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Abstract:
Galvanostatic cycling of symmetric metal cells provides a fundamental platform
for investigating morphological instabilities in high-energy-density batteries. How-
ever, conventional analysis of Zn/Zn symmetric cells typically relies on integral de-
scriptors such as time-to-failure, neglecting the rich physico-chemical information
encoded in voltage transients. This work introduces a physics-based framework
combining the Metal Anode Charging (MAC) model with automated waveform
classification. Voltage transients are rigorously categorized into four characteristic
morphological families based on curvature and derivative signatures, each corre-
sponding to distinct regimes of ion transport, kinetics, dendritic growth, and passi-
vation. A MATLAB-based recognition algorithm enables high-throughput analysis
of experimental datasets, revealing how additives and electrode fabrication meth-
ods modulate morphological evolution and degradation pathways. The framework
is further extended from symmetric Zn/Zn cells to a full Ni/Zn configuration by
incorporating a thermodynamically consistent description of the Ni/NiOOH cath-
ode based on the two-parameter Margules formalism. This transition converts
the system from a transport-dominated symmetric problem into an asymmetric
hybrid model coupling morphology-controlled zinc growth with solid-state interca-
lation thermodynamics. The results demonstrate that voltage waveform morphol-
ogy constitutes a robust diagnostic descriptor linking electrochemical signatures
to underlying physical regimes. By shifting the focus from parameter fitting to
morphology-based interpretation, this approach establishes a generalizable method-
ology for physically informed monitoring of zinc-based energy storage systems.

Key-words: zinc metal anode; voltage transient; shape classification; MAC model; Ni–Zn full cell;
morphology

1. Introduction

The global transition toward sustainable energy systems and the increasing electrification of mobility have
significantly intensified the demand for safe, reliable, and cost-effective electrical energy storage technologies
[1, 2]. In this scenario, aqueous zinc-based batteries have emerged as a primary candidate for large-scale
applications due to the high theoretical capacity of zinc metal, its low cost, global abundance, and the intrinsic
safety provided by non-flammable aqueous electrolytes [3, 4] [5]. However, the practical deployment of these

1



systems remains hindered by the morphological instability of the zinc anode during cycling, specifically the
uncontrollable growth of dendrites and the occurrence of surface passivation [6–9]: These phenomena lead to
internal short circuits and capacity fade, which represent the principal failure modes for next-generation zinc
batteries [1–3, 7].
Despite the large amount of experimental data generated through galvanostatic cycling [8, 10, 11], often using
symmetric Zn/Zn cells to isolate anodic and cathodic processes, traditional analysis is typically restricted to inte-
gral descriptors, such as time-to-failure [1, 1, 2, 11]. This approach neglects the rich reservoir of physico-chemical
information embedded within the voltage–time transients [12–14]. Consequently, a significant methodological
gap exists between materials science and device engineering, necessitating the development of theoretical tools
capable of quantitatively linking macroscopic electrical signatures to the internal evolution of cell materials
[2, 15–18].
To address this challenge, the Metal Anode Charging (MAC) framework was developed [1, 2, 10]. This model,
based on a system of coupled partial differential equations (PDEs)[19], describes ion transport, electrochemical
kinetics, and the dynamic evolution of electrode shape [1]. Unlike earlier models that assumed a perfectly
reversible planar regeneration of the electrode [8, 9], the MAC framework explicitly accounts for irreversibility
in both the cathodic (deposition) and anodic (stripping) half-cycles, capturing the cumulative effects of dendritic
growth and passivation [1, 2].
The present work provides a comprehensive diagnostic framework for both symmetric and full-cell configura-
tions by linking macroscopic electrical transients to internal electrode dynamics. In the first part of this study,
we focus on symmetric Zn/Zn cells, where voltage transients are systematically classified into four fundamen-
tal morphological families: single-minimum, extremum-reversal, monotonically increasing, and monotonically
decreasing [12]. To facilitate high-throughput analysis, a custom MATLAB-based algorithm was developed to
automatically recognize these characteristic shapes in experimental datasets. This algorithm processes individ-
ual semi-periods by dividing the signal into six equal sub-intervals and applying rule-based logic to the sign
patterns of the mean derivatives, effectively moving beyond simple lifetime metrics toward a morphology-aware
diagnostic approach [12]. This recognition framework is applied to evaluate the impact of additives [9, 20–
22]from the NDSB series and the influence of fabrication techniques, such as mechanical punching and laser
cutting, and other operating condition, on the stability of the metallic deposit.
Furthermore, in this thesis work, I am extending the MAC model beyond the symmetric cell case of interest
only for material RD work to the general full-cell case, able to account for practical batteries with a metal
anode and an intercalation cathode. Specifically, but without loss of generality, we considered Ni cathodes,
but any cathodic chemistry can be accommodated in this model by simple parameter selection, based on
standard electrochemical tests. To achieve this, a new governing equation for the nickel hydroxide cathode
was developed, providing a thermodynamically consistent description based on the two-parameter Margules
formalism established in classical thermodynamic analyses of the nickel electrode [23, 24], but extending it to
the out of equilibrium case with interpolating functions for the model parameters. This formulation moves
beyond ideal mixture model, expressing the reversible potential as an analytical function of the mole fraction of
the reduced species, incorporating an excess Gibbs free energy term derived from Wohl’s expansion [23, 24]. The
resulting equation combines the standard potential and logarithmic ideal mixing with a quadratic correction
that accounts for non ideal interactions and ordered proton insertion into the host lattice [23].
By integrating these solid-state intercalation model directly into the boundary conditions at the nickel electrode
interface, while the zinc electrode remains governed by morphology-driven transport and kinetics, the system
evolves from a transport-dominated symmetric problem into an asymmetric hybrid framework [2, 23]. Following
this theoretical extension, the automated shape-recognition algorithm was adapted for the full-cell configuration.
This updated recognition framework is designed to handle variable-duration semi-periods determined by voltage
cut-offs and to account for the unique electrical signatures of solid-state intercalation electrodes, enabling high-
throughput identification of degradation pathways in practical nickel-zinc energy storage systems.
Finally, while this study focuses on physics-based modelling and qualitative classification, it is important to
note that parallel advancements have demonstrated the efficacy of Deep Learning techniques, such as hybrid
CNN-LSTM neural networks [11], and K-Means clustering based on Sobolev distances [12] for the automatic
identification of physical parameters and shape recognition. By establishing a cogent link between electrical
operando data and material dynamics, this unified approach provides a powerful tool for the optimization and
diagnostic monitoring of next-generation zinc-based energy storage systems [2, 3].
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2. Modeling Framework

