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An analytical impedance model and a small-signal equivalent circuit are derived for the impedance spectra of Li-air batteries with
porous cathodes. The model takes into consideration the effects of the oxygen diffusion, double layer, and faradaic processes in the
cathode and can be applied to Li-air batteries with organic and aqueous electrolytes operating under d.c. discharge. It is shown that
the cathode of Li-air batteries can create two slightly asymmetrical semicircles on the Nyquist diagram: one at low frequencies,
where the oxygen diffusion dominates the operation of the cell and one at medium frequencies due to the combined effects of the
double-layer capacitance and faradaic processes. The second semicircle becomes negligibly small at low values of the cathode width
or oxygen concentration. Both semicircles can degenerate into one large semicircle when the double layer capacitance is large enough
and masks the effects of the faradaic processes, which happens at large values of the specific area of the cathode and double layer
capacitance, or when the oxygen diffusion coefficient in the electrolyte is relatively large. They also degenerate into one semicircle
when the porosity is decreased, for instance during the final period of the discharge of Li-air batteries with organic electrolyte, when
the cathode is partly clogged with the deposit reaction products. The elements of the small-signal equivalent circuit are expressed in
terms of the oxygen diffusion coefficient, oxygen concentration, discharge current, and other material and kinetic parameters, which
make our model instrumental for extracting information about the material structure, reaction processes, and diffusion in the cathode.
Based on the derived analytical results, we also propose a method to extract the effective value of the oxygen diffusion coefficient and
reaction rate constant from the experimental impedance spectra of the cells. A simplified small-signal equivalent circuit model is also
presented. This model contains only elementary components such as resistors and capacitors and can be implemented numerically

in circuit simulators.
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Li-air batteries have attracted much attention in the last years
particularly because of their high energy densities and specific
capacities.'~> Depending on the type of the battery, the specific capac-
ity is estimated to vary between 1,000-3,840 mAh/g,*° which is a few
times to more than one order of magnitude larger than the energy den-
sity of Li-ion batteries. This high specific capacity is mostly due to the
fact that Li-air batteries use oxygen from the air instead of storing it
internally and lithium metal at the anode instead of a composite mate-
rial. Additionally, Li-air batteries are environmental safe and provide
an oil-independent source of energy, which make them attractive in a
broad area of applications including transportation, portable electronic
devices, and green energy storage.

Impedance analysis methods are often employed as convenient,
nondestructive ways to analyze and predict the performance of bat-
teries and other energy storage devices.” These methods can be used
to extract information about the reaction and diffusion processes in-
side electrochemical devices, as well as about the state-of-charge,
state-of-health, ohmic losses, and reliability of these devices. For in-
stance, in the case of Li-ion batteries, one can predict the voltage
and monitor the state-of-charge of the cells,” diagnose and investi-
gate the electrochemical properties and determine the values of the
Li diffusion coefficient, reaction rate, and other parameters using
impedance spectroscopy.'®!'! In the case of proton exchange mem-
brane fuel cells one can use impedance spectroscopy measurements
to study the degradation and stability of these cells,'? and determine
the values of the catalyst layer resistance, ' reaction rates, and proton
and oxygen diffusivities.'*!> In general, to extract these information
we need to develop a physics-based model for the total impedance
spectra in terms of the material and electrochemical properties of the
system, such as the structure, geometry, kinetic, and diffusion pa-
rameters, and then fit this model to the experimental data. It is often
preferable that the model be given in terms of relatively simple a.c.
circuits involving resistors, capacitors, and inductors, whose values
are related to the physical properties of the system.'¢

In this article we develop an electrochemical impedance spec-
tra model for Li-air batteries and relate the characteristics of the
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spectra of these batteries to their geometrical dimensions, kinetic
parameters, diffusion coefficient, porosity, and pore structure. We
also propose a method to extract the effective value of the oxygen
diffusion coefficient and reaction rate constant from the experimen-
tal impedance spectra of the cells. The results for the impedance
spectra are derived under relatively general assumptions of the struc-
ture and type of the battery, by looking at the oxygen diffusion and
faradaic processes in the porous cathode. Since the operation of Li-air
batteries is dominated by these processes the effects of other phe-
nomena such as the anode reaction rate or ion transport though the
electrolyte can be neglected. We expect this model to be valid for
a large number of Li-air or Li-oxygen systems, in which the oxy-
gen diffusion-reaction plays a limiting factor. In particular, the model
can be applied to primary and secondary Li-air batteries with or-
ganic and aqueous electrolytes as we will also discuss in the next
section.

Most of the existing work on the theoretical modeling of impedance
spectra of electrochemical system is related to the study of Li-ion,
other metal-ion or metal batteries, and electrocapacitors, which are
dominated by Warburg diffusion or various versions and improve-
ments the Warburg diffusion model (e.g. bounded Warburg models).
These models are usually represented in the form of small-signal
transmission line circuit models. They are relatively accurate for sys-
tems that can be modeled with a semi-infinite or bounded diffusion
region and where the reaction takes place on the boundary of this
region.'® However, Warburg diffusion models cannot be applied to
Li-air systems with porous cathodes, in which the local concentration
of one of the reactants (i.e. oxygen) varies significantly from point to
point leading to a large spatial distribution of reaction rates. Such sys-
tems contain a diffusion-reaction region that can often be described by
Gerischer or modified versions of the Gerischer impedance.!”!® The
Gerischer impedance has been applied to a number of electrochemical
systems including batteries and fuel cells'>!® and has been developed
under the assumption of zero d.c. discharge during the small-signal
measurement.” In this article we develop a reaction-diffusion model
for Li-air batteries, in which the impedance spectra are measured
under non-zero d.c. discharge. We show that the value of the d.c.
discharge current can be used as an additional controlling variable,
under which the spectra are measured and, thus, provides additional
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information about the physical processes and material properties of
the cell.

The article is structured as follows. The first section summarizes
the model equations and the approximations that we use to derive the
impedance spectra of Li-air batteries. The next section summarizes the
closed-form formulas for the electrochemical impedance spectra and
presents a general small-signal circuit model for these batteries. The
detailed derivation of the impedance spectra is shown in the Appendix.
The next section presents approximations for the impedance spectra in
the cases of large and small cathode widths and discharge currents and
presents a simplified small-signal (a.c.) circuit model for the battery. In
addition, it discusses how the values of the circuit elements depend on
the physical and electrochemical properties of the system. Concluding
remarks are presented in the last section.

