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Redox flow batteries have gained renewed interest for grid storage applications. This work focuses on the effect of various chem-
ical/physical parameters on the performance of the LiFePO4/LiPFs EC-DMC/Li redox flow system. A methodical study of the
influence of the content of active material and of the flow rate, coupled with electrochemical and hydrodynamic characterizations,
have been carried out in order to better understand the various ‘migration’ and ‘diffusion’ limitations, as well as to try to overcome
their effects. As a result, power density performances higher than 328 mW.cm™2 at 104 mA.cm™2 were achieved and the feasibility

of reaching energy density of 50 Wh.kg~' demonstrated.

Both the awareness of environmental issues together with the de-
cline of the quantity of fossil resources has conspired to accelerate
research efforts in energy conversion and storage. Electrochemical
energy storage systems appear as good candidates to address this
challenge. Among them, Li-ion batteries, which combine the highest
energy and power density, are the most attractive. They can, for exam-
ple, be used in the field of transportation to limit pollution and provide
primary electricity to recharge them; the electricity can be produced
by CO,-free energy sources like renewable energies. Although the
Li-ion technology has conquered the field of electronic market and is
well accepted, it still falls short of meeting large mass energy storage
back-up dictated by solar farms or wind turbines plants, for instance.
Although the high temperature (300°C) Na/S technology was, until
this year’s safety incident, regarded as the stellar for such applications,
the old (1970) Redox Flow Battery technology (RFB) is gaining re-
newed interest and presently stands as an attractive contender to Na/S.
Classical RFBs differ from conventional batteries because they store
electrochemical energy in two fluids, called catholyte and anolyte,
rather than in solid active materials. These catholytes and anolytes
flow through an electrochemical reactor that oxidizes and reduces the
soluble redox active species.' The main advantage of the RFB technol-
ogy, as opposed to other battery technologies, is rooted in the fact that
power and energy are uncoupled providing significant design freedom
for stationary applications.”> However, most of the RFB systems in-
volve both aqueous solvents, implying both limited voltage windows
and lower concentration of active material in comparison with con-
ventional batteries. To bypass these limitations, since 2007, Chiang
and co-workers®>™® have been proposing a new concept consisting in
combining the best positive attributes of batteries and RFB. They re-
place dissolved species used in Redox Flow Batteries by similar solid
particles in suspension in a Li*-containing organic electrolyte. Such a
RFB configuration was shown, depending on the flow rate, to lead to
great performances. More recently, to get round the non-aqueous elec-
trolyte cost while preserving the high voltage operation, Goodenough
and co-workers’ proposed the use of a catholyte made of dissolved
Fe(CN)g> "~ species in aqueous media and separated from the Li-
metal negative electrode by a ceramic solid electrolyte membrane. In
both cases the output voltages come close to 3.5 V.

Herein, we first report a new approach which can be considered
midway between the two aforementioned concepts. It consists first in
preparing a suspension of nano-particles of LiFePO, and conductive
carbon additive in an organic electrolyte, and charging and discharg-
ing it at high rates versus a metallic lithium ribbon. Besides, we
evaluated the performances of these two chemistries in homemade
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optimized electrochemical reactors so as to benchmark such systems
in terms of energy density, polarization, mass-charge transfer, conver-
sion yield/selectivity while identifying the system performances and
limitations.

Experimental

A survey of various operating parameters effects such as catholyte
formulation, active material, carbon additive, electrolyte content, was
conducted on various homemade cell designs whose hydrodynamic
behavior was studied too. For reasons of clarity, we will first report
on the cell design and then consider separately the effect of each of
the aforementioned parameters.

Electrochemical reactor design.Fe check the influence of the
reactor configuration in terms of size, flow inlets/outlets, two simi-
lar cells, denoted hereafter “initial reactor” and “filter-press reactor”
were designed for this study. Their main difference is nested in the na-
ture/shape and the size of the anodic and cathodic compartments. The
global characteristics of these setups (e.g.; “initial” and “filter-press”
reactors) are described in Figure 1.

In the “initial reactor” (Figure 1b), both anodic and cathodic cylin-
drical compartments are 6 mm thick. These compartments are stainless
steel and act as current collectors. The cathodic one is fed by fresh
suspensions which are recovered on the same side with a 30° angle
between inlet and outlet. A piece of Aluminum foam (provided by
the “SCP” company, made by the use of a polymer template, with 0.5
mm average pore size) is placed inside the catholyte volume which
acts as a three-dimensional current collector. On the anodic one, the
Li® ribbon is hosted by a properly dug cavity within the cell stainless
steel plate. Both compartments are electrically separated with Teflon
rings between which a highly porous (56%) Celgard (ref. CG2500)
polypropylene separator is placed.

