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Highlights

- Lithium-air batteries (LAB) are one of the most promising next-generation batteries for their high
theoretical energy density.

- In semi-solid redox flow batteries, suspended active material particles allow overcoming the
solubility limit of redox flow batteries (RFB).

- Semi-Solid Li/O2 Flow Batteries combine the advantages of high specific energy of LAB and the
design flexibility of RFB.
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Abstract

Lithium-Air (O>) batteries are considered one of the next-generation battery technologies, due to
their very high specific energy. In parallel, Redox Flow Batteries (RFBs) are getting much attention
for energy transition because of their highly flexible design that enables the decoupling of energy
and power. However, commercial RFBs still suffer from low energy density. One of the solutions
proposed to increase the energy density is the combination of the high energy density of the Li/O-
battery with the flexible and scalable architecture of redox flow batteries in semi-solid flow Li/O-
batteries. The challenging activities to develop materials and components, and to prototype semi-

solid flow Li/O> batteries are here presented and discussed.

1. Introduction: From air breathing to semisolid Li/O2 cells

Metal-Air (Oxygen) batteries (MABS) have the advantage of using the lightest cathode material
available in nature: Oxygen. Since the Oz is not stored inside the cell but is continuously supplied
from the air, the cell capacity is not limited by depleting or amount of cathode active material. The
combination of a metal anode and an O-cathode enables to reach extremely high theoretical
energy density (Wh/L) that are about 2—10 folds higher than that of today's lithium-ion batteries,
and high theoretical specific energy (Wh/kg) values, especially when light metals are used [1].
Several MAB chemistries were proposed, including alkali, transition, and multivalent metals [2].
Among them, the Li-O cells (LAB) stand out because of the highest theoretical energy density
value of 3.5 kWh/kg.

Despite such a promising theoretical performance, many challenging problems still have to be
solved to make LAB a consolidated technology. The typical configuration of the LAB cell
consists of a lithium metal anode and an air-breathing cathode that is exposed to air or O (Fig.
1a). The two electrodes are separated by a membrane soaked with the electrolyte solution, which
is composed of lithium salt dissolved in water or organic solvents [3]. The electrode reactions that

take place in an organic LAB are the following:

O2(g) + 2 Li" + 2 e¢> Li202(s) 1)
Li (s) > Lisont 1 € (2)

As it concerns the metal anode, stripping/deposition inherently induces changes in metal surface
morphology, dendrite growth, and metal fragmentation into particles with subsequent loss of both
electric contact and material. The electrolyte can play a key role by forming a suitable solid
electrolyte interface (SEI) that protects the anode and controls the uniform metal deposition. The



membrane is also an important component of LAB and it should be designed properly to avoid or
limit the O crossover from the cathode to the anode [4-8]. One of the major challenges for the
cycle life of LAB cells is the durability of the Li metal electrode, and several strategies were
proposed to increase cell cyclability and safety [9-12].

At the cathode side, during the discharge and recharge processes, the peroxide species are formed
and re-oxidized to O,. Many strategies were proposed to alleviate cathode passivation with Li>O>
that limits the discharge capacity and causes a recharge overpotential higher than 1 V and recharge
voltage even of 4 V, leading to low recharge energy efficiency typically lower than 70% [13]. The
use of ionic liquids or superconcentrated electrolytes has been demonstrated a valuable approach.
Indeed, these environments are able to stabilise the superoxide anion and promote the so-called
solution formation mechanism, which is known to delay cathode clogging with Li.O> [14-21].
The sluggish kinetics of the oxygen reduction and evolution reactions (ORR/OER) at LAB
cathodes can be also promoted by catalysts or redox mediators that are supported on the electrode
surface, typically a porous carbon featuring high surface area [22-29]. The optimization of the
cathode three-phase-boundary (catalyst—electrolyte—gas) is of paramount importance to achieve
high conversion efficiency and fast cell response under high-currents that are limited below 0.5
mA/cm?. The current rate response of air breathing LABs is also much affected by the slow
natural diffusion of Oz to the cathode. These passivating products limit the discharge capacity of
LABs to values that can be 50% lower than the theoretical ones [30]. Some of these issues can be
overcome by exploiting a flow cell design in Lithium-Air Flow Batteries (LAFBs) [31-34].

