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A two-dimensional, transient, and non-isothermal model was developed in this work to study the mass transfer properties of the
Li-air battery. Special attentions have been paid to the cathode carbon electrode and the distributions of oxygen, lithium ion, lithium
peroxide, and temperature in the carbon electrode have been calculated in the model. The effects of discharge current, electrode
thickness, porosity distribution in the electrode, and cathode open ratio on the discharge capacity of the battery have been investigated.
Modeling results showed that the discharge capacity of a Li-air battery was primarily determined by the oxygen supply. Most of
the available pores deep in the electrode were not utilized because Li; O, accumulated at the electrode/air interface and blocked the
oxygen. It was also found that the utilization rate of the electrode was lower when the electrode was thick, the cathode open ratio
was low, and the discharge current was high. A unique design of the carbon electrode with a non-uniform porosity distribution was
proposed, and the discharge capacity of the battery was increased by more than 25% after implementing the new electrode.
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In theory, the Li-air battery has an exceptionally high specific
energy. This is largely due to the high specific energy of lithium,
12 kWh kg~!, and the inexhaustible supply of oxygen from the
ambient.! Although Li-air batteries have a high specific energy, the
instability/corrosion of the lithium metal as the anode material has
caused safety and reliability issues since the first primary Li-air bat-
tery was invented by Lockheed in the 1970 s.2 These safety hurdles
became more severe in the rechargeable Li-air battery and conse-
quently impeded its development. In the meantime, Li-ion battery
technology improved quickly after its first release by Sony in 1991.
The Li-ion battery is safer than the Li-air battery and has a higher volt-
age efficiency and energy density than Lead-acid, Nickel-Cadmium,
and Nickel metal hydride batteries. In the past two decades, Li-ion
batteries have been widely applied to portable electronic devices, elec-
tric vehicles (EVs), photovoltaic panels, wind farms, and power grids.
However, the high energy density required from portable devices and
the 300 mile driving ranges required from electric vehicles both im-
pose mass limitation on the existing Li-ion batteries. Considering the
current specific energy of Li-ion batteries, about 0.1 kWh kg~! for
transportation applications, the battery in an EV must weigh more
than 500 kg to drive the vehicle for 300 miles.

In order to decrease the weight, the specific energy of EV batteries
should be significantly increased. For these reasons, special attention
has recently been given to Li-air batteries due to their exceptionally
high specific energy. In general, there are four types of lithium-air
batteries, categorized by the electrolyte: organic electrolyte, aqueous
electrolyte, mixed organic and aqueous electrolyte, and solid state
electrolyte.! Of these, the battery using organic electrolytes (Fig. 1)
has attracted the most attention because it is rechargeable when a
sufficiently high voltage is applied.

The first rechargeable Li-air battery that utilized organic elec-
trolytes was developed by Abraham and Jiang at the EIC Lab in 1996.°
The Li-air battery operated passively at room temperature with lithium
metal as the anode material and oxygen from the ambient as the oxi-
dant. The overall reactions that occur during charge and discharge of
a lithium-air battery using organic electrolyte are:

2Li+ 0, < Li,0, (3.10V), [1]
and/or
4Li+ O, < 2Li,0  (2.91V). [2]

The two-electron process in Eq. 1 is the dominant oxygen reduc-
tion reaction (ORR) under normal operating conditions.> During the
discharge of the battery, lithium metal releases electrons and dissolves
in the organic electrolyte as lithium ions. The lithium ions transport
within the organic electrolyte, traveling through the separator to the

“E-mail: faghri@engr.uconn.edu

cathode electrode. The electrons go through the out circuit, producing
electric energy, to the cathode. At the same time, oxygen transports
from the atmosphere into the cathode electrode and reacts with lithium
ions and electrons, coming from the anode, at the surface of catalysts
and/or carbon. The main product of the ORR is expected to be Li,O,,
although the active intermediates during the ORR may react with
organic electrolytes and produce Li,COs, LiOH, and Lithium alkyl
carbonate.*> The detailed electrochemical reactions are not the main
concern in this study due to the complex oxygen electrochemistry and
the disagreements of reaction mechanisms among researchers.® In this
work, it is assumed that Eq. 1 is the only reaction in the electrode and
that Li, O, is the only product during the battery discharge. The Li, O,
generated in the ORR does not dissolve in the electrolyte and covers
the surface of catalysts and/or carbon. During the charge of the battery,
the Li,O, electrochemically decomposes into lithium ions, electrons,
and oxygen. The lithium ions transfer within the organic electrolyte to
the anode and produces lithium metal after reacting with the electrons
coming from the cathode.

