCl (Sigma, 68780) were pur-
chased from Sigma Aldrich and used as received.

Cycling parameters
All cell data in this chapter used the 10MoS2-16KB slurry composition, and were cycled

at a 25mA/g rate. A 0.8M APC electrolyte was used with 0.5M LiCl concentration unless
otherwise noted.

Ex-situ sample preparation
For XRD and ICP ex-situ studies, the slurry from cycled cells was extracted and washed.

Cells were first disassembled in a N2 glovebox. The flat end of a PTFE-coated spatula was
used to scrape out slurry from the slurry cup, then the cycled slurry was added into an 8mL
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glass vial. A glass syringe was used to add 2mL THF to the vial, which was then sealed in
the N2 environment. The vial was removed from the glovebox and agitated on a vortexer
for 30sec at 2000rpm. Custom centrifuge baskets were fabricated via 3D printing to hold
8mL vials. The vial was centrifuged for 1min at 5000rpm. The vial was brought into the
glovebox, and the supernatant was poured off. The THF addition, agitation, centrifugation,
and decanting steps were repeated two more times.

X-ray diffraction
Sample preparation: Cycled powders were first prepared following the ex-situ sample

preparation process. After washing the powders, 0.5mL THF was added to the vial. The
vial was removed from the glovebox and agitated for 30sec at 2000 rpm via vortexer. After
returning to the glovebox, a 1mL glass syringe with 9 gauge needle was used to draw up
the agitated solution. Plastic XRD specimen holder trays with ≈0.5mm deep circular wells
were fully coated with 2” wide Kapton tape. The agitated mixture was cast into the Kapton
tape covered circular well, and left uncovered at room temperature overnight to dry. After
the solvent had fully evaporated, an additional piece of Kapton tape was used to cover the
powders in the well, forming an airtight seal around the edges. An airtight Nalgene container
was used to transport the samples from the glovebox to the XRD machine.

Measurement: The crystallographic characteristics were measured using a D8 Discover
GADDS powder X-ray diffractometer with a Cu K-α source from 10-60◦ at 0.02◦ steps.

ICP-OES
Sample preparation: Cycled powders were first prepared following the ex-situ sample

preparation process. All subsequent work was done in a fume hood in ambient air. Aqua
regia was created by mixing 32mL hydrochloric acid and 8mL nitric acid in a 100mL glass
beaker. The solution was left to sit for 15mins before use. Using a 1mL polypropylene
syringe, 1mL of aqua regia was added to the 8mL glass vial containing washed and dried
powders. Vials were placed in an aluminum block holder for 2hrs on a metal-topped hotplate
at 95C. The vial was then removed from the hotplate and allowed to cool to room tempera-
ture for 15mins. Vials were centrifuged at 5000rpm for 2mins, and the contents were filtered
through a 0.1 µm PTFE syringe filter. The filter was used to remove any remaining solids
(Ketjenblack is not fully digested by aqua regia) to prevent clogging of the ICP machine.
To create the blank, calibration, and digested powder ICP solutions, the final volume was
fixed at 20mL. For blank samples, 1mL of aqua regia was combined with 2mL 1ppm yttrium
solution and 17mL deionized water. Calibration samples containing 0.01, 0.1, 0.25, 0.5, 1,
2, 5ppm Mg and Li and 0.1, 1, 2.5, 5, 10, 25, and 50ppm Mo were generated by diluting
the 100ppm multi-element solution solution and 1000ppm Mo stock solution with deionized
water. The calibration samples also contained 1mL aqua regia and 2mL 1ppm yttrium solu-
tion. For samples with digested particles, the 1mL of aqua regia with digested powders was
combined with 2mL of 1ppm yttrium solution and 17mL deionized water. Finished samples
were transferred into a 50mL polypropylene centrifuge tube and sealed until use.

Measurement: ICP-OES measurements were carried out on a Perkin Elmer ICP Op-
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tima 7000 DV Spectrometer. The wavelengths (nm) were used for element detection: Mg
(285.213), Li (610.362), Mo (202.031), Y (371.029).

4.2 Mg2+ and Li+ ion dependence in MoS2-KB slurry

electrolyte

Initial cycling data using the hybrid electrolyte showed promising capacity, but the role
of each ion (Mg2+, Li+) remained unclear. To establish if either ion alone could sustain
reversible capacity, cells were fabricated using one of 3 electrolytes: Mg-only (0.8M APC,
Mg2+ ions), Li-only (0.5M LiCl in THF, Li+ ions), or Mg+Li (0.8M APC + 0.5M LiCl,
Mg2+ + Li+ ions).