The main difference to static systems is that LAFBs operate with external tanks that store the O-
saturated electrolyte (called catholyte), and with pumps that manage flow circulation (Fig. 1b).
The catholyte flow convectively transports O2 through the porous cathode current collector. This
concept was demonstrated by a lab-scale cell assembled with a meso-macroporous template
carbon cathode and O»-saturated N-butyl-N-methyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide (PYR14TFSI): bis (trifluoromethane sulfonyl) imide lithium
salt (LiTFSI) 9:1. While electrode porous architecture was effective in promoting ORR at the
slowest currents, the O, mass transport in IL became crucial at the fastest discharges. A practical
discharge capacity of 600 mAh/g of carbon electrode was achieved at 0.2 mA/cm?, with a recharge
efficiency of 92%. These achievements demonstrated that a flow-cell design enables to: i)
overcome the O intrinsic mass transport limitation; ii) pave the way toward a new concept of
Li/O; cell, where oxygen-harvesting is split from the oxygen reaction process [33], and iii)
improve the discharge capacity thanks to the promotion of superoxide diffusion into the

electrolyte, the separation and storing of discharge products, and mitigation of current collector
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passivation by insulating products [35].

Hybrid LAFBs featuring a Li-ion conducting glass-ceramic (LiSICON type) have also been
proposed. The use of the solid electrolytes mitigates oxygen crossover from the cathode to the
anode and improves cycle life by protecting the lithium metal surface. This approach was
exploited in LAFB that consisted of two different units: The stack composed of lithium metal
anode in contact with an organic electrolyte and protected by a solid electrolyte, and a cathodic
compartment feed with an O»-saturated aqueous catholyte. The second part of the LAFB was a
recycling unit that collects/removes the discharge product Li(OH) while simultaneously protecting
the LISICON layer from corrosion under strongly alkaline conditions [36, 37].

Additional “recycling” units that exploit redox mediators were also proposed for organic LAFBs.
In Ref. [38], the catholyte featured a redox mediator that is reduced at the air electrode and
regenerated in the external unit while producing Li.O.. Therefore, Li.O. precipitates outside of the
cell core. This approach enabled a good cycling performance over 100 cycles.

A LAFB based on redox-mediated ORR and OER reactions was proposed as an effective
approach to avoid the surface passivation and pore clogging issues of the air electrode. The
reversible formation and decomposition of Li.O2 occurs in an external gas diffusion tank filled
with porous material that allows the easy access of redox fluid and O and it is connected to the
electrochemical cell stack [39, 40, 41]. This approach enabled to achieve high areal power of 60
and 34 mwW/cm? when supplied with O, and dry air, respectively, and current density of 15
mA/cm? [42]. In the development of LAFB, given the high viscosity of the organic catholyte, the
fluid dynamics inside the flow frame of the porous cathode strongly affect the cell net power
output. By a semi-empirical approach, it was demonstrated that by smart cell geometry it is
possible to drastically reduce pressure drops, which are directly proportional to the consumed
power. It was demonstrated that the highest net power gain corresponding to a net power of ca. 15
mW within 0-200 rpm pump rate (2.5 mL/s) is achievable by maximizing the flow cross-sectional
area through the 3D current collector. Even if the net power output was almost constant over the
pump rate range, high pumping regimes provided the highest discharge currents [43].