2.1. Overview of the MAC model for a symmetric cell

The MAC model [2, 19] is a mathematical framework based on partial differential equations developed to describe
the response of symmetric electrochemical cells with metallic electrodes, such as Zn/Zn and Li/Li systems, when
subjected to square-wave current inputs. Its primary objective is to link the measured electrical response (cell
voltage transient) with the electrode shape evolution occurring during the discharge and the charge of the cell,
due to mass transport phenomena, electrochemical kinetics, morphology passivation evolution and the metal
anode shape [25–27].
The model accounts for two major irreversible mechanism: dendrite formation and passivation.
Dendrites are metallic structures that grow uncontrollably on the electrode surface, driven by localized high
current densities, and can ultimately lead to battery failure. To describe these phenomena the model, consider
two assumption: geometric assumption: deposit or dissolved metal is assumed to form hemispherical protrusions
arranged on a flat surface in a square lattice with a radius equal to rmax, and to capture morphological
instabilities, it has been assumed that during the cathodic cycle (electrodeposition) new metal forms exclusively
on the hemispherical protrusion and not on the flat surfaces, while during the anodic cycle the metal dissolve
from both the hemispherical and the flat [28].
Passivation inside the model [2], is treated as a kinetic irreversibility and it is included inside the BC. Physically
it represents the progressive loss of area due to the ZnO and other species’ precipitation on the electrode surface,
decreasing the active site surface fraction; its reduce the apparent exchange kinetics increasing the overpotential
at fixed current.

2.2. Governing equation

The mathematical framework of the MAC model is established within a one-dimensional electrolyte domain
defined as 0 ≤ x ≤ L. The system is characterized by two fundamental state variables: the metal-ion concentra-
tion u(x, t), and the electrolyte potential ϕ(x, t). The governing equations consist of a mass balance for metal
ions:
The governing equations consist of a mass balance for metal ions:

∂u

∂t
= −∂J

∂x
(1)

and Laplace’s equation for the electric potential distribution:

∂2ϕ

∂x2
= 0 (2)

The ionic flux J is defined by both diffusion and migration components as

J = −D
∂u

∂x
− zDF

RT
u
∂ϕ

∂x
(3)

At the boundaries x=0 and x=L, the surface potential and ion concentration are coupled through Nernst
relations:

ϕ(x, t) =
RT

zF
ln

(
u(x, t)

u0

)
(4)

Additionally, the ionic flux at these boundaries must matches the applied current density i(t);

−D
∂u

∂x

∣∣∣
x=0,t

− zDF

RT
u(x = 0, t)

∂ϕ

∂x

∣∣∣
x=0,t

= i(t) zF (5)

−D
∂u

∂x

∣∣∣
x=L,t

− zDF

RT
u(x = L, t)

∂ϕ

∂x

∣∣∣
x=L,t

= i(t) zF (6)

Where the ionic flux is expressed as function of the concentrations’ and potential’s gradient.
The current density i(t), is corrected to reflect the evolving active electrode area; this correction follows the
relation:

i(t) =
I(t)[

AK0(t)
K0,hs

] (7)
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where K0(t) is a time-dependent parameter that accounts for surface growth and passivation. Specifically, this
parameter increases with the development of the electrode surface and decreases as passivation occurs. Finally,
the measured cell voltage is computed by aggregating the electrolyte potential drop ∆ϕ, the ohmic drop term
∆ϕ = |ϕL − ϕ0|, and the cathodic and anodic overpotentials ηcat and ηan. These activation overpotentials
are expressed in a Tafel-type form to provide a comprehensive analytical expression for the voltage transient
(eq.23):

∆Φ = ∆ϕ+
A

k
Li+ 2B ln

0.5
 i

i0
+

√(
i

i0

)2

+ 4

 (8)

Ko(t) expression is obtained starting from the radius of the hemisphere (we have assumed that the deposit or
dissolved metal rearrange on the surface with a perfect hemispherical shape):

r(t) =

(
3IT

4πzFρ
Λ(t;T )

) 1
3

(9)

From this expression we can derive the fraction of hemispherical and flat portion, of the surface area:

ϑhs(t) =
Ahs(t)

Ahs(t) +Arf (t)
=

2πr(t)2

4r(t)2 + πr(t)2
(10)

ϑflat(t) = 1− ϑhs(t) (t ≤ tmax) (11)

The model also considers the passivation effect by introducing two degrees of passivation (passivation rate):

ϑhs,pass(t) =

∫ tanod(t)

0

khs,pass ϑhs(τ) dτ (12)

ϑflat,pass(t) =

∫ tanod(t)

0

kflat,pass ϑflat(τ) dτ (13)

where khs,pass and kflat,pass are passivation rate, which represent how fast those surfaces (flat or hemispherical)
become passivate, so inactive due to precipitation of different species like ZnO. Like many others parameters,
they are strictly related to the materials proprieties, and they must been identify sperimentally. The two
constants have different value since passivation is strongly influenced by the gravity, so the electrode which face
up, has much higher passivation rate.
It has been also introduced two different effective kinetics, empiric, constant to quantify the electrodeposition
and stripping process by expressive how ‘reactive’ is a certain surface: k0,hs represent the kinetics on top of the
hemispherical protuberance, and mostly depends on the tip current on the top of the metal structure; k0,flat
instead, refers to the kinetics on the flat portion of the electrodes where no metal growth is occurring. Those two
parameters are variable parameters since depend on the material’s propriety and on the electrolyte’s condition
(type of additives).
The final expression of Ko(t) can be now obtained by putting together all those parameters:

k0(t) = k0,hs ϑhs(t) [1− ϑhs,pass(t)] + k0,flat ϑflat(t) [1− ϑflat,pass(t)] (14)

2.3. PDE solution

The solution procedure for the MAC model [2, 19] follows a structured numerical approach to correlate internal
physical changes with the external electrical response. The process begins with problem initialization, where all
model parameters, including operating conditions such as current density and cycle period, are defined alongside
constant material properties like molar density and valence. Initial conditions are assigned by setting a uniform
metal-ion concentration u0 across the 1D domain and establishing the initial electrolyte potential distribution.
Before solving the core transport equations at each time step, the model performs a pre-PDE update of the
effective kinetic parameter K0. This step evaluates the current state of electrode outgrowth and the accumulated
level of passivation, which physically represents the precipitation of species like ZnO on the electrode surface.
These morphological and chemical effects are integrated into the kinetic parameter without modifying the
physical 1D spatial domain or the electrode geometry itself; instead, they are accounted for through their
electrochemical impact on the boundary conditions, specifically by correcting the effective current density.
The PDE solution phase involves the simultaneous calculation of the electrolyte potential ϕ(x, t), and the ion
concentration u(x,t) for each time step. The potential is determined by solving the Laplace equation, while
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the concentration is governed by the mass balance equation, which accounts for both diffusion and migration.
These two variables are coupled at the boundaries through Nernst relations, ensuring that the surface potential
remains consistent with the local ion concentration at the electrode-electrolyte interface. This system is typically
integrated using numerical solvers like MATLAB’s PDEPE or custom finite difference schemes that handle the
non-homogeneous boundary conditions.
Finally, the model undergoes post-processing to determine the measured cell voltage. The total voltage transient
is obtained by summing the electrolyte potential drop between the electrodes, the ohmic contribution associated
with the cell’s resistance, and the activation overpotentials for both anodic and cathodic charge transfer, which
are expressed in a Tafel-type form. This final step allows for the direct comparison of the model’s output with
experimental galvanostatic cycling data.

