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Lithium-air (Li-air) batteries have a theoretical specific energy comparable to gasolines. The air cathode plays a critical role in
battery operation, where oxygen reacts with Li ions and electrons; and discharge products are stored in the pore structure. In major
non-aqueous electrolytes, discharge products are insoluble and extremely low in electric conductivity, causing electrode passiviation
and raising transport polarization. As discharging proceeds, insoluble materials are deposited at the reaction site and accumulate,
increasing voltage loss and eventually shutting down operation. In this work, we present analysis of air cathode performance, taking
into account both electrode passivation and transport resistance raised by insoluble products. Both effects are theoretically evaluated
and compared. Validation is carried out against experimental data under low currents. The effects of electrode pore structure, such
as porosity and tortuosity, on both the influence of insoluble precipitates and discharge capability are investigated.
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Low energy capability as opposed to fossil fuels remains as a major
hurdle to battery development. Metal-oxygen batteries are attractive
due to the absence of active cathode material, i.e. oxygen, in energy
storage devices. Metal materials such as Fe, Zn, Al, Mg, Ca, Li, etc.
have been researched for metal-oxygen batteries.! Among them, Li-
air batteries show a promising potential of high specific energy storage
due to use of lithium metal which is light in weight.>* Bruce et al.*
reported theoretical values of 3505 Wh kg=! and 3582 Wh kg~! for
non-aqueous and aqueous electrolytes, respectively. These values are
comparable to those of direct methanol fuel cells (DMFC) (5524 Wh
kg™!) and gasoline engine (11,860 Wh kg~').% Its capacity at current
stage of Li-air battery development, however, is still much less than
the theoretical values.® Several major factors are responsible for the
limited actual capacity, such as electrolyte consumption and precip-
itation of lithium oxides inside electrode’s pore structure. Figure 1
shows the schematic of a Li-air battery. During discharging, lithium is
oxidized in the anode to produce lithium ions and electrons. Electrons
flow through external circuit to produce electric work, while lithium
ions transport across electrolyte to react with oxygen and electrons in
the cathode. During charging, lithium metal is plated out in the anode,
and O2 is released in the cathode.

In air cathodes, the pore networks provide paths for both Liions and
oxygen in electrolyte, while the carbon structure conducts electrons.
At catalyst surface, oxygen is reduced to produce Li composites, e.g.
lithium oxides:

Li* + e~ + O,+* — LiO} [1]

Li* + ¢ +LiO} — Li,O} 2]

where “*” denotes a surface site on LiO, in which the growth
proceeds. Discharge products are usually insoluble in non-aqueous
electrolytes, thus their presence may cause pore-network clogging.
Because Li oxide composites are in general low in electric conduc-
tivity, their coverage over the reaction surface limits electron access
to reaction sites, causing electrode passivation. In Li-air batteries, air
cathode contributes a major voltage loss, because of the sluggish reac-
tion kinetics and oxygen transport. As discharging proceeds, insoluble
discharge products build up in the pore networks and on the reaction
surface, increasing both oxygen and electron transport resistances (see
Figure 2) and consequent voltage loss.

The first non-aqueous Li-air batteries that exhibit rechargibility
were reported’ by Abraham and Jiang in 1996. Since then, it has
been an active area of research to improve the technology through ex-
ploring electrochemical reaction mechanisms, structure optimization,
and selection of electrolyte and catalysts materials.®~'* Tran et al.'>!¢
added long-chain hydrophobic molecules to activated carbon surface
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to delay formation of Lithium oxide layer. Yanming et al. reported a
specific capacity of 4000 mAh/gc,on by growing Co;O, catalyst on
the nickel current collector foam.!” Xia et al. investigated partially-
wetted cathode condition to improve oxygen diffusion in Li-air battery
and reported a 60% enhancement of discharge capacity compared to
fully flooded cathode.'® Mirzaeian and Hall studied the impacts of
porosity, pore structure, morphology of carbon and surface area of
carbon in the air cathode on the specific capacity.'®? Yang et al.
tested mesocellular carbon foam as the cathode.?' Through nanocast-
ing technique, the carbon sample of bimodal mesopores with narrow
pore size distribution was fabricated, and a Li-air battery using this
carbon sample showed about 40% increase in capacity compared to
commercial carbon black. Several researchers proposed use of non-
carbonate solvents with limited Li, O, solubility or boron-based anion
receptor additives to enhance the solubility of Li,0,.2%% Mitchell
et al. reported hollow carbon fibers with 30 nm diameters grown on
a ceramic porous substrate for use in the cathode electrode.?* They
reported a high specific capacity with low carbon loading. Lithium
oxides grew as nodules on the fibers and developed into toroids dur-
ing discharge.”> Andrei et al. and J. Xiao et al.?® discussed several
approaches for improving battery’s energy density and optimizing
air-cathodes. Zhang et al.”’ employed galvanostatic discharge, po-
larization, and ac-impedance techniques to study Li-air battery, and
showed that the discharge performance of Li/O, cells is determined
mainly by the carbon air electrode, instead by the Li anode.?® reported
results from a reversible internal redox couple®® and a first principles
metal-insulator-metal charge transport model to probe the electrical
conductivity through Li,O, films. Both experiment and theory show
a “sudden death” in charge transport when film thickness is ~5 to

L —

Li-metal

Separator Cathode

Figure 1. Schematic of a Li-air battery and its discharge operation with dis-
charge product Li; O, as example.
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10nm. They also indicated that electron tunneling®*3!

the mechanism for electron transport through the films.