For the “filter-press” cell (Figure 1c), the reactives zone are com-
posed of two Teflon frames, adapted to the thickness of the lithium:
0.5 mm for the negative one and 1 mm thick for the positive one. While
the lithium foil is around 4 cm?, the geometric accessible surface to
catholytic reactive suspension circulation is around 14 cm?. The two
Teflon compartments are separated by the polypropylene membrane
(CG2500) and sandwiched between two Cu and Al metal plates (0.5
mm thick) acting as negative and positive current collectors, respec-
tively. Note that a third electrode could eventually be added to the
middle of each electrolytic compartment, or between them, to act as
a reference/pseudo-reference electrode.

Last, two Teflon blocks, each one equipped with two tubes, are
used to connect the reactor to the external suspensions tanks, with
the entire device being tightly screwed between two steel plates. Each
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Figure 1. Schematics of various cells configurations with in a) the global electrochemical setup used to carry out experiments, and in b) the technical view of the
“initial” electrochemical reactor. c) Schematic view of dismantled “filter-press” electrochemical reactor.

suspension is stored in a 100 mL tank, magnetically stirred, kept at
20°C, and connected to the electrochemical reactor with 5 mm diam-
eter semi-rigid Teflon tubes. The entire filling of this device is done
in a glove box under argon inert gas. Peristaltic pumps (Cole Parmer
7584-85, with Masterflex 77390-00 pump head) with Teflon pipes
were selected to fuel both catholytes and anolytes to the electrochem-
ical reactor because of the high chemical robustness toward various
chemical components.

Suspensions of active materialsAH the suspensions reported
herein were made with solutions of 1 M LiPF in ethylene carbonate
(EC), and dimethyl carbonate (DMC) (1:1 w/w) as the electrolyte
(ref. LP30 provided by Merck). LiFePO, powders consisting of 150
nm carbon coated (2.5% wt. defined from TGA analysis) particles,
which have a redox potential of 3.45 V vs. Li*t/Li°, were used to
prepare the catholyte solution. This powder has a B.E.T surface area of
~25 m’>.g~' and a density of 780 kg.m™>. Last but not least, an
electronic conductive additive has to be added to both the catholyte
and anolyte suspensions to improve the suspension electronic wiring
in view of reaching attractive electrochemical performances.

A survey of adding various graphites, carbon blacks or carbon
fibers to the aforementioned suspensions was conducted to identify
the best additive in terms of electronic percolation. Among them, the

Ketjenblack (KB300, provided by AczoNobel), which consists of a
mixture of spheres and fibers, having a specific area of 780 m?.g~! and
a density of 170 kg.m ™3, was chosen. From simple charge/discharge
polarization measurements, KB300 turns out to be more attractive than
classical “Super P” (provided by Timcal), commonly used nowadays
as electronic additive in Li-ion batteries. Indeed, for a fixed carbon
loading, the polarization was shown to decrease significantly from
1.6 V to 300 mV when Cg, was replaced by KB 300 as conducting
additive.

Having identified the best carbon, further electrochemical tests
were conducted on suspensions having different active material — car-
bon additive — electrolyte formulations. The catholytes used through
the paper for capacity, energy density or power performances en-
hancement are listed in Table I. For sake of comparison, all the
volumetric percents were calculated using the tapped density as
the fastest and closest reference from the measured densities of the
suspensions.

Results

Preliminary tests with the “A” formulation.—Several galvanos-
tatic charge and discharge tests were carried out on LiFePO,/Li redox
flow cells operating in either static or flow modes. The first step



Table I. Compositions (volumetric and weight percents of active material LiFePQ@ (LFP; 780 kg.m=3), conductive additive Ketjenblack EC-300-J
(KB; 170 kg.m~3) and organic electrolyte (LP30)) and theoretical electrochemical performances of the various formulation/suspensions used for
the catholyte.

Form LFP KB LP30 9vol LFP %vol KB 9ovol LP30 %m LFP %m KB Wh/kg Wh/L
A 18¢g 1.8¢g 128 g (100 mL) 2.0 9.4 88.6 1.4 1.4 8.0 9.4
B 18¢g 36¢g 128 g (100 mL) 1.9 17.2 81.0 1.4 2.7 79 8.6
C 36¢g 18¢g 128 g (100 mL) 4.0 9.2 86.8 2.7 14 15.9 18.3
D 36¢g 36¢g 128 g (100 mL) 3.7 16.8 79.5 2.7 2.7 15.6 16.8
El 65¢g 05¢g 89.6 g (70 mL) 10.2 3.6 86.1 6.7 0.5 39.4 46.8
E2 65g 05¢g 83.2 g (65 mL) 10.9 3.9 85.2 7.2 0.6 422 49.9
E3 65g 05g 76.8 g (60 mL) 11.7 4.1 84.2 7.8 0.6 454 53.4
E4 65g 05g 70.4 g (55 mL) 12.6 4.4 83.0 8.4 0.6 49.2 57.4

consisted of the electrochemical characterization of the LiFePO,
catholyte suspension to validate the formulation.