Currently, the major technical challenges of Li-air batteries using
organic electrolytes are the low round trip efficiency (typically less
than 70%) and the low current density (in the order of 1 mA cm~2) dur-
ing charge and discharge. It is worth noting that the experimental study
by Zhang et al.” indicated that the power capability of lithium-oxygen
batteries was mainly determined by the cathode carbon electrode. The
low round trip efficiency, mainly determined by the overpotentials
of ORRs and oxygen evolution reactions (OERs), can be increased
by synthesizing advanced catalysts for both ORRs and OERs.®!* In
2010, a record high round trip efficiency of 75% was achieved by Lu
et al. using PtAu/C as catalysts.!' The low current density of a Li-air
battery is caused by the combined effects of low catalytic activity, low
Li* conductivity, low diffusivity of oxygen, and coverage of catalytic
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Figure 1. Computational domain of a lithium-air battery using organic
electrolytes.
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sites by solid products. Although the specific mechanism that limits
the performance is still unclear, it is widely accepted that the mass
transfer properties of the electrolyte and electrode play critical roles
to determine the discharge current and capacity of a Li-air battery.'?

Experimental studies have been carried out to investigate the
electrolyte conductivity,'® diffusivities of oxygen and lithium ion in
electrolytes,'>!'* solubility of oxygen in organic electrolytes,'* evap-
oration rate and water absorption rate of electrolytes,'” and porosity
and pore size distributions of the carbon electrode.'*!® These exper-
imental results are typically caused by combined changes of several
parameters, as the parameters of the electrolyte and electrode are cou-
pled with each other. The modeling studies of Li-air batteries can be
a great help to understand the transport phenomena within the bat-
tery, study the effect of parameters, and improve the battery design.
Nevertheless, only limited numbers of models have been developed
to investigate the transport phenomena in Li-air batteries.

J. Read et al."* conducted a simple analysis to capture the dimen-
sionless oxygen concentration along the carbon electrode depth after
the steady-state condition was reached. The analysis was carried out
with the assumptions that the discharge reaction was first order in the
oxygen concentration only and that the porosity of the electrode did
not change with Li,O, production. Their results clearly showed that
the oxygen concentration decreased with the increase of the depth to
which oxygen penetrated the electrode. The decrease of oxygen was
faster at a higher discharge current. Results also suggest that the in-
crease of both oxygen solubility and diffusivity through the electrode
and electrolyte would decrease the discharge overpotential.

Sandhu et al."? developed a one-dimensional, isothermal model to
calculate the dimensionless oxygen concentration along the cathode
carbon electrode. The variation of the pore radius over time due to
the accumulation of Li, O, solid was modeled at different discharge
currents, and the effect of electrode thickness on the specific capacity
was also calculated. Results showed that the specific capacity de-
creased with both the increase of discharge current and the increase
of electrode thickness.

Zheng et al.?® calculated the theoretical specific energy of Li-air
batteries using different electrolytes: alkaline electrolytes, acidic elec-
trolytes, and organic electrolytes. Their results showed that the battery
with organic electrolytes had a higher specific energy and capacity
than the battery with aqueous electrolytes because organic electrolyte
was not consumed during the discharge. For example, when the poros-
ity of cathode electrode was 0.7, the battery with organic electrolytes
had a specific energy and capacity of 2.79 kWh kg~! and 940 mAh
g~ respectively, while the battery with alkaline electrolytes had a
specific energy and capacity of only 1.3 kWhkg~' and 378 mAh g~

Andrei et al.”! developed a one-dimensional isothermal model to
simulate oxygen and lithium ion concentrations and porosity distribu-
tions along the cathode carbon electrode. Based on this model, they
proposed several approaches to optimize the structure of the cathode
electrode: increasing the oxygen diffusivity and solubility; increasing
the catalyst activity; using catalysts with non-uniform activity along
the electrode; and applying partly wetted cathode electrode. The ef-
fects of the above parameters on specific capacity, energy density, and
power density of the Li-air battery were studied by the model.

