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Precipitation in aqueous lithium–oxygen batteries: a
model-based analysis

Birger Horstmann,*abc Timo Dannerabc and Wolfgang G. Besslerabd

In this paper we present a model of the discharge of a lithium–oxygen battery with aqueous electrolyte.

Lithium–oxygen batteries (Li–O2) have recently received great attention due to their large theoretical

specific energy. Advantages of the aqueous design include the stability of the electrolyte, the long

experience with gas diffusion electrodes (GDEs), and the solubility of the reaction product lithium

hydroxide. However, competitive specific energies can only be obtained if the product is allowed to

precipitate. Here we present a dynamic one-dimensional model of a Li–O2 battery including a GDE and

precipitation of lithium hydroxide. The model is parameterized using experimental data from the

literature. We demonstrate that GDEs remove power limitations due to slow oxygen transport in solutions

and that lithium hydroxide tends to precipitate on the anode side. We discuss the system architecture to

engineer where nucleation and growth predominantly occurs and to optimize for discharge capacity.
Broader context

Rechargeable batteries are generally believed to be an important ingredient in future carbon-neutral energy systems, both for stationary and mobile applica-
tions. Stationary applications primarily demand low cost per energy stored, while mobile ones demand low mass per energy stored. Because standard lithium
intercalation batteries cannot meet all application requirements for, for example, electric vehicles and grid storage, new battery concepts are currently explored
relying on conversion chemistries. During operation of conversion batteries, crystalline phases are formed inside the battery cell. Especially lithium–oxygen
batteries receive great attention due to their potentially large gravimetric energy density. In lithium–oxygen batteries, lithium ions and oxygen molecules react to
form solid reaction products. Most research is focused on batteries with organic electrolytes where lithium peroxide is formed. Here we provide a model-based
analysis of lithium–oxygen batteries with aqueous electrolyte and highlight their advantages. Interestingly, the reaction product rst dissolves in the electrolyte
before it precipitates as solid lithium hydroxidemonohydrate. Our model predicts that precipitation occurs outside the electrode explaining earlier experimental
observations. This is advantageous as the electronically insulating precipitates do not hinder the electrode reactions as observed for organic electrolytes.
1 Introduction

The lithium–oxygen (Li–O2) chemical system is a promising
candidate for next-generation batteries. Above all, their theo-
retical energy density is outstanding.1–6 In this respect, several
designs with various electrolytes have been proposed. Most
experiments and models focus on liquid aprotic electrolytes,
but the ones used in state-of-the-art lithium-ion batteries
decompose in the positive electrode during cycling.7–14 Solid
electrolytes grant stability, but their ionic conductivities are low
at room temperature.15,16 In this paper we illustrate that designs
based on aqueous electrolytes are viable alternatives:17–22

(1) Oxygen reduction and evolution are well studied and
reversible (cf., alkaline fuel cells and electrolyzers23).
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(2) Aqueous electrolytes offer a large ionic conductivity, not
requiring thin-lm electrodes (cf., Pb battery17).

(3) Water is highly abundant and environmentally friendly.
Some challenges with Li–O2 batteries remain:
(1) Oxygen solubility and diffusivity are low.24

(2) The reaction product lithium hydroxide precipitates and
blocks transport paths.25

(3) The lithium metal anode strongly reacts with water.
(4) In contact with carbon dioxide lithium carbonates are

formed.26

In the present work, we circumvent the last two challenges
with adjusted model assumptions. Our model assumes the
availability of a perfect lithium conducting membrane. Lithium
ions can pass this innitely thin layer without any resistance; all
other species cannot pass it. We further assume to work with
pure oxygen instead of ambient air. In this way, we can model
fully functioning cells.

In this article, we address the rst two challenges, that is,
oxygen transport and precipitation, and show that these do not
represent major obstacles in aqueous-electrolyte based Li–O2

cells. In aqueous electrolytes, gas diffusion electrodes (GDE) are
Energy Environ. Sci., 2013, 6, 1299–1314 | 1299
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frequently used, for example, for sensors and fuel cells.27 In
GDEs hydrophobic material, e.g., polytetrauoroethylene
(PTFE) or polyvinylidene uoride (PVDF), enables the coexis-
tence of gaseous and aqueous phases. If oxygen is supplied to
the reaction centers through the gas phase of such GDEs,
oxygen transport does not limit the cell performance. In this
study, we compare the performance of cells with ooded elec-
trodes to ones with GDEs.

During discharge of an aqueous Li–O2 battery, lithium ions
are produced in the anode and hydroxide ions in the cathode
until the dissolved LiOH concentration reaches its solubility
limit cs z 5.2 mol l�1 (T ¼ 298.15 K). When discharge
continues, lithium hydroxide monohydrate (LiOH$H2O)
precipitates. The theoretical energy density of this battery with
respect to the mass of water when discharged from cOH� ¼ 0 to
cOH� ¼ cs is

E ¼ FcsLiOHU0

rH2O

¼ 490 W h kg�1; (1)

whereas the theoretical energy density of a cell fully discharged
to solid LiOH$H2O is

E ¼ FU0

MLiOH$H2O

¼ 2200 W h kg�1: (2)

Thus, the solid form of the nal reaction product is indis-
pensable to reach the energy density of current lithium inter-
calation technologies.2 However, solid LiOH$H2O can block
transport paths.28 Our simulations based on the classical theory
of nucleation and growth show that LiOH$H2O particles
predominantly nucleate close to the lithium anode, that is, not
in the cathode, in agreement with experimental ndings.20 This
results from a salt concentration gradient in the cell. We will
discuss how cells could be designed to inuence precipitation
and avoid pore blocking.

Modeling batteries aims at understanding experimental
results and evaluating potential cell concepts. Continuum
simulations at the cell level were pioneered by Newman,29 who
coupled the ionic transport in porous electrodes with Butler–
Volmer kinetics at the active surfaces.30 Recently, phase trans-
formation kinetics in batteries became an important topic.31

Major electrodematerials, e.g., lithium iron phosphate, undergo
phase transformations during battery operation that result in
distinct features in cell voltage. Models of such batteries
combine transport in porous media with phase transformation
kinetics in active particles. On the one hand, inhomogeneities in
the reaction rates emerge even on themicro-scale and electrolyte
transport is crucial.30,32–37 On the other hand, the description of
phase boundaries inside active particles requires a thermody-
namically consistent approach that allows us to include the full
variational chemical potential.38 Under certain conditions this
results in suppression of phase separation.32,39–41 Next-genera-
tion battery chemistries such as lithium–air or lithium–sulfur
represent a different class of phase-change systems, where
phases do not transform inside solid particles or only on active
surfaces, but also in the bulk electrolyte.

Despite considerable experimental activities on Li–O2

batteries, only few modeling studies have been shown so far.
1300 | Energy Environ. Sci., 2013, 6, 1299–1314
Most modeling activities treat Li–O2 batteries with aprotic
electrolytes,42–47 and focus on the deposition of solid lithium
oxides or lithium carbonates in the cathode. On the one hand,
these deposits can block pore space and inhibit the transport of
oxygen into the cathode.42–44,46,47 Since most oxygen is available
at the oxygen inlet, reaction products tend to deposit there, so
that nally oxygen cannot enter the cathode. On the other hand,
these isolating deposits can passivate active surfaces.45 To the
best of our knowledge, only one single model for aqueous
electrolytes has been published.28 This model treats the oxygen
reduction reaction and the subsequent precipitation of lithium
hydroxide monohydrate within a single global reaction in a
ooded cathode. Therefore, it predicts that LiOH$H2O crystal-
lizes in the cathode and blocks pore space. Our model, instead,
takes into account the specics of aqueous electrolytes and
presents approaches to inuence precipitation.

