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A B S T R A C T

Semi-solid flow batteries have been reported to have among the highest energy densities for redox flow
batteries, however, they rely on percolated carbon networks which increase the electrolyte viscosity
significantly. We report the first demonstration of carbon-free redox flow couples comprised of dispersed
lithium-ion battery active material suspensions, with sub-micrometer LiCoO2 (LCO) particles at the
cathode and Li4Ti5O12 (LTO) particles at the anode. Both electrochemical and rheological properties of the
LCO suspensions are reported and compared to previous reports for LTO dispersed electrochemical redox
couples. An LTO anode and LCO cathode full cell was constructed and reversible electrochemical redox
reaction of the dispersed particles was successfully demonstrated. This carbon-free dispersed lithium-
ion active material full cell provides a proof-of-concept for a system that lies between the relatively high
viscosity semi-solid flow cells with percolated carbon networks and the relatively low energy density
conventional flow cells comprised of dissolved transition metals, providing a system for future study of
the trade-off between energy density and viscosity for electrochemical flow cells that rely on solid active
materials.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Redox flow batteries provide the flexibility to independently
design the power and energy for applications by separating energy
storage via electrolyte storage tanks and the power output in the
electrochemical reaction cells [1,2]. This is important for large-
scale applications, and stationary flow battery technology has been
commercially demonstrated in kW and even MW scales in recent
years [3,4]. One challenge for many flow batteries is that the
solubility of the active species in the electrolyte is limiting the
energy density due to formation of inactive precipitates at high
concentrations [3,5,6]. Various efforts have been explored to
increase the energy density, for example, polymer based flow
batteries [7–10], new active materials [11,12], ionic liquids [13], and
hybrid flow batteries with multiple redox couples [14]. Another
* Corresponding author at: Department of Chemical Engineering, University of
Virginia, 102 Engineers Way, Charlottesville, VA, USA, 22904�4741, Tel.:+ 1 434 982
2714, fax: +1 434 982 2658.

E-mail address: gary.koenig@virginia.edu (G.M. Koenig).

http://dx.doi.org/10.1016/j.electacta.2017.01.061
0013-4686/© 2017 Elsevier Ltd. All rights reserved.
recently explored redox flow battery, so-called semi-solid flow
battery, bypasses the limitation of active material solubility on
energy density by starting with solid active material particles in
the electrolyte. This technology is promising because it provides
significant improvements in energy density and also uses lithium-
ion active materials, which results in a high operating voltage
[15,16]. However, the high viscosity of the carbon-percolated
electrolyte in these systems is a challenge due to the relatively high
parasitic energy required to pump the semi-solid electrolyte
[16,17]. Recently, our group reported initial results for a system that
lies between conventional flow batteries (relatively low viscosity
and energy density) and semi-solid flow batteries (relatively high
viscosity and energy density) by dispersing a lithium-ion battery
active material within an electrolyte and reversibly electrochemi-
cally oxidizing and reducing the active material particles during
collisions with a current collector in the suspension [18]. Relatively
low viscosities are achieved by not adding carbon to form a
percolated network in the system while theoretically high energy
density is maintained by starting with solid electroactive
materials. This previous initial report of what was termed a
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“dispersion flow battery” redox couple was a half-cell demonstra-
tion that paired a lithium metal anode with a target anolyte
material dispersion containing Li4Ti5O12 (LTO) active material.
However, a target catholyte material for a carbon-free solid
dispersion flow battery has previously not been reported, nor has a
reversible full cell comprised of only dispersed lithium-ion active
material particles for both the anode and cathode reactions.

Herein, we detail the first report of a carbon-free solid
dispersion flow battery target catholyte material by using LiCoO2

(LCO) as a redox couple. LCO was chosen as the target cathode
material for a solid dispersion flow redox couple because of its
relatively high electronic and ionic conductivities relative to other
common lithium-ion cathode materials [19]. High ionic and
electronic conductivity are necessary such that ambipolar diffu-
sion is sufficient to not result in a prohibitive resistance in the
collision electrochemical environment without carbon additives in
a supporting electrode [18,20]. LCO’s conductivity has previously
been reported to be sufficient to provide full charge/discharge
cycles of thick carbon-free pellet electrodes, suggesting charge and
discharge of LCO particles in contact with a current collector while
dispersed into an electrolyte should be possible [21]. LCO is also
one of the most widely used cathode materials and both structural
and electrochemical properties have been reported in the
literature [22–27]. LCO has a discharge voltage of �4.0 V vs. Li/
Li+ and a high energy density [28,29].