A Dbreakthrough towards the exploitation of the promised high specific energy of Li/O> cell was
achieved by the use of a semi-solid catholyte in the so-called Semi-Solid LAFB (SLAFB)(Fig. 1c)
[44]. A comparative resume of the main components of the three different lithium-O. battery cell
concepts, i.e. LAB, LAFB and SLAFB, is presented in Table 1. The operational concept, key
component development, and challenging prototyping activities are reported and discussed in the

following sections.
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Figure 1. Schemes of a) air-breathing (LAB), b) flow (LAFB), and c) semi-solid flow (SLAFB) Li/O; cell.
Table 1. Comparison of components of the lithium-O, battery cell concepts, i.e. LAB, LAFB and SLAFB.

Cell type Acronym Anode Cathode Electrolyte
Lithium Porous, high surface area, air- | Organic solution with lithium salts,
Air breathing LAB breathing carbonaceous gel,solid-state (ceramic, polymeric)
metal
cathode electrolytes
Porous current collector, Organic solution with lithium salts
Flow Li/O2 Lithium eventually coated with high g .
LAFB (and eventually mediators),
Cell metal surface area carbon/catalysts, saturated with oxygen (Catholyte)
intercepting the catholyte flow Y9 y
Macroporous current Organic solution with lithium salts
Semi solid Lithium collector, eventually coated and carbon particles, eventually
flow Li/O2 SLAFB with high surface area modified with mediators or
metal . . .
Cell carbon/catalysts, intercepting catalysts, saturated with oxygen
the semi-solid catholyte flow (semi-solid catholyte)

2. Semi-solid flow batteries

Semi-solid redox flow batteries (SRFB) share similar design and same advantages of conventional

redox flow batteries (RFB), i.e. energy and power decoupling. Energy sizes with the electrolyte

volume, power depends on the reactor dimensions (current collectors, plates). The main difference

is that in SRFB the solid electroactive particles are dispersed in the electrolytes [32, 45].

The use of semi-solid catholytes and/or anolytes offers the great advantage of overcoming the

solubility limit of active species in the electrolyte, therefore enabling to boost RFB volumetric

capacity and energy densities. As an additional key advantage, the use of semi-solid fluids allows

designing novel RFBs based on different chemistries that are typically featured by static battery
cells with solid electrodes, like Li-ion, Li/S, Li/Oz, Na-ion, Zn-Ni, Zn-Fe, vanadium RFBs [32,
46-50]. The development of SRFB brings strategic advantages to RFBs: i) the active particles will

not crossover through the separator, that can be easily designed approaching the electrolyte bulk

conductivity, with advantages in terms of power; ii) electrode active materials that experience

volume change during the charge/discharge process, and can be hardly used for long cycle life

cells, can be more efficiently used in suspensions; iii) energy demanding and environment




impacting solid electrode manufacturing is avoided, with advantage in terms of costs; iv) cells can
be recharged mechanically, i.e. “refilled” by replacing the aged anolyte with a fresh slurry,
opening a new concept of “fast” recharge; and v) active materials dispersed in aged slurries can be
easily recovered by simple physical separation means (e.g. filtration).

Many challenges are still to be faced in SRFBs. Efficient management of the viscous slurries
resulting from the particle suspension is required, along with a smart management of the slurry
flow, and improved reactor design. Furthermore, in the case of high-voltage semisolid RFBs,
based on the lithium chemistry, the SEI formation represents a critical issue, since it can insulate
the active particles and the current collector [51]. Moreover, the slurries should not sediment but
feature a stable and efficient electrical percolation network to improve the kinetics of the faradaic
processes, and, specifically, the electron transfer between the particles and the current collector
[52-56]. The use of viscous semi-solid slurries requires a proper design of the cell architecture.
Filter press type cells with macroporous current collectors are typically used for exploration
studies and prototyping activities [57, 58]. Moreover, filter press redox flow cell prototypes can be
realised through 3D printing, which is a quicker prototypal technological approach than traditional

workshop methods, superior in terms of time and costs [60].

