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Introduction

Zinc–air batteries (ZABs) are promising candidates for next-

generation energy storage. They offer a high theoretical
specific energy (1086 Wh kgZnO

@1) and energy density

(6093 Wh LZnO
@1), use abundant and non-hazardous materials,

and have superior operational safety characteristics. In fact, pri-

mary ZABs using alkaline aqueous KOH electrolytes are already

widely utilized for low-current commercial applications such as
hearing aids. Unfortunately, the electrical rechargeability and

calendar life of these cells are limited. When operated in air,
dissolved CO2 reacts with OH@ to produce CO3

2@. This reaction

reduces the ionic conductivity of the electrolyte and slows
down the cell reactions.[1] Furthermore, inhomogeneous zinc
dissolution and dendritic deposition cause the Zn electrode to

change shape and severely limit the cycle life of the cell.[2] Im-
proving the cycling stability of zinc batteries is currently a
widely researched topic.[3–11] Aqueous electrolytes with near-

neutral pH values were proposed[12–14] as a possible solution to

this challenge, and the first steps towards commercialization
have been taken.

Aqueous ZnSO4 and ZnCl2 electrolytes are commonly used
in industrial zinc electroplating processes. As weakly acidic sol-

utions, the coulombic efficiency of Zn electrodeposition in

these electrolytes is nearly 100 %.[15] Considering in addition
their high electrical conductivity, sulfate- and chloride-based

electrolytes are favorable for secondary-zinc-battery applica-
tions. Experimental studies show that zinc batteries based on

these electrolytes can be reliably operated over hundreds or
even thousands of cycles.[13, 14, 16–18] However, to keep the pH
value of the electrolyte in the near-neutral regime, a buffer so-

lution is required to counteract the effects of the oxygen-re-
duction and oxygen-evolution reactions. In the case of ZnCl2,
this is accomplished by the addition of NH4Cl and NH4OH. The
state of the aqueous zinc ion in buffered electrolytes and the

solubility of solid precipitates in the near-neutral pH regime is
very complex.[15, 19–21] A thorough understanding of the compo-

sition of the electrolyte and its behavior during cell operation
is necessary to develop a feasible battery. In this paper, we de-
velop a framework for modeling the performance of buffered

aqueous electrolytes in zinc batteries and apply it to the
ZnCl2–NH4Cl system.

ZnCl2–NH4Cl has a long history in commercial electrochemi-
cal systems, dating back to the 19th century as the standard

electrolyte for zinc–carbon (or so-called Leclanch8) batter-

ies.[19, 22] These batteries consist of a zinc metal anode and a
MnO2/carbon-paste cathode. Because of their low cost and reli-

ability, non-alkaline zinc–carbon batteries held a significant
market share well into the 20th century. A major topic of re-

search in the development of Leclanch8 batteries is the impact
of electrolyte composition on performance and capacity. It is

Neutral aqueous electrolytes have been shown to extend both
the calendar life and cycling stability of secondary zinc–air

batteries (ZABs). Despite this promise, there are currently no

modeling studies investigating the performance of neutral
ZABs. Traditional continuum models are numerically insuffi-

cient to simulate the dynamic behavior of these complex sys-
tems because of the rapid, orders-of-magnitude concentration

shifts that occur. In this work, we present a novel framework
for modeling the cell-level performance of pH-buffered aque-

ous electrolytes. We apply our model to conduct the first

continuum-scale simulation of secondary ZABs using aqueous
ZnCl2–NH4Cl as electrolyte. We first use our model to interpret

the results of two recent experimental studies of neutral ZABs,

showing that the stability of the pH value is a significant factor
in cell performance. We then optimize the composition of the

electrolyte and the design of the cell considering factors in-
cluding pH stability, final discharge product, and overall energy

density. Our simulations predict that the effectiveness of the
pH buffer is limited by slow mass transport and that chlorine-
containing solids may precipitate in addition to ZnO.
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commonly noted in the literature that for low NH4Cl concentra-
tions (e.g. , less than 10 wt %) the discharge product is amor-

phous zinc chloride hydroxide monohydrate (simonkolleite,
ZnCl2·4 Zn(OH)2·H2O) whereas for higher NH4Cl concentrations

the solid product is crystalline zinc diammine chloride
(ZnCl2·2 NH3).[23–25] Furthermore, it is suggested that because of
its crystallization morphology, ZnCl2·2 NH3 poses a higher risk
of passivation than ZnCl2·4 Zn(OH)2·H2O.[26] Unlike alkaline zinc
batteries, there is not a standard formulation for the Leclanch8

electrolyte. The ZnCl2/NH4Cl ratio of the electrolyte is adjusted
based on the application of the battery.[26] In today’s zinc–
carbon batteries, ZnCl2–NH4Cl has mostly been abandoned in
favor of KOH because of its high conductivity.

The ongoing search for post-lithium electrochemical energy
storage technologies has revived interest in neutral zinc–air

batteries. The cheap and non-hazardous materials on which

this battery is based, combined with the possibility to achieve
a high energy density, make this system a promising contender

for sustainable stationary energy storage. The first application
of ZnCl2–NH4Cl in zinc–air batteries was published by Jindra

et al. in 1973.[12] They found that a low OH@ concentration in
the electrolyte eliminates the formation of carbonates, poten-

tially extending the calendar life of the cell. Nonetheless, the

cycling stability was poor. In 2014, Goh, et al.[13] investigated
the use of additives such as polyethylene glycol (PEG) and thi-

ourea to improve the homogeneity of zinc electrodeposition.
Their cell could be operated continuously for over 1000 h and

achieved around 100 cycles. A neutral ZAB developed by Sum-
boja et al. in 2016 was operated continuously for over 2000 h

and achieved around 500 cycles.[14] Although each of these

groups has highlighted the importance of the electrolyte com-
position for optimizing cell performance, there is currently no

theoretical analysis of zinc–air batteries using buffered aque-
ous electrolytes.

Figure 1 shows an operational schematic of a ZAB with
ZnCl2–NH4Cl electrolyte. The battery consists of a metallic Zn

electrode and a porous gas-diffusion electrode (GDE) loaded

with a bifunctional air catalyst. MnO2 is the most commonly
used non-precious metal catalyst.[17, 27] The liquid electrolyte

separates the electrodes and conducts ions across the cell. De-
pending on the distance between the electrodes, this region

may or may not contain a porous separator to prevent an in-
ternal short circuit.

When the cell is discharged, the metallic Zn electrode dis-
solves and forms aqueous Zn2 + ions, which can then form
complexes with other species in solution [Eq. (1)] ,

ZnÐ Zn2þ þ 2 e@, E0 ¼ @0:762 V ð1Þ

The exact composition of these zinc complexes is highly sensi-

tive to the conditions in the electrolyte and will be discussed
in detail in the following sections. When the solubility limit of

zinc is reached, various solid products including ZnO, Zn(OH)2,
ZnCl2·4 Zn(OH)2·H2O, and ZnCl2·2 NH3 can precipitate. At the

GDE, the oxygen reduction reaction (ORR) consumes dissolved
O2 and H+ and produces H2O [Eq. (2)] ,

0:5 O2
aq þ 2 Hþ þ 2 e@ Ð H2O, E0 ¼ 1:229 V ð2Þ

There is a tendency for the electrolyte to become alkaline be-

cause of the loss of H+ . However, the weakly acidic nature of
the electrolyte acts as a pH buffer [Eqs. (3) and (4)] ,

NH4
þ Ð NH3 þ Hþ, and ð3Þ

Zn2þ þ n NH3 Ð ZnðNH3Þn
2þ, ð4Þ

which stabilizes the pH value in the neutral regime.