We also report the first demonstration of an electrochemical
dispersion cell comprised exclusively of solid dispersions of
electroactive lithium-ion battery particles by pairing carbon-free
solid dispersions of a catholyte containing LCO and an anolyte
containing LTO. A full cell with LCO as the cathode and LTO as the
anode in a conventional static lithium-ion battery cell has
previously been reported to have a stable �2.5 V cell voltage
[30], which would be significantly greater than the average
discharge voltage of common conventional flow batteries such as
vanadium-containing systems [31]. While the power density of the
initial electrochemical cell in this report is very low, the theoretical
capacity and cell voltage of a solid dispersion electrochemical cell
with LTO and LCO shows promise in flow-based electrochemical
energy storage applications.

2. Experimental

2.1. Preparation and Characterization of LCO and LTO Materials

The synthesis of LCO was described in detail in a previous report
[32]. In brief, CoC2O4�2H2O precursor was synthesized via a co-
precipitation method. Equal volume of 0.1 M (NH4)2C2O4 and 0.1 M
Fig. 1. Schematic of cell configurations: (a) a vial cell with the aluminum wire in the LC
anode; (b) a full cell with aluminum wires in the LCO suspension as the cathode curre
Co(NO3)2 solutions were mixed at 60 �C to form CoC2O4�2H2O. The
solid particle precipitates were dried at 80 �C before being mixed
with LiOH and calcined in a Carbolite CWF 1300 box furnace in an
air atmosphere. The mixture was fired to 800 �C at a rate of 1 �C/
min before turning off the furnace and allowing cooling to ambient
temperature. The LCO product was milled to smaller particles
through a wet soft milling procedure on a roller (US Stoneware)
with zirconia beads.

LTO (NEI Corporation) powders were used as delivered. The
characterization of the LTO material from NEI has been reported
previously by our group and others [18,33,34]. The electrolyte
(BASF Corporation) in the LCO suspensions and all electrochemical
tests was 1.2 M lithium hexafluorophosphate (LiPF6) in ethylene
carbonate (EC) and ethyl methyl carbonate (EMC) with EC:
EMC = 3:7 by volume ratio. The LCO suspensions of different
loadings (0.5 vol%, 5 vol%, 10 vol%, 20 vol%) were prepared by
mixing LCO powders with electrolyte under stirring overnight
within an argon-filled glove box (with concentrations of O2< 1
ppm and H2O < 1 ppm) at room temperature. The LTO suspension
was prepared in the same way. Rheological characterization of the
LCO suspensions were performed with an Anton Paar rheometer
(Physica MCR 301, with a 5 cm plate-plate geometry). Scanning
electron micrograph (SEM) images were taken for both LCO and
LTO with a Quanta 650 SEM.

2.2. Electrochemical Testing

2.2.1. Conventional Coin Cell Fabrication
Electrochemical characterization was done by using CR2032

type coin cells with the LCO electrode as the cathode and lithium
foil as the anode for half-cell tests and an LTO electrode as the
anode for full cell tests. The electrodes were separated by a
polypropylene/polyethylene/polypropylene trilayer membrane.
LCO or LTO electrodes used in coin cells were fabricated from
slurries comprised of 80 wt % LCO or LTO powder, 10 wt % carbon
black as conductive additive, and 10 wt % polyvinylidene fluoride
binder (PVDF) dissolved in N-methylpyrrolidone (NMP, Sigma-
Aldrich1). The slurry was agitated in a slurry mixer for 5 minutes
and pasted (with a doctor blade) 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 h.