Model Equations and Steady-State Analysis

In this section we present the mathematical model and the main ap-
proximations that were used to derive the analytical expression for the
impedance of lithium-air batteries. The model presented below can be
applied to both Li-air batteries with organic and aqueous electrolytes.
These batteries are usually composed of a Li metallic anode, a solid
separator, and a porous carbon cathode filled with organic or aqueous
electrolyte. The space between the anode and the separator is usually
filled with a thin organic electrolyte layer. External air penetrates the
pores of the cathode from the right, diffuses through the electrolyte,
and reacts with the Li ions according to the following reactions (see
Fig. 1):3*

Li-air with organic electrolyte:

2LiT + 0, + 2¢” — LizOadeposiy [1]
Li* + O, + ¢~ — LiOgeposio [2]
Li-air with aqueous electrolyte (before saturation):
4Lit + Oy + 2H,0 + 4~ — 4LitT +40H™ [3]
Li-air with aqueous electrolyte (after saturation):
4Li* + Oy + 6H,0 + 4e™ — 4LiOH - HyO geposiv [4]

In the case of Li-air batteries with organic electrolyte the reaction
product is insoluble in the electrolyte and deposits in the cathode. In
the case of Li-air batteries with aqueous electrolyte we distinguish two
regimes of operation depending on the concentration of the aqueous
electrolyte in the cathode: (a) before saturation when the concentration
of Li* and OH™ ions is smaller than the concentration of saturation
of Li"OH™ in water, and (b) after saturation when the concentration
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Figure 1. Structure of a Li-air battery system with (a) organic and (b) aqueous
electrolyte.
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of Li* and OH™ ions is equal to the concentration of saturation of
LitOH™ in water. When the concentration of Li* and OH™ ions
reaches saturation, the reaction product LiOH - H,O deposits on the
surface of the carbon, thus filling in the pores of the cathode and
eventually interrupting the flow of the O, in the cathode. In both types
of batteries, when all the pores from the air side of the cathode are
clogged or when the resistance of the deposit product at the cathode
is too large, reactions 1-4 cannot take place anymore and the battery
cannot be further discharged. These are the main reasons for the
relatively short life of Li-air batteries.

More accurate and complex models for the simulation of Li-air
batteries with organic electrolyte been developed by Andrei et al.?!
and Albertus et al.>> Models for the simulation of Li-air batteries
with aqueous electrolyte before and after saturation are presented in
Ref. 23. However, due to the increased complexity of these models
it is practically impossible to derive any closed-form solutions for
the impedance spectra analytically, and one should employ numerical
simulations to compute the impedance diagrams.

Basic equations and assumptions.— In order to derive an analyti-
cal model for the impendence spectra in Li-air batteries we assume that
the discharge of these batteries is limited by the oxygen diffusion in
the cathode. This fact has been observed and discussed by a number of
authors in the last years and it is commonly accepted that the reduced
power density of Li-air batteries is due to the slow oxygen diffusion
in the porous cathode material. Considering one-dimensional mass
transfer, the oxygen concentration satisfies the following diffusion
equation

(3]

dat 0x

3 (o)) _ 9 < 3C02> Ie

- Oell 5 ) T 2F

where r¢ is the specific reaction rate at the cathode, which can
be approximated by the following simplified Butler-Volmer (Tafel)
equation®*%

i
rc =2Fkco,a(e)e 't "n<0 (discharge) [6]

Note that we have included only the forward reaction current and have
neglected the reverse current in the Butler-Volmer equation. This ap-
proximation is good when the battery is operated under relatively large
discharge currents, but it fails when the battery is either being charged
or operated at very low discharge rates such that the forward and re-
verse currents are comparable to each other. Hence, in the analysis
that follows we discuss only about the case when the battery is oper-
ated under discharge and eq. 6 holds. The charge transfer coefficient
n in eq. 6 is equal to two if the rate-determining step in eqgs. 1-4 is a
two-electron transfer and is equal to 1 if it is a one-electron transfer. It
is important to stress that eq. 6 captures the dependence of the current
density on the oxygen concentration only qualitatively and more re-
search is needed to establish the nature of the equilibrium reactions at
the cathode exactly. We also prefer to write the reaction rate in form
6 because it can be applied to both Li-air batteries with organic and
aqueous electrolytes and, as we will show next, leads to closed-form
solutions for the discharge current and impedance spectra. Notice that
other similar functional forms for the reaction current also exist in the
literature.??

An important approximation made in 5 and 6 is that we assume
the oxygen concentration at the surface is equal to the oxygen concen-
tration in the middle of the pores, i.e. dco, /dr ~ 0 as also discussed

by Sandhu et al.?® This approximation simplifies the analysis by lead-
ing to one-dimensional diffusion equations but can result in some
transport phenomena at the solid-electrolyte interface that are being
ignored, and which could in principle result in additional features
on the impedance spectra diagrams. Such phenomena might include
traditional Warburg impedance effects.

It is also worthwhile noting that by using eq. 5 we exclude flow
batteries or other Li-air batteries in which the electrolyte in the cathode
region is oxygenated by stirring processes. In these types of batteries
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convection plays an important role in the oxygen transport and eq. 5
needs to be modified accordingly.

The specific surface area of the cathode depends on the local
porosity according to a function, a (¢). The functional form of this
dependence is given by the exact microstructure of the cathode. A few
idealized cases are discussed in Appendix A. Factor 2 in egs. 5 and 6
appears because each molecule of oxygen participating in the cathode
reaction produces two electrons.

For the sake of simplicity, the cell voltage v is related to the over-
voltage n by

v=VW+n-Vo [7]

where V) is the open cell voltage and Vg, denotes the combined voltage
drops across the separator, anode and deposit layers, interfaces, and
electrolyte; in addition, Vg includes any other ohmic losses such as
losses at the contacts of losses due to the electron transport in the
cathode. In general, we expect for Vg to depend on the value of the
discharge current. For instance, if the deposit layer at the cathode is
insulator, the electrons have to tunnel through this deposit layer and
the total current depends nonlinearly on the overvoltage as suggested
by a number of recent publications.***?” Quantum tunneling results in
a strongly nonlinear dependence of Vg, as a function of the discharge
current.
Eq. 5 is subject to the following boundary conditions

d t
co, (x,1) -0 8]
dx x=L
co, (0,1) = Cj, [9]
and initial condition
co, (x,0)=Cj}, [10]

where we have assumed that the oxygen enters at x = 0 and diffuses
toward the separator, which is located at x = L. As it usually done
in the literature,”®? we assume that the discharge current can be split
into a faradaic component, i ¢, and a component due to the discharge
of the double layer, i,, and can be computed as

L L dn
i =ip+iy :A/ rcdx—{—A/ aCy—dx [11]

where C, is the capacitance of the depletion layer per unit area and i ¢
and i, refer to the two integrals in eq. 11, respectively.

To derive closed-form equations for the impedance spectra we
assume that the porosity of the battery varies slowly in time during
discharge and this variation can be neglected during the time the
a.c. impedance measurement is performed. Indeed, in Li-air batteries
with organic electrolyte the porosity decreases slowly in time when
the reaction product deposits on the surface of the carbon. In Li-
air batteries with aqueous electrolyte the porosity might change or
not in time depending on whether the electrolyte in the cathode is
saturated or not. In both cases, the impedance spectra measurements
are performed within few seconds or minutes, which is much faster
than the lifetime of the battery. In addition, it is convenient to assume
that the porosity of the battery is uniformly constant throughout the
cathode, which is usually the case when the battery is completely
charged or if it was partially discharged at a very low discharge rate.
With these assumptions, eq. 5 becomes

dco d%co, rc
“or = Do g TaF 2
and the cell discharge current
S _ay [* b dn
i =ip+iy=2AFkae "r co, (x,)dx + AaCy de
0 0

(13]
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Steady state (d.c.) analysis.— Let us consider the case of steady-
state, i.e. when the time derivatives in eqs. 12 and 13 can be neglected.
As mentioned before, during discharge, Li-air batteries are never in a
perfect steady-state because the reaction products deposit slowly but
continuously in time. However, since the change in porosity is very
slow in time we can approximate that the battery is at steady-state
during the time the impedance spectra are measured. Next, we denote
the steady-state value of the overvoltage by 1o and the steady-state
values of all other quantities using capital letters; for instance Co, (x)
is the d.c. oxygen concentration, / is the d.c. value of current i, etc.
The oxygen diffusion equation at steady-state is

9’C k _np
0 L Coe 1™ =0 [14]

x> Do, sy

with the following solution

Co, (¥) = C3, |:cosh (%) — tanh <%) sinh (%)] [15]

where we have used boundary conditions 8 and 9 and introduced

notation
Do, orp B
A= Oz.eff eVr no [16]
ka (g)

Function Co, (x) / Cp, is represented in Fig. 2 for different values
of the \ parameter. Parameter )\ characterizes the diffusion length
of oxygen in the cathode (for instance, if L > '\, \ represents the
distance after which the oxygen concentration is decreased by 31%).