This paper contains a comprehensive model of the cell due
to the lack of data on experimental Li–O2 batteries with aqueous
electrolytes. Our basic principle for model development is to
make the simplest realistic assumptions. At the present stage,
the model allows us to predict why a cell fails, but not when it
fails. Even though experimental validation is still missing, the
model allows analyzing potential design and operation
scenarios.

Our paper is structured as follows. We present the mathe-
matical and physical description of our model in Section 2. We
arrange this presentation into physical topics, that is, electro-
chemical reactions, oxygen dissolution, transport phenomena,
phase coexistence in GDEs, and precipitation. In Section 3 we
present the parameterization of the model based on the litera-
ture available for aqueous solutions. We nd in Section 4.1 that
preferential nucleation close to the anode can be the capacity-
limiting process in Li–O2 batteries. In Section 4.2 we address
power limitations during battery discharge in ooded elec-
trodes and in GDEs. We discuss in Section 4.3 implications of
our ndings on potential cell architecture. Finally, we conclude
in Section 5.
2 Physical and mathematical model

In this section our model framework is outlined, which is
partially relevant for a wider range of electrochemical systems,
for example, the dynamic gas diffusion electrode or the
precipitation, as occurring in fuel cells and non-aqueous Li–O2

batteries. We begin by outlining our implementation of clas-
sical electrochemical modeling,30 i.e., electrochemistry (see
Section 2.2), oxygen dissolution (see Section 2.3), and convective
transport (see Section 2.4). Then we discuss the phase coexis-
tence of gaseous and liquid phases in gas diffusion electrodes
(see Section 2.5). Finally, we extract the kinetics of crystalliza-
tion from the classical theory of nucleation and growth in
Section 2.6.
2.1 Computational domain

During discharge of a Li–O2 battery, oxygen enters the GDE
from a gas channel and dissolves in the aqueous electrolyte (see
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1). At catalytically active surfaces in the cathode, oxygen and
water electrochemically react to form hydroxide ions. While
these OH� ions migrate through the cell to the anode, the Li+

counter-ions migrate in the opposite direction. They are elec-
trochemically formed at a lithiummetal foil, pass a lithium-ion-
conducting membrane, which prevents direct contact between
lithium metal and the aqueous electrolyte, and dissolve in the
electrolyte. Lithium hydroxide monohydrate particles will
nucleate when the ion concentration increases sufficiently
beyond its solubility limit. In the GDE, gaseous oxygen and
liquid electrolyte coexist. On the one hand, an overpressure tries
to push water into the GDE, on the other hand, the capillary
effect of hydrophobic binders, e.g., PTFE or PVDF, tries to keep
it out and leave space for the gas phase.

We model these processes along a single direction, associ-
ated with the y-coordinate, and divide the computational
domain into the lithium anode, the separator, the cathode, and
the gas channel. The details of our model are outlined below as
a combination of transport physics and chemical reactions.
Even though our model is intrinsically dynamic, we make sure
that it is thermodynamically consistent and describes stationary
states correctly. All symbols are dened in the List of symbols.
2.2 Electrochemical reactions

Two electrochemical half-cell reactions enter our model. In the
anode, lithium dissolves in the electrolyte

Li % Li+ + e�. (3)

The reaction rate is calculated with global (i.e., single-step)
electrochemical kinetics

_san ¼ kf
anexp

�
� aan

FDFan

RT

�
� kr

ancLiþexp

�
ð1� aanÞFDFan

RT

�
(4)

where DFan ¼ Fan � Felyte is the potential step between the
lithium anode and the electrolyte. The cathodic oxygen reduc-
tion reaction in alkaline water

Oaq
2 + 2 H2O + 4 e� % 4 OH� (5)
Fig. 1 Schematic representation of a Li–O2 battery with a gas diffusion
electrode.

This journal is ª The Royal Society of Chemistry 2013
is also modeled by global kinetics

_sca ¼ kf
cacO2

cH2O
2 exp

�
� aca

FDFca

RT

�

� kr
cacOH� 4exp

�
ð1� acaÞFDFca

RT

�
:

(6)

Thermodynamics determines the open-circuit voltage under
equilibrium conditions (_sca ¼ _san ¼ 0). Consequently, the rates
of the reverse reactions kran, k

r
ca are calculated from the rates of

the forward reaction, kran ¼ kfancLi+
�1exp(Dman/RT) and krca ¼

kfcacO2
cH2O

2cOH�
�4exp(Dmca/RT), where Dman and Dmca are the

Gibbs reaction enthalpies.48
2.3 Oxygen dissolution

Dissolution from gaseous phases is thermodynamically
described by Henry's law, csO2

¼ HpO2 with the solubility csO2
.

Henry's law does not include kinetics. Therefore, we model
oxygen dissolution within our framework as chemical reaction
(see ref. 47)

Og
2 $ Oaq

2 . (7)

Thus, we can naturally model the oxygen dissolution kinetics
with the rate equation

_ss ¼ kfspO2
� krscO2

(8)

The solubility is determined by the equation _ss ¼ 0, i.e., by
the ratio of the reaction rates. We choose to parameterize the
solubility via thermodynamic data and set

kr
s

kf
s

¼ pO2

cO2

exp

�
Dms

RT

�
: (9)

We determine the forward rate constant kfs ¼
0.01(2pMO2

RT)�0.5 from the Hertz–Knudsen equation,49

assuming that one percent of gas particles hitting the phase
boundary enter the liquid.
2.4 Transport

Three transport mechanisms are relevant in this article: diffu-
sion and migration of dissolved species, convection of the
liquid solvent, and convection of the gas phase.

Lithium and hydroxide ions as well as oxygen molecules are
dissolved in the electrolyte. While oxygen travels from the gas
channel to the cathode surface, the lithium hydroxide ions carry
charge between the electrodes. First, we describe the transport
of this binary salt with concentrated solution theory.29,50 We
reformulate the traditional equations.47 The concentrations of
dissolved particles obey the continuity equations

v
�
3elyteci

�
vt

¼ �div~j D
i � div~j M

i � div
�
ci~velyte

�
þ Aspez _si: (10)

The third term in eqn (10) is due to the convective transport
of the electrolyte (see eqn (15)), the fourth term is the total
production rate due to reactions (see Sections 2.1, 2.2, and
2.5),47 and the rst two terms are the ionic currents due to
Energy Environ. Sci., 2013, 6, 1299–1314 | 1301
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diffusion and migration, respectively. For lithium c+ and
hydroxide c� ions the latter are determined by

~j D� ¼ �3belyteD�gradc�, ~j
M
� ¼ �3belyteD

M
� gradFelyte. (11)

The diffusion and migration coefficients are chosen
according to concentrated solution theory

D� ¼ D0 þ t�
z�F

kD

c�
and DM

� ¼ t�
z�F

k (12)

with kD ¼ 2/z+F(t+ � 1)c+kvm+/vc+. Here t+ is the transference
number of lithium ions, D0 is the self-diffusion coefficient of
lithium hydroxide salt, and k is its conductivity. The Bruggeman
coefficient b takes into account the porosity and tortuosity of
the medium. We achieve electro-neutrality by postulating local
charge conservation

0 ¼
X
i

ziF
v
�
3elyteci

�
vt

¼
X
i

ziF
h
� divj~D

i � divj~M
i � div

�
3elyteci~velyte

�
þ Aspez _si

i (13)

and choosing electro-neutral initial conditions. Eqn (13) deter-
mines the electric potential Felyte. We assume here that the
transport of dissolved oxygen molecules does not inuence the
ionic transport.44,45 In the case of neutral oxygen molecules,
the uxes in eqn (10) are given by

j~D
O2

¼ �3
b
elyteDO2

gradcO2
and j~M

O2
¼ 0: (14)

Eqn (11)–(14) describe the transport of all dissolved species
relative to the solvent. The dynamics of the solvent, however, are
treated differently. In a closed battery cell, solvent transport is a
minor effect and disregarded in typical models.30 In an open Li–
O2 battery with a GDE, solvent transport is a major issue for two
reasons. Firstly, the solvent H2O is consumed in the cathode
during discharge making a constant ux of water into the GDE
necessary. Secondly, the phase coexistence of gas and liquid in
the GDE requires knowledge of the state of each phase,
including pressure (see Section 2.4). A pressure gradient drives
water transport and in turn water transport reduces the pres-
sure gradient.