The mass transfer within a Li-air battery is dominated by two-
dimensional effects. The commonly used nickel mesh in a passive
battery as the supporting material’>** and the end plates with flow
channels in active battery>* inevitably block part of the oxygen path
and decrease the cathode open ratio. However, none of the above
models can capture the two-dimensional mass transfer characteristics
of a Li-air battery. Modeling the non-uniform oxidant and production
distributions in two dimensions are important to determine the battery
performance. Furthermore, none of the above models consider the
effect of temperature on the battery performance, though the thermal
management of a Li-air battery plays a critical role in the safety
and performance of batteries. In this work, we will develop a two-
dimensional, transient, non-isothermal model to simulate the heat
and mass transfer characteristics in the electrolyte and cathode air
electrode of a Li-air battery using organic electrolytes.
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Physical Model

This model uniquely considers the two-dimensional mass transfer
and electrochemical reaction properties of the Li-air battery. The dis-
tributions of oxygen concentration, Li* concentration, reaction rate,
and volume fraction of solid product will be solved in our model.
The computational domain of the model includes the electrolyte
and the cathode air electrode, as shown within the dashed line in
Fig. 1.

To simplify the analysis and concentrate on the key parame-
ters and phenomena, the following assumptions are adopted in this
model:

1) The overpotential of the anode reaction is negligible.’

2) The electrolyte fully fills pores in the cathode electrolyte, both
oxygen and lithium ion transfer in electrolyte (liquid) only.

3) The mass transfer of oxygen and lithium ion is by diffusion only,
the effect of convection is negligible.

4) Itis assumed that Li, O, deposits as a smooth film in the electrode
because the size of Li, O, particles is typically several orders of
magnitude smaller than the size of a Li-air battery electrode.?

5) Due to the high thermal conductivity of lithium metal, 84.8 W
m~! K~!, and nickel mesh (which is commonly used as the sup-
porting plate for the cathode electrode’??), 90.9 W m~! K~!, their
thermal resistances are negligible.

The concentration of lithium ion and dissolved oxygen are solved
by:

d (epeLwrit)

ot V- (ppL D Voo ) + ringe [3]

and

d (8 PEL(DOZ)

=V (pEL DG Vo, ) + riro, .- [4]

The effective diffusivity, D¢, is determined by the diffusion co-
efficients, D;, porosity of the porous media, ¢, and tortuosity of the
porous media, t:

Dify = D; 4¢", [5]
where the tortuosity is a function of porosity:?’
1(e)=1—0.77 Ine. [6]

The consumption (/generation) rate in species equations of Li,
and O is:

R
e ===y [ ] 7]
; Rorr 8
o == Mo [ g

Where Rogg is the reaction rate of the ORR, F'is the Faradic constant,
96,487 C mol~!, and M is the molecular weight.

The temperature distributions are calculated by solving the energy
equation:®

eff
d{leCr I T) ([pc;; 1) g (FVT) + i, [91

where the effective specific heat, [pC p]eff, and the effective thermal

conductivity, k<, are related to the properties of electrode, Li,O,
precipitate, and electrolyte:

[pCp1™" = (1 — &) pepCr.ED + €10, L0, C P Li20s

+ (¢ — £Li,0,) PELCPEL- [10]

k5" = (1 — &) Kep + €11,0,KL,0, + (8 — €Li,0, ) KEL- [11]
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The source terms used in the energy equations are also related to
the electrochemical reaction:

w
fitr = Rogr * M [ﬁ] , [12]

where 1) is the overpotential of the reaction.

The local ORR rate of the lithium-air battery is related to the
concentrations of lithium ion and oxygen, the ORR coefficient, korr,
the surface area of the electrode per volume, Agp, temperature, 7, and
the overpotential, 1, by the following equation:

n) - [13]

Wi+ ®0, aorr F
R = — |- | — ] -k - Agp - ex
ORR ( erela ) (wr(i ) ORR * AED p ( RT

The ORR coefficient, korr, in the above reaction is a function of

temperature:
Ege (1 1
Korr = io - L 14
ORR = 10 eXp[ R (295 T>] [14]

where iy is the exchange current density at 295 K, and Eogg is the
activation energy of the ORR, which has the value of 21 kJ mol~! as
an approximation.?

