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Lithium—air batteries promise exceptional energy density while avoiding the use of
transition metals in their cathodes, however, their practical adoption is currently held
back by their short lifetimes. These short lifetimes are largely caused by electrolyte
breakdown, but despite extensive searching, an electrolyte resistant to breakdown has
yet to be found. This paper considers the requirements placed on an electrolyte for it to
be considered usable in a practical cell. We go on to examine ways, through judicious
cell design, of relaxing these requirements to allow for a broader range of compounds
to be considered. We conclude by suggesting types of molecules that could be
explored for future cells. With this work, we aim to broaden the scope of future
searches for electrolytes and inform new cell design.

Introduction

Lithium-air batteries (LABs) are a promising technology for energy storage in
vehicles and mobile applications due to a combination of their exceptional
energy density and the lack of transition metals in their cathodes. However,
their short lifetimes have hindered their widespread adoption. Principally this
is due to the steady build-up of degradation products on the carbon cathode
surface. This is primarily caused by the breakdown of the electrolyte due to its
oxidation by reactive oxygen species formed in the cell. Despite numerous
attempts to find a viable electrolyte for lithium-air batteries that is resistant to
breakdown while enabling successful cell operation, a workable solution has yet
to be discovered.

Previous searches for new electrolytes have been conducted for Li-air elec-
trolytes, trying to find solvents with bounds placed on factors such as viscosity,
boiling point, ionisation potential and pK,, among others."” These searches,
unfortunately, met with limited success, with the authors noting that it was hard
to fulfil all the requirements simultaneously® and that it will be necessary to
explore beyond the known chemical space."
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Other works have focused on system analyses to assess the likely energy
density®® and costs achievable* with LABs. However, these works have typically
not considered ionic and molecular transport properties in the electrolyte and
their implications for the electrolyte selection.

This paper explores ways to engineer the battery to relax the requirements on
the electrolyte, while still enabling a high-performance battery. To do this, we first
define what we consider a practical battery. We then discuss the implications of
these requirements on the properties required for the electrolyte, and ways to
widen the bounds on these properties. We conclude by presenting a guide to
engineering a battery for high performance, as well as the newly relaxed
requirements on the electrolyte to inform future searches.

Throughout this paper, we will make a number of assumptions about what is
reasonable performance for the cell and its components. We endeavour to motivate
and justify these choices, but they still represent only one possible example of
a LAB. For example, we do not consider a solid electrolyte between the cathode and
anode, or cycling via LiOH rather than Li,O,. Some of the discussion will translate
to other metal-air batteries, although we do not explore these batteries thoroughly.
Still, we try to generalise the discussion to cover a broad range of situations. We also
make available an Excel spreadsheet as ESIf so that others can explore different
assumptions and conditions to investigate the other incarnations of a LAB.

Methodology

We start by setting out the equations, notation and assumptions that we will be
using to inform our later discussion of solvent properties.

Specific energy

Specific energy can simply be calculated by summing the specific energy, e, of
each component multiplied by the material's mass fraction (eqn (1), where M
denotes mass). In a similar manner, the energy density, p, (energy per unit
volume) is calculated by summing the energy densities times the volume fraction
(eqn (2), where V denotes volume)

M, material
Ceell = E X €material (1)
materials total
Vmaterial
Peell = E 7 X Pmaterial (2)
materials  total
€material = VLi* vs. ref X SpeCIﬁC capacity (3)
Pmaterial = VLiJr vs. ref X capacity dens1ty (4)

where V 1+ 45 rer 1S the potential of the material vs. some reference electrode
(for example, the standard hydrogen electrode).

This definition of the specific energy of each material is dependant on the
voltage, which has some reference point; this can be arbitrarily chosen (for a full
discussion, see the ESIt).
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Mass transport
Oxygen diffusion is considered to obey Fick's first law:

dc
J=-D— 5

ox’ (5)
where J is the diffusion flux, D is the diffusivity, ¢ is the concentration of oxygen,
and x is the distance being considered. We then assume uniform consumption of
O, across the cell:

Ji
J= (1=, (©)

where ], is the surface flux of O,, and ¢ is the depth into the cell. Combining eqn
(5) and eqn (6) gives

J() dc
Tli—x) =D 7)

By integrating this equation, we can find the required diffusivity and surface
concentration to ensure all areas of the cell have greater than zero O,
concentration

2
J—t‘) (zx - XT) — _DC+ DG ()
- Jo X
C*CO_DtXG_ 2) 9
’] 0
J 2Dt - x)dx = J —Ddc (10)
ol G
t

where C is the concentration of oxygen at the position of interest, X is the distance
of the position of interest from the electrolyte/gas interface. C, is the equilibrium
concentration of oxygen in the electrolyte at the electrolyte/gas interface.

To account for the porosity (¢) and tortuosity (t), we calculate Deg (the effective
diffusivity) as follows:

De
Dy = PR (12)

with tortuosity calculated by the Maxwell model.®* We note more complex and
potentially more accurate models exist, but for the relatively low porosity
considered here, the Maxwell model is considered to be sufficient.

