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Abstract

A new type of non-aqueous flow battery without carbon additives is proposed and
the anolyte chemistry is demonstrated. The so-called “Solid Dispersion Flow
Battery” incorporates only solid electroactive materials dispersed in organic
lithium-ion battery electrolyte as its flowing suspension. In this work, a unique
and systematic characterization approach has been used to study the flow
battery electrolyte. An electrolyte laden with LisTisO12 (LTO) has been
characterized in multiple specially designed lithium half cell configurations. The
flow battery described in this report has relatively low viscosity for the potential
energy density. The lack of carbon additive allows characterization of the
electrochemical properties of the electroactive material in flow without the
complication of conductive additives and unambiguous observation of the

electrorheological coupling in these dispersed particle systems.
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1. Introduction

Due to environmental concerns over the use of fossil fuels and their resource
constraints, renewable energy sources such as solar and wind have attracted
more and more attention [1]. The intermittent nature of these renewable sources,
such as day/night cycles and weather variation, however, causes significant
challenges for the electric grid operators because other power plants (usually
fossil fueled power plants) need to compensate for the dramatic change in power
supply [1, 2]. To further reduce the usage of fossil fuels, large scale energy
storage technologies are needed to store electrical energy and improve the
energy quality from the renewable energies effectively at a low cost [3]. Pumped-
hydro energy storage (PHES) and compressed air energy storage (CAES) are
the only two large scale technologies commercially available for grid electricity
storage, but they are limited by either poor long term efficiency or geographic
limitations [4, 5]. Electric Vehicle is another application that requires relatively
large-scale electric energy storage devices. In the electric vehicles, durability,
and cost are the key limiting factors besides safety [6]. There is the recognition
that battery systems can offer a number of high-value opportunities for large

scale energy storage [5].

1.1. Lithium-lon Batteries

Rechargeable batteries are another group of energy storage devices which come

in many forms. Commonly used types are lead acid, nickel cadmium, nickel



metal hydride, and lithium ion. Chemical battery systems are constantly being
developed, such as sodium sulfur, lithium sulfur, lithium air, and liquid metal [7-
10]. The basic way that rechargeable batteries work is to charge the batteries by
transferring electrons to the anode to store electrical energy. The battery can be
discharged to provide electromotive force (EMF) to utilize the stored electrical

energy.

Load/
Power Source

[ ]
Electron

Discharging Separator

Anode Cathode

Active Material

Current Collector

Figure 1. lllustration of the mechanism of a lithium ion battery with layer
structures of both electrodes.

Among the known battery chemistries, lithium-ion batteries offer the highest
energy density and thus are the major contenders for both stationary and
transportation applications [11, 12]. As shown in Figure 1, a typical lithium ion
battery consists of current collectors, anode and cathode (negative and positive)
active materials, separator, and electrolyte. Current collectors conduct electrons

between the battery and the external circuit. Active materials are the component
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that store the electrical charge, in this case the lithium ions. The separator not
only prevents a short circuit, but also provides pathways for lithium ions to
transfer between the anode and cathode. The electrolyte consists of solvents
with dissolved lithium ions. For a graphite/lithium cobalt oxide battery, the most
popular battery used in cell phones and laptops, the anode material is graphite
and the cathode material is lithium cobalt oxide (LiCoO2). As indicated in
Equation 1 and Equation 2, lithium ions are pulled out from the cathode and
transferred to the anode during the charging process. Lithium ions go the
opposite way when being charged. The amount of lithium ions stored and cycled
in the system determines the capacity of the battery, typically reported in

miliamp-hours (mAh).

LiCoO, d“h<:>gg Li,_,CoO, + xLi* + xe™ (Cathode) (1)
C, + XLi" + Xe” T—=—=> Li C, (Anode) (2)

discharge

To improve the energy density and cycling efficiency of the batteries, different
electrode materials and crystal structures have been developed [11, 13-15].
Conventional rechargeable batteries offer a simple and efficient way to store
electricity, but development to date has largely focused on smaller systems [3].
The cell performance, such as rate capability and safety, is limited by the mass
transport limitations of the ions in the electrolyte [16]. Thus the only way to scale
up conventional batteries is to stack many small batteries together, which raises
the overall cost due to the need for complicated heat removal system and battery

management system [17-20].



1.2. Redox Flow Batteries

A different approach is to decouple the energy storage part and the power
output. A representative technology is redox flow battery. Redox flow batteries
are typically comprised of active electrochemical cells, pumping system and
energy storage tanks with transition metal redox couples dissolved in highly
acidic aqueous electrolytes [3, 21]. A schematic of this battery is shown in Figure
2 for the case of a vanadium redox flow battery, which is the most popular and
successfully commercialized redox flow battery [22]. Electrolytes with dissolved
active molecules are stored in external tanks rather than assembled with the
current collectors and the separator. While charging or discharging, the anolytes
and catholytes are being pumped through the electrochemical cell and the redox
reactions occur simultaneously in both half cells. The reactions are indicated in
Equation 3 and 4. Redox flow batteries are ideal for large scale energy storage
because of the decoupling of the power and the energy in the system, which
provides the flexibility to independently adjust and design the power and energy
requirements for an application [23]. The electrochemical energy is stored in

electrolyte tanks, which in principle results in total energy only being limited by

tank size.
V¥ 4o e \/2 (Negative) (3)
discharge
VO?' + H,0e——V0," +e” +2H " (Positive) 4)

discharge
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Figure 2. A schematic of a vanadium redox flow battery [22].

