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Biphasic Electrode Suspensions for Li-lon Semi-solid Flow
Cells with High Energy Density, Fast Charge Transport,

and Low-Dissipation Flow

Teng-Sing Wei, Frank Y. Fan, Ahmed Helal, Kyle C. Smith,* Gareth H. McKinley,*

Yet-Ming Chiang,* and Jennifer A. Lewis*

The rapidly increasing deployment of wind and solar energy
has resulted in an urgent need for a smarter, more efficient and
reliable electric grid for load balancing.'? Currently, the vast
majority of energy storage occurs via pumped hydro installa-
tions,® a technology that is mature, cost effective, and efficient,
but limited in applicability by geographic constraints.l’! Alterna-
tive modes of energy storage that can be deployed in a distrib-
uted manner include batteries, compressed air, thermochemical
energy, and flywheels;?*! but today only a small fraction of the
world’s energy storage uses these technologies.

Flow batteries are particularly attractive due to their decou-
pled energy and power, providing design flexibility especially at
large scales."®! Many flow battery chemistries, however, suffer
from limited solubility and low nominal voltage, resulting in
low energy densities.l”) To overcome this, Duduta et al. devel-
oped the semi-solid flow cell (SSFC),®l in which traditional
liquid catholytes and anolytes are replaced by attractive col-
loidal suspensions composed of Li-ion compounds. They
also replaced traditional stationary current collectors with
conductive carbon nanoparticle networks within the flowing
suspensions. These suspensions, which take advantage of
Li-ion battery’s high energy density with flow battery’s design
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flexibility, have been investigated both experimentally®!2 and
computationally.'%1314 Similar concepts have recently emerged
for electrochemical flow capacitors!’® and polysulfide flow
batteries.['®]

To fully optimize SSFCs, the flowing electrodes must have
high active material content coupled with an adequate con-
ductive filler network to overcome the resistive nature of most
electrochemically active Li-ion compounds. However, as their
solids loading increases, dramatic changes in their rheological
properties ensue, which inhibit flow. The key to maximizing
active material content while retaining satisfactory flowability
and conductivity is to simultaneously tailor the respective inter-
actions between all particles present within these electrode
suspensions.[!]

Here, we report the design and characterization of biphasic
SSEC electrode suspensions with high energy density, fast
charge transport, and low-dissipation flow. To create these
biphasic mixtures!!®1°l we specifically tailored the interactions
between the active particles, LiFePO, (LFP), to be repulsive, the
interactions between the conductive particles, Ketjenblack EC-
600]JD (KB), to be attractive, and the cross-interactions between
LFP-KB to also be repulsive. These two particle populations are
suspended and mixed sequentially in propylene carbonate (PC)
with 1 M of lithium bis(trifluoromethane)sulfonamide (LiTFSI).
It is well known that colloidal particles will rapidly aggregate
when suspended in polar solvents under high ionic strength
conditions due to van der Waals interactions.l?”l Hence, we first
introduce a nonionic dispersant, polyvinylpyrrolidone (PVP),
with appropriate amount to selectively stabilize the LFP par-
ticles fully, but not the KB particles. PVP has been shown to
sterically stabilize colloidal particles in both aqueous?'~2% and
nonaqueous? media leading to well dispersed suspensions.
PVP is especially useful for SSFC electrodes as it confers sta-
bility even in systems with high (1 m) salt concentrations that
undergo electrochemical charging and discharging. We chose
LFP due to its low volume expansion (gpear = 2.2%)1%° when
charged or discharged. We then added KB particles to the
suspension, which form a conductive network at a low perco-
lation threshold.?®?”] We investigated the effects of biphasic
suspension composition on the microstructure, flow behavior,
and electrochemical performance of these SSFC electrodes.
We show that well-dispersed (repulsive) LFP particles, sur-
rounded by a percolating (attractive) KB network, enable quick
and efficient charge transport that reduces overpotential during
cell cycling. For comparison, we also create purely attractive
LFP-KB suspensions in the absence of PVP and investigate
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Figure 1. 3D reconstructions (top) and 2D (x—y) slices (bottom) of nano-CT scans acquired on a) biphasic (0.3 wt% PVP) and b) purely attractive
(0 wt% PVP) electrode suspensions composed of 20 vol% LFP and 1.25 vol% KB.

their performance. Finally, we develop an analytical model that
predicts the pressure drop needed for a given target current,
based on these measured properties.

