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Abstract: The aluminum–air (or oxygen) battery has received intense attention in the past because
of its excellent benefits such as low cost and high energy density, but due to the challenging issues
such as hydrogen evolution and inactive oxide film formation on the Al surface, it could not be fully
applied. In this study, 1-Ethyl 3-Methyl Imidazolium Chloride ([EmIm]Cl) and aluminum chloride
(AlCl3) are applied to resolve the aforementioned issues. Ex situ component-level and in situ cell-level
open circuit voltage (OCV) tests combined with the physics-based model analyses were conducted to
investigate the electrochemical reaction behaviors of the Al–air cell. Especially, the effect of aluminum
oxide formation on the anode- and cathode-side reactions were analyzed in detail. The oxide film
formed at the Al surface strongly was found to significantly impede the electrochemical reaction
at the surface, and the film growth was controlled by decreasing the surface tension by aggressive
anions. In the cathode side, the aluminum oxide precipitated in the porous cathode electrode was
found to decrease the porous reaction area and block reactant access into the reaction sites. The effects
of O2 solubility in the electrolyte, initial porosity and thickness of the porous electrode are compared
in detailed, and optimal thickness is suggested.

Keywords: aluminum air battery; aluminum electrode; ionic liquid; oxide film; surface tension; oxide
precipitation; porous electrode; volume average

1. Introduction

The demand for batteries to store and release electrical energy keeps increasing as electronic devices
become widespread and fossil-based systems are replaced by electricity-based systems. Lithium-ion
batteries have been considered one of the most promising power sources for mobile and transportation
systems, but face the challenging issues of high cost, low capacity (i.e., short operation hours or driving
ranges), and safety concerns. Therefore, it is necessary to find breakthrough technologies to resolve
these issues.

In this research, we focus on characterizing aluminum as a promising anode material that is
expected to bring new direction of research and development to overcome the challenging issues of the
conventional battery system. Aluminum is cheap and abundant, benign to the environment, and stable
in moisture. Moreover, it has the excellent volume charge–storage capacity of 8.0 Ah/cm3 (or 3.0 Ah/g),
which is approximately four times greater than that of lithium (i.e., 2.06 Ah/cm3 or 3.9 Ah/g), leading to
its energy contents comparable to those of gasoline (i.e., specific energy density: 8.1 kWh/kg for Al–air
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and 13 kWh/kg for gasoline, and volumetric energy density: 21.8 kWh/L for Al–air and 9.7 kWh/L
for gasoline) [1–5]. However, even with these promising features, an Al-based rechargeable battery
could not reach the commercialization stage due to the problems of self-corrosion and aluminum oxide
film formation during cell operation [6]. Especially, due to the reduction potential of aluminum ion
(−1.68 V vs. Standard Hydrogen Electrode (SHE)) which is lower than hydrogen reduction from water,
the charge (or aluminum deposition) is not possible thermodynamically in aqueous systems [1–6].

As a promising electrolyte to resolve these issues, an ionic liquid which is molten salt in liquid
form at room temperature is getting intense attention recently owing to the excellent benefits of
no H2-generating side reactions and stability in the reduction potential of Al ion, which allows the
cell to be charged. The first research to apply ionic liquid to an aluminum–air battery system was
reported by D. Gelman et al. [4]. They utilized 1-Ethyl, 3-Methyl Imidazolium oligo-fluoro hydrogenate
(EmIm-(HF)2,3-F) because of its high conductivity (100 mS/cm), low viscosity, and chemical stability
with oxygen and water. It was reported that Al was stable in the ionic liquid with a negligible corrosion
rate, leading to a current density of 1.5 mA/cm2 and a capacity of 140 mAh/cm2.

R. Revel et al. [7] reported the performance of an Al–air battery including relatively inexpensive
and commercially available 1-Ethyl, 3-Methyl Imidazolium chloride ([EmIm]Cl) and aluminum chloride
(AlCl3). They controlled the acidity of ionic liquid by changing the ratio of [EmIm]Cl and AlCl3, and its
effects on the conductivity of the ionic liquid and the corrosion rate of Al metal were investigated.
Cell performances of 0.6 mA/cm2 and average voltage of 0.6 to 0.8 V were reported, and the charge
behavior was reported for the first time in an Al–air battery. Especially, the capacity was reported
to be 71 mAh/cm2, equal to that of an Li–air battery and five to ten times superior than that of an
Li-ion battery, suggesting that the Al–air battery is highly promising to outperform other existing
metal–air batteries.

However, the promising ionic liquid-based Al–air battery faces challenging issues, and one
of them is the formation of an inactive oxide layer on the Al surface which blocks electrochemical
reactions at the Al surface. B. Shvartsev et al. and D. Gelman et al. reported that the inert
oxide film could not be easily dissolved in the conventional ionic liquid solution, and various ionic
liquids (i.e., EmIm(HF)2,3-F, 1-Ethyl-3-methylimidazolium tri-fluoro-methanesulfonate (EmImOTF),
and 1-Ethyl-3-Methylimidazolium bis-(tri-fluoro-methyl-sulfonyl) amide (EmImTFSI)) were utilized to
investigate their effect on morphology change of the oxide film through electrochemical methods (i.e.,
two-electrode and three-electrode cells) and surface analysis (Transmission Electron Microscope (TEM),
Energy Dispersive X-ray Spectroscopy (EDS), X-ray Photoelectron Spectroscopy (XPS), and Atomic
force microscopy (AFM)). It was found that a new film was formed instead of the pristine oxide layer
due to interaction between Al and the ionic liquid, transforming the passive state to the active behavior
of the metal. Feng Wu et al. [8] recently reported also that poor cycling performance is due to an interface
problem between the anode and electrolyte, and by immersing Al into the electrolyte as a pretreatment
method, the passive film could be removed. They also found that a stable SEI (solid-electrolyte
interphase) layer on the anode surface was formed, which was beneficial for improving interface
stability, demonstrating the interface–reconstruction effect by the way of an efficient facile pretreatment
of the Al metal anode.

Issues on the cathode air side were also reported, and D. Gelman et al. [9] found that adverse effect
of Al2O3 precipitation on the cathode electrode was a critical issue in the cell performance. The Al2O3

is generated in the cathode side during discharge operation, but it is precipitated on the electrode
surface once its solubility limit in the ionic liquid is exceeded, decreasing the porosity of the electrode,
which impedes the reactant transport in the porous structure and covers the available active sites for
the oxygen reduction reaction. They concluded that battery capacity is limited by the air electrode,
and it is important to study and develop a robust air cathode, capable of extending the battery life.

However, to the best of our knowledge, there is no prior research which analyzed these challenging
issues in both the anode and cathode sides of the ionic liquid-based Al–air (or O2) cell through
mathematical modeling to define key controlling parameters to resolve those issues. It is necessary to



Energies 2020, 13, 2014 3 of 27

understand the physics underlying the electrochemical reactions at electrode interfaces, including the
formation/ breakdown mechanism of the inert oxide film formed on the Al electrode surface, and the
effect of precipitation of Al2O3 on the cathode surface in the porous electrode, in order to define key
parameters controlling the performance of the Al–air battery. In this study, systematic research which
combines experimentation and mathematical modeling was conducted to elucidate the multiphysical
cell behavior.

The cell-based experiment was conducted with ionic liquid electrolytes with various ratios of
[EmIm]Cl to AlCl3, and the effect of the ratio (i.e., acidity) on the cell performance and the morphology
of Al surface was measured with OCV and SEM images. In particular, thermodynamics relations were
utilized to understand the acidity effect on Al-surface morphology. In addition, a one-dimensional
micro–macro homogeneous mathematical model, which incorporates the properties of Al-surface
morphology in the anode and the physics associated with Al2O3 precipitation in the cathode porous
electrode, was developed to predict the cell performance and define the key control parameters which
provide guidance for cell developers.