Since the produced Li, O, is both insulating and insoluble in the
electrolyte, the solid product deposits on the carbon surface and cause
electrode surface passivation. The mechanism of electrode surface
passivation is not fully understood because defects and grain bound-
aries in the crystal could result in different electronic properties of
the Li,O, layer.?’ In this model, the effect of electrode surface pas-
sivation is considered by decreasing the ORR coefficient with the
deposition of Li,O,, as shown in Eq. 15. At the beginning of dis-
charge, the deposition of Li,O, gradually decreases the ORR coeffi-
cient due to the decrease of the effective surface area of the electrode.
After the deposition of a single monolayer of Li,O,, the ORR coef-
ficient is considered unchanged. Aurbach et al.’® predicted that the
charge during the production of a single monolayer Li,O, was about
400 C cm™2. Considering the volumetric surface area of SP carbon,
69.3 cm? g~!, and the electrode pore volume, 1.89 cm? g=!,!% the
charge during the production of a single monolayer Li,O, per unit
volume of electrode was 14.67 mC cm™3. As a result, the volume
faction of a single monolayer Li,O, in the electrode is calculated to
be 1.63 x 1075, The effect of the volume fraction of Li, O, precipitate,
eLin02, on the ORR coefficient is considered by a segmental equation:

, €Li202
lo * (1 — V. PR —
korr = 1.63 x 10

0.1ip for erppor > 1.63 x 107°

) for e1po2 < 1.63 x 107°

[15]
The above equation indicates that when the volume fraction of
Li, O, is less than 1.63 x 107°, the production of Li,O, sediment
will gradually cover the effective surface area of the electrode. When
the volume fraction of Li,O, is higher than 1.63 x 1079, a further
increase of Li, O, will not reduce the kinetics of ORR and only affects
the diffusion of dissolved oxygen and lithium ions. The effective
active area of electrode per volume, Agp, is calculated by the following
equation:

A (1) 7 [dug — 210, O] (1 £Liy0, (t))” 6]
AED,O a Ttdz%vg o € ’
where Agp is the effective active area of the electrode before dis-
charge, d,y, is the average size of the pores in electrode (0.1 um'?)
and 31 0, is the thickness of the Li,O, precipitate.

The Li, O, production rate from the ORR is calculated by:

Rorr 8
ZORR o [ ] 17
oF Muo, |5 [17]

o0, =
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Figure 2. Boundary conditions of a lithium-air battery using organic
electrolytes.

and the local volume fraction of Li,O,, €02, is calculated based on
the amount of accumulated Li,O,:

J Rorr - dt Myi,0,
2F PLi,0, '

The integration of the ORR rates within the whole computational
domain equals the discharge current:

£Li,0, (1) = [18]

I = / RORRd.Xdy. [19]
Electrode

Boundaries for the computational domain are numbered in Fig. 2.
The upper (I) and lower (II) boundaries are considered to be symmetric
boundaries and the corresponding boundary conditions are:

00
ay
where ® can be 7, wy;+, and wo,.

At the lithium/separator interface (boundary III), the flux of lithium
ion is proportional to the discharge current density:

0, [20]

N = oD Vorse = Ly, | 8 [21]
Lit = P+ <DL1+—F Li m2 s |

The flux of oxygen at boundary IIl is 0. Since the thermal resistance
of lithium metal is assumed negligible, the temperature at boundary
III is set as the room temperature:

T =T,. [22]

At the electrode/air interface (boundary IV), the flux of lithium ion
is 0 and the oxygen concentration is set as the saturation value:

wo, = 1.23 x 107 (23]
The heat flux through boundary IV is:
oT
— k= =h(T —T). 24
Sl ( ) (24]

where the heat coefficient, 4, is the natural convection coefficient on
a vertical surface:’!

hL 0.670Ra,’*
Nu=— =0.68+ 7
k [1+(0.429/Pr)”']
ATL?
where Ra; = L [25]
[¢AY)

At the electrode/rib interface (boundary V), the flux of lithium
ion and oxygen are O and the temperature at boundary V is room
temperature.

The computational grids were generated based on the finite volume
method (FVM)* and the governing equations were discretized and
solved by a code developed in home using Fortran. The grid number
is 160 x 50 and the time step is 1 second. All the model results are
both grid independent and the time step independent. After the results
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Table I. Parameters used in the model.