We first characterized the microstructure of both biphasic and
purely attractive LFP electrode suspensions using nanoscale-
computed tomography (nano-CT). The 3D reconstructed
images and 2D slices of both systems are provided in Figure 1.
Their respective compositions are 20LFP/1.25KB/0.3PVP and
20LFP/1.25KB/OPVP, where the numbers denote the volume
percent of LFP and KB particles and weight percent of PVP (in
solution) in each suspension. The biphasic mixtures, which
contain PVP-stabilized LFP particles are clearly more homoge-
neous than their purely attractive counterparts, which do not
contain PVP. These observations are in excellent agreement
with prior findings, in which the repulsive particle population
within model biphasic mixtures led to a more homogeneous
attractive particle network composed of smaller clusters and
voids.[18:19]

To explore dispersant effects on flow behavior, we car-
ried out both shear viscometry and oscillatory measurements
on biphasic and purely attractive LFP electrode suspensions
with the same compositions described above. Their meas-
ured flow curves and shear elastic and loss moduli are shown
in Figure 2a,b. Concentrated colloidal suspensions are prone
to wall slip effects during measurements.[?8-31l Here the flow
curves for biphasic LFP suspensions are slip-corrected?®! and
exhibit nearly identical behavior over multiple gap heights
(Figure S1, Supporting Information). The inhomogeneity of
the purely attractive electrode suspensions makes slip cor-
rection difficult. Their flow curve, which represents a lower
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bound, is acquired at a gap height of 0.8 mm. Both the biphasic
and purely attractive suspensions exhibit a shearing thinning
response (Figure S2, Supporting Information) and a shear
yield stress (Figure 2a). However, the apparent viscosity of the
biphasic system is nearly an order of magnitude lower than its
purely attractive counterpart at a given shear rate. The same
trend is observed for shear yield stress, which is an order of
magnitude lower for the biphasic LFP suspension. Fits to the
Herschel-Bulkley modell32

T=1,+Ky" (1)

where 7 is the shear stress, T, is the shear yield stress, K is the
consistency, ¥ is the shear rate, and n is the power law index,
are shown in Figure 3a and regression to the experimental data
gives an extrapolated yield stress of 660 and 5500 Pa for the
biphasic and purely attractive LFP suspensions, respectively.
The corresponding viscoelastic storage (G’) and loss (G”)
moduli are provided in Figure 2b for the same biphasic and
purely attractive LFP electrode suspensions. We find that both
suspensions behave predominantly as elastic solids (G’ >>G”),
indicating that a percolated network of particles exists within
each system. However, once again, we find that the biphasic
suspensions exhibit an order of magnitude lower stiffness
(0.145 MPa) than the purely attractive counterparts (2.46 MPa).
We note that the design of electrode suspensions that exhibit
a shear thinning response, a shear yield stress, and viscoe-
lastic behavior is advantageous for SSFC applications, because
it reduces particle sedimentation, phase segregation, and
unwanted mixing of charged and discharged regions.

Adv. Energy Mater. 2015, 5, 1500535
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Figure 2. a) Log—log plot of shear stress as a function of shear rate and
b) shear elastic storage (G’) and viscous loss (G”) moduli for
biphasic (0.3 wt% PVP) and purely attractive (0 wt% PVP) electrode
suspensions composed of 20 vol% LFP and 1.25 vol% KB. Note:
The lines in (a) represent fits of the Herschel-Bulkley model to the
experimental data.