We determine the solvent velocity from Darcy's law, inspired
by fuel cell models,51

~velyte ¼ �Belyte

helyte

gradpelyte (15)

with the viscosity helyte of the liquid phase. The oxygen gas obeys
the analogous equation48

~vgas ¼ � Bgas

hgas

gradpgas; (16)

where hgas is the viscosity of gaseous oxygen.
2.5 Gas diffusion electrode

Gas diffusion electrodes (GDEs) contain hydrophobic materials,
e.g., PTFE or PVDF. Therefore, the aqueous electrolyte cannot
1302 | Energy Environ. Sci., 2013, 6, 1299–1314
fully ood the electrode. The coexistence of liquid electrolyte
and gaseous oxygen in a GDE for a Li–O2 battery allows for
signicantly faster oxygen ow towards the electro-active sites
via the gas phase (see Fig. 1).

As shown below, our description of multi-phase transport in
GDEs takes into account the real equation of state of the liquid
phase, rarely done in battery modeling. This is crucial here in
order to simulate the consumption of solvent at nearly constant
salt concentration.

We keep track of the states of the coexisting phases through
macroscopic parameters along the computational direction, for
example, 3s(y), ps(y), and balance their pressures with an
empirical coarse-grained approach.52–54 In this way, we neglect
details of the complex pore network containing hydrophilic/
hydrophobic and microscopic/mesoscopic pores. More sophis-
ticated approaches are employed in some steady-state fuel cell
models,27 which are, however, beyond the scope of the present
modeling approach.

In the following, we outline our model equations. Phase
coexistence is constrained by the total volume at each position y

X
s

3sðpsÞ ¼ 1; (17)

where the sum extends over all phases s. The volume fractions 3s
depend on the pressures ps of the phases. In a Li–O2 battery
under regular operating conditions, only liquid and gas are
compressible and depend on pressures. Therefore, eqn (17)
represents a condition for the pressures of the gas phase pgas
and the liquid phase pelyte. In the hydrophobic environment of
the GDE, the aqueous phase has a larger pressure than the
gaseous phase. This phenomenon is analogous to regular
capillary depression. We describe it with the empirical law52–54
pcapillary ¼ pgas � pelyte ¼ �J(s), (18)

where J(s) is the Leverett function and s ¼ 3elyte(3elyte + 3gas)
�1 is

the saturation of the liquid phase in the free pore space. The
equation of state 3gas(pgas) is given by the ideal gas law

pgasVgas ¼ NgasRT (19)

and the equation of state 3elyte(pelyte) by67

X
i

vVelyte

vNi

ci ¼ 3elyte: (20)

Eqn (20) follows from basic thermodynamics valid for any
phase. The partial molar volume vVelyte/vNi of species i splits up
into two parameters, the partial molar volume �V at standard
pressure p0 and the partial molar compressibility �k

vVelyte

vNi

¼ V
�

i þ ðp� p0Þ�ki (21)

With these equations of state at hand, we can determine the
pressures pgas and pelyte based on eqn (17) and (18). Since the gas
phase is absent outside the GDE, eqn (17) (together with eqn
(20)) suffices to determine the system dynamics there.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Formation energy of crystal nucleus consisting of n particles. The bulk
contribution DGV is decreasing with size and the surface contribution DGA is
increasing with size. The total formation energy goes through a maximum at the
critical energy DGcrit.

Fig. 3 Schematic depiction of precipitation kinetics: (a) nucleation on surfaces in
a porous separator and a cathode, and (b) nucleation on dust particles inside a
separating bulk electrolyte with sedimentation due to gravity.
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2.6 Nucleation and growth

Because precipitation of lithium hydroxide monohydrate
LiOH$H2O

Li+(aq) + OH�(aq) + H2O % LiOH$H2O (22)

determines the discharge capacity of an aqueous Li–O2 battery
(see Section 4), we develop a detailed model of its kinetics.
When the salt concentration cLi+ ¼ cOH� increases sufficiently
beyond the solubility limit csLiþ , small stable crystal clusters
nucleate and start to grow. The process of precipitation involves
two main steps, nucleation of seed crystals and subsequent
growth of nuclei. It is governed by the quantum behavior of
crystals containing �10 particles and the classical behavior of
crystals of size �1 mm. Consequently, mechanisms of precipi-
tation strongly vary with precipitate and conditions. We choose
to model precipitation within the classical theory of nucleation
and growth (CNG).55–58 The theoretical validity of this
phenomenological theory has been a subject of discussions,55

but it has been shown to agree with experiments aer adjusting
its parameters.59 In Section 4.3 we analyse the sensitivity of our
model to the critical parameters. The CNG assumes that the
reaction enthalpy of formation of a single crystal nucleus of size
n consists of a bulk and a surface term55–58

DG ¼ DGV + DGA ¼ �n2kTln S + A(n)g, (23)

where g is the macroscopic surface energy and the factor of 2
arises for a binary salt. The supersaturation ratio S ¼ cLiþ=c

s
Liþ is

the driving force for nucleation. For larger nucleus sizes the
bulk energy is increasingly negative, whereas the surface energy
is increasingly positive. Thus, the former dominates for large
crystals and the latter for small crystals. In Fig. 2 we illustrate
that the nucleus formation energy DG passes a maximum at a
critical nucleus size ncrit. Crystal clusters must exceed this crit-
ical size before they can grow in a stable way. In the case of
heterogeneous disc-shaped nucleation58 the critical formation
energy is

DGcrit ¼ g2a4

2kT ln S
: (24)

The rate of nucleation of critical nuclei is then estimated as55

_N ¼ D0aD
�2ZN0 exp

�
� DGcrit

kT

�
: (25)

Here the last term represents the activation of a critical
complex from thermal uctuations, N0 is the number of sites on
which nucleation can occur, the Zeldovich factor Z ¼ (DGcrit/
3pkT)0.5/ncrit expresses the fact that a critical nucleus can
disintegrate again, and the activation frequency for diffusion
D0aD

�2 describes a diffusion-limited nucleation process. It is
difficult to determine N0, we will address this issue below.

Aer this brief discussion of nucleation, we turn to crystal
growth. In the simplest case, one can assume linear growth.
This is predicted by the excellent bulk diffusion model55 at large
supersaturation ratios S > 10�5, which we generally nd in our
case. Furthermore, linear growth is observed experimentally for
This journal is ª The Royal Society of Chemistry 2013
quite soluble substances like, for example, potassium chlo-
ride.60,61 The reaction rate for this growth process is

_scryst ¼ D0

d

�
cLiþ � cs

Liþ
�
; (26)

where d is the diffusion layer thickness. We treat the diffusion
layer thickness as a parameter (see below).