Parameter Symbol Value

Room temperature Too 297K

Thermal diffusivity of air a 222 x 107 m?s~!
Kinematic viscosity of air v 1.51 x 107> m? 57!
Thermal expansion B 343 x 1073 K™!
coefficient of air

Prandtl number of air Pr 0.713

Active area of electrode AED0 3.67 x 10° cm? ecm™3 10
per volume

Exchange current density i 3.11 x 107* Acm™2 33
Transfer coefficient of OORR 0.533

cathode

Thermodynamic Ey 3.13

equilibrium voltage

Reference concentration a)gi 123 x 1074 kgkg™!
of O,

Reference concentration wielﬂ 6.67 x 1073 kg kg™!
of lithium ion

Density of PTFE OPTFE 22gcem™?

Density of lithium oLi 0.534 g cm ™3
Density of carbon pC 226gcm™3

Density of lithium PLi202 231lg cm™3
peroxide

Density of electrolyte PEL 1.0402 g cm™3 15
Conductivity of OEL 5x1073Qtem™'15
electrolyte

Conductivity of electrode OED 3Q tem ! 34
Specific heat of CpEL 057 g’1 K!
electrolyte

Specific heat of carbon Cp ED 0.717] g’1 K-!
Specific heat of Li; O, Cp,Lixo2 1.81Tg 1 K!
Diffusivity of oxygen in Do 1 x 1075 ecm?s~! 34
electrolyte

Diffusivity of Lit in Dyt 8 x 1077 cm? s~ 34
electrolyte

Thermal conductivity of kgL 02Wm~ ! K!
electrolyte

Thermal conductivity of kep 1.5Wm~! K135
electrode

Thermal conductivity of kLino2 145Wm~ ! K!
Lir Oy

Solubility of oxygen in 4x 1073 Ml14
electrolyte

Molecular weight of My ; 6.94 g mol ™!

lithium

Molecular weight of My o2 4588 ¢ mol~!
lithium peroxide

Porosity of electrode €ED 0.7510

Porosity of separator €EL 0.510

Thickness of the electrode SED 800 pm22

Thickness of the separator SEL 25 uml10

Width of the battery dy 1 mm

Width of the rib SRIB 0~ 0.5 mm

are converged in each time step, the cell voltage is determined by the
following equation:

V=Ey—n—1x@®gL/0kL), [26]

where E| is the thermodynamic equilibrium voltage, 3g; is the thick-
ness of the separator, and ogy. is the conductivity of the electrolyte.
Values of parameters used in the model are all presented in Table 1.

Results

Comparison of modeling results with experimental data.— After
the grid and time-independent verification of our model, the discharge
capacity vs. voltage at various discharge current densities (0.05, 0.1,
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Figure 3. Comparisons between modeling results and experimental data®> of
specific capacities vs. voltage at different discharge current densities.

0.2,0.5 mA cm™2) were calculated and compared with the experimen-
tal data reported by Read?? in Fig. 3. At the beginning of discharge,
the battery voltage rapidly decreases from the ideal voltage as a re-
sult of the activation loss caused by the ORR. Afterwards, a voltage
plateau is observed, followed by a quick decrease in voltage at the end
of the discharge caused by the concentration loss due to limited mass
transfer rates.

Similar to the reported experimental data, our simulation results
showed that the voltage of the battery was higher at a smaller discharge
current for a given specific capacity. For example, at the specific ca-
pacity of 200 mAh g~!, the voltage was 2.85,2.79, 2.74, and 2.63 V at
the discharge current of 0.05, 0.1, 0.2, and 0.5 mA cm™2, respectively.
The decrease in voltage was due to the higher overpotentials caused
by activation loss, ohmic resistance and concentration loss at a higher
discharge current. Since the organic electrolyte has relatively low ionic
conductivity and low oxygen and lithium ion diffusivities, the over-
potential caused by ohmic loss and concentration loss is significant
even at small discharge currents.