The energy density in conventional flow batteries, however, is highly limited by
the solubility of the active species, because beyond the solubility limit inactive
precipitates form in the electrolyte [3, 21]. Different approaches have been
pursued in the literature to improve flow battery performance, including
investigating new redox couples [22], designing more efficient current collectors
[23-26], incorporating electrolyte additives [27], and modifying the ion-transferring
membrane [28]. The long-term performance or cycle life of these systems is also
limited by the significant loss of stored energy (i.e., capacity loss) in the
electrolytes over time due to transport of the active species across the separator
[28], and safety issues are also a concern because sulfuric acid is used as the

flowing electrolyte.



1.3. Semi-Solid Flow Battery

Alternative flow battery systems beyond the conventional dissolved transition
metal electrolytes have also been reported in the literature such as lead-based
flow batteries with soluble lead [29] or polymer suspensions [30]. Another
modified flow battery that has been developed is a convection battery with the
electroactive materials fixed and electrolyte flowing to improve the mass
transport of ionic species in the electrolyte [31, 32]. These reported systems,
however, have performance limitations due to maximum practical electrode
thicknesses or the inefficient pumping due to high pressure drop. More recently,
the possibility of combining lithium-ion battery chemistries with flow batteries has
been proposed due to the high energy density and high operating voltages of the
active electrode materials [5]. While energy density is not necessarily a major
concern for some stationary applications, higher energy density flow battery
chemistries will be needed for flow batteries to be implemented in electric
vehicles or stationary applications in urban areas where space is limited and
energy demand is high. Thus, lithium-ion chemistries have started to be explored
for flow battery applications. In some cases the active electrolyte materials are
still soluble compounds, for example in the report of a membrane-free semiliquid
flow battery composed of a ferrocene-based catholyte and a passivated metallic

Li anode [33].



Figure 3. Schematic illustration of semi-solid flow cell system [34].

Other groups have moved to solid electroactive material flow battery designs,
and recently the concept of semi-solid flow cells (SSFC) was demonstrated by
Chiang’s group for both organic and inorganic systems [34, 35]. As shown in
Figure 3, electrochemically active particles are suspended in the electrolytes
together with conductive carbon, which forms an interconnected network
structure with relatively high conductivity. Other research groups have expanded
on this concept and incorporated different chemistries into SSFC-type systems,
including even highly nonconductive LiFePO4 [36]. These SSFC-type systems
have also explored improvements to the system by incorporation of surfactants
within the electrolyte and in developing models of the electrochemical attributes
of these flow battery concepts [37, 38]. Compared with the other redox flow
battery designs, a high energy storage density (> 130 Wh kg*) could potentially

be achieved in these SSFC-type systems as a result of the high energy density



solid electroactive materials [34]. However, the operating cost of these SSFC-
type systems will likely be extremely high due to the high viscosities (> 1 Pa:s at
the shear rate of 35 s?) of the viscous electrolyte suspensions being pumped
through the system [34, 39]. The energy density is also reduced by the addition

of carbon additive.

1.4. Research Objectives

Herein, we aim to demonstrate a new type of flow battery without carbon
additives and hence with a relatively low viscosity and high energy density. The
functional design of the system is similar to a redox flow battery or a SSFC, but
the flowing suspension was comprised of only electroactive material particles
dispersed into an organic lithium-ion battery electrolyte as shown in Figure 4. In
contrast to previous SSFC reports, electrochemical charge/discharge of our flow
battery does not rely on an interconnected particle network throughout the
electrolyte, but instead relies on the collisions of particles directly in contact with
the current collector (or particles in contact with the particles in contact with the
current collector). For this initial experimental work, we took advantage of a
lithium half cell configuration to characterize an electrolyte laden with LisaTisO12
(LTO). LTO was chosen because of its high capacity (theoretically 174.55 mAh g
1) and good electrochemical performance at a variety of charge/discharge rates
[40-42]. The flat charge/discharge profile for LTO should be advantageous at
providing a consistent voltage during charge/discharge, regardless of the state of

lithiation of the active material in contact with the current collector at any given



time. LTO is also a zero-strain lithium insertion material [43, 44], which prevents
fractures of the particles and ensures a stable pressure of the suspension and
hence is beneficial to the stability of the suspension. In addition, the
charge/discharge potential of LTO (~1.55 V vs. Li/Li+) is within the stability
window of the electrolyte, which removes the complication of significant
electrolyte decomposition and solid-electrolyte interphase formation which would
be required for other anode materials such as graphite before reversible lithium

insertion [45].

Load/
F:ower Sourcg
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Anode Particle Cathode Particle

Separator Current Collector

Figure 4. Schematic illustration of solid intercalation particle flow cell
system.

Since the system is derived from conventional lithium-ion batteries, we adopted a
distinct approach to demonstrate the as-proposed flow battery step-by-step. A
conventional lithium-ion battery coin cell was prepared as a benchmark, and then
a particle coin cell was constructed free of binders and conductive additives to

show that the LTO active material could be successfully charged and discharged
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through direct contact with the current collector. After that, a vial cell was
prepared to electrochemically characterize the LTO suspension during
electrochemical cycling in a turbid flowing environment, and eventually a flow cell
was assembled to finally demonstrate the as-proposed flow battery. Rheological
tests were also conducted to demonstrate the viscosity of our particle-laden
electrolyte as a function of particle loading and relative to other flow battery

systems.
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2. Experimental Methodology

2.1. Preparation and Characterization of Materials

LisTisO12 (LTO, NEI Corporation) powders were obtained from the U.S.
Department of Energy’s (DOE) CAMP (Cell Analysis, Modeling, and Prototyping)
Facility, Argonne National Laboratory. The electrolyte (BASF Corporation) was
1.2 M lithium hexafluorophosphate (LiPFs) in ethylene carbonate (EC) and ethyl
methyl carbonate (EMC) with EC/EMC = 3:7 by volume ratio. The LTO
suspensions of different loadings (5 vol%, 10 vol%, 20 vol%) were prepared by
mixing the LTO powders with electrolyte under stirring overnight, within an argon-
filled glove box (with concentrations of Oz < 1 ppm and H20 < 1 ppm) at room

temperature.