Aer summarizing the results of CNG in eqn (25) and (26),
we are now describing the application of this theory in the Li–O2

battery model. In this paper we will distinguish two cases,
rstly, nucleation on functional surfaces in the cathode and the
separator (see Fig. 3a), and, secondly, nucleation on sediment-
ing dust particles in a separator of pure electrolyte (see Fig. 3b).
These two models differ in the number of nucleation sites N0

entering eqn (25) and, consecutively, in the specic area for
crystal growth Aspezcryst.

In the presence of surfaces as in the pore space of a GDE,
heterogeneous nucleation on the surfaces (supports) usually
dominates homogeneous nucleation. Exact modeling of
heterogeneous nucleation requires knowledge of contact angles
between crystalline and supporting materials. Battery cells,
Energy Environ. Sci., 2013, 6, 1299–1314 | 1303
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however, contain plenty of different materials and surface
morphologies so that an exact approach is not feasible. Thus,
we assume disc-shaped heterogeneous nucleation valid for
nucleation on crystal material itself (see Fig. 3a). The area
supporting the nucleus evolves according to

vA
spez
cryst

vt
¼ prcrit

2 _NðN0Þ with N0 ¼ Aspez;0
cryst a

�2: (27)

Here Aspez,0cryst is the specic surface area of the pristine
cathode/separator surfaces. LiOH$H2O can subsequently crys-
tallize on top of these discs according to eqn (26), where we
assume a constant diffusion layer thickness d ¼ d0 determined
by the pore structure. Crystal growth is described with a single
volume fraction

v3cryst

vt
¼ _scrystA

spez
crystV

M
cryst: (28)

As a result, we simulate nucleation and growth of column-
shaped crystals on surfaces in the cell.

In state-of-the-art lithium batteries, both the cathode and the
separator are porous so that nucleation on surfaces will domi-
nate. In the following we discuss an alternative cell design (see
Fig. 3b). Due to the large ionic conductivity of aqueous elec-
trolytes, e.g., lead-acid batteries, a reservoir of pure electrolyte
can serve as the separator, as proposed by Stevens et al.20 In
such separators, nucleation predominantly occurs on dust
particles. These could be small amounts of foreign particles that
enter the cell during its assembly, detached carbon particles, or
LiOH$H2O particles from previous battery cycles. In fact, true
homogeneous nucleation has been seldom measured. The
crystal nuclei sediment due to gravity and form a reservoir of
precipitates at the bottom of the cell. Under these conditions,
crystal nuclei of different sizes coexist.62 We evolve the size
distribution of spherical crystal nuclei

N(r) ¼ f(r)dr (29)

with radii r via the equation

vf ðrÞ
vt

¼ _Ndr0
�1dr0 � f s�1 � v

vr

�
f
dr

dt

�
: (30)

The rst term in eqn (30) describes nucleation of crystals,
where the nucleation rate is _N with a constant N0 (see eqn (25))
and the rst discretization compartment contains radii from
0 to dr0. The second term in eqn (30) describes sedimentation
due to gravity, modeled as a decay process with typical time

sðrÞ ¼ h3elyte

vðrÞ : (31)

Here h is the height of the battery and

vðrÞ ¼ 2

9
r2
g
�
rLiOH$H2O

� relyte
�

h
(32)

the sedimentation velocity from Stoke's law. The last term in
eqn (30) represents crystal growth with radial growth rate60

dr

dt
¼ VM

cryst _scrystðdÞ; (33)
1304 | Energy Environ. Sci., 2013, 6, 1299–1314
where the diffusion layer thickness d ¼ r(1 + vr/D0)
�0.285 is

determined by sedimentation.56 By integrating the crystal size
distribution we get the volume fraction 3cryst ¼ VMcrystNA

�1Ð (4/3)
pr3fdr of sedimenting crystals and the volume fraction of the
crystal reservoir at the cell bottom

v3res

vt
¼ VM

crystNA
�1

ð
4

3
pr3f s�1drþ _scrystA

spez
res V

M
cryst: (34)

The second term in eqn (34) denotes direct crystal growth of
the reservoir from solution if a lm of LiOH$H2O had already
been formed at the cell bottom, i.e., Aspezres ¼ h�1 for 3res $ rcrit/h
and Aspezres ¼ 0 for 3res < rcrit/h. This is the same as heterogenous
crystal growth (see eqn (28)).

The latter cell design with nucleation on dust particles
contains a separator that can accommodate the precipitate. At
the end of discharge, the separator should be completely and
homogeneously lled with LiOH$H2O to increase capacity.
This can be achieved, for example, by shaking the cell or stir-
ring the crystal reservoir. We model stirring via a diffusion
equation

v3res

vt
¼ �Cdivð�grad3resÞ: (35)

that makes the reservoir homogeneous along the computa-
tional direction y.
3 Parameterization and computational
details

In Section 2 we presented the general modeling approach. In
this section we discuss the parameters for the specic simula-
tion of an aqueous Li–O2 battery. These parameters are based
on measurements of lithium hydroxide solutions published in
the literature. Our simulations are isothermal at temperature
T0 ¼ 298.15 K. However, we parameterize over a wide temper-
ature range to support future studies on aqueous lithium
batteries.
3.1 Geometric structure

We divide the computational domain into the oxygen channel,
the cathode, and the separator (see Table 1). A lithium foil
terminates the separator. We compare the performance of
different cell designs. Thus, we distinguish between a standard
cathode (a GDE, cf. Fig. 1), and an alternative cathode (a fully
ooded cathode). We further distinguish between a standard
separator (a porous one with surface nucleation, cf. Fig. 3a), and
an alternative separator (containing only electrolyte with
nucleation on sedimenting dust particles, cf. Fig. 3b). Gaseous
oxygen can enter the cell from the channel; apart from this, the
battery cell is closed.

In this paper, capacities are given with respect to the mass of
water. The initial mass of water with respect to the cell area is
0.27 kg m�2 (GDE, surface nucleation), 0.29 kg m�2 (GDE,
nucleation on dust particles), and 0.45 kg m�2 (ooded elec-
trode, surface nucleation); the mass of carbon is 0.28 kg m�2

(rS ¼ 2260 kg m�3); the separator mass is negligible. The mass
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Structure of porous cell components. If two values are given in the
cathode, the first corresponds to a cell with a GDE and the second to a cell with a
flooded electrode. In the separator, the first corresponds to a cell with a porous
separator and the second to a cell with a bulk separator region

Channel Pressure 101 325 Pa
Phases (species) Volume fraction
Gas (Og

2) 1.0
Cathode Thickness 500 mm

Phases (species) Initial volume fraction
Gas (O2) 0.375/0.0
Liquid electrolyte
(H2O, Li

+, OH�, Oaq
2 )

0.375/0.75

LiOH$H2O 0.0(r ¼ 1510 kg m�3)
Carbon 0.25

Separator/anode Thickness 100 mm
Phases (species) Initial volume fraction
Liquid electrolyte
(H2O, Li

+, OH�, Oaq
2 )

0.8/1.0

LiOH$H2O 0.0
Glass separator 0.2/0.0
Lithium metal (Li+) 0.0
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of oxygen bound in the cell aer discharge, 0.3 mg mA�1 h�1,
depends on capacity.

