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The lithium—air (Li—air) battery offers one of the highest practical specific energy densities
of any battery system at >400 W h kgsystem‘l. The practical cell is expected to operate in
air, which is flowed into the positive porous electrode where it forms Li,O, on discharge
and is released as O, on charge. The presence of CO, and H,O in the gas stream leads to
the formation of oxidatively robust side products, Li,COs and LiOH, respectively. Thus,
a gas handling system is needed to control the flow and remove CO, and H,O from the
gas supply. Here we present the first example of an integrated Li—air battery with in-line
gas handling, that allows control over the flow and composition of the gas supplied to
a Li—air cell and simultaneous evaluation of the cell and scrubber performance. Our
findings reveal that O, flow can drastically impact the capacity of cells and confirm the
need for redox mediators. However, we show that current air—electrode designs
translated from fuel cell technology are not suitable for Li—air cells as they result in the
need for higher gas flow rates than required theoretically. This puts the scrubber under
a high load and increases the requirements for solvent saturation and recapture. Our
results clarify the challenges that must be addressed to realise a practical Li—air system
and will provide vital insight for future modelling and cell development.

Introduction

The lithium-air (Li-air) battery has a theoretical material-level specific energy of
3500 W h kg™', making it a leading next-generation electrochemical energy
storage technology for high-energy applications."™ The Li-air battery exploits the
two-electron reduction of O, at a porous, carbon positive electrode, forming Li,O,,
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with the concomitant oxidation of Li metal at the negative electrode.’ During
charging, the reactions are reversed, reforming O, and Li. However, the battery
faces significant challenges,>®” such as degradation of the electrolyte during
operation,®*** slow electrochemistry due to the insulating nature of Li,O,,"™
resulting in the need for homogeneous redox mediators to oxidise Li,O, '***
instability of Li metal*® and the need for anode-protection layers.** Significant
progress has been made in these areas, however, most studies of the Li-air battery
involve the use of pure O, gas as the feedstock for the positive electrode and often
only low-capacity systems (<1 mA h cm ™ ?) are explored. Some examples of more
practical cell configurations, albeit without gas-handling systems, have been re-
ported.> Kubo and co-workers described a multilayer pouch cell that could store
150 W h kgee; " at 0.5 mA h em ™ 2,** while Zhao and co-workers reported a double-
layer pouch cell with a capacity of >750 W h kg, *.>” More recently, Lee and co-
workers demonstrated a 1200 W h kg..; " folded pouch cell configuration that
greatly exceeds the specific energy density possible by most battery technolo-
gies.”®* Practical, “real-world” Li-air batteries will operate in air, exposing the
electrolyte to H,O and CO,, which can react with Li,0, to yield LiOH and Li,CO3
respectively.** LIOH can cause electrolyte degradation, and both salts have high
oxidation potentials, which would significantly limit the coulombic efficiency of
the cell.*** Due to the challenges associated with atmospheric gases on the
operation of Li-air cells, “real-world” open devices will incorporate gas-handling
systems to “scrub” the air** of H,O and CO, and it is assumed that concentrations
of <10 ppm are needed for both.**

Gallagher et al. proposed theoretical system models for a practical air-
breathing (open) battery comprising a gas-feed stream and an air scrubber
system. The gas-handling system significantly impacted the system-level perfor-
mance of the Li-air pack according to the BatPac model.** No experimental data
on the requirements of a practical gas purification system have been reported.
Some work has probed the effects of parameters such as gas composition,** O,
partial pressure®® and gas flow*”** on the capacity of Li-air cells, but usually in
cells operating at unrealistically low current densities (<100 pA cm ™ ?) and large
flow rates. Progress towards the development of a practical Li-air battery requires
a holistic view of the challenges involved, including not only the chemical and
electrochemical processes occurring within the cell, but also of the effects of the
gas-handling parameters on device performance. Delivery of air and removal of
CO, and H,O0 from the input stream are inherently linked; efficient delivery of air
to the cell will require higher flow rates, which will increase the workload of the
scrubber system. Such effects must be considered in tandem during device testing
to provide realistic estimates of cell performance.

