Mathematical Modeling and Experimental
Investigations of the Charge—Discharge

Mechanisms in Aqueous Batteries

Sidian Chen,"% Sofia K. Catalina,*? William C. Chueh,**%T and Hamdi A.

Tchelepi® T

T Department of Energy Science & Engineering, Stanford University, United States.
T Department of Materials Science & Engineering, Stanford University, United States
9§ Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator

Laboratory, Menlo Park, CA, USA.

§ These authors contributed equally to this work.

E-mail: wchueh®stanford.edu; tchelepi@stanford.edu

1 Abstract

2 Rechargeable aqueous batteries are ideal candidates for grid-scale energy storage
3 due to their inherent safety and the abundance and low cost of their electrochemi-
4 cally active materials. However, realizing high-capacity and low-cost aqueous batteries
5 is limited by significant coulombic and voltaic inefficiencies during charge—discharge
6 cycles. To examine the underlying mechanisms of these inefficiencies, we develop a
7 one-dimensional continuum-scale model to simulate the reactive and charge trans-
8 port processes in aqueous batteries and assess their impacts on the charge—discharge
9 performance. The model accounts for multiple chemical and electrochemical reac-
10 tions (e.g., nucleation, deposition, dissolution, gas evolution, and intercalation) and
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reaction-induced variations in electrolyte pH and reactive surface areas. We fit the
model to experimentally-measured charge—discharge curves for several aqueous battery
chemistries, including acidic Ho—Mn, near-neutral Zn—MnO,, and alkaline Sn—-NiOOH
chemistries. We also incorporate additional physics into the model to simulate more
complex phenomena such as nucleation overpotential and adsorption energy. The mod-
eling framework provides a mechanistic tool for studying the physical, chemical, and
electrochemical processes in aqueous batteries; and guides the design of high-utilization

and low-cost aqueous batteries for grid-scale energy storage.

1 Introduction

Rechargeable aqueous batteries utilize water as the electrolyte solvent and abundant low-
toxicity metal elements as the primary reactants. While the inherent safety and affordability
of their active materials make them strong candidates for grid-scale energy storage, their
commercial viability hinges on achieving higher energy densities. One of the most promising
strategies is to construct electrodes using multi-electron metal deposition/stripping reactions,
such as two- (Mn, Zn, Ca, Mg), three- (Fe, Al), and four- (Sn) electron metal reactions. For
example, the theoretical energy densities of acidic MnO,, near-neutral Zn, and alkaline Sn
electrodes (respectively 617, 820, and 903 mAh/g), which though lower than that of lithium
metal (3860 mAh/g) are substantially higher than that of conventional lithium-ion intercala-
tion electrodes (e.g., graphite at 372 mAh/g). While several aqueous battery systems using
multi-electron metal electrodes have been demonstrated! ™, most studies operate under low
utilization conditions where only a small fraction of the electrochemically active material par-
ticipates in the electrochemical reactions and energy conversion. Consequently, the realized
cell capacities often fall short of theoretical limits, and the total lifetime energy throughput
is limited (Figure 1). Achieving high energy density and long cycle life remains challenging,
primarily due to significant coulombic and voltaic inefficiencies at higher utilization levels.

Coulombic and voltaic inefficiencies in aqueous batteries stem from various mechanisms.
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(a) Deposition/dissolution spanning chemistries and pH

(b) Theoretical capacity limits VS Realized capacities
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Figure 1: (a) Electrochemical deposition and dissolution reactions in aqueous batteries using
acidic MnOs cathode, near-neutral Zn anode, and alkaline Sn anode. (b) Theoretical capacity
limits, realized cycle capacities, and realized lifetime capacities of the three electrode types.
The realized cycle capacities and life-time capacities were collected from the literature, where
cell capacities and electrode-deposited active material mass are provided. The data and
references are presented in Table S1.
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First, electro-deposition and electro-dissolution reactions—common processes in aqueous
battery electrodes wherein the active material undergoes a redox transformation between
liquid and solid phases—may consume additional energy through processes like nucleation
and surface adsorption, generate high-resistance solids, or even form irreversible oxides®”7.
Second, when electrode potentials fall outside the water stability window, gas evolution
such as the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) may
occur®. In particular, HER occurs at reductive potentials and becomes more active in acidic
electrolytes where the hydrogen evolution activity of metals (e.g., Al) increases. The gas
generation process, if irreversible, can result in capacity loss through a variety of mechanisms,
including blockage of electrode reactive sites?, consumption of water!?, and precipitation
of electroactive salts. Finally, the chemical reactivity of electroactive ions and deposited
metals can cause self-discharge reactions that significantly reduce cell capacity and energy

efficiency®. Addressing these challenges requires mechanistic investigations on the transport,
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chemical, and electrochemical processes in aqueous batteries during cycling.

Physics-based models provide mechanistic tools to characterize the intertwined transport
and reaction processes in battery cells as demonstrated by the pioneering work of New-
man and Tobias!! on general porous electrodes, as well as more recent studies on other

14716 “and zinc-air bat-

battery systems (e.g., lithium-ion battery'*!3 lithium-sulfur battery
tery!”). Despite the progress in Li- and zinc—air battery systems, physics-based models for
rechargeable aqueous batteries remain limited **1°. The challenge arises from the different
and often elusive reaction mechanisms in aqueous batteries. For example, electrochemi-
cal and chemical reactions can significantly alter the electrolyte pH spatially and temporally
through conversion, production, or consumption of protons (H) and hydroxides (OH™)20722,
Fluctuations in pH, in conjunction with electrode potential govern ion speciation, reaction

19,23

pathways, and reaction kinetics in aqueous electrolytes . Additionally, aqueous battery

electrodes often undergo electrochemical deposition/dissolution reactions and chemical pre-

32024 which modify the electrode surface morphology and

cipitation/dissolution reactions
reactive surface area. The reactive surface area is critical to the charge-discharge perfor-
mance as it controls the rates of electro-deposition and electro-dissolution reactions. Accu-
rate representations of electrolyte pH and reactive surface area are essential for predicting
charge-discharge behaviors and resolving the underlying physical, chemical, and electro-
chemical reactions.

To our knowledge, two physics-based aqueous battery models have been reported in the
literature ®1°. Bernard et al.'® introduced a one-dimensional continuum-scale model to sim-
ulate the discharge curves of an MnO, cathode for near-neutral aqueous Zn—MnQO, batteries.
Their model did not account for local or bulk pH change, nor its effect on reaction kinetics
and discharge behavior (e.g., the pH-driven precipitation of zinc hydroxide sulfate (ZHS)).
While they recently extended the model to account for pH variations?®, it remains unclear

how changes in porosity and reactive surface area were represented in their model. Concur-

rently, Herrmann et al. ! extended a pseudo-two-dimensional (P2D) continuum-scale model
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for a Zn-air battery model!” to study the interplay between electrolyte pH and reactions
at the MnO, cathode of aqueous Zn-MnQO, batteries. Their model estimated the reactive
surface areas by representing the cathode active materials as non-overlapping spherical par-
ticles. It does not account for the generation of new reactive surfaces induced by particle
separations during dissolution, as well as the coalescence of particle reactive surfaces during
deposition. To date, these models have focused exclusively on aqueous Zn-MnO, batter-
ies. Consequently, it remains unclear whether they can be generalized and applied to other
aqueous battery chemistries with different pH and reaction pathways.

To bridge these gaps, we develop a one-dimensional continuum-scale model for aqueous
battery cells that expands on previous aqueous battery models and can be used to exam-
ine various chemistries and pHs. Our model represents a full aqueous battery cell as a
one-dimensional continuum accounting for multispecies ion and charge transport, chemical
and electrochemical reactions (e.g., nucleation, deposition, dissolution, gas evolution, and
intercalation), and reaction-induced variations in electrolyte pH and reactive solid surface
areas in the liquid electrolyte, solid matrix, or their interfaces. We apply the model to
study various aqueous battery chemistries (including acidic Ho-Mn, near-neutral Zn-MnOs,
and alkaline Sn-NiOOH) and their cycling performance across diverse initial, boundary, and
operating conditions. Our comprehensive model-experimental data comparisons and vali-
dations demonstrate the capability of the modeling framework to deepen the mechanistic
understanding of electrode processes and provide necessary insights to improve battery per-

formance.