2. Experimental

An ionic liquid employing [EmIm]Cl (97%, Acros Organics) and AlCl3 (99%, Sigma-Aldrich)
was used as the electrolyte. Both the chemicals were stored in an argon glove box as they are very
hygroscopic and sensitive to moisture. [EmIm]Cl was heated at 130 ◦C under vacuum for 18–20 h to
remove the residual water [7]. AlCl3 was then added to the melt in an argon atmosphere and stirred at
room temperature until a clear, transparent liquid was formed. The ionic liquid was made in various
ratios of [EmIm]Cl and AlCl3 from 1:0.5 to 1:2. A 3/8 inch Swagelok cell made of Teflon was used to
measure the open circuit voltage (OCV) of the cell. A 99.999% aluminum sheet (Alfa-Aesar) was used
as the anode electrode, and a platinum-coated carbon porous layer prepared as described in [10] was
used as the cathode electrode. Whatman®34-AH filter paper served as a membrane, and stainless
steel rods and pipes (McMaster Carr) were used as current collectors for the anode and cathode sides,
respectively. The different ratio affects the conductivity of the ionic liquid, which was determined using
a conductivity meter (PC-100, Cole-Palmer). A scanning electron microscope (Vega II SBH, TESCAN)
was used to perform an SEM analysis to study the effect of the electrolyte on the oxide film on the
aluminum surface. An SP-150 Biologic instrument was used to study the OCV behavior of the battery.
To study the effect of chloride ions on the oxide film, aluminum samples were submerged in ionic
liquid electrolytes with varied ratios of [EmIm]Cl to AlCl3 for varied times, and the OCV and surface
morphology were measured through a cell test and SEM.

3. Modeling

A diagram of the Al–air cell is shown in Figure 1. From left to right, the cell contains an aluminum
metal anode, an Al2O3 film on the surface of the anode, a porous separator, and a porous carbon air
cathode; all components except for the anode have their cracks and pores completely filled with 1:1.5
[EmIm]Cl–AlCl3 concentrated electrolyte.
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Figure 1. Diagram of Al–air battery discharge. 
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Cathode side: 𝐴𝑙ଷା + ଷସ 𝑂ଶ + 3𝑒ି ⇌ ଵଶ 𝐴𝑙ଶ𝑂ଷ  E0c = 1.05 V        (2) 
Overall reaction: 𝐴𝑙 + ଷସ 𝑂ଶ ⇌ ଵଶ 𝐴𝑙ଶ𝑂ଷ    E0cell = 2.71 V        (3) 

Equation (1) is the net reaction of the reaction: Al + 7AlClସି ⇌ 4AlଶCl଻ି + 3eି [11]. Simulations will be 
conducted on the model developed in this study to predict the discharge performance, which will be 
verified by experimental data. The effects of important parameters such as anodic film crack density, 
solubility of oxygen in the electrolyte, and the initial porosity and thickness of the cathode on the cell 
performance will be analyzed in detail. 

3.1. Assumptions for Model 

Al2O3 is the primary product of the cell reaction [4]. 
Species in the electrolyte have even initial distributions across the cell geometry. 
Pore spaces of the electrode and separator are assumed to be filled with electrolyte. 
Pure dry O2 is provided externally into the porous cathode at the current collector. 
There is no Al2O3 in the cathode at the beginning of discharge. 
Concentrated solution theory is used to consider ionic liquid-based electrolyte in the simulation. 
There are no effects of convection. 
Isothermal conditions at 300 K. 

3.2. Volume Average Method 

The porous electrode was utilized in the cathode side to increase the interfacial reaction area 
between the electrode and the electrolyte, resulting in the complicated microscopic and interfacial 
phenomena for the analysis. And thus, it is required to utilize the simpler macroscale models that 
capture the dominant physics in the microscale, and the macroscale models can be derived by averaging 
the microscopic equations over a representative elementary volume that contains all phases. The 
general averaging theorems [12–14] are described for temporal derivatives, 〈𝜕𝛹௞𝜕𝑡 〉 = 𝜕〈𝛹௞〉𝜕𝑡 − 1𝑉଴ න 𝛹௞஺ೖ 𝐰୩ ∙ 𝐧୩𝑑𝐴 (4) 
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velocity of the surface-bounding phase k, 𝐧୩ is the normal unit vector pointing outward from phase k, 
and 𝐴௞ is the total interfacial area of the k-phase adjacent to all other phases.  

Figure 1. Diagram of Al–air battery discharge.

During discharge operation, the Al metal is dissolved in the [EmIm]Cl–AlCl3 electrolyte,
as described by Equation (1), which is the primary electrochemical reaction at the anode. The Al2O3

layer on the anode contains cracks that allow limited Al3+ diffusion and electrolyte conductance.
The layer greatly reduces the surface area available for Al dissolution, causing the film to have
impedance and hence contributes to a potential drop between the solid anode and electrolyte at the film
surface. The Al3+ diffuses through the separator and into the porous carbon cathode. Atmospheric O2

dissolves in the electrolyte and diffuses into the cathode at the side of the current collector and reacts
with Al3+ to form Al2O3, as in Equation (2), which is the primary cathodic electrochemical reaction.
The Al2O3 produced is dissolved in the electrolyte before reaching a solubility limit after which it
precipitates on the cathode’s carbon particle surfaces. The two electrochemical reaction equations for
the electrodes are combined to form the full electrochemical reaction (Equation (3)) [7].

Anode side : Al
 Al3+ + 3e− E0
a = −1.66 V (1)

Cathode side : Al3+ +
3
4

O2 + 3e− 

1
2

Al2O3 E0c = 1.05 V (2)

Overall reaction : Al +
3
4

O2 

1
2

Al2O3 E0
cell = 2.71 V (3)

Equation (1) is the net reaction of the reaction: Al + 7AlCl−4 
 4Al2Cl−7 + 3e− [11]. Simulations will be
conducted on the model developed in this study to predict the discharge performance, which will be
verified by experimental data. The effects of important parameters such as anodic film crack density,
solubility of oxygen in the electrolyte, and the initial porosity and thickness of the cathode on the cell
performance will be analyzed in detail.

3.1. Assumptions for Model

Al2O3 is the primary product of the cell reaction [4].
Species in the electrolyte have even initial distributions across the cell geometry.
Pore spaces of the electrode and separator are assumed to be filled with electrolyte.
Pure dry O2 is provided externally into the porous cathode at the current collector.
There is no Al2O3 in the cathode at the beginning of discharge.
Concentrated solution theory is used to consider ionic liquid-based electrolyte in the simulation.
There are no effects of convection.
Isothermal conditions at 300 K.
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3.2. Volume Average Method

The porous electrode was utilized in the cathode side to increase the interfacial reaction area
between the electrode and the electrolyte, resulting in the complicated microscopic and interfacial
phenomena for the analysis. And thus, it is required to utilize the simpler macroscale models that
capture the dominant physics in the microscale, and the macroscale models can be derived by averaging
the microscopic equations over a representative elementary volume that contains all phases. The general
averaging theorems [12–14] are described for temporal derivatives,

〈
∂Ψk
∂t
〉 =

∂〈Ψk〉

∂t
−

1
V0

∫
Ak

Ψkwk·nkdA (4)

and for spatial derivatives,

〈∇Ψk〉 = ∇〈Ψk〉+
1

V0

∫
Ak

ΨknkdA (5)

where Ψk is any quantity in phase k, V0 is the volume of representative elementary volume, wk is the
velocity of the surface-bounding phase k, nk is the normal unit vector pointing outward from phase k,
and Ak is the total interfacial area of the k-phase adjacent to all other phases.