The discharge current at steady-state is equal to the faradaic current
and can be evaluated from eq. 13

_nb L X L X

_ £ —veM0 )= — | si —
I =2AFka(e) Che Vr -/0 [cosh()\) tanh()\)smh()\)]dx
[17]

which leads to the following condition between the d.c. discharge
current and A

I tanh ( [18]
N
2AF Do, o1yCh N

Equations 16 and 18 are important because they allow us to compute
the steady-state (d.c.) current when the overvoltage is given. Indeed,
if ng is given we can compute A from 16, and the steady-state current
I from 18. Alternatively, if the discharge current / is given, we can
compute A by solving nonlinear equation 18 and 1o from 16. Hence,
No can always be expressed as a function of I, i.e. no (/). Eq. 18
can also be regarded as an expression for the oxygen diffusion length
parameter \ as a function of the discharge current /. For large cathode

1.0

0.8

0.6

0.4

COZ / COZ
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0.0 ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0

x/L

Figure 2. Oxygen concentration as a function of the distance from the oxygen
boundary.
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widths, we obtain

2AF Do, . C*
A= %,whenuxe 00 [19]

which shows that to increase the diffusion length of the oxygen in the
cathode we need to either increase the effective diffusion coefficient
of the oxygen or the oxygen concentration at x = 0.

General Expression for Impedance Spectra

The impedance spectra can be computed by superposing a small
a.c. signal perturbation ¥e/*’ to the d.c. value of the applied voltage
and computing the variation of the cell current 7e/®'. Indeed, any
small variation in the cell voltage ¥e/*’ translates into small variations
of the overvoltage fie/*!, faradaic and double-layer currents, and a
variation Co, (x) e/*" of the oxygen concentration, where i, %, and i
are complex numbers, while ¢, is a complex function that needs to
be determined. If we explicitly separate the d.c. from the a.c. parts of
the signals we can write

v="V + e/ [20]
i=1+ie/™ [21]
ir =1Ir +ipe/™ (22]
ig = Iz +ige’™" (23]
N =no + fie/ [24]

By superimposing an a.c. signal over different d.c. discharge cur-
rents we are actually considering the case a.c. voltammetry. The total
impedance can be computed using eq. 7; we obtain:

~ R '7_ ~ ~ ~
Z=—¥=M=RQ—%=RQ—+
i i ir+ig ir + joaLAC,M
—Re 4P [25]
T T I Y jwCpZr
where
Vg
Rq=—— 26
Q i [26]
Cp = aLAC, [27]

are the small-signal ohmic resistance and double layer capacitance,
and Zp = —% is the faradaic component of the impedance. The
negative sign in the first equation in 25 and in eq. 26 appears because
any increase in the cell voltage results in a decrease of the cell current
during the discharge of the cell. In writing 25 we have assumed that the
capacitance of the double layer does not depend significantly on the
discharge current, and the derivative % can be neglected with respect
to the other terms. This fact as a good approximation as indicated by
previous experimental results by Baert et al.*

It is shown in Appendix B that the faradaic impedance depends on
the discharge current / and frequency as

v, INCO S
Zr(lw)= - x F [M —] [28]
}’ZBI DOg.eff )\.(1)
where we have introduced function
F(Q,])= AL [29]
> T tanh /TH QU .
«a/l;+jsmjnh1 +Jje2 -1
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and have indicated explicitly that A is a function of the discharge
current / (see eq. 18). Function F is complex and depends on the
discharge current and cathode length. Nyquist plots and approximate
expressions for this function at large and low discharge currents,
frequencies, and cathode lengths are given in Appendix C.
Equations 25-29 represent the general form of the impedance of
Li-air batteries as a function of the discharge current, reaction rate
parameter, oxygen diffusion coefficient, capacitance of the double
layer, porosity, and geometrical dimensions. If the discharge current
is known we can compute \ from eq. 18, Z from 28 and 29, and the
total impedance Z from 25. It is worthwhile comparing result 29 to the

Gerischer impedance Zg (R2) = ﬁ or the finite length Gerischer
impedance® Zg (Q) = “‘"h? w, which were obtained under the

assumption that the d.c. value of the discharge current is zero.? All
these expressions contain the same functional term /1 4+ j<2, which
seems to be characteristic to diffusion-reaction processes in general,
and result in relatively similar spectra. However, the expression of the
normalized frequency 2 is different in eq. 29 from the expression that
appears in the Gerischer impedance. In addition, the Nyquist plot of
the Gerischer spectra starts at an angle of approximately 45 degrees
at high frequencies, while expression 29 leads to a much more abrupt
slope, close to 90 degrees. The relatively high initial slope is also
evidenced by recent experimental results on Li-air systems.’! The
equation for the Gerischer impedance cannot be derived as a limiting
case of eq. 29 at low currents, because the assumptions that were made
in deriving 29 do not hold at low discharge currents; in particular, the
reaction rate in expression 6 is valid only when the overvoltage is
much higher than the thermal voltage.

The validity of our results 25-29 is expected to depend on how
accurately the system can be described by eqs. 5 and 6. Hence, the
model will not be appropriate when the spectra are measured under
zero or low d.c. discharge current or when the electrolyte is stirred. We
also expect the model to fail when the cathode porosity is not uniform,
for instance when the discharge product is deposited nonuniformly
throughout the cathode.

For the remaining of this section we present numerical results
for a standard Li-air battery with the parameters specified in Table I
and discuss the conditions under which the faradaic impedance Zp
is hidden by other effects induced by the double layer capacitance.
These parameters were either computed or taken from the literature.
The reaction constant was estimated such that the specific reaction
rate constant, a(e)k is in agreement with previous simulations.?' The
capacitance of the double layer depends on the type of the electrolyte

Table 1. Values for the parameters Li-air batteries with organic
and aqueous electrolyte.