For these three electrolyte compositions, only the hybrid Mg+Li electrolyte showed high,
reversible capacity (Fig 4.1). The Li-only electrolyte produced high discharge capacity dur-
ing the initialization cycle (cycle 1), but this capacity rapidly faded and was not able to
sustain past the third cycle. This discharge capacity likely originates from Li+ intercalation
into the MoS2 in the cathode. The inset for Fig 4.1 shows the charging capacity for the three
electrolyte compositions. The Li-only electrolyte is unable to produce significant charging
capacity during any cycle; with no Mg2+ in the electrolyte, there is no Mg plating onto the
anode to provide electrons to the cathodic reaction during charging. The Mg-only electrolyte
showed low capacity throughout all cycles. This result is expected, as Mg2+ cannot interca-
late into the 2H-MoS2 used in the cathodic slurry without the phase transformation initiated
by Li+ ions. The Mg+Li electrolyte shows high discharge and charge capacity which is re-
versible over all 10 cycles. This behavior is consistent with the proposed mechanism, where
Li+ intercalation causes a phase transformation in the MoS2, increasing interlayer spacing
and improving the intercalation kinetics, allowing both ions to react at the cathode. This
data justified the need for a hybrid-ion electrolyte, as neither ion alone was able to show
high, reversible capacity, and showcased the critical role of Li in this Mg/MoS2 system.

4.3 Quantitative analysis of Mg2+ and Li+

participation at the cathode

The data in Fig 4.1 is consistent with previous reports, which suggest that Li is a critical
part of Mg/MoS2 intercalation material system [98]. It is not yet understood if each ion is
active at the cathode. The cyclic voltammetry results presented earlier in this work suggest
Li+ intercalation is occurring at the cathode, for at least the initial few cycles. However
evidence of intercalation as the capacity mechanism is lacking. It is also unknown if Mg2+

is active at the cathode at all, or if only Li+ ions are participating in the cathodic half cell.
To provide evidence of the reaction mechanism and quantify the contribution of Mg2+

and Li+ ions, inductively coupled plasma (ICP) measurements were carried out. Cells were
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Figure 4.1: (main) Discharge capacity data (inset) charge capacity data from cells made
with either LiCl/THF (Li), APC (Mg), or APC+LiCl (Mg+Li) electrolytes.
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cycled to charged and discharged states for varying numbers of cycles. The cells were then
disassembled, the cathodic slurry (MoS2/KB) was removed and dissolved in a strong acid
(also known as digestion), and the resulting solution contained dissolved MoS2 and all of
the ions found within the MoS2. ICP measurements quantified the concentration of Mg, Li,
and Mo in this solution. By tracking the concentration of these elements as a function of
charge/discharge cycle, the contribution of Mg and Li during cycling can be understood.

ICP measurements require all solid particles to be dissolved into a solution for analysis.
This necessitates ICP as a bulk measurement technique, which is not surface limited and
captures the entire sample volume without rastering. Other chemical analysis methods are
restricted by depth limitations (XPS: <10nm, EDX: ≈1um) and require beam rastering to
measure large areas. The resolution of ICP (≈1ppb for most compounds) is far greater than
is needed for this experiment.

Fig 4.2 shows the ICP data, which is normalized to the molybdenum (Mo) concentration
in solution to establish a ratio of ions (Mg, Li) to active particles (MoS2). The full cycles
(0.0, 1.0, 2.0) along the x-axis correspond to cells in the charged (deintercalated) state, while
half cycles (0.5, 1.5, 2.5) correspond to cells in the discharged (intercalated) state.

To prepare battery electrodes for ICP, the electrode from a disassembled cell has to be
washed to remove any residual electrolyte that may be present on the particles. This excess
electrolyte contains Mg2+ and Li+ ions, and will skew the ICP data by including ions that
are on the particle surface but are not intercalated. It is important to verify that the washing
procedure can sufficiently remove any surface/residual material, so that the only measured
Mg and Li in the sample come from intercalated ions. The first data point in Fig 4.2 at cycle
0.0 shows the Li and Mg concentration in a control cell that was assembled but not cycled,
and then washed per the stated procedure. In this cell there was no applied voltage to drive
intercalation, thus there should be no Mg or Li present in the particles after washing. While
Mo was detected in this control sample, proving that the particle digestion was successful and
that MoS2 was present, negligible amounts of Li and Mg were detected. This data verifies
that the washing procedure successfully removed excess electrolyte from the powders. It also
indicates that any Mg or Li detected by ICP can be attributed to cycling of the slurry.

Looking at Fig 4.2, the overall movement of Mg2+ and Li+ ions can be charted. At each
half cycle (cycle=0.5, 1.5, 2.5), the cell is discharged to 0.1V, and ions are intercalated into
the MoS2. This is reflected in the increased amount of Mg and Li seen in the half cycle states.
At each full cycle (cycle=1.0, 2.0), the cell has been charged to 1.8V, and ion deintercalation
occurs. This is observed in Fig 4.2, where the Mg and Li concentrations decrease relative to
the previous discharge state. This behavior is reversible, and repeats several times during
this experiment.