_3-—c¢

T 3 (13)

We model the pressure drop (P) across the cell using Darcy's law:

unlL

AP =
k )

(14)
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where u is the velocity of the fluid, 7 is the viscosity, and L is the length over which

the fluid flows. The permeability (k) is calculated by:”
2 2D2
= ¢8—2 (15)
180(1 — &)

Here we have assumed that the sphericity of the particles (¢) is always 1 and
defined by an average particle diameter D. Combining eqn (14) and (15) gives the
Kozeny-Carman equation.

Pressure vessel

The mass (M) of a thin-walled pressure vessel is given by:*
M=kpPvE (16)
o

where k is a constant dependant on the shape of the pressure vessel, and in the
. 3 . .
best case of a sphere is K = > The other variables are the pressure difference (P),

the volume of gas (V), the density of structural material (p), and the tensile
strength (o). We also introduce a safety factor (S.F.), which is the amount by which
the theoretical tensile yield strength of a material is reduced to provide a safety
margin, and for which a value of 2 is often used for pressure vessels.” Thus, for
a given temperature and assuming atmospheric pressure is negligible in
comparison to the stored gas pressure, the mass of the tank required to store a gas
is directly proportional to the amount of gas stored in it. This is shown by
assuming our gas is ideal and follows:

PV = nRT, (17)

where 7 is the number of moles, R is the ideal gas constant, and T is temperature.
. . 3 .
Thus, in our case, with K = > V = nRT/P, and ¢ is reduced by the S.F.:

3 p xS.F.

M= “nRT"222 18
> = (18)

Evaporation rate
We start with the Clausius-Clapeyron equation

dP _AS (19)
dr AV
Where AS is the entropy change of the phase transition and Av the change in
molar volume.

If we assume an ideal gas and neglect the volume of the liquid phase, we can

rewrite this as:
dP PL 0)
dT TR
where L is the specific latent heat of vaporisation. Integrating this between two
temperatures we get
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In(P, — Py) = % (Til - Ti) 1)

By considering one of those temperatures as the boiling point, we can calculate
the vapour pressure (P,) at a given temperature (7).

ASyap Too 1 1
) -ta(r) = 25500 (1 ) @

We here assume Trouton's rule is valid:
ASyap = 10.5R, (23)

which finally gives us

In(P,) = 10.5(1 - T;°”> + In(Pyop)- (24)
2

We also assume that the moles of solvent lost in evaporation is proportional to
the product of its vapour pressure and its diffusivity. The diffusivity of the solvent
is taken, in our cell, to be 10% of the oxygen diffusivity. The value is determined
from extrapolating based on the molecular weight of tetraglyme following
hydrocarbon diffusivity data.*

Hansen solubility parameters

The Hansen solubility parameters are dispersion (dp), polar (dp) and H-bonding
(6y) terms, which are related to the cohesive energy (E) and in turn to the
enthalpy of vaporisation (H,).

E
7 0p = 4/ op° + 0p” + O’ (25)

H,=E — RT (26)

where V is molar volume, ¢, is the total Hansen solubility parameter.**

The solubility of a substance in a solvent can be estimated by the distance in
the Hansen parameter space between their solubility parameters (Ry), with the
dispersion term receiving a higher weighting.

Ry = \/4 X (0ps — 51).02)2 + (0ps — 5P.02)2 + (0ns — 5H,oz)2 (27)

Others™ have related this distance in the specific case of O, to its molar
fraction in the solvent via:

log;o(molar fraction O,) = 0.0889Ry — 1.1. (28)
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Diffusion
We consider O, to diffuse via the Stokes-Einstein equation

kgT
p_ B

= — 2
67T (29)

where r is the affective (spherical) radius of the molecule of interest.
The relationship between viscosity and boiling point of a solvent is fairly weak
and can lead to sizable errors. However, it can be approximated as*

Nah 5%
~ T

it (30)

where pu is the viscosity, N, is Avagardo’s number, % is Planck’s constant, and T}
the boiling point of the liquid.

Ionic transport

The Sand's time (Zsanq) is defined as:

D, ZocoF \°
fsand = S B ; 31
=Ty (J(l—m) (1)

where the effective diffusion constant of Li" ions in the electrolyte (D,pp), the charge
of the cation (Z.) in our case is +1, and the other terms include its transference
number (%), the salt concentration (c,), Faraday constant (F) and current density
() Typically, the Sand's time is considered to refer to the depletion of lithium
ions at the lithium metal anode during charging. However, in the case of
lithium-air batteries, one could in principle deplete areas of the cathode of
lithium ions during discharge, as the lithium ions are precipitated from solu-
tion to form Li,O,. This would either result in a rapid charge build-up from the
formation of O,>~, preventing further discharge, or some form of degradation to
balance this charge formation. Neither of these would be desirable.

We also consider the limiting current Jj;,, below which the sand time is
effectively infinite.

2Z.CoFD
Jiim = ——— 32
: (I—1)L (32)

where p is the viscosity, N, is Avagardo's number, 4 is Planck's constant, and T},
the boiling point of the liquid.

Turbine
We consider the work required to perform adiabatic compression of a gas
(Wadi,comp):
I’IR(TZ — Tl)
Wadicomp = —7—— 33
adi,comp ('Y — 1)8 ( )

where v is the ratio of specific heats and ¢ is the turbine efficiency. The work on
expansion is then given by:

I’IR(TZ — TI)S

dei‘exp = ('Y — 1) ’

(34)
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and this gives an outlet temperature (75)

1

PN\ 7
=T+ . 35
=7(7) 63)

The work done by an isothermal compression (Wi, comp) is calculated by

P
Wisocomp = nRTe In Fz' (36)
1

For an ideal gas, this is also equal to the heat output.