Static mode.-A 2% LiFePO, - loaded catholyte was firstly prepared
(see Table I). This formulation has firstly been tested in static mode
(no flow) using the initial reactor. In the same time, a Swagelok cell
having a 90% loaded LiFePO, composite positive electrode (solid
film) like in classical Li-ion batteries has been assembled and tested
in the same conditions for sake of comparison.

This way, depending on the amount of suspensions or solid elec-
trodes used, charge and discharge currents were defined in order
to have in both cell configurations current densities near +/— 0.5
mA.cm™2. The results are reported in Figure 2. Note the possibil-
ity (Figure 2a) of achieving 85% of the theoretical capacity with a
system polarization less than 60 mV for our “initial” flow reactor as
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Figure 2. Galvanostatic comparison of the performances of the “initial” reac-
tor (a) versus a conventional Swagelok cell (b) in static modes (no flow). For
the former, the positive electrode is made of a LiFePOy4 suspension “A” (see
Table I) with Li as the negative electrode. For the latter the negative electrode
is still Li, but the positive electrode is a LiFePOy4 solid electrode (90% of
LiFePO4 + 10% KB300). In both cases the cells are charged and discharged
at T = 20°C with a current density of 0.6 mA.cm™2.

compared to 90% of material utilization with a polarization of 70 mV
in our Swagelok cell (Figure 2b). So, within the accuracy of these
experiments it can be concluded that there is no difference in perfor-
mance between both configurations implying the proper functioning
of our solution electrode. This positive result was an impetus to check
the behavior of our A solution under constant flow.

Flow mode.—For such tests, we used our non-optimized “initial re-
actor”. More specifically we fixed the flow rate at 31 mL.min~! and
then performed intermittent galvanostatic cyclings applying 60 min-
utes oxidation/reduction currents drains separated by a relaxing period
of 10 minutes and incremented current densities between subsequent
pulses. At this flow rate, it should be noted that this relaxing time
largely exceeds the residence time of the particles within the cell.
Figure 3 shows the evolution of the cell voltage/current density as a
function of both charge and discharge capacities and this when two
different incremental current densities of 0.1 mA.cm~2 (Figure 3a)
and 0.5 mA.cm~? (Figure 3b) are applied. For the former (Figure 3a)
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Figure 3. Room temperature galvanostatic charge and discharge at different
current densities for two half-electrochemical “initial” cells, containing metal-
lic Li as the negative and a suspension of LiFePOy4 (A) as the positive electrode.
A flow rate of a 31 mL.min~! was used in both cases. In a) the current density
was increased both in charge and discharge by 0.1 mA.cm~2 between each
pulse while in b) an initial current of (0.5 mA.cm~?2) prior to further increasing
the current by 0.5 mA.cm™2 between each charge and discharge pulse. Inset:
detail of one sequence.
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Figure 4. Variation of both the voltage (black) and peak power density (blue)
as a function of the current density for the two experiments conducted in
Figure 3 with the initial cell reactor. AV = f(i): (black squares), extracted from
Fig. 3a; AV = f(i): (black triangles), extracted from Fig. 3b; PD = f(i): (blue
squares), extracted from Fig. 3a; PD = f(i): (blue triangles), extracted from
Fig. 3b.

note that upon the first charge, the current density reaches 6 mA.cm =2
when the voltage tends to level off at 4.2 V vs. Li/Li* (Figure 3a).
Higher currents were not applied because of the risks of electrolyte
oxidation. Using a similar protocol, a cell previously charged at a con-
stant current of (0.5 mA.cm~2) to 4.0 V (Figure 3b) was discharged
with a starting current of —4.5 mA.cm~2 and an ending one of —11.5
mA.cm~2 when the voltage reached the 1.6 V cutoff (Figure 3b). This
indicates the feasibility of already achieving decent current densities
in non-optimally designed reactors. Last, from the charge and dis-
charge capacities per gram of total catholyte mass within the system,
we can deduce an overall conversion approaching nearly 90% of the
theoretical capacity.