In addition to experiment, Albertus et al. proposed a physics-based
model accounting for discharge products.?? Sandhu et al.>* developed
a diffusion-limited model for a Li-air battery using organic electrolyte,
and presented transient concentration profiles of the dissolved oxygen
in the electrolyte. Nanda et al.** reported a three-dimensional spatial
distribution of lithium products using neutron tomographic imaging.
Higher concentration of lithium oxides was observed near the edge
of electrode; and a relatively uniform distribution was observed in
the center area. Wang®® and Hou et al.*® stressed out that lithium ox-
ides precipitation is similar to water freezing in PEM fuel cells under
sub-freezing condition. Wang™® explained the similarity between ice
formation within PEM fuel cells*”* and insoluble discharge prod-
ucts in Li-air batteries. They also extended the coverage approach
developed in PEM fuel cells to model the effects of insoluble dis-
charge products in batteries, and validated against the data obtained
for planar electrodes. In this paper, we follow the knowledge of PEM
fuel cells,* and develop a similar approach to evaluate voltage loss
by electrode passivation due to insoluble products precipitation as
opposed to that by oxygen transport resistance. Different with our
previous work,** the analysis in this paper accounts for oxygen trans-
port resistance, which can be significant in porous electrodes. Porous
electrodes exhibit much larger reaction surface area than planar ones,
thus they are frequently used in practical battery systems. Further,
previous works mostly focus on experiment and numerical simulation
(e.g. Ref. 32); whereas fundamental work of theoretical analysis is
equally important, for example, analysis that defines dimensionless
parameters and compares different mechanisms not only add new
knowledge and understanding to the field, but also provide guideline
in electrode design and testing. This paper contributes this aspect of
Li-air battery development. The oxygen profile in air cathodes is an-
alytically obtained. Comparison with literature experimental data is
presented. The analysis consists of two parts: the first one presents
theoretical evaluation on spatial variation of several important quan-
tities, such as phase potential and temperature. The second describes
the effects of two major mechanisms that insoluble products impact
on voltage loss and compares them.

may provide

Theoretical Evaluation

In operation, electric energy conversion is not 100% in efficiency.
Battery voltage is usually around 2.5-3.0 V, lower than the theoretical
voltage. Beside electric energy, the rest is released in form of waste
heat. Temperature has profound effects on Li-air battery operation as
it determines the capability of overcoming the activation barrier for a
reaction. The principle mechanisms for waste heat generation include
the reversible and irreversible heating of the electrochemical reactions,
and ohmic heating. The reversible and irreversible sources are released
at the reaction interface during energy conversion, whereas the ohmic
heating arises from the resistance to electric current flows and ion
movement. These sources lead to spatially varying temperature inside
a battery. To evaluate the upper bound of temperature variation, one
can assume all the heating sources were uniformly distributed inside
the cathode electrode, the temperature variation can be evaluated by:*

I(E, - VL'ell)8
AT = —— (3]
where E’ is defined as —ﬁ and represents the EMF (electromotive

force) that all the energy from the Li-oxygen reaction, the ‘calorific
value’, heating value, or enthalpy of formation, were transformed
into electrical energy. The effective thermal conductivity k% is de-
termined by electrode composition and structure. The thermal con-
ductivity of a liquid, if experimentally unavailable, can be evaluated
through the theoretical formula by Bridgman in 1923. Later, Power

etal.* modified the equation, which has been used for pure substances:
N\ 23
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Figure 2. Schematic of the effects of insoluble discharge products on battery
performance: 1.) electrode passivation; 2.) raised transport resistance.

where N is the Avogadro’s number, V represents the molar volume, o
is the Boltzmann’s constant, and Vj denotes the speed of sound. For
mixture electrolyte, the Filippov rule can apply to obtain the mixture
thermal conductivity ky,,:

kim = Wikin + Wakia — 0.72 (kiy — ki) Wi W, [5]

where kj; and kj, represents the thermal conductivities for pure com-
ponent 1 and pure component 2, respectively. W; is the mass fraction
for component i. The components are so chosen that ky; > kj,. This
equation has been reported in the open literature to be accurate (within
+5%).*! The cathode of Li-air batteries is essentially a porous medium
containing solid matrix and electrolyte in the pore network. Its effec-
tive thermal conductivity k*// is determined by electrode composition
and structure, evaluated by:

kel — i‘o‘?ki [6]

where ¢; and t; are the volume fraction and tortuosity of a constituent
material i in the cathode electrode, respectively. Among the electrode
constituent materials, carbon and metal support such as the Ni mesh
are good thermal conductors, and the electrode effective thermal con-
ductivity can be approximated by considering those materials only. To
obtain a general sense of temperature variation, %/ of 1.0 W/m K,
2.5V, and 1 mA/cm? will yield around 0.01°C variation, which is neg-
ligible. However, a higher current of 0.1 A/cm? will lead to a change
~1°C, which causes local reaction variation. Some correlations are
listed in Table I.