To characterize the LTO powder morphologies, scanning electron microscope
(SEM) images were taken with a Quanta 650 SEM. X-ray diffraction (XRD)
patterns were obtained with a Panalytical X'pert diffractometer using Cu Ka
radiation. Rheology testing of the LTO suspensions was performed with an Anton

Paar rheometer (Physica MCR 301, with a 5 cm plate-plate geometry).

2.2. Electrochemical Characterization

A conventional LTO electrode was fabricated from a slurry comprised of 80 wt %
LTO powder, 10 wt % carbon black as conductive additive, and 10 wt %
polyvinylidene fluoride binder (PVDF) dissolved in N-methylpyrrolidone (NMP,
Sigma-Aldrich®). The slurry was agitated in a slurry mixer for 5 minutes and

11



pasted (with a doctor blade with a gap height of 200 ym) onto aluminum foil. The
pasted slurry was dried in an oven at 70 °C overnight and further dried in a
vacuum oven at 70 °C for 3 hrs. Electrodes composed of only LTO patrticles as
the electrode material without binders or conductive additives on the aluminum
foil were also prepared. LTO particles were suspended in acetone (Fisher
Scientific), with a concentration of ~50 mg mL*?, dropped on pre-punched
aluminum foil discs (1.6 cm?), and dried in a vacuum oven at 70 °C for 2 hrs. A
coin cell using the as-prepared electrode was referred to as a “particle coin cell”.

All coin cells were assembled in the argon-filled glove box. LTO half cells were
assembled with the LTO electrode as the cathode and lithium foil as the anode.
The electrodes were separated by a polypropylene/polyethylene/polypropylene
trilayer membrane. The galvanostatic charge-discharge cycling of coin cells was

performed on a Maccor battery cycler.

2.3. Vial Cell and Flow Cell Testing

A customized cell was set up in the glove box as illustrated in Figure 5a, which
we refer to as a “vial cell”. An aluminum wire (99.999%, Alfa Aesar) of 1.5 mm in
diameter and 20 cm in length was immersed in an LTO suspension of desired
particle loading. The lithium foil, which was attached to a copper foil and
extended to the external circuit, was immersed into the electrolyte within a glass

tube and separated from the LTO suspension by a trilayer membrane separator.
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Trilayer separator

Electrolyte
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Figure 5. Cartoon schematic of cell configurations: (a) a vial cell with the
aluminum wire in the LTO suspension as the cathode current collector
and the lithium foil in the glass tube as the anode; (b) a flow cell with an
aluminum wire current collector in the channel containing the LTO
suspension and lithium foil attached on the stainless steel foil as the
anode.
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A customized flow cell was set up as illustrated in Figure 5b. The flow channels
were formed by cutting compact stacks of laboratory films (Parafiim®) to provide
the desired spacing and trilayer membrane separators were used. An aluminum
wire (99.999%, Alfa Aesar) of 0.5 mm in diameter and 20 cm in length was
assembled in the flow channel as the cathode current collector. A piece of lithium
foil was attached on a stainless steel foil (McMaster-Carr) as the anode and
connected to a potentiostat (Bio-Logic, SP-150) to perform electrochemical tests.
The whole cell was sealed with two polypropylene plates (McMaster-Carr), one
on each side. Electrochemical tests for both the vial cell and flow cell were
performed within the argon-filled glove box using a Bio-Logic potentiostat (model

SP-150).
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3. Results and Discussions

3.1. Materials Characterization

As discussed in the Introduction, lithium titanium oxide (LiaTisO12, LTO) was
chosen to be evaluated as the electrode material for our system. In practice, we
expect this will be used as an anolyte in a full cell with both catholye and anolyte
relying on solid particles for electrochemical energy storage. Before evaluation of
LTO in our custom electrochemical cell geometries, we conducted more

conventional material and electrochemical characterization on the LTO powder

used.
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Figure 6. XRD patterns for (a) the LTO powder, as well as reference
patterns for (b) spinel-phase LTO material (obtained from PDF 00-049-
0207) and (c) rutile TiO2 (obtained from PDF 00-001-1292).

Figure 6 shows XRD patterns for the LTO powder (Figure 6a), as well as
reference patterns for spinel phase LTO material (Figure 6b, obtained from PDF
00-049-0207 [46]) and rutile TiO2 (Figure 6¢, obtained from PDF 00-001-1292
[47]). The peaks for the LTO powder are consistent with the majority of the
powder being spinel phase LTO. There are two small but distinguishable peaks
in the XRD pattern at 27.49° and 54.36°, which are consistent with an impurity
rutile TiO2 phase also being present in the LTO powder. Rutile TiO2 impurity is a
common impurity observed for LTO materials, and has been reported as an
intermediate compound during solid-state synthesis of LTO using anatase TiO2
and Li2COs [48, 49]. The morphology of the LTO powder can be seen in the SEM
image shown in Figure 7. As can be seen in the image, the LTO powder
consisted of irregularly shaped patrticulates. The average length of the particles,
as measured in the SEM image, was 340 + 200 nm (based on the measured
lengths of 35 particles). The XRD and SEM results for the LTO material was

consistent with other reports from the literature [50].
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Figure 7. Scanning electron microscope (SEM) image of the LTO
particles.