Finally, a more elegant way to convey the performance of such a
system is to plot both the power density and the cell voltage as func-
tion of the current density (Figure 4). Such a plot, commonly used by
the fuel cell community, shows that the cell voltage linearly decreases
with increasing the current density, while the power density reaches
a maximum (18 mW.cm™2) at around 10.5 mA.cm™2. For higher dis-
charge rates, the polarization becomes too important to compensate
for the gain in current density, hence the drop in power density. Sim-
ilar performances were measured by Goodenough and co-workers
for dissolved hexacyano-ferrates in an aqueous redox-flow system vs.
lithium. Such results suggest that the present system does not suffer
from mass transfer limitation. In contrast, the linear decrease in the
polarization curve (black line in Figure 4) indicates that various ohmic
contributions (resistance of the suspension, current collector/particle
contact resistance and particle resistance) govern the cell voltage, on
this current density interval. This calls for several improvements such
as i) a better design of the cell reactor (geometry and else) in order
to improve its power performance and ii) a better optimization of the
formulation by lowering the amount of conductive additive (KB300)
with respect to the amount of active material (LiFePO,) as described
next.

Optimization of the electrochemical reactork order to im-
prove the aforementioned performances, a new reactor having thinner
electrochemical compartments was designed (Figure 1c) and bench-
marked with respect to the previous reactor, still using “formulation A”
suspension. Figure 5 compares the two cyclic-voltamograms collected
on the two reactors using similar sweep rate conditions (5 mV.s™").
Slightly lower overpotentials are observed for the filter-press reactor
than for the initial one, with Epeq at 3.17 V vs. Lit/Li® (-0.28 V
from equilibrium) and 3.74 V vs. Li*/Li° (4-0.29 V from equilibrium)
on reduction and oxidation, respectively; Epeq at 3.14 V vs. Lit/Li°
(—0.31V from equilibrium) and 3.76 vs. Li*/Li° (+ 0.31 V from equi-
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Figure 5. Room temperature comparative voltammograms obtained at a rate
of 5mV.s~! using the “initial” (black) and “filter-press” (blue) electrochemical
cells with the suspension/formulation “A” vs. a metallic Li foil. Dash lines have
been used as guides to the reader to highlight the lower overpotentials in charge
and discharge resulting from the use of the “filter-press” reactor, as well as the
more important peak currents obtained. A flow rate of 12 mL.min~! was used.

librium) on reduction and oxidation for the initial, respectively. Such
a limited difference is nested in the fact that the resistance increase
involved in the thicker catholyte compartment of the initial reactor is
partially compensated by the presence of the aluminum foam. Note
however the better capability of the press reactor to provide higher
current densities (e.g.; amplitude of the current peak) over the same
range of flow speed and potential sweep. Last, concerning the charge
quantity, despite the fact that the volume (and so the theoretical ca-
pacity) of the filter-press reactor is more than 10 times smaller than
the initial one (0.4 cm® vs. 4.5 cm?), its extracted capacity together
with its peak current density are bigger.

Optimization of the electrochemical suspension.—Effect of the con-

ductive additive concentration.-Fwo half RFB “filter-press” cells,
using formulation “A” or “B”, respectively (see Table I), were charged
vs. a Li counter electrode in a galvanostatic mode at 2 mA.cm™>
untill the LiysFePO4 composition was reached. The formulation B
contains twice more carbon additive than A. At this stage of charge
cyclic voltammetric curves were collected with the appearance of
well-defined redox peaks. (Figure 6). The position of the oxidizing
and reducing waves shifts toward lower and higher potential, respec-
tively, and their amplitudes increase as the carbon content in the ink
is nearly multiplied by two. These results simply indicate that KB300
improves the kinetics of the system as expected. Since KB300 does not
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Figure 6. Voltammograms obtained at a rate of 5 mV.s~! using the “filter-
press” electrochemical cell with the suspension/formulations “A” and “B” as
the positive electrode (curves A and B, respectively) and a metallic Li foil as
the negative electrode. Dashed lines are showing the improvement in terms of
overpotential (resistance) resulting from the doubled quantity of conductive
additive between formulations “A” and “B”. A flow rate of 12 mL.min~! was
used.



impact the ionic conductivity of the solution, (except slightly through
the viscosity), its effect is mainly rooted in the creation of electronic
percolation paths (carbon-carbon-particles) in the solution increasing
the “effective” surface area of the current conductor, hence leading
to a lower resistance and better kinetics. Another side advantage of
increasing the solution electronic wiring resides in a shorter traveling
distance for Li-ions. This is a good thing as electrons and ions must
be simultaneously present to trigger a redox reaction.

Further exploiting these curves by assuming that the observed de-
crease in the cell voltage (from 290 mV to 230 mV) at constant current
between the two samples is governed by the suspension electrical re-
sistance, several valuable parameters can be deduced for the system
using equation 1. From this equation, which expresses in a general
way the AV variation as a function of i) p: ionic resistivity of the
electrolyte (£2.m), ii) S: current collector surface (m?), iii) 1: equiva-
lent thicknesses (m), and iv) current (A), we can deduce | knowing all
other parameters.