This strategy can be readily applied to other active mate-
rials, such as lithium titanate (LTO). To demonstrate this, we
created both biphasic and purely attractive LTO electrode sus-
pensions with compositions of 20LTO/1.5KB/0.3PVP and
20LTO/1.5KB/0PVP, respectively. The slip-corrected flow curves
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for the biphasic LTO suspension (Figure S1, Supporting Infor-
mation) also exhibit nearly identical behavior over multiple
gap heights. Both LTO suspensions exhibit a shear thinning
response (Figure S2, Supporting Information), a shear yield
stress, and viscoelastic behavior (Figure S3, Supporting Infor-
mation). However, akin to the biphasic LFP suspensions, the
apparent viscosity (at a given shear rate), shear yield stress and
shear elastic modulus of the biphasic LTO suspensions are
nearly an order of magnitude lower than their purely attrac-
tive counterparts. For example, Herschel-Bulkley fits give
extrapolated shear yield stress values of 360 and 4100 Pa for the
biphasic and purely attractive LTO suspensions, respectively.

To broadly explore the effects of suspension composition,
we carried out electronic conductivity and oscillatory rheology
measurements on biphasic electrode suspensions of varying
LFP, KB, and PVP content (Figure 3). We first characterized
biphasic suspensions with varying KB vol% composed of LFP
(20 vol%) and PVP (0.3 wt%). We consistently observed a posi-
tive correlation between their electronic conductivity, shear
elastic modulus, and KB content. Even at the lowest KB con-
tent (1 vol%) explored, these particles form a percolating net-
work that gives rise to a measurable electronic conductivity and
shear elastic modulus. However, upon increasing to 2 vol%
KB, there is a power law growth in both electronic conduc-
tivity and shear elastic modulus (Figure 3a), indicating that the
interparticle bonds within this percolating particle network has
dramatically increased. Next, we fixed the KB (1.5 vol%) and
PVP (0.3 wt%) contents and explored the effects of LFP (from
0 to 25 vol%) on the electronic conductivity and shear elastic
modulus of these biphasic electrode suspensions (Figure 3b).
As observed in Figure 1 as well as reported previously for
model biphasic suspensions,[!#1°] the presence of repulsive
LFP particles alters both the long-range and local structure of
the attractive KB network. In the absence of LFP particles, the
attractive KB particle network consists of large, dense clusters
that surround open regions filled with solvent and salt species.
Upon adding repulsive LFP particles, the attractive KB particle
network becomes more homogenous, favoring the forma-
tion of more tenuous, linear chains with fewer bonds between
KB particles. The repulsive particles have significantly slower
mobility than solvent molecules or ionic species. When ran-
domly distributed amongst a population of attractive particles,
the repulsive particles can frustrate the formation of attractive
particle bonds thereby yielding aggregated systems that are
kinetically trapped in a more structurally uniform state.[!8:19:33]
The concomitant rise in both electronic conductivity and shear
elastic modulus with increasing LFP content reflects this
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Figure 3. Plots of shear elastic modulus and electronic conductivity as a function of varying a) KB (at 20 vol% LFP, 0.3 wt% PVP), b) LFP (at 1.5 vol%
KB, 0.3 wt% PVP), and c) PVP (at 20 vol% LFP, 1.5 vol% KB) contents showing positive correlation between the two properties.
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microstructural evolution within these biphasic suspensions
(Figure 3b). Simply put, as the conductive network becomes
more homogeneous at a fixed number density of attractive KB
particles, there are more pathways for transporting electronic
current within the electrode suspensions and the shear elastic
modulus increases. We note that in the absence of attractive
KB particles, the shear elastic modulus is indeed quite small
(1.2 Pa), indicative of a structure-less liquid state expected for
well-dispersed LFP suspension (20 vol% LFP, 0.3 wt% PVP).
Finally, we fixed both the LFP (20 vol%) and KB (1.5 vol%)
contents and varied the amount of PVP from 0 to 0.5 wt% to
determine its effects on performance. Results show that once
a critical amount of PVP (0.3 wt%) is introduced to the suspen-
sion to stabilize the particles, both electronic conductivity and
shear elastic modulus vary minimally with further addition of
PVP (Figure 3c). The above data reveal that optimizing biphasic
electrode suspensions for use in semi-solid flow cell batteries
is not straightforward. Both their ability to charge/discharge
efficiently and flow readily through the flow cell is important.
These criteria are often in conflict, since the KB network gives
rise to both the desired electronic conductivity (which facilitates
charge transfer) and a yield stress (which increases pumping
pressure).[26:27]