3.2. Conventional Coin Cell Electrochemical Characterization

Before using the LTO powder in our custom electrochemical cell geometries, we
evaluated the electrochemical performance of the LTO in conventional composite
electrode architectures within coin cells paired with a lithium metal anode. The
composite LTO electrodes used in these coin cells were comprised of the LTO
powder, conductive carbon additive, and binder as described in the Experimental
section. The first discharge and charge cycle of a conventional LI/LTO half cell is
shown in Figure 8a. This cell was cycled at a rate of 0.1C (1C assumed to be
174.55 mA g based on the theoretical capacity of LTO) and had a first cycle

discharge capacity of 142 mAh g and charge capacity of 132 mAh g?. While

17



the first cycle had 7.12% irreversible capacity loss, the columbic efficiency of
subsequent cycles at 0.1C was > 96%. The LTO electrode had a flat
charge/discharge plateau at approximately 1.55 V (vs. Li), consistent with other
reports in the literature [40, 41, 51-53]. Interestingly, even though the XRD
patterns provided evidence of rutile TiO2 (Figure 6), we did not observe
discharge plateaus at 1.4 and 1.1 V which are commonly observed when cycling
rutile TiO2 [54]. This phenomenon was attributed to the small amount of the rutile
TiO2 impurities and the location of rutile TiO2 phase possibly being segregated
within the particle cores, making the rutile phase more difficult for lithium ions to

access [49, 55].
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Figure 8. First discharge and charge cycle of (a) a conventional Li/LTO
half cell and (b) a Li/LTO particle coin cell, both charged/discharged at a
rate of ~ 0.1C.

3.3. Particle Coin Cell Electrochemical Characterization

The dispersed particle flow battery that is the focus of this effort relies on active
material contact and electrochemical reaction with current collectors in the
absence of conductive additives and binders used in fabricating conventional
coin cell electrodes. To confirm that our LTO active material could maintain
electrochemical activity in the absence of binders and conductive additives, we
first fabricated a static battery where the electrode was comprised of only the
LTO powder. The method for fabricating what we refer to as “particle coin cells”
is described in the Experimental section. The first charge/discharge cycle at a

constant charge/discharge rate of 0.1C is shown in Figure 8b. This was the same
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rate (adjusted for active LTO mass) used for the conventional coin cells
described earlier. The initial discharge capacity was 134 mAh g?, while the
charge capacity was 127 mAh g. Although the first cycle had 5.50% irreversible
capacity loss, the columbic efficiency of subsequent cycles at 0.1C was ~99%.
These results were consistent with other reports from the literature for
conventional LTO coin cells [56, 57]. The particle coin cell electrodes prepared
for the tests had a thickness of more than 70 ym, which was far greater than the
length scale of the particles (340 + 200 nm). The fact that the cell capacity was
comparable to the gravimetric value of the conventional coin cell indicated that
almost all the LTO in the particle coin cells was participating in electrochemical
reactions, including LTO particles that were separated from the current collector
by many layers of other LTO particles. Thus, multiple layers of LTO particles on
the electrode were electrochemically active rather than just the single layer in
direct contact with the current collector. The electrochemical gravimetric capacity
of the particle coin cells supports the conclusion that LTO particles are not limited
to only participating in electrochemical reactions if they are in direct contact with
the current collector. Thus, LTO-to-LTO particle contacts provide sufficient
electronic conductivity to allow particles multiple LTO particle distances from the
current collector to contribute to battery capacity. Electrodes of different LTO
loadings (and hence different thicknesses) were also prepared and tested
(Shown in Figure 9). An inverse relationship was observed between particle
loading and rate capability of the particle coin cells. Thus, there are limits to the

electrochemical capacity that can be extracted from particles far from the current

20



collector, particularly at higher rates of charge/discharge. This was likely due to

the increased resistance experienced by the electrons that had to traverse the

extra distance via particle-to-particle LTO contact, as well as the lower lithium-ion

accessibility to LTO close to the current collector for the thicker films. These

results above, when combined, indicate that the LTO particles should be able to

cycle when in contact with the current collector in the flow cell, and that capacity

can also be contributed by particles far from the current collector if particle

loadings are high enough to allow aggregates of particles that are interconnected

to come into contact with the current collector.
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Figure 9. Cycling performance of LTO particle coin cells loaded with (a)
5.35, (b) 8.74, (c) 26.75, and (d) 40.14 mg LTO. Cycling currents relative
were the same (adjusted for active material mass) for the different LTO
loadings. The charge/discharge rates used were 0.1C (first 2 cycles),
0.2C (cycles 3-6), 0.5C (cycles 7-10), 1C (cycles 11-14), 2C (cycles 15-
18), and 5C (cycles 19-22), and 0.2C (cycles 23-26). 1C assumed to
correspond to 174.55 mA g for calculation of C rate.

The charge/discharge voltages for the particle coin cells were very flat with
plateaus near 1.55 V, indicating minimal electrode polarization. Interestingly, the
particle coin cell had an even lower difference between the average charge and
discharge potentials, even though the particle cell does not contain conductive
additives or binders. We attribute this observation to the excellent electronic and
ionic conductivity of LTO material [58]. Although the initial electrical conductivity
of LTO has been reported to be 10® ~ 1013 S cm™ [59], the conductivity has been
demonstrated to rise sharply to 10° S cm™ after very low levels of lithiation and

can be regarded as a conductor [58]. The electrochemical performance of the
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particle coin cells demonstrated that conductive additives were not necessary to
effectively charge and discharge the LTO material when in contact with the
current collector. These results provided additional motivation that a flow battery
of LTO dispersed in electrolyte could be effectively charged and discharged

through the contact of LTO particles with the current collector.