Results
Requirements for a practical battery

To define a practical battery, we will consider three possible use cases: a battery
pack for an electric vehicle, for grid storage and for a high-altitude long duration
solar-powered drone. The former two are selected as they are critical to enabling the
energy transition. We include the latter case as a potential early adopter of Li-air
batteries, with slow (12 hours) discharge/charge cycles, tolerance to short lifetimes
(tens of days and hence tens of cycles), operating in dry air and requiring high
energy density. We do note, however, that Li-air batteries may not be best suited to
grid storage, as the grid highly prizes lifetimes, an area in which LABs currently
struggle. These are by no means the only use cases, but are taken as examples.

Clearly, other requirements beyond Table 1, for example, cost, safety, toxicity
and operating conditions, exist in these use cases. At points, we will consider
these, but a full consideration of them lies beyond the scope of this discussion.
We summarise the targets for our cell as 700 Wh kg™*, 700 Wh L™, 80% efficiency
and a 4 h charge/discharge cycle, and attempt to maximise the lifetime given
these requirements.

We highlight that the efficiency of the battery is strongly related to the over-
potential, on both charge and discharge, of the cell. This is strongly influenced by
the electrolyte and the mechanism for Li,O, formation and removal. This is
discussed only tangentially in this work and has been discussed more thoroughly
elsewhere.*" For our purposes, we consider that if we can minimise breakdown,
thereby maximising coulombic efficiency, and prevent transport from becoming

Table 1 Requirements that need to be met for the cell to be considered practical. These
are chosen to be minimal requirements to enable entry into the respective markets. A full
discussion of why we consider these practical values can be found in the ESI.¥

Grid Car Drone
Specific energy (Wh kg™ ) — 700+ 700+
Energy density (Wh L) — 700+ 700+
Energy efficiency 80% 75% 60%
Cycle life (to 80%) 3000? 600 12
Charge/discharge time (h) 4/4+ <4/4 12/12
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a limiting factor, thus improving voltage efficiency, this should enable the cell to
operate with a high energy efficiency.

Cell geometry

We start by considering the specific energy (e), that is the energy per unit mass of
the battery, and the implications of meeting this target. We consider this first as
the requirements placed here on component sizes have significant effects on
other requirements. It is also an easy parameter to calculate and so provides
a firm foundation to build on.

Our example cell is considered at the individual cell level. We thus neglect the
mass of any cooling, intercell connectors or state-of-charge monitoring equip-
ment in our calculations.

When considering anode materials for a LAB, we see (Table 2 in the ESIt) that
lithiated graphite with a high-performance carbon could in principle meet the
energy density targets; however, even with optimistic projections for other
components, it seems unlikely a realistic cell would be created with >700 Wh kg ™"
and lithiated graphite. Lithiated silicon is not ruled out. However, our discussion
will consider lithium metal as it is by far the most common anode considered for
lithium-air batteries and it has been assumed that the lithium-ion competition
will be using lithium metal. Additionally, other than solid electrolyte interphase
(SEI) considerations, lithiated silicon could easily be swapped in for lithium metal
if that is preferred.

Clearly inert materials, such as the casing, carbon and, most relevant to us,
electrolytes, have no specific energy, although without these the cell would not
function. Thus, these components' mass fraction should be minimised to maxi-
mise the specific energy of the cell. However, our aim is to place the most lenient
restrictions on our electrolyte as possible so we do not constrain the electrolyte's
density at this point.

Minimising the mass of other components comes with side effects, particu-
larly regarding safety. We here make generous assumptions that a thin (15 pm),
low-density polymer separator can be used, although we note that a thicker
material with better chemical resistance’® may be needed in reality. We addi-
tionally assume that each gram of case provides 6 mL of cell volume, around two
to three times that which is achieved with 21700 cells,"” on the basis that the cell
case can in part be structural in its application. This mass is then not additional
to what is already required for the application. In addition, one can consider
making cells larger than a 21700 and thus benefiting from a cube square law
reduction in mass. Although, as we discuss later, if the cell is pressurized, one
does not get this benefit. We take the aluminium and copper current collectors to
be 1.5 pm thick, again pushing the limits of what is currently achieved.'®*® These
are deliberately optimistic assessments, both to be lenient on the electrolyte
requirements, as well as to hopefully account for improvements in battery
manufacturing by the time lithium-air batteries become practical. We also add
a 50% excess of the stoichiometric amount of lithium to account for loss to the
SEI and other lithium sinks.?*** We assume all separator and carbon pores are
filled with electrolyte and that there is a slight, 10 um thick, excess of electrolyte.