During discharging, Lit, oxygen, and electrons are consumed.
The primary driving forces for their transport are the gradients of their
concentrations (for Lit and oxygen) and electric phase potentials
(for ions and electrons). Assuming diffusion and migration are the
dominant forces for Li* transport, and diffusion is the major driven
force for oxygen transport, their spatial variations, in absence of bulk
flow in electrolyte, can be evaluated through:

AC, (=1 b A= &
= +7 AC, = ——— 7
Ceo 2F ., oDeff o 2F Deccf g’
and
ACpr 1 5 AC I8 "
= — or = ——
Cort  8F Cop, DY %7 8F pyl

where C, o and Cg,,; are the concentrations of Lit and oxygen at
y = 0 and y = § (see Figure 1), respectively. 10 is the transference
number of Li* with respect to the velocity of solvent, representing the
fraction of the current carried by species Lit. Depending on electrolyte
composition, it can be a function of the electrolyte concentration. The
effective coefficients of material properties can be evaluated through
the Bruggeman correlation:

DY) =D, and DY =¢DY, [91
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Table I. Correlation of the effective thermal conductivity for porous media.
Author Model Remarks Reference
Taine & Petit ké";‘;x = Z e;ki The simplest model by connecting in series or 42
; i in parallel the thermal resistance associated with
[ & both phases.
Min — :
ke,/.lfn i ki
ks | (1 —¢) (2ks + kr) + 3ek
Maxwell ké‘}’}(w =2 [( )( : f) f] 43
(1 —¢) (2ks +ky) + 3eks
. d 4d . . e
Sadeghi et al. ke = —— = ToR = Analytically derived for fuel cell’s diffusion layer 44
Rioi A WRor based on the thermal resistance network model.
. . " 3eks (kf — ks) . " L .
Hashin & Shtrikman k, fj‘f-)‘ = ks Modified from™~ by considering a composite system 45
3ks + (1 —¢) (kf - k“) composed of a large number of coated spheres.
in _ g, 4 S0 =0k (ky —ky)
oF TN T T3k e (ky — ky)
. 1
Bear & Buchlin kepy = —2ks + . == 46
2ky + k¢ 3k
1
Grant & West kepy = §X" ks +(1 — Xs)ky Adopted a 3-D tube unit to evaluate a two-phase 47
system. X; is the volumetric fraction of tubular
inclusions.

T can be empirically set to 1.5 when the exact pore structure is un-
known. The electrolyte phase potential variation can be evaluated in
a similar way following Ohm’s law:

I3

() —
AP = 27

(10]

where «¢// is related to the volume fraction of ion-conductive mate-
rials or directly through experiment measurement. A value of 1 S/m
yields a variation of 0.001 V at 1 mA/cm? and § of 0.1 mm. It is neg-
ligibly small as opposed to the battery’s operating voltage. However,
with high current, e.g. 0.1 A/cm?, or using low-conductivity elec-
trolyte, the variation can be considerable and the resistance becomes
a major factor limiting battery performance. Table II lists the ionic
conductivity for a number of electrolytes.

In all the above analytical formula, two factors play an important
role in determining the spatial variations, they are the operating current
density / and cathode electrode thickness 8. Under the conditions of
sufficiently small / and 3, the spatial variations can be negligibly
small and the above quantities can be treated uniform. As a result, the
reaction is uniform across the electrode. In the discussion and analysis
below, we assume uniform reaction across the cathode, which is, as
shown above, valid for sufficiently small / and 3.

The actual electrochemical reaction kinetics and path are complex,
involving a number of reaction steps and intermediates. In the cath-
ode, the oxygen reduction reaction (ORR) occurs. For the ORR
at the glassy carbon surface, the following steps may involve:%>%
0= 03045); O20adsy+€™ = [O20ads)) 75 [O2(ads)] ™= Onads) "3 Ongads) ™
+H0—>HOsdy+OH™;  HOzas+e¢”™>HO2 " (aas;  HO2 ™ ads)
—HO,~. The subscript “ads” denotes adsorption at the reaction
surface. The third step was found to be the rate determining step for
pH > 10; otherwise, the second was, as suggested by Taylor and
Humffray.®*%5 For the sake of simplification, we assume a one-step
reaction and approximate the discharge reaction rate by the Tafel
equation:

Jo = —ai. = —aiy? C;"C1 P exp <—%Fn) [11]

where the factor of the surface-to-volume ratio a characterizes the
electrode roughness. The surface overpotential n is determined by
local phase potentials and equilibrium potential U,,:

n=oY—-o©_y, [12]

The above assumes no insoluble discharge products are deposited
at the reaction surface. Under the extreme condition of negligible
spatial variations of temperature, phase potentials, oxygen concentra-
tion, and C,, the exchange current density j. can be assumed to be
uniformly distributed across the cathode.