3. EXTENSION OF THE MAC MODEL FOR A FULL CELL

The selection of a Nickel-zinc (Ni-Zn) configuration for this study is driven by the many advantages offered
by combining a nickel-based cathode with a zinc anode. The nickel hydroxide cathode is a well-established
technology known for its high power density, reliability, and excellent discharge rate capabilities [29–33]. When
paired with a zinc electrode, the resulting system provides a higher cell voltage (approximately 1.73 V) compared
to traditional aqueous systems like Nickel-Cadmium (Ni-Cd) (approximately 1.2 V) [29], or Nickel-Metal Hydride
(Ni-MH) (approximately 1.2 V) [29]. Furthermore, zinc is an ideal active material due to its low cost, global
abundance, and low toxicity, making it a sustainable alternative to more expensive or environmentally harmful
metals [34–38] .From a performance perspective, the high theoretical capacity of zinc, coupled with the stability
of the nickel cathode in aqueous electrolytes, creates a battery chemistry that is inherently safe, non-flammable,
and capable of delivering significant energy density for various applications [39–41].

3.1. Ni/NiOOH cathode introduction

Positive electrodes for use in NiMH batteries, whether cylindrical or prismatic, can be of the sintered or pasted
type, which are also common to NiCd batteries. The nickel hydroxide for use in NiMH batteries is fundamentally
the same as that used in NiCd and NiFe, and from a simple viewpoint, the basic compound is the same as that
used by Edison and Junger 100 years ago. However, today’s high-performance nickel hydroxide is more advanced
and continues to improve in capacity, utilization, power and discharge rate capability, cycle life, high temperature
charging efficiency, and cost [42–44].
Spherical Nickel Hydroxide. As mentioned previously, one type of nickel hydroxide is by far the most common—a
high-density spherical type used in pasted electrodes which became commercial around 1990. High-density
spherical nickel hydroxide is made in a precipitation reactor where metal salts such as nickel sulfate are reacted
with a caustic such as NaOH in the presence of ammonia [29, 44]. The nickel source may have additives such
as cobalt and zinc to enhance performance [29, 30, 44]. The important physical parameters within this type of
nickel hydroxide are:
• Chemical formula: The nickel hydroxide active material itself is most commonly a NiCoZn tri-precipitate; a
common composition is Ni94Co3Zn3 [29, 44]. However, the amounts of cobalt and zinc, which are usually about
1 to 5
• Tap density: Usually around 2.2 g/cc, tap density is a measure of the dry nickel hydroxide powder packing
efficiency and influences the amount of active material that can be loaded into the pores of the nickel foam
current collector [29, 44].
• Particle size: An average particle size of about 10 microns [29, 44].
• Surface area: Measured by the BET method, surface area refers not to the geometric area of each nickel
hydroxide sphere, but rather to the total surface area of each particle, which contributes to the charge-discharge
reactions and can thus affect utilization and high-rate discharge capability. Typical BET surface area for
high-density spherical nickel hydroxide is about 10 to 20 m2/g [34, 44]..
• Crystallinity: Each nickel hydroxide sphere has an extremely high surface area corresponding to the nickel
hydroxide crystallites themselves [42, 43]. Crystallinity is measured by X-ray diffraction, where the full width
at half maximum (FWHM) of a reflection, such as the <101> plane, may yield a typical crystallite size of about
110 Å. A variety of other factors contribute to performance, such as impurities from processing like residual, such
as: sulfates, nitrates and sodium sulfate, among others [44]. The more common pasted nickel hydroxide positive
electrode is typically produced by mechanically pasting high-density spherical nickel hydroxide into the pores of
a foam metal substrate [29, 44]. The foam metal substrate is typically produced by coating polyurethane foam
with a layer of nickel by electroplating or by chemical vapor deposition, followed by a heat treatment process
to remove the base polyurethane. The foam is then physically loaded with nickel hydroxide having an average
diameter of about 10 microns in a paste containing conductive cobalt oxides, which form a conductive network
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to compensate for the large distance from the nickel hydroxide to the metal current collector and for the fact
that the nickel hydroxide itself is relatively low in conductivity. Usually, the paste additives are finely divided
cobalt metal and cobalt monoxide that will dissolve and reprecipitate on the surface of the nickel hydroxide
active material. However, the coating may not be uniform and complete in coverage. For ultra-high-power
discharge, it is possible to add metallic nickel fibers to the paste formula to enhance conductivity [29, 44]. In
the case of calcium additives, the additive may cause a loss in power and/or cycle life. Cobalt metal and cobalt
monoxide are relatively expensive battery materials, and increased use has cost implications[45]. Addition of
metallic nickel fibers lowers the amount of active material, resulting in reduced capacity and specific energy
During discharge, nickel oxyhydroxide is reduced to nickel hydroxide

NiOOH+H2O+ e− → Ni(OH)2 +OH− E◦ = 0.52V (15)

The process is reversed during charge. N/P ratios vary by cell design and for a given manufacturer but are
typically within the range of 1.3 to 2.0. The lower N/P values are used to maximize energy while higher values
are used in power and cycle life designs [29, 44].The useful capacity of the battery is thus determined by the
positive electrode. A convenient method to fully charge sealed NiMH batteries is to charge at a constant current
at about 0.1 C. rate with time limited charge termination. The charge should be terminated after 150
Ni Cathode in Ni-Zn battery: The positive electrode is very similar to that used in nickel-metal hydride and
nickel-cadmium systems. The chemistry of the nickel-zinc battery system is similar to that of nickel-cadmium,
except that cadmium is replaced by zinc. The electrolyte is typically a 3 to 8 M alkali metal hydroxide solution
in which specific additives are sometimes added to improve the charge–discharge behaviour of the zinc electrode
[29, 31–33]. The active material of the positive electrode is nickel (III) oxy-hydroxide and that for the negative
electrode is high surface area metallic zinc. When discharged, the nickel(III) oxy-hydroxide is reduced to
nickel (II) hydroxide and zinc is oxidized to zinc (II) species. The electrochemistry and mechanism of the
reactions are quite complex and for illustrative purposes, the simplified forms of the reactions are given below
[31, 33].Depending on the conditions, zinc hydroxide, zincate, or zinc oxide and their mixtures may constitute
the final reaction product at the negative electrode on discharge. All may be reconverted to zinc during the
charging process.