3.4. Rheological Characterization

Before evaluating the LTO material in custom flow geometries, we determined
the rheological properties of LTO powder dispersed into the electrolyte. The
rheological properties of a dispersed flow battery system are important both from
an energy efficiency perspective and from a performance perspective. With
regards to energy efficiency, the higher the viscosity of the particle-laden
suspensions, the greater the energy demands of the pumps to move the particle
dispersion through the flow battery system. Assuming the energy to drive the
pumps is also provided by the flow battery, this parasitic energy loss will need to
be considered in optimization of the overall energy efficiency of the battery [39].
Some slurry flow batteries have extremely high viscosities, for example a recently
reported value of more than 2 Pa-s for the mixture of LCO and Ketjen additive,
and thus high pumping energy demands are necessary to flow such a slurry [34].
From a performance perspective, the rheological properties of the suspension
will impact the distribution of particles in the suspension, the access of material to
the current collector, and the collision frequency and residence time for the

particles in contact with the current collector. Based on previous studies [60, 61],
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various factors contribute to the rheological behavior, such as particle size and
morphology, salt concentration, temperature and pressure, and particle loading.
Thus, considering the critical influence of particle loading on both rheological
properties and the energy density of the suspension, we measured the viscosity
of our LTO particle suspensions as a function of applied shear at a variety of

particle loadings.
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Figure 10. The viscosity as a function of shear rate for the particle-free
electrolyte (1.2 M LiPF¢ in EC/EMC = 3:7 solvents, black squares) and
the electrolyte laden with 5 (red circles), 10 (blue triangles), and 20
(purple pentagons) vol% LTO.

Figure 10 displays the viscosity as a function of shear rate for the particle-free
electrolyte (1.2 M LiPFs in EC/EMC = 3:7 solvents as described in the
Experimental section) and the electrolyte laden with 5, 10, and 20 vol% LTO. The
electrolyte both with and without particles displayed shear-thinning behavior, with
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the viscosity decreasing with increasing shear rate [60]. The particle-free
electrolyte showed a Newtonian behavior with a flat plateau at shear rates higher
than 10 s [60]. The viscosity for all samples changed multiple orders of
magnitude over the shear range investigated. We also noted that the viscosity
increased with a higher LTO loading. For the lowest particle concentration of 5
vol%, the measured viscosity was close to that of the particle-free electrolyte at
low shear rates. The drag force provided by the LTO particles in the electrolyte
became more pronounced at higher shear rates. This behavior indicates that at
the lowest concentration (5 vol%), the LTO particles had only a minor influence
on the viscosity of the fluid dispersion. However, at 10 and 20 vol% LTO
concentration, the viscosities were significantly higher than particle-free
electrolyte and 5 vol% LTO within the whole range of applied shear. Also, the
Newtonian plateau at higher shear rate disappeared, and instead an extended
shear-thinning behavior was observed when LTO was dispersed at the two
higher concentrations. This behavior is consistent with the extreme shear-
thinning behavior of flocculated metal oxide suspensions [62, 63] and previous
research on LTO suspensions, which have reported that the flocculated network
breaks up into smaller flocculates after sufficient shear, resulting in the steep

decrease in viscosity [61].

The relation between the viscosity and shear rate in the shear thinning region
can be described by a power law or Ostwald—de Waele relationship [64], taking

the form of Equation 5, where n is the viscosity, y is the shear rate, and K and n
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are fitting parameters. K is known as the flow consistency index, giving the
viscosity at a shear rate of 1 s. The dimensionless power law index describes
the behavior compared with a Newtonian fluid. For a Newtonian fluid, n = 1; for a
shear-thinning fluid, n < 1 and for a shear-thickening fluid n is greater than 1.
n=Ky* (5)

Experimental data from the LTO suspensions in Figure 5 were used to obtain the
fitting parameters K and n. The fits of the 5 vol% LTO suspension was K = 0.18
and n = 0.44 (R? = 0.98); the 10 vol% LTO suspension was K = 0.96 and n =
0.39 (R? = 0.99); and the 20 vol% LTO suspension was K = 7.80 and n = 0.38
(R? = 0.97). These results and the quality of the fitting parameters further
confirmed the shear-thinning behavior of the LTO suspensions [60]. The
increasing K values with increased patrticle loadings indicated that suspensions
with higher loadings generally have greater viscosities as would be expected;
however, the decreasing n values with increased particle loading indicated that
suspensions with higher loadings have more extensive shear-thinning behavior.
The greater shear thinning with increased particle loading is consistent with the
higher loading being more flocculated, with the flocs becoming less stable and
breaking up with sufficient applied shear. We also note that the n values are very
close for 10 vol% and 20 vol% LTO, indicating that the transition to a more
flocculated suspension occurs between 5 vol% and 10 vol% LTO. The observed
shear-thinning is important to the operation of a solid dispersion flow battery,
because the rheological data indicate that there will be advantages from a

perspective of reducing the suspension viscosity to operating at higher shear
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rates. A higher shear rate of the suspension means a higher flow rate in the
tubing and the electrochemical channels of a flow cell. While the flow battery
cannot be operated at an arbitrarily high flow rate, operation beyond the limit
where flocs break up would be desirable from the standpoint of reducing
suspension viscosity. Also, the increases in viscosity for higher LTO
concentration means that there is a trade off in the flow cell between energy
density and energy efficiency. Future studies will be conducted to understand the
structure of the particle aggregates and the conditions that control the onset of

the flocculation.