In the charged states, some Mg and Li is still present. This is likely due to trapped charge,
as the result of either the 2H-MoS2 → 1T-MoS2 phase transformation or ion intercalation
during the first discharge cycle. The quantity of trapped Mg and Li ions is relatively con-
stant between the first and second cycle, consistent with the theory that charge is trapped
irreversibly during the initialization cycle but subsequent cycles are highly reversible.

The change in Mg and Li concentration during cycling was used to understand which
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Figure 4.2: ICP data, normalized to Mo concentration, showing the Li and Mg concentration
as a function of cycle life. Half cycles show a discharged cell where full intercalation is
expected, full cycles show a charged cell where complete deintercalation is expected.
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ions are participating in the cathodic reaction. The Li concentration seen in Fig 4.2 varies
during cycling, increasing during charging and decreasing during discharging, indicating Li
is participating in a reaction at the cathode. This result was expected based on the peak
around 0.2V in the cyclic voltammetry data, and confirms that Li is active at the cathode.
The concentration of Mg also increases during discharging and decreases during charging,
indicating that Mg is also active at the cathode. Previously, Mg activity in a 1T-MoS2

cathode had not been verified by experimental data. Equations 4.1-4.3 detail the proposed
system of reactions within the Mg-Li/MoS2 battery.

Anode reaction:

Mg ⇔Mg2 + +e− (4.1)

Cathode reactions:

6MoS2 + 4Mg2+ + 8e− ⇔Mg4Mo6S12 (4.2)

MoS2 + Li+ + e− ⇔ LiMoS2 (4.3)

The relative amounts of each ion were calculated in order to compare the contributions
of Mg and Li ions at the cathode. Across all discharge cycles in this experiment, Li is found
at 2:1 ratio to Mg, after subtracting out the trapped charge measured in the charged states.
This data confirms that Li is the primary contributor to capacity on the cathode side. From
this data, Li is estimated to contribute approximately 2/3 of the capacity at the cathode.

4.4 Structural evolution of MoS2 during cycling

To corroborate the 2H-MoS2 → 1T-MoS2 phase transformation suggested by cyclic voltam-
metry and provide evidence of intercalation as the reaction mechanism at the cathode, ex-situ
XRD was carried out. Cycled powders were washed, sealed in Kapton-coated trays, and their
x-ray diffraction patterns were measured. Fig 4.3a shows the XRD data at various stages of
cycling. The top and bottom data sets are 2H-MoS2 and 1T-MoS2 reference data from the
JCPDS database and are included for comparison.

As shown in Fig 4.3a, the peaks measured in the raw slurry powders (10MoS2-16KB
blend) are consistent with 2H-MoS2, with the (002), (100), (101), (103), (006), (105), and
(008) peaks present. After the first discharge cycle, all higher angle peaks diminish, leaving
only the (002) peak in subsequent cycles. The loss of higher angle peaks suggests that the
2H-MoS2 phase has transformed, but the new phase of MoS2 cannot be identified from from
this data alone. Differentiating between 2H-MoS2 and 1T-MoS2 is difficult as the (002) peak
for both spectra are both around 14.4◦. However, taken with the prominent peak at 0.2V in
the CV data, and the ability for Li to intercalate shown in past literature, we believe the new
phase of the cycled MoS2 powder is 1T-MoS2. Peak shifting or broadening was not detected
in these samples, and further evidence of intercalation was therefore not able to be found in
the diffraction data (see Fig 4.3b).
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Figure 4.3: (a) XRD spectra from cells cycled to different voltages. Cells with (ref) are
reference data from JCPDS database (b) (002) peak for each sample

4.5 Optimizing Li+ concentration in APC electrolyte

With the critical role of Li+ ions in the Mg/MoS2 material system established, the optimal
concentration of Li+ was investigated by varying the amount of LiCl added. The addition of
LiCl to the APC electrolyte is expected to increase capacity, as more Li+ ions are available for
intercalation. The solubility limit of LiCl in APC is ≈1M, which bounded the maximum Li+

in the electrolyte. Fig 4.4 shows the discharge capacity for 4 cells at each LiCl concentration,
after an initialization cycle was completed. As was seen in Fig 4.1, the capacity of cells with
0M LiCl is negligibly small. A monotonic increase in capacity is observed with increasing
Li+ concentration, resulting in an average capacity of 175mAh/g at 1M LiCl concentration.
All subsequent cells were fabricated using 1M LiCl with the 0.8M APC electrolyte
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Figure 4.4: Discharge capacity with varying LiCl concentration, for 2nd cycle (after initial-
ization cycle). Each boxplot represents 4 cells at that condition. The horizontal black bar
within the boxplot represents the mean of sample data.
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4.6 Conclusion