It is important to note that the ability of the electrolyte to

stabilize the pH value in the neutral range is attributable to
the interactions between ZnCl2 and NH4Cl. The equivalence
point of the NH4

+/NH3 buffer[28] is at pH 9.8. A solution con-
taining only NH4Cl would stabilize the pH value for a short

time, but the electrolyte would quickly become alkaline as the
concentration of NH3 increases. When NH4Cl is mixed with
ZnCl2, Zn2 + ions form complexes with the NH3 in solution,

which are stable in the in pH range of roughly 6–10. By provid-
ing a means to take up free NH3, the presence of these zinc–

ammine complexes increases the capacity of the buffer solu-
tion in the neutral range.

When the cell is charged, the oxygen evolution reaction

(OER) consumes H2O and produces O2
aq and H+ at the GDE.

Zn2+ is deposited from its aqueous forms at the Zn electrode.

Again, the buffer reactions stabilize the pH value in the near-
neutral domain. As zinc is redeposited from its aqueous state,

the concentration decreases to a point below its saturation
concentration and the solid precipitates dissolve.

Figure 1. Operational diagram of a zinc–air battery with ZnCl2–NH4Cl electro-
lyte. The colors show the various (electro)chemical reactions in the cell ; the
shapes have no special meaning. The white arrows indicate the direction of
these reactions during discharging; the black arrows indicate the direction
during charging. The dashed arrows show important transport pathways.
Gaseous oxygen molecules enter the cell through the GDE and dissolve in
the electrolyte (green). Dissolved oxygen molecules in the GDE are reduced
with the help of a bifunctional catalyst and react with H+ to form H2O (red).
The loss of H+ disturbs the equilibrium of the NH4

+/NH3 species, and the
buffer reaction stabilizes the pH value in the GDE (yellow). The metallic Zn
electrode dissolves to form aqueous zinc ions, which can then form com-
plexes with NH3 and Cl@ (orange). Based on the local pH value and concen-
trations of Zn2 + , NH3, and Cl@ , a variety of solid discharge products may pre-
cipitate (purple). ZnO is the most desirable product, and chlorine-containing
solids are least desirable.
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Previous studies simulated ZABs with alkaline KOH electro-
lytes.[1, 29–32] Although much of the same methodology may be

applied to ZABs with neutral electrolytes, there is one signifi-
cant gap. The strongly alkaline composition of standard rough-

ly 30 wt % KOH electrolytes helps maintain a constant pH
value during operation. As a result, the thermodynamic stabili-

ty of the dominant aqueous zinc species (Zn(OH)4
2@) also re-

mains constant. Other investigations[20, 21] of the thermodynam-
ic stability of zinc–ligand complexes in ZnCl2–NH3Cl show that

within the near-neutral pH domain even slight changes in the
pH value can induce significant shifts in the dominant zinc
complex. This, in turn, influences both the physicochemical
properties and the buffering capacity of the electrolyte. There-
fore, a dynamic cell-level model of a ZAB with a near-neutral
electrolyte should also consider the coupled effects of pH

value and aqueous zinc concentration. Our quasiparticle ap-

proach makes this possible.
In this work, we present the first mathematical model of

zinc–air batteries with aqueous ZnCl2–NH4Cl electrolytes. In the
following sections, we discuss the thermodynamic basis for

our model (electrolyte equilibrium thermodynamics) and pres-
ent a new method for modeling buffered aqueous electrolytes

(quasiparticle model). We provide an overview of the parame-

ters and conditions implemented in the model (computational
details) and discuss the predictions of the resulting simulations

(results and discussion). We compare the results of our simula-
tions with existing experimental measurements, perform an ini-

tial optimization of the ZAB cell, and suggest topics for further
research.

Model Development and Application

Electrolyte equilibrium thermodynamics

In this section, the equilibrium thermodynamics of aqueous ZnCl2–
NH4Cl solution is discussed. A framework for the thermodynamic
model of this system was already laid out in existing works.[20, 21]

The first step in modeling the dynamic behavior of ZnCl2–NH4Cl
was to understand its equilibrium composition. In the electrolyte,
zinc may exist as either free Zn2 + ions or zinc–ligand complexes.
Within the near-neutral pH range, the stability of the aqueous
zinc–ligand complexes is very sensitive to changes in the electro-
lyte environment.[19–21, 33] Understanding the coupled effects be-
tween the formation of these complexes and electrolyte pH value
is essential to interpret the performance of the ZAB. To predict this
behavior, we developed a thermodynamic model of aqueous
ZnCl2–NH4Cl in the near-neutral pH domain.
Our model considered a total of 16 aqueous species. These in-
cluded elementary species (H+ , OH@ , Zn2 + , Cl@ , NH4

+ , and NH3),
zinc–chloride complexes (ZnCl+ , ZnCl2, ZnCl3

@ , and ZnCl4
2@),

zinc–ammine complexes (Zn(NH3)2+ , Zn(NH3)2
2 + , Zn(NH3)3

2 + , and
Zn(NH3)4

2+), and ternary zinc complexes (ZnCl3(NH3)@ and
ZnCl(NH3)3

+). Additionally, four solid discharge products were pos-
sible in the model: ZnO, Zn(OH)2, ZnCl2·4 Zn(OH)2·H2O, and
ZnCl2·2 NH3.
The homogeneous electrolyte reactions and their corresponding
thermodynamic equilibrium constants[20, 21, 28] are summarized in
Table 1. According to the law of mass action, for a system at con-
stant temperature the value of the equilibrium quotient is con-
stant. For example, the equilibrium quotient of the ZnCl4

2@ reaction

is expressed as ½ZnCl4
2@ A

Zn2þ½ A Cl@½ A4 ¼ b, where b= 100.30. In this notation,

square brackets are used to denote concentrations ([X] = cX) in
mol L@1. Using these equilibrium expressions, the concentration of
any aqueous species can be expressed in terms of its stability con-
stant and a combination of Zn2 + , Cl@ , and NH3.
The electrolyte was prepared by adding NH4OH to an aqueous so-
lution of ZnCl2–NH4Cl until the desired pH value was achieved. As
such, the total amount of chloride, zinc, and nitrogen in the
system were known and conserved quantities. They were deter-
mined from the weighted sums of the concentrations of the com-
ponent species. The total (T) chloride and zinc concentrations are
expressed as Equations (5) and (6):

½ClAT ¼½Cl@A þ
X4

m¼1

m ½ZnClm
2@mA þ 3 ½ZnCl3ðNH3Þ@Aþ

½ZnClðNH3Þ3þA
ð5Þ

½ZnAT ¼½Zn2þA þ
X4

n¼1

½ZnðNH3Þn2þA þ
X4

m¼1

½ZnClm
2@mAþ

½ZnCl3ðNH3Þ@A þ ½ZnClðNH3Þ3þA
ð6Þ

where m and n describe the stoichiometry of the zinc–chloride and
zinc–ammine complexes, respectively. The nitrogen atoms in the
system are distributed between ammonium and ammonia. The
total amount of ammonia is given by Equation (7):

½NH3AT ¼½NH3A þ
X4

n¼1

n ½ZnðNH3Þn2þA þ ½ZnCl3ðNH3Þ@Aþ

3 ½ZnClðNH3Þ3þA
ð7Þ

and the total nitrogen content is expressed as Equation (8)

½NAT ¼ ½NH3AT þ ½NH4
þA ð8Þ

Finally, the local electroneutrality condition in the system must
hold, which gives the following relation [Eq. (9)]:

2 ½ZnAT þ ½NH4
þA þ ½HþA@½ClAT@½OH@A ¼ 0 ð9Þ

Considering the twelve equilibrium expressions in Table 1, the con-
served quantities in Equations (5), (6), and (8), and the electroneu-
trality condition in Equation (9), we had sixteen equations and
could solve for the sixteen unknown concentrations in the electro-
lyte.

