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Test Cell Architecture

Photos of the two custom-built zinc-air cells used in the experimental characterization are
shown in Figure S1 below. As discussed in the main text, two cell designs were used: ex-
situ (C-EI) and operando pH (C-OpH). The C-EI cell contains 1.1 mL of electrolyte and
an electrode separation of 0.9 cm. The C-Oph cell contains 4.4 mL of electrolyte with an

electrode separation of 2.8 cm.
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C-EI cell design
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Figure S1: Photos of the C-EI cell (used for full-cell cycling and Zn electrode characterization
measurements) and the C-OpH cell (used for operando pH measurements).

Experimental Results and Discussion

Full Cell Cycling

Loss of electrolyte contributes to the lifetime limitations during full-cell cycling. It is ob-
served that at the end of the cycling measurement, the cell with electrolyte E8 suffered from

significant flooding of the BAE, as shown in Figure S2

Figure S2: Flooding of the air electrode observed in Cell C-EI with electrolyte E8 at the end
of full-cell cycling.
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Table S1: EDS elemental characterization for positions labeled ”1” and 72" in the SEM
images.

Discharged Charged
Zn (at%) | Cl (at%) | O (at%) | N (at%) | Zn (at%) | Cl (at%) | O (at%) | N (at%)
E4 - Position 1 40.9 15.7 43.5 0.0 36.4 14.0 49.7 0.0
E4 - Position 2 18.8 37.4 0.0 43.8 23.1 45.4 3.3 28.2
E6 - Position 1 35.7 15.4 49.0 0.0 45.3 12.2 42.6 0.0
E6 - Position 2 16.1 56.5 13.4 14.0 19.4 37.2 2.9 40.5
E7 - Position 1 39.8 17.5 42.7 0.0 35.0 13.7 43.5 7.8
ET7 - Position 2 25.6 49.8 9.2 154 23.5 43.5 0.0 33.0
ES8 - Position 1 28.4 11.4 50.6 9.7 32.1 12.8 48.5 6.7
E8 - Position 2 21.1 40.8 1.1 36.9 35.6 12.9 44.9 6.7

Zn Electrode Characterization

SEM and EDS measurements of Zn electrodes discharged and charged in electrolytes E4, E7,
and E8 are shown below. As noted in the main text, these measurements show two important
aspects of zinc precipitate formation in L-ZABs. First, the precipitation during discharge
is dominated by mixed zinc hydroxide chloride solids which separate into chlorine-rich and
oxygen-rich phases. Second, the precipitated solids do not readily dissolve during charging
and in some cases new phases form.

Figure S3 shows the SEM and EDS measurements of Zn electrodes discharged and charged
in electrolytes E4, E7, and ES8. In electrolyte E4 ((a) & (b)), the top view of the discharged
electrode shows the separation of chlorine-rich and oxygen-rich phases. The chlorine-rich
phase consists of a uniform crystalline domain, while the oxygen-rich phase precipitates as a
conglomeration of platelets. The cross section of the charged electrode shows the oxygen-rich
layer and chlorine-rich phases forming separate layers.

In electrolyte E7 (Figures S3(c) & (d)), phase layering is also observed in the cross-section
of the discharged electrode. In the charged electrode, the top-view measurement shows that
the large domains of precipitated solids cover the surface of the electrode.

It is observed that the ZnCl, - 2 NH; phase tends to form large slab-sided deposits, whereas
ZnCl, -47Zn(OH), - H,O forms as plate-type structures. For the precipitates formed in elec-

trolyte E8 and after charging in electrolyte E7, these plate-type structures are apparently
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much larger than for the other samples.