In this chapter, the mechanisms that contribute to capacity at the cathode and the relative
contributions of each ion were studied. Cells fabricated with either Mg ions, Li ions, or
Mg + Li ions solidified the need for both Mg2+ and Li+ ions in this MoS2 slurry system,
as electrolytes with either of these ions were unable to provide high, reversible capacity in
a full cell. Cells with both ions were able to sustain high capacity (≈100mAh/g) for 10
cycles. ICP-OES measurements on ex-situ samples were used to quantify the ions present
in discharged and charged cells. Both Mg and Li were found to vary during charge and
discharge, which confirmed that both ions are active at the cathode. Overall, Li existed
at a 2:1 ratio to Mg in the ICP samples, and Li is therefore expected to contribute 2/3 of
the capacity at the cathode. XRD on cycled powders was unable to provide clear evidence
of intercalation or 2H-MoS2 → 1T-MoS2 conversion in this system. After varying the LiCl
concentration in the electrolyte, the optimal concentration was determined to be 1M, leading
to a capacity of 175 mAh/g.
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Chapter 5

Rate and Cycling Performance in
Static and Flow Slurry Batteries

In previous chapters, the design and optimization of a MoS2-KB-APC-LiCl slurry compo-
sition has been explored, and the contributions of both Mg2+ and Li+ ions to cell capacity
have been quantified. In this chapter, the rate and cycling performance of the optimized
slurry (10MoS2-16KB, 0.8M APC + 1M LiCl) are characterized. Flow cell hardware is in-
troduced in this chapter, to explore how flow affects the long term cycling capacity of our
slurry. Measurements from both static and flow cell hardware are presented; this benchmark
data helps identify areas for improvement in the Mg-MoS2/KB slurry battery system.

5.1 Experimental methods

C-rate cycling protocol
For C-rate measurements, 10MoS2-16KB cells with 0.8M APC + 1M LiCl electrolyte

were assembled. Cells were allowed to equilibrate for 15min, then an initialization discharge-
charge cycle was run. Following a 15min rest after initialization, the cell was discharged
and charged in the order of 10, 25, 50, 100, 250 and 1000 mA/g, using a voltage range
of 0.1-1.8V. Between each current density, cells were left to rest at open circuit for 15mins.

Flow cell assembly
1x3x6” thick Teflon PTFE block (#8743K24), 3/4x1x12” stainless steel 316 bar (#9083K47),

0.003” thick PTFE film (#8569K36), 0.01” thick SS316 sheet (#3774T59), 25mm long
M3 screws (#91292A020), SS316 M3 wingnuts (#94543A320), Luer lock to 1/4”-28 pipe
adapters (#51525K318) and 1/8” inner diameter (ID) Luer lock connectors (#51525K322)
were purchased from McMaster Carr.

The flow channel block was machined from the SS316 bar (to the dimensions shown in Fig
5.1a). The top Teflon housing and bottom Teflon baseplate pieces were machined from the
Teflon block (Fig 5.1b,d). Celgard 2325 and PTFE films were laser cut to the dimensions in
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Fig 5.1e and 5.1f, respectively. 10mm thick acrylic endplates, cut to the same dimensions as
the Teflon baseplate, were attached on the outside of the cell assembly to provide mechanical
strength under compression. A 15x10mm metal plate was cut from the 0.01” SS316 sheet
to prevent contact screws from puncturing the Mg foil. Magnesium foil was polished as
previously described, and cut to 13x6mm.

All assembly steps were carried out in a N2 glovebox. Four M3 screws were inserted
facing upwards through an acrylic endplate and then the Teflon baseplate. The SS316 plate
was placed in the center of the baseplate, and the Mg foil was placed on top of the SS316
plate. Kapton tape was applied to the edges of the SS316 plate and Mg foil to secure them
to the Teflon baseplate. The M3 screws were pushed through the corner holes of the Celgard
2325 sheet, and the sheet was gently pulled down until it contacted the Mg foil. The same
procedure was used to attach the PTFE film on top of the Celgard sheet. The flow channel
block was inserted into the top Teflon housing, such that the flow channel was flush with the
wide base of the top Teflon housing. The housing and flow block were pushed down onto the
M3 screws until the flow channel was in contact with the PTFE-Celgard-Mg-SS316 sheet
stack. An acrylic endplate was added above the top Teflon housing, and then wingnuts were
tightened on each M3 screw to compress the stack together. Threaded Luer lock to 1/4”-28
connectors were screwed into the inlet and outlet threads of the top Teflon housing. An M3
screw was screwed into the center hole in the top and bottom Teflon housings, until contact
with the flow channel block or SS316 sheet was made, respectively. Two 3” length 1/8” ID
PFA tubing segments were cut, and male Luer lock connectors were inserted into the ends
of both pieces of tubing. These pieces were attached to the Luer lock connectors to the flow
cell. Photographs of the assembled cell and its components are shown in Figure 2.22.