To identify suitable SSFC suspension compositions, we
developed an electrode-scale model that incorporates efficiency
and flowability criteria. In order to impose a constant electro-
chemical performance criterion, we require that all suspensions
have the same round-trip voltage efficiency between charge and
discharge. In all cases, the modeled cell is subjected to a cur-
rent density i of 10 mA cm™2 with a current-collector length
L.. of 20 mm. For each suspension, the electrode thickness w is
treated as an adjustable parameter that produces a voltage effi-
ciency 1y of 90%, where 1y is defined as

v =(0., ~A®)/(9,, +AD) @)

where @, is the average open-circuit voltage of the cell, and A®
is the average polarization. We assume that the electrochemical
reactions propagate via a planar front through the electrode’s
thickness, producing an average polarization that decreases as
the effective electronic conductivity o.¢ and effective ionic con-
ductivity K. increase as

AD = iw(Keff + Oy )/(ZKeffo-eff) (3)

This model for polarization accounts for the series arrange-
ment of ionic and electronic resistance in porous electrodes
(see schematic in Figure 4a). We have previously shown!!3l
that similar models approximate the time-averaged polariza-
tion incurred during the intermittent-flow mode (and provide
a lower bound on polarization incurred during the continuous-
flow mode), as predicted by more accurate flowing, porous-
electrode models in the same work. This trend is shown in
Figure 4b for suspensions with various loading levels of LFP.

The model couples charge-transfer and rheology proper-
ties by accounting for the high flow velocities required to cycle
thin electrodes at a given current density. The mean flow-
velocity required to maintain stoichiometric conditions (where
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Figure 4. a) A schematic showing the series arrangement of ionic and
electronic resistance in porous electrodes used in the model b) Ana-
lytical predictions of the electrode thickness, C-rate, and mean velocity
as a function of electronic conductivity for biphasic and purely attrac-
tive LFP suspensions of varying composition, under the constraint of
constant 90% voltage efficiency between charge and discharge c) pre-
dicted pressure drop contours for suspensions with 20 vol% (solid lines)
and 5 vol% LFP (dotted lines). Note: The effective ionic conductivity
is calculated for 1 mol L™ LiTFSI in PC solvent, which has a viscosity
of 8 mPa s.34l Contours of electronic transference number, defined as
T=0cf [(Oc +Keff), Where 0.5 and k. are effective electronic and
ionic conductivity of the suspension, are also shown. d) Surfaces of
constant pressure-drop in the 3D space of active-material loading, shear
yield-stress, and electronic conductivity. The six data points represent
the biphasic LFP suspension (20LFP/1.25KB/0.3PVP), the purely attrac-
tive LFP suspension (20LFP/1.25KB/OPVP), the biphasic LTO suspen-
sion (20LTO/1.5KB/0.3PVP), and the purely attractive LTO suspension
(20LTO/1.5KB/OPVP) along with two reference samples reported by
Duduta et al. (22.4LCO/0.6KB)® and by Madec et al. (7.9LTO/2.2KB)."!
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state-of-charge is consumed in one flow pass) increases as the
electrode thickness decreases as

=il /(qw) (4)

where g is the volumetric charge-capacity of the suspension,
which depends on the type and loading of electroactive material
used. Because electrode thickness decreases with decreasing
electronic conductivity, the mean velocity increases as electronic
conductivity decreases. A Bingham-plastic rheology!*]

T=TY+,LLPJ./ ()

where p,, is the plastic viscosity, is assumed to estimate the cor-
responding pressure drop AP, which increases with the flow’s
dimensionless Bingham number (Bn)

APw
27, L.