Table 1. Homogeneous reactions in the electrolyte and the correspond-
ing thermodynamic stability constants[20, 21, 28] for ionic strengths 2–8.

Reaction log10b

Zn2 + + Cl@QZnCl+ 0.10
Zn2 + + 2 Cl@QZnCl2 0.06
Zn2 + + 3 Cl@QZnCl3

@ 0.10
Zn2 + + 4 Cl@QZnCl4

2@ 0.30
Zn2 + + NH3QZn(NH3)2 + 2.38
Zn2 + + 2 NH3QZn(NH3)2

2+ 4.88
Zn2 + + 3 NH3QZn(NH3)3

2+ 7.43
Zn2 + + 4 NH3QZn(NH3)4

2+ 9.65
Zn2 + + 3 Cl@+ NH3QZnCl3(NH3)@ 3.15
Zn2 + + Cl@+ 3 NH3QZnCl(NH3)3

+ 7.90
NH3 + H+QNH4

+ 9.80
OH@+ H+QH2O 13.96
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When the solubility of zinc in the electrolyte is exceeded, solid
products precipitate. These reactions reduce the total zinc, chlo-
ride, and nitrogen concentrations in the liquid phase, and the for-
mation of solid products plays a decisive role in the performance
of the ZAB. Table 2 lists the various solid discharge products con-
sidered in our model, their thermodynamic solubility products and
theoretical energy densities as the final discharge products of a
neutral ZAB. To incorporate the effects of precipitation into our
model, we expressed the solubility, for example of ZnCl2·2 NH3, as
[Zn2 +][Cl@]2[NH3]2 = Ksp, where the solubility product constant Ksp =

10@6.42 (mol L@1)5 and the concentrations are in mol L@1.
The final discharge product in ZABs should be ZnO. It is well docu-
mented that the product of zinc batteries with ZnCl2–NH4Cl elec-
trolyte is either ZnCl2·2 NH3 or ZnCl2·4 Zn(OH)2·H2O, depending on
the pH value and ZnCl2/NH4Cl ratio.[23–26, 33, 35, 36] The precipitation of
these products presents two main challenges for cell design: they
consume chloride from the electrolyte and they have molar vol-
umes that are significantly larger than zinc metal.
The molar volume of the precipitates has two effects on cell per-
formance: it reduces the overall energy density of the battery and
it can contribute to the flooding of the GDE. The theoretical
energy density of a ZAB based on each of the final discharge prod-
ucts was calculated as Equation (10):

1E
p¼ 2F

UOC

V
ð10Þ

where UOC is the open-circuit voltage of the cell [V] , F is the Fara-
day constant [Ah mol@1] , and V is the molar volume of the solid
product and consumed electrolyte [L mol@1] . The ZAB was assumed
to be rigid with a fixed volume. Volume expansion caused by the
precipitation of these solids forces electrolyte into the GDE and de-
grades the performance of the cell. The loss of chloride causes the
ionic conductivity of the electrolyte to decrease.
Using the model described above, we determined the equilibrium
composition of the electrolyte and the zinc solubility given the ini-
tial formulation.

Quasiparticle model

We present a method for modeling the dynamic behavior of buf-
fered aqueous electrolytes. The following derivation is geared to-
wards readers active in modeling and simulation. Experimentally
inclined readers may wish to continue to the section on computa-
tional details.
A method of modeling electrolyte transport on the continuum
scale was already derived and validated.[1, 37–45] An overview of this
method applied to ZABs is provided in the Supporting Information.
The transport of solutes in the electrolyte was derived from non-
equilibrium thermodynamics[1] and can be expressed in generic
terms by the mass-continuity equation [Eq. (11)] ,

@ðcieeÞ
@t

¼@~r? ~NDM

i

0 /
@ ~r? ~NC

i

0 /
þ _si

ð11Þ

(where t is time, ee is the volume fraction of the electrolyte, ~N
DM

i is
the diffusion–migration flux, ~N

C

i is the convection flux and ṡi is the
source term) and the charge-continuity equation [Eq. (12)] ,

0 ¼@~r?~j þ
X

i

zi _si ð12Þ

(where ~j is the electrolyte current density and zi is the charge
number of the solute).
Transport in strongly acidic or basic electrolytes is driven only by
heterogeneous chemical reactions, such as those shown in Tables 3
and 4; thus, the continuity equations described above can be
easily solved. However, in buffered neutral electrolytes, homogene-
ous electrolyte reactions can cause the concentrations of individual
solutes to shift by orders of magnitude, as shown in the previous

section. The enormous changes in concentration make a numerical
solution for the continuity equations infeasible. Our quasiparticle
framework addressed this challenge. By defining a set of quasipar-
ticles that described the conserved quantities of the homogeneous
reactions, we were able to easily solve the continuity equations
and determine the state of the electrolyte under dynamic condi-
tions.

Generic form

Please note that the quasiparticles represent quantities that are
conserved in the homogeneous reactions. The concentration of
the quasiparticles (cq) can be defined in terms of the concentra-
tions of its constituent components [Eq. (13)]

cq¼
X

i

ti;qci ð13Þ

where ti,q describes the stoichiometry of the solute i in the quasi-
particle q and may take on values ti;q 2 Z .
The homogeneous electrolyte reactions are listed in Table 1. The
solute source term attributable to these reactions (_sh

i ) was defined
as Equation (14)

Table 2. Solid discharge products with the corresponding thermodynam-
ic solubility products[20, 21, 34] and theoretical energy densities of a cell with
pH 7.

Precipitate log10Ksp 1E [Wh Lprecip
@1]

ZnCl2·2 NH3 @6.42 303
ZnCl2·4 Zn(OH)2·H2O @14.2 948
Zn(OH)2 @17 1782
ZnO @16.7 6093

Table 3. Fundamental reactions of the zinc–air cell.

Reaction E0 [V]

ZnQZn2 + + 2 e@ @0.762
0.5 O2(aq) + 2 H+ + 2 e@QH2O 1.229
O2(g)QO2(aq) –

Table 4. Precipitation reactions in ZnCl2–NH4Cl.