2 Methods

We summarize the reaction mechanisms in the studied aqueous batteries (Section 2.1). We
then formulate a general mathematical model for aqueous battery cells (Section 2.2) and

present the numerical algorithm for solving the model (Section 2.3). Finally, we benchmark
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Figure 2: (a) An example aqueous battery (i.e., aqueous alkaline Sn-NiOOH battery) con-
sisting of a negative electrode substrate with electro-deposited materials, a separator, and
a positive electrode. (b) Three-dimensional representations and (c) top planar view of the
electro-deposited solids and generated gases represented by fully penetrable hemispheres.
The electrodeposition is represented as a single layer of solid spheres, which will coalesce
into a dense solid. The gas generation is represented by a single layer of gas spheres, which
will coalesce into a large gas bubble alongside or on top of the dense solid.

Substrate

Substrate

2.1 Reaction mechanisms
2.1.1 Acidic H,—Mn battery

Acidic Hy~Mn aqueous batteries utilize reversible HER as the anode reaction and MnO,
deposition/dissolution as the cathode reaction. The electrochemical and chemical reactions

in the acidic Hy-Mn battery anode (Equations (1-2)) and cathode (Equation (3)) are?’:

Hy(g) <+ Ha(aq), (1)
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Hy(aq) <> 2HT + 2¢7, (2)

MnOs(s) + 4HT + 2e™ < Mn*" + 2H,0(1), (3)

[qP))

where “g”, “s”  “1”, and “aq” denote gas, solid, liquid, and dissolved gas phases.

2.1.2 Near-neutral Zn—-MnQO, battery

In near-neutral Zn-MnQOs batteries, the electro-deposition and electro-dissolution of Zn are
the only electrochemical reactions in the Zn anode. However, it remains under debate which
electrochemical reactions occur in the MnOy cathode. Existing hypotheses include: (1)
Zn*T (de)intercalation?®, (2) HT (de)intercalation (or conversion reaction)?*, (3) zinc hydrox-
ide sulfate (ZHS) deposition/dissolution?®?, (4) Zn-Mn compound deposition/dissolution?!,
(5) MnOOH disproportionation?”, and others. Based on existing experimental observa-

222426 and theoretical analysis?®, reaction pathways (1)—(3) appear plausible and are

tions
thus used to parameterize the model. The electrochemical and chemical reactions in the

anode (Equation (4)) and the cathode (Equations (5-7)) are:

Zn(s) <> Zn*" + 2e”, (4)

2MnOs(s) + Zn*" + 2e™ > ZnMnyOy4(s), (5)

MnOs(s) + H" + e~ <> MnOOH(s), (6)

47n** 4+ 803~ + 60H™ + zH,0 <> ZnySO4(OH)g - zH,O(s). (7)

2.1.3 Alkaline Sn—NiOOH battery

Alkaline Sn—NiOOH batteries take advantage of the four-electron reaction between Sn and
Sn(OH)Z™ in the anode and H* (de)intercalation in NiOOH in the cathode.* During the

charge and discharge of alkaline Sn—NiOOH batteries, the desired anode (Equations (8-
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9)) and cathode (Equation (11)) reactions are complicated by the chemical reactivity of the
Sn(OH); intermediate, which can chemically disproportionate (Equation (10)) or chemically
react with the cathode in a self-discharge mechanism (Equation (12)). The electrochemical

and chemical reactions involved are summarized below.

Sn(s) + 30H™ <+ Sn(OH); + 2e™, (8)

Sn(OH); +30H™ <+ Sn(OH)2™ +2¢™, (9)

2Sn(OH); + Sn(s) + Sn(OH)2, (10)

NiOOH(s) + HyO(1) + ¢~ ¢ Ni(OH)y(s) + OH™, (11)
2NiOOH(s) + Sn(OH); + OH™ + 2H,0(1) > 2Ni(OH),(s) + Sn(OH)Z ™. (12)

2.2 Mathematical model
2.2.1 Electrochemical and chemical reactions

We consider a full aqueous battery cell (Figure 2a), structured as a layered assembly of
three solid domains—the negative electrode, separator, and positive electrode—immersed in
a liquid electrolyte. During the charge and discharge of the battery cell, the chemical species
can participate in electrochemical and chemical reactions (see examples in Section 2.1). To

ensure generalizability, we describe each reaction by the following equation:
Z s M = npe, (13)
k

where j denotes the index of the j% reaction, k& denotes the index of k' chemical species,
Mj, refers to the k' chemical species, z, is the charge number of My, n; is the number of
electrons transferred in the j reaction (n; = 0 if the j reaction is a chemical reaction),

sjk is the stoichiometric coefficient of the £ chemical species in the j reaction.
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Electrochemical reaction We assume the electrochemical reactions occur at the electrolyte—

substrate interface (e.g., electro-deposition and electro-dissolution) or inside the substrate
(e.g., intercalation and deintercalation). Supposing the j* reaction is electrochemical, the

reaction rate for k' species in the the j** reaction is given by

Sipls
Sjk = —Ajﬁ, (14)

J

where sj; and n; are defined in Equation (13), F' is the Faraday constant, A; is the specific
reactive surface area for the j** reaction (A, is an important parameter that will be discussed
in more details later), and i; is the current density due to the j electrochemical reaction.

Here, i; is assumed to follow the Butler—Volmer equation

L Cr \Pik O I N\ < Ck ><Ijk _aCjF 4
Y =0 [1;[ (a’“moo) eXp(RgT 77]) 1;[ “1000) P\ R,V

where i ; is the exchange current density of the j electrochemical reaction at reference

concentrations, ay, is the activity coefficient of the k" species, ¢, is the aqueous concentration
of the k™ species with a unit of mol/m?, p;jx = max(sj,0), ¢;x = — min(s;i,0), ,; and .,
are respectively the anode and cathode transfer coefficient of the j reaction, n; is the
overpotential for the j* electrochemical reaction. n; is defined as n; = ¢5 — ¢ — Uy, ;, Where
¢, is the electric potential in the solid substrate, ¢; is the electric potential in the liquid
electrolyte, and U,y ; is the equilibrium potential for the j* reaction as computed by the
Nernst equation.

The reaction rate Sj; scales with the reactive surface area A;, which can be modified by
deposition/dissolution reactions and gas generation/consumption reactions. A; is a function
of the interfacial areas between the depositing/dissolving solids, gases, liquid electrolyte, and
solid substrate. To differentiate the depositing/dissolving solids from the solid substrate, we
will refer to the former as “solid” and the latter as “substrate” hereafter. Assuming only

one solid and one gas are generated or consumed by reactions, we represent each phase as
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separate, fully penetrable hemispheres, i.e., a single layer of solid spheres which will coalesce
into a dense solid and a single layer of gas spheres which will coalesce into a large gas bubble
on top of the dense solid (Figure 2b—2c). Accordingly, we can compute their surface areas
by a stochastic geometry method, namely a Boolean model??3°. According to the Boolean

model, the solid—electrolyte interfacial area Ay in a unit control volume is given by

€

Ag = A exp (—)\S—S> , (16)

€0

where A¢, is the extended area of the solid—electrolyte interfaces per unit control volume (de-
fined as AS = 3, Nyx27r2,, where k refers to the rank of a radius ry and N is the number
of solid-phase hemispheres whose radii are equal to sy in a unit control volume), € is the
extended volume fraction of the solid-phase hemispheres (defined as €5 = 37, N, x(27/3)73 ),
€p is the initial substrate porosity without electro-deposition and gas generation, and A, is a
scale for accounting for the deviation of surface area for non-spherical solids (we set Ay = 1

by default, unless stated otherwise). Additionally, we can compute the solid-substrate in-

terfacial area A, using a two-dimensional version of the Boolean model

A = Ay {1 — exp (—/\SS§>} , (17)
Ay

where Ay is the initial reactive surface area per unit control volume before the occurrence of
electro-deposition and gas generation, AS, is the area of the extended solid-substrate interface
per unit control volume (i.e., A5, = >, N7 ), and A is a scale for accounting for the
deviation of the solid-substrate interfacial area for non-spherical solids (we set Ass = 1 by
default, unless stated otherwise).