3. Semi-solid Li/O2 flow batteries

Semi-Solid Li/O2 Flow batteries feature a lithium metal anode, a separator, and a semi-solid
catholyte (Fig. 1c). The SLAFB catholyte differs from that of other SRFBs’ because the active
species, i.e. Oo, is dissolved in the electrolyte and is continuously fed by an external tank or from
the air. Like in LAFB, the catholyte is a carrier that fastens cell feeding. It also controls and
regulates cell temperature or pressure, which are important parameters for cell safety and
operations. The semi-solid catholyte features dispersed conductive carbon particles that cannot be
considered as “active” components but have a unique role in driving the ORR/OER reactions. In
the SLAFB, the ORR/OER mainly take place on the dispersed carbon particles, according to the

following equations:

O2 (sol) + 2 Li* + carbon ¢ carbon/Li202(5) (3)

The insulating Li>O> is formed in the suspension crossing the 3D current collector and is readily

flown away from the cell core. Consequently, the passivation of the cathode current collector is

alleviated and cell discharge capacity dramatically increased. In parallel, the carbon percolating



network multiplies redox sites, the catholyte flow increases O, mass transport, and, hence, the
current rate response is improved.

The SLAFB concept was demonstrated by a lab-cell prototype that featured a 3D current collector
based on reticulated vitreous carbon (RVC) coated with SuperP carbon (SP). The semi-solid
catholyte was a suspension of 2% SP in O-saturated solution of tetraethylene glycol dimethyl
ether (TEGDME): LiTFSI 9:1. The prototype was capable of operating at high discharge rates (up
to 4 mA/cm?), one order of magnitude higher than the values obtained in conventional air-
breathing LAB, with high discharge capacity (> 175 mAh/cm?), energy (> 500 mWh/cm?) and
power (> 7 mW/cm?), and low recharge overpotential (3.5 V) (Fig. 2). Notably, the discharge
capacity of the SLAFB was limited by the depletion of the lithium metal (Fig. 2a). Indeed, at
pump rates below 200 rpm and currents higher than 3.5 mA/cm?, lithium anode gave the main
contribution to the cell overvoltage. In these conditions, during the discharge, the lithium potential
is raised due to a low diffusion of the Li* ions in the bulk electrolyte and/or through the SEI at the
lithium surface (Fig. 2d) [58].
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Figure 2. Potential profiles (a) during discharge at -0.25 mA/cm? of an O-saturated semi-solid catholyte (red) and

fluid catholyte (green) and the lithium metal anode or electrolyte; (b) during the charge at 0.25 mA/cm? of a semi-

solid catholyte discharged over 45 h; TEM images of the carbon particles (c) before and (d) after discharge, (e)
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SLFAB cell voltage and electrode potential profiles under galvanostatic discharges at 200 rpm pump rotation and
different current densities (labels indicate the current densities ranging from 1 to 4 mA/cm?, cut-off: 2.6 mAh/cm?

capacity and 2 V vs Li*/Li cathode potential). Reprinted from Electrochimica Acta, 206, I. Ruggeri, C. Arbizzani, F.
Soavi, A novel concept of Semi-solid, Li Redox Flow Air (O.) Battery: a breakthrough towards high energy and

power batteries, 291-300, Copyright (2016) with permission from Elsevier [44, 58].

Key parameters for the design of high-performance SLAFB are catholyte flow rate, lithium-to-
catholyte mass balancing, the carbon content in the semi-solid catholyte, lithium thickness, and
current collector size. The higher is the content of the carbonaceous particles dispersed in the
semi-solid catholyte that can host the Li»O- discharge product, the higher are the gravimetric and
volumetric performance. It was projected that the main improvements are achievable by increasing
the carbon content up to ca. 10%. Above such values, careful control of the rheological properties
of the slurry is of paramount importance and only moderate advantages can be obtained. In Ref.
[40], it was estimated that 1 kWh/kg* and 700 WHh/L could be achieved by using a thick (1200 pum)
lithium anode and a slurry with 12% carbon. In turn, the highest projected specific power and
power density of 70 W/kg and 20 W/L could be met with a thin (100 pum) lithium anode and 6-8%
of carbon [53].