Analysis and Discussion

During discharging, insoluble Li oxides are produced and de-
posited at local reaction sites. It is likely the initial precipitation
nucleates heterogeneously at preferred sites, followed by thin film
formation over reaction surface. For porous electrodes, the following
power law is frequently adopted to describe the effect of insoluble
precipitates on electrochemical activity:

a=a (1 — 8]’%{"1){“ [13]

where E”'T”" represents the volume fraction of insoluble precipitates in
the pore space, and 1, is the exponent coefficient that measures the
degree of insoluble products’ effect. €p,,4 is calculated through the
reaction rate:

.jcM prod

1

£ d:/—idt:s 70+

Pro prod,
0 anprod

IMprod

t [14]
nSFpprod

where n is the moles of electrons transferred per mole of the product.
In addition, the coverage model presented above is more general,
encompassing the film resistor model. For the spherical-film growth
mode, the exponent coefficient T, is given by:*°

I(l - B)F { |: Sprod :| }
T = = T tod) A l/'3/1+7_1 rcrn+R
“ a()RT In (1 — %M) 0 Ecarbon arbo 0

[15]
The above shows that the coefficient t, is proportional to current
density 7 and is a function of € ,,.,4 . In porous electrodes, various growth
modes of insoluble products occur. The following correlation was
proposed by Ref. 35 and adopted in the present paper to account for
the effects of current density and insoluble product volume fraction:
B]L s<sowheres:8pﬂ
=1, ¢ [16]
A [Bi + By(s — s0)] otherwise
0
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Table II. Ionic conductivity for various electrolytes.

Electrolyte

Tonic conductivity

PVA (Poly Vinyl Alcohol)

PC /y-BL (propylenecarbonate / y-butyrolactone)

DMEF / y-BL dimethylformamide / y-butyrolactone)
PVA(15)-PMMA(10)-LiBF4(8)- EC(67)
PVA(15)-PMMA(10)-LiBF4(8)- PC(67)
PVA(15)-PMMA(10)-LiBF4(8)- DEC(67)
PVA(15)-PMMA(10)-LiBF4(8)- GBL(67)

PVdF- HFP

PVC/PMMA

PAN(21)-PEO(2)- LiCF 3S03 (8)-PC(27.7)-EC(41.3)
PAN(21)-PEO(5)- LiCF 3S03 (8)-PC(24.7)-EC(41.3)
PAN(21)-PEO(10)- LiCF 3SO3 (8)-PC(27.7)-EC(33.3)
PAN(21)-PEO(15)- LiCF 3S03 (8)-PC(24.7)-EC(31.3)
EC(38) -PC(33) -PAN(21) -LiClO4(8)

EC(42) —-PC(36) —-PAN(15) —-LiCF3S03(7)

EC(62) -PC(13) -PAN(16) -PEGDA(1) —-LiClO4(8)
EC(68) -PC(15) -PEGDA(3) -LiClO4(14)

EC(35) -PC(31) -PVP(24) — LiCF3S0s3 (10)
EC-LiClO4

PEO(22.7) -PAN(17.4) —PrC(7.3) —-EC(8.5) -LiCl04(4.3)
PEO(22.7) —PrC(13.3) —LiClO4(1.2)

PAN(23.2) -PrC(24.5) -EC(28.4) —-LiClO4(3.0)
PC-DME

EC-DMC

DME

1078 ~ 10~* S/cm
1.7 x 1073 S/cm
2.8 x 1073 S/cm
9.0377 x 1073 S/cm
2.4855 x 1073 S/cm
0.2022 x 1073 S/cm
1.1523 x 1073 S/cm
2x1073 S/em

1.4 x 1073 S/cm
1.713 x 1073 S/em
8.492 x 1073 S/cm
80.950 x 1073 S/cm
23.880 x 1073 S/cm
3.5 x 1073 S/em
2.2 x 1073 S/em
3.0 x 1073 S/em
8.0 x 1073 S/cm
1.0 x 1073 S/cm
1078 ~10~7S/cm
10~°S/cm