We consider our example cell [ESI-Excel filet] in Table 2, highlighting that due
to the high porosity of carbons typical in Li-air batteries and our ultra-thin
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Table 2 Components in our example cell and their contributions to the cell's mass and
volume. The mass fraction is compared to a cell at half discharge, and so the % mass values
do not add up to 100%

Component Mass (g) (fraction) Thickness (um)
Copper 1.2 (5%) 1.5

Lithium 2.3 (10%) 49

Separator 0.5 (2%) 15

Carbon 3.8 (17%) 100
Aluminium 0.4 (2%) 1.5
Electrolyte 9.6 (43%) 98

Casing 2.6 (16%) 3.8

Oxygen (full discharge) 3.6 (12%) -7.7

current collectors, the electrolyte contributes 40% of the mass of the battery. Since
Li,O, occupies a smaller volume than Li, mole for mole of Li, the “volume
occupied” in the electrode by the electrolyte decreases as the lithium metal is
stripped and Li" is deposited as Li,O, on the cathode. This results in the oxygen
thickness having a negative value in Table 2. In practice, this could mean more of
the cell would be occupied with gas, potentially aiding oxygen diffusion in cells
where the electrolyte completely fills the pores of the cathode and separator.
Previously, groups have reported that deliberately exacerbating this effect, by
using approximately 20% less electrolyte than would completely fill the pores,
results in better performance.” We note, however, that this paper did not reach
the deep discharges where the newly vacated space would become significant.
Fig. 1 illustrates the degree of pore filling that is required to maintain a cell
energy density of 700 Wh kg~ for the full cell. For example, for a highly porous
carbon (95% porosity) that is 160 pm thick, around 22% of the pore volume must
be filled with Li,O, at the end of discharge, and this corresponds to around

500
~4004
g Carbon Porosity
‘(; 95%
909
g 2001 — 8502
S ——80%
i< ——75%
' 200 70%
8 | 22%
T &
O 100 e\ 25%
37.5%
— .. 50% 100% Pore filling
07 T T T T 1
0 5000 10000 15000 20000 25000

Carbon Capacity (mAh/g.)

Fig. 1 Plot of carbon electrode thickness as a function of carbon specific capacity to
maintain 700 Wh kg*1 for a full cell (under the assumptions stated in the ESI-Excel filet) for
various porosities. Dotted lines show the fraction of pores filled with Li, O, at full discharge.
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Fig. 2 Plot of cell specific energy against carbon specific capacity for various carbon
electrode thicknesses and porosities. X, @, and € mark 25%, 50%, and 75% of the pore
being filled with Li> O, at full discharge, respectively. 75% pore fill is only visible in the 50 um
thick carbon case.

5500 mA h g~ ' carbon (mA h g.'); note that this carbon capacity just corresponds
to an amount of Li,O, deposited in the pores per gram of carbon and is not an
intercalation as in lithium-ion chemistry. In contrast, a carbon with 70% porosity
of the same thickness would require more pore filling, around 34% to maintain
700 Wh kg™, but this corresponds to a lower carbon capacity of 1000 mA h g. .
The very steep rise of carbon thickness at low carbon capacities is due to the
minimum degree to which we can shrink the inert cell parts, mostly electrolyte
and casing, meaning that below a certain carbon capacity it is no longer possible
to achieve 700 Wh kg™, even with an infinitely thick carbon electrode.

When going to thinner carbon electrodes, the carbon capacity must increase to
compensate for the greater inert mass, in turn increasing the fraction of the pores
occupied by Li,O,, which eventually reaches unrealistic levels. In principle we can
alleviate this by using more porous carbon, yet further shrinking the inert material
mass and lithium excess, but our assumptions are already very optimistic. Thus, it
seems unlikely that carbon thicknesses <50 pm will be practical (Fig. 1).

In Fig. 2, we explore the pore filling and corresponding carbon capacity for
various cell specific energies. For example, a ca. 500 Wh kg™ cell could be con-
structed using a 50 um thick 80% porosity carbon with around 25% pore filling,
corresponding to 1200 mA h g, *. This lower bound to the carbon and hence
electrolyte thickness also places requirements on the electrolyte transport prop-
erties. Particularly important is oxygen diffusion, which we shall now explore.

Oxygen transport

For the cell to successfully discharge it needs to always have dissolved oxygen
throughout its cathode at an appreciable concentration. We approximate this
requirement as needing the oxygen concentration to be >0 across the cathode
assuming steady-state diffusion from a saturated O, source; this being the surface
of the electrolyte in contact with the overhead oxygen gas. While a cell could
initially discharge at a higher rate, this would result in the oxygen-facing side
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becoming covered in discharge product, and the compounding factors of the
increased diffusion distance and increased tortuosity of the outer layers starving
the inner layers of oxygen and hence stopping the cell from discharging.

We consider an important parameter (DC), that is the product of the O,
diffusion constant and the saturation O, concentration, as a metric with which to
rank the solvents. A simple analysis (see ESI-Excel filet) leads to the conclusion
that a practical solvent must have a DC greater than around 4.4 nmol m™' s,
This, however, is an excessively optimistic assessment as it assumes a bulk liquid
unobstructed by pores. We can achieve more realistic values by accounting for the
tortuosity and porosity of the carbon. With these effects taken into account [ESI-
Excel filet], the DC rises to around 9.7 nmol m~ ' s, approximately double the
original estimate, but it is now closer to some other previous estimates.*
However, it is still notably lower than values observed elsewhere that were shown
experimentally to be needed to achieve practical discharge rates.>*** Possibly this
is due to variation in electrode thickness, which is often greater than the 100 pm
assumed here, or that excess electrolyte was used resulting in an increase to the
diffusion distance. It may also be that the rate of Li,O, formation is also a func-
tion of the dissolved O, concentration in the electrolyte. This would greatly
exacerbate the uneven deposition of Li,O, in the cell and lead to our underesti-
mate. Our tortuosity estimate may also be optimistic, given it assumes perfectly
spherical particles, which is unlikely given the disordered nature of carbon and
the Li,O, depositions that often lead to bottlenecks that clog pores. We also note
that the increase in capacity with increasing oxygen pressure P, is only linear for
low pressures and has a point of diminishing returns for very high rates.>