In Refs. [52] and [59] slurries based on different carbon content (SP and pure black, PB) in
LITFSI-TEGDME solutions with salt concentration ranging from 0.5 to 5 mol/kg (solvent-in-salt
solution) were investigated to optimize the formulation. Superconcentrated solutions of LiTFSI in
TEGDME, for their ionic-liquid-like behavior, are gaining great interest as a new class of stable
electrolytes [17, 61]. Compared to SP, the smaller and fractured particles of PB carbon provided
pseudoplastic slurries capable of reducing their viscosity at an increased share rate even at high
carbon content (Fig. 2a). The overall effect was the improvement of the electronic percolation,
mainly related to the increase of the carbon content, and the electrochemical performance
compared to 2% SP-based catholyte. Slurries with a 10% PB were discharged in half-cells at
currents as high as 4.5 mA/cm? (Fig. 2b) and exhibited promising cycling stability under hundreds
of cycles, featuring 4 mAh/cm? areal capacity [59]. Notably, the increase of LiTFSI concentration
in the liquid phase, and, hence, of the solution ionic strength, contributed to shield carbon
interparticle interactions and to achieve a better and more stable carbon dispersion and connection
(Fig. 2c). Indeed, slurries with 2% and 4% carbon in 3 and 5 mol/kg LITFSI-TEGDME featured
percolating resistances that were almost 50% and 20% smaller than those of samples with 0.5
mol/kg LiTFSI (Fig. 2d).



The cell core of the lab-scale SLAFB prototype proposed in ref [44] was constituted of a lithium
metal anode and porous cathode made of reticulated vitreous carbon (RVC), coated with an SP
carbon layer (RVCSP, 0.385 cm?, 7 mg cm of SP). The two electrodes were separated by a fibre
glass membrane (Fig. 4a and 4b). The semi-solid catholyte was fed through the RVCSP by a
peristaltic pump while being continuously enriched with Oz (Fig. 4c). An additional reference

electrode which intercepted the catholyte flow was used to monitor electrode potentials [44].

Different carbon type and content in 0.5 mol/kg LiTFSI in TEGDME
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Figure 3. (a) Rheological behavior in terms of viscosity vs shear rate; (b) trends of the potentials of semi-solid
catholytes based on PB (10% and 2%) and SP (2%) carbons in 0.5 mol/kg LiTFSI-TEGDME (discharge steps with 1
h and 2 mAh/cm? cut-off); slurries based on PB carbon in LiTFSI-TEGDME with different carbon mass percentages
and in different salt concentration (from diluted 0.5 mol/kg to super-concentrated 5 mol/kg) (c) optical fluorescence
microscope images with dissolved rhodamine B as dye; (d) electronic conductivity. Reprinted from Carbon, 130, I.
Ruggeri, C. Arbizzani, F. Soavi, Carbonaceous catholyte for high energy density semi-solid Li/O, flow battery, 749-
757, Copyright (2018), with permission from Elsevier [58].
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For a comparison with other flow battery chemistries, Table 2 compares the practical key

performance indexes of SLAFB and Zn- or V- -air flow batteries with that of the most

consolidated RFB technology, i.e. the Vanadium redox flow battery (VRFB).

Table 2. Practical, key performance indexes of metal-air flow batteries, compared to VRFB.