Reaction

Zn2 + + 2 Cl@+ 2 NH3QZnCl2·2 NH3(s)
5 Zn2 + + 2 Cl@+ 9 H2OQZnCl2·4 Zn(OH)2·H2O(s) + 8 H+

Zn2 + + 2 H2OQZn(OH)2(s) + 2 H+

Zn2 + + H2OQZnO(s) + 2 H+
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_sh
i ¼
X

r

~k
h

r ni;r ð14Þ

where ~k
h

r is the rate of the homogeneous reaction r and ni,r is the
stoichiometric coefficient of the solute i in the reaction r. Using the
stoichiometric coefficient for the quasiparticle (ti,q), the solute
source term was converted into a source term for the quasiparti-
cles [Eq. (15)]:

_sh
q¼
X

i;r

~k
h

r ni; rti;q ð15Þ

We demanded that the relation
P

i ni; rti;q¼ 0 holds, such that for
any ~k

h

r Equation (16) was valid:

_sh
q¼0 ð16Þ

Thus, the homogeneous reactions do not contribute to the quasi-
particle source term.
Mathematically speaking, the quasiparticles were defined such that
the vectors ~ti¼

P
q ti;q~eq spanned the kernel of the matrix nT. Con-

sidering that the electrolyte is locally charge neutral, the number
of quasiparticles needed to describe the system (nq) is given by the
difference of the number of solutes (ns) and the number of homo-
geneous reactions (nhr), nq = ns@nhr@1.
By assuming that the kinetics of the homogenous electrolyte reac-
tions are fast, we calculated all individual solute concentrations
from a few quasiparticle concentrations. The transport of the quasi-
particles is determined by the transport of their individual constitu-
ents, assuming that the homogeneous reactions occur very quickly.
Therefore, the diffusion–migration flux for quasiparticle q becomes
Equation (17):

~N
DM

q ¼
X

i

ti;q
~N

DM

i ¼eb
e

X
i

ti;qDi
~rci

0 /
þ
X

i

ti;q

ti

ziF

. -
~j ð17Þ

where b is the Bruggeman coefficient, Di is the diffusion coefficient,
zi is the charge number, and ti is the transference number of the
solute. The convective flux of quasiparticle q is defined by Equa-
tion (18):

~N
C

q¼eb
e cq~ve ð18Þ

where ~ve is the center-of-mass velocity of the electrolyte. How the
electrolyte equation of state and current-density equation are de-
rived can be found in the Supporting Information. Now the trans-
port equations for the quasiparticles can be expressed as

@ðcqeeÞ
@t

¼@~r? eb
e

X
i

ti;qDi
~rci

0 /
þ
X

i

ti;q

ti

zi F

. -
~j

" #

@~r? e
~b
e cq~ve

0 /
þ_se;p

q

ð19Þ

0 ¼@~r?~jþ
X

zi _s
e
i ð20Þ

where _se;p
q is the source term due to the combined electrochemical

and precipitation reactions, and _se
i is the source term due to the

electrochemical reactions.
Because charge is conserved in the homogeneous reactions, they
do not contribute to the electroneutrality equation. Our quasiparti-
cle formulation provides a simple method for modeling a series of
coupled chemical reactions taking advantage of the conservation
of atom numbers and charge. In the next section, we applied this
model to the ZnCl2–NH4Cl system.

Quasiparticle framework in the ZnCl2–NH4Cl system

The ZnCl2–NH4Cl system consists of 16 solutes spanning 12 homo-
geneous reactions. Therefore, three quasiparticles were needed. To
describe the quantities conserved in the homogeneous electrolyte
reactions, we defined the following quasiparticles: ammonia (fNH3),
ammonium (fNH4), and zinc (fZn). According to the definition in
Equation (13), the concentrations of the ammonia and zinc quasi-
particles are expressed as Equation (21)

fNH3

h i
¼ NH3½ Aþ

X4

n¼1

n Zn NH3ð Þn2þ½ Aþ ZnCl3 NH3ð Þ@½ Aþ

3 ZnCl NH3ð Þ3þ½ A@ Hþ½ Aþ OH@½ A
ð21Þ

and Equation (22)

½fZnA ¼ Zn2þ½ Aþ
X4

n¼1

Zn NH3ð Þn2þ½ Aþ
X4

m¼1

ZnClm
2@m½ Aþ

ZnCl3 NH3ð Þ@½ Aþ ZnCl NH3ð Þ3þ½ A
ð22Þ

The concentration of the ammonium quasiparticle is expressed as
Equation (23):

fNH4

h i
¼ NHþ4
@ >þ Hþ½ A@ OH@½ A ð23Þ

The sum of fNH4 and fNH3 gives the total concentration of nitrogen
[Eq. (24)] whereas the total chloride concentration [Eq. (26)] is ex-
pressed by a combination of fNH4 and fZn, assuming local electro-
neutrality. The total zinc concentration is given by fZn [Eq. (25)] .

N½ AT¼ fNH3

h i
þ fNH4

h i
ð24Þ

Zn½ AT¼ ½fZnA ð25Þ

Cl½ AT¼ 2 fZn
h i

þ fNH4

h i
ð26Þ

We defined quasiparticles such that the homogeneous reactions
do not contribute to the quasiparticle source term [as shown in
Eq. (16)] . The source term is instead governed by the electrochemi-
cal and precipitation reactions listed in Tables 3 and 4. We rewrote
the stoichiometric equations for these reactions to reflect the qua-
siparticle definitions, as shown in Table 5.

To solve the system, we defined the initial pH value and the total
chloride and total zinc concentrations of the system. The concen-
tration of the quasiparticles are given by the mass and charge-con-
tinuity equations [Eqs. (19) and (20)] , and we used Equations (24),
(25), and (26) to solve for [Zn2 +] , [Cl@] , and [NH3] . With these quan-
tities, the concentrations of all 16 aqueous solutes and the volume
fractions of the four solids could be determined.

Table 5. Reactions that contribute to the quasiparticle source terms.

Reaction

ZnÐfZnþ2e@
1
2 O2 aqð Þþ2fNH4þ2e@Ð2fNH3þH2O
5fZnþ8fNH3þ9H2OÐ8fNH4þZnCl2?4Zn OHð Þ2?H2OðsÞfZnþ2fNH3ÐZnCl2?2NH3ðsÞfZnþ2fNH3þ2H2OÐ2fNH4þZn OHð Þ2ðsÞfZnþ2fNH3þH2OÐ2fNH4þZnOðsÞ
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Computational details

In this section, we discuss the computational details of our model,
including the initial conditions and loads used for the simulations.
More information on this topic, as well as a complete list of the
physical, chemical, and numerical parameters[13, 14, 20, 21, 27, 28, 42, 43, 46–61]

implemented in the model, is presented in greater detail in the
Supporting Information.

Model implementation

Our ZAB model consisted of a system of 13 equations: 5 solid-
volume-conservation equations, 4 mass-continuity equations, 1
charge-continuity expression, 1 electrolyte-mass-continuity equa-
tion, 1 electrolyte-pressure equation of state, and 1 galvanostatic
expression. A complete list of the equations is available in the Sup-
porting Information. A 1D finite volume model was developed in
MATLAB to implement the theory described above. The mesh was
generated with fixed compartment sizes in the Zn electrode and
GDE and a variable cell size in the separator. The system of equa-
tions was solved using the ode15i solver, a fully implicit solver for
differential and algebraic equations.
The computational domain of the ZAB model consisted of the Zn
electrode, separator, and GDE. The domain began at the Zn elec-
trode current collector (x = 0) and ended at the GDE current collec-
tor (x = Lcell), where Lcell is the total thickness of the cell.