The EDS elemental analysis for positions labeled 71”7 and ”2” in the SEM images are
presented in Table S1. We note that for electrolytes E6 and E7 after discharge, the atomic
ratios for the chlorine-rich phase deviate somewhat from the expected 1:2:2 for Zn:CL:N,
and the phase appears to be more chlorine-rich than the ZnCl, -2NH, identified by the
XRD patterns for these samples. This may be due to the formation of additional amor-
phous or poorly crystalline chlorine-rich phases, or due to only a small quantity of a more
chlorine-rich composition being present and thus being below the detection limit of XRD.
For precipitates formed in electrolytes E4 and ES8 after discharge, and in E4, E6 and E7 after
charge, the measured compositions of both chlorine-rich and oxygen-rich phases correspond
extremely well to the phases observed by XRD. It is interesting to note that for the samples
which exhibit a modified layered phase by XRD, the Zn:Cl:O ratio agrees well with that
of ZnCl, -4Zn(OH), - H,O, but that these samples are observed to contain a measurable
quantity of nitrogen also, which is not the case for the samples in which simonkolleite was

observed.
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Electrolyte E4
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Figure S3: SEM and EDS analysis of Zn electrodes discharged and charged in electrolytes
E4 (a & b), E7 (¢ & d), and E8 (e & f).

S5



Cell Position x / mm Cell Position x / mm

Figure S4: Simulated pH profiles at the end of discharge and charge in a cell with electrolyte
E6 cycled at (a) 0.1 mAcm~2 and (b) 1 mA cm™2. Both cells were operated with the same
cycling capacity, 2 mAhcm™2. The Zn electrode is located at 0 < z < 2 mm and the air
electrode is located at 11 < z < 12 mm.

Effect of Current Density on pH

As discussed in the main text, there is a risk that the pH of the electrolyte may become
unstable due to the slow transport of buffering species during cell operation. This effect
depends strongly on the applied current density. High current densities exacerbate the local
depletion of reacting species in the electrodes and create large concentration gradients in
the electrolyte. On the other hand, low current densities can help facilitate more even
concentration gradients in the cell and promote greater pH stability. To demonstrate this,
we perform a simulation of an L-ZAB cell with electrolyte E6 at different current densities.
Figure S4 compares the different pH profiles in the cell over a single galvanostatic discharge-
charge cycle (2 mAhcem™2) at 0.1 mAem™2 and 1 mA em™2. The simulation performed at
0.1 mA cm~2 shows that the cell is able to maintain a stable pH over the cycle. On the other
hand, the simulation predicts that the same cell discharged at 1 mA cm™2, will experience a

drop to acidic pH values at the end of charging.
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Model Development

The modeling approach in this study follows that laid out in existing works,'* with some

modifications and improvements described below.

Thermodynamic Modeling

The models applied to study the speciation, solubility, and equilibrium redox potentials of
the L-ZAB system are derived and validated in existing works.%® An overview is given
below.

According to the law of mass action, for a system at constant temperature and pressure,
the value of the reaction quotient is constant. Expressed in terms of a generic reaction, this
becomes

aA + beCC—i-dD, W s (1)

where K is the equilibrium constant of the reaction. Considering the conservation of mass
and charge in the electrolyte, the concentration of n solute species described by r homo-
geneous reactions can be determined from n — r — 1 fundamental solute concentrations.!?
The homogeneous electrolyte reactions and corresponding equilibrium constants considered
in our model are listed in Table S3 in the section Parameters.

For a LeClanche electrolyte (ZnCl,—NH,Cl) with the pH adjusted through the addition of
NH,OH, there are a total of 28 solutes and 24 homogeneous electrolyte reactions considered
in the model. Therefore, 3 fundamental concentrations are needed to describe the system.
We choose [Zn?*], [C1'], and [NH,*]. To calculate the values of these concentrations for

a given electrolyte composition, we setup and solve the mass and charge balances for the
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= Zn0 — Zn(OH)z
mm 7NCly-2NH; == ZnCl,-4Zn(0OH), -H,O

ZnCI* ZnCly ZnCl,*>

Zn(NHg),2*

The background colors
indicate regions where
certain zinc complexes
dominate the electrolyte.
The stability of the various
Zn complexes changes
with pH and total
dissolved Zn
concentration

The solid lines show the
solubility limits for the
various precipitates
considered in the model.
The precipitates are
thermodynamically
soluble below the line and
insoluble above the line.