Battery chemistry Va‘z:géc('gg{}) Specific Capacity | Specific energy S'foevcv';:,C Ref.
Semi-solid lithium- 2
air flow battery 3.2V 175 mAn em 800 Wh kg * 12 mW cm2 [58]
(> 250 mAh gt *) [59]
(SLAFB)
Flow Li/O; Cell 18 - 140 ) Lk 34-60
(LAFB) 3.2V mAR cm-2 20-160 Wh kg MW em2 [42]
Zn-air flow battery 16V 300 - 870 100 - 600 100 - 270 [62]
ZAFB ' mAh g Wh kg mwW cm-
hg?! h kg* 2 63
Vanadium- air 20-35
redox flow battery 1.5V 15-30 mAh g* 25-40 Wh kg! MW em?2 [64]
(VARFB)
Vanadium redox 100-120
flow battery 1.2V 15-20 mAh L! 25-30 Wh ! MW em:2 [32]
(VRFB)

*Including the semi-solid slurry (10% carbon content), the cathode current collector and L. foil
**Including catholyte and Li foil




4. Upscaling semi-solid Li/O2 flow batteries

The upscale of SLAFB cells requires a holistic R&D approach that includes the optimization of
separators, catholyte formulation, lithium metal interface, and cell assembly and management
board, while targeting the improvement of nominal power, current rate response, and cyclability.
The Spin-off BETTERY Srl designed and developed the first up-scaled SLAFB prototype, i.e.
NESSOX (NEw Semi-Solid flow lithium OXygen battery) (Fig. 5) [www.bettery.eu], under the
NESSOX project [https://cordis.europa.eu/project/id/837041/it], and in collaboration with
MISTER Smart Innovation [www.laboratoriomister.it]. The prototype featured 12 cm? plates that
were assembled using a case of Teflon and RVC current collector for the catholyte.

The catholyte flow and O feeding were controlled by the control unit that included a peristaltic
pump, a flowmeter, and pressure sensors. Figure 5 shows the most representative measurements
carried out on the prototype at room temperature performed at 24 mA and 12 mA (Fig. 5). During
the discharge, the cell displayed a flat plateau at 2.5 V, while the recharge took place at 3.5 V. It is
expected that energy densities as high as 950 Wh/L and 800 Wh/kg (excluding case and control
units) can be achieved. These are extremely interesting achievements because they are in line with
the results obtained with small lab-scale cells (0.5 cm?) and pave the way towards further

development and sup-scale of SLAFB.
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Figure 5. NESSOX prototype and schematic view with the testing platform, and cell discharge and recharge cell voltage
profiles [Courtesy of Bettery, internal report https://cordis.europa.eu/project/id/837041/it].
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5. Conclusions and perspectives

Herein, we have provided a short review of the recent developments and technological roadmap of
Semi-Solid Li/O2 Flow Batteries (SLAFBS), starting from the static, air-breathing batteries (LAB)
to Li/O2 flow (LAFB) cell configurations, focusing on materials up to cell upscale.

SLAFBs represent a cutting-edge technology that brings in a unique solution the advantages of
high specific energy of LAB and the design flexibility of redox flow batteries (RFB). SLAFB can
accelerate the market penetration of LABS, by addressing their intrinsic limitations due to limited
O2 mass transport and Li>O> cathode clogging. However, further steps are still needed both at the
fundamental and applied research level for a wide implementation and industry acceptance of this
promising technology for energy storage applications.

The paths towards the development of advanced semi-solid catholytes point to new slurries with
low viscosity. Improvements are expected by using catalysts or redox mediators
dissolved/dispersed in the slurries or supported on porous current collectors, which can further
alleviate carbon particle passivation by Li>O, and accelerate OER and ORR kinetics. However,
one of the biggest challenges is the optimization of the lithium metal interface. Indeed, the semi-
solid catholyte enables cell operation at current areal densities that are above the typical regimes
of static lithium-metal batteries. In addition, oxygen crossover through the separator is detrimental
not only for the cell self-discharge but also because it negatively affects the stability and
electrochemical performance of the lithium metal interface. The substitution of lithium metal with
competitive semi-solid anolytes, like those based on lithium-ion insertion active materials or

alloys, can be a valuable option to circumvent lithium metal limitations.
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