AVform.”A” - AVform.”B” = Rform.”A”I - Rform.”B”I

|form”A” |form”B”
X . — - x| 1
p ( S S (11

By entering the experimental values of the electrolyte resistivity (p
=1.02.1073 Q.m '°), the current density (10 mA.cm~2) in this equa-
tion and taking the surface of the overall current collectors, it could
be estimated that the 60 mV drop in cell voltage between samples A
and sample B corresponds to a decrease in the percolating conduc-
tion length Algic (orthogonal to the electrode surface) equal to 110
pwm, which corresponds to nearly 11% of the thickness of the anodic
compartment.

To confirm this result, another set of experiments was carried out
with various low volumetric percents of KB300, and formulations
E1 to E4 were prepared (see Table I). We found that an increase in
the KB300 volumetric percent from 3.6 to 4.4% (formulations E1 to
E4) results in a decrease in the cell voltage by about 450 mV at the
involved current ranges. Analyzing such results, according to relation
(1), leads to a linear variation (slope = —0.522) of the percolating
conduction length (Algc) versus the KB% vol, confirming the benefit
of increasing the amount of KB300 for better kinetics, which does not
come as a real surprise (Figure 7a).

Interestingly, using a similar current density, namely 10 mA.cm~2,
a nearly linear evolution trend (slope = —0.174) of Alg vs.
LiFePOuoyol. (Figure 7b) was also found with increasing the volumet-
ric percents of carbon-coated LiFePO, active material. Nevertheless,
to have the same decrease in the cell voltage (about 450 mV), an in-
crease of ~2.4 in the vol. percent of LiFePOy is required, most likely
because of the low coverage of the LiFePOy, particles with the graphite
coating and the relatively low B.E.T. surface area of the active material
versus the one of the conductive additive.

From a simple comparison of the slopes of the two linear relations
(0.522 vs. 0.174), it can be deduced that for the same volume% of
additive to the suspension, KB300 provides a decrease in the con-
ductivity length about 3 times greater than carbon-coated LiFePOy,.
Therefore, caution has to be exercised as this factor 3 improvement
does not directly translate into the overall electrode performance in
terms of capacity/energy density owing to the electrochemical inac-
tivity of KB300. Indeed, a 2-fold increase in the carbon content of the
suspensions (formulation A to formulation B) was shown to solely
increase the current amplitude from 1.15.1072 A.cm™2 to 1.25.1072
A.cm™? as deduced from cyclic voltammetry. Last, from an integra-
tion of such values together with the residence time of the suspension
within the reactor (0.035 min) at the flow rate used and the positive
cell electroactive volume (0.4 cm?®) we could deduce the conversion
ratio for one pass through the reactor as being of 6.0% and 7.7% for
the formulations A and B, respectively. For sake of completeness,
details of the conversion percentage calculation applied to a concrete
example are given in Table II. Such a calculation has been used to
determine the entire conversion ratio reported hereafter.
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Figure 7. The measured overpotentials and the decrease in the conduc-
tion length as a function of the volumetric percent of KB300 (Algic
= 2.398-0.522 x KByl R? = 0.94) in a) and of LiFePO, (Algic = 2.279
—0.174 x LiFePOy4gyol. R? = 0.96) in b) for the formulations “E1”, “E2”,
“E3” and “E4” (see Table I). The decrease in the conduction length has been
measured using the equation 1. The slope increase for carbon as opposed to
LiFePO4 additives indicates a greater effect of the carbon conducting additive
on both the overpotential and conduction length.

Overall, it can be concluded that adjusting the electrode formula-
tion to achieve both high energy density and high kinetics will require
a delicate balance between the amounts of KB300, LiFePO, and elec-
trolyte apart from an optimisation of the electrochemical reactor, with
the goal being to limit the amount of electrochemically dead carbon.
This is along the line of what has long been experienced with solid
electrodes for Li-ion batteries.

Effect of the active material concentration Fhe effect of the ac-
tive material content on the RFB “filter-press” cell performances was
investigated using formulations “A” and “C” containing 2 and 4%vol.
of LiFePO, together with 9.4 and 9.2% vol. of KB300, respectively. A
similar testing protocol, as previously described, which consists in the
oxidation of the suspension at a current rate of 5 mA.cm~? to reach
the LiysFePO4 composition prior to collecting cyclo-voltamograms
was used and the results are reported in Figure 8.