=2Bn /(\24Bn-+9Bn* +144 - Bn-12) .

where Bn, the characteristic ratio of plastic-to-viscous stresses
in the flow, is defined in terms of the fluid's yield stress 7, and
plastic viscosity pp as

Br=1,w (244,7) 7)

With the variables defined, the model provides a contour plot
as shown in Figure 4c, where the pressure drops can be esti-
mated for suspensions according to their charge-transfer and
rheological properties. By inserting in the measured electronic
conductivity and shear yield stress values for our biphasic and
attractive suspensions, it is found that the attractive suspen-
sions require roughly 10 times the pressure drop. The pre-
dicted pressure drops for the biphasic suspensions (=1-10 psi)
are similar to those reported previously by Duduta et al.l®l and
Madec et al.,’! for suspension compositions of 22.4L.CO/0.6KB
and 7.9LTO/2.2KB, respectively. However, our biphasic LFP
and LTO electrode suspensions exhibit electronic conductivities
that are nearly two orders of magnitude higher, which allows
for roughly 25 times thicker electrodes according to Figure 4D,
greatly reducing the time-average pumping rate. Our biphasic
suspensions also lead to higher areal capacities compared to
suspensions with lower electronic conductivity or active mate-
rial content, enabling longer discharge time at the same current

www.advenergymat.de

density. Furthermore, the biphasic suspensions possess nearly
optimal electronic transference numbers (Figure 4c), where
electronic and ionic conductivities are of similar magnitude.
These properties are ideal for maximizing cell cycling rates,
while minimizing the shunt currents between multiple cells in
a stack.l'®3% By contrast, the low electronic conductivities meas-
ured by Duduta et al.Bl and Madec et al.’l would give rise to
dramatic ionic shunt currents owing to their low transference
numbers as shown in Figure 4c, if electrodes of moderate thick-
ness are employed (e.g., 100 pm—1 mm). Figure 4d shows the
surfaces of constant pressure-drop in the 3D material-selection
space defined active-material loading, shear yield-stress, and
electronic conductivity; data points on the plot show the proper-
ties of materials developed in the present and previous works.
Because volumetric charge-storage capacity is proportional to
the loading of active material in semi-solid suspensions, the
vertical axis is a surrogate scale for energy-density. The plot
reveals that biphasic suspensions are the only type (among the
present and previous works) that produces simultaneously high
energy density (i.e., high active-material loading), fast charge
transfer (i.e., high electronic conductivity), and low-dissipation
flow (i.e., low pressure drop).

To test electrochemical performance, a biphasic LFP suspen-
sion (20LFP/1.5KB/0.3PVP) is first cycled in nonflowing con-
figuration in a modified Swagelok cell (Figure S4, Supporting
Information). The initial specific capacity of 129 mAh g
is obtained at a rate of C/8 (i.e., one complete charge or dis-
charge over an 8 h period), which is similar to prior results for
semi-solid flow electrodes.®1%37l Their capacity is stable for
100 cycles, with a capacity of 115 mAh g on the 100th cycle,
or a loss of 0.1% per cycle (Figure 5a). Capacity is roughly the
same at a rate of C/4, but drops significantly at C/2. Notably, the
biphasic suspensions have a twofold higher LFP content com-
pared to prior reported systems (typically =10 vol%.1%11 Hence,
a C-rate of C/4 for a 20 vol% suspension represents a current
equivalent to C/2 with a 10 vol% suspension, or 1C with a
5 vol% suspension. Figure 5b reveals that polarization increases
with cycle number, as given by the voltage differences between
the galvanostatic charge and discharge curves, indicating that
the capacity loss is due to impedance growth, rather than true
capacity fading. Coulombic efficiency is consistently over 99%
for the biphasic LFP suspension (20LFP/1.5KB/0.3PVP). We
carried out similar measurements for a biphasic LTO electrode
suspension (25LTO/2KB/0.8PVP) and measured a capacity up

140 102 4.0 C) a0
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= 12042 100 =
2 100 ]eBC" ey AR, =)
£ des T _ 35 _ 351
S 8 = CycliG(CMi CygJe 00 (C/8 2
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Figure 5. a) Capacity and Coulombic efficiency as a function of cycle number for a biphasic LFP suspension (20LFP/1.5KB/0.3PVP) galvanostatically
cycled versus Li metal anode in a nonflowing Swagelok cell. b) Selected cycles obtained for the same LFP. Cycles 1 and 90 are performed at C/8; Cycle
6 is performed at C/4. ) Intermittent-flow cycling of the biphasic LFP suspension (20LFP/1.25KB/0.3PVP) in a lab-scale flow cell. Two consecutive
aliquots are first charged, then the second one is discharged, and finally the first aliquot is discharged. The flow channel is 20 mm long and has a

1.5 X 1.5 mm square cross-section.
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to 170 mAh g! at a rate of C/8, with Coulombic efficiencies
exceeding 99% (Figure S5, Supporting Information).