The averaging operators are for phase volume averages [12–14]:

〈Ψk〉 =
1

V0

∫
V0

XkΨkdV (6)

and for intrinsic volume averages:

〈Ψk〉
k =

1
Vk

∫
V0

XkΨkdV (7)

where Xk denotes a phase function, equal to one in phase k and zero elsewhere, and Vk is the volume
of phase k in V0. The two averages are related by

〈Ψk〉 =
Vk
V0

1
Vk

∫
V0

XkΨkdV = εk〈Ψk〉
k (8)

These volume average methods were applied to convert microscopic equations to macroscopic
continuum equations, and details can be found in the Appendix A.

3.3. Application of the General Macroscopic Equations to Al–Air System

Equation (A20) can be simplified for conditions of single electrochemical reaction j and no
convection effect of the electrolyte:

∂〈εk〈ck〉
k
〉

∂t
= ∇·

(
De f f

k ∇〈ck〉
k
)
− akm

tk
zF

inj − akm
s j

n jF
(9)

where the first and second terms in the right-hand side of the equation can be replaced by divergence
of ionic flux with Equations (A8) and (A11), and the third term is defined by the reaction rate of the
species (i.e., source term).

∇·

(
De f f

k ∇〈ck〉
k
)
− akm

tk
zF

inj = ∇·
(
De f f

k ∇〈ck〉
k
)
−

tk
zF

1
V0

∫
Akm

ik·nkdA = −∇·〈Nk〉 (10)

r j = −akm
s j

n jF
inj (11)
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The final useful form of the macroscopic species conservation equation is obtained for the reactive
species in the electrolyte (i.e., k phase is now electrolyte, and the average symbols were dropped out
for convenience):

∂
(
εc j

)
∂t

= −∇·N j + r j (12)

where ε is the liquid phase volume fraction (porosity), c is the species molar concentration, and N and
r are the mole flux and reaction rate of a species j.

Because there are no convection effects, the molar flux, which is the rate of movement of a species
over a cross section, is determined only by diffusion and migration for the AlCl3 salt, and diffusion
only for the oxygen. The molar flux rates of Al3+, Cl−, and O2 are expressed as:

NAl3+ = −DAlCl3,e f f∇cAlCl3 +
iet+
3F

(13)

NCl− = −3DAlCl3,e f f∇cAlCl3 −
ie(1− t+)

F
(14)

NO2 = −DO2,e f f∇cO2 (15)

where De f f is the effective diffusivity, ie is liquid phase current density, and t+ is the cation
transference number.

The relation of solid phase current can be described from Equations (A21) and (A20):

∇·εs〈is〉
s = ∇·

(
σe f f
∇〈ϕs〉

s
)

(16)

And thus, the solid phase current is:

is = σe f f
∇ϕs (17)

where εs is one, σe f f is the effective electric conductivity in the solid material, and ϕs is the potential in
the solid phase.

For the liquid phase, the current relation is obtained from Equations (A22) and (A20):

∇·εe〈ie〉
e = −∇·

(
ke f f
∇〈ϕe〉

e
)
−∇·

(
ke f f

D ∇ ln〈ci
e〉

e
)

(18)

For the cation species in the electrolyte,

ie = −ke f f
∇ϕe − ke f f νRT

F

 s+
nν+

+
t0
+

z+ν+
−

s0ce

nc0

(1 + d ln f±
d ln ce

)
∇ ln ce (19)

where εe is one, ke f f is the effective electrolyte ionic conductivity, ϕe is the liquid potential. In the Al–air
model, ν = 4, z+ = 3, ν+ = 1, n = 3, s0 = 0, and s+ = –1.

Due to porosity and increased path length, or tortuosity, the Bruggeman relationship [15] with an
exponent of 1.5 is used to determine conductivity and diffusivity affected by porosity and tortuosity in
the porous media:

De f f
AlCl3

= ε1.5DAlCl3 (20)

De f f
O2

= ε1.5DO2 (21)

ke f f = ε1.5κ (22)

σe f f = ε1.5
s σ (23)
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where εs is the solid electrode volume fraction, ε is the electrolyte volume fraction or porosity,
and D, k, and σ are the standard diffusivity, liquid phase conductivity, and solid phase conductivity
without obstacles.

Between the solid and liquid phase, there must be conservation of charge. Therefore,
from Equations (A23) and (A20),

ase

∑
j

inj
∣∣∣
s + ase

∑
j

inj
∣∣∣
e = 0 → ∇·is +∇·ie = 0 (24)

The electrochemical reaction on the electrode surface involves electrons and reactive species,
which can be described as: ∑

s jM
Z j

j → ne− (25)

where s, M, and z are the stoichiometric coefficient, species symbol, and charge of a species. It tells that
the reaction rate at the electrode surface must be proportional to the transfer current.

The charge transfer (i.e., superficial current density, ie) from solid to electrolyte phase per unit
volume of electrode is related to the product of specific area (i.e., interface area per unit volume of
electrode, a) and the average interfacial current density (in) (for convenience, the overbar will be taken
off in the relations hereafter). For a single reaction at the interface, from Equation (A20):

∇·ie = ain (26)

3.4. Equations for the Anode Side

The electrochemical reaction rate (aluminum dissolution) at the anode surface is described by the
Butler–Volmer equation:

ia,n = εcracki0

[
exp

(
βanFηa

RT

)
− exp

(
−(1− βa)nFηa

RT

)]
(27)

where i0 is the exchange current density, βa is the charge transfer coefficient for the oxidation in the
anode-side reaction, εcrack is the fraction of the electrode surface which is exposed (i.e., crack density)
due to the cracks of the oxide film covering the Al electrode surface, and ηa is the surface overpotential,
defined as follows:

ηa = ϕa
s −ϕ

a
e − Ea (28)

where ϕa
s and ϕa

e are the potentials of the solid electrode and liquid electrolyte at the interface in the
anode side, and Ea is the anode equilibrium potential.

It is assumed that the electrochemical reaction takes place only within the exposed area of the
anode (i.e., area under the cracked portion of the film). The crack is formed through competitive
reactions between the film formation by the reaction of aluminum and water or oxygen dissolved
in the ionic liquid and the film-breaking reaction of the aggressive chloride ions in the electrolyte.
This reaction is assumed to occur immediately, and the formed crack fraction (i.e., crack density) is
maintained during cell operation. The crack density was measured directly from the morphology of
the aluminum surface in SEM by using ImageJ2 free software [16].

The solid oxide material is considered inert and only the electrolyte filling the cracks is conductive,
and the ohmic potential drop of the electrolyte through cracks of the film can be calculated by:

∆ϕohm, f =
iaAl f ilm,a

κ
e f f
f ilm

(29)
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where A is the cross-sectional area of aluminum, l f ilm,a is the oxide film thickness on the anode surface,

and κe f f
f ilm is the effective ionic conductivity of the electrolyte in the cracks, which is obtained from the

Bruggeman relationship (Equation (22)).