The simulation results in Fig. 3 also showed that the maximum
specific capacity of the battery was higher at a smaller discharge cur-
rent, which was consistent with experimental results.?? The maximum
specific capacity decreased from 1454 to 1180, 535, and 214 mAh g~!
when the discharge current density increased from 0.05 to 0.1, 0.2,
and 0.5 mA cm~2. The volume fractions of Li,O, after discharging
were plotted in Fig. 4. The non-dimensional x in this figure and the

1.0 T T T T
0.8 E
The porosity of the electrode is 0.75.

0.6 | +— = 0.5mA cm” 1
3 & — 0.2 mA cm” gfp
3 2 P

L e— —o 0.05 mA cm h

04} o’ ¢

2

o OQ—Q

bo 066 -o-0-0—00 0O g o
0.2 ™ .
o
c 4
e v
o gE-oe e 8R0S aa—f sgeeI®
0 0.2 0.4 0.6 0.8 1.0
V4

Figure 4. Volume fractions of Li»O; in the electrode after the battery dis-
charged at various current densities.
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Figure 5. (a) Specific capacities vs. voltage and (b) volume fractions of Li; O
in the electrode at different discharge current densities. Diffusivities of lithium
ion and oxygen are adjusted according to the current density.

following figures is defined as:
X = —3£L)/dp- [27]

At the electrode/air interface, the variation of volume fractions of
Li,O, was small: 0.61, 0.53, and 0.44 at the current density of 0.05,
0.2, and 0.5 mA cm 2, respectively. The volume fraction of Li,O,
at the separator/electrode interface, however, decreased sharply from
0.24 to 0.02 and 0.002 when the current density increased from 0.05
to 0.2 and 0.5 mA cm~2. This result indicated that most pores close
to the separator were not utilized because of the insufficient oxygen
supply, and the non-uniform utilization of the electrode was more
severe at higher current densities.

Model results show that the maximum temperature rise in the
battery is less than 0.01 K at the highest current density (0.5 mA
cm™2). The low temperature increase in the battery is due to the low
heat generation rate and the effective cooling by natural convection.
The heat generation rate in the battery is low because the discharge
current density is small. Furthermore, the battery has a high ratio
of surface area to volume, so that the produced heat is effectively
dissipated to the ambient by natural convection. Consequently, the
results of temperature distributions will not be shown in this work.

Effect of the diffusivities of oxygen and lithium ion.— Considering
this, the diffusivities of oxygen and lithium ion were adjusted accord-
ing to the discharge current in the model in order to study its effect on
the discharge capacity. Fig. 5a shows the specific capacities vs. voltage
curves at various discharge current densities. Taking 0.05 mA cm™2 as
the base case, diffusivities of oxygen and lithium were multiplied by
4 and 10 at 0.2 and 0.5 mA cm™2, respectively. Although the voltage
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Figure 6. (a) Specific capacities and average volume fractions of Li; O, vs.
electrode thickness at a 0.2 mA cm~2 discharging rate, (b) volume fractions
of Li O3 in electrodes with different thicknesses.

at a given specific capacity was lower at a higher current density due
to the higher ohmic loss, the maximum specific capacities were iden-
tical for all the three cases. The volume fractions of Li,O, depicted
in Fig. 5b showed that by increasing the diffusivities of oxygen and
lithium ion, the maximum specific capacity increased, mainly due to
the more efficient utilization of the electrode close to the separator. It
can be concluded from these results that the mass transfer limitation,
especially oxygen transfer, was decisive to the maximum discharge
capacity of a Li-air battery.

Effect of the electrode thickness.— As is discussed above, the
specific capacity is determined by mass transfer limitation, so the
electrode thickness is an important design parameter to achieve high
specific capacity. Fig. 6a compares the specific capacity vs. voltage
curves of batteries with different electrode thicknesses, where all the
batteries were discharged at 0.2 mA cm™2. As can be seen from the
figure, the specific capacity was 2151, 1500, 980, 696, and 526 mAh
¢~ ! when the electrode thickness was 75, 200, 400, 600, and 800 Lm,
respectively. The average volume fractions of Li,O, after discharge
were also compared in Fig. 6a, and a lower specific capacity corre-
sponded with a lower average volume fraction of Li,O,. These results
also showed that the battery with a thicker electrode had a lower uti-
lization rate of its electrode. The volume fraction of Li,O, was only
9.5% when the electrode thickness was 800 pm, although the capac-
ity limit was to fill 75% (porosity) of the electrode with Li,O,. This
conclusion was consistent with the experimental investigations. For
example, studies by Ren et al.'® showed that only 10% of the pore
volume was covered by Li,0,, even when the discharge capacity was
as high as 1,000 mAh g~*.