1075 ~10~* S/cm
0.37 x 1073 S/cm
0.84 x 1073 S/cm
1.34 x 1073 S/cm
1073 S/cm

12 x 1073 S/ecm

14 x 1073 S/cm

8 x 1073 S/em

10 x 1073 S/cm
11.7 x 1073 S/cm
<1073 S/em

5.52 x 1073 S/em
7.43 x 1073 S/cm
5.52 x 1073 S/cm

Remarks Reference

PVA complexed with lithium triflate system 48

60P(ECH-EO):15PC:10y-BL:15LiCl04 @ 363K 49

60P(ECH-EO):15DMF:10y-BL:15LiCl04 @ 363K

@373K 50
51

@ room temperature 52

@373K 53

@323K 54

[ECJ/[LiClO4] = 0.5 @ 298K

[ECJ/[LiClO4] = 1.0 @ 298K 55

[ECV/[LiClO4] = 2.0 @ 298K

HSPE @ 303K 56

PEO + PrC @ 303K

PAN + PrC + EC @ 303K

(1:1 by wt) plasticized P(LIOEG,B)n =3, 5,9 57

(1:1 by vol.) IM LiClO4 @ 293K

(1:1 by vol.) IM LiPFg @ 293K

(1:1 by vol.) IM LiClO4 @ 293K 58

(1:1 by vol.) IM LiPFs @ 293K

(1:1 by mol) 1M LiPFs @ 303K 59

(1:2 by wt) plasticized P(LIOEG,B) n = 3 60

Imol LiF 4+ 1mol (Cg¢Fs)3B in DME

1mol CF3CO;Li + 1mol (C¢Fs)3B in DME 61

1mol C,F5CO;Li 4 Imol (C¢Fs5)3B in DME

Another effect of insoluble discharge products is to raise oxygen
transport resistance: as oxygen dissolved in the electrolyte is trans-
ported via the pore network, presence of insoluble precipitates narrows
down the passage, reducing oxygen diffusivity. Assuming the film is
firmly packed without any pore structure, the effective diffusivity can
be modified following the Bruggeman correlation:

DY = €“DY, = (50— £proa)™ DYy [17]

The exponent coefficient t, represents the tortuosity of diffusion
path. The 1-D transport equation in porous electrodes can be written
as follow:

88C02 3MC02 _ i
ot ox

+9C02 Je
= D! 18
ax \" 9% ax )+4F [18]

In common operation, no external forces are imposed to promote
electrolyte bulk flow. The mass consumption by the electrochemical
reactions, however, can induce mass flow. In PEM fuel cells, the
electrochemical reaction gives rise to gaseous mass flow of around
~0.1 m/s during operation. Provided that the common electrochemical
reaction rate in Li-air batteries is much weaker than that in PEM fuel
cells, and the battery electrolyte is either liquid or solid, the induced
mass flow, if it is liquid, is negligibly small in Li-air batteries, thus
convection can be neglected. The time constant of oxygen diffusion
across an electrode is estimated by:

2
iff = o [19]

eff
Do)

For an electrode of 3~100 wm, t4f; is around 10 s and 100 s for
DY of 107 m/s and 10~'° m?/s, respectively. Both are small relative

to the discharging duration of Li-air batteries. Thus, we neglect the
transient term in the analysis.

Furthermore, the consumption rate of oxygen is determined by
the electrochemical reaction rate which in turn depends on local oxy-
gen content. Analytically solving the coupled oxygen transport and
electrochemical reaction is challenging, particularly when accounting
for the effects of insoluble products on oxygen diffusivity and con-
sumption. One way to evaluate the associated voltage loss is to follow
the approach in PEM fuel cells:* we assume the cathode consists of
a number of independent reactors operated under constant current;
through evaluating overpotential spatial variation, we will be able to
assess the voltage loss associated with oxygen transport. As the reac-
tion is uniform, the local reaction rate is then expressed by j. = —%;
and the oxygen concentration can be analytically obtained by solving
Eq. 18:

1 32 —y?
8F 8D02 (80 - Spmd)Td

Tq
T4—T1d,0 €prod
& ] — el
€0

where the dimensionless parameter Da is called the Damkdhler num-
ber, defined by:

" 8F Cozngozegd‘U - Mass transport rate

Co2(y) = Cons —

= Coz’g 1 — Da [20]

Reaction rate

[21]

A current density of 0.1 mA/cm? or 1 A/m?, § of 0.1 mm, g of
0.75, 140 of 1.5, and Dy, of 107 m?/s yield Da~0.04 for C¢y s of
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5 mol/m? (5 mM), clearly indicative of sufficiently fast mass diffusion
relative to the reaction kinetics under the discharging current density.
Da is larger under higher tortuosity, e.g. Da~0.053 for 1, of 2.5,
respectively. It is of interest to evaluate the oxygen concentration drop
across the electrode:

C
AC02 = COZ,B — C02,O = Da 023 or

€ Td
=0 (1 _ prod
€y 780
ACOZ Da

= (22]

= o
COZ,?\ T4—1d,0 8prod
& 1 — el
€0

SCa2 g gmall (<15%) at 0.1 mA/em?, 1. = 14 = 1.5, g of 0.75,

Coos
and "2 <0.5. For "2 ~0.8, £-22~56% which is

Da of 5 x 1072

significant. The oxygen profile of Eq. 20 is substltuted into Eq. 11,
yielding the below overpotential:

RT ro
Ang=—" ‘Euln<l— L ")+(1—5)

(—p)F
- ()

T
T4—Td,0 1 Eprod
N - —
€0

= An, + Anops [23]

xIn|1— Da

where
RTt,In (1 — 8‘"—“1)
€0
An, = and
(1-BF
y 2
RT - (5)
Anoz = T In 1-— Da

Ta
T4—T1d,0 €prod
£ 1 — el
€0

The voltage loss associated with the increased oxygen transport
resistance can be assessed through the associated overpotential at a
representative site: the middle-depth location of the electrode, i.e.