We apply the same approach to compute the gas-phase surface area and the gas—substrate
interfacial area. If no electro-deposition occurs, these areas can be computed using the same
equations for the solid phase. If gas evolution is occurring alongside deposition, we need

to consider the impact of the solid phase. In that case, we assume the solid phase as the

10
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primary phase and the gas phase as the secondary phase, which will reside in the pore spaces

not occupied by the solid phase. Therefore, the gas-phase surface area A, is given by?*3°

Ay = Aj exp (—)\Se—s> exp <_>\g6_g) ; (18)
€

0 €o

where AY; is the extended surface area of the gas phase per unit control volume (defined as

Al =300 Nyw2mr? ., where Ny is the number of gas-phase hemispheres whose radii are 7,

e

5 1s the extended volume fraction of the gas-phase hemispheres

in a unit control volume), €
per unit control volume (defined as € = =, Ny x(27/3)r3 ), and ), is a scale for accounting
for the deviation of the surface area for non-spherical gases (we set A, = 1 by default,

unless stated otherwise). Similarly, the gas-substrate interfacial area A, is given by a two-

dimensional version of the Boolean model

Ags AZS
Ags = AO exXp —)\SSA_O 1-— exXp _)\gsA_O ) (19)

where A7 is the extended area of the gas-substrate interface per unit control volume (i.e.,
ASo = > Ngwmrzy), and Ay, is a scale for accounting for the deviation of gas-substrate
interfacial area for non-spherical solids (we set A\,s = 1 by default, unless stated otherwise).

Additionally, some electro-deposition reactions are typically initiated by a nucleation
process where a high overpotential is required to overcome the surface energy barrier and
create new solid phases. We model the nucleation using classical nucleation theory and
compute the nucleation rate Njj (i.e., the number of newly formed nuclei in a unit control
volume) for the j™ reaction by

AN,
dt

AG'k)
= A i Zinfinexp | — JZ ) 20
iZik fik p( kT (20)

where A, ; is the specific area of nucleation sites (we assume A, ; = max(Ag—Ass—Ays, 0)),

Zj1, is the probability of forming a stable nucleus of the k™ species per unit surface area, fj;

11
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is the frequency at which an atom or molecule of the k" species to attaches to the nucleus,
ky is the Boltzmann constant, and AG ;, is the net change in Gibbs free energy upon forming
a nucleus, which is a function of nucleus radius 7, ;x. AGj;, which changes over time, is

given by

2 s,k F
Aij = 23 Ps,jkT; (

3.k bs — &) + Wri,jk(%zs,jk — Misjk) T 2777”121,jk7ln7jk7 (21)

Sjk

where p; j is the molar density of the solid phase; Vps jk, Vis,jk, and i, jr are the interfacial
tensions between the nucleus and substrate, the liquid electrolyte and substrate, and the
liquid electrolyte and nucleus, respectively. Following classical nucleation theory, we assume

a stable nucleus will only form if its radius is greater than a critical size r¢ given by

¢ Sjk (Yns,jk — Visjk + 2%injk)

Ty il =
7k ps. ik F (s — 1)

(22)

In the presence of nucleation, the reaction rate for the k' species in the j** electrochemical

reaction becomes

Sk’L Skl
Sip = — AT o (A Agy) S (23)
J ]njF J J n]F

where A, ; is the surface area of all nuclei in a unit control volume (i.e., A,; can be
computed by A, ; = A% [1 —exp (—¢€5/ep)] [1 — exp (—€S/€p)], where € is the extended vol-
ume fraction of the nuclei) and A, ; is the depositing solid-phase surface area (i.e., Ag; =
A exp (=€ /€0) [1 — exp (—€5/€o)]).-

As discussed earlier in this section, the reactive surface area for the j' reaction A; is a

function of Ay, Ass, Ag, Ags, and Ag. The exact expressions of the functions depend on the

gs»
specific reactions and the solid-phase electrical conductivity, which are specified in Table S6

for several aqueous batteries.

Chemical reactions Chemical reactions may occur in the electrolyte, on the substrate

surface, or on the solid surface. Supposing the j** reaction is a chemical reaction, the reaction

12
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rate for k' species in the the j* reaction is given by

Ck’ Pjk Ck 95k
Siw = ~Hisi [Kf’j 11 (“’“1000) - K] (a’“ 1000) ] ’ (24)
k k

where p;;, = max(s;x,0), ¢;x = —min(sj, 0), while the remaining variables and parameters
need to be defined for specific reactions. If the j** reaction occurs in the electrolyte, the
variables and parameters are defined in the electrolyte: 3; is the volume fraction of liquid
electrolyte (i.e., 5; =€), and K ; and Ky ; are respectively the forward and reverse reaction
rate constants per unit volume of electrolyte. If the j** reaction occurs on a substrate or solid
surface, the variables and parameters are defined on the surface: §; is the reactive surface
area (i.e., f; = A;), and K;; and K ; are respectively the forward and reverse reaction rate

constants on a unit reactive surface area.

2.2.2 Solid- and gas-phase volume evolution

The electrochemical and chemical reactions may modify the solid phase volume fraction
(i.e., the ratio of the solid-phase volume to the control volume) in space and time, which is

governed by the following equation:

e
DY <Vm,ks ;S,w) —0, (25)

s

where ¢, is the solid-phase volume fraction (i.e., the ratio of the gas-phase volume to the con-
trol volume) which can be computed from the Boolean model (i.e., €, = ¢y [1 — exp (—€5/€p)]),
15 refers to the species forming a solid phase, and V/, ;, is the molar volume of the solid phase.
We assume any generated gas phase is non-reactive but can exchange mass with dissolved gas
in the electrolyte. The temporal evolution of the gas phase is represented by a first-order-rate

model, which yields
D ) 5

13
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where ¢, is the gas-phase volume fraction which can also be computed from the Boolean
model (i.e., ¢, = €gexp (—€5/€) [1 —exp (—€/eq)]), kg refers to the species forming a gas
phase, Vi, 1, is the molar volume of the species k, in the gas phase, @, is the mass transfer
rate between dissolved gas in the liquid electrolyte and the gas phase. We assume Qy, follows
a first-order mass transfer model, i.e., Qr, = kg x, Ag (cZ‘; — ckg>, where £ 1, is the first-order
mass transfer rate constant between dissolved gas and gas phase, ch is the equilibrium gas
concentration which is assumed to follow Henry’s law (i.e., CZ(; = Hy, pr,, where Hy and py,
are the Henry solubility and partial pressure of component k, in the gas phase, respectively).

Note that we compute €, and ¢, by representing the solid and gas phases as fully-

penetrated hemispheres, and assume the hemispheres grow or shrink at the same rate.

2.2.3 Chemical species and charge transport

In addition to reactions, the chemical species also migrate in the liquid electrolyte. Their
transport is governed by diffusion and electrical migration in the electrolyte, represented by

the following mass conservation equation:

9, dJ
% _ 9% Z Sk + Qu, (27)
J

ot Oz

where ¢ is the liquid-phase volume fraction (i.e., ¢ = €y — €5 — €,, where €, €,, and ¢, are

respectively the initial porosity, solid-phase volume fraction, and gas-phase volume fraction.)

and Jj is the flux of the k™ species (i.e., Jy = —e Dy (%%f + c’ﬁi}F%), where Dy, is the
effective diffusivity of the k' species. Here Dy, = 7Dg, where 7 is the tortuosity factor and
Dy . is the molecular diffusion coefficient in free electrolyte). The transport of ionic species

also leads to charge transport in the liquid electrolyte, which is governed by the following

equation:

ot .
a_ml = ZAJZP (28)
J

14
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where iy = F') ", z;Ji. The charge can also migrate in the solid substrate. We assume
that the solid phase remains locally electroneutral and that charge transfer occurs under
steady-state conditions. Under these assumptions, solid-phase charge transport is governed

by:

Ol .
J

09
ox

where 1, = —0%22, with ¢ being the effective conductivity of solid substrate.
Equations (14-29) provide the governing equations for electrochemical and chemical reac-
tions, multispecies ion transport, and charge transport in aqueous batteries. The equations

can be solved using the initial and boundary conditions introduced in the following two

sections, respectively.

2.2.4 Initial conditions

We present the initial conditions for the charge process, while those for discharge are obtained
from the final state of the charge simulation. Any conditions specific to discharge will be
described explicitly. We assume the system is in chemical equilibrium at the beginning of

charge, and accordingly, the initial ion concentrations and porosities are given by

Ck(t = 0) = CO,k7
e(t=0)=0, (30)
eg(t=0) =0,

where ¢y, is the initial concentration of the k' species, which is known from experiments.
Additionally, the initial amounts and sizes of solid- and gas-phase hemispheres must be
defined. If the electro-deposition and gas generation are initiated by nucleation processes,
new hemispheres (i.e., nuclei) can form at any time, and the quantity of new hemispheres is
determined via Equation (20). New hemispheres start with zero size and subsequently grow

through electro-deposition. Conversely, the quantity of pre-existing hemispheres remains

15
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constant over time, but their sizes continue to increase. The growth rates are calculated
using the methods outlined at the end of Section 2.2.1. Note that the electro-dissolution
discharge simulations only need the initial numbers and sizes of the solid-phase and gas-

phase hemispheres, since no new hemispheres are being generated.