Bearing in mind that the theoretical capacities of suspensions “A”
and “C” are different by a factor 2; 2.71 and 5.31 mAh.cm™ in
the 0.4 cm® of the catholyte volume, respectively, one would expect
the corresponding capacity during oxidation and/or reduction to be
multiplied by &~ 2. Surprisingly, we experimentally observed that
the charge capacity for suspension A during one passage (0.035 min)
through the electrochemical interface (0.4 cm?) is 0.163 mAh.cm™ as
compared to 0.76 mAh.cm™ for suspension “C”, which is a factor 4.7
higher (see Table II for details). Moreover, the shift of the position of
the oxidation peak (Eyy,) from 3.74 vs. 3.70 V when the suspension
C is used is indicative of a better electronic percolation. Thus, the
origin of the large increase in capacity when comparing suspension
A and C is most likely rooted in the enhancement of the electronic
percolation pathways within the catholyte provided by the higher mass
concentration of carbon-coated LiFePO, particles, hence enabling
their better utilization.

Further testing the effect of increasing active material concentra-
tion in terms of kinetics was carried out with suspensions containing
increasing amounts of carbon-coated LiFePO, active material [“E1 to



Table Il. The variation of the second charge and discharge capacities for the “filter-press reactor” using formulation D as a function of the flow
rate is listed. Results are extracted from Fig10. The conversion percentage represents the proportion of particles oxidized/reduced during their
one passage through the reactor. To perform this kind of calculation, residence time is calculated from the flow rate (ex. 12 mL.nTiH) and the
catholytic electroactive volume (ex. 0.4 ci}) which implies that the LiFePOy particles stay in the cell reactor volume for 0.035 min during each
passage. Afterwards, the voltammogram k= f(E) is then integrated symmetrically around Epeax and during this residence time (in this example,
the integration is done from 0.0175 min before to 0.0175 min after the peak current in the voltammogram.). The quantity of charge obtained by this
integration (0.78 mAh) is then divided by the theoretical volumetric capacity of the “D” suspension for the electroactive volume (4.87 mAh.cTA,

i.e. 1.948 mAh for 0.4 cnT3). This gives a 40% utilization (e.g; 0.78/1.948) of the suspension (e.g 40% of the particles area converted during one

passage).
Oxidation Reduction
Charge quantity per Conversion per Charge quantity per Conversion per
P Residence time residence time one passage residence time one passage

(em®min~!) (min) (mAh) (%) (mAh) (%)

8.33 0.050 1.19 61.1 0.86 44.1

12.0 0.035 0.78 40.0 0.52 26.7

18.0 0.022 0.52 26.7 0.36 18.5

25.0 0.018 0.44 22.6 0.31 159

“E4”, see Table I]. We experienced that increasing the concentration
of active material from 4.0 to 12.6%vol. leads to a slight increase in
the magnitude of the current as opposed to the large increase pre-
viously observed when switching from suspension A (2.0%vol. of
LiFePOy,) to suspension C (4.0% vol. of LiFePO,). This means that
the LiFePO, threshold content for the suspension to reach its full
electronic percolation is near 4% vol.

Optimum percolation.—At this stage, from the data obtained for
the different A, B and C formulations it can be deduced that electronic
percolation is essential for obtaining good performances. Although
carbon, as the conductive additive, provides most of the suspension
electronic wiring we show that the active LiFePO, material, viaits own
carbon coating, has also a noticeable effect. Therefore, the advantage
of providing part of the electronic conductivity by adding coated
LiFePO, resides in the fact that we are increasing the suspension
energy density while affecting its viscosity less than by adding carbon.
In light of such considerations, we have elaborated formulation D
(same weight of LiFePO, with increased carbon additive content) for
optimum performances.

We evaluated the performance of this formulation on the “filter-
press” cell, using the same experimental protocol as previously de-
scribed (i.e. oxidation of the suspension at 5 mA.cm~2 to reach the
~ LigsFePO,4 composition). The resulting voltammogram is reported
in Figure 9. It shows a peak current as high as 130 mA.cm~2, which
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Figure 8. Voltammograms obtained at a rate of 5 mV.s~! using the “filter-
press” electrochemical cell, with the suspensions/formulations “A” and “C”
(see Table I) vs. a metallic Li foil. Lines are guide to the readers to highlight
improvements in terms of both overpotential (resistance) and peak current
(&5 times) resulting from the doubled amount of active material between
formulations “A” and “C”. Flow rates of 12 mL.min~! were used.

is far exceeding what can be obtained in conventional Li-ion batteries
with this material. Integration of this peak current with respect to the
suspension passing time in the cell leads to a capacity of 0.78 mAh
as compared to the theoretical one of 1.95 mAh, which could be ex-
pected from our formulation, bearing in mind the electroactive volume
of our reactor (0.4 cm?). This simply means that a 40% conversion
ratio on one passage can be achieved through our “filter-press” reactor.
A better conversion ratio could be achieved by reducing our reactor
volume (e.g. thickness), providing that we can control our suspension
viscosity for decent flow. This calls for rheology studies that are being
undertaken.