2.2.2. Particle Coin Cell Fabrication
Electrodes composed of only LCO particles as the electrode

material without binders or conductive additives on the aluminum
foil were prepared. LCO particles were suspended in acetone
(Fisher Scientific), dropped on pre-punched aluminum foil discs
O suspension as the cathode current collector and lithium foil in a glass tube as the
nt collector and in the LTO suspension as the anode current collector.
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(1.6 cm2), and then dried in a vacuum oven at 70 �C for 2 h. A coin
cell using the as-prepared electrode was referred to as a “particle
coin cell”.

2.2.3. Conventional and Particle Coin Cell Electrochemical
Characterization

All coin cells were assembled in the glove box. The galvanostatic
charge-discharge cycling of coin cells was performed on a Maccor
battery cycler. For all cycling tests where C rates are given, 1C was
assumed to be 180 mA g�1with the mass being the mass of LCO and
the current was adjusted by the amount of LCO active material in
the electrode.

2.2.4. Active Material Suspension Characterization in Customized Cells
A customized cell (referred to as a “vial cell”) as illustrated in

Fig. 1a was set up in the glove box to perform half-cell tests. An
aluminum wire (9.4 cm2, Alfa Aesar) was immersed in an LCO
suspension of a desired particle loading. Lithium foil, which was
attached to a copper foil extended to the external circuit, was
immersed into the electrolyte within a glass tube and separated
from the LCO suspension by a trilayer membrane separator. A
potentiostat (Bio-Logic, SP-150) was used to perform electrochem-
ical tests while the suspension was agitated by stirring.

Another customized cell was set up in the glove box to perform
full cell tests as illustrated in Fig. 1b. An aluminum wire (14.1 cm2,
Alfa Aesar) was immersed in a 0.5 vol% LCO suspension and
another one in a 1 vol% LTO suspension. The two electrodes were
separated by three polypropylene/polyethylene/polypropylene
trilayer membranes to prevent active material crossover. The
potentiostat was used to perform electrochemical tests while both
suspensions were agitated by stirring.

3. Results and Discussions

3.1. Electrochemical Characterization of the LCO Coin Cells

We adopted a synthesis method to produce sub-micrometer
sized LCO material that had been previously reported [32], because
sub-micrometer sized or nano-sized particles are needed to form
stable suspensions in the electrolyte and we were not able to
obtain suitable sized commercial LCO materials. Fig. 2a displays
typical charge/discharge profiles for the first 4 cycles of a Li/LCO
Fig. 2. Charge/discharge profiles for cycles 1 (red), 2 (blue), 3 (green), and 4 (purple) f
discharged at a rate of 0.1C between a voltage window of 2.5 to 4.5 V.(For interpretation of
of this article.)
cell with the LCO distributed within a conventional composite
electrode. The voltage window for the cell was 2.5 � 4.5 V and the
charge/discharge rate was 0.1C. The voltage profile was consistent
with previous reports on LCO materials [22,28,29,35–39]. The first
charge capacity reached 196 mAh g�1 with a discharge capacity of
171 mAh g�1. We attribute the loss of capacity during the first cycle
to both SEI formation and electrolyte decomposition at the
relatively high cutoff voltage [40–42]. Subsequent cycles after
the first charge/discharge had coulombic efficiency of >95%.