The height of the battery is h ¼ 10 cm (entering the model in
the case of sedimentation, see eqn (31)). The typical diffusion
layer thickness in the GDE is d0 ¼ 10 mm (see eqn (26)). The
balance between the volume fractions of gaseous oxygen and
liquid electrolyte in GDEs is determined by capillary pressure
(see eqn (18)). We describe it based on Kumbur et al.52 with the
Leverett function

JðsÞ ¼ 1:5� 106½�0:000178T þ 0:1247�
�
293 K

T

�6

½0:05ð0:0469�0:00152$0:05� 0:0406s2 þ 0:1430s3Þ þ 0:0561lnðsÞ�
(36)

for s > 0.03 and J(s) ¼ 0 for s # 0.03. Eqn (36) describes a gas
diffusion layer from SGL with ve weight percent PTFE loading.
We assume an ideal microporous layer that prevents the elec-
trolyte from leaking into the oxygen channel. The stirring
coefficient is C ¼ 10�9 m2 s�1 (see eqn (35)).
Fig. 4 Solubility of lithium hydroxide in aqueous solution for various tempera-
tures. The symbols represent measurements by Monnin and Dubois25 The solid
line represents the fit with thermodynamic data hQLiOH$H2O

, sQLiOH$H2O
, and cp;QLiOH$H2O

(see text).
3.2 Thermodynamics

The chemical potentials of species in the electrolyte are a
function of the standard potentials m0i , the activities ai, the
partial molar volumes �Vi, and the partial molar compressibil-
ities �ki

mi ¼ m0i + ln ai + �Vi(p � p0) + �ki(p � p0)
2. (37)

The standard molar enthalpies hQi , entropies sQi , and
capacities cp,Qi for the species Og

2, H2O, Li
+, and OH� are taken

from Atkins' Physical chemistry.63 From these values we calcu-
late the temperature-dependent thermodynamic data for the
standard states according to

H0
i ¼ hQi + (T � T0)cp,Qi , (38)
This journal is ª The Royal Society of Chemistry 2013
S0
i ¼ sQi + Rcp,Qi ln(T/T0) (39)

m0i ¼ H0
i � TS0

i . (40)

The remaining thermodynamic parameters are found in the
context of LiOH and Oaq

2 solubilities below.
The solubility of oxygen in alkaline water strongly depends

on the salt concentration, an effect referred to as salting-out. If
lithium hydroxide is added to the solution, the solubility of
oxygen is reduced and gaseous molecular oxygen evolves.
First, we parameterize the solubility in pure water with
the measurements reviewed by Tromans.64 We deduce as
standard thermodynamic properties hQo2 ¼ 5:090 kJ mol�1,
sQO2

¼ 166:95 J mol�1 K�1, and cp;QO2
¼ 209:35 J mol�1 K�1 in the

concentration scale. Salting-out is described via the empirical
Setchenov relation65

�
mO2

� m0
O2

�.
RT ¼ ln

 
cO2

mol l�1

!
þ kscacLiþ : (41)

From the measurements of Lang and Zander65 and Elliot
et al.66 we deduce ksca¼ 0.01057/(T� 277). In Fig. 5 we show that
the solubilities obtained in this way agree well with the
measurements of Elliot et al.,66 but disagree with the measure-
ments of Lang and Zander65 However, the trend of the latter
agrees with our t (see Fig. 5).

Measurements of the solubility of lithium hydroxide in water
are reviewed in the work of Monnin and Dubois.25 In this
reference, the activities of the solution are taken into account.
These are tted with the Pitzer formalism in the molality scale,
which is based on the Debye–Hückel theory.67 The correct t
for the Pitzer parameter AF is given in ref. 68. The thermody-

namic data of LiOH$H2O are hQLiOH$H2O
¼ �787:07 kJ mol�1,

sQLiOH$H2O ¼ 83:352 J�1 mol�1 K�1, and cp;QLiOH$H2O
¼ 9:7674 J mol�1

K�1, as determined from the solubility data reviewed in the

work of Monnin and Dubois (see Fig. 4).25

We further determine the partial molar volumes of H2O, Li
+,

and OH� from the measurements of Herrington et al.69 and
Energy Environ. Sci., 2013, 6, 1299–1314 | 1305
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Fig. 5 Oxygen solubility at various salt concentrations and temperatures. The
black squares and red circles represent measurements by Elliot et al.,66 the blue
triangles represent measurements by Lang and Zander.65 The solid lines represent
fits according to eqn (41).
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Roux et al.70 In Fig. 6 we compare our t with these measure-
ments, which are scarce at high salt concentrations. The partial
molar volumes �Vi are tted with the Pitzer formalism again (this
is possible because �Vi ¼ vmi/vp holds), where we include the
volumes at innite dilution as additional parameters.67,69 The
Pitzer parameters are given in Table 2.

We parameterize the partial molar compressibilities
according to Millero et al.71 for NaOH, but exchange the partial
molar compressibility of Li+ at innite dilution with the
measurement of Roux et al.70 for LiOH. The partial volumes and
compressibilities are important for the liquid equation of state
only (see eqn (20) and (21)). Thus, we neglect the partial molar
volume of dissolved oxygen due to its low concentration (�VO2

¼
�kO2

¼ 0).
3.3 Transport and kinetics

Electrolyte transport properties strongly depend on viscosity h.
The viscosity of lithium hydroxide solutions was measured by
Laliberte.72 With the Einstein–Stokes relationship, we extend
the range of measurements of lithium diffusivity at innite
dilution73
Fig. 6 Density of lithium hydroxide solution at various salt concentrations and
temperatures. The squares and circles refer to the measurements of Herrington
et al.69 and Roux et al.70 respectively.

1306 | Energy Environ. Sci., 2013, 6, 1299–1314
D� ¼ 6:8� 10�9 m2 s�1
hH2O

h

T

T0

�
8:90466� 10�4mLiþ

4

� 0:0127732mLiþ
3 þ 0:0538298mLiþ

2 � 0:0381098mLiþ

þ 0:856882
	

(42)

and the oxygen diffusivity in pure water74

DO2
¼ 1:693� 10�6 m2 s�1

hH2O

h
exp

�
� 16 739 J mol�1

RT

�
(43)

to a wider range of salt concentrations and temperatures. The
conductivity of a lithium hydroxide solution is75

k ¼ (�37.72629 + 0.13245T/K) � (27.60862

� 0.14199T/K)mLi+ � 1.39623mLi+
2 (44)

and the transference number is

t+ ¼ 0.1637 (45)

We use the standard Bruggeman coefficient b ¼ 1.5.29

Convective transport is governed by the permeabilities (see eqn
(15) and (16)),76 in the GDE we use

Bgas ¼ 5 � 10�12 m2(1 � s)3.5, Belyte ¼ 5 � 10�12 m2 � s3.5. (46)

In the separator we employ the quasi-innite permeability

Belyte ¼ 10�9 m2.

The kinetics of the (electro-)chemical reactions depend on
the specic surface areas and the forward reaction rates. In this
paper, the former are Aspezca ¼ 106 m�1, AspezO2

¼ 104 m�1, and
Aspez,0cryst ¼ 106 m�1; Aspezan is chosen to represent a non-porous
lithium foil; the latter are kfan ¼ 3.84 � 1015 mol m�2 s�1 (ban ¼
0.5) and kfca ¼ 1.1 � 10�17 m4 mol�3 s�1 (bca ¼ 0.09).77

The surface energy g of LiOH$H2O is taken from the theo-
retical prediction of Mersmann78

g ¼ �0:414
kT

a2
ln
�
cs
LiþV

M
LiOH$H2O

�
(47)

which is in good agreement with the ts of Nielsen et al. to
experiments.59
3.4 Simulation methodology