Simulation conditions

Our first full-cell simulation was based on the ZAB developed by
Goh et al.[13] The electrolyte was 0.51 m ZnCl2–2.34 m NH4Cl with
the pH value adjusted to 6 through the addition of NH4OH. For
simplicity, this electrolyte is referred to in the text as Electrolyte A.
The anode was a polished zinc foil with a thickness of 0.5 mm, and
the cathode was a carbon GDE loaded with 4.5 mg cm@2 MnO2 as
catalyst. The Zn electrode and the GDE were 30 mm apart and sep-
arated by an electrolyte bath. The cell was discharged at
5 mA cm@2 for 4 h and charged at 2.5 mA cm@2 for 8 h. This cell is
referred to in the text as Cell A.
Our second full-cell simulation was based on the work of Sumboja
et al.[14] The electrolyte was 0.26 m ZnCl2–5 m NH4Cl with the pH
value adjusted to 7. This electrolyte is referred to in the text as
Electrolyte B. The anode was a polished zinc foil with a thickness
of 0.5 mm, and the cathode was a carbon GDE loaded with
4.5 mg cm@2 MnO2. The electrodes were 24 mm apart and separat-
ed by an electrolyte bath. The cell was discharged at 1 mA cm@2

for 2 h and charged at 1 mA cm@2 for 2 h. This cell is referred to in
the text as Cell B.
Finally, we performed a series of simulations in which the electro-
lyte composition and cell architecture were adjusted to represent a
feasible battery. Simulations were carried out to optimize the sepa-
rator thickness, electrolyte composition, and the architecture of
the Zn electrode. The performance of these cells was rated accord-
ing to pH stability, composition of the discharge product, and the
overall energy density of the battery. The optimization simulations
were performed under galvanostatic conditions with a charge–
discharge current density of 1 mA cm@2.

Results and Discussion

In this section, we present the results of our simulations and
discuss the significant findings. We begin by considering the

equilibrium composition of the electrolyte and its dependence
on the pH value and zinc and chloride concentration. We con-
tinue by analyzing the galvanostatic cycling performance of
Cell A and compare it with the modifications introduced in

Cell B. Finally, we present an optimization of cell performance
based on cell design and electrolyte composition and discuss

important aspects for future development.

Electrolyte composition

The composition of aqueous ZnCl2–NH4Cl strongly depends on
the total zinc and chloride concentrations as well as on the pH

value of the solution.

Figure 2 shows the distribution of zinc–ligand complexes for
a system of constant total zinc and chloride concentrations

with variations in the pH value. At low pH values, the concen-

tration of NH3 in solution is very low. As a result, Zn2 + tends to

form complexes with Cl@ ions. As the pH value of the system
increases, NH4

+ begins to dissociate and more NH3 becomes
available. In the neutral pH range, ternary zinc–chloride–
ammonia complexes dominate. Finally, NH3 is available in sig-

nificant quantities and zinc–ammine complexes (Zn(NH3)4
2 +)

dominate.

The buffering effect in the near-neutral pH range is deter-
mined by the formation of zinc–ammine complexes. As a weak
acid, NH4Cl acts as a pH buffer on its own, NH4

+QNH3 + H+ .

But as the concentration of NH3 in the solution increases, the
reaction approaches its equivalence point and the pH becomes

alkaline. By taking up excess NH3, the zinc–ammine complexes
allow the NH4

+QNH3 + H+ reaction to act as a proton source

while keeping the concentration of free NH3 relatively low. As

shown in Figure 2, the zinc–ammine complexes stabilize the
pH value in the range between circa 6 (where ZnCl3(NH3)@

begins to dominate) and circa 9.8 (where the NH4
+/NH3 reac-

tion reaches its equivalence point). This is one of the main rea-

sons why the electrolyte should be a mix of ZnCl2 and NH4Cl
and not a pure solution of one or the other. Figure 3 presents

Figure 2. Aqueous zinc complex distribution vs. pH value for 0.51 m ZnCl2–
2.34 m NH4Cl electrolyte. At acidic pH values, low NH3 concentrations cause
the solution to be dominated by zinc–chloride complexes. As the pH in-
creases, more NH3 becomes available, leading first to mixed complexes in
the near-neutral domain and finally to the dominance of zinc–ammine com-
plexes.
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the thermodynamic stability diagrams of both the zinc–ligand
complexes and the solid precipitates for a fixed total chloride

concentration while varying the pH value and total zinc con-

centration. The colored regions correspond to dominant zinc–
ligand complexes, the colored lines show the solubilities of the

precipitates, and the dashed lines represent paths of constant
total nitrogen concentration. Because the total nitrogen con-

centration is constant (in the absence of precipitation and
evaporation), the electrolyte composition will follow the

dashed lines as the cell is discharged or charged. For pH

values between 6 and 10, zinc can be dissolved without signifi-
cantly altering the pH value. This represents the buffer effect

caused by the uptake of NH3 by the zinc–ligand complexes.
The precipitates considered in the model are insoluble in

the near-neutral pH domain. Consider the system shown in
Figure 3 a. By locating the initial condition of pH 6 and [Zn]T =

0.51 mol L@1 (Electrolyte A) and following the dashed path of

constant nitrogen concentration, ZnCl2·4 Zn(OH)2·H2O is the
first solid to precipitate, followed by Zn(OH)2 and ZnO. The

thermodynamically favored solid discharge product can
change according to the pH value and the amount of chloride

in the electrolyte, as shown in Figure 3 b. Starting at the initial
conditions pH 7 and [Zn]T = 0.26 mol L@1 (Electrolyte B), the

path of constant nitrogen concentration leads directly into the

region of ZnCl2·2 NH3 insolubility. Therefore, it is possible to
tune the initial composition of the electrolyte to favor the de-
sired discharge product. This shift in the solid product was also
noted in experimental investigations of zinc–carbon batter-

ies.[26, 36]

Cell operation and experimental validation

Our simulations elucidate the physicochemical processes that

occur in the cell during galvanostatic operation. We begin by
simulating the performance of neutral ZABs reported in litera-

ture. The experimental evaluation of Cell A[13] shows that under
the operating conditions considered in the simulation it can

be operated for up to 26 full charge–discharge cycles over

about 13 days. We investigate the changes in the electrolyte
during cycling, compare the simulated cell voltage with the ex-

perimental voltage profiles, and predict possible causes of fail-
ure. The development of Cell B builds on the progress of

Cell A. The experimental investigation[14] shows that the cell
can be stable operated for 540 cycles over 90 days. We simu-

late the design changes introduced in Cell B and consider
what effects could be responsible for the gain in lifetime.

First, the basic processes occurring in the ZAB during galva-

nostatic cycling are investigated. Figure 4 a, c, and e show the
concentration profiles of zinc, NH3, and pH value as the cell is

discharged. When the discharge of Cell A begins, the metallic
Zn electrode is dissolved to form aqueous species, which may

exist as either zinc–ligand complexes or solvated Zn2 + ions. At
the GDE, the ORR consumes H+ , and the NH4

+QNH3 + H+ re-

action (combined with the uptake of NH3 by the zinc–ligand

complexes) stabilizes the electrolyte pH value. Figure 4 a shows
that at the end of discharge zinc in the GDE exists mostly as

complexes with NH3. Once zinc exists exclusively as Zn(NH3)4
2 + ,

then its capacity to take up excess NH3 is exhausted and the

concentration of NH3 increases as shown in Figure 4 c. When
the concentration of NH3 approaches its equivalence point

with NH4
+ , the pH value becomes steadily more alkaline in the

GDE, as shown in Figure 4 e. At the Zn electrode, the small
amount of NH3 present is taken up by the excess Zn2 + ions

and the pH value becomes slightly more acidic.
Figure 4 b, d, and f show the concentration profiles in the

cell during charging. When the cell is charged, aqueous zinc is
redeposited at the Zn electrode. At the GDE, the OER produces