Based on the more pessimistic, but more practical, previous work, we can say
that DC > 52 nmol m™" s~ is sufficient to enable the high (>1 mA cm™?) rate
cycling®?¢ that we require from our example cell (ESIT). It is likely, however, that
with a thinner electrode and a minimalised amount of electrolyte, this require-
ment could be reduced significantly (up to 5 times).

Pressurising the cell

We can relax the restrictions placed on the electrolyte by increasing the oxygen
partial pressure. This, through Henry's law, increases the dissolved oxygen
concentration at saturation. Already most cells run at a Py, far greater than
atmospheric pressure, and gains in rate performance have been reported up to Po,
of 20 bar, 100 times atmospheric pressure.> We first consider using a pressurized
oxygen tank to store the oxygen for the cell.

If we construct both the cell casing and pressure vessel with a high-
performance material, say carbon fibre, even with a highly optimistic safety

3 . . . . .
factor, S.F. = > and a spherical vessel, this results in a 10% increase in the mass

of the cell. This is, possibly, an acceptable increase. However, taking a more
realistic S.F. = 2 and K = 2 corresponding to an infinite cylinder and constructing
only the O, pressure vessel out of carbon fibre with the cell casing being con-
structed of high-strength steel, this increases to 27% (see the ESI-Excel filet for
calculations). Thus to achieve our 700 Wh kg target, the battery without the tank
and additional O, mass would need to have a specific energy density of 890 Wh
kg~ ". This is a very high target so, for our purposes, we consider it practical, and
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Fig. 3 Efficiency of adiabatic, isothermal and adiabatic with cooling compression
schemes. Additionally, the temperature after adiabatic compression and the thermal load
for the isothermal and cooled cases are shown.

similar conclusions have been reached in previous reports.* While in principle we
could use some other store of oxygen, such as hydrogen peroxide, this departs
from the intent of a lithium-air battery.

Alternatively, we could pressurize atmospheric air, for example, using a device
like a turbocharger on a car, with a compressor for incoming air, and a turbine to
extract the energy of the expanding, now oxygen-depleted, exhaust gas.

There are energy implications for this. While, in principle, adiabatic gas
compression is reversible, real compressors typically only have an efficiency of
around 80%.>” Even going to moderate pressures of 20 bar (ca. Po, = 4 bar), we
lose 9% of the energy the battery generates just to run the compressor, even with
a turbine to recover the outgoing energy. This makes our efficiency target chal-
lenging, although not impossible to reach and possibly more efficient turbines/
compressors are available. However, of much more serious concern is that the
gas entering the cell is now at 700 K. We could cool this gas, but that would lower
the pressure and put a significant cooling load on the battery, equivalent to
around 0.58 V of overpotential (see the ESI-Excel filet]. It also notably reduces the
amount of work that could be extracted from the outgoing gas stream, causing
around 15% of the energy to now be lost (Fig. 3).

Instead, we could intercool the compressor and put this heat into the turbine.
This itself presents a significant engineering challenge. However, it does in theory
give an option for the cell to remain at around room temperature and to still
achieve high pressure with minimal efficiency loss. We leave it to the reader to
decide which, if any, of these scenarios seems plausible. In any case, it seems
unlikely that pressure ratios much greater than 20 (i.e., Po, = 4 bar) could
reasonably be achieved due to the energy losses.

Compounding this is the issue that the cell casing needs to be reinforced to
take the additional pressure on the cell. It has been reported that 18650 batteries
have a burst pressure of around 35 bar.”® This roughly agrees with theoretical
calculations [ESI-Excel filet] showing that the mass of a steel cylinder able to hold
35 bar would make up around 16% of the total cell mass. By using higher-strength
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steels, the pressure rating could likely be extended, and one could imagine other
materials, such as carbon fibre, allowing even greater pressures to be reached.
Additionally, we do not include here the mass of a turbocharger required for this
compression. We propose that using pressures significantly above 40 bar starts to
become quite challenging from a weight and safety perspective.

This means that the electrolyte needs to have diffusion(O,) x Henry’s law
constant of >10 nmol bar " m~' s™", if using P, = 5 bar. This is approximately
that of diglyme + 1 M LiTFSL*® although, as noted before, this requirement can
possibly be reduced by using a thinner electrode.

We note that our drone example operates at significantly lower air pressure,
however, it also has a significantly lower rate requirement. Thus, it could operate
at 1/3rd the pressure (equivalent to being ca. 10 km up) with the same boost
requirements.

A drone operating at high altitudes experiences extremely dry air, but this is not
the case at low altitudes.” Since excess water can have a significant negative impact
on battery performance,* it should ideally be excluded from the cell, or its amount
controlled. By pressurising the cell, water can, in principle, condense out. It's partial
pressure at 298 K is 3.2 kPa, thus, with P, = 500 kPa, it will take around 150 cycles
before as much H,O has entered the cell as there is O, on a single discharge.
Alternatively, this means the relative humidity of 298 K air would be reduced to at
most 5%, which has previously be reported to significantly extend cell life.>**" In
contrast, at these pressures, the second most significant contaminant CO, will not
undergo a phase change® and must be separated some other way.