2.2.5 Boundary conditions

We consider two types of boundary conditions for our simulations: applied current and

applied voltage.

Applied current Suppose the current density i (t) is applied to a cell with length L,
defined by L = L,+Ls,+ L. where L,, Lg,, and L. are respectively the lengths of the negative
electrode (referred to as “anode” hereafter), separator, and positive electrode (referred to
as “cathode” hereafter). The boundary conditions at the interfaces between the current

collector and the anode (z = 0) and the cathode (x = L) are given by:

Obs| 00

= —0
0z lz=0 0x le=L

= U401 (1), (31)

—0

where i (t) is the area-specific current applied to or generated by the battery cell at time
t. Tons cannot penetrate the current collectors, and therefore the ion fluxes at the interface
between the current collector and the anode (z = 0) or cathode (x = L) are zero, which
yields

Jilz=0 = Jgle=r = 0. (32)

Correspondingly, the gradient of the liquid-phase electropotential is zero at x = 0 and z = L.
Here, instead of using %h:o = 0, we set ¢;(x = 0) = 0 such that ¢;(x) elsewhere has a
common reference point. Therefore, the boundary conditions for the liquid-phase charge
transport are given by

Oy

Gilz=0 = 0, and D o = 0. (33)
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Additionally, the insulating separator yields zero electron flux at the interfaces between the

separator and anode (z = L,) and cathode (z = L, + Ls,), which leads to

[oJoR
ox

_ 095

r=Lg 8x

—0. (34)

mZL(LJFLsp

Applied voltage When a voltage V;(t) is applied to the cell, the boundary conditions

remain the same, except for Equation (31). The equation becomes

¢s|x:L - ¢s|x:0 = ‘/O(t)v
06, 00,

0x le=L  Ox

(35)

= O7
=0

where V;(t) is the voltage applied to, or generated by, the battery cell at time t. Equation

(35) represents an applied external voltage and a global charge conservation.

2.3 Numerical algorithm

Equations (14-29) represent the governing equations of the mathematical model for reactions,
ion transport, and charge transport processes in an aqueous battery cell. The equations have
the following unknown primary variables: ion concentrations c¢;, liquid-phase potential ¢,
solid-phase potential ¢, solid-phase volume fraction €5, and gas-phase volume fraction e,.
The primary variables can be solved numerically by imposing the initial conditions (i.e.,
Equation (30)) and boundary conditions (i.e., Equations (32-35)). Here, this is done by first
discretizing the governing equations in space using a finite volume method and in time using
a backward-Euler method. Then, the resulting nonlinear discretized equations are solved by
a quasi-Newton method given that a standard Newton-Raphson method is challenged by the
exponential relationship between the electrochemical reaction rates and the overpotential,
which is a function of ¢4 and ¢, (see Equation (15)). In particular, if the initial guesses for
¢s and ¢; are not close enough to the solutions, their absolute values may become excessively

large, leading to reaction rates that exceed floating-point limits and Newton iterations that
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do not converge. The adopted quasi-Newton method addresses this challenge by replacing
the exponential terms in Equation (15) by their truncated Taylor series and solving the
approximated equations for the first time step. We then use the approximate solutions as
initial guesses and resolve the original equations for the same time step. Once the solution
is obtained, we can solve the original equations for the subsequent time steps. We note that
the truncation order of the Taylor series may need to be adjusted for different simulations,
and more advanced methods (e.g., similarity variable method) may be used for solving the

nonlinear model.

2.4 Model evaluation

We evaluate the model by simulating the potentiostatic and galvanostatic charge-discharge
curves of three aqueous battery chemistries: (1) acidic Ho-Mn, (2) near-neutral Zn-MnOs,

and (3) alkaline Sn-NiOOH.

2.4.1 Data collection

We first collect experimental data sets from the literature for acidic Ho-Mn?® and near-
neutral Zn-MnO, 3! batteries and measure those for the alkaline Sn-NiOOH battery through
laboratory experiments.

The acidic Hy-Mn battery data was initially reported by Chen et al. 2. Their experiments
were performed in Swagelok cells that consist of a MnO, cathode, a Pt/C-coated anode, a
glass fiber separator, and a MnSO, and H5SO, electrolyte (see Table S2). The cells were
charged at constant voltage to four different cell capacities, and then discharged at the same
rate (see Table S3).

1.3 who utilized

The near-neutral Zn-MnO, battery data was reported by Zhou et a
pouch cells with a MnOs-based cathode, a Zn foam-based anode, a glass fiber separator, and
an aqueous solution of ZnSO, and MnSOy, as the electrolyte (see Table S2). The charge-

discharge curves were collected for five different current densities across a fixed voltage range,
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corresponding to five capacities (see Table S3).

Finally, we constructed alkaline Sn—NiOOH battery pouch cells in an “anode free” con-
figuration, using two anode substrates (copper foam and carbon felt), Ni(OH)y cathodes,
monovalent anion-exchange membrane separators, and an aqueous solution of KoSn(OH)g
and KOH as the electrolyte (see Table S2). We measure galvanostatic charge—-discharge

curves at different applied current densities (see Table S3).

2.4.2 Model parameter calibration

The collected data sets are then used to calibrate the model parameters to simulate the
charge-discharge curves for all three aqueous battery chemistries. While some parame-
ters (e.g., cell dimensions, material properties, and electrolyte compositions) were provided
based on reported measurements, others were calibrated using experimental data. For all
chemistries investigated, we assume the charge transfer coefficient to be 0.5'*. We manually
tuned the rest of the unknown parameters by fitting the model to a single experimental
charge and discharge curve and then evaluated the validity and accuracy of the model us-
ing the remaining charge and discharge curves. The tuning parameters for each battery

configuration are specified in Section 3.

2.4.3 Model parameter sensitivity analysis

We also quantify the individual and combined effects of model parameters on model perfor-
mance using a global sensitivity analysis known as the Sobol method3?33, Briefly, the Sobol
method begins by defining the number of model parameters (IV,,) and their associated ranges.
These vary across different aqueous batteries and will be specified in Section 3, where the
Sobol analysis is applied. The parameters are either constrained by known physical ranges
or, when uncertain, assumed to be bounded between one-tenth and ten times the best-fitted
values. We then run N, x (N, +2) Monte Carlo simulations using parameter sets randomly

sampled from their ranges via a Sobol quasi-random sequence. Here N, is the number of
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samples for each parameter, which is set to 1,0243233. For each parameter set, we run model
simulations under all experimental conditions and compute the mean root-mean-square error
(RMSE) across all simulated curves. Finally, we use the mean RMSE as the model perfor-
mance metric to evaluate both the sensitivity of individual parameters (i.e., first-order Sobol

index) and the combined effects of parameter pairs (i.e., second-order Sobol index).

3 Results and analysis

3.1 Model evaluation and validation

We apply the model described in Sections 2.2-2.3 to simulate the charge-discharge curves for
the acidic Hy~Mn, near-neutral Zn-MnQO,, and alkaline Sn—-NiOOH aqueous battery cells.
The modeling results are evaluated and validated using the data collected in Section 2.4.

The modeling results and analysis are discussed in the following sections.

3.1.1 Modeling potentiostatic charge and galvanostatic discharge curves of an

acidic H,—Mn battery

We first evaluate the model by simulating the potentiostatic charge and galvanostatic dis-
charge curves for the acidic Ho-Mn battery?® (see the reaction schematic in Figure 3a-b
and reactions in Equations (1-2)). The model parameters for cell dimensions and electrode
material properties are summarized in Table S4. We calibrate three unknown parameters
(i.e., the exchange current density of the anode reaction, and the initial reactive surface
areas of the anode and cathode substrates) using one experimental dataset where the cell
is charged at Vo(t)=1.6 V to 20 mAh, and then discharged at i (t) = 10 mA/cm?. The
parameters are tuned until a good match is reached between the simulation results and ex-
perimental data, and then the calibrated model is applied to simulate the remaining three
charge—discharge curves. As shown in Figure 3¢, the modeled curves present an excellent

match to the measured ones as evidenced by the small root-mean-square errors (RMSE =
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0.025 V ~ 0.046 V).