10MoS2-16KB slurry was prepared as previously described, and added into a 10mL Hamil-
ton glass syringe barrel using a PTFE-coated spatula. The syringe plunger was carefully
reinserted into the syringe, and used to push out all air bubbles from the syringe. The sy-
ringe was then connected to the inlet tubing of the flow cell via the Luer lock tip, and then
mounted into a syringe pump (NE-1000, New Era Pump Systems). The syringe pump was
connected via RS232 connection to a laptop. WinPumpTerm software controlled the syringe
pump. The flow cell remained in the glovebox throughout all testing, and was connected to
the laptop via an external feedthrough in the glovebox.

Flow cell operation
For cycling in a flow cell, an aliquot of slurry is pumped into the flow channel. The

channel, colored in black in Fig 5.1a, is the d=1mm half-circle exposed area at the base
of the channel block (see Fig 5.1c) and the 1mm diameter segment immediately adjacent
to the exposed area. The channel has a volume of 12.5uL. For flow cell experiments, a
volume of 15uL was pumped in per aliquot, at a rate of 200uL/min. A voltage range of 0.1-
1.8V was used for all cycling. A Neware BTS battery analyzer was used to collect cycle data.
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Figure 5.1: Flow cell schematics, in mm, of the a) side view of top Teflon housing (gray)
and flow channel block (blue), with the flow channel of d=1mm (black) b) front view of top
Teflon housing c) cross section of the flow channel d) top view of Teflon baseplate, with M3
screwholes shown e) top view of Celgard 2325 sheet f) top view of PTFE film

5.2 Rate Performance

To assess the rate capability of the optimal slurry composition (10MoS2-16KB, 0.8M APC+1M
LiCl), C-rate discharge tests were performed. While the static and flow hardware were de-
signed to have the same working distance (0.5mm) for both channels and are expected to
have similar performance, both hardware configurations were tested for their rate capabili-
ties with the optimal slurry formulation, and the results are shown in Fig 5.2. Fig 5.2 shows
the discharge capacity across a range of current densities from 10-1000mA/g (from C/25 to
7.5C, as determined by the length of each discharge cycle). Similar rate performance is found
between the two cell hardware types. At the lowest current density, a discharge capacity of
225mAh/g is measured, in close agreement with previous results presented in this work. At
1.2C, a discharge capacity of 95mAh/g is found, resulting in 42% capacity retention from
the C/25 case.

Achieving moderate performance at C/2.5 and 1.2C is a substantial milestone for this
novel slurry material set, and provides a demonstration that slurry electrodes, thought to
be limited by high electrical resistivity, can potentially be optimized for moderate and high
power applications. In conventional battery cells, the volume fraction of conductive additive
is increased for high power applications in an effort to lower resistive losses at high current
densities. A similar strategy could be employed with slurry electrodes, with the slurry being
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Figure 5.2: Rate performance data for static and flow hardware. A 10MoS2-16KB slurry
with 1M LiCl was used in both cell types. Error bars for static cell data represent n=4
samples

tailored for application specific performance such as high rate operation.
Fig 5.3 shows the discharge capacity of static cells, at 10 and 50mA/g initialization rates

and 10-250mA/g cycling rates. Low discharge rates produce capacities of 150-200mAh/g
across the 10 cycles, further confirming the reversibility of this anode-cathode pairing. This
data is in agreement with the cycling data in Chapter 4, showing capacity loss is over the first
10 cycles, but appearing to level off after the initial 5 cycles. The decreasing capacity in the
first several cycles is potentially caused by an on-going 2H→1T MoS2 phase transformation
occurring over the first ≈5 cycles, as was observed in CV data. Once the MoS2 phase
transformation is complete, those reactions are irreversible, and therefore would not affect
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Figure 5.3: Discharge capacity of static cells through 10 cycles, at various current densities
and initialization rates. The initialization cycle capacity is not shown.

capacity in future cycles. This may explain the slower rate of capacity decrease after cycle
5 is reached in Fig 5.3.

At both initialization rates, a general trend is observed; higher cycling rates lead to
lower capacity. This is expected due to increasing ohmic losses at higher currents, which
are particularly of concern in a slurry battery due to the challenge of forming a percolating
conductive network as a suspension. It is presently unknown why higher capacities are found
in the 50mA/g initialization rate samples than at 10mA/g and further measurements are
required to confirm this effect.