Zn + 2OH− → Zn(OH)2 + 2e− E◦ = −1.24V

Zn(OH)2 + 2OH− → ZnO2−
2 + 2H2O

ZnO2−
2 +H2O → ZnO + 2OH−

Positive electrode discharge reactions:

2NiOOH+ 2H2O+ 2e− → 2Ni(OH)2 + 2OH− E◦ = 0.49V

3.2. Modelling of Ni/NiOOH cathode charge-discharge curves

Voltage vs. Depth of Discharge (DoD) curves, measured as detailed in Section 3.2.3, were modelled with the
two-parameter Margules (TPM) model [23]. This literature model was found to accurately capture the non-
idealities in the three key electrode conditions: (i) at equilibrium; (ii) as a function of the discharge/charge
current and (iii) as a function of degradation degree.
The two-parameter Margules model is a thermodynamic framework, based on binary solution theory, employed
to describe the reversible potential of the nickel hydroxide electrode as a function of its state-of-discharge,
specifically accounting for non-idealities in the mixing of solid species. Unlike simpler models, it moves beyond
the assumption of ideal behavior or random insertion, offering a more sophisticated representation of the complex
interactions within the active material, as detailed below.

3.2.1 Model formulation

The foundation of this model lies in the Gibbs free energy of mixing ∆Gmix which, for non-ideal systems, is
expressed as the sum of three components [24]:

• Free energy due to ideal mixing, ∆Gid;
• Free energy due to reaction, ∆GR, accounting for non-ideality resulting from the chemical reaction of the

two species that undergo mixing;
• Excess Gibbs free energy, ∆Gex, which captures the non-ideal interactions developing upon mixing (with-

out reaction) the two phases at stake.
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The total Gibbs free energy of mixing is therefore given by:

∆Gmix = ∆Gid +∆GR +∆Gex (16)

For a system comprising NiOOH and Ni(OH)2 as the oxidized (Ni(III)) and reduced (Ni(II)) forms of Ni, with
x representing the mole fraction of Ni(II), the free energy contributions are defined as:

∆Gid = RT [x lnx+ (1− x) ln(1− x)] (17)

where R is the gas constant and T is the absolute temperature.

∆GR = xµ0
II + (1− x)µ0

III (18)

where µ◦
II and µ◦

III are the standard chemical potentials of the equilibrium phase form of Ni(II)- and Ni(III)-
containing species, respectively. This model does not account for chemical equilibrium, and simply describes
for the free energy change of the system containing Ni(II) and Ni(III) in terms by connecting linearly the initial
and the final states (pure and separated species in the equilibrium crystallographic forms).

∆Gex = RT [x ln γII + (1− x) ln γIII ] (19)

where γII and γIII and are the activity coefficients of Ni(II)- and Ni(III)-containing species, respectively.

3.2.2 activity coefficient formulation

As hinted at above, the two-parameter Margules model provides a thermodynamic description of the non-ideality
within the solid-state mixture of (reduced species,y) and (oxidized species,z). This approach treats the oxidized
and reduced nickel species as distinct components of a binary solid solution [23, 24, 46, 47]. The mathematical
expressions for the activity coefficients are derived from Wohl’s expansion of the excess Gibbs free energy:

gE

RT
= x1x2

m∑
k=0

Ak (x1 − x2)
k with ln (γi) =

∂
(

ngE

RT

)
∂ni


T,P,nj ̸=i

This method expands the excess energy into a power series of mole fractions where the coefficients represent
the effective molecular sizes and the interaction parameters (including binary and ternary interactions) [24, 47].
By including higher-order terms compared to the one-parameter model, this formulation can describe more
complex, asymmetric thermodynamic behaviors. [23, 48] Letting x represent the mole fraction of the reduced
species, the activity coefficients are expressed as:
For Ni (II) (x = 1 corresponds to pure Ni(OH)2):

ln (γII) = A0(1− x)2 +B0(1− x)3.

For Ni (III) (x = 0 corresponds to pure NiOOH):

ln (γIII) =

(
A0 +

3

2
B0

)
x2 −B0x

3.

In the polynomial expansion of these equations, the absence of constant and linear terms is dictated by funda-
mental thermodynamic constraints: (i)Zero Constant Term: Ensures that the activity of a pure species is equal
to unity, (i) Zero Linear Term: Ensures that the derivative of the excess Gibbs energy vanishes at the limits of
the pure components, satisfying the condition that the mixture behaves according to Raoult’s Law in the limit
of high concentration These expressions form the theoretical foundation for the model equations presented next.
The inclusion of higher-order terms, such as cubic contributions, - not considered so far in the literature - allows
the model to more accurately capture asymmetries and specific interaction effects within the mixture[23, 48].
Physically, the better fit provided by these higher-order terms suggests that the insertion of protons into the
lattice occurs in an ordered, non-random fashion, which happens when all lattice sites are not equivalent [23? ].

3.2.3 Physical Meaning of Parameters A0 and B0

As mentioned above, the Margules-type expansion, in fact, is a phenomenological polynomial expansion, without
an explicitly underlying molecular-level model[24, 47]. Nevertheless, different orders in the expansion can be ex
post associated with different physical effects or asymmetries in interactions, e.g., along the lines proposed in
[23, 48] and summarized below. The relevant physical properties that can be associated with the parameters A
and B are the following: (i) the effective ion size q; (ii) two-body interaction terms, assuming that there is only
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one type of such interaction a and (iii) three-body interaction terms, assuming that there are two types of such
interaction b1 and b2 [24, 47].In this formal framework, it is possible to define the parameters as follows:

A0 = q(a+ 2b1 − b2) (20)

B0 = q(2b2 − 2b1) (21)

As described in [23, 24, 47], a large positive value of the interaction parameter indicates a thermodynamic
repulsion between the two species, suggesting that the components are immiscible and tend toward phase
separation. Mathematically, this contributes a linear term (with respect to the composition) to the chemical
potential, effectively shifting the slope of the equilibrium curve. Conversely, the parameter accounts for the
system asymmetry. This asymmetry arises from the fact that ternary configurations (e.g., 1-1-2 or 1-2-2) rarely
possess the same interaction energy since the energy associated with a Ni(II)-rich triple differs significantly from
that of a Ni(III)-rich environment.

3.2.4 Final expression of the reversible potential

The reversible potential is obtained by differentiating the total Gibbs free energy with respect to the mole
fraction (x), and dividing it for nF[23, 24, 49]:

E(x) = − 1

nF

∂GM

∂x
(22)

By substituting the expressions provided by the model for the activity coefficients and performing some straight-
forward algebraic manipulations, the two-parameter Margules model at constant pH can be restated as [23]:

E(x) = E0 +
RT

nF
ln

(
1− x

x

)
+

RT

nF

[
A0(1− 2x) +B0(1− 6x+ 6x2)

]
(23)

Here, E0 represents the standard potential, defined as (µ0
II − µ0

III)/nF . The first two terms of this equation
correspond to the ideal solution behavior (Nernst equation), while the third term, quadratic in x, directly
accounts for the non-idealities.