A closer inspection reveals nonuniform ion concentrations and pH across the cell and
nonuniform electro-deposition of MnO, across the cathode during the charge—discharge cy-
cles (Figures 3d—g and S2). This indicates that the reactant transport is slower than the
electrochemical reactions and is the rate-limiting process in the system. We examine the rel-

ative importance of ion transport and electrochemical reaction by computing the Damkochler

2
L Kik

number defined by Da = =%

, where i refers to the controlling reactant (i.e., k= Mn** or
H* during charge, while i= Mn?" or Hy during discharge), x; refers to the rate constant of
the controlling reaction (i.e., kj; is estimated by S;;/¢; where Sj; and ¢; are the represen-
tative reaction rate and concentration and are estimated by domain-averaged reaction rate
and concentration at the beginning of the simulations), and D; is the effective diffusivity
(ie., Di = (La€aDaji + Lsp€spDsepi + Le€eDei)/(La€a + Lspesy + Le€e)). If Da > 1, the sys-
tem is transport-controlled. In contrast, if Da < 1, the system is reaction-controlled. The
calculations yield Da = 1.1 x 103 ~ 1.5 x 10* during charge, verifying a transport-controlled
system. We acknowledge that the current experiments fall in the low-utilization regimes
where less than 5.3% Mn?" is participating in the electrochemical reactions, and thus the
system has sufficient Mn?* for electrochemical reactions during the charge and discharge
cycles. Therefore, no significant transport-limited behavior is observed during discharge.
To further identify the dominant controlling factors, we perform a global sensitivity
analysis on the following three uncertain parameters: the anode exchange current density
(ip.1), the initial anode reactive surface area (Ap.n), and the initial cathode reactive surface
area (Apca) (Figure S6). The results indicate that model performance is primarily governed
by the anode reaction parameters (particularly Ag,,, which has a first-order Sobol index of
0.87), whereas the cathode reactive surface area exerts only a minor influence. This finding
indicates that the system is within the low MnQO, utilization regime and that anode processes

controls the overall cell overpotential.
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Figure 3: (a-b) Conceptual model representation of the charge and discharge of an acidic Ho—
Mn battery. (c) Modeled vs. measured potentiostatic charge and galvanostatic discharge
curves of an acidic Ho—Mn battery cell. The cell is charged at a constant voltage (i.e.,
Vo(t)=1.6 V) to a certain capacity (i.e., 5, 10, 15, or 20 mAh), and then discharged at four
current densities (i.e., 44(t) = 10 mA /cm?). The experimental data are collected from the
work of Chen et al.??. Note that because the cell was charged to different capacities in the
experiments and its charge curves overlapped, we present the curve that reaches the largest
capacity. The corresponding charge curve for the electric current is provided in Figure S1.
Spatial and temporal variations of (d) pH and (e) Mn*" concentration during the charge (top
row of Panels d—e) and discharge (bottom row of Panels d—e) of an acidic Hy~Mn battery
with a cycle capacity of 1 mAh at a constant charge voltage (1.6 V) and a discharge rate
of 10mA/cm?. During discharge, the initial ion concentration and MnO, profiles are the
same as those at the end of charge. The gray dashed lines indicate the boundary between
the anode and the separator (left) and the boundary between the separator and the cathode
(right).

3.1.2 Modeling galvanostatic curves of a near-neutral Zn—MnQO, battery

Next, we evaluate the model by simulating the galvanostatic charge-discharge curves for the
near-neutral Zn-MnQO, battery from reported experiments3!, which probed the performance
of the system under rates ranging from 1 C to 30 C (Here 1 C refers to the rate at which a

battery cell is fully charged or discharged in 1 hour). The governing equations of the near-
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neutral Zn-MnO, battery are described in Equation (4) and Equations (5-7) for the anode
and cathode, respectively. To parameterize the model, we make the following assumptions:
(1) In the electrolyte, water dissociation is in chemical equilibrium (i.e., pH 4+ pOH = 14).
(2) In the anode, Zn deposition/dissolution is treated as the primary reaction, while side re-
actions such as Hy evolution and ZHS formation/dissolution are not explicitly included. The
solid-phase Zn is also represented by a group of equal-size hemispheres rather than a distri-
bution of varying-size hemispheres, and the Zn surface area is calculated using the Boolean
model. These simplifications are adopted because the simulated cell has an oversized Zn
anode relative to the MnO, cathode, such that anode-side side reactions and detailed Zn
morphology evolution are expected to have only a minor influence on the reported charge—
discharge curves. In other systems or under different conditions, these processes may need
to be considered explicitly. (3) In the MnO, cathode, we assume Zn?T and H* indepen-
dently intercalate into or deintercalate from MnO, (i.e., a fraction of MnO, is used for Zn**
(de)intercalation, while the remaining is used for H" (de)intercalation). (4) The Zn** and HT

(de)intercalation reactions are modeled by the following modified Butler-Volmer equations:

24\ 1/2 awF oF
ig = 1'072 |:<1 — SOCZn2+) <CZn +> exp (a 2 772) - SOCZn2+ exXp (_a 2 7]2>:| 9

1000 R,T R,T )
. . c a3 F o F
i3 = g3 {(1 — SOCy+) (1(1){—(;0) exp ( RST 773) — SOCy+ exp (— R3T 773>] ,
g g

where iy and 73 respectively denote the exchange current densities for Zn?* and H* (de)intercalation

reactions (where we keep the subscripts consistent with the reaction indexes presented in
Section 2.1.2), SOCy,2+ denotes the state of charge at Zn** (de)intercalation sites (i.e.,
SOCzp2+ = Cszm2+/ o2+ with ¢, zn2+ being the solid-phase Zn?* concentration and Cozma+
being the maximum solid-phase Zn?* concentration), SOCy+ denotes the state of charge
at HT (de)intercalation sites (i.e., SOCy+ = cé,,,H+/cf"HJr with ¢, g+ being the solid-phase
H* concentration and Con+ being the maximum solid-phase H™ concentration), and the

remaining parameters are defined in Equation (15).
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To set up the simulations, we first split the MnO; into two types of (de)intercalation
sites—which are assigned to Zn?** and H*—associated with the upper and lower discharge
plateaus, respectively. We use the model parameters for cell dimensions and electrode
material properties as shown in Table S4, and calibrate the eleven remaining unknown
parameters—the initial number and size of Zn hemispheres, the standard potential for two
(de)intercalation reactions (Up ;), the exchange current densities for all reactions (i ;), the
reaction rate constants for all chemical reactions (K and K,), the initial reactive substrate
surface area of the cathode reaction (Agc,)—using one experimental data set where the cell
is cycled at 1 C. This calibration is then used to predict the other voltage curves.

We observe that the model predictions deviate from the experimental data (Figure S3).
This deviation is likely due to the neglect of solid-phase diffusion processes and their impact
on active material accessibility and cell capacity at higher rates. To account for the rate-
dependent cell capacities, we introduce a threshold for the available MnO; (i.e., maximum
saturation of Zn?** and HT in the MnO,). Because the threshold is rate-dependent, we
calibrate its value for each rate using the following procedure. At a targeted rate, we first
approximate the available MnO, threshold by the ratio between the measured capacity and
the theoretical capacity. We then recalibrate all the model parameters for the discharge curve
and use the recalibrated model to predict the charge curve at the same rate. As shown in
Figure 4a, the modeled charge—discharge curves show a much better match with the measured
ones as demonstrated by the low root-mean-square errors—RMSE =0.012 V~0.086 V for
the charge curves, and RMSE = 0.035 V~0.052 V for the discharge curves. The agreement
between the simulations and measurements validates the new model parameterization. A
closer look shows that the spatial profiles of ion concentrations and pH are uniform across the
cell (Figure 5). Additionally, the Damkohler numbers range from 2.1 x 1073 to 2.2. Both the
uniform ion concentration profiles and smaller Damkohler numbers indicate that the system
is not limited by ion transport, but controlled instead by the electrochemical reactions.

We compute the electrode-averaged properties to examine the controlling factors of the
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charge—discharge behavior with particular emphasis on the two discharge plateaus—a crit-
ical process that extends the utilization of MnO,. Our simulations indicate that the first
discharge plateau is dominated by Zn?" intercalation in the MnO, cathode (Equation (5)),
which has a higher equilibrium redox potential. When the MnO, cannot accommodate fur-
ther Zn?" intercalation, the second reaction (i.e., HT intercalation) becomes the dominant
process. Additionally, voltage rebound is observed, which we attribute to the competition
between H* intercalation (Equation (6)) and ZngSO4(OH)g - 2H5O(s) (ZHS) precipitation
(Equation (7)). As HT intercalation becomes the dominant electrochemical reaction, the pH
increases rapidly, but is then counterbalanced by the precipitation of ZHS, which consumes
OH™~ and maintains the near-neutral condition (Figure 4). This sustains the H" concen-

28d_stage discharge. Finally, at the end of the

tration and the higher voltage during the
28d_stage discharge, the depletion of intercalation sites within MnO; becomes dominant and
lowers the voltage (Figure 4c).