Flow through the cell

We could bypass the oxygen diffusion issue by flowing electrolytes through the
cell. It has previously been reported that pumping fluid through cells can lead to
significant rate performance increases, similar to what is seen with pressure
increases.*
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Fig. 4 Fraction of power used to pump fluid through the cell as a function of O, concen-
tration for various carbon thickness and porosities. At lower O, concentrations, the cell
carbon thickness is made thinner to maintain the power per unit volume of fluid at a constant.
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We should, however, assess the energy requirements of pumping the fluid
through a nanoparticle bed. To do this, we use the Darcy equation to calculate the
pressure drop, along with the Kozeny-Carman equation to calculate the perme-
ability of carbon particles. We use the assumption that the carbon particles are
perfect spheres, with some porosity. We again make fairly generous assumptions
that we are pumping through 100 nm spherical particles, of 55% porosity (cor-
responding to a fully discharged state), and a 200 pm electrode [ESI-Excel filet].

We find that relaxing requirements on the electrolyte, say by dropping DC to
ca. 20 nmol m™* s, results in >50% of the output energy of the cell being used
just to power the pump (Fig. 4). This seems an unacceptable level of consumption
for what is a modest relaxation in electrolyte requirements. We can significantly
reduce this power consumption by using larger carbon particles, say 1 pm
diameter, which would drop this power consumption to ca. 2%, a much more
reasonable number. But this would require the discharge product particle sizes to
be around a micron. These have previously been reported,* but achieving them
requires the Gibbs free energy of LiO, solvation to be very favourable. This typi-
cally requires high acceptor numbers* (AN) and donor numbers***” (DN). This in
turn tends to lead to higher viscosity' than we have here assumed; this then leads
to a vicious cycle of higher viscosity leading to higher pumping power in turn
needing to be offset by using larger diameter carbon particles and so needing
larger discharge product enabled by higher AN/DNs.

It might be possible to avoid this by having an ionic region and a lower
viscosity diffusion region, say with an ionic liquid and a diluent. This ultimately is
the proposal we are led to if we do not consider pumping the fluid. Additionally,
as we discuss later, the polar parts of the electrolyte molecule are also more likely
to be attacked and lead to breakdown so likely should be minimised. But we note
that pumping with large carbons could enable a higher viscosity regime if the
right balance of viscosity, oxygen and discharge product could be reached.

It may also be possible to combine diffusion and pumped flow, say by having
micron-sized agglomerations of high-surface-area nanoparticles surrounded by
comparably large pores through which fluid can flow,*® thus creating a hierarchy
of flow. This and other ideas for reducing pressure drop are explored far more in
the field of redox flow batteries.*

Evaporation

For the cell to have a reasonable lifetime, the electrolyte must evaporate suffi-
ciently slowly. Although it may be possible to top the cell up at some maintenance
interval, this should not be done too often.

To assess the rate of evaporation we again assume that at the interface of the
gas/liquid boundary the two components are in equilibrium. This time, the liquid
partial pressure in the gaseous phase is of interest, i.e. the concentration of the
grey solvent vapour just above the blue electrolyte in Fig. 5. If we use the Clausius—
Clapeyron equation and assume the vapour behaves as an ideal gas with much
greater volume than the liquid phase, we get eqn (21), which relates vapour
pressures between temperatures.

We now invoke Trouton's rule, which states that the entropy of vaporisation of
a liquid at its boiling point is roughly the same for various liquids and equal to
approximately 10.5R. This implies a linear relationship between the enthalpy of
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N, and other gases

Oy t N,

O, Diffusion into solvent

Fig. 5 Schematic of assumed oxygen diffusion into the electrolyte of the cell from the
pressurised air. Air enters the cell from the right and flows to the left. During this time the
N, and other gases concentration remains approximately the same in the gaseous phase
(yellow), the O, concentration (green) drops, while the solvent (grey) evaporates into the

gas stream. The electrolyte (blue) at the gas interface is highly oxygenated (dark blue) and
becomes less oxygenated further away from the interface (light blue).

vaporization and boiling point.*® This rule can break down if the entropy change
of vaporisation is far from the “ideal” case, such as if the liquid phase has
extensive hydrogen bonding, though it is likely such molecules would be
destroyed in the basic pH conditions anyway, or if the gas phase contains dimers,
however the rule is applicable to a variety of solvents.

Taking these assumptions provides us with a convenient link between the more
intuitive boiling point and the vapour pressure at our temperature of interest.

We must now assess what the upper limits of acceptable vapour pressure are. If
we take a cell operating at ambient pressure and discharging at 60% O,, we find
that the vapour pressure must be <120 Pa for the cell to last 100 cycles and lose
only 20% of its electrolyte [ESI-Excel filet]. Significant gains can be made by
upping the pressure in the cell. At 20 bar, the acceptable vapour pressure
increases to 2400 Pa due to the oxygen partial pressure now being much greater
relative to the solvent partial pressure. This would lead to boiling points needing
to be greater than 220 °C and 130 °C, respectively, or alternatively, enthalpies of
vaporisation of 43 k] mol ™" and 35 k] mol ",

Because of the logarithmic relationship between the partial pressure and the
boiling point of the material, changes in the requirements on vapour pressure
have a relatively small impact on the boiling point requirements. For example,
halving the acceptable vapour pressure, say by requiring 200 cycles or accepting
only 10% electrolyte loss, only leads to a rise in the required boiling point of 20 °C.