H+ and the equilibrium of the NH4
+QNH3 + H+ reaction

moves towards NH4
+ . The NH3 that had formed complexes

with Zn2 + during discharge is now released back into the solu-

tion to stabilize the equilibrium with NH4
+ . Figure 4 b shows

that at the end of charging, zinc in the GDE has released all of

the available NH3 and exists exclusively as zinc chloride com-
plexes. Figure 4 d shows that during the OER, the concentra-

tion of NH3 in the GDE steadily decreases as it is converted
into NH4

+ . Once the NH3 released from the locally available
zinc complexes is exhausted, additional NH3 must diffuse into

the GDE from the separator. However, some of the zinc–
ammine complexes produced during discharge diffuse into the

bulk electrolyte and they cannot be quickly transported to the
GDE. These effects have significant consequences for the pH

value in the cell. Because the amount of NH3 in the GDE is no

longer sufficient to convert the H+ produced by the OER into
NH4

+ , the pH value becomes acidic at the end of charging.

This effect is shown in Figure 4 f. Conversely, the increase in
the concentration of NH3 at the Zn electrode causes the pH

value in that region to become slightly more alkaline.

Figure 3. Dominant aqueous zinc complexes and discharge product solubilities for a total chloride concentration of (a) 3.36 mol L@1 (Cell A) and
(b) 5.54 mol L@1 (Cell B). Each colored region of the charts corresponds to the composition of the dominant zinc complex (unit less). The solid lines correspond
to the solubility of the various precipitates. The dashed lines show paths of constant nitrogen concentration in the electrolyte.
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MnO2 is often used as an OER catalyst in alkaline and neutral
solutions, but it is known to be unstable under acidic condi-
tions due to the dissolution of Mn.[62–64] If the pH value in the
GDE drops to a value of 1 or below, as occurs during the

charging of Cell A (Figure 4 f), the risk of accelerated catalyst
degradation is increased.

Figure 5 compares the simulated cell voltage over three
cycles with experimental data. During discharge, there is a

slight negative slope in the cell potential, which can be attrib-
uted to the pH shift in the GDE. Between the first and second

discharges there is a positive shift in cell potential. In our

model it is circa 100 mV, in the experimental data it is circa
250 mV. This shift in discharge voltage is due partly to the in-

crease in the active surface area of the Zn electrode.
Initially, the Zn electrode is a polished sheet, but when zinc

is electrodeposited, it takes on a porous morphology. This
leads to an increase in the active surface area of the Zn elec-

trode and a decrease in the overpotential of the electrochemi-

cal reaction. Our model considers this effect by altering the
pore size of the deposited zinc. More information on this topic

is available in the Supporting Information. However, the over-
potential of the zinc reaction cannot be solely responsible for

a 250 mV voltage shift. There may be other mechanisms (such
as activation of the MnO2 catalyst) occurring simultaneously,

Figure 4. Electrolyte composition in Cell A during discharging and charging. At the end of discharging (a), zinc in the GDE exists as Zn(NH3)4
2 + . Once the ca-

pacity of zinc to take up NH3 is completely utilized, NH3 accumulates in the GDE (c). As the NH4
+/NH3 solution approaches its equivalence point, the pH value

in the GDE becomes steadily more alkaline (e). At the Zn electrode, the small amount of NH3 present is taken up by excess Zn2 + and the pH value becomes
slightly more acidic. When the cell is charged, the production of H+ in the GDE pushes the equilibrium of the ammonium buffer back towards NH4

+ . The
zinc–ammine complexes release NH3 back to the solution as charging progresses, and at the end of charging, zinc in the GDE exists exclusively as zinc–chlo-
ride complexes (b). To stabilize the pH value in the GDE, there must be NH3 available for the conversion into NH4

+ . However, a considerable amount of the
NH3 produced during discharging diffuses into the bulk electrolyte and cannot be quickly recovered. This leads to a depletion of NH3 in the GDE (d). At the
Zn electrode, the concentration of NH3 increases because of the redeposition of zinc. Without NH3 to stabilize the pH value, the electrolyte in the GDE be-
comes acidic (f). At the Zn electrode, the loss of aqueous Zn2 + and the relative excess of NH3 cause the pH value to increase.

Figure 5. Simulated voltage profile of Cell A over three charge–discharge
cycles, compared with experimental results ;[13] jd = 5 mA cm@2, td = 4 h,
jc = 2.5 mA cm@2, tc = 8 h.
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which could increase the magnitude of the voltage shift be-
tween the first and second discharge. Further experimental

data is required to accurately characterize this effect.
As noted in the previous sections, the final product has a

significant effect on cell performance. In the case of Cell A,
however, the discharge capacity is rather small and the cell is

operated with an excess of electrolyte. Few solids precipitate,
and they have little effect on the cell performance.

In summary, Cell A shows that a zinc–air battery can be relia-

bly cycled in the ZnCl2–NH4Cl electrolyte. However, the shift to-
wards acidic pH values in the GDE can limit the material stabili-
ty and cell lifetime. Cell B addresses one of these challenges.
The results of our simulation are very similar to those in Cell A,
with one notable exception: the pH value in Cell B remains in
the near-neutral regime when cycled. By avoiding the drop to

acidic pH values, the stability of the catalyst and GDE is main-

tained, and the cell lifetime is improved. The pH profile of the
cell at the end of discharge and end of charge are shown in

Figure 6.

There are a few factors that contribute to the gain in pH sta-

bility. First, Cell B is charged at a lower current density, which
reduces the NH3 concentration gradient and allows more of

the capacity of the buffer solution to be utilized. Second, the
initial pH value of the electrolyte is 7 instead of 6. That means

that initially there is more NH3 in solution. More importantly,
the state of the aqueous zinc ion is dominated by zinc–

ammine complexes. As the pH drops to more acidic values,
these complexes can release NH3 to the electrolyte. Third, the
separator length is shorter, which reduces the magnitude of

the NH3 concentration gradient and limits the distance NH3

can diffuse away from the GDE. More information is available

in the Supporting Information.
Although Cell B does show a dramatic gain in lifetime and

pH stability over Cell A, it is operated at a lower current densi-

ty and to a shallower depth of discharge (DoD). Our simula-
tions show that the zinc solubility in the electrolyte is barely

breached, and few solids precipitate.
Cell B represents another important step towards designing

a practical neutral zinc–air cell, but questions remain. In the
following simulations we show what happens when the cell is

discharged to states at which significant amounts of solids pre-
cipitate, and investigate how the electrolyte composition and

cell design may be optimized.

Cell-design optimization

The experimental studies modeled in the previous section
show the general viability of the neutral electrolyte for secon-

dary zinc–air battery applications. However, these cells are op-
erated at relatively shallow DoDs, thereby avoiding complica-

tions that could arise due to the precipitation of chlorine-
containing solids.