3.5. Equations for the Cathode Side

The electrochemical reaction at the cathode surface is affected significantly by the concentration of
reactive species at the reaction sites and the oxide film formed on the surfaces of electrode particles,
which effects are considered by the modified Butler–Volmer equation:

ic = nF
[
CRexp

(
βcnFηc

RT

)
−COexp

(
−(1− βc)nFηc

RT

)]
(30)

where ηc is the kinetic or surface overpotential at the cathode surface and βc is the charge transfer
coefficients for the oxidation in the cathode-side reaction. The concentration of reactive species for
anodic (CR) and cathodic (CO) reactions can be described:

CR = ka
(
cAl2O3

)
(31)

CO = kc
(
cAl3+ ,s

)2(
cO2,s

)3/2
(32)

where ka and kc are the anodic and cathodic reaction rate constants.
These species expressions are dependent on the concentrations of the reactants at the surface of the

carbon electrode/electrolyte interface. When these concentrations are depleted, the species expression
becomes zero and the transfer current is cut off (locally in the cathode). The surface concentrations
result from the diffusion of species through the deposited Al2O3 film layer on the cathode surface.
By conservation of species, the diffusion rate through the film must be proportional to the transfer
current, which can be expressed as:

ic
nF

=
Di, f ilm(ci − ci,s)

l f ilm
(33)

where l f ilm is the thickness of the Al2O3 deposition on the cathode surface.
The surface overpotential at the cathode is modified to implement the effect of the existence of the

oxide film covering the electrode:

ηc = ϕc
s −ϕ

c
e − ∆ϕ f ilm − Ec (34)

where ∆ϕ f ilm is the potential drop across the oxide film and Ec is the cathode equilibrium potential.
There is no information in the literature about crack density of Al2O3 deposited on the carbon

electrode, and thus the approach in [16] was utilized in this study to implement the effect of
Al2O3 deposition.

The oxide (i.e., Al2O3) generated in the cathode side has a solubility limit in the electrolyte.
When this limit is surpassed, the oxide precipitates on the carbon electrode surface. The concentration
of the solid deposit of Al2O3 increases over discharge at a rate proportional to the transfer current in
the cathode:

∂cs,Al2O3

∂t
=

(asAl2O3

neF
i
)
×

(
cAl2O3 ≥ cmax,Al2O3

)
(35)

where sAl2O3 is the stoichiometric coefficient for Al2O3 and cmax,Al2O3 is the solubility limit of Al2O3 in
the electrolyte.

The oxide film covers the carbon cathode surface and decreases the specific area of the electrode.
The amount of loss of active surface depends on the morphology of the deposit on the carbon particles,
as shown in Equation (36) [14,17]:
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a = a0

[
1−

(
εAl2O3

ε0
s

)q]
(36)

where a0 is the initial specific interface area without any oxide film and q is a geometric factor for
the morphology of the oxide on the surface of the carbon cathode; small values of q indicate a flat,
plate-like precipitate, and large values reflect a needle-like solid. The value of 0.5 is used in this model.
As the Al2O3 continues to precipitate on the carbon cathode, it fills in space previously occupied by the
electrolyte, reducing the porosity of the cathode. The change rate of porosity is determined by the size
of the Al2O3 particles and the rate of production.

The film potential drop in the cathode is due to electrical resistance for ion transport through the
film and adds to the total potential drop between the solid phase and liquid phase. It increases over
discharge as more Al2O3 is deposited in the porous cathode, leading to increased effective impedance.
The film potential drop [18] is expressed as:

∆ϕ f ilm = icR f ilm,re f εAl2O3 (37)

where R f ilm,re f is the resistance of oxide film and εAl2O3 is the volume fraction of the cathode occupied
by the oxide film.

As the oxide volume fraction increases during discharge, the porosity of the electrode decreases.
The total volume fractions of the electrolyte, solid Al2O3, and carbon electrode in the cathode equal
one and is expressed as:

εAl2O3 = 1− ε− ε0
s (38)

The porosity variation in the porous electrode can be calculated with the macroscopic mass
conservation equation (Equation (A2)). The interface movement is caused by species transformation
during the electrochemical reaction, and thus the average normal velocity (wn,km) of the k–m interface
in Equation (A2) for a single reaction in the cathode can be described as [14]:

wn,km = akmρk

∑
j

( s j

n jF
injVs

)
= akmρk

s j

n jF
injVs (39)

where Vs is partial molar volume of species in the solid phase.
Therefore, the porosity variation in the porous electrode can be defined from Equation (A2) and

Vs = MAl2O3 /ρAl2O3 :
∂ε
∂t

= −a
i

2F
MAl2O3

ρAl2O3

(40)

where MAl2O3 and ρAl2O3 are the molecular weight and density of the oxide deposit.
Locally on the carbon particles’ surfaces, the deposition of Al2O3 forms an oxide layer covering

the surface. During discharge, this layer will increase in thickness according to the amount of Al2O3

deposited and the shape of the carbon particle. In other words, this thickness is determined by the
volume fractions of the carbon and solid Al2O3 that can be shown for a spherical particle as:

l f ilm = r0


ε0

s + εAl2O3

ε0
s


1
3

− 1

 (41)

where r0 is the radius of the carbon particle.
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3.6. Initial and Boundary Conditions

3.6.1. Initial conditions

Initial conditions for all the species concentration inside the cell, structure of cathode porous
electrode (i.e. porosity, thickness, and specific interfacial area) were summarized in Table 1. It was
assumed that species in the electrolyte have even initial distributions across the cell geometry,
pore spaces of the electrode and separator are filled with electrolyte, and there is no Al2O3 in the
cathode at the beginning of discharge.

Table 1. Parameters used in the model.

Parameter Description Symbol Value Units Ref.

Cross-section area of the cell A 1 m2 -
Initial active specific surface area of the cathode a0 262.54 m2/m3 Calculated
Initial concentration of AlCl3 in the electrolyte cAlCl3,0 500 mol/m3 [19,20]
Solubility limit of Al2O3 in the electrolyte cmax,Al2O3 0.09 mol/m3 [21]
Atmospheric concentration of O2 cO2,atm 9.46 mol/m3 [22]
Diffusivity of AlCl3 in the electrolyte DAlCl3,ref 2.1 × 10−9 m2/s [23]
Diffusivity of O2 in the electrolyte DO2,ref 7 × 10−10 m2/s [24]
Activity dependence dlnf/dlnc −1.03 - [25]
Anodic reaction rate at the cathode ka 1.1 × 10−15 m/s [18]
Cathodic reaction rate at the cathode kc 3.4 × 10−17 m7.5 mol−2.5s−1 [18]
Reaction rate at the Al anode kAl 1.5 × 10−9 m/s (a)Assumed
Thickness of the oxide film on the anode Lfilm,a 5 × 10−6 m Measured
Thickness of the porous carbon cathode Lc 2.5 × 10−5–1.6 × 10−3 m Assumed
Thickness of the separator Ls 5 × 10−5 m [26]
Molecular weight of Al3+ MAl3+ 0.027 kg/mol [27]
Molecular weight of Cl− MCl− 0.045 kg/mol [27]
Molecular weight of [EmIm]Cl M[EmIm]Cl 0.147 kg/mol [7]
Molecular weight of Al2O3 MAl2O3 0.102 kg/mol [27]
Electrons transferred in the anode reaction na 3 mole of e− [19]
Electrons transferred in the cathode reaction nc 6 mole of e− [7]
Interfacial oxide film resistance in the cathode Rfilm,ref 50 Ωm2 [28]
Radius of a particle in the porous cathode r0 2.5 × 10−8 m [29]
Solubility factor of O2 into the porous cathode SO2 0.2–0.8 - Assumed
[EmIm]Cl stoichiometric coefficient in reaction s0 0 - -
Cation stoichiometric coefficient in reaction s+

−1 - -
Temperature at which the cell operates T 300 K Assumed
Transference number of Al3+ t+ 0.963 - (a)Assumed
Anion charge number z− −1 - -
Cation charge number z+ 3 - -
Oxidation charge transfer coefficient at anode βa 0.246 - [19]
Oxidation charge transfer coefficient at cathode βc 0.5 - (a)Assumed
Initial porosity in the porous carbon cathode ε0 0.73 - [30]
Initial carbon cathode volume fraction ε0

s 0.27 - Calculated
Porosity in the separator εsep 0.2–0.94 - Assumed
Ratio of exposed surface area at the anode εcrack 0.2 - Measured
Electrolyte ionic conductivity κAlCl3,ref 1.4 S/m [7]
Total number of moles of ions per mole of
electrolyte ν 4 - -

Number of moles of Cl- per mole of electrolyte ν− 3 - -
Number of moles of Al3+ per mole of electrolyte ν+ 1 - -
Density of carbon cathode material ρc 2260 kg/m3 [31]
Density of Al2O3 deposit ρAl2O3

3987 kg/m3 [27]
Density of electrolyte solution ρe 1351.7 kg/m3 [20]
Conductivity of carbon cathode σc 10 S/m [22]

(a) Assumed by matching the simulation to the experimental data with limited information in literature [32].