We note here that adding salt can reduce the vapour pressure and hence the
boiling point of a pure solvent in an electrolyte. Thus, it is necessary to consider
the combined system, including salt and any other dissolved species and inter-
actions with solids, not just the pure solvent contribution.

One could also significantly ease the lower limit of the boiling point by placing
a suitable, oxygen-selective but solvent-repelling membrane onto the exhaust.
This could be a simpler alternative to pressurising the overhead gas, albeit
without the advantage of improved oxygen diffusion. The design of such

This journal is © The Royal Society of Chemistry 2024  Faraday Discuss., 2024, 248, 355-380 | 369


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00091e

Open Access Article. Published on 01 2023. Downloaded on 10-09-2024 03:11:36.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Faraday Discussions Paper

a membrane is, however, beyond the scope of this article and we do not consider
the case of a cell that has one.

As we discuss later, the diffusion of oxygen, and other species, also scales
inversely with viscosity and, as we have related viscosity to the boiling point, this
ends up also putting an upper bound on the boiling point of around 300 °C,
corresponding to a viscosity around 5 mPa s.

Still, we also highlight that low vapour pressure is desirable as this reduces the
flammability of the solvent,** as well as reducing the risk of any exhaust being
toxic or contributing heavily to pollution or global warming potentials, but
conclude that an acceptable lower bound on the boiling point is around 160 °C.

Oxygen solubility in the electrolyte

We now turn our attention to what sort of solvent would best dissolve oxygen. For
this we shall use the Hansen solubility parameters. These are selected as they
break a solvent down into dispersion (dp), polar (dp) and H-bonding (dy)
parameters. They also have the decided advantage of being related, via the
cohesive energy (E), to the enthalpy of vaporisation (H,), which we have already
put bounds on. They of course do not capture all possible bonding interactions,
but they can at least provide a semi-quantitative description of the bonding
interactions that a solvent needs to have.

The solubility of O, in a particular solvent can be predicted by assessing the
distance in the Hansen parameter space between the Hansen solubility parameter
(Ry) of the solvent and that of oxygen. It should be noted that, to a reasonable
approximation, Hansen solubility parameters are independent of molecular size,
so long as they have similar solvent structures, as the Hansen parameters are
scaled by molar volume. For example, all members of the alkane and per-
fluorocarbon series have similar Hansen parameters to other members in the
series. This is useful as it implies that once we find a functional group with
suitable O, solvation characteristics, we can simply scale the chain length (and
hence molar volume) to get the enthalpy of vaporization and boiling point we
desire.

Considering oxygen has the parameters op = 6.7, 6p = 0, and 0y = 3.8,"> we see
the ideal solvent is one with low dispersion interactions and some hydrogen-
bonding ability. However, given that hydrogen-bonding groups are likely to be
deprotonated — and the presence of protons will cause other issues, e.g., H,
evolution at the anode - low dispersion and some polarity are likely the most
desirable properties. The increased polarity is to dissolve lithium salts. Functional
groups that are closest to these requirements are, in order of appearance: per-
fluoroalkyls (PFC), siloxanes, CFCs, HCFCs, alkanes, alkenes, fluorinated ethers,
long alkyl chain esters, ethers, amines, and ketoximes [ESI-Excel filet]. Reassur-
ingly (and unfortunately), all of these functional groups have either already been
considered for lithium-air batteries (perfluorocarbons, alkanes, ethers, amines),
are ozone-depleting (CFC, HCFC), or have very likely degradation pathways
(alkenes, esters, ketoximes). The possible exception is siloxanes, although they do
degrade in the presence of strong bases (such as NaOH) and do not bind metal
ions as strongly as ethers so, while worthy of investigation, may not be practical.

We note that by far the best functional group for oxygen solvation is the per-
fluoroalkyl carbon chain.™ This is due to fluorine's high electronegativity leading
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to weak dispersion interactions, as well as its larger size compared to hydrogen,
increasing chain rigidity and resulting in weak intermolecular forces, and so
oxygen is easily able to dissolve into the solution.*> PFCs also present excellent
chemical resistance and so are a tempting choice for an oxygen-solvating group.
Alkanes are another option, although more susceptible to attack.

As well as oxygen solubility, we also need to dissolve the lithium salt. For this,
we desire a high-polarity solvent. This would likely reduce the oxygen-solvating
ability, and to get around this we could use an amphiphile, i.e., a molecule
with both a polar and apolar end. One could also consider ionic liquids, which
often have two sets of Hansen solubility parameters*>** to capture their ability to
dissolve both polar and non-polar molecules. This can be rationalised as them
having an ionic component, due to the charge centres, connected to a less ionic
component. Alternatively, this could be achieved by a polar molecule in some
dilutant, as is often used in high-concentration locally concentrated solvents.