d __RT 3Da
Angx |y = =

- —In|1-—
2

F 48“1_”‘0 1— sprod Id
0 £
[24]

This enables direct comparison of the two mechanisms that in-
soluble precipitates affect the electrochemical reaction, i.e., electrode
passivation and increased oxygen transport resistance. A parameter
B3 can be defined as the ratio of these two overpotentials:*

RTt,In (1 - 8”—”’)
€0

An, _ (1-B)F
Bs = =
Anoa <y = 5) RT 3Da
Tln 1— T
T, 8 T O
480‘[ d.0 (1 p80d>
T, In (1 — 8péod)
f0 [25]
3D
1—p)n|1- a

€ K
T4—T, prod
180d d,0 1 o,

€0

A1851

For an idealized case - the spherical-film growth mode of precip-
itates, substituting Eq. 15 into Eq. 25 and assuming t; = 14, yield:

—IF {AO |: 1/‘3, 1+ pmd 1j| Fearbon + RO}
€carbon

3Da

4 <| _ M)Id
€0
—IF {AO [ 131 + gprﬂd il 1] Ycarbon + RO}
V 1- €0

3Da
41— 8prud Td
€0
[26]

= 5 Tepresents the volumetric ratio of the pore space and solid matrix.

€
For small ”’O"d , 3Da

BS,spherizral

aRTIn|1-

aRTIn | 1 —

H 3Da
——==4__ js asmall value, and — In(1 — —>2%2—
a(1- oty ( a0~ 2o yg )

3Da

can be approximated by el Thus, itis clear that B3, s, is large
T

3$<0 058 or

under small S’"—”". As example, for M <0.25, -
ol

3Da
—in - e

Q m?, ay of 100 T of 298 K, ¢ of 0.75, I of 0.1 mA/cm?, 1, of
1.5, and 7earpon of 40 nm.> In another words, the voltage loss due
to oxygen transport limitation is much smaller than that of electrode
passivation in the range of operation (e”s%" <0.25). As S”E'—U"“ isover 0.85,
B3, rirm <0.25, indicative of the dominant effect of oxygen transport
limitation.

For crude evaluation, the total voltage loss associated with for-
mation of insoluble products, i.e. the oxygen transport limitation and
electric passivation, can be approximated using the following equa-
tion:

) < 0.06, yielding B3, fiim>9 for AO of 8.5 x 107

d

An = Ang + Anes (y = 5) (27]

In below, we will present comparison with several experimental
data. A similar set of model parameters were used in the compari-
son for all the experimental data, listed in Table III. As the preced-
ing analysis was performed under low current density (0.1 mA/cm?
or lower), in all the experimental data, low current density, either
0.1 mA/cm? and 0.05 mA/cm?, were chosen for comparison. Figure 3
and Figure 4 compare the analytical solutions with experimental data
from Read.®® Acceptable agreements are achieved: the first stage of

3

Voltage (V)

0.05 mAicm? -pred
o e alate 0.1 mAfcm® -pred
o 0.05 mAicm*-exp
O 0.1 mAiem’-exp

1 L 1
. 0 500 1000 1500 2000
Specific Capability (mAh/g)

Figure 3. Comparison of the analytical solution with the experimental data
from Ref. 68. The experiment was conducted on a Li-air battery using a PVDF
air cathode (case 1).
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Table III. Physical, electrochemical, and model parameters.

Description Unit Value

Temperature °C 25

Transfer coefficient B 0.5

Faraday constant C/mol 96,487

Electrical conductivity of cathode ~ S/m ~10

electrode

O, diffusivity in electrolyte m?/s 9% 10710

0, solubility®® 0.00876 in DME with
of IMLit

Cathode thermal conductivity®’ W/m K ~1.0

Tortuosity T (case 1,3,4/case 2) 1.8/2.4

Electrode porosity, g 0.75

Electrode thickness, & mm 0.1-1

Density of discharge product kg/ m 2140/2110

(Li2O2/ LipCO3)

Molecular weight of discharge kg/mol 0.04588/0.07389

product (Li; O,/Li;CO3)

Ag Qm? 8.5 x 107

Iy Am™2 0.6

B) inEq. 16 % 2.5

B, in Eq. 16 (case 1,2,4 3/case 3) 8/12

50 in Eq. 16 (case 1,2,3/case 4 3) 0.2/0.4

Voltage (V)

0.05 mA/cm’ -pred
15 - — - - 0.1 mA/em’ -pred
o 0.05 mA/cm’ -exp
[w} 0.1 mA/em’® -exp

1 SDID 10
Specific Capability (mAh/g)

1
00 1500

Figure 4. Comparison of the analytical solution with the experimental data
from Ref. 68. The experiment was conducted on a Li-air battery using a PTFE
air cathode (case 2).

gradual decrease arises from electrode passivation due to precipita-
tion of insoluble discharge products at the reaction surface; the latter
fast drop is caused by the raised oxygen transport resistance due to
insoluble materials occupying pore space. Discrepancy appears at the
rapid drop stage of voltage: the predictions of the analytical solution
show rapid decrease, whereas the drops of the experimental data are
relatively slow. In the analytical approximation, we use the middle-
length site as the reference to approximate the polarization associated
with the raised oxygen transport resistance, which may cause the
discrepancy.