Two key differences between electrochemical oxidation/reduc-
tion of LCO particles in a conventional lithium-ion battery
composite electrode compared to dispersion of the active material
particles in a flowing electrolyte are that 1) the dispersion system
does not contain conductive carbon additives and binder materials
and 2) due to the active material being dispersed in the electrolyte
only the LCO material in contact with the current collector at any
given time participates in the electrochemical reaction. Therefore,
we fabricated particle coin cells described in the Experimental
section to confirm the electrochemical activity of the LCO material
directly deposited on the current collector and in the absence of
binders and conductive additives, which is more similar to the
environment the LCO material will experience in the custom flow
cells. The first 4 charge/discharge profiles for a Li/LCO particle coin
cell using the same C rate and voltage window as the conventional
LCO electrode coin cell are shown in Fig. 2b. The initial charge
capacity was 179 mAh/g, while the discharge capacity was 140
mAh/g. The overall capacity was lower than the conventional coin
cell and only 78% capacity was retained for discharge in the first
cycle. The capacity on following cycles dropped significantly and
only 42% of the discharge capacity was retained after only four
cycles at 0.1C. We attribute the loss in discharge capacity to the
volume change of LCO particles during cycling, which caused
disconnection of loosely packed LCO particles from the current
collector, resulting in a loss of capacity [43]. Particle coin cells
containing LTO retain a much greater fraction of initial discharge
capacity with cycling at low rates of charge/discharge (see [18] and
Fig. S1 in the Supplementary Materials) compared to the LCO
material. LTO has been reported to be a zero-strain material that
does not undergo volume change during cycling, while LCO has
been reported to have volume changes of �2.3% during charge/
discharge [44–46]. We thus suspect the strain from the volume
change of the LCO material accelerates the disconnection of
or (a) a LCO conventional coin cell and (b) a LCO particle coin cell, both charged/
 the references to color in this figure legend, the reader is referred to the web version
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material from the current collector due to mechanical forces
accompanying the particle strain and accelerates the fade in the
discharge capacity for LCO particle coin cells relative to LTO.
However, the initial charge capacity for the LCO particle coin cell
was close to that observed for the conventional LCO coin cell and
the potential for lithium extraction and insertion was not
significantly impacted, suggesting that the LCO particles can be
successfully charged and discharged without conductive carbon
additives or binders. Thus, these results provided motivation and
support that a dispersion of LCO particles could be effectively
charged and discharged through direct contact of LCO particles
with the current collector during collisions within a flowing
suspension.

3.2. Rheological Characterization

Before studying the electrochemical properties of the LCO
suspensions, the rheological properties of the LCO particles
dispersed in the electrolyte were investigated, and also were
compared to the rheological data reported for similar suspensions
containing LTO particles [18]. The viscosities as a function of shear
rate for LCO can be found in Fig. S2 in the Supplementary Materials.
Both the particle-free and particle-laden electrolytes show shear-
thinning behavior, with the viscosity increasing as the particle
volume fraction is increased across all measured shear rates. From
these data for LCO suspensions and previous data for LTO
suspensions [18], we have extracted the viscosity and relative
viscosity (the suspension viscosity divided by the carrier electro-
lyte viscosity) as a function of particle volume fraction at a shear
rate of 100 s�1 (Fig. 3). For equivalent volume fractions, the
viscosities of both the LCO and LTO suspensions are very similar.
This is consistent with the similar approximate sizes and
morphologies for both of the suspensions (360 � 140 nm for LCO
and 340 � 200 nm for LTO, representative SEM images can be found
in Fig. S3 in Supplementary Materials) [18,32]. Particle size has
previously been reported to have significant influence on
rheological properties of solid suspensions [47,48], where sus-
pensions with smaller solid particles generally have measured
higher viscosities [48,49]. The viscosity of metal oxide suspensions
are also dependent on the volume fraction of solid particles loaded
Fig. 3. The viscosities and relative viscosities for the particle-free electrolyte (1.2 M
LiPF6 in EC:EMC = 3:7 solvents) and the electrolyte laden with 5, 10, and 20 vol% LCO
(blue circle) and LTO (orange triangle) measured at 100 s�1.(For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
in the dispersion and can be modeled by the relationship in
Equation 1 [50,51].

h ¼ aebf ð1Þ
where h is the viscosity of the suspension, f is the volumetric solid
particle loading, and a and b are fitting parameters. The parameter
b indicates the viscosity’s exponential dependence on volumetric
loading. A higher b means a stronger exponential relationship with
f. With the extracted viscosity data for LCO and LTO at different
particle loadings, we can fit the data in Fig. 3 to this power law
relationship to extract the a and b parameters (the fit curves are
shown in Fig. S4 in the Supplementary Materials). For LTO,
aLTO= 0.0043 Pa � s and bLTO = 24.66 (R2 = 0.997); and for LCO,
aLCO = 0.0041 Pa � s and bLCO = 24.97 (R2 = 0.998). The high R2