To further investigate their performance, the optimized
biphasic LFP suspensions are tested in a lab-scale half-flow cell
(Figure S4, Supporting Information) against a Li metal negative
electrode, using the intermittent flow mode. In this approach,
the volume of material inside the electroactive region, referred
to as an aliquot,¥! is fully charged or discharged under non-
flowing condition, and then the aliquot is quickly replaced with
a fresh one using computer-controlled syringe pumps. This
protocol is known to reduce inefficiency due to pumping!" and
electrochemicall'¥] losses. In this test, an amount of suspension
equal to twice the channel volume is charged and discharged
(Figure 5c). An overall Coulombic efficiency of 72.3% and ener-
getic efficiency of 63.1% are obtained, as compared to first cycle
Coulombic efficiency of 91% in the static cell. To our knowl-
edge, this is the highest LFP concentration used in a semi-solid
flow battery electrodes, and additional performance improve-
ments are expected upon further optimizing flow conditions.[!3]
The overall capacity of LFP in the suspension is 131 mAh g
(equivalent to 93 Wh L), at a current density of 1.67 mA cm2,
or a rate of C/9 per aliquot. During the charge and discharge
processes, the capacity of the first aliquot is larger than that of
the second one, which may be due to electroactive zone exten-
sion,[133% in which the catholyte’s high electronic conductivity
allows material slightly outside the channel to be cycled.

In summary, we have created a new class of biphasic electrode
suspensions for semi-solid flow cell batteries that possess high
active material content, yet simultaneously exhibit improved
flow behavior and electronic conductivity. The ability to indepen-
dently tune the stability of two (or more) particle populations ena-
bles one to engineer concentrated suspensions that exhibit flow
behavior akin to that observed for purely attractive electrode sys-
tems, while achieving far higher electronic conductivities. Given
their enhanced performance, thicker electrodes can be used
leading to more desirable transference numbers and higher theo-
retical areal energy densities. Our approach, which has been dem-
onstrated for both LFP and L'TO suspensions, opens new avenues
for tailoring composite suspensions, including other mixtures of
electrochemically active and electronically conductive species.

Experimental Section

Suspension Preparation: The active materials consist of a carbon-coated
LiFePO, (LFP) powder (M121, Advanced Lithium Electrochemistry Co.,
Ltd., Taoyuan, Taiwan) with a mean particle size of 4 ym, a specific surface
area of 13 m? g7', and a density of 3.551 g cm™ and carbon-coated
Li4TisOq, (LTO) powder (LTO-1, BTR NanoTech Co., Shenzhen, China)
with a mean particle size of 1.1 pm, a specific surface area of 10.68 m?
g1, and a density of 3.539 g cm™3. The conductive material consists of a
Ketjenblack (KB) powder (EC-600)D, Azko Nobel Polymer Chemicals LLC
(Chicago, USA) with a mean particle size ranging from 30 to 100 nm,
a specific surface area of 1400 m? g™', and a density of 2.479 g cm™
Lithium bis(trifluoromethane)sulfonamide (LiTFSI), propylene carbonate
(PC), and polyvinylpyrrolidone (My, = 40 000 g mol™') are acquired from
Sigma-Aldrich.