All simulations are performed with the multi-phase electro-
chemical simulation tool DENIS.47,48 The computational
domain is divided into 55 compartments with widths between 1
mm and 40 mm, simulations of ooded cathodes utilize a ner
discretization at the oxygen inlet. The crystal size distribution is
simulated with 29 discretization compartments. We use nite-
volume discretization along the computational domain and
upwind nite-element discretization for the crystal size distri-
bution. Rate equations are evaluated using the soware CAN-
TERA.79 The discretized equation system is numerically time-
integrated with LIMEX.80,81
This journal is ª The Royal Society of Chemistry 2013
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Table 2 Pitzer parameters for electrolyte volume, fitted to polynoms g ¼P
n
gn

�
T
K

�n

n V0
Liþ MH2O=V

0
H2O

83 vAF/vp84 vbF0 /vp vbF1 /vp vCF/vp

�1 0 0 �2.437359 � 10�7 0 0 0
0 7.314575 � 10�5 �5.585541 � 103 3.776468 � 10�9 �7.217791 � 10�10 �5.443222 � 10�9 4.335196 � 10�10

1 �7.532795 � 10�7 9.323917 � 101 �2.333318 � 10�9 2.833843 � 10�12 4.358444 � 10�11 �1.404855 � 10�12

2 2.524541 � 10�9 �5.295044 � 10�1 6.308666 � 10�14 0 �8.388285 � 10�14 0
3 �2.837367 � 10�12 1.513766 � 10�3 �6.788572 � 10�17 0 0 0
4 0 �2.181633 � 10�6 0 0 0 0
5 0 1.261439 � 10�9 0 0 0 0
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4 Results and discussion

In this section we discuss the predictions of the model outlined
in Sections 2 and 3. We concentrate on understanding and
overcoming power and capacity limitations of aqueous Li–O2

batteries. Above all, this paper highlights that in aqueous Li–O2

batteries crystallization tends to occur close to the anode. Thus,
we begin by explaining this inhomogeneous crystallization
effect in Section 4.1. In Section 4.2 we demonstrate how GDEs
offer higher power densities than ooded electrodes. By engi-
neering the cell design, crystallization can be altered and cell
capacities can be increased as described in Section 4.3.
4.1 Inhomogeneous precipitation

First, we study the galvanostatic discharge of a Li–O2 battery with
a GDE and a porous separator at moderately high currents i ¼
10 A m�2 (see Fig. 7). Note that current densities are given with
respect to the macroscopic separator area in this one-dimen-
sional model. The cell takes 7.7 h to discharge. For comparison,
commercial lithium-ion batteries can be completely discharged
in less than 1 h at currents up to i ¼ 60 A m�2.35,82

The Li–O2 battery discharges in two stages (see Fig. 7).
Initially, up to point B, the salt concentration rises from its
initial value to the solubility limit, the voltage decreases slowly,
and LiOH$H2O does not form. Aer point B, the salt concen-
tration remains constant, slightly above its solubility limit, the
voltage is constant, and the LiOH$H2O volume fraction
increases linearly in time. Eventually, at point D, an abrupt drop
in cell voltage represents the end of discharge. This happens
Fig. 7 Discharge of a Li–O2 battery with a GDE and surface nucleation at i¼ 10 A
m�2. Cell voltage (red line), average volume fraction of LiOH$H2O (black line), and
average salt concentration (blue line) are shown. The dashed lines and capital
letters refer to data shown in Fig. 8.

This journal is ª The Royal Society of Chemistry 2013
well before the mean volume fraction of LiOH$H2O (ca. 0.095 at
point D) reaches the void pore volume (0.375 for the electrode,
0.8 for the separator, cf. Table 1). During discharge, Li+ forms at
the anode and OH� in the cathode. When the salt concentration
increases, oxygen solubility decreases due to salting-out (see
eqn (41)). Therefore, the cell voltage slightly decreases during
this rst stage. LiOH$H2O crystals nucleate while the salt
concentration is slightly overshooting at point B (this will be
discussed below, cf. Fig. 11). Subsequently, LiOH$H2O particles
grow at a constant rate owing to a small but constant super-
saturation and a constant precipitation surface area. During
this period the cell voltage is nearly constant. This voltage
plateau is typical for conversion reactions under stationary
operating conditions, as for example observed in fuel cells. We
explain the abrupt end of discharge in the following.

Fig. 8 shows spatial proles of dissolved salt concentration,
precipitate volume fraction, and the surface area of precipita-
tion during discharge. At point A, we observe a salt concentra-
tion gradient with increasing concentration towards the
separator and the anode. We emphasize that this is a funda-
mental property of aqueous Li–O2 batteries due to the small
transference number of Li+ (see eqn (45)). Due to this small
transference number, the electric potential in the electrolyte
induces faster transport of OH� than of Li+. The salt concen-
tration gradient must counteract this asymmetry in order to
maintain electroneutrality. At point B, just aer the nucleation
phase, the specic surface area of precipitation shows that most
crystal nuclei have formed next to the anode. Consequently, at
point C, most LiOH$H2O is present in this region. The
concentration prole has regained a monotonous increase aer
the turmoil of nucleation, although inhomogeneous precipita-
tion reduces its gradient. At point D, just before end of
discharge, the reason for capacity limitation becomes obvious:
A lm of LiOH$H2O forms at the separator/anode interface,
completely blocking the lithium ion transport. The battery tries
to overcome the transport limitations and further increases the
salt concentration near the anode. This results in resumed
nucleation (see also Fig. 11) and accelerated end of discharge.

In Fig. 9 we illustrate the role of convective ow for the cell
performance. The pressure is approximately constant in the
separator and drops from the separator towards the oxygen
channel in the cathode. The magnitude of the pressure drop
increases during cell discharge. It drives the convection of elec-
trolyte from the separator into the GDE, where H2O is constantly
consumed in the oxygen reduction reaction (see eqn (5)). The
Energy Environ. Sci., 2013, 6, 1299–1314 | 1307
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Fig. 8 Spatial profiles of salt concentration, volume fraction of LiOH$H2O crystals, and the specific surface area of precipitation during galvanostatic cell discharge (i¼
10 A m�2) at times A, B, C, D (see Fig. 7). Precipitation occurs mainly close to the anode due to the small transference number of Li+ (see eqn (45)).
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increasing drop reects the increasingly inhomogeneous liquid
phase saturation in the GDE (see eqn (18) and (36)) and leads to
slightly inhomogeneous reaction rates in the GDE. The inset of
Fig. 9 depicts the decrease in overall electrolyte pressure during
cell discharge. The pressure decreases slowly and nonlinearly up
to point B, it decreases fast and linearly aer point B. The
nonlinearity stems from the dependence of the liquid equation
of state (see eqn (20)) on the salt concentration. Aer nucleation,
Fig. 9 Pressure drop in electrolyte during discharge of a Li–O2 battery,
normalized to Dp ¼ 0 at the oxygen channel y ¼ 0. The pressure drops inside the
GDE from the separator to the oxygen channel, driving convective flow of elec-
trolyte into the GDE. The inset depicts the average electrolyte pressure in the cell
that decreases during discharge due to water consumption.

1308 | Energy Environ. Sci., 2013, 6, 1299–1314
the mean pressure decreases faster because H2O is now
consumed by LiOH$H2O formation, too (see eqn (22)).