5.3 Cycle Life

A cycling study was conducted to evaluate the slurry cycle life in both static and flow cell
hardware. The static cells underwent an initialization cycle (not shown) at 50mA/g, and
were cycled at 100mA/g for all subsequent cycles. The flow cell used an aliquot pumping
scheme for repeated cycling. An aliquot of slurry was pumped into the flow cell channel
via syringe pump. A 50mA/g discharge-charge initialization cycle was run to transform the
slurry in the channel from 2H→1T-MoS2, followed by a 100mA/g discharge-charge cycle.
The 100mA/g cycle data was the data of interest in this experiment, and can be directly
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Figure 5.4: Cycle life data for static and flow cell hardware. A 10MoS2-16KB slurry, 0.8M
APC+1M LiCl slurry was used in all cells. Initialization cycles (not shown) were run at
50mA/g, while all other cycles were at 100mA/g.

compared with the static cells. A new aliquot of slurry was then pumped into the cell, and
this two step cycling protocol was repeated.

Fig 5.4 shows the cycling data across 135 cycles, for a 10MoS2-16KB, 0.8M APC + 1M
LiCl slurry in static and flow cell hardware. The green data points represent the 50mA/g
initialization cycles in the flow cell, the red data points represent the flow cell discharge
capacity for 100mA/g cycles, and blue data points correspond to 100mA/g cycles in the
static cell.

The static cell shows similar behavior to the data in Fig 5.3, where capacity drops after the
first cycle after initialization, then declines more slowly in subsequent cycles. The absolute
capacity observed in the later cycles is around 20-40mAh/g, and is consistent between the 3
samples that comprise the error bars.

The flow cell shows a significant increase in capacity in the first few cycles, for reasons
that are not yet clear. After this period, the capacity stabilizes around 150-160mAh/g.
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It is important to note that when calculating the volume of MoS2 in the channel for the
flow cell, only the sections of flow channel with a radius of 0.5mm were included (see Fig
5.1a). Larger radius sections within the flow channel block, while having metallic walls that
could potentially allow for electron conduction to the active sites in the slurry, have a much
lower probability of contributing to capacity due to the longer path length across the slurry.
It is therefore possible that some slurry in the larger radius sections of the flow channel
block contributed to capacity, and caused our absolute capacity values to be overestimated.
Regardless of the exact magnitude of the capacity, the flow cell aliquot pumping scheme
utilized here showed stable, reversible capacity across 135 cycles. The results in Fig 5.4
suggest that capacity fading is not significant after the initial few cycles, in both static and
flow cell hardware configurations, and that the aliquot pumping scheme can deliver stable
capacity in the slurry flow cell hardware.

5.4 Irregularities observed during long term cycling

During the long term cycling data gathered in static cells, spikes in the charging capacity
data were observed on multiple occasions. A spike in capacity is defined here as a substantial
increase in capacity relative to the previous cycles, typically only lasting one cycle before re-
turning to the range of previously measured values. Fig 5.5a-c showcases spiking behavior in
the 10MoS2-16KB slurry, cycled in static cell hardware at 50mA/g, 100mA/g, and 250mA/g
respectively.

Spiking behavior was observed repeatedly across different cycling conditions, but had
several common characteristics:

• In most cases, the capacity significantly exceeds the theoretical capacity of MoS2

(670mAh/g), suggesting the origin of capacity during a spike cannot be fully attributed
to intercalation. The dashed line in Fig 5.5a-c is included for visual reference of the
theoretical capacity of MoS2.

• Capacity spikes were only observed during charging, not during the discharge of a cell.

• Spikes appear suddenly, and are typically not preceded by irregularities in preceding
cycles. Some variation was observed in the coulombic efficiency data for the cycles
preceding a spike (Fig 5.5d-f), but it is unclear if this is a related phenomenon.

• Spiking behavior was not seen in the flow cell. Fewer cells were tested on the flow cell
hardware and there may have been insufficient samples to observe this behavior.

• Spiking was observed across both initialization rates and all cycling rates which reached
high cycle counts.

• Spiking behavior was not seen in the first several cycles, and was typically seen >100
cycles into cycling data. This likely explains why low-rate cycling, which only reached
25-40 cycles, did not exhibit any irregularities.
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Figure 5.5: Charge-discharge data and coulombic efficiency data for cells showing charging
capacity spikes. The cycling rates for each cell are a,d) 50mA/g b,e) 100mA/g c,f) 250mA/g

While some cells recovered from a spike in charging capacity and resumed normal cycling
after the irregular charging phase completed, other cells did not recover. Fig 5.6ab shows
two cells that highlight the two voltage profiles seen during a charging capacity spike. In
the final cycle of Fig 5.6a, the cell voltage reached 1.7V before abruptly dropping to 1.25V,
then further dropped to 1.1V where the voltage plateaued. The voltage in this cell remained
around 1.1V until cycling was terminated (see Fig 5.5a for the complete cycling data for
this cell). Fig 5.6b shows an alternative voltage profile from a different cell. Charging cycles
in this cell commonly lasted 1-2 hours, but as can be observed in the data, some charging
cycles ran for >20hrs before reaching the cutoff voltage of 1.8V. The charging rate for all
cycles in this cell was 100 mA/g, but the voltage increase was substantially slower for these
long lasting charging cycles. The capacity in these extended charging cycles far surpassed
the theoretical capacity of MoS2, creating uncertainty as to the origin of this capacity. These
two different voltage profiles suggest that two different failure mechanisms may be occurring.