3.5. Vial Cell Electrochemical Characterization

In advance of constructing a full flow cell to characterize the dispersed patrticle
electrolyte suspensions, a “vial cell” as described in the Experimental section
was used to characterize our particle suspensions electrochemically. The
advantages of the vial cell are that it is relatively less time consuming to construct
than a flow cell and it is not susceptible to clogging of pumping elements
because all of the particle contact with the current collector was implemented via
stirring. As described previously, the particles were kept dispersed in the
electrolyte in the vial cell via a rotating stir bar and electrochemical reactions
occurred at the surface of an aluminum wire current collector. A piece of lithium
foil, separated from the suspension by being wrapped in separator material, was
used as the counter and reference electrode. To characterize the discharge of

the LTO suspension, Chronoamperometry (CA) was performed for LTO
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suspensions of different loadings. The primary objective of the vial cell
experiments was to investigate the relationship between particle loading in the

electrolyte and electrochemical activity.

For the vial cell CA experiments, a fixed discharge potential of 1.2 V was used
and the current was measured for 120 seconds. This voltage was chosen
because it was below the 1.55 V typical discharge plateau of LTO, but above the
potential where electrolyte decomposition and lithium aluminum alloy formation
would be expected to compete with lithium intercalation for the currents
measured [65-67]. The short measuring time of 120 s was chosen because it
was enough to observe a stable current output and time-efficient to perform the
tests. The results of CA using the vial cell for increasing particle loadings in the
electrolyte dispersions can be found in Figure 1la. The electrolyte without
particles dispersed was used as a control, and as expected the measured current
was very low, with the steady-state value approaching 0 mA. Compared with the
electrolyte, all the other samples achieved a measureable current output (the
currents were negative because the cell was discharging). Therefore, the LTO
particles in the suspension were the source of the observed electrochemical
activity. To further understand if the reactions were caused by lithium insertion
into the LTO particles, cyclic voltammetry (CV) testing was performed for these
suspensions in the vial cell at 5 mV s and the results are shown in Figure 11b.
The reduction and oxidation peaks were around 1.55 V. No other peaks were

observed, indicating no other major redox reactions were occurring in the vial cell
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system except for the desired oxidation/reduction of LTO. The electrochemical
responses that were observed could have been caused either by LTO particles

attached on the aluminum wire or by the particles in the suspension colliding with

the aluminum wire.
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Figure 11. (a) Chronoamperometry (CA) profiles at 1.2 V and (b) cyclic
voltammetry (CV) scans at the rate of 5 mV s? for the particle-free
electrolyte and the electrolyte laden with 5 (red), 10 (blue), and 20 (purple)
vol% LTO as measured in the vial cell. Inset in (a) is the steady state
current as a function of the LTO concentration in the suspension.

To provide insights into whether electrochemical activity originated from attached
or colliding LTO particles, a CA test was performed in the vial cell where the
suspension stirring was halted during the test. If the electrochemical activity was
from adsorbed particles, the current signal would be expected to remain
approximately constant, while if the current was due to colliding particles we
expected the measured current to drop to approximately zero due to the absence
of stirring initiating particle collisions with the current collector. This CA

experiments was conducted at 1.2 V with the 10 vol% LTO suspension. As
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shown in Figure 12a, when the stirring was stopped at ~ 160 s, the current
response quickly dropped to the background level. The measured current
increased back to ~ 0.2 A as the stirring was resumed at ~ 360 s. The results in
Figure 12a demonstrate that the discharge current from the LTO suspension is
dependent on the agitation of the solution provided by stirring. The results above
lead us to conclude that the electrochemical reactions observed were due to
lithium insertion and extraction into/out of LTO particles as they collided with the
aluminum wire current collector and that statically adsorbed LTO patrticles on the
current collector provided a negligible contribution to the observed
electrochemical reactions, at least after sufficient timescales to discharge the

adsorbed particles.
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Figure 12. (a) Chronoamperometry (CA) profiles at 1.2 V with the stirring
halted during the test, (b) Chronopotentiometry (CP) profiles with applied
discharge currents 0.02, 0.05, 0.10 mA, and (c) discharge and charge
curves for the vial cell with an LTO concentration of 10 vol%.
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As shown in the insert of Figure 1la, the discharge current linearly increased
with the LTO concentration. This dependence of the measured CA current on
LTO loading could be caused by the change in the collision frequencies of LTO
particles on the aluminum wire for increased LTO loading. In the simplest case
where the LTO particles were discrete units, a higher LTO concentration would
provide more LTO particles within the range of the electron transfer distance from
the aluminum wire, and hence more LTO patrticles would be able to collide on the
aluminum wire and subsequently were discharged, resulting in the increased
observed output currents. In addition, as discussed previously, rheological data
suggested a more flocculated particle structure formed as the suspended patrticle
concentration was increased. The flocculated aggregates would promote inter-
particle charge transfer, further increasing the discharge current. The idea of
inter-particle charge transfer providing electrochemical capacity from particles not
in direct contact with the current collector is further supported by the results from
our particle coin cells, which indicated LTO particles far from the current collector
contributed to the electrochemical capacity of the cell. The electrochemical
plateaus had surprisingly little noise in the measured current for the first ~ 20 s of
each CA curve, especially when compared to the steady-state current. This
behavior was attributed to the electrochemical activity of a small amount of LTO
powder attached on the aluminum wire. These attached particles were
discharged as soon as the test started and were fully discharged quickly due to
their small total capacity in the system. The steady-state current plateau;

however, was attributed to the electrochemical discharge of LTO particles from
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the suspension colliding with the aluminum surface. We note that the CA curves
were not flat but had fluctuations in the measured current. We attribute the
fluctuations of the CA curves to the LTO particles not being perfectly
homogeneously dispersed within the electrolyte. Thus, the concentration of LTO
particles near the current collector, as well as number of particles/aggregates in
direct contact, varies at any given instant. This local inhomogeneity in the
dispersion results in the fluctuation in the observed current because when more
total particles/aggregates were in contact with the current collector, greater

electrochemical current was produced.