3.6.2. Boundary Conditions

Boundary conditions are based upon the schematic shown in Figure 1. At the cathode current
collector (i.e. x = L), the oxygen gas of constant concentration is provided into the cell externally, and the
solid-phase current density is equal to the applied current density, but electrolyte current density is
zero, and fluxes of species at this interface are zero. At the interfaces of cathode electrode/separator
and separator/anode electrode, the solid-phase current density is zero, but the liquid-phase current
density is equal to the applied current density, and species concentrations and fluxes are continuous.
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At the interface of x = 0, the flux is equal to the consuming/production rate of Al ions due to the
electrochemical reaction occurring at the solid/liquid interface. The potential of the solid phase at x = 0
is set to zero, and the solid phase potential at x = L is set to the cell voltage.

The equations and boundary conditions were applied in the equation-based solver COMSOL
multiphysics version 5.3. Simulations of the Al–air battery were performed on a 64 bit Windows
computer with an Intel i7 3.20 GHz processor and 16 GB RAM. A time dependent solver was used for
the equations and a variable tolerance of 0.001 was used.

4. Results and Discussion of Experiment and Modeling

4.1. Effect of Chloride ion Concentration

The effect of Cl− concentration on film breakdown in the anode side was investigated with
different Cl− contents in the ionic liquid electrolyte. A piece of pure aluminum metal was submerged
in the ionic liquid solution with the 1:0.5 molar ratio of [EmIm]Cl to AlCl3 for about 4 hours. Isolated
blisters (less than 20 µm in size) and minor cracks were formed on the surface of the aluminum (i.e.,
oxide film), as shown in Figure 2a. The isolated blisters became larger in size and were connected,
and cracks were enlarged as the ratio of [EmIm]Cl to AlCl3 changed to 1:1. As the ratio increased
further to 1:1.5, all the surfaces of Al were covered with cracks, and severe breakdown of the oxide film
was found.
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Effect of those morphology changes on the open circuit voltage (OCV) are compared in Figure 3.
The OCV was measured to be 0.9 V in the case of the 1 to 0.5 ratio, and it increased continuously with
increasing molar ratio of AlCl3, and reached 1.4 V for the 1:1.5 ratio. However, it dropped with further
increase of AlCl3. This decrease was considered due to the effect of the Cl− ion, which is known to be
adsorbed on the oxide film to enhance the breakdown process. As the ratio changed from 1:0.5 to 1:1.5,
the more active area of Al electrode was available for electrochemical reaction due to the increased
cracks on inert oxide film formed on the Al electrode, resulting in an OCV increase. However, the OCV
decreased significantly at the ratio of 1:2, which may be interpreted as the direct effect of Cl− ion (i.e.,
corrosion) on the active area of the Al electrode, and the Cl− ion affected not only the oxide film but
also the Al active area.

It is reported that at the ionic liquid ratio of 1:0.5, the dominant chloro-aluminate species in
the electrolyte is AlCl4− [7,8,19,33]. As the ratio of AlCl3 is increased from 1:0.5 to 1:1.5, the ionic
liquid contains AlCl4− and Al2Cl7− species. At 1:0.5 ratio, the conductivity of ionic liquid was only
3.4 mS/cm due to a lesser amount of salt generating ions. As the AlCl3 ratio increased from 1:0.5 to 1:1,
conductivity was increased to 16.2 mS/cm, but then it decreased to 14.6 mS/cm at the 1:1.5 ratio, which
may have been affected by the decreased mobility due to the larger size of the Al2Cl7− ion dominant at
that ratio.
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Figure 3. Effect of chloride ion concentration on open circuit voltage (OCV).

4.2. Theoretical Consideration

The effect of anion ion (i.e., Cl−) on film breakdown can be understood from the fundamental
thermodynamic relations. Studies to understand the mechanism of oxide film formation/breakdown
have been conducted in the corrosion area especially for the aqueous system [34–38], and their results
can be utilized to understand fundamentals of the film breakdown. The oxide film can be modeled
with the concept of double layer of dielectric constant ε’ under the electric field E’ as shown in Figure 4.
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Figure 4. Interface between electrode surface and electrolyte: (a) SEM and (b) electrical double layer
model of oxide film redrawn from [35]. Reproduced with permission from N. Sato, Vol. 16, 1683–1692,
Electrochimica Acta; published by Elsevier, October 1971.

Due to the potential difference between the metal surface and the solution, an electric field E’ acts
across the oxide film, generating electrostriction compressive pressure on the film. Whereas, the surface
tension γ formed on the oxide film stabilizes the film. Thus, net stress exerted on the oxide film can be
described by a balance relation between the electrostriction (i.e., force to break the film, the first term in
the right-hand side of Equation (42)) and surface tension effects (i.e., force to form and preserve the
film, the second term in the right-hand side of the equation) [35]:

p− p0 =
ε′0ε
′(ε′ − 1)E′ 2

8π
−
γ

L
(42)

where p is pressure, ε0′ is the vacuum permittivity, 8.85 × 10−12 (F/m) or (C2/Nm2), ε′ is the dielectric
constant, E′ is the electric field, (V/m) or (N/C), γ is the surface tension, and L is the thickness of the film.

The system of our interest contains anodic oxide film (MO), solution (IL), and salt AlCl3 (i.e.,
Al3+ and Cl−). From the Gibbs isotherm [39]:

− dγ = qdφ+ ΓAl3+dµAl + ΓCl−dµAlCl3 + ΓAl2O3dµAl2O3 + ΓILdµIL (43)
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where Al2O3 is regarded as an electrically neutral oxide on the Gibbs surface, and µAl, µAl2O2 , µIL are
assumed to be constant. Using these assumptions, the relation can be simplified:

− dγ � qdφ+ ΓCl−dµAlCl3 (44)

This relation clearly shows the surface tension of the film is decreased as the chloride ion content
(i.e., ΓCl− ) adsorbed on the Al metal increases, which well explains the experimental results of this study.

The effect of adsorbed ion on the breakdown potential can be understood with works conducted
by Sato [35]. Since electric field intensity is generally constant for a film of given thickness, growth
or breakdown of the passive film can be controlled by controlling surface tension. The electric field
intensity E’ in general is on the order of 106 V/cm, and the thickness of the barrier layer of the oxide
film varies from 0.0005 to 0.01 µm. For aluminum oxides and hydroxides, the dielectric constant is in
the range 1–10 and the surface tension is in the range 10–500 dyne/cm. Metal oxides and hydroxides
start to breakdown when the electrostriction pressure is in the range 100–1000 kgf/cm2 [35].