Parameter Value Units Reference
Do, (organic 7 x 1076 cm?/s 2
electrolyte)
Do, (aqueous 1.3 x 1075-5.5 x 107 cm?/s 35
electrolyte)
brugg 1.5 cm?/s 21
L 0.01 cm 31
A 1 cm? Assumed
Cy 3.26 x 1076 mol/cm®  Calculated”
a 10* cm?/cm? 21
n 2 31
p 0.5 Assumed
€ 0.75 Assumed
Cy 10 wF/cm? Assumed
1 1 mA/cm?2
k 13 x 1078 cm/s 21

“Calculated assuming the external oxygen concentration in air is
9.46 1076 mol/cm? air and the solubility factor is 0.345

Downloaded on 2016-10-07 to IP 130.203.136.75 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 160 (11) A2033-A2045 (2013)

and usually ranges between 10 wF/cm? and 30 wF/cm?. In the com-
putations presented in this section we used C; = 10 wF/cm?, in order
to emphasize the effects of the faradaic component of the impedance
and also be able to compare with recent results by Adam et al.,’! who
found that the capacitance of the double layer in Li-air batteries can be
as low as 7 wF/cm?. However, computations for larger capacitances
are also presented. The oxygen diffusion coefficient was considered
equal to the value in organic electrolyte. To investigate the effect of
various parameters on the impedance spectra we plot the Nyquist di-
agrams by varying one or more of these parameters while keeping the
remaining parameters fixed. The angular frequency is always varied
from 1 mHz to 1 MHz. To simplify the analysis we assume Rg = 0
in eq. 25, but one can easily introduce the effect of R by properly
shifting the Nyquist diagram along the horizontal axis. Resistance Rq
can depend significantly on the type of the battery and includes the
resistance of the electrolyte, contacts, deposit layer in the cathode,
and also the effects of the anode or anode-separator interface. These
additional effects are neglected in this section but we will re-consider
them in the next section when we discuss a small-signal equivalent
circuit.

A parameter that modifies the shape of the impedance spectra
significantly is the specific area of the cathode that, depending on the
material and fabrication process of the cathode, can change over a
few orders of magnitude from a = 10* cm?/cm? to 10° cm?/cm? or
even more. As it will be shown in this article, the specific area directly
affects the total capacitance of the double layer, Cp, and can hide the
effects of the faradaic impedance. Hence, we will present and discuss
the results for the cases when a = 10* cm?/cm® and a = 10° cm?/cm®
separately.

Fig. 3 presents the Nyquist diagram of the impedance for dif-
ferent values of the discharge current ranging from 0.2 mA/cm? to
5 mA/cm? and for two specific areas of the cathode, a = 10* cm?*/cm?
and a = 10° cm?/cm?. As shown in these figures and also suggested by
eq. 28 the magnitude of the impedance spectra decreases proportion-

250 T T T T T T
Charge transfer ‘ d?;;iii‘:l
200 - === e e e e - - > <------ >
- ot
< 150+ [ i
o 0.94 Hz !
S 1
E 100 + : -
I 50 Hz 42 mHz ‘ 34 mHz |
70 mHz
0 1 mAlcm2 < 0.5 n‘llA/sz )
0 50 100 150 200 250 300 350
Re(Z) (ohm)
250 T T T T T T
200} 1
1=0.2 mA/cm
E 150 63 mHz / E
S
S
E 100 + -
50 =05 mA/em’ ]
e
0 \ 1 mA{\:m2 N N N
0 50 100 150 200 250 300 350
Re(Z) (ohm)

Figure 3. Nyquist plot of the cathode impedance at different values of the
discharge current /(from bottom to top 7 = 5 mA, 2 mA, 1 mA, 0.5 mA, and
0.2 mA) for two separate specific areas of the cathode.
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Figure 4. Nyquist plot of the cathode impedance for different values of the
double layer capacitance C, (from bottom to top Cy = 1 wm/ecm?, 10 jum/cm?,
20 wm/cm?, and 30 pm/cm?).

ally with the value of the discharge current. For currents smaller than
0.1 mA/cm?, the approximation of using the Tafel equation instead of
the complete Butler-Volmer equation does not hold and we expect the
magnitude of the impedance spectra to saturate at some point if the
current is decreased even more. All the impedance spectra have a ca-
pacitive behavior (i.e. Im (Zr) < 0) and become purely resistive when
w — 0 or w — oo. The Nyquist diagram shows two semicircles, one
at medium frequencies due to the existence of the double layer and
one at low frequencies due to the mass transport of the oxygen. At
large discharge currents, the two semicircles merge with each other
because the faradaic impedance Z become negligible and the total
impedance is dominated by the capacitance of the double layer. It is
important to note that by increasing the specific area of the cathode
the faradaic effects are hidden by the capacitance of the double layer
and the two semicircles will merge into one bigger semicircle on the
Nyquist plot. This shows that in order to be able to observe the effects
of the faradaic impedance derived in eq. 28 we need to use cathodes
with relatively low specific area of the cathode and high reaction rate
constants; otherwise the faradaic effects are masked by the charge
transfer and double layer capacitance.

Next, we investigate the effects of the capacitance of the double
layer on the total impedance of the battery. Fig. 4 shows the Nyquist
diagram for four values of Cy, ranging from 1 wF/cm? (which can be
considered a negligible capacitance) to 30 wWF/cm?. The effect of the
capacitance of the double layer is to hide the effects of the faradaic
impedance Z. For values of C, larger than 20 wF/cm?, Zr becomes
negligible even for relatively low values of the specific area.

It is known that the performance of the Li-air batteries is limited
by the relatively low diffusion coefficient of the oxygen in the cath-
ode electrolyte and, in order to improve the power density of these
batteries, it is imperative to increase this diffusion coefficient. Hence,
Fig. 5 shows the Nyquist diagram for various values of the oxygen dif-
fusion coefficient, starting from 10~7 cm?/s to 2.4 x 1075 cm?/s. It is
worthwhile noting that the low frequency semicircle vanishes for large
values of the diffusion coefficient and is masked by the double layer
capacitance for small values. For this reason, it is easier to observe
the above features of faradaic impedance in organic Li-air batteries,
which have a slightly lower diffusion coefficient than the aqueous bat-
teries. Fig. 6 shows the Nyquist diagram for three values of the oxygen
concentration ranging from C% = 7.1 x 1077 mol/cm® to 1.4 x 10~°
mol/cm?; the lowest value corresponds to a 5% oxygen concentration
while the highest value to 100% oxygen at 1 atm and room tempera-
ture. Large values of the oxygen concentration can improve the power
density of Li-air batteries and can be obtained particularly in flow
batteries.?? It is apparent from Fig. 6 that the impedance spectra can
change significantly as a function of the oxygen concentration, partic-
ularly for low specific areas. The effect of the oxygen concentration is
somewhat similar to the effect of the oxygen diffusion coefficient, in
the sense that the faradaic impedance becomes noticeable for a limited
range of value of the oxygen concentration.
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Figure 6. Nyquist plot of the cathode impedance for different values of the
oxygen concentration Cy, (from bottom to top Cj, = 1.4 x 10~ mol/cm
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Figure 5. Nyquist plot of the cathode impedance for different values of the
oxygen diffusion coefficient Do, (from bottom to top Do, = 2.4 x 1074
cm?/s, 1075 cm?/s, 3 x 1070 ecm?/s, 107¢ cm?/s, and 10~ cmzls) for two
separate specific areas of the cathode.

Fig. 7 shows the Nyquist diagram for different values of the poros-
ity equal to ¢ = 0.4. 0.5, 0.6, 0.7, 0.8, and 0.9. The specific area of the
cathode is kept constant and equal to ¢ = 10* cm?*/cm® and a = 10°
cm?/cm? for the simulations shown in Fig. 7a and Fig. 7b respectively.
These computations correspond to the case of Li-air batteries with or-
ganic electrolyte when the deposit layer is decreasing the porosity.
Notice that the effects of the faradaic impedance Z are suppressed
during the deposition of the cathode material, which suggests that the
faradaic impedance can be used as a way to determine the state-of-
charge of the battery. These results predict that the diameter of the
semicircles created by the cathode on the Nyquist plot should slightly
increase while the battery is being discharged.