The CV curves in Figure 11b also were influenced by the LTO concentration in
the suspension. The CV results were consistent with the CA measurements from
the perspective that there was an increase in the measured current as the LTO
loading was increased. During electrochemical reduction of the LTO in the CV
scan, a typical CV peak is not observed. These CV scans were not taken in
quiescent solution, but instead were in a highly turbid constantly stirred
suspension. We attribute the lack of a reduction peak and the increased noise in
the measured current at lower voltages on reduction to the electrochemical
reactions in this regime being limited by the collision rate of particles in the
suspension with the current collector wire. An interesting phenomenon observed
in the CV curves was that there were significant oxidation peaks, even though
only a very small fraction of the LTO particles (which initially should all be in the

oxidized state) have been reduced. We estimate the fraction of the LTO material
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in the suspension that has been reduced before the oxidation half cycle to be
only < 0.01% of the total electrochemical capacity within the dispersion. Thus, the
significant LTO oxidation peaks in the CV scans indicate that some of the same
LTO particles that participated in electrochemical reduction were still available to
collide with the aluminum current collector and participate in electrochemical
oxidation reactions on the aluminum wire current collector. This may be because
the LTO particles were first discharged on the surface layer and refreshed before
being expelled to inner layers [68], thus the number of particles that were
discharged on the surface was much more than 0.01% of the total number of
particles, even though the mass of total material that was discharged was less
than 0.01% of the total capacity based on the LTO mass available. In addition,
the discharged/lithiated LTO particles had a much higher conductivity than fully
charged particles, thus the partially discharged LTO will have a relatively low
resistance to electron transfer, in particular relative to the fully charged LTO [68-
70]. Thus, even though only a small mass proportion of LTO was discharged, the
observed oxidation peak was still significant. The inter-particle charge transfer,
as discussed previously, may also contribute to the observed LTO oxidation. The
polarization of the CV curves was observed to be independent of loading of LTO
particles. Great care was taken to use the same aluminum wire, lithium foil, and
the wire-foil separation for all measurements at the different loadings and hence
the IR drop associated with these components would be expected to equivalent

for all the measurements [71].
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To further characterize the discharging behavior of the vial cell system,
chronopotentiometry (CP) testing was performed for the 10 vol% sample with
aluminum wire as the working electrode and lithium foil as the counter and
reference electrode. For currents of -0.02, -0.05, and -0.10 mA, the potentials
measured for the vial cell are shown in Figure 12b. Decreasing steady-state
potentials were observed as the current was increased, consistent with previous
reports [41, 53, 72-74]. The observed behavior was attributed to the increased IR
drop in the vial cell with increasing current. The open cell voltage (OCV) was
measured to be 1.57 V, and the steady-state potentials for 0.02, 0.05 and 0.10
mA discharge currents acquire were 1.54, 1.49 and 1.40 V, respectively. These
results were consistent with an almost linear decreasing relationship of the IR
drop with increasing current. We note that the CP curve for the 0.10 mA test was
relatively unstable compared to the 0.02 mA and 0.05 mA currents. We speculate
that at 0.10 mA we are starting to reach the limits of the stable current that we
can draw for the stochastic particle collision process, at least for the level of
agitation and amount of exposed surface area on the current collector in the vial

cell as was constructed for the measurement.

Constant current discharging and charging was performed with the vial cell to
demonstrate the viability of charging and discharging the vial cell as a battery.
The constant current charge/discharge tests were performed using the 10 vol%
dispersion. As shown in Figure 12c, the cell was first discharged at 0.05 mA for

10 minutes and was then switched over to charge at 0.05 mA, with the cell being
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successfully charged for 3 minutes before hitting the upper voltage cut-off of 2.1
V. The charge and discharge plateaus were both at ~ 1.55 V, consistent with
lithium insertion and extraction into/out of LTO particles with low polarization [40,
41, 51-53]. While the total capacities charged/discharged were relatively low (the
total discharge capacity was 8.33 x 10 mAh and the total charge capacity was
3.18 x 10 mAh, corresponding to < 0.01% of the capacity of the LTO particles in
the suspension), full discharge and charge of the cell would have been
impractical because of the relatively low current densities in the vial cell. The
columbic efficiency also appears artificially low because most of the discharged
material was exchanged into the solution laden with LTO particles in the oxidized
state, limiting the total capacity available. The primary purpose of the test was to
demonstrate 1) that the vial cell was capable of charge and discharge with
colliding LTO particles, and 2) that the polarization during charge and discharge
was low. Both of these principles were demonstrated in the vial cell, and thus we
moved to finally demonstrating electrochemical capacity of the LTO suspension

within a custom flow cell geometry.