Figure 5 and Figure 6 compare model predictions with experimen-
tal data from the work of Zhang et al.*’ and Wang et al.” Again,
acceptable agreements were achieved for both cases. The electrolytes
used in the experiments are similar to that of Read®® in the previous
comparison, as shown in Table IV. As 2.0 V is usually set as the cut

Table IV. List of electrolytes for experimental cases.

Case # Electrolyte Reference
Case 1 1 M LiPF6 PC:DME 68
Case 2 1 M LiPF6 PC:DME 68
Case 3 1 M LiTFSI in PC-DME (1:1 by wt) 69
Case 4 1 M LiTFSI in PC/EC (1:1 ratio by wt) with 70

50 wt% DME

Journal of The Electrochemical Society, 160 (10) A1847-A1855 (2013)

)
@
g
S
>
0.05 mA/cm? -pred
L o 0.05 mA/cm? -exp. cell 2 )
2k o) 0.05 mA/cm’ -exp. cell 3 @ o
1 1 1 1
0 0.05 0.2 0.25

0.1 0.15
Specific Capability (Ah)

Figure 5. Comparison of the analytical solution with the experimental data
from Ref. 69. The experiment was conducted on a Li-air battery using an air
cathode (EC/KB/PTFE) and 1.0 M LiTFSI in PC-DME (1:1 by weight) as the
electrolyte (case 3).

°B

Voltage (V)

0.05 mA/cm’ -pred
0.05 mA/em’ -exp

15 m]

1
1] 500 2000

1UIUU 15‘00
Specific Capability (mAh/g)
Figure 6. Comparison of the analytical solution with the experimental data
from Ref. 70. The experiment was conducted on a Li-air battery using an air
cathode (KB/PTFE 85:15 by wt) and 1 M LiTFSI in PC/EC (1:1 ratio by wt)
with 50 wt% DME as the electrolyte (case 4).

voltage, voltage drop reduces the duration of discharge operation, and
the battery’s energy capability. As explained before, the Da number
measures the importance of mass transport in a reaction system; and
the pore-network characteristics, porosity and tortuosity, are the ma-
jor factors determining the value of Da: small porosity provides few
passages for oxygen diffusion, reducing oxygen accessibility to the
reaction site; torturous passages lengthen the diffusion path, reducing
the effective oxygen diffusivity. Both factors affect discharge voltage
loss and thus the energy capability of Li-air batteries. Figures 7 and 8
display the discharge voltages under varying porosity and tortuosity,
respectively, showing the battery performance differs significantly. As
porosity is reduced from 0.9 to 0.5, the specific capacity decreases by

3k
~25F
> B "~
> | ~
s 2fF »
! \
[o] =
> B '
15
1 [T NN [N SN TR ST SO [N SN SRR TR S NN TR T WY U |
0 04

0.1 0.2 0.3
Specific Capacity (Ah)

Figure 7. Li-air battery performance under varying electrode porosity.
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Figure 8. Li-air battery performance under varying electrode tortuosity.

almost half. When tortuosity increases from 1.5 to 3.0, the capacity
is reduced by more than half. In the analytical results, other electrode
properties used are the same as Figure 5 or Case 3.

In addition, both factors influence the effects of insoluble discharge
products. Figure 9 displays the discharge voltages under different
values of the two factors but with the same Da number. Note that the
defined Da number characterizes the importance of diffusion relative
to reaction at the initial stage without insoluble precipitates, and lumps
porosity and tortuosity as well as other factors. Though the Da number
is same for all the cases, the discharge voltages differ due to the impacts
of tortuosity and porosity on the insoluble precipitates’ effects.

Figure 10 presents the batter performance when varying the value
of the Da number. It is seen that under lower Da the battery exhibits
a larger capacity, as expected. The Da number, defined in this paper,
evaluates relative importance of the reaction rate over the diffusion
rate at the initial stage of discharging or in absence of discharging
insoluble products. A small Da number shows the species diffusion is
relative fast, relative to the species’ reaction rate. Thus, a smaller Da
number in electrode design yields a higher battery capacity. Note that
the Da number lumps several parameters including tortuosity, initial
porosity, current density, and electrode thickness. Under the same
Da number, the battery capacity can be further optimized through
tortuosity and initial porosity, as also indicated by Fig. 9.