3.2.5 Linear and quadratic parameters

The linear part of the third term of the previous equation, signifies the random insertion, as for the case of
one-parameter Margules, while the higher order terms suggests that the insertion occurs in an ordered fashion,
as shown by [23, 48]. The linear contribution of the third term indicates a random insertion of ions into the
available crystallographic lattice sites. This behaviour relies on the assumption of equivalence, namely that the
intercalated ions are randomly distributed over energetically equivalent lattice sites. Under this assumption,
each site is statistically indistinguishable, and the occupation probability does not depend on local ordering
effects[23, 48]. These linear terms account for several physical interactions among the intercalated species,
including electrostatic repulsive and attractive forces arising between electrons and ions within the host lattice.
In particular, the linear contribution reflects the shift of the Fermi level: the chemical potential of a solid
is governed by the energy of the highest occupied electronic states, defined by the Fermi level. As the solid
composition changes with x, the electronic structure evolves accordingly, and the linear term in the Margules-
type model captures the first-order variation of this electronic energy. Additionally, ion insertion induces a local
distortion of the electronic cloud and the surrounding atomic framework, giving rise to polarization effects.
The linear term effectively represents the averaged contribution of these polarization interactions under the
simplifying assumption that each newly inserted ion experiences a statistically identical chemical environment
to that of previously inserted ions. Such an assumption is valid only in the case of a random distribution
over equivalent lattice sites. The non-linear terms, instead, indicate that proton or ion insertion occurs in an
ordered rather than random manner. The presence of these terms reflects non-ideal interactions among the
intercalated species and implies the development of short-range ordering or site–site correlations within the
host lattice[24, 47]. The inclusion of such higher-order contributions enables the two-parameter Margules model
to reproduce the experimental data with significantly greater accuracy than simpler models. This improved
agreement confirms that the structure of the active material, such as nickel hydroxide, promotes a structure-
driven distribution of species, where the energetic cost of insertion is no longer uniform but depends on the
local environment and the collective interaction between intercalated ions.
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3.2.6 Fitting of experimental discharge-charge curves

To perform the fitting of the experimental data, two additional parameters, α and β, were introduced compared
to the original model in order to shift the asymptotes away from the idealized values of 0 and 1. This adjustment
is necessary because, in reality, the state of complete charge (DOD = 1) and complete discharge (DOD = 0) is
never fully achieved due to irreversibility’s and battery degradation [50].
The complete form of the equation used to fit the non-equilibrium curves is therefore:

V = E0 +
RT

F
ln

(
(x− α)

(x+ β)

)
+

RT

2F

(
−2A+ 4A(1− x)− 2B + 6B(1− x)− 3B(1− x)2

)
(24)

where R = 8.314 Jmol−1K−1, T = 298 K, and F = 96480 Cmol−1.
For the fit of the quasi-equilibrium curve (data obtained from Amin’s thesis), it was necessary to introduce a
cubic term to the previously used expression, yielding the following equation:

V = E0 +
RT

F
ln

(
(x− α)

(x+ β)

)
+

RT

2F

(
−2A+ 4A(1− x)− 2B + 6B(1− x)− 3B(1− x)2 + C(1− x)3

)
(25)

This modification can be considered as an expansion of the two-parameter Margules model in order to accurately
describe the equilibrium behaviur. The model extension can be justified by stopping the Redlich-Kister equation
at the fourth order instead of the third. Under these operating conditions (extremely low currents), the system
remains in a state of quasi-equilibrium, allowing the “fine” thermodynamics of the material to emerge. In this
regime, every subtle interaction between the intercalated ions has sufficient time to manifest and influence the
electrode potential—effects that would otherwise become negligible at higher currents. Because these interac-
tions differ significantly between and species, the resulting potential-composition curve exhibits a pronounced
asymmetry between the charged and discharged states. This behavior necessitates the use of higher-order terms,
such as the cubic term in the two-parameter Margules model, to accurately capture the energetic landscape of
the host lattice.
Although the acquired data do not strictly represent the thermodynamic equilibrium curve, the magnitude of
the current is sufficiently low to justify a quasi-equilibrium approximation. This approach is particularly valid
at lower current densities, where more pronounced asymmetries and distinct curvatures emerge, especially at
low stoichiometric values of x. At low discharge currents, Zn–Ni batteries operate close to thermodynamic
equilibrium; in this regime we have that: the ohmic overpotential is negligible due to the low current flowing
through the internal resistances of the cell, the ionic diffusion is not rate-limiting, since concentration gradients
in the electrolyte and within the electrode are weak or absent. In addition to that, at low current density the
system works in the linear region of the Butler-Volmer equation and so the activation energy (the activation
energy responsible to decrease the energy barrier allowing the flow of the electron and so higher current density)
is very low, so we have that:

E = E0 + ηΩ + ηatt + ηdiff (26)

ηΩ ≈ ηatt ≈ ηdiff ≈ 0 (27)

Once the optimal fitting expression for the nickel electrode was established, two additional input parameters
were incorporated into the model: DODmin and DODmax, defining the lower and upper limits of the admissible
depth-of-discharge window. In practical applications, battery operation does not typically involve complete
charge and discharge cycles. Instead, cycling is constrained within predefined depth-of-discharge limits to avoid
excessive degradation and to ensure operational safety.
Consequently, the charge curve is no longer evaluated over the entire theoretical DOD range, but is instead
restricted to the interval

DOD ∈ [DODmin,DODmax] (28)
Thus, the resulting charge and discharge profiles corresponds to a truncated segment of the original fitting
function, representing the effective operational window of the electrode under realistic cycling conditions:

V = E0 +
RT

F
ln

(
(t− α)

(t+ β)

)
+

RT

2F

(
−2A+ 4A(1− t)− 2B + 6B(1− t)− 3B(1− t)2 + C(1− t)3

)
(29)

t = (DODmin + (DODmax −DODmin)x) (30)
and for the discharge:

t = ((1−DODmax) + (DODmax −DODmin)x) (31)
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3.2.7 Definition of the new boundary condition for the Ni electrode in the modified
MAC model

To define the new boundary conditions for the asymmetric cell, the MAC model code was modified at x = L,
while the boundary conditions at x = 0 were left unchanged.
The zinc flux derivative was set equal to zero at the nickel electrode, assuming that no zinc-ion flux occurs at
this interface:

∂u

∂x
= 0 at x = L (32)

Accordingly, the boundary condition at the nickel electrode becomes:

−zDF

RT
u(x = L, t)

∂ϕ

∂x

∣∣∣∣
x=L,t

=
i(t)

zF
(33)

where ϕ(i, t) is now a known quantity derived from the analytical expression previously obtained:

ϕ(i, t) = E0(i) +
RT

F
ln

(
t− α

t+ β

)
+

RT

2F

[
−2A(i) + 4A(i)(1− t)− 2B(i) + 6B(i)(1− t)− 3B(i)(1− t)2 + C(i)(1− t)3

]
(34)

The potential at the nickel electrode is no longer a function of the concentration u; furthermore the Nichel elec-
trode is not subject to passivation or dendritic growth, as it operates via solid-state intercalation. Consequently,
the nickel electrode’s capacity for charge exchange does not decay over time due to morphological degradation,
maintaining a stable active surface area throughout the process, so the current density at the cathode is:

I(t) = | i(t) | (35)

3.2.8 Fitting parameters equation

The dependence of the fitting parameters A(i), B(i), and E0(i) on the applied current was determined empirically
by interpolating their values obtained at the different current densities investigated experimentally.
Specifically, the analysis of the discharge curves revealed that the equilibrium potential parameter, , exhibits a
trend closely resembling that of the total overpotential [51]. Consequently, its behavior was modeled as:

Ecell(i) = Eeq,cell − ηCT (i)− ηΩ(i)− ηMT (i) (36)

which can be expressed explicitly as:

Ecell(i) = Eeq,cell −B ln

0.5(
i

i0
+

√(
i

i0

)2

+ 4

−Ri+ ηMT (i) (37)

where:
• ηΩ(i) represents the ohmic contribution (resistive losses),
• ηCT (i) describes the charge-transfer kinetics,
• ηMT (i) accounts for mass transport limitations.

For the specific case considered here, the mass transport term ηMT (i) was neglected, as at the relatively low
applied currents, the corresponding diffusion limitations, are negligible.
For the charge curves, the parameter E0(i) exhibits an almost linear trend with respect to the applied current.
Since the experimental behavior is essentially linear, it can be assumed that the system operates in an ohmic
regime, where activation effects are negligible compared to the resistive voltage drop.
In this case, the voltage-current relationship can be approximated by Ohm’s law, V = RI. This suggests a
relatively high exchange current density i0, indicating fast electrochemical kinetics and rapid charge-transfer
reactions. For this reason, the fitting procedure was carried out using a simple linear relationship of the form

y = mx+ q.

Within the cell, additional effects must also be considered. These are incorporated through empirical coefficients
A(i) and B(i), which account for the modifications in the reaction mechanism, variations in the electrochemical
double layer structure and other system-specific nonlinearities.
The fitting of parameters A(i) and B(i) was performed using exponential functions of the form:
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A(i) = C +De−i/k (38)

The details regarding the fitted curve are provided in Appendix A.

3.2.9 Definition of the total cell voltage

To conclude the formulation of the mathematical framework, it is necessary to define how the electrode potentials
derived from the boundary conditions are translated into the measurable cell voltage for both investigated
systems.

3.2.10 Symmetric cell configuration

For the symmetric Zn/Zn configuration, all characteristic voltage transients are described by summing the
contributions of the activation overpotentials at both interface:

∆Φ = B ln

0.5
 |i(x = 0)|

i0
+

√(
i(x = 0)

i0

)2

+ 4

+B ln

0.5
 |i(x = L)|

i0
+

√(
i(x = L)

i0

)2

+ 4

 (39)

This expression allows for the accurate representation of symmetric voltage transient profiles by specifically
taking into account the differences in current density at the two boundary conditions.

3.2.11 Full-cell configuration

In the case of the extended MAC model for the Ni-Zn full-cell, the equation used to compute the final voltage
curves is modified to account for the asymmetric nature of the system:

ηCT
an + ηCT

cat = B
I

|I|

ln

1

2

(
|i(x = 0)|

i0

)
+

√(
i(x = 0)

i0

)2

+ 4

 (40)

In this formulation, the term specifically related to the cathode charge transfer overpotential has been eliminated.
This simplification is justified because the cathodic activation contribution is already implicitly accounted for
within the new potential boundary conditions derived from the Margules thermodynamic formalism.
.

4. Materials and Methods

4.1. NICKEL CATHODES: MATERIALS AND ELECTROCHEMICAL MEA-
SUREMENTS

4.1.1 Ni/NiOOH cathode extraction

Ni/NiOOH cathode material is extracted from Ni-MH AA-energizer 2000mAh commercial batteries through
a carefully controlled procedure to preserve the structural and electrochemical integrity. The batteries were
first discharged at a C/10 rate to a cutoff potential of 0.15 V to minimize the risk of short-circuiting during
subsequent handling and disassembly. Following discharge, the battery casing was removed using a handheld
precision Dremel. The cathode material was extracted from the top of the cell, unrolled, and cleaned with
deionized water (DI-W). To enhance the mechanical stability and ensure uniform surface characteristics, the
extracted cathode was subjected to two pressing protocols: cold pressing at 500 psi for 1 minute, followed by
hot pressing at 80◦C for 5 minutes at 500 psi. The cathodic material was then punched to disk of 18 mm of
diameter.
Here is reported the potential of the battery during the discharge:
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Figure 1: Ni-MH AA-energizer discharge curve

4.1.2 Chronopotentiometry (CP)

CP were performed in a three-electrode cell, using an Hg/HgO reference electrode (AMEL 383/OHG/12, 0.1
M KOH) a 0.9 cm2 platinum counter electrode (CE). Extracted Ni/NiOOH was mounted in a PTFE sample
support with three sealing gaskets (595/SH & 3x 595/SS, AMEL) and complete support stand (591/BASE &
591/COBO, AMEL) and used as Working electrode (WE). The cell contained 200 mL of 6 M KOH.
To characterize the electrode behaviour, three sets of measurements were carried out:
The first set of measurements was conducted by maintaining a constant charging current of 1.5 mA, followed
by a series of discharges carried out at the following currents, in order: 0.5 mA, 3 mA, 0.38 mA, 6 mA, and
0.76 mA.
Two potential cut-offs were set for the charge and the discharge of the cathodic material (0.5V and 0.1V vs
Hg/HgO respectively). At the end of each measurement, an aliquot of fresh electrolyte was employed. The RE
and all the cell components were thoroughly washed the deionized water.
Subsequently the battery was discharged at the same current of 1.5 mA, while multiple charging steps were
performed at different current values 0.3 mA, 0.6 mA, 1.5 mA, 3 mA. As in the previous case, a cut-off voltage
of 0.5 V vs Hg/HgO was applied, along with a time limit of 60 hours.
To effectively evaluate the experimental data additional measurements were carried out while keeping the
charging current fixed at 1.5 mA. In this set of tests, the battery was discharged using the following currents,
(this time applied in increasing order), 0.6 mA, 0.75 mA, 1.2 mA, 3 mA, and 6 mA. For the cutoff were used
the same condition as before.