Fig. 8 shows the Nyquist diagram for various values of the cathode
length varying from L = 50 pm to 0.12 mm and for the same two
values of the specific area. The effect of increasing the cathode length
is somewhat equivalent to decreasing the diffusion coefficient or the
oxygen concentration in the cathode, however, the corresponding fre-
quencies on the Nyquist diagram are different (compare Fig. 5 with
Fig. 8). For cathode lengths larger than 2 mm (not shown in the figure)
the cathode length does not influence the shape of the impedance di-
agram and the Nyquist plot displays one semicircle due to the double
layer.

Depending on the exact reaction steps and on the final reaction
products (e.g. LiO,, Li,O,, LiOH - H,O, etc.) the number of electrons
involved in the chemical reaction can vary. Hence, Fig. 9 shows the
Nyquist diagram for five values of the charge transfer coefficient,
n =1, 1.5, 2, 3, and 4. The effect of increasing the charge transfer

9.9 x 1079 mol/cm?, 5.6 x 10~° mol/cm?, 2.8 x 10~° mol/cm?, 1.4 x 10~°

mol/ecm?, and 7.1 x 10~7 mol/cm?) for two separate specific areas of the
cathode.
60 (a) |
) 1.2 Hz 027Hz o4
= J
e 0.5 Hz
S
g
0 I I I I il
0 20 40 60 80 100
Re(Z) (ohm)
- b
e O
0.18 Hz
£
) 40 1
S
g
1 20 4
0
0 20 40 60 80 100
Re(Z) (ohm)

Figure 7. Nyquist plot of the cathode impedance for different values of the
porosity € (from top to bottom ¢ = 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9) for two
separate specific areas of the cathode.
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Figure 8. Nyquist plot of the cathode impedance for different cathode thick-
nesses L (from bottom to top L = 50 pm, 100 pm, 200 pm, 400 pm, 800 pm,
and 0.12 mm) for two separate specific areas of the cathode.
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Figure 9. Nyquist plot of the cathode impedance for different values of the
charge transfer coefficient n (from bottom to top n =4, 3, 2, 1.5, and 1) and
two separate specific areas of the cathode.
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coefficient is mostly to decrease the magnitude of the Nyquist plot as
shown by these results.

Finally, it is worthwhile summarizing some of the characteristics
of the spectra given by eqs. 28 and 29.

1. First, the impedance at low frequencies is resistive and does not
have a capacitive behavior like in the case of Warburg impedance.
This is a characteristic of the fact that the measurements are
performed under d.c. discharge.

2. Second, the slope of the impedance curve on Nyquist plots at
high frequencies is close to 90 degrees, and is different from
the slope of 45 degrees as predicted by the Gerischer or War-
burg impedances, which were obtained under zero d.c. discharge
currents.

3. If the specific area of the cathode is small enough so the dou-
ble layer capacitance is negligible and does not mask the faradaic
component of the impedance, the cathode diffusion-reaction layer
creates two low frequency semicircles on the Nyquist plot dia-
gram (notice that, the anode and anode-separator interface can
create additional semicircles on the diagram). The diameter of
the first semicircle is R = n‘% and depends on the type of the
electrolyte (through the charge transfer coefficient, n); this diam-
eter is inversely proportional to the d.c. discharge current, /, and
does not depend on the oxygen concentration. The diameter of
the second semicircle varies between 0 and R and depends on the
operating conditions and cathode properties.

4. If the specific area of the cathode is large enough the double layer
capacitance hides the faradaic effects by creating one large semi-
circle with the diameter between R and 2R, depending on the
relative oxygen diffusion length in the cathode, /. The diameter
of this semicircle is inversely proportional to the d.c. discharge
current, is independent on the cathode fabrication technique and
might depend slightly on the type of the electrolyte in the cath-
ode, through the charge transfer coefficient, n. At large discharge
currents, this diameter becomes equal to 2R and does not depend
on the value of the oxygen concentration because / > 1; at low
discharge currents the oxygen concentration affects parameter /
(see eq. 18) and the diameter of the semicircle can decrease to the
lower limit R.

As we will present in the next section, it is remarkable that all of
the above characteristics were recently observed experimentally by
Adams et al.’! who measured the impedance spectra of Li-air batter-
ies with organic electrolyte for a variety of oxygen concentrations,
separators, and electrolytes.

Small-Signal Equivalent Circuit and Parameter Determination

In this section we focus on establishing the small-signal equivalent
circuit for Li-air batteries and developing a parameters determination
technique for the model. Eq. 25 shows that the total impedance of the
circuit can be represented as a resistor Rq in series with a parallel
combination of the double-layer capacitance with impedance Zr

1
Z=Ro+ ——IZr [30]
JwCp

where Rg represents the resistance of the electrolyte and also includes
the effects of the anode and anode-separator interface, which might
play a significant role in Li-air batteries as suggested by recent exper-
imental results by Adams et al.>! In such cases R might be modeled
with resistors in series with one or more parallel resistor-capacitor (or
constant phase element) pairs connected in series.

The circuit corresponding to model 30 is represented in Fig. 10.
In this circuit, the faradaic impedance Zy is given in terms of the
geometric and material properties of the battery by equations 28-
29. This circuit can be compared to the standard Randles equivalent
circuit.

Next, we present a technique to extract information about the
reaction rate, specific surface area, ohmic dissipation, and effective
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Figure 10. Small-signal equivalent circuit of Li-air batteries. Zr denotes the
faradaic impedance given by eq. 28-29, Cp is the capacitance of the double
layer, Rg, is the combined resistance of the electrolyte, Li-ions, and electrons
in the cathode matrix.

diffusion coefficient in the cathode. Depending on whether the faradaic
impedance is masked or not by the double layer capacitance we
distinguish two cases: (1) the case when the effects of the faradaic
impedance are separated from the effects of the double layer capac-
itance so the Nyquist plot present two different semicircles corre-
sponding to the cathode diffusion-reaction layer, and (2) the case
when the effects of the faradaic impedance are hidden by the effects
of the double layer capacitance and the Nyquist plot presents only one
large semicircle corresponding to the cathode diffusion-reaction re-
gion. The first technique is more accurate as it uses more experimental
data from the Nyquist plot, however, if the specific area of the cathode
is larger than 10* cm?/cm?® it might be impossible to identify the two
semicircles, in which case one needs to use the second technique. In
this section we assume that all the other semicircles corresponding to
the anode or anode-separator interface have been eliminated from the
Nyquist plot.

Parameter determination at low cathode specific areas.— When
the specific area of the cathode is relatively low the impedance spectra
present two semicircles, one due to oxygen diffusion and the other to
charge transfer, as shown in Fig. 11a. To find equations for the effective
oxygen diffusion coefficients and reaction rate it is instrumental to
replace 28 into 30 and re-write it into normalized form as

RF (w/wg, L/N\)

Z=R 31
o+ 1+ jwRCpF (w/wg, L/N) [31]

where
V.
R=—— [32]
npl
Do, ey
Wy = v [33]

and \ can be computed from the d.c. discharge current using
eq. 18. Using the mathematical properties of function F presented
in Appendix C, one can show that:

lim Z = Ro + R 2 sinh 2/ [34]
imZ = _—
20 ¢ Vsinh2l + 21
Q—o00

where

L

= — 36
N [36]

If we denote the values of the impedance at very low frequencies
(w — 0) by Zy and at very high frequencies (w — 00) by Z,
equation 31 becomes

F (o/wo, L/W)

<Zofzz;i)n§i§11121+21 + joCpF (w/wo, L/})

Z=7+

[37]
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Figure 11. Possible low frequency impedance spectra of Li-air batteries with
low specific area of (a) and high specific area of the cathode (b). The dashed
lines show that the Nyquist spectra might contain other semicircles at high
frequencies, which are usually due to the anode and anode-separator interface.