In summary, we have illustrated the main processes inside
an aqueous Li–O2 battery with a GDE during discharge. The cell
fails due to inhomogeneous precipitation, particularly due to
the formation of a lm of LiOH$H2O at the separator/anode
interface. This prediction of our model agrees with experiments
and explains the observed lm of LiOH$H2O on the anode-
protecting membrane.20

4.2 Rate dependence

Fig. 10 shows the cell behavior during galvanostatic discharge at
various currents. The discharge proceeds in the same way as
described in Section 4.1 for all currents. An initial voltage drop
due to polarization resistances (increasing with current) is fol-
lowed by a slow linear voltage decrease due to salting-out. A
constant voltage plateau occurs aer the onset of LiOH$H2O
nucleation. The discharge ends abruptly due to inhomogeneous
precipitation. The initial voltage drop is missing at low currents
i # 0.1 A m�2 due to negligible overpotentials in the cathode. It
is worth noting that the salt concentration reaches its solubility
limit and LiOH$H2O starts to nucleate at approximately the
same capacity with respect to the mass of H2O for any discharge
rate; the amount of H2O determines the amount of salt that can
be dissolved in the cell. Most importantly, we observe that the
discharge capacity is signicantly rate-dependent for high
currents i $ 10 A m�2. At higher discharge currents the salt
concentration gradient is larger and nucleation is more
inhomogeneous. Therefore, precipitation is increasingly
This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 Cell voltage during galvanostatic discharge of a Li–O2 battery with a
GDE for various discharge currents.
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inhomogeneous and the capacity smaller with increasing
discharge current.

The overvoltage at the voltage plateau increases with the
logarithm of the discharge current in Fig. 10. This indicates that
the discharge power is limited by the kinetics of the oxygen
reduction reaction (see eqn (5)) in the cathode alone. The ionic
transport is fast in aqueous electrolytes, indicated by the small
concentration gradients shown in Fig. 8. Thus electrolyte
transport and electrode tortuosity do not contribute signi-
cantly to the overvoltage at the discharge rates considered.

Analyzing the specic surface area for crystal growth illus-
trates the crystallization process (see Fig. 11). The surface area
sharply increases twice, rstly, when precipitation begins
(120 mA h gH2O

�1) and, secondly, when discharge ends. Between
these events, the surface area is constant during discharge, yet,
it depends signicantly on current densities. The sharp rises of
the surface area correspond to nucleation events. When the salt
concentration reaches the critical supersaturation, crystal
nucleation sets in. Supersaturation keeps increasing, until the
nucleated particles support enough crystal growth. Then,
supersaturation is reduced and nucleation stops. At larger
discharge currents, more crystal nuclei are required to
Fig. 11 Specific surface area for crystal growth in the separator region during
cell discharge at various currents. After an initial nucleation period, the specific
surface stays constant during crystal growth. At end of discharge, nucleation
becomes dominant (see text).

This journal is ª The Royal Society of Chemistry 2013
counteract dissolved salt formation. Therefore, the surface area
for crystal growth increases with discharge current. At the end
of discharge, transport of ions between the electrodes becomes
restricted by precipitates. Consequently, the salt concentration
must rise to overcome this and nucleation occurs again.

In Fig. 12a and c we show the volume fraction of all phases at
the end of discharge. Whereas the crystal volume fraction is very
inhomogeneous at themoderately high current i¼ 10 Am�2 (see
Fig. 12a), it is quite homogeneous at the small current i ¼ 0.1 A
m�2 (see Fig. 12). This is why inhomogeneous precipitation
limits the discharge capacity at high rates only (see Fig. 10). We
observe in Fig. 12c that free volume is still available in the GDE at
the end of discharge. The water in the GDE has been consumed
nearly completely and the electrolyte pressure cannot deliver
additional water into the cathode. This means that inhomoge-
neous precipitation is not limiting the capacity at low rates.

For comparison, we investigate the discharge of a Li–O2

battery with a ooded cathode. In this simulation, we neglect
the liquid equation of state and electrolyte convection; the
density of water is kept constant at rH2O ¼ 985 kg m�3; oxygen
can only dissolve in the electrolyte from the gas channel.
Therefore, oxygen transport is due to electrolyte diffusion only,
which limits the cell performance. Resulting discharge behavior
is shown in Fig. 13, and spatially resolved oxygen concentration
proles are shown in Fig. 14. Most importantly, battery power is
strongly reduced in ooded electrodes, that is, voltages are
�500 mV lower. The at voltage plateau observed for GDEs
(Fig. 10) is absent for ooded cathodes, instead voltages are
monotonically decreasing during discharge (Fig. 13). Large
currents i $ 100 A m�2 cannot even be sustained with ooded
electrodes. As shown in Fig. 14, the reason for this behavior is
the slow oxygen transport in the liquid phase of a ooded
cathode, leading to large concentration gradients and conning
electrochemical activity to an electrode volume close to the
channel. The rate-dependent capacity (end of discharge) is
again due to inhomogeneous precipitation, as discussed above
for GDEs (see also Fig. 12b and d). In conclusion, GDEs offer
signicantly better performance because they strongly reduce
oxygen transport limitations as compared to ooded electrodes.
4.3 Design of precipitation

Aer demonstrating the high performance of aqueous Li–O2

batteries with GDEs, we further address the rate-dependent
discharge capacity due to inhomogeneous precipitation. As
pointed out earlier (see Section 2.5), aqueous electrolytes offer
high conductivities and allow the use of large non-porous
separator regions. In such separator regions, precipitation will
probably occur on sedimenting dust particles (see Fig. 3b). In
the GDE, however, crystals still nucleate on surfaces. The single
unknown parameter in our nucleation model is the density of
nucleation sites N0 (see eqn (25)). One can imagine designing
this number by voluntarily adding dust particles. This motivates
our approach to optimize the discharge capacity by varying the
number of nucleation sites.

We illustrate the effect of varying the number of nucleation
sites in the separator region, N0, with Fig. 15 by discussing the
Energy Environ. Sci., 2013, 6, 1299–1314 | 1309
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Fig. 12 Volume fraction of phases at end of galvanostatic discharge for a (a) GDE at i ¼ 10 A m�2, (b) flooded electrode at i ¼ 10 A m�2, (c) GDE at i ¼ 0.1 A m�2, and
(d) flooded electrode at i ¼ 0.1 A m�2.
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electrolyte volume at the end of discharge. For small N0, more
crystals nucleate in the cathode than in the separator and
consequently discharge ends due to electrolyte depletion at the
cathode–separator surface. For large N0, instead, most crystals
nucleate in the separator and discharge ends due to electrolyte
depletion in the separator. At intermediate N0, LiOH$H2O grows
uniformly in the cathode and the separator. Taking into account
achievable water purities and surface defect densities, experi-
mental values might be slightly higher than the optimum value
N0 ¼ 1018.5 m�3 found with this model. However, crystallization
outside the cathode is advantageous because it avoids the
problem of passivation of active surfaces.
Fig. 13 Cell voltage during galvanostatic discharge of a Li–O2 battery with a
flooded electrode (see text) for various discharge currents.

1310 | Energy Environ. Sci., 2013, 6, 1299–1314
This optimization of the cell capacity is summarized for
different N0 in Fig. 16. The cell capacity is maximum at inter-
mediate N0, when precipitation occurs in both cathode and
separator regions. A bulk separator region has the advantage
that external forces (i.e., stirring) can be applied in order to
homogenize the sedimented LiOH$H2O, schematically
described by eqn (35). This stirring process does not affect the
cell performance at low N0, when precipitation in the cathode
dominates. But it is advantageous for large N0, when precipi-
tation in the separator is critical to cell performance.
Fig. 14 Dissolved oxygen concentration profile along cell coordinates at 50%
SOC for a GDE (see Fig. 7) and a flooded electrode (see Fig. 13). The concentration
rapidly drops in the flooded electrode due to the low diffusivity of oxygen in
water, even at moderate discharge currents. In the GDE the oxygen concentration
is nearly constant.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 15 Volume fraction of a electrolyte at end of discharge with nucleation on
dust particles and stirring at various N0 (see red dots in Fig. 16). At large N0

precipitation occurs mainly in the cathode, at small N0 precipitation mainly occurs
in the separator. Cell capacity is largest at intermediate N0 (see Fig. 16).