correlation coefficients and a parameters being close to the
viscosity of the electrolyte (0.0039 Pa � s) indicate this is a good
model for LTO and LCO suspensions. The similar values for both a
and b in the fits for the measured viscosities of LTO and LCO
suspension indicate similar dependence of the viscosity on particle
loading and similar interparticle interactions in the suspensions.
Both suspensions have high values of parameter b, indicating that
the viscosities of both suspensions have strong dependence of
particle loading. The parameter bLCO is slightly greater than aLTO;
therefore, the viscosities of LCO suspensions are expected to
increase at a slightly faster rate than LTO suspensions. Neverthe-
less, the two suspensions showed very similar exponential
increase of viscosities over particle volumetric loading. While
higher particle loadings increase the energy density of the
electrolytes, the viscosity increases rapidly with the increased
loading. This trend opens a new challenging task for increasing the
energy density by increasing the loading. Surfactants have
previously been reported to help stabilize particulate suspensions
and decrease the viscosity [52,53], and future research efforts will
be needed on incorporating surfactants and determining the
detailed tradeoffs between loading and pumping requirements for
various electrochemical cell configurations.

3.3. LCO Dispersions Half Cell Electrochemical Characterization

Vial cells were used for electrochemical characterization of the
LCO dispersed in the electrolyte. As depicted in Fig. 1a, the cathode
is the LCO suspension with aluminum wire as the current collector,
while a single lithium foil is adopted as the anode and reference
electrode. This customized geometry was selected for three
reasons. First, the suspension can be easily and continuously
agitated to keep the LCO particles in suspension by rotation of the
magnetic stirring bar. Second, the distance between the cathode
and anode is controllable, reproducible, and kept small to
minimize the IR drop. Third, the cell is relatively easy to assemble
and disassemble for changing out different dispersion solutions for
analysis. Cyclic voltammetry (CV) was first adopted to confirm the
potentials of the redox reactions in the LCO dispersion electrolyte.
A typical CV scan at 5 mV/s for a 10 vol% LCO suspension is shown in
Fig. 4a. The oxidation reaction started at �3.9 V and the current
continued to increase, whereas the reduction curve showed a peak
at �3.8 V. The location of the onset potential for oxidation and peak
potential for reduction were consistent with the electrochemical
redox potentials for the LCO material in the suspension and
indicated that the LCO particles were electrochemically active for
lithium extraction/insertion and corresponding cobalt oxidation/
reduction in the flowing dispersion [32,38,54]. Note that the
cathodic current kept increasing without an obvious peak during
the scan. This was because the LCO suspension was being agitated
throughout the test and the current response was low, showing no
diffusion limitation for the continuous exchange of fresh



Fig. 4. (a) CV scans at the rate of 5 mV/s between 3.0 and 4.5 V (vs. Li), (b) CA profiles for the control electrolyte (black) and electrolyte with 10 vol% dispersed LCO (red) with
applied potential of 4.3 V, and (c) charge (10-minute cutoff time) and discharge curves for the vial cell with an LCO concentration of 10 vol% at a rate of 0.08 mA.(For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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electroactive LCO particles in the flowing environment. However,
an anodic peak was clearly observed, which we attribute to be a
consequence of the small amount of LCO material that was
oxidized during the cathodic scan. Thus, the reduction current was
quickly limited by the low concentration of the oxidized LCO and
the current decreased quickly as the anodic scan continued down
to 3.0 V because very little “charged” LCO was available in the
suspension. The CV scan suggests that the electrochemical
oxidation of LCO in the suspension was reversible. Also, we note
that the oxidation curve was fluctuating at high potentials
> � 4.3 V. We attribute this phenomenon to three factors: first,
the inhomogeneity of collision frequencies of LCO particles on the
current collector caused current fluctuations throughout the
experiments; second, this fluctuation was greater when a higher
voltage was applied because of the greater total currents in
response to the greater applied potential; third, the electrolyte
decomposition and aluminum corrosion also became significant
and contributed to the observed current at these high potentials
[55–58].