Here we describe the first example of an integrated Li-air battery demonstrator
with in-line gas handling system, consisting of the cell, atmospheric control and
gas scrubber chamber. The cell is based on a fuel cell design and the gas handling
system controls the flow and pressure of the gas to the cell. The cell incorporates
a flow field to distribute the gas flow over the positive electrode. The impact of gas
flow rate and composition is explored and we show that this has a drastic impact
on cell performance. Our analysis highlights some deficiencies in the design of
current flow field plates, gas diffusion electrodes, and gas scrubber materials
when used in Li-air cells, thus highlighting where further innovation is needed if
we are to achieve a practical air-breathing Li-air system.
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Results and discussion

To evaluate the impact of gas composition, flow rates and scrubber material on
the performance of the Li-air cell and gas handling system, we developed
a demonstrator battery system (Fig. 1) in which the composition (including the
humidity), pressure, and flow rate of the gas delivered to the cell can be
controlled. The gas handling system was constructed from stainless steel Swa-
gelok tubing and the cell was based on a fuel cell stack, which contains a tech-
nologically mature gas delivery design, albeit optimised for aqueous systems.*
The three inlet gas compositions used were 100% O,, 20% O, (balanced with N,)
and compressed air. The gas could either be routed through the scrubber or
passed directly to the cell. The scrubber consisted of a steel tube (5 cm diameter,
15 cm length), which could be heated and placed under vacuum to regenerate the
scrubber media. The scrubber volume far exceeded that of the cell, an unrealistic
and best-case scenario for the practical system, and thus the limiting factor
should be the performance of the materials used to remove H,O and CO,. Two in-

C0,&
Humidity |

4 Mass Flow
ntroller 2

Pr— Vacuum

¥ R
-

o
=

-, ey
Back

Pressure
Regulator

o

5

Pressure
Gauge 1

§

Pressure
Gauge 2

Controller 1

Mass Flow 5
Controller _| 3-way tap

Pressure
Gauge . 2-way tap

Humidity
Chamber

4-way
Bypass

Vacuum

Back
Pressure
Regulator

—
Gas Inlet

Fig. 1 (A) Photograph of the Li—air demonstrator system with labelled components. (B) A
schematic diagram of the Li—air demonstrator system. A description of the design can be
found in the text.
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line mass flow controllers were used to control flow rates to the cell; one was
positioned before the scrubber and one before the cell. A back-pressure regulator
was positioned after the scrubber to compensate for the pressure drop as gas was
routed through the scrubber. Pressure gauges placed at three locations allowed
continuous monitoring of the system pressure. For all experiments, the gas inlet
section was pressurised to about 1400 mbar, with a pressure of about 1000 mbar
before the cell. A sensor measured the CO, content and humidity of the gas
entering the cell.

The open cell (Fig. 2A and B) was composed of a graphite plate with serpentine-
type flow field for gas delivery to the positive electrode, a steel plate current
collector for the negative electrode, and a stainless-steel mesh current collector
for the positive electrode. A polytetrafluoroethylene (PTFE) gasket was used to
separate the two plates. As is typical in the field, freestanding pre-charged LiFePO,
(LFP) was used as the negative electrode (350 um thickness, 22 mm x 22 mm)
rather than Li, as the latter requires the development of a protected Li anode to
avoid reactions with the electrolyte. Free standing 20 x 20 mm Super P cathodes
(80:20 wt% Super P:PTFE) were used as the positive electrode. A glass fibre
separator was placed between the electrodes. The electrolyte for all experiments
was 150 pL em > of 1.0 M lithium bis(trifluoromethane)sulfonimide (LiTFSI)
dissolved in tetraethylene glycol dimethyl ether (tetraglyme) unless otherwise
stated.

Cells discharged at 0.5 mA cm 2 under a flowing excess of 100% O, (0.50
mL min ") yielded a relatively low capacity of 0.7 mA h cm ™2 to a cut-off of 2.3 V vs.
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Fig.2 (A) Photographs of the cell housing used in the study, with a magnified image of the
flow field plate shown. (B) A schematic of the open Li-air cell design showing the stack
composition and flow field position. (C) Discharge profiles of cells discharged under
flowing 100% O, (0.50 mL min~?) with and without the addition of 50 mM DBBQ. (D) SEM
image of the positive electrode after discharge with DBBQ. The inset shows the pristine
positive electrode. The scale bar is 20 um long. The cell was discharged at a rate of 0.1 mA
cm=2,
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Li/Li" (Fig. 2C). Low capacities have been observed previously during analysis of
ether-based Li-air cells, and have been improved by the use of redox mediators.*’
The discharge was repeated with the addition 50 mM di-tert-butyl dibenzoqui-
none (DBBQ) resulting in an areal capacity of 6.6 mA h cm ™2, 9.4 times greater
than in the absence of the redox mediator, and among the highest areal capacities
recorded for a Li-air cell.*>** A cell containing the same electrode components in
a Swagelok cell filled with a static headspace of 100% O, gave an areal capacity of
3.5 mA h em™?, demonstrating the improvement possible by the use of flowing
gas (Fig. S17). The result also supports the need for dissolved redox mediators in
the cell to reach significant capacities at high current densities, even under a high
flow of pure O,. As such, 50 mM DBBQ was added to all subsequent cells unless
otherwise stated. Fig. 2D shows scanning electron microscopy (SEM) images of
the discharge product from a DBBQ-containing cell. The appearance of toroidal
structures indicates that solution-mediated Li,O, formation occurred on
discharge.*®*> The Li,0, yield for the DBBQ-containing cell was determined to be
82% using the method developed by Hartmann et al.** (other yield measurements
can be found in Table S1t). These data confirm that the Li-air demonstrator
discharge performance was consistent with coin and Swagelok cells, but that the
use of flowing gas improved capacity significantly.