We may also desire to use the solvent to exclude H,O and CO, from the cell.
Considering the H,0 and CO, Hansen solubility parameters, we see already that
by limiting dispersion, polarity and H-bonding, we are already minimising the
CO, and H,O solubility. Thus, within the constraints of our discussion, we are
already maximising the solvent’s ability to exclude H,O in particular, but also
CO,. Perfluorocarbons, for example, are hydrophobic and much worse at dis-
solving CO, than O,. Having said that, for solvents to be able to dissolve salts it is
often necessary to increase the polarity and H-bonding to the point that H,O and
CO, dissolve well. Thus with current solvents, H,O and CO, cannot be excluded
(i.e., they are often highly soluble) as has been noted by others.”® This is partic-
ularly so in the presence of lithium salts.

Diffusion and viscosity

The final part of the oxygen transport that we can optimise is oxygen diffusion,
which is also strongly related to ionic transport via the solvent's viscosity. We can
use the Stokes-Einstein equation to estimate the diffusion of oxygen through our
solvents. The Walden plot relates the log(ionic conductivity) of an electrolyte to
the log(1/viscosity). A line is drawn through the values corresponding to 0.01 M
KCl(,q) which is considered the ideal ionic conductor. Solvents falling above this
line are considered “super-ionic” conductors, those below but near the line are
good ionic conductors, and those far below the line are poor ionic conductors. It
should be noted this is at best a semi-quantitative description,* but it provides
a basis for discussion.

Clearly, in both cases, a low-viscosity solvent would be desirable for the best
transport. However, low viscosity generally results from weak molecular interac-
tions, which generally manifest in a low boiling point, which runs counter to our
previous discussion on evaporation. Unfortunately, the link between viscosity and
boiling point is only approximately derivable'® and errors of around 30% can be
expected when using it. However, given that we are interested in the logarithm of
viscosity, this is not too concerning to us.

Using this we can create a modified Walden plot (Fig. 6) to plot both boiling
point and viscosity on the x-axis and ionic conductivity and oxygen transport on
the y-axis. We also add lines at a boiling point of 130 °C and 300 °C corresponding
to around 5 mPa s of viscosity in the latter case.
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Fig. 6 Walden plot (conductivity vs. viscosity, in black) also showing the approximate
boiling point corresponding to a given viscosity, as well as the oxygen diffusivity corre-
sponding to a given conductivity (in red). Common solvents are plotted and red vertical
lines show the region that is considered acceptable for metal—air battery operation. The
diagonal line represents the ideal conductivity for 0.01 M KCl in water. Citations for the
data can be found in the ESIf. If our assumptions regarding the relationship between
boiling point and viscosity and O, diffusivity and conductivity were perfectly correct, the
red and black dots for a given solvent would perfectly overlap. We reassuringly see close
matches in most cases.

It should be noted that the viscosity varies noticeably as a function of the
solvents’ molar concentration (i.e. 1/molar volume), thus there can be significant
variation in viscosity, even at the same boiling point. We here assume a molar
concentration of the solvent of 8 M.

We consider an upper bound on the acceptable diffusion of a solvent to be
around 5 mPa s. This arises as even using the solvents with the highest Henry's
law coefficient, perfluorocarbons at around 20 mM bar ',* and a high oxygen
partial pressure, P,, = 5 bar and ro, = 1.45 A, which is regressed from the data
[ESIt], one achieves a DC = 60 nmol m™" s~ " with a viscosity of 5 mPa s at the
limit of what we have previously considered acceptable.

Given that virtually all solvents have worse oxygen solubility characteristics
than perfluorocarbons, a practical cell would need to be on the lower end of the
acceptable viscosity range, and hence also have a lower boiling point. We can also
consider that most electrolytes have very satisfactory ionic conductivity and thus
diluting the typical electrolytes with a less polar additive is likely to be an
attractive route to better battery performance.

Ionic transport

As previously alluded to, the cell must have sufficient Li* ion conductivity, both to
support even Li plating on the anode as well as to enable Li,O, precipitation. In
theory these can both be modelled by the Sand's* time, albeit with the simpli-
fication that the carbon surface is considered a single plane. The situation is more
complicated than this, particularly at the lithium anode due to the effects of the
SEI and its inhomogeneity,*® however, we can still use it to place a lower bound on
the required conductivity.

372 | Faraday Discuss., 2024, 248, 355-380 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fd00091e

Open Access Article. Published on 01 2023. Downloaded on 10-09-2024 03:11:36.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online
Paper Faraday Discussions

In principle, we desire to stay reasonably far away from the Sand’s time to
avoid Li dendrite growth or depletion of Li* from the carbon cathode. However,
we find that for the low transport distances (ca. 100 um) and large capacities that
we are considering, it is easier to enter a regime below the critical current where
the Sand’s time does not apply, i.e., the steady-state concentration at the lithium-
poor electrode is non-zero.

We may still want to stay at, say, half this value to ensure there is still
appreciable Li" throughout the cell. If we take fairly viscous 5 mPa s electro-
lyte, even assuming very large solvation shells making the Li'-ion effective
radius, 7eg, 1.5 nm wide, even a 200 mM Li" concentration would result in
a limiting current density of 2 mA cm™>. Even a much more poorly solvating
electrolyte with a transference number of 0.05 could work with an effective
radius of 1 nm. We note that we are working with the Nernst-Einst