Effect of the flow rate on the current magnitudeFae “D” sus-
pension was selected to perform such a study which basically consists
in collecting cyclic-voltammograms at a rate of 5 mV.s~! (Figure 10)
for suspensions flowing through our “filter press” reactor at different
flow rates () . Whatever the values of the flow rate, current densities
ranging from 120 to 150 mA.cm~2 can be achieved. Taking into ac-
count the geometrical area of the electroactive Li (4 cm?), this leads
to an overall magnitude of the current ranging from 480 mA to 600
mA. To put such numbers in perspective we collected, as described in
(Figure 3) and using the filter-press cell, the discharge power curve for
a “D” formulation flowing at a rate of 25.0 cm®.min~! within the reac-
tor. A power density (See Figure 11) as high as 328 mW.cm~2 (—104
mA.cm~2 at 3.154 V vs. Li*/Li°) which is twenty times greater than
the maximum we have reached with our initial reactor was obtained.
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Figure 9. Voltammogram obtained at a rate of 5 mV.s~! using the “filter-
press” electrochemical cell, with the suspension/formulation “D” (see Table I)
vs. ametallic Li foil. Whatever the formulations we have tried this is the highest
current density (130 mA.cm™2) we have ever obtained using a flow rate = 12
mL.min~".
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Figure 10. The effect of the suspension flow rate through the “filter-press”
electrochemical cell on the shape of the voltamograms collected at a rate of 5
mV.s~! is shown with in (1): no flow; and in (2), (3), and (4) a flow rate of
2.0; 18.8; and 25.0 cm3.min!, respectively. We have used formulation “D”
for such an experiment. Arrows at the extremities of the voltammogram are
pointing the growth of the diffusion wave when the flow rate is increased. Both
the overall overpotentials and current densities are growing as well when the
flow rate is increased.

Interestingly, the maximum power is reached at high current densities
where the diffusion limitation occurs, that confirms the improvement
of the ohmic behavior of the system thanks to the new reactor design.

Further exploiting the evolution of the cyclic-voltammograms
traces as a function of the flow rate (Figure 10) reveals interesting
features with namely the presence at no flow (® = 0 cm®.min™")
of potential peaks both on the cathodic and anodic sides, implying
a concentration depletion in the electroactive area. These peaks are
becoming less pronounced when the flow rate increases, with the ap-
parition of a diffusion wave (see arrow on Figure 10) meaning that
the electroactive area/contact with an electronic conductor is supplied
by a slightly more constant flux. Such an effect can be analyzed using
Leveque’s relationship expressing Sherwood number as a function of
both Reynolds and Schmidt numbers (Eq. 1 in the Annex'!), and more
specifically by examining the flow rate dependence on the current [2]:

lim =N x F x Sx C* x cstex 2 [2]

We plotted the magnitude of the current either in a normal
(Figure 12a) or logarithmic scale (Figure 12b) as a function of the
flow rate. Both plots seem to indicate a linear evolution with the log-
arithmic plot giving a better correlation coefficient (0.999 vs. 0.987
for I,04)- The empiric relationship obtained via these plots (see figure
description) enables to extract a value of ~ 0.1 for the exponent .
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Figure 11. The peak power curve is shown for a “filter-press” electrochemical
cell using i) the suspension/formulation “D” as the positive electrode and ii)
metallic Li as the negative electrode. A flow rate of 25.0 cm®.min~! was used.
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Figure 12. Dependence of the peak current density as a function of the flow
rate for the “filter-press” reactor using the formulation “D” (see Table I).
Linearity is verified as well for the raw values a) i vs. f(flow rate): (ianod.
= 0.001 * ®40.123; R?> = 0.987 and icamoa. = 0.0007 * ®40.085;
R2 = 0.999) as for the logarithmic values, b) In(i) vs. In(flow rate): (Inignod,
= 0.117 * In®—2.289; R? = 0.999 and Inicynoa. = 0.137 * Ind—2.707; R?
= 0.999). Results extracted from Figure 10.

Such a value, based on previous literature reports on similar systems,
confirms the relatively low influence of the flow rate on the magnitude
of the current, as already deduced from Figure 10.

Turning back to Figure 10 it is also worth mentioning that with
increasing the flow rate the polarization decreases (e.g. oxidation and
reduction peaks shift toward lower and higher potentials, respectively)
while the peak current amplitude increases. At first, these results are
somewhat intuitive since fast flow rates should i) enable greater quan-
tities of active material to pass through the reactor and ii) simulta-
neously increase the shocks between particles with for consequence
a decrease in the ionic diffusion and electronic percolation lengths
which should lead to a lower polarization as observed.