The last equation needs to be fitted to the experimental impedance
spectra to compute Zy, Z, Cp, ®g, and k. Once these parameters are
determined one can use the value of \ to extract the effective oxygen
diffusion coefficient

Dourr = — " ot ( £ [38]
Oxell = 3arcy O\ %

If one can estimate the value of the overvoltage 1y from d.c. mea-
surements the reaction rate (product ka is expressed in s~!) can be
computed using:

ka = DOZ"-”ffe%ﬂO [39]

22

which can be derived from 16. When fitting eq. 37 to experimental data
it is important to note that most fitting parameters can be determined
with relatively little effort. Indeed, Z, and Z, are the low and high
frequencies impedances and can be read directly from the data, while
parameter A can be computed using the ratio of the diameter of the low
frequency semicircle to the diameter of the high frequency semicircle
(see notations in Fig. 11a), i.e.:

Ry 1 sinh2] —2/  sinh2L/\ — 2L/

R, Ly Lo " sinh2[ +2] ~ sinh2L/% +2L/n

which can be derived from eq. C4, Appendix C.

To summarize the parameter determination technique, one first
computes ratio L/\ by solving nonlinear eq. 40, then the effective
oxygen diffusion coefficient from 38 and the reaction rate from 39.
The remaining two parameters, Cp and wg, can be identified using
nonlinear least-square estimations or alternative numerical techniques.

[40]

Parameter determination at high cathode specific areas.— When
the specific area of the cathode is relatively high the faradaic compo-
nent of the impedance is masked by the high capacitance of the double
layer and the impedance spectrum of the cathode presents only one
semicircle as shown in Fig. 11b. In this case, eqgs. 37-39 still hold,
however, one cannot identify R; and R, using eq. 40. In this case it
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is more convenient to determine resistance R;, from the experimental
spectra and use the following equation

Vr  2sinh?2/ Vr 2sinh2L/\

Ry—= — > % 7=
7 nBIsinh2l +21  nPI sinh2L/% + 2L/

[41]
In this case, one computes ratio L/\ by solving eq. 41 and, then, the
effective oxygen diffusion coefficient from and the reaction rate using
38 and 39, respectively. It should be noted that in order to compute L /\
from eq. 41 one needs to know the value of charge transfer coefficient,
n; this coefficient can be computed either using discharge curves or
by fitting the experimental and theoretical values of frequency wy.

Next, we apply the technique presented above to the modeling of
impedance spectra in a Li-air batteries, by comparing our theoretical
predictions to experimental data by Adams et al.,’' who measured
the impedance spectra for rechargeable Li-air batteries with cathodes
made using different fabrication techniques: separate cast and dual cast
cathodes with soaked and embedded electrolytes, room temperature
ionic liquid embedded cathodes, and PFTE-calendered cathodes.

The capacitance of the diffusion layer C; = 7 wF/cm? and the
specific area of the cathode a = 5 x 10* cm?/cm? were measured ex-
perimentally. The high value of the specific area of the cathode show
that the double layer hides the faradaic impedance by creating one
semicircle at low frequencies with the diameter equal to R;,. Hence,
we identified Zy = 19 Q and Z,, = 570 Q2 from the experimental data,
and solved eq. 41 to compute / = L/\ = 1.96. For a cathode with L
= 0.01 mm (such as the one used in Ref. 31), eq. 38 gives an effective
value of the diffusion coefficient of Do, .;r = 5.6 x 10° cm?/s. For a
standard cathode with porosity € = 75% and Bruggeman coefficient
of 1.5, Dy, = 8.6 x 10° cm?/s, which is in good agreement with pre-
dictions by Read et al.> who obtained Dy, =7 x 10° cm?/s. Our the-
oretical predictions are compared to experimental data in Fig. 12. The
frequency was varied between 1 mHz and 1 MHz in agreement with
the experimental data. The low frequency points were not used in the
parameter determination because, as mentioned by the authors, those
points were subject to high experimental errors due to the long mea-
surement time. Notice that the experimental spectra do not start with
a slope of 45 degrees at high frequencies like in the case of traditional
Gerischer type spectra but at a much higher slope as predicted by our
analytical results. The high frequency semicircle of the cell simulated
in Fig. 12 is due to the anode-separator interface and we have mod-
eled it with a constant phase element 1/(j®)* Q, where parameters
a=0.8and Q = 8.2 x 10~ were measured experimentally.’!

Our analytical model predicts the experimental values of resistance
Ry (which is denoted as R, in Ref. 31) remarkably well. Indeed, at
relatively large discharge currents, eq. 18 predicts large values for /,
SO Ry, = % Hence, for a d.c. discharge current of 0.1 mA/cm? and
n =2, we obtain R, =1 K€, which agrees very well with the value

400
Analytical results

3001 e Experimental, Ref. 31 |
E
S Li (anode)-separator interface  (cathode)
Q 200F: :
E H

100+ 1

0

0 100 200 300 400 500 600
Re(Z) (ohm)

Figure 12. Comparison between the theoretical and experimental impedance
spectra. R; and R, are the diameters of the two semicircles along the real
axis and can be used to determine the effective value of the oxygen diffusion
coefficient and the reaction rate in the cathode using equations 38-40.
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of (1 +0.02) K presented in Fig. 14 from Ref. 31. At a discharge
current of 0.6 mA/cm?, by keeping the same value of the charge
transfer coefficient n = 2, we obtain R, = 166 2, which agrees
relatively well with the value of (145 % 25) Q2 data from the same
reference. The slight overestimate in the value of R, is due to the fact
that in reality » is slightly increasing with the value of the discharge
current. In addition, it was shown experimentally that at relatively
large discharge currents the values of this resistance do not depend
on the cathode fabrication technique and oxygen concentration, in
agreement with our theoretical predictions. At low discharge currents,
the value of / become sensitive to the oxygen concentration and can
vary from / = oo when the oxygen concentration is large to [ = 0
when the oxygen concentration is very small. Hence, by decreasing
the oxygen concentration one can double the value of R, from R
to 2R (as implied by 41 and C4). This effect is clearly observed in
the experimental data presented Ref. 31, where R, increases from
860 2 to 1570 2 when the oxygen concentration is decreased from
100% to 5%.

Approximations for the Impedance Spectra and Small-Signal
Equivalent Circuit

Depending on the value of % it is worthwhile investigating two
special cases: one for large currents and cathode widths (L >> \) and
the other one for small currents and cathode widths (L < \). The
condition L > \ implies that

IL
= > 2F Do, .rrCp, [42]

which can be obtained directly from 18. For instance, in the case of
Li-air batteries with organic electrolyte if we use Bruggeman condi-
tion Do, .y = ghrusg Dy, this condition implies (see values given in
Table I)

L s 44 %107 [ﬁ] [43]
A cm

This condition is often satisfied during the normal operation of Li-air
batteries particularly when the discharge current and cathode widths
are large enough. Therefore, we consider this case in detail in the next
section.