The point where electrostriction pressure reaches a breakdown stress of 600 kgf/cm2 is considered
as the critical thickness of the oxide film [35]. A variation of critical film thickness with electric field
intensity is shown in Figure 5a. At an electric field intensity of 4.15 × 106 V/cm, the electrostriction
pressure developed in the oxide film never exceeds the breakdown stress of 600 kgf/cm2. Increasing
the electric field intensity to 4.74 × 106 V/cm causes the film to break down at a critical thickness of
0.035 µm. Critical thickness of the oxide film further decreases to 0.016 µm by increasing the electric
field intensity to 5.53 × 106 V/cm. This high electric field intensity required for the film breakdown
causes voltage loss in actual performance of the battery. Therefore, other methods need to be used to
reduce voltage loss (i.e., decrease the electric field).

A variation of critical thickness with surface tension is plotted in Figure 5b where the electric field
is 4.74 × 106 V/m. At a surface tension of 300 dyne/cm, electrostriction pressure developed in the oxide
film is less than the breakdown stress of 600 kgf/cm2, and the oxide film cannot be broken down at this
surface tension. However, as the surface tension decreases from 300 to 100, and 10 dyne/cm, the critical
thickness decreases, indicating the film can be easily broken down at low surface tension without
using a large overpotential. Hence, it can be concluded that the surface tension is a key controlling
parameter to breakdown the inert oxide film efficiently without causing significant voltage loss in
actual battery performance.

4.3. Overall Discharge Behavior

The discharge curves predicted from the model developed in this research were compared with
full cell performance data of an Al–air battery in ref. [7], as shown in Figure 6. The model, which utilizes
the parameters in Table 1 (for all following sections unless specified otherwise), had an OCV of 1.56 V
and the cell discharge time decreased with increasing current density, which agreed with experimental
data. However, the initial potential drop in the simulation was immediate and followed directly by a
voltage plateau, while in the experimental data, the cell voltage gradually dropped before reaching a
voltage plateau. This discrepancy may be due to the simplified cell reactions and assumed kinetic
parameter values used in the modeling study because of the lack of information (i.e., parameter data)
in the literature, the simplified approach based on Butler–Volmer kinetics, or uncertainties associated
with experimental data in the literature.
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At 1 A/m2, the simulated voltage reached a plateau at roughly 0.66 V. The cell potential began to
rapidly decrease at around 0.6 V and the cell showed a discharge time of just over 700 hours, which
agreed with experimental data. At 3 A/m2, the experiment and simulation had roughly the same voltage
plateau at 0.53 V. However, the discharge for the simulation lasted longer than that in the experiment,
and this disagreement may have occurred due to the reasons described previously. At 6 A/m2, discharge
duration was too short to distinguish a plateau voltage for the experiment, however, the discharge time
agreed at roughly 60 hours. The model prediction contains a few deviations from the experimental
results because of possible reasons described previously, but it described overall discharge behavior
successfully. Thus, this model was utilized to analyze characteristic behavior of the ionic liquid-based
Al–air cell for which modeling analysis has not been reported.

4.4. Anode Side: Effect of Oxide Film On Anodic Overpotential

A major contributor to the cell potential drop (loss) in the anode is the Al2O3 film layer formed
on the Al surface. The passivation on the anode occurs as a result of deposition of Al2O3 and is
counteracted by dissolution of the Al2O3 by chloride ions in the electrolyte. The areas under the cracks
formed from the partial dissolution of the film exposed to the electrolyte allow Al to take part in the cell
reaction. The effect of the cracks on the anode kinetic performance was investigated with various crack
fractions, including 5%, 10%, 21%, 50%, and 100%. In particular, a 100% crack fraction corresponds to
the case where all the films formed on the anode are broken down and no film exists on the Al surface.

As illustrated in Figure 7, the anodic potential loss increased exponentially at a low current range,
and then linearly increased as the current increased (i.e. similar to the ohmic loss), which is due to
the decreased reaction area caused by the film formation and the restricted transport of ionic species
through narrow and tortuous cracks. The significant loss of voltage was found in the case of 5% crack
fraction, and the loss was 1.23 V at 6 A/m2, which is 31% higher than that of the no-oxide film case (i.e.,
100% crack fraction case), and the loss was reduced as the crack fraction increased (i.e., 1.16 V for 10%
crack fraction, 1.09 V for 21%, 1 V for 50%, and 0.94 for 100% at 6 A/cm2). In particular, the 21% crack
fraction is for the case where we found from the ex situ experiment in the electrolyte of 1 to 1.5 molar
ratio of [EmIm]Cl to AlCl3, and thus the film is expected to increase the anode overpotential by 16%.
These results show that removing the oxide film on Al is important to reduce the anodic potential loss
to improve the cell performance. It will be a future direction of research to find proper methods to
efficiently remove all of the oxide film, which may be achievable from a fundamental understanding of
the mechanism of growth/breakdown of oxide film in the ionic liquid solution.
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4.5. Cathode Side: Effect of Solubility of O2 in the Electrolyte

Gaseous O2 is provided as a reactant into the cathode side from external sources, and it dissolves in
the electrolyte first and diffuses into the reaction sites in the porous electrode to undergo electrochemical
reactions. Therefore, the amount of O2 available at the reaction sites will be affected significantly by
its solubility in the electrolyte, indicating the O2 solubility will be a critical factor in improving cell
performance. In this study, the effect of solubility, or the fraction of maximum O2 concentration in
the cathode (of which thickness and porosity are 195 µm and 0.73, respectively) over atmospheric O2

concentration was analyzed for the cases of 0.2 and 0.8 O2 solubilities at the current density of 1 A/m2.
As illustrated in Figure 8, the porosity distribution in the cathode electrode was measured over the

normalized thickness of the electrode during operation from 0% to 100% discharge. The initial porosity
was 0.73 at 0% discharge, and it decreased as the cell operated. This is because Al2O3, which is the
discharge product, is precipitated in the electrode once it reaches its solubility limit in the electrolyte.
Therefore, this porosity plot can be used to predict the distribution of electrochemical reactions over
the porous electrode.
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Figure 8. Distribution of cathode porosity from 0% to 100% discharge at 1 A/m2 current density for
O2 solubilities of (a) 0.2 and (b) 0.8 in the electrolyte, with a cathode electrode of which thickness and
porosity are 195 µm and 0.73, respectively.

For the case of 0.2 solubility, porosity was decreased uniformly over the cathode thickness until it
reached around 0.5, and then the porosity change was made mainly in the regions in the right (i.e.,
position of the dimensionless thickness is 1 in Figure 8a) which exposes to the O2 supply. It indicates
that all the areas of electrode were uniformly used for the cell reaction until the porosity reached
around 0.5, and then the reaction dominantly occurred near the right side of cathode facing the O2

supply. This behavior can be understood with the characteristic behavior of diffusive transport of O2

and the effect of precipitated Al2O3 in the electrode. As the porosity in the electrode decreased, the O2

diffusion rate decreased due to the decrease of electrolyte volume available for the O2 transport and
the increase of tortuosity of the transport path in the porous electrode, impeding O2 from traveling to
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the left side of the electrode-facing membrane. Thus, the reaction sites moved to the regions close to
the O2 supply where enough O2 was available.

As the O2 solubility in the electrolyte increased to 0.8, the increased supply of oxygen allowed
for increased O2 species diffusion to the reaction sites to the left of the electrode, allowing the
electrochemical reaction to occur more uniformly over the entire region of electrode until a final
porosity of 0.18 was reached.