The electrode structural characteristics play an important role in
battery performance. Though in fabrication the Da number can be de-
signed to be small (e.g. <0.1), thus oxygen transport is not a limiting
factor. However, insoluble discharge products precipitate in the pore
structure, reducing effective diffusivity and further discharging ca-
pability. To improve the electrochemical kinetics, micro-/meso-scale
pores are usually used, which exhibit high specific area (surface area
per volume) for the reaction. Small pores, however, lead to reduced

3
B e
S~
~25F i,
> [ N
< | Da=0.025 N
S f !
£ 2r \ '
O - & & T = \
> [ —— — 0.5&1.5 \
15 05825 |
[ — — — 0.98&15 '
F— — — 09&25
1 U S T YN NN SR T NN TR N ST S N S N NN N B
0 01 0.2 0.3 04
Specific Capacity (Ah)

Figure 9. Li-air battery performance under varying electrode properties. The
Da numbers are set the same for all the four curves.
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Figure 10. Li-air battery performance under varying Da numbers.

effective diffusivity due to either high tortuosity or shift in diffusion
mechanism. In addition, gas can be trapped within pores by electrolyte
during fabrication process, particularly in small hydrophobic pores.
Two types of diffusion processes are frequently encountered in gas
phase in micro-systems: they are molecular diffusion and Knudsen
diffusion. The latter occurs in situations in which gas molecules col-
lide more frequently with pore walls than with other gas molecules.
This type of diffusion is encountered when the mean free path of
gas molecules is of the order of the pore characteristic length scale
(when the Kn number is much larger than 1). The mean free path

of oxygen molecules (Mporecute = %) is ca 0.1 pm. Thus, in
micro-/meso-scale pores (the pore size < 0.1 pm), the Knudsen diffu-
sion is important. The Knudsen diffusion coefficient in a long straight

pore can be calculated through the kinetic theory of gases:

2rpore | 8RT
3 TMO?

DJ* = [28]

The value of DZ? is around 2.64 x 107°m?/s when 7o,
= 0.1 pm, which is much higher than that in liquid/solid electrolyte.
Oxygen diffusivity in liquid electrolytes can be evaluated using a
hydrodynamic model, which assumes that the resistance of solute
molecule movement is caused by the viscous force, similar to a parti-
cle movement in a viscous fluid. In a dilute liquid, the approach results
in the famous Stokes—Einstein equation: D9? = % where kp is the
Boltzmann’s constant, r the radius of the oxygen molecule, and
the electrolyte viscosity. This equation yields oxygen diffusivity in
the range of 10~% — 10~!" m?/s.7"7? Furthermore, in liquid electrolyte
the Knudsen diffusion is in general unimportant because of the small
molecular free path (around the scale of the molecular dimension).
Thus, electrolyte with gas trapped in pore structure can significantly
improve oxygen transport, therefore improving discharge capability.
However, presence of gas pores reduces the reaction surface area by
cutting Li+ access. Thus, for optimization purpose the pore struc-
ture and electrolyte composition in electrodes need to be carefully
designed.

Conclusions

In this work, we presented a modeling and analysis study on the
effects of insoluble products on cathode performance in discharg-
ing operation of Li-air batteries. The spatial variations of important
quantities including temperature, species concentrations, and phase
potentials were analyzed and evaluated. Under low discharge current
density (e.g. <0.1 mA/cm?) or thin cathode thickness, spatial varia-
tions of these quantities are small and can be neglected. The oxygen
profile across the battery cathode was analytically obtained, and the
concentration variation was related to the Da number. The Da number
is ~0.05 @ 0.1 mA/cm?, and thus diffusion resistance is insignificant
when insoluble precipitates are absent. We further evaluated the volt-
age loss due to the increased oxygen transport resistance arising from
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presence of insoluble discharge precipitates. To compare the effects
of raised oxygen resistance and electric passivation, a dimensionless
parameter was defined as the ratio of the overpotentials caused by
these two mechanisms. Through evaluating this parameter, we found
that the effect of electric passivation is dominant when the volume
fraction of insoluble discharge product is low (<50%), i.e. at the ini-
tial stage of discharge; while the raised oxygen transport resistance
is significant when the volume fraction of insoluble discharge prod-
ucts is high. An approximation model was formulated to evaluate the
overall voltage loss due to insoluble discharge products precipitation,
and showed acceptable agreement with experimental data in the lit-
erature under low currents. The pore-network structure of electrodes,
including porosity and tortuosity, plays an important role in discharge
capability. High tortuosity and low porosity not only reduce the value
of Da, but also affect the effects of insoluble precipitates on voltage
loss. The developed analytical formula can be directly applied for
electrode design to optimize pore structure (porosity and tortuosity)
and electrolyte composition.

List of Symbols

(S

factor of effective catalyst area per unit volume when
discharge product is present

factor of catalyst surface area factor per unit volume
molar concentration, mol/m>

species diffusivity, m?/s

Faraday’s constant, 96,487 C/equivalent

current density, A/cm?

superficial current density, A/cm?

transfer current density, A/cm?

molecular weight, kg/mol

universal gas constant, 8.134 J/mol K; Ohmic resistance,
mQ cm?

t time, s

T temperature, K

.;Ugv_..—,_‘,.noqéb

B transfer coefficient

P density, kg/m3

o) phase potential, V

K ionic conductivity, S/m

€ porosity or volume fraction

n surface overpotential, V

T tortuosity/coverage coefficient
thickness, m

Superscripts and Subscripts

abs absorption

c cathode

d diffusion

e electrolyte

eff effective value

0 reference value; initial value
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