4.1.3 definition of discharge and charge cutoff value

Once the experimental setup was established, it was necessary to define the charge and discharge cut-off voltages.
According to the article [52], several key factors must be considered in order to determine the optimal potential
window:
Redox activity: after performing a series of CV, using Ni(OH)2 electrode Vs Hg/HgO, the best range of potential
were between 0 and 0.55 V. This choice is motivated by the fact that the intense redox peaks, associated with
the battery-type behavior of the materials, occur precisely within this potential range.
Discharge plateau: In galvanostatic charge discharge (GCD) tests, it was observed that the voltage plateau
where the majority of charge transfer occurs terminate at specific potentials, namely around 0.14 V for α-
Ni(OH)2 and 0.19 V for β-Ni(OH)2. Setting the discharge cut-off slightly below these values allows the full
capacity of the material to be captured while avoiding potential regions where no significant electrochemical
activity takes place.
It is also important to avoid electrolyte (KOH) decomposition which might occur at to high charge potential
(usually above 0.6 V), were oxygen evolution reaction could starts; in addition to that, exceeding this limit
would lead to an increase in current that does not contribute to energy storage within the material, but instead
promotes gas evolution, thereby reducing the faradaic efficiency and potentially causing structural degradation
of the electrode.
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4.2. SYMMETRIC Zn CELLS WITH ZWITTERION ADDITIVES: experiement
set up

April experiment

For the experiments on symmetric Zn/Zn cells, a total of 30 coin cells were assembled, corresponding to 10
replicates for each additive investigated: for the electrodes were used standard metallic cases characterized by
1.2 cm of diameter. The electrolyte consisted of an aqueous solution containing 2 mol of ZnSO4 and 0.003 mol
of additive, dissolved in 500 mL of deionized water (volume used for the experiment 80 µL). As separator glass
fiber 260 was used with a micron thick and a diameter of 19 mm. All the elements were then assembled and
pressed together.
Three different additives were tested: NBSD-195, NBSD-201, and NBSD-257. The assembled cells were sealed,
mechanically pressed, and subjected to galvanostatic cycling at a current of 0.7 mAh/cm2, for a total of 3 h per
cycles.

August experiment

The experiment was repeated a second time using 30 coin cells containing the same three additives. In this set
of measurements, the applied current density and the cycling protocol were modified. Specifically, for the first
group of cells, a current density of 1 mA cm−2 was applied with galvanostatic charge and discharge steps of 1
h each. For the second group, the current density was increased to 5 mA cm−2, while maintaining the same
charge and discharge duration of 1 h.

4.2.1 SYMMETRIC CELL WITH DIFFERENT CUTS TECNIQUES

To further assess the robustness and general applicability of the proposed shape-classification method, an
additional set of cells was tested under modified operating conditions, characterized by a shorter cycling period
of 24 minutes and an applied current density of 1 mA cm−2. A total of 30 cells were fabricated for this purpose:
10 produced by laser cutting, 10 by mechanical punching, and 10 by shielded-punching, enabling a comparative
evaluation across different manufacturing processes.

4.2.2 SYMMETRIC CELL with DES Electrolyte

Symmetric Zn|Zn cells were assembled in coin-cell configuration using a ZnSO4:EG deep eutectic solvent (DES)
electrolyte[53]. Galvanostatic cycling was performed at 0.5 mAcm−2 with 30 min/30 min plating/stripping.
Additional continuous cycling tests were carried out at 0.8 mA cm−2 for 3 h per half-cycle. In selected exper-
iments, cycling was conducted at 0.8 mA corresponding to 2.4 mAh (2.12 mAh cm−2 referred to the Zn foil),
with a depth of discharge (DOD) of 2. Long-term stability was evaluated up to 391 h (65 cycles) and 862 h
(144 cycles), with reports of 400–450 cycles under the stated conditions..
Symmetric Zn|Zn cells in aqueus condition (AQ), were cycled at 0.8 mAcm−2 for 3 h per half-cycle.

4.3. FULL CELLS WITH Zn ANODES

4.3.1 Hot pressed and blade coated electrodes

All the experimental data are taken from:[3]
The charge–discharge performance of the nickel–zinc cells was evaluated using two ZnOC nanoparticle–based
anodes fabricated by different processing methods: blade coating (thickness ≈ 100 µm) and hot pressing (thick-
ness ≈ 400 µm). A commercial Ni/NiOOH cathode, extracted from Ni–MH AA batteries, was employed as the
counter electrode.
The electrolyte consisted of a 6 M KOH aqueous solution, used in a limited volume (100 µL), without the
addition of additives or ZnO saturation, in order to reproduce practical and deliberately “harsh” operating
conditions.
Electrochemical measurements were carried out in both standard CR2032 coin cells and in a split-cell config-
uration. For both charge and discharge processes, a 1C rate was applied. The cells were charged up to the
theoretical capacity of ZnO, with an upper cut-off voltage of 2.1 V and a maximum charging time of 1 h.
Discharge was performed with a lower cut-off voltage of 1.35 V.
Thin electrodes were tested at 100% depth of discharge (DOD), whereas thicker electrodes were evaluated at
10% DOD.
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4.3.2 FULL CELL with Zn Anode and Different Cathode (TQC, CMC)

Full Zn|TQC cells were assembled using Zn foil in combination with CMC. Galvanostatic cycling was performed
at 0.8 mA with a capacity of 2.4 mAh (2.12 mAh cm−2 referred to Zn foil), corresponding to a Zn DOD of 2%,
delivering 200 mAhg−1 and 180 mAh g−1 over 185 cycles (Exp-1).
Additional experiments were conducted at 1.5 mA with 5.3 mAh cm−2 (Zn foil DOD 3%), reaching 250 mAh g−1

over 20 cycles (Exp-4) . A further test at 1.5 mA and 4.5 mAh cm−2 (Zn foil DOD 3%) was reported as running
.

4.3.3 FULL CELL with DES Electrolyte

Full cells employing ZnSO4:EG DES electrolyte were assembled in coin-cell configuration. Galvanostatic cycling
was performed at 0.8 mA corresponding to 100 mAh g−1, using electrodes with a mass of 0.0081 g (coin cells
1–3, Exp-2) .
In DESEG 50% systems, full cells were tested at 0.549 mA (100 mAh g−1, electrode mass 0.0061 g, Svit cell,
Exp.1). Coin cells (cells 4–6) were cycled at 0.81 mA corresponding to 100 mAh g−1 with electrode mass 0.0081 g
(Exp.1). Additional TBAB-based systems were tested in coin-cell configuration (cells 7 and 8, Exp.2).
Reported cycling interruptions due to short circuit and passivation events occurred at 138 h (23 cycles), 246 h
(41 cycles), and 398 h (66 cycles) .