The effect of the O2 solubility on discharge performance is illustrated in Figure 9. The overall
cell potential was greater for the higher O2 solubility because of the increased amount of O2 in the
reaction sites, and the discharge capacity increased as the solubility increased (554 Ah/m2 for solubility
0.2, 686 Ah/m2 for 0.4, 738 Ah/m2 for 0.6, and 767 Ah/m2 for 0.8) due to the increased area of porous
electrode available for the cell reaction, as described previously.Energies 2020, 13, x FOR PEER REVIEW 17 of 28 
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Figure 9. Discharge curves at 1 A/m2 for O2 solubilities of (a) 0.2, (b) 0.4, (c) 0.6, and (d) 0.8, with a
cathode electrode of which thickness and porosity are 195 µm and 0.73, respectively.

4.6. Cathode Side: Effect of Properties (Porosity and Thickness) of the Porous Electrode

4.6.1. Effect of Porosity

Understanding of the effect of properties of the porous electrode on the cell performance is very
important to design and operate the cell optimally, and thus in this study the effect of initial porosity
of the porous electrode was investigated for the cases of 0.2, 0.4, 0.6, 0.73, 0.8, 0.9, and 0.94 initial
porosities. Figure 10 shows the porosity distribution for the 0.2 and 0.94 porosity cases during discharge
at 1 A/m2. For the case of 0.2 initial porosity, the porosity decreased almost entirely on the right side of
the electrode where the O2 was introduced, indicating the areas away from O2 inlet were not used for
the cell reaction due to the limited diffusion of O2 caused by the deposition of Al2O3 on the cathode.
However, for the case of 0.93 initial porosity, the distribution of the deposited Al2O3 was much more
even due to the greater electrolyte volume for O2 diffusion.

The effect of the initial porosity on discharge curves is shown in Figure 11. With increasing initial
porosity, the discharge time increased. The poor performance was obtained for the case of the 0.2 initial
porosity, where the uneven and limited deposition of Al2O3 (i.e., cell reaction) was in accordance
with a low discharge capacity. However, the capacity started to decrease as the initial porosity was
greater than about 0.94, which may have been caused by reduction in active surface area and structural
instability in the cathode [17].
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4.6.2. Effect of thickness of the porous electrode

Various thicknesses (25, 50, 100, 195, 400, 800, 1600 µm) of the cathode were investigated at 1 A/m2

discharge with 0.49 O2 solubility and 0.73 initial porosity to determine the effect of cathode thickness.
Figure 12 shows the porosity distribution over discharge for thicknesses of 25 µm and 1600 µm. For the
25 µm case, the porosity distribution was roughly even across the cathode during the entirety of
discharge. Because of the short distance for the diffusion of O2, the entire cathode was used for its
potential capacity. For the 1600 µm case, the distribution was uneven and there was almost no Al2O3

deposition on the left-hand side of the cathode. The long distance for O2 to diffuse through the cathode
caused lower O2 concentrations in the far end of the cathode, leading to less deposition and inefficient
use of the cathode surface area.   
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The discharge curves for different cathode thicknesses are shown in Figure 13. For smaller
thicknesses, the increase in cathode thickness caused a roughly proportional increase in battery capacity.
At these small thicknesses, all the pore regions in the cathode were considered to be filled almost
completely with Al2O3, providing the maximum possible battery capacity. However, at larger cathode
thicknesses, increasing the cathode thickness provided diminishing returns on capacity due to the
aforementioned long distance for O2 diffusion and resulting uneven Al2O3 deposition.

When designing the cathode, the tradeoff is whether to use a small thickness with efficient but
low capacity or use a large thickness with higher capacity but inefficient use of the cathode porous
area. The optimal cathode thickness can be determined by the Damköhler number,

Da =
jL

nFDe f f
O2

cO2

(45)
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The Damköhler number represents the ratio of O2 electrochemical reaction at the cathode and the
diffusion of O2 to reach the reacting surface. For optimal design of the cathode electrode, a Damköhler
number of unity is desired. The ideal thickness was determined by comparing the specific capacities
of different cathode thicknesses. For the Al–air battery, a cathode thickness of roughly 40–60 µm
provided the maximum possible specific capacity of roughly 6850 C/kg of carbon at 1 A/m2. In this
range, the maximum amount of Al2O3 (relative to cathode size) was deposited, so the diffusion and
reaction of O2 throughout the cathode were roughly equal, meaning the Damköhler number in this
range is unity.Energies 2020, 13, x FOR PEER REVIEW 2 of 28 
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5. Conclusions

In this research, we have revisited the promising aluminum–air (oxygen) battery system to
investigate the challenging issues such as H2 evolution as a side reaction and oxide film formation on
the surface of aluminum that hinder the practical application of these batteries. An electrolyte based
on nonaqueous ionic liquid [EmIm]Cl with AlCl3 was utilized, and to understand the key controlling
parameters for the Al–air system, systematic research was conducted through ex situ component-level
and in situ cell OCV tests, thermodynamic-based analysis, and physics-based modeling.

From the ex situ/in situ tests and thermodynamic-based analysis, it was found that a key parameter
to control growth of the inert oxide film is the surface tension, which could be controlled by using
proper amount of chloride ions in the electrolyte, and the cracks were formed on the oxide film by 21%
when it was submerged into the electrolyte of molar ratio 1:1.5 of [EmIm]Cl and AlCl3, which is the
electrolyte condition utilized in most research [7,19,33].
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The physics-based modeling was developed to analyze the effect of Al2O3 formation on the anode
and cathode sides. The effect of the oxide film on anode overpotential was significant, and overpotential
(voltage loss) for the film cracked by 21% was predicted to be 30% greater than that of no film covering
the Al anode surface.

For the cathode side, the effect of O2 solubility in the electrolyte was analyzed with the porosity
plot, and only areas of the porous electrode close to O2 inlet were used for the cell reaction when the
solubility is low, decreasing the capacity of cell. As the solubility increased, more of the areas in the
electrode could be used, resulting in higher capacity.

Furthermore, the effect of properties (i.e., porosity and thickness) of the porous electrode was also
investigated, and it was found that the initial porosity significantly affected the reaction distribution
over the electrode thickness and cell charge capacity due to the porosity effect on diffusive transport of
O2, and as the porosity increased, more uniform distribution of reaction was found over the electrode.
Thickness effect of the porous electrode was investigated, and for the thinner electrode, more uniform
distribution of reaction over the electrode was found, but charge capacity itself was low. However,
as thickness increased, the charge capacity increased, but the uniformity of the reaction over the
electrode decreased, decreasing utilization of the area of the porous electrode.

Comparisons of specific capacity at different cathode thicknesses were used to define the optimal
design of the cathode. It was found that a cathode thickness of roughly 40–60 µm gave optimal
performance at 1 A/m2, 0.49 O2 solubility, and 0.73 cathode porosity, which provides a maximum
specific capacity of roughly 6800 C/kg of carbon cathode material. The Damköhler number, the ratio of
O2 electrochemical reaction at the cathode and the diffusion of O2 to reach the reacting surface, is unity
in this range.