Cells with large cathode widths and operating at large
discharge/charge currents.— If both the cathode width and discharge
current are large enough so that condition 42 is satisfied, / > 1 and
the total faradaic impedance can be approximated to

_ IAY;

e
The last equation was derived using the approximations presented
in Appendix C. The Nyquist diagram of the faradaic impedance is
represented in Fig. 13 with continuous line. Notice that the real part
of the impedance extends from R = XTTI at high frequencies to %
at low frequencies and the absolute value of the imaginary part has a

[44]

-Im(Z,)

semicircle
N

0.47R

Re(Z,)

R 1.52R 2R

Figure 13. Nyquist plot of the faradaic impedance at large discharge currents
and cathode widths (i.e. L > \).
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Figure 14. Approximate small-signal equivalent circuit of Li-air batteries op-
erating at large discharge currents and with large cathode width (L >> \). The
values of Rg, Cp, R, and C can be expressed in terms of physical parameters
using eqs. 26, 27, 32, and 48, respectively. This circuit should be used with care
in practical applications and instead one should use the more general circuit
from Fig. 10.

maximum at Qp,,, = 0.647, for which Re [ZF (Qmax)] = ISiITjVT and

Im[Zr (Rna)] = OAZJT?VT. At this maximum we can write

Wmar €N
L™ — Qe = 0.647 [45]
Do, crf

The impedance spectra represented in Fig. 13 can be approximated
with a semicircle with radius equal to R and centered at 1.5 X R,
where R is given by eq. 32 (see the dashed line in Fig. 13). It is known
that such a semicircle can be modeled by a resistor R in series with
another resistor of the same value R in parallel with a capacitor C (see
the network encircled with dash line in Fig. 14). The impedance of
this network is

1 1
Zoo=R[(1+ —— ) =rR(14 — 46
Fo ( + 1+ijc> < +1+ju)/wmax> [46]

where

1
max — 5~ 47
@ma = ke 7]

is the frequency at which the absolute value of the imaginary compo-
nent of Zr( is maximum. Egs. 32,45, and 47 can be solved to compute
C as a function of the parameters of the battery

_ 8)\.2 _ 4A2F28nﬁD021€,ffC;‘,2
B RDOg,e_//'Qmax B VTQmaxI

c (48]

where we have also used 19. Hence, small-signal equivalent circuit
of Li-air batteries can be approximated with the one shown in Fig. 14
with R and C given by equations 32 and 48,where Q,,x = 0.647. The
circuit represented in Fig. 14 and eq. 48 should be used with care
in practical applications because it requires large discharge currents
under which the porosity of the cathode can change significantly in
time over the duration of the impedance measurements.

One can show that || Zzo (R2) — Z ()| < 4.3% for all values of
Q. Hence, in the case of Li-air batteries with wide cathode width, we
obtain an error less than 4.3% if we use the small-signal equivalent
circuit shown in Fig. 14 instead of the complex circuit elements shown
Fig. 10. Equations 32 and 48 are instrumental because they relate the
small-signal circuit elements to the geometrical and electrochemical
properties of the battery. By properly fitting the experimental data to
the small-signal equivalent circuit shown in Fig. 14 one can extract
information about the effective oxygen diffusion coefficient and the
reaction rate constant.
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Cells with narrow cathode widths and operating at small
discharge/charge currents.— If both the cathode width and discharge
current are small enough than

1L .
e KL 2FDo, .sC [49]
and L < \. Eq. 16 implies

VT k(lL2
In
nBno  Do,.efr

> 1 [50]

where we have used the fact that gy < O because the battery is
discharging. For standard Li-air batteries this condition implies that
the absolute value of the overvoltage is of the same order or rela-
tively small with respect to the thermal voltage, which implies that
the reverse reaction current in the Butler-Volmer equation cannot
be neglected. It can be shown that, when condition 50 is satisfied,
model 5-11 predicts a real impedance, which slightly depends on the
discharge current. However, in this case, it is worthless performing
a quantitative comparison with experimental data because our results
for the impedance spectra do not hold. Instead, one should use equa-
tions 25-29 for relatively large and medium discharge currents and
cathode widths.

Conclusions

We have investigated the faradaic impedance of Li-air batteries and
derived closed-form equations for the total electrochemical impedance
in terms of the effective value of the diffusion coefficient of oxygen,
specific cathode area, porosity, discharge current, reaction rate, oxy-
gen concentration, and cathode width. It was shown that the relatively
low effective diffusion coefficient of the oxygen in the cathode results
in two slightly asymmetrical semicircles on the Nyquist diagram: one
at low frequencies, where the oxygen diffusion dominates the opera-
tion of the cell and one at medium frequencies due to the combined
effects of the double-layer capacitance and faradaic processes. De-
pending on the values of the effective diffusion coefficient, oxygen
concentration, porosity, and cathode width the two semicircles can
appear separately on the Nyquist plot, can merge into each other, or
the effects at medium frequency can dominate. This model is valid for
non-zero d.c. discharge currents and cannot be applied for zero d.c.
currents, where the approximations made to derive it do not hold.

Using the analytical result for the spectral impedance we proposed
a technique to obtain the effective diffusion coefficient of oxygen
in the cathode and the reaction rate coefficient. This technique was
tested on recent experimental data published by Adams et al.*' for
rechargeable organic Li-air batteries with different cathode structures.
A very good agreement between our theoretical predictions and the
published experimental results was obtained. The theory can predict
quantitatively well the value of resistances on the Nyquist diagram for
a large range of the oxygen concentration and discharge currents.

We have also developed a small-signal equivalent circuit for Li-air
batteries and expressed the elements of the circuit in terms of the oxy-
gen diffusion coefficient, oxygen concentration, discharge current,
and other material and kinetic parameters, which make the model
instrumental for extracting information about the material structure,
reaction processes, and diffusion in the cathode. A high discharge
current approximation is also presented for the small-signal equiva-
lent circuit model. The approximate circuit contains only elementary
components such as resistors and capacitors and can be implemented
numerically easy in circuit simulators and used to fit the experimental
data.

Appendix A
Dependence of Specific Area on the Structure of the Cathode

The microstructure of the cathode of Li-air batteries depends on the type of the
material itself and on the fabrication process. Most often, the electron conductive material
can be approximated as spheres with average radius 7, that touch each other in order
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Figure Al. Possible approximations for the cathode structure in Li-air bat-
teries: (a) the cathode is granulated, (b) the electron conductive material is
cylindrical (such as in CNT networks), and (c) the pores are cylindrical (mostly
used in theoretical models).

to conduct electric current.’ In this case the reaction product deposits on the surface of
the conductive spheres (see Fig. Al(a)) and the specific area is

_3(0-9

szm

a(e) [A1]

In other cases, for instance in the case of carbon nanotube networks (CNT) the electron
conducting material can be approximated as cylinders with average radius 7.y, and the
pores are the remaining space.’3* In this case the reaction product may deposit on
the surface of the conductive cylinders like in Fig. A1(b), and the specific area can be
found as

_2(1-¢)

Feyl

a(e) [A2]

Inboth cases, it is often convenient to approximate the pores of the cathode with cylindrical
conduction channels with an initial average radius 7,,,. and porosity .2 By inspecting
Fig. Al(c) the specific area of the materials can be determined as

a(e) = [A3]

Fpore

A2043

The specific area in real batteries is usually smaller than the values computed from A1-A3
because there exist regions on the cathode that are not accessible to the oxygen and those
regions need to be eliminated.