The gray lines are
isoconcentration lines of
constant total N
concentration. These lines
indicate the path of the
electrolyte as the battery
is discharged (total Zn
increases) or charged
(total Zn decreases).
Intersections between the
gray lines and the
solubility lines describe

stable working points of
2 4 6 8 10 the battery.
pH / -

Figure S5: A guide for how to read and interpret the thermodynamic equilibrium plots.
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system. The zinc and chloride mass conservation equations are:

4

[Zn]y = [Z0*"] + ) " [ZnCL> 7| + [ZnCLNH,] + [ZnCL(NH,),] + > [Zn(NH,)*"]+
ZZnOH2k+ZZnOH Y14 ) [Zn(OH),(NHy),, ]+

[Zn(OH);NH,] + [ZnOHCI], (2)

[Cllp = [CI7] + [HCY + Y i[ZnC127] + 3[ZnCLNH] + [ZnCL(NHy),] + [ZnOHCI.  (3)

=1

The charge conservation is expressed as:

- ([CI]T + [OH}T> - (Z[Zn]T + [H]T), (4)
where,
[OH]r = [OH] + ik[Zn OH), 25 + 23: Zn(OH)( H + 22: 2[Zn(OH),(NH,), ]+
3[Zn(OH),NH,] + [ZnOHCI], (5)

[H]r = [H'] + [HCI] + [NH,"]. (6)

With the two equations for mass conservation and and equation for charge conservation, the
concentrations of [Zn**], [C17], and [NH,"] are calculated.
The solubilities of the various solid precipitates are calculated according to the solubility

product constant, K,. For a generic precipitation reaction:
aA +bB+cC == A,B,C.(s), K = [A]"[B]’[C]", (7)

where the concentrations are expressed in units of mole-L~!. Values for the solubility product
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Figure S6: 3D thermodynamic landscape of the ZnCl,—NH,Cl-NH,OH—-H,O electrolyte.
The colored regions indicate the dominant zinc complex in the electrolyte, while the colored
surfaces show the solubility limits for the various zinc solids considered in the system, as
outlined in the main text.

constants are given in Table S4.

This method is used to create the thermodynamic equilibrium plots in the main text. A
guide for how to read and interpret these plots is given in Figure S5.

Figure S6 shows the 3D speciation and solubility landscape for the LeClanché elec-
trolyte, ZnCl,—NH,CI-NH,OH. The data is plotted as a function of pH, ZnCl, concen-
tration, and NH,Cl concentration. The plot shows that in the mildly acidic pH region,
zinc is very soluble for all compositions. As the pH increases, a variety of solids including
ZnCl, -47Zn(OH), - Hy,O (red), ZnCl, -2NH; (black), Zn(OH), (purple), and ZnO (white)
can precipitate. For compositions in which the total amount of chloride present is relatively
low, the thermodynamically favored solids are dominated by ZnCl, -4 Zn(OH),-H,O and
Zn(OH),. As the total chloride content of the electrolyte increases, ZnCl, -2 NH; becomes
the dominant solid.

The equilibrium potentials for the electrochemical reactions can be calculated from ther-

modynamics. The equilibrium potential of the Zn electrode varies depending on the dominant
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Figure S7: Equilibrium potential of the Zn electrode considering the various solid discharge
products. Calculated from the considering [Cljy = 3M and [Zn]|r = [0, 1]M. Potentials are
calculated along the solubility lines.

zinc complex in the electrolyte and the composition of the solid discharge product. The equi-
librium potential of the electrochemical reaction of metallic zinc to the various solid products
is calculated along the solubility limit for each product, and shown in Figure S7.Expressions
for the equilibrium potential of the zinc and air electrodes are given below:

[Zn*"]

RT
Zn : Ey=—-0.762 + —1
n 0 0.762 + Yk e (8)

RT_ [0,)%°
BAE : Ey=1.229 - 0. H+ —In-————.
0 9 — 0.059pH + 57 0330.5
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Quasi-Particle Continuum Modeling

For near-neutral ZnCl,—NH,CI electrolytes, the large quantity of solutes and the orders-of-
magnitude concentration shifts that occur make obtaining numerical solutions to the mass
and charge continuity equations problematic. Our previous theory-based study of L-ZABs
derived a novel method of continuum modeling, based on the use of so-called quasi-particles.?
Quasi-particles are defined to represent the quantities of mass and charge that are conserved
in the homogeneous electrolyte reactions. Solving the continuity equations for these quanti-

ties significantly reduces the computational effort required to obtain a solution.

Definitions

The number of quasi-particles required to describe the system is one less than the difference of
the number of solute species and the number of homogeneous reactions (n, = ns—n, —1). In
the L-ZAB system, we consider 24 homogeneous reactions and 28 solute species. Therefore,
3 quasi-particles are required. The concentrations of the quasi-particles are defined as the
sum of their constituent components, weighted by the stoichiometric coefficient 7; , for solute

species 7 in quasi-particle ¢. In this case, we make the following definitions:

4 4
[Zn] = [Zo**] + Y [ZnC12 7] + [ZnClNH,] + [ZnCI(NHy),] + > [Zn(NHy)* ]+
i=1 Jj=1
4 3 2
> " [Zn(OH),> ™ + > [Zn(OH)( 1+ [Zn(OH),(NH,), ]+
k=1 =1 m=1

[Zn(OH),NH,] + [ZnOHCI] (10)
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4

[NH,] = [NH;] + [NH, ] + [ZnCI;NHy] + 3[ZnCI(NH,),] + > _ j[Zn(NH;) "]+

> " 1[Zn(OH)(NHy),""] + > m[Zn(OH),(NHy),,] + [Zn(OH),NH,] (11)
=1 m=1
[HOH] = ([Hﬂ + [NH, ] HCI)
([OH] +Y " k[Zn(OH),>™] + )~ [Zn(OH)( 14 2[Zn(OH),(NHy), |+

3[Zn(OH),NH,] + [ZnOHCl]) (12)

Source Terms

Because the quasi-particles represent quantities that are conserved in the homogeneous elec-
trolyte reactions, only the heterogeneous (electro)chemical reactions contribute to the quasi-
particle source terms.!

The kinetics of the electrochemical reactions are described by the Butler-Volmer approx-

SN L. B L) ”

imation,

where kg is the rate constant (linked to the exchange current density), « is the symmetry
factor, n is the surface overpotential, and the other variables take on their usual meaning.
The kinetics of the precipitation reactions are assumed to be diffusion-limited, and are

described by the equation:
D [Zn*t] — [Zn* e

k. = —
P 5 [ZHZJF}[)

(14)

The length of the diffusion layer, ¢, is assumed to be 0.0001 m.

The source term for quasi-particle ¢ due to all heterogeneous (electro)chemical reactions
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r is given by,
S0= 2> Tighe AP, (15)

The specific surface area available for the reaction, AP, is fixed for the air-electrode elec-

trochemical reaction (given by the active area of the catalyst) and is calculated for all other

reactions as:

AP = %(asu __— (16)

where ¢, is the appropriate solid volume fraction, and aq is the diameter of the solid phase

pores.

Transport

There are two types of mass flux that can contribute to transport in metal-air batteries:
diffusion-migration flux, N (?M, and convective flux, N qc.2 The diffusion-migration flux of the

quasi-particles is given as,

t;

]\_/i?M = ZTi,qNZ‘DM = 65 Z (TLqDZ‘ﬁCZ‘) + Z (Ti7q,Zi_F)j' (17)
The electrolyte current density, j, is given by,
J=f(— Ve — Y ws Ot Ve, (18)

ZlF 801»

i

where €, is the electrolyte volume fraction, J3 is the Bruggeman coefficient, t; is the transfer-
ence number and z; is the charge number of the solute species, x is the electrolyte conduc-
tivity, ¢, is the electrolyte potential, and u; is the chemical potential of the solute species.