Fig. 17 Discharge capacity of a Li–O2 battery after galvanostatic discharge at i¼
10 A m�2 with nucleation on dust particles (see Section 2.6) as a function of
surface energy g, that is, the nucleation barrier (see eqn (24)). The number of
nucleation centers N0 ¼ 1018.5 is chosen to optimize the capacity (see Fig. 16). In
this article we use the surface energy g ¼ 0.026kT/a2 from theoretical predic-
tions,78 which agree with measurements.59 Our simulation results strongly depend
on the nucleation barrier.
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The surface energy g is another important parameter for
adjusting the classical theory of nucleation and growth to
experiments.59 In this paper we choose g ¼ 0.026kT/a2 (see eqn
(47)), justied by theory and experiments.78 A sensitivity analysis
of the discharge capacity on g is presented in Fig. 17. By varying
g over one order of magnitude, we vary the nucleation barrier by
two orders of magnitude (see eqn (24)). Without stirring the
capacity increases signicantly with g. With stirring the
capacity is higher and slightly depends on the surface energy
non-monotonically. A greater surface energy generates a greater
nucleation barrier and a greater critical supersaturation. Thus,
the ratio of salt concentration gradient and critical supersatu-
ration decreases with g so that precipitation becomes more
homogeneous. Without stirring this directly results in an
increased capacity. Because stirring creates homogeneous
deposits, it enables good capacities even at low critical super-
saturations and low g. The non-monotonic behaviour of the
capacity with stirring is due to the complex interplay of inho-
mogeneous precipitation in cathode and separator regions with
Fig. 16 Discharge capacity of a Li–O2 battery after galvanostatic discharge at i¼
10 A m�2 with nucleation on dust particles (see Section 2.6) as a function of
density of nucleation centers in the separator N0. The capacity for nucleation on
surfaces from Fig. 7 is included as a gray line. The capacity increases at large N0,
when the LiOH$H2O crystals are actively stirred (red dots) compared to the situ-
ation without stirring (black squares).

This journal is ª The Royal Society of Chemistry 2013
different void volumes and nucleation kinetics. To summarize,
we nd that our model results are sensitive to the exact value of
the surface energy g for precipitation of LiOH$H2O. However,
our general conclusions remain valid and the optimized cell
depends on g only weakly.

During the discharge we keep track of the particle size of
sedimenting nuclei. A typical distribution is shown in Fig. 18.
The particle radius r � 10, ., 100 mm is determined by the
interplay of crystal growth and sedimentation. The size distri-
bution depicted varies along the cell dimension due to inho-
mogeneous nucleation.

Finally, in Fig. 19 we compare the energy density of galva-
nostatic discharge of the three designs studied here: First, a
GDE with a porous separator, second a ooded cathode with a
porous separator, and third a GDE with a bulk separator. In the
third case, we use optimized conditions, that is, nucleation on
dust particles in the separator, stirring, and N0¼ 1018.5 m�3. We
observe that ooded electrodes show energy densities compa-
rable with GDEs at low discharge rates. However, they cannot
deliver the current densities of modern lithium-ion batteries (i
$ 10 A m�2). At high rates, corresponding to discharge in less
than one hour (i¼ 100 Am�2), GDEs offer three times larger cell
capacities. If we adjust the cell design to the precipitation
process, we can reduce capacity fading and further increase the
energy density at high rates. A next optimization step would be
to enlarge the separator region, which would reduce the relative
mass overhead in the cell.

We close this section with a brief outlook on the inuence of
inhomogeneous precipitation and cell design concepts on
charging. On the one hand, a deposit-free cathode offers
undisturbed electrochemical surface reactions and transport
paths also during charge. On the other hand, inhomogeneously
distributed precipitates may limit power densities during
charge. While the driving force for dissolution, that is, the
difference between salt concentration and solubility, is greater
within the porous cathode, the reaction area for dissolution is
Energy Environ. Sci., 2013, 6, 1299–1314 | 1311
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Fig. 18 Particle size distribution density (see eqn (29)) at y ¼ 600 mm (blue), y ¼
550 mm (red), y ¼ 500 mm (black) at 50% SOC during galvanostatic discharge of a
Li–O2 battery (i ¼ 10 A m�2) with nucleation on dust particles and stirring. The
lines are interpolations of the simulation results (squares, dots, and triangles). The
number of nucleation centers N0 ¼ 1018.5 is chosen to optimize the capacity (see
Fig. 16).

Fig. 19 Energy density of a Li–O2 battery with different designs: a GDE with
surface nucleation, a flooded electrode with surface nucleation, and a bulk
separator with nucleation on sedimenting dust particles and stirring. In the latter
case, the number of nucleation centers N0 ¼ 1018.5 is chosen to optimize the
capacity at i ¼ 10 A m�2 (see Fig. 16).
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greater in the porous separator close to the anode. In a realistic
cycling scenario, these effects will not balance each other and
cycling efficiency will be reduced. In a bulk separator, however,
this issue can be solved by actively distributing the precipitate
in the separator, for example by rotating the battery. This would
increase the area for dissolution signicantly. In summary, a
bulk separator region is also advantageous during charging.
5 Conclusions

Lithium–oxygen (Li–O2) batteries have recently received great
attention due to their large theoretical specic energy. Advan-
tages of the aqueous design include the stability of the elec-
trolyte, the existing long-term experience with gas diffusion
electrodes (GDEs), and the solubility of the reaction product
lithium hydroxide. Not many experimental results on aqueous
Li–O2 batteries have been published, because a number of
challenges must be overcome, including the need for a suitable
lithium-ion-conducting membrane, a durable lithium metal
1312 | Energy Environ. Sci., 2013, 6, 1299–1314
anode, and strategies to mitigate carbon dioxide poisoning. In
this situation, mathematical models have the unique potential
to analyze and optimize the fundamental operating principle
and therefore support cell development in its initial stages.

In this article we have presented the development and
application of a multi-physics continuum model of aqueous Li–
O2 batteries with gas diffusion electrodes. A particular feature of
the model is the detailed description of precipitation dynamics
based on the classical theory of nucleation and growth.
Parameters were taken from the extensive published literature
on aqueous solutions. Therefore, the model is completely
determined by measured parameters.

Simulations of discharge behavior, including detailed
spatiotemporal analysis, were performed for different cell
designs and operating conditions. The results showed that
batteries with GDEs have high power densities and at
discharge curves. They are superior to cells with ooded elec-
trodes. Inhomogeneous precipitation of solid LiOH$H2O was
predicted to be the capacity-limiting process at high discharge
rates relevant for applications. At these rates, precipitation was
shown to occur predominantly at the interface between the
separator and the anode. This can be interpreted as formation
of a solid product lm on the anode, explaining earlier experi-
mental ndings.20 Note that this tends to keep solid and insu-
lating reaction products out of the porous cathode, possibly a
huge advantage over non-aqueous Li–O2 batteries. Further
simulations showed that the capacity limitation can be reduced
by adapting the cell design to the underlying physical processes.
Therefore, precipitation of reaction products will not be a key
problem for aqueous Li–O2 batteries. Solid reaction products
are in fact necessary to reach competitive energy densities.

To conclude, this paper highlights two major advantages of
aqueous Li–O2 batteries over non-aqueous designs. First, the
availability of GDEs reduces limitations due to slow oxygen
diffusion. Second, precipitation tends to occur outside of the
cathode and to not poison the active surfaces in the cathode.
These specic advantages tend to be neglected among the
multitude of research on non-aqueous Li–O2 batteries.
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