To evaluate the performance of the open cell architecture under various
operating conditions, cells were discharged under 100% O,, 20% O, and air at
arange of flow rates (Fig. 3). Pure O, represents optimal performance conditions
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Fig. 3 Discharge profiles of cells discharged at a current density of 0.5 mA cm™2 under
a flow of (A) 100% O, (B) 20% O, with N, balance and (C) air. (D) Shows the areal capacity
of these cells.
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of the open cell and matches the conditions in most studies in this field, which
use a static headspace/flow of pure O,. However, 20% O, better reflects the
atmospheric concentration of O, and operation under optimum scrubber
conditions (H,O and CO, are completely removed). Operation under air reflects
the performance in the absence of a scrubber. When using 100% O,, the
capacity of the cell was almost directly proportional to the gas flow rate (Fig. 3A).
At the highest rate of 0.5 mL min~", a maximum capacity of 6.6 mA h cm~> was
achieved, compared to 0.8 mA h cm ™2 at the lowest rate of 0.05 mL min~*. The
cell voltage (determined from the mid-point of the discharge plateau, Table S27)
was also dependent on the flow rate, indicating that O, depletion occurred at
lower flow rates, lowering the discharge potential. When using 20% O, and
a current density of 0.5 mA cm ™2, the capacity initially increased with increasing
flow rate (Fig. 3B). However, beyond 0.75 mL min~ ' the capacity did not
increase, and some cells displayed a lower capacity. As expected, the discharge
plateaus were lower than those observed under flows of pure O,. Despite the use
of flow rates an order of magnitude higher than those used with pure O,, the
maximum capacity that could be achieved was approximately 2.6 mA h cm ™2,
Discharging using air gave a similar trend to that obtained using 20% O,
(Fig. 3C and D).

Based on a 2e” reduction of O, and the applied current density, the rate of O,
consumption was calculated and used to develop plots of normalised flow rate
versus capacity (Fig. 4A, see the ESI and Table S31 for details of the calculations).
When using pure O, and a current density of 0.5 mA cm ™2, the maximum capacity
(6.6 mA h cm™?) was achieved with a flow rate that was 33 times higher than the
theoretical rate of O, consumption. In contrast, applying a flow rate factor of 3.3
gave an areal capacity of 0.8 mA h cm™? (Fig. 4A). Despite the use of 100% O,, this
demonstrates that significant excess gas flow may be required at the positive
electrode. For a flow rate factor of 33 using 20% O,, the capacity of the cell
decreased to 1.8 mA h em™? at a current density of 0.5 mA cm > (Fig. 4A). This
capacity could not be significantly increased (2.6 mA h cm™?) by increasing the
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Fig. 4 (A) The capacity of the cells discharged with a current density of 0.5 mA cm™ as
a function of the flow rate factor, where a flow rate factor of 1 is equivalent to the rate of
oxygen consumption within the cell based on the applied current density. (B) The effect of
current density on the capacity of the cell when discharged under a flow of 20% O, and air,
as a function of flow rate factor (note that data points for the 0.1 mA cm™2 data set
correspond to absolute flow rates of 0.25 and 0.50 mL min~ respectively).
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flow rate factor up to 66. By reducing the applied current density to 0.1 mA cm >

the cell using 20% O, was able to achieve a capacity similar to that using 100% O,
(5.7 mA h) at the same flow rate factor (Fig. 4B), while noting that the absolute
flow rates were different due to different gas compositions and applied current
densities. These data suggest that the rate of O, dissolution and transport within
the electrolyte solution limits the capacity of the cell under open conditions,
which is particularly significant for atmospheric O, concentrations. While
increasing the flow rate increased the capacity, very high flow rates had the
opposite effect. Post-cycling analysis of the cell suggested that this was due to loss
of electrolyte solution from the air electrode, which has been observed previ-
ously,*”*® reconfirming the need for a solvent-management system.>*