3.6. Flow Cell Electrochemical Characterization

Although the vial cell system provided insights into the electrochemical properties
of LTO suspensions, a flow cell was constructed to demonstrate electrochemical
capacity for the LTO suspensions in a flow battery system. We assembled a
custom flow cell (Figure 5b) using the 10 vol% LTO suspension. The 10 vol%

LTO suspension was chosen to minimize clogging the tubes that carried the

38



electrolyte while still providing adequate electrochemical capacity. The flow rate
used for the LTO suspension through the flow channel and tubing was 120 mL

min,

A CA test was performed for the flow cell at a fixed potential of 1.2 V, the same
potential used with the vial cells, and the results are shown in Figure 13a. The
CA curve displayed similar behavior to that observed for the vial cell. The
significant current measured in excess of the baseline confirmed that the LTO
particles were discharged in the flow cell. CV was used to further confirm that
there was electrochemical capacity from the LTO within the flow cell (Figure 8b).
The redox peaks at ~ 1.55 V were consistent with the lithiation and delithiation of
LTO particles [40, 41, 51-53]. Similar to the vial cell, the current output fluctuated
due to the local inhomogeneity of the LTO suspension. The CV profile in the flow
cell was similar to the vial cell, although the oxidation peak was much smaller.
This was because the amount of LTO material in the flow cell experiment was
larger than the amount used in the vial cell, while the surface area available from
the current collector was less, resulting in a decrease in the relative amount of
LTO particles discharged. This difference in cell geometry resulted in the
absence of an LTO oxidation peak because of the limited amount of discharged
LTO particles in the flow channel. In the flow cell, the oxidation current was
smaller relative to the vial cell because a much smaller portion of LTO particles

were discharged; and the “peak” was broadened because the residence time
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was short and the reaction was not limited by lithium-ion diffusion but rather by

the available discharged LTO particle concentration.
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Figure 13. (a) Chronoamperometry (CA) profile at 1.2 V, (b) cyclic
voltammetry (CV) scan at the rate of 5 mV s, and (c) discharge and
charge curve for the flow cell with an LTO concentration in the electrolyte
of 10 vol%.

A constant current discharge and charge was also performed for the same 10 vol%
sample (Figure 13c). The profile used was similar to the vial cell described
previously. A constant current discharge was performed at 0.02 mA for 10
minutes, followed by a constant current charge at 0.02 mA that reached the
upper voltage cut-off after ~ 4 minutes. The discharge plateau was at ~ 1.55 V,
and the charge cycle starts at a plateau at ~ 1.55 V before quickly increasing in
potential. The capacities were of 3.33 x 10 mAh for discharge and 1.49 x 103
mAh on charge. It is not surprising that only a fraction of the discharge capacity is
recovered on charge, as a very small portion of LTO particles were discharged.
Interestingly, the columbic efficiency of the flow cell was higher than what was

observed for the vial cell. This may have been due to the lower current used with

41



the flow cell test (0.02 mA) compared to the vial cell test (0.05 mA). Also, we note
that the charging curve has more noticeable fluctuations and a greater
polarization relative to the vial cell. This is because the vial cell had constant
access to the discharged particles during testing while the flow cell was only able
to charge the small portion of the discharged particles that was in the flow
chamber at any given time. While the capacities obtained in this cell are relatively
modest, they successfully demonstrate the galvanic cycling of a solid dispersion
LTO flow battery that relies on collision of LTO particles with the current collector
to store and deliver electrochemical energy. Future efforts will be taken to
increase the power of the cell to achieve full discharge and charge cycles within

practical time limits.

It is instructive to discuss the solid dispersion flow system relative to existing flow
battery systems. Assuming that we can achieve capacities for the LTO in our
LTO dispersions comparable what was reversibly measured for our LTO particle
coin cells, the anolyte within our flow cell setup would be able to achieve a
capacity of 55.6 mAh g (total anolyte mass basis) with a viscosity of ~ 0.17 Pa-s
at 20 vol% LTO loading. Some of the highest reported vanadium anolyte
concentrations for vanadium redox flow batteries have theoretical capacities and
viscosities within a similar range [75], however, the dispersion flow battery has
the advantages of the ability to pair our anolyte with higher voltage lithium-ion
catholyte materials and we are exploring the possibility of increasing LTO particle

loading which would result in an even higher capacity dispersion. Also, relative to
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the semi-solid flow battery systems reported in the literature [34], for similar
particle volume loadings of particles the solid dispersion flow battery system
reported here operates without carbon additives and has a much lower viscosity.
The energy density for the solid dispersion flow battery is only dependent on the
energy density of the solid active material itself and the volume fraction of the

active material that can be stably dispersed and efficiently pumped.
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4. Conclusions and Recommendations

A Solid Dispersion Flow Battery consisting of an organic lithium-ion electrolyte
laden with LisTisO12 (LTO) was demonstrated and characterized
electrochemically with a unique and systematic approach. It was found that LTO-
to-LTO particle contacts provide sufficient electronic conductivity to allow
particles multiple LTO particle distances from the current collector to contribute to
battery capacity. The LTO suspension has a shear-thinning behavior and the
current output of the LTO suspensions was linearly dependent on the LTO
concentration. Electrochemical characterization of LTO dispersions in custom
flow geometries indicates electrochemical capacity is provided by collision of
LTO particles with the current collector, and that design of a flow cell relying on
collision from a particle dispersion can be successfully reversibly
electrochemically oxidized and reduced. The characterization methods described

in this work provide a systematic step-by-step method to study flow batteries.

A Solid Dispersion Flow Battery system inherits the advantages of conventional
redox flow batteries to decouple the power and the energy in the system,
providing the flexibility to independently adjust and design the power and energy
requirements for an application. This system also has the potential to provide a
much higher energy density with a lower viscosity comparing with vanadium flow
battery and semi-solid flow battery, provided that the anolyte described in this
study can be paired with a suitable catholyte. To further develop the technology,

the catholyte will follow the same design of the LTO anolyte. The cathode
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material particles will be dispersed in the same electrolyte to serve as the counter
electrode. To cycle the full cell, both the catholyte and the anolyte will be pumped
through the electrochemical cell with aluminum current collectors on each side
and a separator in between, similar as a redox flow battery. Future research
efforts will also need to be done to improve the power output of the solid
dispersion flow battery. Because even though this work demonstrated this type of

flow battery, the power output is relatively low.
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