The convective flux is given by,

—

ch = efcﬂe, (19)
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where v, is the mass-average velocity of the electrolyte, which is calculated using a Darcy
approach:
B, =
¥, = ——Vp.. (20)

€
The pressure in the electrolyte is calculated as described in existing works.3%1? The equation

of state for the electrolyte is,

> Ve =1, (21)

where V; is the partial molar volume of the species i, and is defined as a material parame-
ter. The link between electrolyte volume fraction and pressure is given through a Leverett-

approach. We define the electrolyte saturation of the porous phase as,

€e
5= ) 22
S g (22)
The capillary pressure is then defined according to the Leverett function,
Pe = pg — Pe = J(3). (23)

The dimensionless Leverett function is used to model the pressure saturation characteristics
of the porous media. This function takes the form

. B : B
J(8) = A+ BeCG05) _ DeP(E-05) — Pe [20 (24)
€0

g

where p. is the capillary pressure, o is the surface tension of the electrolyte, By is the
permeability, and gq is the porosity of the GDE. The coefficients of the Leverett function
were determined using a Lattice Boltzmann simulation of a reconstructed GDE structure. !
We assume that the gas pressure is constant. For more information, please refer to existing

works in the literature.3%10
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Continuity Equations

Considering the quasi-particle definitions, source terms, and transport equations derived

above, the equations for mass and charge continuity are

9(cee) = S
—ar = VNN - VNS 5 (25)
0==Vj+> zFv kAP, (26)

where v; . is the stoichiometric coefficient of solute ¢ in the electrochemical reaction e.

Parameters and Computational Details

This section lists the parameters and computational details utilized in the model. The
model is parameterized in conjunction with our existing work! and implemented in MAT-
LAB R2014b. The equilibrium concentrations of the solutes are calculated using the ther-

modynamic stability constants available in existing works. %6:12-14
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Table S2: Parameters of the simulated continuum domains.

Parameter C-OpH Cell  C-EI Cell
Domain Lengths (m)

Ly, 2x 1073 2x 1073
Lsep 281073 9x 1073
Lpar 1x1073 1x1073
Number of Finite Volume Cells (-)

Nzn 20 20
Nsep 100 92
Npag 10 10

Initial Solid Volume Fractions (-)

/N 0.20 0.20
ESep 0.01 0.01
EBAE 0.30 0.30
EPrecip le-6 le-6

S17



Table S3: Homogeneous electrolyte reactions and corresponding equilibrium con-
stants. 5612714

Reaction log,o K
H" +Cl" = HC(I -7.00
H™ + NH; == NH,* 9.80
H" + OH = H,0 13.96
Zn*t + Cl” == ZnCl* 0.10
Zn*t +2Cl° == ZnCl, 0.06
Zn*t +3Cl° == ZnCl,~ 0.10
Zn*t +4Cl° == ZnCl*" 0.30
Zn*" +3Cl” + NH; == ZnCL,NH," 3.70
Zn*" + Cl” + 3NH,; == ZnCI(NH,)," 7.90
Zn*" + NH,; == Zn(NH,)** 2.38
Zn*" + 2NH,; == Zn(NH,),*" 4.88
Zn*" + 3NH, == Zn(NH,),*" 7.43
Zn*" + 4NH, = Zn(NH,),*" 9.65
Zn*" + OH™ + NH; = ZnOH(NH,)" 9.23
Zn2+ + OH + 2NH,; == ZnOH(NH,),* 10.80
n’t + OH + 3NH, = ZnOH(NH,)," 12.00