Given that the battery behavior is primarily controlled by cathode processes, we examine
the key controlling factors via a global sensitivity analysis (i.e., Sobol’s method) on the fol-
lowing uncertain cathode reaction parameters: the total available MnO, for (de)intercalation
reactions (M,",. + M. ), the fraction of Zn** (de)intercalation sites (M,",, /M ), the initial
cathode reaction area (Ag ), the exchange current density for Zn** (de)intercalation (ig2),
the exchange current density for HT (de)intercalation (ip3), and the forward and reverse
reaction rate constant for ZHS deposition/dissolution (Kjc, and K, ) (Figure S7). The
results show that Mé?l% + MII{IL has the greatest first-order Sobol index (0.58) and serves as
the major controlling factor of the simulated charge and discharge behaviors, which further
highlights the need to capture the rate-dependent capacities.

We note that the simulated reactions follow hypotheses (i.e., Zn?* (de)intercalation, H"
(de)intercalation, and ZHS precipitation/dissolution) that have been partly verified by exper-

imental observations such as operando X-ray crystallography, scanning electron microscopy,

and X-ray computed tomography?!. We will discuss other existing hypotheses and explain
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s how the modeling study can advance our understanding and investigation of near-neutral

si3. Zn-MnQOy battery systems in Section 4.
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Figure 4: (a—b) Conceptual model representation of the charge and discharge of a near-
neutral Zn-MnO, battery. (¢) Modeled vs. measured galvanostatic charge—discharge curves
of a near-neutral Zn-MnO, battery cell. The cell is charged and discharged at five current
densities (i.e., it0(t) =1, 5, 10, 20, and 30 C where 1 C = 308 mA /g, where 1 C refers to
the rate at which a battery cell is fully charged or discharged in 1 hour). The experimental
data are collected from the work of Zhou et al.?'. (d-e) We present the intercalated Zn*"
concentration in the MnO, (normalized by the maximum amount of intercalation sites for
Zn?* intercalation), the intercalated HT concentration in the MnO, (normalized by the
maximum amount of intercalation sites for H intercalations), pH, and the surface areas of
Zn4S04(OH)g - zH20O(s) (ZHS) during the (d) charge and (e) discharge at it (t) = 1 C. Note
that in order to capture the rate-dependent cell capacities, the model needs to set different
maximum saturations of Zn** and H" in the MnO, (i.e., state of charge or SOC) in different
simulations. Here we set SOCs to 0.58, 0.57, 0.46, 0.31, and 0.24.
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Figure 5: Spatial and temporal variations in (a) aqueous Zn** concentration, (b) pH, (c)
Zn?* concentration in MnOs, and (d) H* concentration in MnO, during the charge (top row)
and discharge (bottom row) of an Zn-MnO, battery cell. Note that because the Zn-MnO,
battery cells are assembled and tested from a fully charged state in the experiments, the
simulations begin from discharge and are followed by charge. For demonstration purposes,
we present the simulation results for a capacity of 308 mA /g and a rate of 1 C. The left gray
dashed line indicates the boundary between the anode and the separator, while the right
gray dashed line indicates the boundary between the separator and the cathode.

3.1.3 Modeling galvanostatic curves of an alkaline Sn—-NiOOH battery

As the third and final case, we benchmark the model by simulating the galvanostatic charge—
discharge curves for the alkaline Sn—-NiOOH battery using a copper anode substrate (Equa-
tions (8-10)) and (Equations (11-12)) for the anode and cathode, respectively.

We simulate four charge—discharge curves for two capacities and four rates, where a
1.286 mAh cell is charged and discharged at two lower rates (0.05 mA /cm? and 0.1 mA /cm?),
and a 2 mAh cell is charged and discharged at two higher rates (0.5 mA /cm? and 1 mA /cm?).
Similar to the prior simulations, we first use one experimental dataset where the cell is
charged and discharged at i (t) = 1 mA /cm? for a capacity of 2 mAh to determine the nine
unknown parameters—the exchange current densities for the anode electrochemical reactions
(i0,j), the reaction rate constants for all chemical reactions (K, and K,), initial reactive
substrate surface area for the anode reaction (Ay), and nucleation parameters (Zj; and f;).

Because the electro-deposited Sn solids on copper surfaces are uniform and non-spherical®,
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27 we also tune the scalar for Sn solid surface area (Ay) and the scalar Sn—copper interfacial
s area (Agg). While the parameters for cell dimensions and electrode material properties are

s20 shown in Table S4, the calibrated parameters are reported in Tables S5, S6, and S7.
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Figure 6: (a—b) Conceptual model representation of the charge and discharge of an alkaline
Sn—-NiOOH battery cell. (c—f) Modeled vs. measured galvanostatic charge and discharge
curves of an alkaline Sn—-NiOOH battery cell using a copper-based anode and an anion
exchange membrane as the separator. The cells have two cycling capacities (i.e., 1.286 and
2mAh). The cell with a lower capacity is charged and discharged at 0.05 and 0.1 mA /cm?,
while the one with a higher capacity is charged and discharged at 0.5 and 1 mA/cm?. (g-
h) The temporal evolutions of the electrode-averaged Sn(OH); concentration, Sn(OH)2~

concentration, and solid Sn surface area during the (g) charge and (h) discharge of the
2mAh cell at iy (t) = 1 mA/cm?.
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Figure 7: Spatial and temporal variations of (a) Sn(OH); concentration, (b) Sn(OH)2~
concentration, (¢) OH™ concentration, and (d) cathode state of charge (i.e., the mole fraction
of NiIOOH) during the charge (top row) and discharge (bottom row) of an alkaline Sn-NiOOH
battery cell using a copper-based anode substrate. For demonstration purposes, we present
the simulation results for a capacity of 2mAh and a rate of 1 mA/cm?. The left gray dashed
line indicates the boundary between the anode and the separator, while the right gray dashed
line indicates the boundary between the separator and the cathode. Note that as the cell
is constructed with separate negative and positive electrolytes and uses a monovalent anion
exchange membrane as a separator, Sn(OH)Z™ is constrained to the anode and therefore its
concentration is near zero within the separator and cathode (indicated by the blue color).

The calibrated model is then applied to simulate the remaining three charge—discharge

curves. As shown in Figure 6a-d, the model reproduces the measured charge-discharge

curves—the root-mean-square errors are 0.013 V~0.027 V for the charge curves and 0.016 V~0.038 V

for the discharge curves. Both measured and modeled discharge curves show a single voltage
plateau for the charge and discharge processes (Figure 6f), despite the occurrence of two
subsequent reactions—a faster 15%-step Sn electrodissolution reaction and a slower 2"-step
Sn(OH)3 oxidation reaction (Figure 6f). This is because the two reactions share similar
equilibrium redox potentials as well as similar reaction kinetics on the copper substrate®34.
Figure S4 shows the model response when the discharge is simulated as a single-step re-
action. This simplification leads to substantially worse agreement with experiments as the

model overestimates the discharge capacity due to the exclusion of the chemical self-discharge

pathway involving the Sn(OH); intermediate.
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Similar to the Zn-MnO, system, the cell charge-discharge performance is mainly con-
trolled by electrochemical reactions as suggested by the uniform ion concentration profiles
(Figure 7) and smaller Damkohler numbers (Da = 1.5x 1073 ~ 3.1 x 107?). Additionally, we
observe that the intermediate product (Sn(OH); ) concentrations remain low during charge
and discharge due to the low utilization of Sn(OH)g~ (Figure 6ef).

We also examine the key controlling factors via a global sensitivity analysis on the fol-
lowing uncertain reaction parameters: the initial reactive surface area in the anode substrate
(Apan), the exchange current density for Sn(s) <» Sn(OH); reaction (i), the exchange cur-
rent density for Sn(OH); <> Sn(OH)Z™ reaction (o), the initial reactive surface area in the
cathode substrate (Agca), the reaction rate constant for the Sn(OH); disproportionation
reaction (K,,), and the reaction rate constant for the Sn(OH); self-discharge reaction (K.,)
(Figure S8). The results suggest that Agan, 401, and their combined effect play the domi-
nant role—their first- and second-order Sobol’s indices add up to 0.92. This verifies that the
system is primarily controlled by anode processes and highlights the need to characterize the

reactive surface area for better predicting the charge-discharge behaviors.