This research provides the first modeling analysis of the ionic liquid-based Al–air battery, which
is a new system with limited availability of parameters and experimental results in literature, and thus
parameter values assumed from similar systems were utilized, leading to some inaccurate predictions
in certain operating conditions. Nonetheless, the developed model successfully predicted overall cell
performance and behaviors, providing insight into the characteristic cell reaction and key controlling
parameters to mitigate the effect of aluminum oxide formation. Thus, it is expected that the results
from this research will be used as key information to guide future research and development of the
Al–air (or O2) cell system.
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Nomenclature

A Surface area m2

c Concentration mol/`
D Diffusivity m2/s

Da Damköhler number -
E Equilibrium potential V
E’ Electric field V/m
F Faraday’s constant C/mole e−

I Total current A
i Current density A/m2

l Thickness m
M Molecular weight kg/kgmol
n Number of electron e− mole
p Pressure Pa
q Geometric factor for the morphology -
r0 Radius of a particle in porous electrode m
r Electrochemical reaction rate mol/s·m2

T Temperature K
V Volume m3

X Phase function -
Greek -

α Charge transfer coefficient
Γ Quantity adsorbed on the metal surface mol/m2

γ Surface tension N/m
ε Volume fraction -
ε′ Dielectric constant -
ε′0 Vacuum permittivity F/m
η Overpotential V
κ Liquid ionic conductivity S/m
µ Chemical potential J/mol
ν Number of ionic species dissociated from a salt -
ρ Density kg/m3

σ Solid electronic conductivity S/m
ϕ Galvanic potential V
ψ Quantity representing a phase -
ω Velocity of a surface m/s

Subscript
a Anode

app Applied
c Cathode

cell Full cell
D Diffusion
e Electrolyte phase

film Film
j Species j
k Phase k
m Phase m
n Normal
o Initial state
s Solid phase

Superscript
eff Effective
0 Standard state
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Appendix A

A.1. Mass and Species Conservation Equations

Microscopic equation of mass conservation is described:

∂ρk

∂t
+∇·(ρkvk) = 0 (A1)

where ρ and v are the density and velocity in the phase k.
After applying the volume average methods (i.e., Equations (4)–(8)) into Equation (A1), macroscopic mass

conservation equation can be obtained [14,40]:

∂(εkρk)

∂t
+∇·

(
εkρk〈vk〉

k
)
=

1
V0

∫
Akm

ρk(wk − vk)·nkdA �
Akm
V0

ρkwn,km = akmρkwn,km (A2)

where Akm is the total interfacial area between k and m phases, akm denotes the specific area of the k–m interface,
wn,km is average normal velocity of k–m interface relative to phase k and directing outward from phase k.

A.2. Microscopic Conservation of Species is Described

∂ck
∂t

= −∇·Nk (A3)

where ck and Nk are the concentration and molar flux of a species in phase k, respectively.
Molar flux of a species in phase k is represented by

Nk = −Dk∇ck +
tk
zF

ik + ckvk (A4)

where Dk, tk, and z are the diffusivity, transference number, and charge number of a species in phase k, respectively,
F and ik denote the Faraday constant and current density in the phase k.

From the species balance at the interface between phases k and m, the relative flux of ion in each phase is
related by production rate (i.e., rkm) of species at the k–m interface [14]:

(Nk − ckwk)·nk + (Nm − cmwm)·nm = −rkm (A5)

It is simplified further under the assumption of ionic species existing only in one side of the interface (i.e.,
in phase k) for the general battery cases:

(Nk − ckwk)·nk = −rkm (A6)

By applying the volume average method into Equation (A3),

∂〈ck〉

∂t
= −∇·〈Nk〉 −

1
V0

∫
Akm

(Nk − ckwk)·nkdA (A7)

After applying volume average to Equation (A4) with the assumption of no hydrodynamic dispersion due to
variation of microscopic velocity and species concentration,

〈Nk〉 = −εkDk∇〈ck〉
k +

tk
zF
〈ik〉+ εk〈ck〉

k
〈vk〉

k (A8)

By substituting (A8) into (A7),

∂〈εk〈ck〉
k
〉

∂t +∇·
(
εk〈ck〉

k
〈vk〉

k
)

= ∇·
(
De f f

k ∇〈ck〉
k
)
−∇·

( tk
zF 〈ik〉

)
+ 1

V0

∫
Akm

Dk∇ck·nkdA

−
1

V0

∫
Akm

tk
zF ik·nkdA + 1

V0

∫
Akm

ck(wk − vk)·nkdA

(A9)
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After volume average, Equation (A6) becomes;

1
V0

∫
Akm

(
−Dk∇ck +

tk
zF

ik + ckvk − ckwk

)
·nkdA = −akmrkm = akm

∑
j

s j

n jF
inj (A10)

where s, n, and in are the stoichiometric coefficient of reactive species, the number of electrons, and the average
transfer current density of reaction j taking place at the interface, respectively.

The second term in the right-hand side of Equation (A9) can be rearranged with Equation (A18):

∇·

( tk
zF

ik

)
=

tk
zF
∇·ik = −

tk
zF

1
V0

∫
Akm

ik·nkdA � −akm

∑
j

( tk
zF

)
inj (A11)

By substituting Equation (A10) and (A11) into (A9), the final form of macroscopic species conservation
is obtained:

∂〈εk〈ck〉
k
〉

∂t
+∇·

(
εk〈ck〉

k
〈vk〉

k
)
= ∇·

(
De f f

k ∇〈ck〉
k
)
− akm

∑
j

(
tk
zF

+
s j

n jF

)
inj (A12)

where De f f
k is εkDk.

A.3. Charge Conservation Equation

Electrochemical reactions take place at the interface between k and m phases, and thus no charge is generated
or consumed within each phase:

∇·ik = 0 (A13)

The interface boundary condition is
ik·nk = −

∑
j

inj (A14)

where ik is current density in phase k (i.e., superficial current density) and inj is transfer current density of reaction
j taking place at the interface.

In solid materials, the current density (is) is determined by solid electronic conductivity (σ) and electric
potential (ϕs) the in solid phase:

is = −σ∇ϕs (A15)

In the electrolyte, the current density (ie) is affected by migration and diffusion of ionic species, and the relation
for a concentrated binary electrolyte can be described [41]:

ie = −k∇ϕe − kD∇
(
ln c j

e

)
(A16)

where k is the conductivity of the electrolyte, superscript j denotes ionic species (+ for cation and – for anion), and
kD is diffusion conductivity to account for the rate of charged particle motion due to diffusion of ionic species
which is defined [41]:

kD =
νRTk

F

 s j

nν j
+

t0
j

z jν j
−

s0ce

nc0


(
1 +

d ln f±
d ln ce

)
(A17)

where ν j and ν denote number of ionic species (i.e., cation and anion) and total moles of ions into which a molecule
of electrolyte dissociates, s j and s0 denote stoichiometric coefficients of ionic species and solvent, ce and c0 are
concentrations of electrolyte and solvent, n is the number of electrons, z j is the charge number of ionic species,
t0

j is transference number of ions with respect to solvent velocity, and f± is mean molar activity coefficient.
Macroscopic charge conservation equation is obtained by taking the volume average of equation (A13);

〈∇·ik〉 = ∇·〈ik〉+
1

V0

∫
Akm

ik·nkdA = 0 (A18)

where
1

V0

∫
Akm

ik·nkdA � akm

∑
j

inj (A19)

Thus,
∇·〈ik〉+ akm

∑
j

inj = 0 (A20)
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The macroscopic equation for the solid phase is obtained from volume average of Equation (A15):

∇·

(
σe f f
∇〈ϕS〉

s
)
+ ase

∑
j

inj
∣∣∣
s = 0 (A21)

Similarly, the macroscopic equation for the electrolyte phase is obtained from Equation (A16):

∇·

(
ke f f
∇〈ϕe〉

e
)
+∇·

(
ke f f

D ∇ ln〈ci
e〉

e
)
+ ase

∑
j

inj
∣∣∣
e = 0 (A22)

where the interfacial current density at the solid and electrolyte interface is related by

ase

∑
j

inj
∣∣∣
e = −ase

∑
j

inj
∣∣∣
s (A23)
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