The precipitation of solids in the zinc–air cell induces a

volume expansion, which has the potential to flood the GDE. A
means of moderating the electrolyte level is necessary to avoid

this effect. In commercial ZAB button cells, a gas void is includ-
ed in the Zn electrode,[1] which provides room for the elec-

trode to expand during discharge without forcing electrolyte
into the GDE. We introduce this mechanism in our model by
considering the entire domain of the ZAB to be a porous struc-

ture, the saturation of which is calculated using the Leverett
approach described in the Supporting Information. The porous

structures are initially 40 % saturated.
The Zn electrode used in the experimental studies is a pol-

ished foil. While this is beneficial for studying the kinetics of
the electrochemical reaction, it is impractical for use in a real
battery. Commercial ZABs use zinc powder with particles on
the order of 100 mm in diameter.[65] This powder may then be

mixed with binder and electrolyte to form a paste. We consider

a Zn paste electrode for our optimizations. Cells A and B fea-
ture a bath of excess electrolyte. This ensures that the cell

always has sufficient amounts of electrolyte available, but it
can lead to strong concentration gradients, increase the inter-

nal resistance of the cell, and lower the overall energy density.
It is beneficial to design the cell using a thinner separator.

Figure 7 shows the pH profile across the cell for various sep-

arator thicknesses at the end of charging. Reducing the thick-
ness of the separator improves the performance of the battery

in three notable ways. First, it reduces the length of the trans-
port paths in the battery, allowing more efficient utilization of

NH3. Second, the reduced volume of the electrolyte accelerates

Figure 6. pH profiles of Cell B at the end of the first discharge cycle and end
of the first charge cycle.

Figure 7. Gradients of the pH value at the end of charging for different sep-
arator distances versus the normalized length of the cell.
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the precipitation of solids, which stabilizes the buffer solution.
Third, the reduction of excess volume increases the energy

density of the cell. The simulations show that for low current
densities (1 mA cm@2), separator lengths less than 2 mm are

sufficient to maintain a stable pH value. As the energy density
is inversely proportional to the separator length, we choose a

0.5 mm separator for the remainder of the optimizations.
With the optimum size of the separator defined, we turn our

attention to the electrolyte composition. We define a standard

test architecture to evaluate the effects of different electrolytes
on battery performance. Our standard cell consists of a Zn

electrode 5 mm in length, a 0.5 mm separator, and a 0.5 mm
GDE. The cell is operated at 1 mA cm@2. We first search for elec-

trolyte compositions that thermodynamically favor the desired
discharge product. Then we evaluate the stability of the elec-

trolytes during cell operation.

According to existing studies on zinc–carbon batteries and
the thermodynamic analysis presented previously, the thermo-

dynamically favored discharge product in most cases is either
ZnCl2·2 NH3 or ZnCl2·4 Zn(OH)2·H2O. As these solids precipitate,

the aqueous chloride concentration decreases, altering the
properties of the electrolyte. For the system to function as a

zinc–air battery, the discharge product should be ZnO or alter-

natively Zn(OH)2.
To predict an electrolyte composition that features a stable

chloride concentration in the near-neutral pH regime and pre-
cipitates as either ZnO or Zn(OH)2, we revisit the thermody-

namic analysis from the section on electrolyte composition.
The risk of precipitating chlorine-containing solids increases

with increasing the total chloride concentration. For a total
chloride concentrations of circa 3 mol L@1 and pH values above

7.5, Zn(OH)2 is the thermodynamically favored product. The ini-
tial electrolyte composition should be formulated such that it

is at the solubility limit of Zn(OH)2 to facilitate precipitation.
We therefore propose an electrolyte composition of 0.5 m
ZnCl2–1.6 m NH4Cl with the pH adjusted to 8 (referred to in the
text as Electrolyte C). Evaporation of NH3 through the GDE is
not considered in this analysis and should be a topic for fur-

ther research. More information on this topic is available in the
Supporting Information.

We evaluate the performance of Electrolytes A, B, and C by
simulating the complete discharge of the test cell architecture
to a cut-off voltage of 0.6 V. Figure 8 a shows the total volume
fractions of solid precipitates in the cell and the total chloride

concentration versus discharged capacity, and Figure 8 d shows
the cell voltage and average pH value in the GDE for Electro-
lyte A. The discharge occurs in three stages. In the first

stage, the total chlorine concentration decreases as
ZnCl2·4 Zn(OH)2·H2O precipitates. The pH value in the GDE be-

comes steadily more alkaline. This is because the precipitation
of ZnCl2·4 Zn(OH)2·H2O only removes 1.6 OH@ for every Zn2 +

precipitated. In stage 2, the chloride concentration decreases

to the lower solubility limit of ZnCl2·4 Zn(OH)2·H2O and the
dominant discharge product shifts to Zn(OH)2. The pH value in

the GDE begins to stabilize, because the precipitation of
Zn(OH)2 removes 2 OH@ for every Zn2 + precipitated. In the final

stage, the capacity of the buffer solution is exhausted and the

Figure 8. Stability of the total chloride concentration and pH value in ZAB standard test architecture (LZn = 5 mm) during discharge for various electrolyte
compositions. For electrolytes with high initial chloride concentrations (a) and (b), the precipitation of chlorine-containing solids reduces the total chloride
concentration until Zn(OH)2 begins to precipitate. By reducing the total chloride concentration and moving to slightly alkaline pH values (c), the discharge
product becomes exclusively Zn(OH)2 and the chloride content of the electrolyte is stabilized. The pH stability of the electrolyte is also affected by the dis-
charge product. For electrolytes in which ZnCl2·4 Zn/OH)2·H2O precipitation dominates, the buffer solution is not effectively replenished and the pH is unstable
(d). The effects of the pH variations can be seen in the cell potential. The precipitation of ZnCl2·2 NH3 and Zn(OH)2 adequately stabilizes the pH value [(e) and
(f)] . For these reasons, ZnO or Zn(OH)2 are the desired discharge products.
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pH value in the GDE becomes alkaline. Small amounts of ZnO
precipitate.

Figure 8 b and e shows the discharge characteristics of a test
cell with Electrolyte B. Again, the discharge occurs in three

stages. In the first stage, the total chloride concentration de-
creases rapidly as ZnCl2·2 NH3 precipitates and the pH value
remains stable. The second stage begins when the total
chloride concentration is reduced to a level at which
ZnCl2·4 Zn(OH)2·H2O precipitation is favored. The pH value be-
comes steadily more alkaline because of insufficient removal of
OH@ . In the final stage, the discharge product shifts to Zn(OH)2

and the total chloride concentration and pH value stabilize.
Figure 8 c and f shows the discharge characteristics of a test

cell using Electrolyte C. The composition of this electrolyte is
tuned to favor only Zn(OH)2 precipitation. The results show

that both total chloride concentration and pH value remain

stable throughout the discharge of the cell. The end of dis-
charge occurs when the Zn electrode is passivated by Zn(OH)2.

The shift in the solid discharge product observed in these
simulations can be clarified by re-examining the thermody-

namic stability plots in Figure 3. For high chloride concentra-
tions, neutral pH values, and total zinc concentrations less

than 1 mol L@1, the battery discharge follows a path that takes

it directly into the region of ZnCl2·2 NH3 insolubility (Figure 3 b).
When the total chloride concentration in the electrolyte is re-

duced, as shown in Figure 3 a, the dominant discharge product
becomes ZnCl2·4 Zn(OH)2·H2O for slightly acidic-neutral pH

values and Zn(OH)2 for slightly alkaline pH values.
This analysis yields a few significant insights for zinc–air

battery design. First, ZnCl2·2 NH3 and ZnCl2·4 Zn(OH)2·H2O are

not desirable discharge products. The precipitation of these
solids consumes chloride from the electrolyte and reduces the

effectiveness of the pH buffer. Second, electrolytes featuring a
high initial chloride concentration will eventually converge to a

steady-state chloride concentration at or near the solubility
limit of ZnCl2·2 NH3 and ZnCl2·4 Zn(OH)2·H2O. Therefore, it

should be noted that any advantages of high chloride concen-

tration (e.g. , improved conductivity) are only valid for shallow
discharges. Third, it is possible to tune the initial concentration
of the electrolyte to exclusively precipitate Zn(OH)2, as demon-
strated by our proposed Electrolyte C composition. Favoring

the precipitation of Zn(OH)2 over chlorine-containing solids is a
modest improvement for cell operation. However, a means to

thermodynamically or kinetically favor ZnO precipitation
should be a topic for ongoing research.