Further analysis is required to understand the modes of failure highlighted by this data.
As the spiking behavior is only observed during charging, this should provide evidence as
to the underlying issue. During charging, Mg2+ ions are deintercalated, travel through the
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Figure 5.6: Voltage-time plots for two static cells exhibiting a) 1.1V voltage plateau, from
which the cell did not recover b) prolonged charging cycles (around 200-220hrs and 250-
270hrs) that exceeded the theoretical capacity of MoS2

electrolyte and across the separator, and plate onto the anode. Li+ ions deintercalate and
remain in the electrolyte. Future studies seeking to identify this failure mechanism could
look at the separator integrity optically (microscope, SEM) and electrically (EIS), to look
for signs of degradation that may have led to a voltage drop across the separator. Analyzing
the surface chemistry of the anode, examined via EDX or XPS, could provide evidence of
side reactions that are occurring, which could also explain the change in cell voltage. To
isolate the component responsible for the plateau voltage (shown in Fig 5.6a), cells stuck at
1.1V could be disassembled, and a new separator/anode inserted. Upon resuming cycling,
successful charge/discharge cycles would indicate an issue with the anode or separator, and
further investigations would have a more well-defined target.
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5.5 Conclusion

The rate and cycling performance of the optimized MoS2/KB slurry have been presented.
C-rate measurements for both static and flow cell hardware achieve similar capacities, with
a peak capacity of 225mAh/g at C/25 and a 42% capacity retention at 1.2C. Reducing
overpotentials associated with ohmic losses is a challenge in slurry electrode systems, but
represents an area in which the performance of slurry electrodes is poor. Cycling data over 10
cycles reiterated the capacity decrease in the first several cycles, possibly due to a continued
2H→1T MoS2 phase transition, but showed a far more gradual decline in later cycles. Long
term cycling data in the static and flow hardware illustrated a very gradual capacity fade
over 135 cycles. Stable capacities were demonstrated via an intermittent aliquot pumping
scheme in the flow cell hardware, presenting the first flow cell data for the Mg-MoS2/KB
slurry battery system.

The next chapter presents conclusions drawn from this body of work, as well as recom-
mendations for future research on slurry flow battery materials.
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Chapter 6

Conclusions

6.1 Summary

Low cost battery systems are widely desirable, but particularly critical in the context of grid
scale storage. Flow batteries have been under investigation for decades as a grid scale battery
technology, and while the cell architecture has been validated, the intrinsic material cost
and solubility limits have severely limited the cost and commercialization of such systems.
Slurry flow battery systems present a pathway to decrease material cost without solubility
constraints, but substantial work in understanding the fabrication and composition of a
slurry electrode is needed. In this work, the design and characterization of a Mg foil anode,
MoS2/KB cathodic slurry is explored. The studies and results are:

• Design of novel, low-cost Mg-MoS2 slurry. The material selection criteria and choices
for each cell component in this slurry flow battery are presented in this work. The char-
acterization data from multiple slurry compositions to identify suitable concentrations
for active and conductive materials and electrolyte additive are included.

• The fabrication procedure for a slurry electrode, as well as the design of cell hardware
(static, flow), and handling procedures for this novel form factor cathode are presented.
The experimental sections contain details on how the cathodic slurry is fabricated,
details about each type of cell hardware, and how measurements like EIS and ICP
are adapted to the unique slurry form factor of the cathode. These protocols can
be adopted across other slurry flow battery systems, and are expected to provide a
detailed foundation for future slurry electrode research.

• Rheological, electrical, and electrochemical characterization of MoS2/KB slurries. The
shear thinning behavior and electrical/ionic conductivity of suspended particle MoS2/KB
networks are measured. Cyclic voltammetry showed reversible electrochemical behav-
ior and provided evidence of Li+-based phase transformation mechanism in MoS2 as the
first step in reversible capacity MoS2/KB slurries. These measurements led to the first
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demonstration of full cell Mg-MoS2/KB slurry batteries, from which the 10MoS2-16KB
slurry composition demonstrated high, reversible capacity.

• Quantified Mg2+ and Li+ ion contributions in dual-ion electrolyte. Experimental data
validated the need for a dual-ion system, via fabrication of cells with Mg2+ or Li+

ions, which both failed to produce significant capacity. The contributions of each
ion during cathodic redox reactions was quantified using ICP-OES, revealing that Li+

is responsible for ≈2/3 of the capacity at the cathode. Magnesium was shown to
participate reversibly in this redox reaction, establishing that both ions are active at
the cathode.