To explore the challenge of removing CO, and H,O from the gas stream of an
open-architecture cell, we tested the scrubber filled with either activated charcoal
or molecular sieves using a flow rate factor of 35.7. Both were activated within the
device by holding them at 10~* mbar at 120 °C for 72 hours, approximating the
conditions expected in a real Li-air gas handling system. A stream of air with
relative humidity of 35% at 20 °C was used for all tests. When passing this gas
composition through the scrubbing media at 20 °C, the relative humidity was
almost unchanged, dropping by ca. 2% and 4% for activated charcoal and
molecular sieves, respectively. In contrast, CO, levels dropped by ca. 32% and
41% for activated charcoal and molecular sieves, respectively (Fig. 5A). It is
important to note that the volume of the scrubber far exceeded that of the
headspace of the cell, indicating the need for significant innovation in scrubbing
media/architecture, but the removal of significant amounts of CO, is promising
nevertheless. Cells were discharged at 0.1 mA cm 2 (Fig. 5B) with and without the
molecular-sieve scrubber (selected due to its ability to remove more CO,) and the
discharged cathodes were analysed by Fourier transform infra-red (FTIR) spec-
troscopy. In both cases, notable carbonate peaks were observed, and the inten-
sities were similar, regardless of the lower incoming CO, concentration, but were
much greater than that seen when using a cell discharged with 100% O, (Fig. 5C).
The similar carbonate peak intensities, despite the drop in the gas stream CO,
concentration, indicates a non-linear relationship between CO, and Li,CO;
formation, suggesting that near-absolute removal of CO, will be required for open
Li-air devices.
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Fig. 5 (A) Relative humidity and normalised CO, levels of compressed air at 35% RH
passed through the scrubber in the demonstrator system. (B) Discharge profiles of cells
discharged in air and air that has been scrubbed using molecular sieves at 0.5 mL min™t
(flow rate factor 35.7) and at 0.1 mA cm~2. (C) FTIR spectra of the cathodes extracted from
cells discharged in 100% O,, air and scrubbed air. Cells were discharged at a current

density of 0.1 mA cm™2 to 5 mA h at a gas flow of 0.5 mL min~%.
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Implications for the Li-air system

These data demonstrate that moving from a static head space to an open system
with gas flow could offer significant increases in capacity and rate. However, when
using flow fields designed for aqueous systems, the quantity of gas (O, or air) to be
compressed, scrubbed and supplied may be significantly higher than the volume
theoretically required by the cell,** and the higher flow rates required can lead to
cell drying by evaporating the solvent. This will increase the need for saturation
and capture of solvent from the gas stream.’?*®* For Li-air to become
a commercially viable battery technology, we anticipate the need for a system-
specific energy of >400 W h kg~ ".>* Our calculations suggest that if a positive
electrode capable of storing 40% vol. Li,O, (approximately 30 mA h cm ™ ?) can be
achieved, then a system-level energy density of an “open” architecture Li-air cell
could reach >450 W h kg~ (see Table S47). Achieving this target will require the
development of better gas diffusion electrodes and flow fields for electrodes, as
well as organic solvents that can sustain O, delivery to the cell at low flow rates.

Considering the gas scrubber, neither molecular sieves nor activated carbon
was able to scrub H,O and CO, from the gas stream, despite the scrubber being
significantly larger than the cell. This highlights the need for further innovation
in the development of scrubber materials or membranes to selectively allow O,
transport. We note that improvements in the efficiency of gas delivery to the
electrode could lessen the burden on the scrubber and that the removal of CO,
was better than that of H,O, potentially simplifying its removal. An alternative
approach is to redesign the cell chemistry to tolerate both H,O and CO,.***" It is
known that H,O can be tolerated at greater levels than originally thought, and can
even be beneficial.*** Some progress has also been made in understanding the
impact of LiOH and Li,CO; within metal-air cells,***-** but further optimisation
is required for operation in air.

Conclusion

Here we have described an integrated Li-air battery with in-line gas handling
system that achieves areal capacities of ca. 7 mA h ecm™> at 0.5 mA cm > when
using redox mediators. The capacity of the cell is directly proportional to the gas
flow when using pure O,, but the volume of gas required by the cell during
discharge far outweighs the theoretical gas consumption at the positive electrode.
This phenomenon is exacerbated in air due to its lower O, concentration and may
be due to the use of flow-field plates designed for aqueous systems. No scrubber
material tested in this study successfully removed H,O and CO, from the gas
stream, but a marked decrease in CO, concentration was observed. These data
highlight the challenges that must be overcome if we are to achieve a practical air-
breathing Li-air battery, including the need for better flow field plates, gas
diffusion electrodes that can support 30 mA h cm ™2 at lower flow rates, and new
gas-scrubbing materials to more efficiently remove H,O and CO,. Critically,
advances in one area will lower the requirements elsewhere. For example,
improved gas delivery to the cell will reduce the volume of gas required and put
less pressure on the performance of the scrubber. Alternatively, improving the
cell's tolerance to H,O and CO, will similarly lessen, or even remove, reliance on
the gas scrubber entirely.
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