To quantify this aspect and get further insight into the decrease in
the current at ‘low flows’, (See Table II) we attempted to evaluate the
conversion ratio for one passage through the reactor. This evaluation
was performed as follows. The average residence time of the suspen-
sion in the reactor was first evaluated, for the different flow rates that
we have tried, taking into account the volume (0.4 cm®) of our posi-
tive polarity compartment. Then, the full theoretical volume capacity
for 100% conversion was calculated. For instance, with solution D,
such a theoretical volumetric capacity is estimated to 1.95 mAh. The
conversion rates, obtained for various flow rates during the current-
potential curve, for ‘one residence time’ are reported in Table II, and
they are found to decrease with increasing the flow rate, confirming
our intuition. Their values are found to range from 15 to 60%, which
is quite reasonable concerning particles flowing in suspension with no
“forced” electronic contact between active material and current collec-
tor and free ionic pathways between metallic Li and active material.
Last the noted differences between oxidation and reduction charge
quantities, solely observed during cyclic-voltammetry measurements
are still not fully explained also we privileged at the present time some
electrolyte oxidation owing to the fact that we pushed the oxidation
to voltages as high as 4.5 V.



So overall, this result tends to give preference to the intermittent
flow-mode suggested by Duduta et al.® in order to obtain high con-
version rates (close to a classical battery). At the scale of the system,
high flow is however better to increase energetic efficiency (Voltage
difference between charge and discharge) and the global amount of
charge. This insight will help in designing new capable experimental
protocol to better take advantage of the flow parameter in conjunction
with the thickness vs. the surface of the core reactor.

Conclusions

We have reported a survey on the effect of various experimental
physical-chemical parameters (cell design, suspensions formulations,
flow rates, and so on) on the performances of the LiFePO,/C redox
flow system. We demonstrated the importance of the cell design to
ensure a better flow distribution contact between the suspension and
the current collector. The use of Al foams within our “initial” cell
compartment or the decrease in its thickness was meant for such
a purpose, but there is still room for improvements. Additionally,
we found that mastering the electrolyte formulation is quite tricky,
as compared to solid state electrodes, owing to the need to add an
extra dimension that is the control of the viscosity/rheology of the
suspension.

Besides, we showed by changing the flow rate the feasibility of
improving the migration/diffusion for the involved active material
concentrations (i.e. Li*). An empiric ‘logarithmic’ relationship be-
tween the magnitude of the peak current and the flow rate has been
found, enabling to access the expression of the mass transfer evolu-
tion versus flow (using the Leveque relationship) and expressed as
k = cstex @1

Last, specific conditions were chosen in this study to plot current
potential curves (i.e. relatively low flow rate and relatively high poten-
tial scan rate (5 mV.s~!) giving high conversion (up to 60%) for one
pass through the reactor. We found that decreasing the feed flow, and
recycling the solution, enables to increase both apparent mass trans-
fer coefficient and conversion of the electroactive material, leading to
90% global conversion. It therefore remains that several modifications
are being pursued to improve the overall energy balance (cell produc-
tion - pump consumption), like the nature of the separator, the size
and the surface of the active material particles, the nature of the elec-
trolyte, the configuration of the cathode compartment, as well as the
coupling of several reactors in serial, or working with an intermittent
pumping system.

Overall, by acting both on the cell design and catholyte formu-
lations, power densities of 328 mW.cm™2, far larger than the ones
measured in high-rate battery-electrodes and mid-way to fuel cells (1
W.cm~2), were obtained. By increasing the volumetric percentage of
active material to 12.6%vol., suspensions having energy densities of
50 Wh.kg~! (67 Wh.L™!) were obtained, similar to what is achieved

in the best industrial All-Vanadium Redox-Flow batteries. To get pass
such a limit, suspensions having 20% vol. or more of active materials
will be required providing that we can maintain a workable viscosity.
This is not an insurmountable task as using such type of inks is com-
mon practice in various ink-printing technologies, and we have a lot
to learn from such a community we are presently collaborating with.
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List of Symbols

LFP LiFePO, solid cathode material

Csp Carbon “Super P carbon black conductive additive

KB/KB300 Ketjen Black EC-300 J carbon conductive additive

LP30 Ethylene Carbonate/Dimethyl Carbonate (1:1),, and
LiPFg (1M) electrolyte

o Tonic resistivity of the electrolyte (£2.m)

S Current collector surface (m?)

I Characteristic length e.g. thickness of the flow
channel (m)

1 Current (A)

k Mass transfer coefficient (m/s)

de Equivalent / Hydraulic diameter (m)

D Diffusion coefficient (m?/s)

a,a and o Constants

u Average velocity of the fluid (m/s)

v Kinematic viscosity (m?/s)
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