The volume fractions of Li, O, along the electrodes are plotted in
Fig. 6b. The results clearly showed that the accumulation of Li,O,
was faster close to the air side, and the non-uniform Li, O, distribution
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Figure 7. Voltage vs. specific capacities curves of electrodes with different
porosity distributions: blue circle - uniform porosity; red rectangle - high
porosity at the air side; black triangle - lower porosity at the air side.

was more severe when the electrode was thicker. Due to the limited
oxygen diffusivities, the reaction rates in the electrode were non-
uniform, with higher reaction rates close to the electrode/air interface
and lower reaction rates close to the electrode/separator interface. For
the battery with a thick electrode (800 wm), most of the electrode
was not fully used due to the blockage of oxygen by the faster Li, O,
accumulation at the electrode/air interface. To make better use of all
the pores throughout the electrode, it is preferable to design a Li-air
battery with a thinner electrode.

The effect of porosity distribution.— From the previous discussion,
it is known that most of the pores in the cathode electrode are not
utilized during the battery discharge. This phenomenon is due to
the lack of oxygen. To improve the battery design, it is critical to
improve the mass transfer properties of the electrode. One important
parameter of the electrode that can be easily changed is the porosity
distribution. In our model, the average porosity of the electrode was
kept constant, 0.75. Three porosity distributions have been studied:
uniform distribution, linear distribution with a high porosity at the
air side, and linear distribution with a lower porosity at the air side.
Fig. 7 shows the specific capacity vs. voltage curves of electrodes
with 800 pm and various porosity distributions where all batteries
are discharged at 0.2 mA cm~2. As shown in Fig. 7, the electrode
with a higher porosity at the air side had the highest specific capacity,
661 mAh g~!, while the electrode with a lower porosity at the air side
had the lowest specific capacity, 495 mAh g~!.

The different specific capacities of batteries were caused by the
different utilization rates of these three electrodes, despite the fact
that they had the same average porosity, 0.75. The distributions of
porosity and volume fractions of Li, O, after discharge are compared
in Fig. 8. As shown in Fig. 8, the volume fractions of Li,O, were
non-uniform within the electrode for both electrodes. However, the
electrode with a higher porosity at the air side had a better utilization
of pores deep in the electrode due to the more efficient oxygen transfer
from the ambient. The effective porosity, shown in the Fig. 8, equals
the local porosity minus the volume fraction of Li,O,. The effective
porosity close to the air side is more important, however, because all
of the consumed oxygen should be supplied from the air side. During
the discharge, Li,O, was produced faster close to the air side because
of the non-uniform oxygen distribution. As a result, the effective
porosity decreased faster close to the air side. Eventually, the oxygen
supply rate was so low that the oxygen concentration close to the
separator was near zero and the battery therefore stopped discharging.
When the porosity at the air side was higher, the oxygen supply
was more sufficient throughout the electrode and the discharging of
battery lasted longer. Consequently, local volume fractions of Li,O,
were higher throughout the electrode with a higher porosity at the
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Figure 8. Distributions of porosity and Li» O, volume fraction in the electrode
after discharge: (a) uniform porosity distribution, and (b) a higher porosity at
the air side.

air side. It should be recognized that the total amount of produced
Li, O, is proportional to the specific discharge capacity of the battery.
This study shows that it is possible to increase the battery discharge
capacity by more than 25% after increasing the electrode porosity at
the air side.

The effect of cathode open ratios.— All the above modeling re-
sults were achieved with the assumption of 100% cathode open ratio,
however, the 100% open ratio at the cathode side is not procurable
in either passive or active Li-air battery designs. The nickel mesh
and the end plates inevitably block part of the oxygen pathway or
decrease the cathode open ratio.”>>* Considering this, the specific
capacity vs. voltage curves with different cathode open ratios were
calculated and plotted in Fig. 9, and all of the batteries are discharged at
0.2 mA cm~2. As expected, both the battery voltage and the discharge
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Figure 9. Voltage vs. specific capacities of batteries with different cathode
open ratios.
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Figure 10. Volume fractions of LiO; in the electrode with 50% open ratio
after discharging, the electrode has an 800 pm thickness and is discharged at
0.2 mA cm™2.

capacity decreased with a decreasing open ratio due to the limita-
tion of oxygen supply. The maximum capacities sharply decreased
(from 529 to 133) when the cathode open ratio decreased from 100%
to 50%.