3.2 Model extension

We further demonstrate the model’s capability and generalizability by simulating the gal-
vanostatic charge—discharge curves of a technologically-relevant alkaline Sn—NiOOH aqueous
battery utilizing a lower-cost carbon-based anode substrate. While the cell structure re-
sembles that of the copper-substrate battery, the electrochemical reactions on the carbon

434 Experiments showed that the carbon-substrate significantly

surfaces are more complex
alters the charge—discharge behavior, introducing an initial voltage peak during charge and
two distinct voltage plateaus during discharge®!. These observations cannot be captured by
the calibrated model obtained in Section 3.1.3 (Figure 8a); therefore, we need to either retune

the model parameters or extend the model by considering additional physical processes.

First, we recalibrate the nucleation model parameters by decreasing the nucleation rate

30



568

569

570

571

572

573

574

575

576

577

578

constants (i.e., Z;;, and f;;) given that the initial voltage peak potentially indicates a greater
energy barrier for nucleation on carbon surfaces (see parameters in Table S7). The recali-
brated model (“Model - Nucleation” in Figure 8a) presents a better match with experimental
data as evidenced by the decrease of RMSE from 0.063 V to 0.036 V. A closer analysis of
the the temporal evolution of the volumes and surface areas of nuclei reveals that current
is primarily driven by the reduction of Sn(OH)Z~ to Sn(OH); (Equation (9)) before the
nucleation peak, while plating (Equation (8)) dominates afterwards (Figure 8b). These find-
ings highlight the necessity of incorporating nucleation processes and two-stage reactions to

accurately model the plating behavior of Sn on a carbon substrate.
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Figure 8: (a) Model extension to simulate the galvanostatic charge—discharge curves of an
alkaline Sn—-NiOOH battery cell with a carbon-based anode and anion exchange membrane.
We compare experimental charge-discharge curves at a current density of 4 mA/cm? with
simulation results from a model neglecting nucleation for charge and adsorption for discharge
(denoted by “Model”) and three extended models that account for these phenomena. The
first extended model accounts for nucleation and is used for the charge simulation (denoted
by “Model - Nucleation”). The second and third extended models account for the adsorption
of Sn(OH); on carbon surfaces—the second couples a standard Langmuir isotherm (denoted
by “Model - Langmuir”), while the third incorporates a modified Langmuir isotherm (de-
noted by “Model - Modified Langmuir”). We also compare the electrode-averaged Sn(OH)3
concentration, Sn(OH)2~ concentration, and solid Sn surface area during (b) charge and (c)
discharge.

While the model accurately predicts the 15%-stage discharge voltage plateau, it overesti-

mates the voltage during the 2"d-stage discharge (Figure 8a). The significant voltage loss
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suggests an significant overpotential for Sn(OH); oxidation on carbon surfaces during dis-
charge. In particular, the overpotential may arise from the electrical double layer effect
and adsorption enthalpy, which causes the concentration of Sn(OH); on the carbon sur-
face to deviate from its bulk concentration. To account for the electrical double layer effect
and adsorption enthalpy, we extend the model by incorporating a Langmuir-type adsorption

model,
K, eqCSnll

_ . .m
Csf,Snll = Csf,SnHl n

—_— 37
K, eqCsnlIl ( )

where ¢y sunr is the Sn(OH); concentration on the substrate surface and c;; g,p; is the max-

imum surface concentration. We implement two models: (1) a standard Langmuir isotherm

(“Model - Langmuir”), i.e., Ko, = exp (—A}g%js> exp <—%> % where AGY,, is the
standard Gibbs free energy of chemical adsorption and A¢ = ¢5 — ¢; is the electric po-
tential drop across the bulk electrolyte and the reaction plan, and (2) a modified Langmuir
isotherm (“Model - Modified Langmuir”), i.e., Keoq = exp (—%) exp (—%), where
Ades = ¢, A¢ is the empirically-derived effective electric potential drop across the bulk
electrolyte and the reaction plan, and  is a empirical parameter. We use cgfsni1 to replace
csnnn in the Butler-Volmer equation (Equation (15)) to consider the deviation of surface con-
centration from the bulk electrolyte, as well as its impact on the electrochemical reactions.

As shown in Figure 8a, the model incorporating the standard Langmuir isotherm does not
notably modify the 2"d-stage discharge curve. Due to the relatively large A¢ at the beginning
of the 2"-stage discharge, Keq > 1 and cgpgnn1 & C?},Snll' The reaction rate and cell voltage
remain almost constant until the ¢; approaches 0 and c¢s gnir o< cgnrr. In contrast, the model
using a modified Langmuir isotherm (¢} g,;; = 0.01 mol/m? and & = 0.65) outperforms the

2td_stage discharge (Figure 8a). In

prior model and presents a much better match with the
this model, K¢, and ¢, s decrease nonlinearly with cgnr. To maintain a constant current,
the anode electropotential needs to increase (i.e., the cell voltage will decrease). Accordingly,

the RMSE decreases from 0.15V to 0.068 V. Furthermore, the new model is validated by

simulating the charge—discharge curves at three other rates. All simulated curves align well
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with the experimental data (Figure 9). The RMSEs are 0.026 V~0.057 V for charge, and
0.069 V~0.11 V for discharge. These observations reveal additional interfacial interactions
between Sn(OH)3 and carbon surfaces.

We also perform a global sensitivity analysis on the same uncertain reaction parameters
for those in Section 3.1.3 with additional parameters for nucleation (i.e., the product of
nucleation probability and frequency, Z - f) and adsorption (i.e., the empirical parameter
€) (Figure S9). The results suggest that Agan, 0,1, and iga collectively control the voltage
plateau—their first- and second-order Sobol’s indices add up to 0.84 for charge and 0.48
for discharge. These observations show the dominant role of the reactive surface area and

exchange current densities for the anode reactions.
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Figure 9: Modeled vs. measured galvanostatic charge-discharge curves of an alkaline Sn—
NiOOH battery cell using a carbon-based anode and an anion exchange membrane as the
separator. The cell is charged and discharged at four current densities (i.e., i (t) =1, 2, 4,
and 8 mA /cm?).
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4 Discussion

We examine the modeling results to elucidate the mechanisms that control aqueous battery
performance (Section 4.1) and inform the optimization of cell architecture and cycling pro-
tocols (Section 4.2). We also comment on potential model extensions for capturing more

involved physics and electrochemistries in aqueous batteries (Section 4.3).

4.1 Mechanistic understandings of physical and electrochemical

processes

4.1.1 Acidic H,—Mn battery

Our model indicates that the performance of the acidic Ho—Mn battery is primarily limited
by reactant transport during charge. During charge, due to the higher overpotential at
locations close to the anode—current collector interface (at smaller spatial coordinate x), Hy
evolution and H* consumption reactions are faster and consume more H*. In the meantime,
the H™ supply is limited by diffusion, with both molecular diffusion and Grotthuss-type
structural diffusion captured in the model by an effective H* diffusion coefficient (Table S5).
They collectively lead to a substantial pH rise, especially at the locations close to the anode—
current collector interface (Figure 3b). In contrast, Mn?* concentration remains relatively
uniform across both space and time, except near the cathode terminal (at large spatial
coordinate x), where a pronounced gradient develops. These findings suggest that under
high charge capacity conditions, reactant depletion may become more severe; specifically,
H* at the anode and Mn?* at the cathode due to limited transport at the extremes of the
cell. Therefore, a lower charge rate or a thinner electrode could enable achieving higher
utilization of active materials. Our model can be used to identify transport-limited regimes
and guide the selection of charge—discharge rates or electrode thickness that mitigate these

limitations.
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4.1.2 Near-neutral Zn—MnQO, battery

For near-neutral Zn-MnQO, aqueous batteries, one main challenge is to resolve the discharge
reaction mechanisms at the MnO, cathode. As discussed in Section 3.1.2, this remains
an open question. To help address this ambiguity, our model conceptualizes both H*
(de)intercalation and ZHS formation but treats these two reactions separately, which enables

2nd

us to examine their influence on pH evolution and the subsequent impact on the 2"%-stage