Finally, we consider the design of the Zn electrode, which
strongly influences the capacity and energy density of the bat-
tery. It is well known that passivation caused by the precipita-

tion of solid products on the electrode surface is perhaps the
biggest challenge limiting the full utilization of zinc in batter-

ies. In alkaline zinc batteries, a shell of ZnO or Zn(OH)2 forms

around the zinc particles.[65] This shell isolates the surface of
the zinc particle from the electrolyte and limits the transport

of aqueous species to and from the electrode surface. When
the thickness of the ZnO shell surpasses a critical value, the re-

sistance to mass transport becomes so great that the concen-
trations of aqueous species at the zinc surface are depleted

and the reaction cannot proceed. When this occurs, the elec-
trode is said to be passivated.

Although this effect has been extensively studied in alkaline
electrolytes, there is little research dedicated to the passivation

process in the ZnCl2–NH4Cl system. It is thought that
ZnCl2·2 NH3 is crystalline and dense and therefore presents a

high resistance to the transport of solutes between the elec-
trolyte and electrode. On the other hand, ZnCl2·4 Zn(OH)2·H2O
is amorphous and porous and presents a lower resistance to

mass transport.[26] Therefore, it is likely that ZnCl2·4 Zn(OH)2·H2O
is less passivating than ZnCl2·2 NH3 and could help achieving a
higher zinc utilization in the battery. This should be the subject
of a more in-depth study. For the purpose of this optimization,

we assume that the zinc particles are spheres with an initial di-
ameter of 100 mm. When the thickness of solid precipitates

around the particle exceeds 5 mm, the particle is considered to

be passivated.
Figure 9 shows the energy density of zinc–air batteries con-

sidering the electrolyte compositions A, B, and C discussed

previously. An electrolyte composition that favors ZnO precipi-

tation is not immediately apparent. However, it is commonly
noted that Zn(OH)2 can undergo a decomposition to ZnO.
Therefore, we evaluate what the performance of a theoretical
ideal electrolyte would be, if the precipitation of ZnO were

achieved. We set the composition for this idealized electrolyte
at 0.5 m ZnCl2–2 m NH4Cl pH 7 (referred to in the text as Elec-
trolyte D). For this analysis the Zn electrode thicknesses are

varied from 0.5 to 20 mm. A cutoff voltage of 0.6 V is used as a
reference.

For small Zn electrodes, solid precipitates accumulate and
passivate the electrode quickly. As the size of the electrode in-

creases, the passivation risk becomes less severe and a higher

fraction of the zinc is utilized, leading to a higher energy densi-
ty. For thick Zn electrodes, the long transport path for the

aqueous species destabilizes the pH value in the GDE and re-
duces the energy density and lifetime of the cell. This is

strongly the case in Electrolyte A. As shown in Figure 8 a, the
precipitation of ZnCl2·4 Zn(OH)2·H2O cannot stabilize the buffer

Figure 9. Energy density of the zinc–air cell with various electrolyte compo-
sitions versus Zn electrode thickness considering a cutoff voltage of 0.6 V.
For thin Zn electrodes, the energy density is limited by the passivation of
zinc. For thick Zn electrodes, the pH instability causes a drop in cell voltage.
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solution and the pH value becomes steadily more alkaline. This
effect is exacerbated by the longer transport paths of thick Zn

electrodes. The energy density of a cell with Electrolyte A
peaks at 116 Wh L@1. Electrolyte B shows increased pH stability,

resulting in improved energy density up to Zn electrode thick-
nesses of about 10 mm. The energy density of a cell with Elec-

trolyte B peaks at 132 Wh L@1. Electrolyte C shows a modest im-
provement in energy density over Electrolytes A and B, peak-
ing at 151 Wh L@1. Our simulations show that a theoretical ideal
electrolyte in which only ZnO is precipitated could give rise to
an energy density of 952 Wh L@1, which is comparable to com-
mercial alkaline zinc–air button cells.[1] This improvement is at-
tributable to the lower molar volume and more favorable pas-

sivation characteristics of ZnO, as outlined in Tables 2 and 4.

Conclusions

We have developed the first continuum model to simulate the

performance of zinc–air batteries (ZABs) with ZnCl2–NH4Cl elec-
trolytes. The model is based on a quasiparticle approach to de-

scribe the dynamic behavior of buffered aqueous electrolytes.

Our simulations can determine the transient and concentra-
tion-dependent behavior of the electrolyte during cell opera-

tion. The results of these simulations are in accord with exist-
ing experimental investigations from the literature and suggest

topics for future research.
The thermodynamic analysis presented in this work shows

that the composition of the electrolyte is complex and highly

sensitive to changes in pH value, total zinc concentration, and
total chloride concentration. Even small shifts in these quanti-

ties can change the state of the aqueous Zn2 + ion and alter
the thermodynamically favored precipitate.

Cell-level simulations show that concentration and pH gradi-
ents develop in the ZAB during operation and have a signifi-

cant impact on both performance and lifetime. Although

ZnCl2–NH4Cl is able to buffer the pH value of the electrolyte,
the practically achievable capacity of the buffer is limited by

the transport of NH3 between the gas-diffusion electrode
(GDE) and the separator. For cell architectures featuring a large
separator, NH3 produced during discharge cannot be readily
recovered when the cell is charged, causing the pH value in

the GDE to become acidic. This effect can be mitigated by de-
creasing the thickness of the separator and increasing the ini-

tial pH value of the electrolyte. We propose that this effect is
partially responsible for the experimentally documented gain
in lifetime in the cell observed by Sumboja et al.[14] in compari-

son to that reported by Goh et al.[13]

We present an initial optimization of electrolyte composition

and cell architecture. Electrolytes with a high initial chloride
concentration will eventually converge to a lower chloride con-

centration near the solubility limit of ZnCl2·2 NH3 and

ZnCl2·4 Zn(OH)2·H2O as these solids precipitate. By altering the
initial composition of the electrolyte to reflect this inevitable

shift and increasing the pH value to slightly alkaline values, the
system can be tuned to exclusively precipitate Zn(OH)2.

The thickness of the Zn electrode should be adjusted ac-
cording to the needs of the system and the composition of

the electrolyte. The capacity of cells with thin Zn electrodes is
limited by the passivation of zinc by the solid discharge prod-
ucts. Cells with thick Zn electrodes are limited by the large pH
value and concentration gradients that lower the equilibrium
potential of the oxygen-reduction reaction. Although tuning
the cell to precipitate Zn(OH)2 instead of chlorine-containing
solids marginally improves the energy density of the cell, this
improvement is small compared to the energy densities ach-
ievable with ZnO as the discharge product. Further research

should be directed at ways to favor ZnO precipitation in the
near-neutral pH regime.
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