Electrode suspensions are prepared in an argon-filled glovebox
with moisture and oxygen content maintained under 0.5 ppm. All dry
materials are heated at 120 °C overnight under vacuum to remove
moisture. First, 250 mL HDPE bottles are filled with 5 mm (200 g) and
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0.5 mm (100 g) yttrium stabilized zirconia (YSZ) milling beads. Next, PC
(50 g), PVP (0.3 g), and LFP or LTO powder (10 g) are added. The bottles
are sealed and the suspensions are ball-milled under ambient conditions
for 24 h. The suspensions are then filtered through 20 pm stainless steel
sieves in the argon-filled glovebox. The filtered suspensions are then
sealed and centrifuged at 12 500 g in the glove box for =1 h to collect the
dispersed particles. After removing the supernatant, the dense sediment
(typically 70 wt% solids) is collected and homogenized using a planetary
mixer (Thinky AR-100). Additional PC and 1% PVP/PC solution are
added, followed by ultra-sonication and homogenization. LiTFSI is then
added to achieve a 1 wm electrolyte concentration. Finally, KB powder is
added and homogenized. Suspensions containing either 0 or 0.1 PVP%
are too flocculated to pass through a 20 pm sieve. Hence, those samples
are prepared by planetary mixing of PC with PVP, followed by adding
LiTFSI, then active material, and, finally KB.

Rheological Characterization: Rheological measurements are carried
out on electrode suspensions of varying composition using a torsional
rheometer (Malvern Kinexus Pro) enclosed in an argon-filled glove box.
Both steady shear viscometry and oscillatory shear tests are performed
using the smooth parallel plate geometry (diameter of 20 mm; mean
roughness R, of 0.36 ym). All tests are performed at 25 °C, as regulated
by a Peltier plate system. All samples are pre-sheared at 100 s™' for 5 s
prior to measurement and left to equilibrate until the normal force relaxes
(=15 min). Steady shear viscometry tests are performed with decreasing
applied shear rates, as described by Ovarlez et al.® to ensure the
existence of a simple yield stress for the material and to avoid possible
transient shear banding. Following Yoshimura and Prud’homme,?® the
same sample is tested at three different gap heights to probe and correct
for slip effects. If the flow curves at different gap distances superimpose,
the material does not slip. If gap-dependent rheology is observed, a
correction is applied to extract the true shear rate applied on the sample at
each value of the applied stress. Oscillatory strain amplitude sweep tests
are performed at a fixed frequency @ = 1 rad s™' and used to determine
the viscoelastic region and the values of the storage and loss moduli.

Electronic Conductivity Characterization: Electronic conductivity is
measured by the DC method, where the voltage is swept from 0 to 0.15 V
(Biologic VMP-3). The test cell used is a modified Swagelok cell with a
cylindrical test geometry (6.35 mm wide, 200 pm thick) sandwiched
by two stainless steel electrodes (Figure S4, Supporting Information).
Contact resistance between suspension and current collector is
neglected in these measurements. The ionic conductivity is assumed to
remain constant for 1 mol L™! LiTFSI in PC solvent.*

Galvanostatic Cycling Characterization: Static measurements are
performed in two-electrode Swagelok-type cells (Figure S4, Supporting
Information), using lithium metal foil (Alfa Aesar) as a counter
electrode. Electrode suspensions are placed in a stainless steel rod with
a 0.5 mm deep well, which is sputter-coated with gold. A porous polymer
separator (Celgard) soaked with electrolyte is sandwiched between the
electrodes. All electrochemical tests are performed using a Biologic
VMP-3 potentiostat.

Flow Cell Characterization: The electrode suspensions are tested
in a lab-scale half flow cell, with both the positive and negative sides
consisting of a 1.5 X 1.5 X 20 mm electroactive region machined into a
PVDF body. This region is metalized by sputter-coating with gold on the
positive side. A lithium metal negative electrode is inserted into the region
on the negative side, and the two halves are bolted together with a Celgard
separator wetted with electrolyte in between. Pumping is performed using
syringe pumps (Cetoni) with glass syringes (Hamilton Co.), at a flow rate
of 30 L s7'. A syringe is connected to each end of the flow channel; during
flow, the suspension is pushed from one syringe, while simultaneously
pulled into the other. Flow cell tests are performed in “intermittent flow”
model’l in which the material in the electroactive region is fully charged or
discharged, before another suspension aliquot in pumped in.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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