1819 i simulating experi-

discharge. Our model outperforms two recently reported models
mentally measured charge-discharge curves. More importantly, our simulations suggest that
competition between reversible H (de)intercalation and ZHS deposition/dissolution can ac-
count for the characteristic voltage rebound at the onset of the second discharge plateau,
which is oftentimes not well captured in the other simulated discharge plateaus. We demon-
strate that while the first discharge plateau is dominated by Zn?* intercalation, the second
plateau corresponds to HT intercalation and ZHS formation (Figures 4b—c and 5). We observe
that ZHS formation occurs predominantly during the second discharge plateau (Figure 4c).
These findings suggest that the interplay between these reactions is crucial in determining
reversibility and cycling stability. This is consistent with recent experimental observations
and theoretical analysis!?2!:22,

Finally, we explore other proposed discharge reaction mechanisms by three additional
simulations: (1) Zn?' intercalation and HT intercalation, but without ZHS formation; (2)
Zn*T intercalation only; (3) HT intercalation only. As shown in Figure S10, each of these
alternate reaction mechanisms fails to capture the key features of the experimental discharge
reaction. The model not considering ZHS formation will significantly underestimate the 2"9-
stage discharge voltage, while the models considering a single intercalation reaction (either
Zn*T or HT) cannot replicate the two-stage discharge behavior. The simulated concentrations
of intercalated Zn?T and H*, pH, and surface area of ZHS in each case are shown in Figure

S11. This analysis further supports our model representation of the reaction mechanisms,

which includes Zn** (de)intercalation, H™ (de)intercalation, ZHS precipitation/dissolution,
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and the interactions between them.

4.1.3 Alkaline Sn-anode battery

The behaviors of alkaline Sn-NiOOH batteries have been effectively captured by our model
despite the complexity introduced by the asymmetric four-electron charge/discharge reac-
tions and the sensitivity to substrate-dependent kinetics. The simulations show strong agree-
ment with experimental data on both copper and carbon anode substrates, though in order
to accurately reproduce the distinct charge—discharge behavior of carbon-based anode sub-
strates, the model incorporates metal nucleation and surface adsorption phenomena. Under
the tested cycling conditions (Figures 6 and 9), ion transport does not limit performance, as
only a small fraction of the theoretical capacity is accessed (Figure S5).

Higher utilization of the active materials needs to be achieved to lower the cost of aque-
ous batteries, but can introduce new phenomena that must be captured by the model. At
high plated capacities of alkaline Sn—NiOOH batteries, carbon substrates often demonstrate
inhomogeneous nucleation and plating, while copper substrates experience chemical reactiv-
ity with the plated Sn, resulting in intermetallic alloying and strain-induced inhomogeneous
plating®. Both of these phenomena result in spatially heterogeneous growth of the solid
Sn surfaces and lead to significant spatial variations in Sn(OH)Z~ concentration. When ap-
proaching a higher utilization, sluggish Sn(OH)Z~ transport from low to high reaction rate
areas could cause depletion of Sn(OH)z ™. If the transport time scale is longer than the reac-
tion time scale, the reaction will be limited by Sn(OH)Z~ transport. The transport limitation
can potentially lead to a rapid increase in cell potential and trigger HER to dominate. In the
following section, we will demonstrate the application of our model for studying the impact

of the transport limitation on the cell potential and its impact on the occurrence of HER.
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4.2 Model application towards higher-utilization aqueous batter-
ies

We examine the impact of charging rates on the occurrence of HER and the corresponding
utilization in alkaline Sn—-NiOOH batteries. We apply the model described in Section 3.2
that accounts for nucleation to predict the onset of HER by simulating the charge curves
of the alkaline Sn-NiOOH battery at four different rates: iy (t) =1, 4, 8, and 16 mA /cm?
(Figure 10). For all simulations, we use a cell potential threshold (2 V) determined from high-
utilization experimental data to identify the utilization at which HER becomes dominant.
The simulation results suggest a notable transport limitation at the higher rates (Figure 10a—
b), which leads to a rapid increase in the cell potential corresponding to the depletion of the
main reactant (Sn(OH)27). Consequently, HER occurs at a lower utilization (approximately
77.9%) and reduces the usage of all Sn(OH)2™ in the system at higher rates.

Transport limitations are potentially more significant in experiments where the anode
substrate (i.e., carbon felt) has a three-dimensional structure with heterogeneous surface
properties. Additionally, the system can be further complicated in configurations where the
anode length and width (dimensions in the y and z directions) are much larger than the
thickness (dimension in the z direction). Therefore, the transport pathways for Sn(OH)2™ in
a three-dimensional system may exceed the thickness, leading to a longer transport time scale
and more significant transport limitations. To achieve higher utilization without significant
HER, lower charge rates, in particular later in the charging process, are necessary. Our
model can be used to estimate the optimal charge rate and guide the real-time control of

the charge rate.

4.3 Model limitations

We note that a few assumptions and simplifications are employed in the current modeling

framework. First, the model adopts a one-dimensional homogeneous representation, which
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Figure 10: (a) Predictions on the onset of Hy gas generation and utilization limit. The cell is
charged and discharged at four current densities (i.e., ito;(t) = 1, 4, 8, and 16 mA /cm?). (b)
The concentration profiles of Sn(OH)Z™ across the cell when the cell potential reaches 2 V.

does not account for three-dimensional structures and heterogeneity (e.g., surface chemistry).
The importance of these factors can be further examined by extending our one-dimensional
model formulations to a three-dimensional domain. Second, we did not account for ion dif-
fusion inside the solid active materials during the intercalation and deintercalation processes
because most experimental data (e.g., alkaline Sn—NiOOH batteries) were collected at a low
utilization of the cathode active materials and the intra-particle diffusion process was not
the limiting factor. For conditions where the utilization of cathode active materials is higher,
the model can be extended to incorporate intra-particle diffusion processes by either using a
simplified representation (e.g., spherical particles'?) or an explicit three-dimensional repre-
sentation of the active materials. Third, the model assumes dilute ion concentrations such
that ion activities are equal to ion concentrations. In concentrated solutions, ion activities
may be notably smaller than ion concentrations, meaning that the activity coefficient may
change with the stage of charge as ions are generated or consumed. Under those conditions,
advanced theories (e.g., extended Debye-Hiickel theory, Specific Interaction Theory, Pitzer
equation, or molecule-level theory) may be necessary to compute the actual activities for
the transport and reaction models. For these advanced models, more experimental efforts

are desired to determine the unknown parameters, and once experimental data and model
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parameterization are available, they can be incorporated into the model. Finally, we note
that the model does not yet account for material degradation mechanisms and is therefore
not readily applicable to long-term cycling or calendar-aging prediction. However, as demon-
strated in Section 3.2, our model provides the flexibility to incorporate the above additional

physical processes to investigate any aqueous battery system of interest.

5 Conclusions

We present a versatile modeling framework for simulating aqueous battery charge-discharge
performance. The framework captures multispecies ion transport, charge transport, and
reactions in the liquid electrolyte; the reactions and charge exchange at the interfaces be-
tween the liquid electrolyte and the solid substrate; solid-phase charge transport; as well
as temporal and spatial variations in pH and reactive surface areas. We solve the nonlin-
ear model under arbitrary initial and boundary conditions using a backward-Euler finite-
volume method, which provide accurate predictions on the potentiostatic or galvanostatic
charge—discharge curves of aqueous batteries under a wide range of chemistries and cycling
conditions. Comprehensive model-data comparisons demonstrate the model’s capability of
capturing the complex physical and electrochemical processes during charge and discharge of
a wide range of aqueous batteries. Furthermore, the model can be extended to simulate more
involved physical processes such as metal nucleation and interfacial adsorption processes.
The model offers a computationally efficient tool to test hypotheses and guide architec-
tural design for aqueous batteries. For systems where the physical mechanisms are poorly
characterized, the model can be applied to test hypotheses for the underlying mechanisms
(e.g., reaction pathways) derived from experimental observations and first-principle theories
(e.g., density functional theory and molecular dynamics). This iterative process is antic-
ipated to advance the characterization of key controlling physical, chemical, and electro-

chemical processes on the performance of aqueous batteries. For aqueous batteries where
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the physical mechanisms are well-characterized, the model can be directly applied to simulate
their charge—discharge curves and inform ideal materials properties and tailored cycling pro-
tocols for optimal performance. Combining our modeling efforts with rigorous experimental
validations, we aim to advance the development of higher energy density, longer cycle life,

and lower cost of aqueous batteries for grid-scale energy storage.
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