Appendix B
Derivation of Egs. 28-29
Variation of the oxygen concentration

Let &0, (x) e/*" be the variation in the oxygen concentration corresponding to a
small-signal voltage perturbation ¥/’ . The variation of the oxygen concentration can be
computed by expending eq. 5 in power series and keeping only the first-order terms

3[Co, (x) + 0, (X)ei] @[Coy () + Eo, (1)eT*']
T = Do 4

— Uy + g’ Coy () +E0,W)e/™]  [BI]

where Co, (x) is the oxygen concentration at steady-state given by eq. 15 and

_np D

Uy =kaye 1" = =21 (B2]
k _np

fiy = _"B a(s)e Vr ﬂoﬁ [B3]

T

After linearizing B1, one obtains the following differential equation for the small-signal
oxygen concentration

d%Co, (x) 1+ jQ ity Co, (x)
2 = nt0y
_ — =0 B4
2 2 o (x) Doy er7 [B4]
where Q is
A2 np
e e VI 0 [BS]

" Doyerr ka(e)

and X\ is given by 16. Eq. B4 is subject to the following boundary conditions

dto, (x) _
dr - =0 [B6]
Coy ).y =0 [B7]

which are obtained by linearizing 9 and 10. If we introduce notation

L
== B8
- [B8]
and change the variable
=7 [BY]
YT

eqs. 15 and B4 lead to the following differential equation

d*¢ ity C5\2
"722@) — (14 jQéo, () = In*o (cosh y — tanh/ sinh y) [B10]
dy Do, efr
subject to
d
Wl _y [B11]
dy |,
cMlyp =0 [B12]

The general solution of B10 is

coshy — tanh/sinh y )
Do, efs

Zoy(y) = (Acosh\/1+j§2y+Bsinh T+ Sy — o

[B13]

where A and B are two integration constants that can be found using boundary conditions
B11 and B12. We obtain:

A= — B14
& (B14]
tanh /1 QU
_ _tanh T+ 7O */Jif B15]
J
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which gives the following expression for the small-signal variation of the oxygen concen-
tration

finchr? 1 NIEY
Gop () = 0N LN anh /T 2 sinh YL i inh &
Do, e JS2 © by

x
— cosh — + cosh
n

VI jx ijm} [B16]

Small-signal current

The small-signal current i can by computed by substituting 6 and 21-23 into 11

L
el = ipe!® 404l = 24F / [Co, (x) + &0y (x)e? ™ Uy + uy)dx
0

L
d .
+ A/ Cq—(no + fie/*")dx [B17]
b Yar

Expending B17 in power series and keeping only the first-order terms we obtain

L
I =ip+ig= ZAFUH/ o, (x)dx
0

L
+2AFL‘4“/ Co, (1) dx + joCpii [B18]
0

where i  refers to the sum of the two integrals and iz tothelasttermin B17.Cp = ALCy
is the total capacitance of the double layer. By substituting B16 and 15 into B18 and
computing the integrals we obtain

- 2AFii,C} \tanh! i
P— ity C§)\ tan| L (mtanh«/lJr]Ql 71>

1+ Jj tanh/
+2AFii,C%\ tanh/ Je [B19]
n-o 1+ /92
Eq. 18 shows that W = tanh/ and together with eq. B2 results in
I *
— =2AF\C}, tanh/ [B20]
U,
Substituting B20 into B19 we obtain
. I iy 1 tanh /1 + j QI
ip= — — V1 jQ——F — 1 i Q2 B21
r U“1+jQ[jQ< +J tanh tJ (B21]
Using eq. B3, the faradaic impedance can now be computed as
- - v p -
Zr=—g =l = T V0 0 [B22]
ir ity ir  nBka(e) ir
which leads to the following expression for Zp
v, g 1
F L™ [B23]

X
1 1 1 — tanh /T+,QI .
Ty TH% [;Tz (V T+ Q™ - 1) +JQ:|
By substituting B2 into B23 we obtain 28.
Appendix C
Mathematical Properties of Function F Defined in Eq. 28

Function F (2, /) has the following properties:

lim F(Q,1) = JSA+ ) = js = js
=00 T O o2 (92—l T io_ 1
! T+je=-1+0G2 j]+/§z +~/7]-l—jﬂ ja-i+ JIHQ
[C1]
Q1+ jQ
lim F (2, 1) = lim % -1 [C2]
10 50 1+ jQ— 1+ (jQ)?
lim F(Q,0) =1 [C3]
Q—00
. 1
lim F(Q,)) =+ €[1.2] [C4]
-0 3 T Soha
Im[F(Q,)]<0 [C5]

The Nyquist plot of function F is represented in Fig. C1 for different values of /. This
impedance function displays a capacitive behavior at all frequencies (i.e. Im (F) < 0) and
become purely resistive when 2 — 0 or 2 — oo.
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Re(F)

Figure C1. Nyquist plot of function F or different values of parameter /
(starting from the smaller to the largest semicircle / = 0.5, 0.8, 1, 1.4, 2,
3, 4, and 10). Lower values of / corresponds to smaller discharge currents
and narrow cathode widths; larger values of / corresponds to larger discharge
currents and wider cathode widths.

List of Symbols

a specific surface area of the porous material, cm?/cm?

A cross-sectional of the cell, cm?

brugg Bruggeman constant

Cy capacitance of the double-layer per unit area, F/cm?

Cp capacitance of the double-layer, F

o, oxygen concentration (depends on x and #), mol/cm?

Co, oxygen concentration at steady state (depends on x),
mol/cm?

Cy initial oxygen concentration, mol/cm?

Do, ff effective oxygen diffusion constant in the cathode, cm?/s

Do, diffusion constant of the oxygen in the electrolyte liquid,
cm?/s

F Faraday’s constant, 96,487 C/mol; also denotes function
F defined in eq. 29

i cell current, positive during discharge and negative during
charge, A

ip faradaic component of the cell current, A

iy double-layer component of the cell current, A

1 cell current at steady-state, positive during discharge and
negative during charge, A

Ir faradaic component of the cell current at steady-state, A

1y double-layer component of the cell current at steady-
state, A

k reaction rate constant, cm/s

l normalization cathode length (see eq. B8)

L cathode length, cm

n charge transfer coefficient

q absolute value of electron charge, 1.6 x 107 C

T pore average radius of the pores (cm)

R resistance defined in eq. 32,

Rq combined resistance of the anode, separator, Li-ions,

electrons, deposited layer, and contacts, €2
re reaction rate at the cathode, A/cm?
t time, s

T temperature, 300 K

ity factor defined in eq. B3, s
U, factor defined in eq. B2, s™!
v cell voltage, V

\%4 cell voltage at steady state, V
Vi

() open cell voltage, V
Vr thermal voltage (Vr = £T), v
Z total impedance, 2
Zp faradaic impedance, 2
Greek Symbols
B symmetry factor
€ cathode porosity
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PN oxygen diffusion length as defined in 16, cm

n overvoltage, V

Mo overvoltage at steady-state, V

) angular frequency of a.c. perturbations (rad/s)

Q normalized angular frequency defined in eq. B5S

Atilde “~” symbol above a quantity denotes a small-signal (complex)

variation
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