• Benchmarked rate and cycle performance capability of static and flow cell hardware.
A capacity of 225mAh/g was measured at low current density (10mA/g), while 42%
of this capacity was retained at a 1.2C rate. Both the static and flow cell exhibited
similar discharge characteristics. The cycle life of the static and flow cell hardware was
evaluated over 135 charge-discharge cycles. Both cell hardware showed low capacity
fading after the initial cycles, with the flow cell exhibiting higher capacity than the
static cell.

The key result in this work is the use of a low cost anode and cathode material in a
high capacity slurry flow battery. We have shown here the rationale behind the slurry and
hardware design, and characterized critical aspects of the slurry (rheology, conductivity,
reversibility, capacity). The Mg-MoS2 material system exhibits complexities due to the
dual ions in the electrolyte and Mos2 phase transformation, but demonstrates the promise of
pairing low cost post-Li anodes with existing, inexpensive cathode materials. We believe that
slurry flow batteries, utilizing existing intercalation/conversion materials that are flowable
yet in high volumetric concentrations, are a promising solution to the challenge of low cost,
large scale energy storage.

6.2 Future Work

The results in this work present the design and performance of a novel Mg-MoS2 slurry.
The focus was to provide a foundation on which future work could be built upon, to further
understand and optimize slurry flow battery systems. Recommended areas of future work
are detailed here, to guide future research and development efforts in this field.

• Characterize agglomerate size as function of dispersion, time, and slurry composition.
The slurry flow battery is based upon the formation and stability of agglomerates. Lit-
tle is understood about the formation, quality, and lifetime of these agglomerates,
despite their critical role in particle suspension systems. In addition, the specific
pH, particle size, dispersion technique, etc. are expected to strongly affect agglom-
erate behavior, making generalization across heterogeneous materials systems difficult.
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Characterizing the size distribution of agglomerates, ideally as temporally-resolved
measurements, would allow the effects of dispersion technique, time-related particle
mechanisms, and slurry composition to be understood at a finer level of detail than
full cell measurements. Tracking agglomeration across the life cycle of a cell is expected
to provide insight about the working principles of slurry systems, and quantify behav-
iors at the particle length scale. Particle size analyzers are expected to be required, due
to the large scale agglomerates that are hypothesized to form within slurry electrodes.

• Explore a broader range of dispersion techniques. The fabrication of a slurry elec-
trode was presented in this work, using probe-tip ultrasonication and homogenization
to disperse the MoS2 and KB particles in the electrolyte. There is room for broader
exploration of additional dispersion techniques and parameter spaces within each tech-
nique. There is an insufficient understanding of the effects that different techniques
(bath sonication, probe-tip sonication, ball milling, etc.) have on the formation of ag-
glomerates and have on the charge/discharge capacity of slurry electrodes. The search
for better dispersion techniques may also decrease the need for conductive/rheological
additives, or promote higher conductivity/higher utilization particle networks. Previ-
ous works use a variety of techniques for suspension dispersion, and a comprehensive
investigation including multiple techniques could greatly advance the performance and
reproducibility of slurry electrode fabrication.

• Develop a model for pumping losses. Developing a deeper understanding of the effects
of flow on the performance and economics of a slurry flow battery are critical to this
technology’s success. Pumping losses, when substantial, threaten to reduce roundtrip
efficiency below levels that are economically viable. Modeling the pumping losses
in a general slurry flow battery system would greatly help researchers avoid pumping
schemes or slurry compositions that will result in high pumping losses, and focus efforts
on strategies to minimize losses in a flow system. It is also not well understood how
flow rate affects the capacity of a slurry electrode flow system. Measuring the capacity
in a flow cell under continuous flow with varying flow rates would help to understand if
flow is desirable for full cell performance, and would inform the pumping losses model
as well.

• Ex-situ characterization of cycled cells. Preliminary cycle life studies were conducted
in this work, but a more complete post-mortem analysis of cycled cells is warranted.
Examining the surface properties and chemistry of the anode and separator powders
after cycling, as well as the structural and electrical integrity of the separator, could
provide evidence as to the degradation mechanisms at play during long term cycling
in this material system. These studies could clarify the charging capacity irregularities
seen in static cells undergoing high cycle life testing, and would guide changes to cell
or material design in the process.
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In summary, the results in this work demonstrate the use of a low cost material system
in a slurry flow battery. The foundations for later slurry battery designs are laid here,
as the results in this work are expected to extend to a variety of anode, electrolyte, and
cathode materials in the battery literature. The high capacities exhibited by optimized slurry
compositions are promising, and the characterizations begin to explore the mechanisms by
which these capacities are produced. Though substantial work remains to be conducted to
validate the many principles of slurry flow batteries, this work extends the material catalog
for such systems into a new direction, and extends the data available on slurry electrode
systems for flow batteries.
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