Zn*" +20H" + NH; == Zn(OH),(NH;)  13.00
Zn*" +20H +2NH, = Zn(OH),(NH;), 13.60
Zn** +30H + NH; = Zn(OH),(NH,) 14.50

n’t + OH + Cl” == Zn(OH)Cl 6.51
zn2+ +OH = Zn(OH)* 6.31
Zn*" +20H = Zn(OH), 11.19
Zn*t +30H == Zn(OH);" 14.31
Zn*" + 40H == Zn(OH),*" 17.70

Table S4: Precipitation reactions and solubility product constants for the zinc solids consid-

ered in the model.>%
Reaction Solubility Product Constant
(IOgloKSp)
Zn*" +20H == ZnO(s) + H,0 -16.83
Zn*" +20H == Zn(OH), -17
Zn*" +1.60H +0.4Cl" + H,0 = Zn(OH), (Cl, , - H,O -14.2
Zn** +2Cl” + NH; = Zn(NH,),Cl, -6.42
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Table S5: Transport parameters of aqueous species.

15-22

Species M; / zi / D; x10° / 2 x 10% / Vi x 106 /

g-mol™t — m? . st S-m? - equiv! m?3 - mol !
H* 1.0 +1 9.31115] 349.8[191 0
OH~ 17.0 -1 5.26115] 197.611°] -4.18018]
NH," 18 +1 1.95015] 73.4119] 18.13016!
NH, 17 0 1.9419] - 24.43116]
Cl 35.5 -1 2.03115] 76.3411%] 17.79116]
Zn** 65.4 42 0.71115] 5301°] -24.3018]
0, 32 0 1.5 - 30.38117]
H,0 18 0 - - 181201
HCI - 0 - . -
ZnClt 100.8 +1 1.10(24 35 -1.281%2]
ZnCl, 136.3 0 1.10(24 - 24.8222]
ZnCl,” 171.7 -1 1.10021] 35021 53.9122
ZnCl,> 207.2 -2 110021 55(21] 81*
Zn(NH,)** 82.4 +2 1.12* 84.2* 7.5*
Zn(NH;),>" 99.4 +2 1.14* 85.7* 39.2*
Zn(NH;),*" 116.5 +2 1.09* 81.5* 70.9*
Zn(NH,) 2" 133.5 +2 0.83* 62.7* 102.6*
ZnCly(NH,) 188.8 -1 1.10* 41.3* 86.4*
ZnCl(NH,) ;" 151.9 +1 1.10* 41.3* 97.2*
ZnOH(NH,)* 99.4 +1 1.0* 50* 10*
ZnOH(NH,),"™  116.4 +1 1.0* 50* 40*
ZnOH(NH,),™ 1334 +1 1.0* 50* 60"
Zn(OH),(NH;)  116.4 0 1.0* - 40*
Zn(OH),(NH;), 133.4 0 1.0* - 40*
Zn(OH),(NH;)~  113.4 -1 1.0* 30* 20*
Zn(OH)C1 6.51 0 1.0* - 1*
Zn(OH)™ 82.4 +1 0.50* 90.35* 1%
Zn(OH), 99.4 0 0.50* - 20
Zn(OH), 116.4 -1 0.50%* 90.35%* 40%*
Zn(OH) >~ 133.4 -2 0.50* 90.35* 60*
“Estimated
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Table S6: Leverett function parameters.?3

Coefficient Value
A 0.1872
B 0.02523
C 8.707
D 0.09515
E 5.622

Table S7: Kinetic parameters for the electrochemical reactions.

Parameter Value Unit

kn 8 x 1076 mol - m~2 - s71[24]

aln 0.5 -

aln 0.5 -

Az f(ezm) m~2.-m3

ag 100 x 1076 m

k§PE 4x 107 mol - m~2 - s7*

aSbE 0.5 -

aSPE 0.5 -

AS%DE 4.5 x 103 m2.m3
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