To demonstrate the ability of the LCO suspension to stably
undergo charging of the LCO material, a Chronoamperometry (CA)
test was conducted at a fixed charge potential of 4.3 V and the
results are shown in Fig. 4b. This voltage was chosen for the
experiment because it was above the initial redox charging
potential of LCO at �3.9 V (Fig. 2) and below a typical potential
where corrosion has been reported to provide significant current
for the aluminum current collector in the organic electrolyte [55–
58]. A relatively short two-minute test was used because this
amount of time was sufficient to provide a stable current signal.
The control experiment with electrolyte free of LCO particles had a
measured current of 0.068 � 0.017 mA over the last minute of the
test. We attribute the measured current to be primarily the initial
background current for electrolyte decomposition and aluminum
corrosion in the organic electrolyte [39,41,59,60]. The current
measured with the LCO suspension for the last minute of the test
was 0.175 � 0.008 mA, which after adjusting for the current
measured for the particle-free electrolyte suggests that
�0.107 mA current was due to the electrochemical oxidation
and de-lithiation of the LCO particles in the suspension. The
quickly dropping current in the first �20 seconds of the CA test
indicated that extra current was measured initially due to
electrochemical double layer formation and possibly a very small
amount of LCO particles attached on the aluminum current
collector [18,61]. We expect that the stable measured current of the
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last minute of the CA test was limited by LCO particle collision
frequency, the mass of LCO particles participating in electrochem-
ical oxidation at any given time, and the electronic/ionic
conductivity of LCO particles in the suspension [18,20], rather
than mass transfer diffusion limitations of lithium ions in the
electrolyte [62]. The detailed mechanisms and limitations of the
current density are currently under research, but the total mass of
active material on average participating in the electrochemical
reactions and in contact with the current collector likely plays a
major role in the resistance to transferring current in the system
[63]. We speculate that the amount of active material participation
plays a role because a higher loading of electroactive material per
current collector area has previously been reported to result in a
lower resistance in coin cell studies with composite electrodes
within a broad range of active material loading [64–66]. Previous
reports on LTO suspensions also demonstrated that the measured
current decreased for decreasing active material loadings [18,67].

A charge/discharge cycling test was performed to demonstrate
the electrochemical reversibility of the LCO suspension in a flow
battery-type environment. The test was performed with the 10 vol
% LCO suspension after the CV and CA test, and the results are
Fig. 5. (a) First charge and discharge cycle of an LTO/LCO conventional coin cell; (b) CV 

containing a 1 vol% LTO anolyte and 0.5 vol% LCO catholyte while stirring at 400 rpm; (c) a
0.5 and 3 V) on the same cell. The charge cycle was limited to 10 minutes.
shown in Fig. 4c. The suspension was first charged for 10 minutes at
a current of 0.08 mA (0.008 mA cm�2) before discharging at the
same current. The charge potential quickly reached a plateau at
�4.0 V and remained steady at that potential during the test
period. The discharge curve also showed a relatively stable voltage
at �3.8 V. This pair of charge and discharge potentials is consistent
with the particle coin cell cycling potential profiles at low depth of
charge range shown in Fig. 2b. This not only further confirmed the
reversible electrochemical reactions of LCO suspension, but also
indicates that the suspension can provide stable power supply
from the discharge of LCO particles at a low overpotential. We note
that less discharge capacity was achieved relative to the charge
capacity (0.013 mAh total charge capacity compared to 0.0015 mAh
total discharge capacity resulting in a coulombic efficiency of
11.5%). This was because only a small portion of the LCO had been
charged during the 10-minute period (0.013 of the �800 mAh total
available capacity available, or �0.002% of the total capacity in the
suspension). Due to the low concentration, most of the charged
particles may not be able to collide with the current collector
effectively to deliver capacity during the short discharge period,
resulting in a low coulombic efficiency. This cycling behavior is also
scan at 20 mV s�1 between 1.5�3.0 volts (relative to the LTO anolyte) of the full cell
 constant current charge at 0.02 mA and discharge at 0.001 mA test (cutoff voltages of
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similar to previous reports for LTO suspensions in terms of both
voltage profile and coulombic efficiency [18]. We did not perform a
full charge and discharge test because this 10-minute test was
representative enough to show the cycling reversibility; and full
cycling of the suspensions for this dispersion flow battery are
impractical with the existing current collector design. Due to the
small surface area of the aluminum current collector, only a very
small portion of active materials participate in the electrochemical
reaction at any given time, while the majority of the particles are
suspended in the electrolyte and do not contribute to the measured
electrochemical activity. However, all particles will eventually
exchange with those participating in electrochemical reactions
and hence contribute to the total cell capacity. We estimate that
with the current we are able to use for charge/discharge (kept low
to avoid large voltage drops) and the total amount of active
material in the suspensions, that a full charge and discharge of the
LCO suspension would take �7 months. We are actively
investigating methods to increase the current density while
avoiding a high viscosity interconnected carbon network, such
as modified current collector designs that promote greater average
amounts of active material being oxidized/reduced per area of
current collector.