The Li,O, volume fraction in electrodes with a 50% open ratio is
plotted in Fig. 10. As shown in the figure, the Li,O, volume fractions
at the electrode/air interfaces were the highest (0.29). Both the Li, O,
volume fractions close to the separator and under the rib, however,
were extremely low. This result shows that the pores under the rib and
deep in the electrode were both barely utilized. The Li,O, volume
fractions in these areas were less than 0.02. To design a Li-air battery,
the open ratio of the cathode should be as high as possible, especially
when the battery discharges at high currents. If the open ratio of the
cathode with flow channels is low in an active battery design, the
forced convection has to be involved to facilitate the mass transfer
within the electrode.

Conclusions

The Li-air battery has exceptionally high specific energy due to the
high specific energy of lithium and the inexhaustible oxygen supply
from ambient. However, state-of-the-art studies on transport phenom-
ena have yet to fully utilize the great potential of Li-air batteries. This
is mainly a result of the mass transfer limitation of the cathode elec-
trode. In this study, a two-dimensional, transient, and non-isothermal
model has been developed to study the mass transfer properties of Li-
air batteries. After investigating various parameters, such as discharge
current, electrode thickness, porosity distribution in the electrode,
and cathode open ratio of the battery, the following conclusions and
recommendations have been proposed to improve the Li-air battery
design:

1) Mass transfer properties of the carbon electrode determined
the discharge current and capacity of a Li-air battery. During
discharge, a Li-air battery starved from a lack of oxygen be-
cause the produced Li,O, accumulated quickly over time at the
electrode/air interface.

2) The discharge capacity of a Li-air battery could be remarkably
increased by utilizing the pores deep in the carbon electrode
more efficiently. For example, the volume fraction of Li,O, in an
800-pwm-thick electrode was less than 10% when the battery
reached its maximum discharge capacity, at a current density
of 0.2 mA cm™2.

3) The maximum specific capacity of a Li-air battery could be in-
creased by decreasing the thickness of the carbon electrode, in-
creasing the porosity at the electrode/air interface, and increasing
the cathode open ratio to facilitate oxygen transfer.
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4) The maximum discharge capacity decreased from 2151 to
526 mAh g~! when the electrode thickness increased from 75 to
800 pm. The maximum specific capacity decreased from 526
to 133 mAh g~! by decreasing the open ratio from 100% to 50%
at the current density of 0.2 mA cm™2.

5) Keeping the average porosity constant, .75, the electrode with a
higher porosity at the electrode/air interface had a higher specific
capacity, 661 mAh g~!, than that of the electrode with uniform
porosity, 526 mAh g~!.

List of Symbols
Agp the surface area of the electrode per volume (m™")
C, specific heat capacity (J mol~! K~')
D diffusivity (m? s=!)
Ey thermodynamic equilibrium voltage (V)
Eorr activation energy of the ORR (kJ mol~")
F Faraday constant (96,487 C mol~!)
Ra Rayleigh number
h natural convection coefficient (W m~' K1)
1 current density (A m~2)
io exchange current density (A m™>)
K permeability (m?)
korr oxygen reduction reaction coefficient
M molecular weight (kg mol~!)
m mass consumption or generation rate (g m3s7!)
mr heat consumption or generation rate (W m™3)
Niiy flux of lithium ion (kg s~' m™2)
Pr Prandtl number
R ideal gas constant (8.314 J mol~! K~1)
Rorr reaction rate of oxygen reduction reaction (A m~)
T cell temperature (°C)
\%4 voltage (V)

Greek

o thermal diffusivity
OORR transfer coefficient of ORR
d thickness
g porosity
€Li202 volume fraction of Li, O,

n over potential (V)
k thermal conductivity (W K=! m™")
n dynamic viscosity (kgm™' s7!)

v kinematic viscosity (m? s~!)

) density (kg m~?)

o surface tension (N m™')

Om conductivity of Nafion (7' m™")
T tortuosity

X Non-dimensional x

® mass fraction (kg kg™!)

Superscripts and Subscripts

0 initial value
avg average value
ED electrode
EL electrolyte
eff effective value in porous layer
i species i
ORR oxygen reduction reaction
ref reference value

Acronyms
EV Electric vehicle
FVM Finite volume method
OER Oxygen evolution reactions
ORR Oxygen reduction reaction
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