3.4. Full Dispersion Flow Cell Electrochemical Characterization

Before constructing an LTO/LCO dispersion full cell with the
active materials dispersed in the electrolyte, first a conventional
LTO/LCO coin cell was constructed to confirm the expected charge
and discharge behavior for the paired materials in a full cell. Fig. 5a
shows the first cycle of a LTO/LCO conventional coin cell. The first
charge capacity reached 177 mAh g�1 with a discharge capacity of
149 mAh g�1 (both based on the mass of LCO) for a cell cycled at a
rate of 0.1C between the voltage window of 1.5 V to 2.8 V, resulting
a coulombic efficiency of 84.4%. The initial capacity of the LTO
electrode was approximately double the initial capacity of the LCO
electrode to minimize the possibility of lithium deposition during
cycling. The charge curve first showed a plateau at �2.4 V and then
slowly increased to the cutoff voltage of 2.8 V. The discharge curve
showed a corresponding behavior with voltage slowly decreasing
to the �2.4 V plateau. This was consistent with observations of
LTO/LCO cells in the literature [68,69]. Relative to Li/Li+, LTO has a
flat �1.55 V charge/discharge plateau, while LCO begins charging at
3.95 V and the voltage slowly increases as the extent of delithiation
increases [22,28,29,36,37,39,69]. We note that the discharge
capacity was slightly lower but close to the LCO half-cell capacity.
The discharge capacity being close to that observed for the LCO
half-cells was consistent with the high first cycle coulombic
efficiency of the LTO material (�0.7%) [18]. However, the full cell
charge capacity was slightly lower than the half-cell which we
attributed to the relatively low charge cutoff for our LTO/LCO cell.
The 2.8 V vs. LTO cutoff (�4.35 V vs. Li/Li+) in the full cell
was � 0.15 V lower than the 4.50 V charge cutoff voltage used in
the half-cell. Overall, this test confirmed the electrochemical
activity for the LTO/LCO full cell and provided expected potentials
for electrochemical activity for the experiments with LTO and LCO
suspensions.

A dispersed solid LTO/LCO full cell was constructed using the
setup illustrated in Fig. 1b and characterized electrochemically
with 0.5 vol% LCO suspension as the catholyte and 1 vol% LTO
suspension as the anolyte. Relatively low loadings of active
materials were used in this cell in order to achieve relatively
higher extents of charge in less time. The redox potentials for the
LTO and LCO suspensions with lower active material loadings were
confirmed to be comparable to the higher loading suspensions.
Cyclic voltammetry and galvanostatic charge/discharge testing
indicated the same reversible redox reactions for both 0.5 vol% and
10 vol% LCO suspensions (see Supplementary Materials, Figs. S5a-b
for 0.5 vol% LCO compared with Figs. 4a,c for the 10 vol% LCO
suspension), although the oxidation of LCO in the vial cell is more
complex to interpret due to electrolyte decomposition and/or
aluminum corrosion. The reversible redox behavior also has been
observed to be at similar potentials for LTO suspensions within the
range of 0.5 vol% and 20 vol%, as demonstrated in two previous
reports [18,67]. Chronopotentiometry results for a 1 vol% LTO
suspension (the same loading as used in the LTO/LCO full cell
experiment) in a vial cell paired with lithium metal can also be
found in Fig. S5c. The 1 vol% LTO suspension reached a plateau of
�1.55 V (vs. Li/Li+) in less than 3 minutes, and the measured redox
potential was consistent with measurements using the same
material within a 10 vol% LTO suspension as well as conventional
LTO electrodes in coin cells paired with lithium metal. A CV test on
the LTO/LCO dispersion full cell was conducted to determine the
redox potential of the electrochemical reactions in the full cell and
the result is shown in Fig. 5b. The measured current was relatively
noisy during the experiment, likely because of the stochastic
nature of the particle collisions necessary now at both current
collectors to provide the charging current [70]. Due to the agitation
and flow profile in the vial, the concentration of active materials
was not perfectly homogeneous in the suspension and local
collision frequencies of the active material particles on the current
collector were likely not constant, i.e. the total mass of active
materials that are contributing to the electrochemical reactions are
not constant with time. Although the oxidation current increased
continuously with the increasing potential in general, the current
showed a small peak at 2.52 V and became noisier above this
potential. While the currents measured at higher potentials likely
had contributions from the corrosion of aluminum wire and
electrolyte decomposition [39,41,59,60], the increase in measured
current at 2.26 V and the slight peak at 2.52 V (relative to LTO
dispersion) were consistent with potentials expected for an LTO/
LCO cell. The reduction peak at 2.26 V demonstrated that the redox
reactions with the LTO/LCO cell suspensions were reversible. The
approximate half-wave value, E1/2 is 2.39 V [71]. This is consistent
with the average potential at low state of charge in the LCO and LTO
coin cell, indicating the source of the redox reaction was the LTO/
LCO redox reaction pair. These results are the first demonstration of
a reversible lithium-ion solid dispersion electrochemical flow cell,
where all of the electrochemical activity is from collisions of
lithium-ion active materials with current collectors placed in the
anolyte and catholyte.

The oxidation peak was higher than the reduction peak in the
CV measurement. This is due to a lower concentration of available
active materials during the anodic compared to the cathodic
reactions. The original suspension was pure pristine LCO and LTO.
All of the LCO particles started in the reduced state and all of the
LTO particles started in the oxidized state relative to the
electrochemical processes of interest (effectively fully discharged
LCO and LTO for full cell purposes). During the discharge sweep of
the CV, only a tiny portion active material particles ( < 0.01%) had
been reacted (delithiated LCO and lithiated LTO) and were available
to have the electrochemical reactions reversed. Therefore, the
concentration of active particles available for the discharge
reactions was very low relative to the original active material
concentration.

The LTO/LCO dispersion electrochemical cell was also galva-
nostatically partially charged and discharged to demonstrate the
potential to use the anolyte/catholyte in a flow battery system.
Fig. 5c shows a 10-minute charge of the cell at 0.02 mA and
subsequent discharge of the cell down to a cutoff voltage of 0.5 V at
0.001 mA. The charge curve quickly reached a stable potential at
2.82 V, which was higher than the redox potential of �2.4 V as
indicated earlier in the CV test. The charging rate of 0.02 mA was
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relatively high for this cell configuration and resulted in additional
overpotential due to the resistances in the system (charge transfer,
diffusion and Ohmic resistance) [61]. On discharge the cell had a
small capacity at �2.2 V and quickly dropped to the lower cutoff
voltage. We attribute the low coulombic efficiency (1.58%) to the
low concentration of reacted active materials on both electrodes,
similar to the explanation of the lower currents measured during
the CV anodic sweep. Approaches to increase the participation rate
of the active materials and hence faster cell charging are currently
under investigation. This is the first report of an electrochemical
cell comprised of only lithium-ion battery active material
suspensions providing reversible redox couples in an electrochem-
ical flow cell.

4. Conclusion

An LCO suspension dispersed in organic lithium-ion electrolyte
was characterized electrochemically as a catholyte for a solid
dispersion redox flow couple. A solid dispersion lithium-ion
electrochemical flow cell was demonstrated for the first time by
using the LCO suspension as a catholyte and pairing it with an LTO
suspension anolyte. While the utilization of the active materials in
this preliminary system is low, these results demonstrate the
feasibility of reversible charge and discharge of a full cell
comprised of lithium-ion active materials dispersed in electrolytes.
Such a flow cell has a high operating potential relative to existing
flow batteries as demonstrated in this manuscript, theoretically
high capacity, and the ability to control the viscosity with active
material loading. Future research efforts will need to be directed
towards improving the current density and coulombic efficiency of
the dispersed particle electrolytes.
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