5. RESULTS AND DISCUSSION

5.1. CELL-VOLTAGE TRANSIENT (V(t)) CLASSIFICATION FOR EXPERI-
MENTAL TIME SERIES

The overarching objective of this research is the automated parametric identification for battery GDC time-
series based on the MAC model, accounting for metallic anode morphology development and mass-transport
in the electrolyte, employing a general intercalation cathode. Prior investigations on the MAC model for sym-
meric cells [4, 25] have demonstrated that, for diagnostic and monitoring purposes, the determination of an
exact parameter vector is neither necessary for system monitoring nor necessarily physically meaningful, owing
to the expected presence of Numerical Global Minima (NGM) [54]. In fact, in morphology-driven systems, the
mapping between parameter sets and voltage transients is intrinsically non-unique: multiple combinations of
transport coefficients, kinetic constants and morphological descriptors can generate qualitatively indistinguish-
able electrical responses. Consequently, classical pointwise curve fitting may yield parameter estimates that
are numerically precise but physically non-identifiable. On this basis, the present work adopts a regime-based
identification strategy. Rather than targeting the exact reconstruction of individual voltage curves – an ap-
proach that has been pursues previously in our group [11, 12], the present analysis focuses on the classification
of transient morphologies and on the determination of the corresponding admissible regions in parameter space.
In this framework, each characteristic waveform is not associated with a single parameter vector, but rather
with a finite multidimensional domain, i.e. a hypervolume, within the space of governing parameters. The
objective of this section is therefore twofold: (i) to systematically identify the morphological families emerging
from experimental data and the MAC model and (ii) to map the hypervolumes of parameter space responsible
for their generation. This approach shifts the emphasis from exact numerical matching toward the identi-
fication of electrochemical behavior classes, thereby enabling a robust interpretation of voltage transients in
terms of dominant physical mechanisms. Such a formulation offers several advantages. First, it mitigates the
issue of structural non-uniqueness inherent to inverse problems in nonlinear electrochemical systems. Second,
it enhances robustness against experimental variability, as classification relies on qualitative waveform features
rather than pointwise agreement. Third, it establishes a direct connection between transient morphology and
underlying transport–kinetic regimes, facilitating the interpretation of degradation pathways in both symmetric
and full-cell configurations.

5.1.1 Euristic transient shape classification

An exhaustive inspection of the experimental voltage time series was performed prior to any model-based inter-
pretation, with the objective of identifying recurring qualitative features in the galvanostatic transients. Rather
than relying on integral descriptors, such as time-to-failure, the analysis focused on the intrinsic morphology
of individual semi-periods, thereby extracting physically meaningful information embedded in the voltage evo-
lution. Each half-cycle was examined independently, in order to isolate the evolving dynamic behavior under
constant current conditions. This systematic inspection revealed that the vast majority of experimental re-
sponses can be classified into four fundamental transient morphologies, as detailed in the following subsection.
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It is worth noting that, although the vast majority of transients fall within the four fundamental morphological
families described above, additional irregular or “messy” waveforms were occasionally observed. These typically
appear after the onset of a soft short-circuit or in close proximity to the final short-circuit event. Such signals
exhibit abrupt slope variations or mixed curvature patterns that prevent unambiguous classification. From
a functional standpoint, however, these unclassified transients appear consistently associated with advanced
degradation states, namely cells that are already compromised or close to failure. In this sense, the “unclassi-
fied” category can still be assigned a clear physical meaning, as it corresponds to pathological operating regimes
rather than to distinct, stable electrochemical behaviors.

5.1.2 Symmetric cell shape classification

Inspection of symmetric-cell transients yielded the four fundamental morphological families, schematized:

MAC model Symmetric cell Full cell

SHAPE 1

SHAPE 2

SHAPE 3

SHAPE 4

Table 1: waveform comparison

Shape 1 – Single Minimum. This waveform is characterized by an initial decrease in voltage reaching a well-
defined minimum, followed by a recovery toward higher values within the same semi-period. Shape 2 – Extremum
Reversal (Minimum–Maximum or Maximum). This morphology exhibits the presence of two distinct curvature
regions, typically a minimum followed by a maximum, or in some cases a pronounced maximum alone. Shape 3
– Monotonically Increasing Profile. In this case, the voltage increases continuously throughout the semi-period
without internal extrema. Shape 4 – Monotonically Decreasing Profile. This transient is characterized by a
continuous voltage decrease over the entire semi-period.

5.1.3 Transient shape classification for full cells

The extension of the analysis to full Zn–Ni cells introduces an intrinsic asymmetry absent in the symmetric
configuration. While the zinc electrode remains governed by morphology-driven transport and kinetic effects,
illustrated in Section 2.2, the nickel electrode operates through solid-state intercalation, modelled in Section 3.2.
As a result, the voltage transient reflects the superposition of two fundamentally different electrochemical re-
sponses. Despite this structural asymmetry, the full-cell waveforms can still be qualitatively classified according
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to the same four morphological families identified for symmetric cells (see Section 5.1.1.1). However, the charge
and discharge semi-periods must be analyzed separately owing to their distinct dynamical behaviors. Thus, in
full cells, the following features were observed. The morphological classification for full-cell transients reveals
that Shape 3 is the predominant configuration, appearing with high regularity in both positive and negative
semi-periods. It is important to notice taht, in experiments utilizing the TQC cathode, Shape 3 appears with a
high degree of symmetry across both positive and negative semi-periods. Shape 4 is generally observed during
negative transients but remains significantly less recurrent than Shape 3 in the experimental datasets. Finally,
Shapes 1 and 2 are rare within the full-cell framework, appearing only within limited regions of the parameter
space or under specific operating conditions

5.1.4 Algorithm for automatic transient shape classification

Once the classification framework had been established, a MATLAB code was developed to automatically
identify the characteristic shapes within the experimentally measured voltage transients. To ensure robust
detection and to avoid misclassification due to spurious local extrema occurring near the switching points, each
half-period was processed individually within a loop structure. For shape-identification robustness, a margin
was excluded at both the beginning and the end of each semi-period. Importantly, this excluded interval was
not defined as a fixed absolute time, but was scaled according to the total duration of the semi-period. As a
consequence, it is possible that some waveforms characterized by a peak occurring very close to the beginning
of the semiperiod may be classified as Type 4 rather than Type 2. Similarly, in the presence of negative peaks
occurring near the beginning of the interval, the waveform may be identified as Type 3 rather than Type 1.
The remaining portion of the signal was subsequently partitioned into six equal sub-intervals.
The half-period was then classified according to the sign pattern of these mean derivatives, following a rule-based
logical scheme, described in the Algorithm 1.Specifically, the sign combinations were used to assign the transient
to one of the four previously defined shape categories, while signals not satisfying any predefined condition were
labelled as “unclassified.”
Short-circuit events and passivation phenomena were identified using threshold-based criteria. If the average
voltage over a half-period fell below a predefined lower threshold, the signal was classified as a short circuit.
Conversely, if the average voltage exceeded an upper threshold, the condition was attributed to passivation. In
the final graphical representation, these two additional categories were denoted as Shape 5 (short circuit) and
Shape 6 (passivation), respectively.
The output of the algorithm consists of a plot reporting the classified shape along the y-axis as a function of
the half-period index on the x-axis, thereby providing a time-resolved visualization of the evolution of transient
behavior throughout the experiment, like is shown in the following figure:

Figure 2: Shape recognition.

5.1.5 Algorithm for shape recognition of voltage transients for symmetric cells

The model described in section 5.1.4 was then applied on real voltage transition. In the case of symmetric
Zn|Zn cells, the voltage signal naturally crosses zero at each current reversal. This property allows the negative
semi-periods to be analyzed by considering the absolute value of the voltage signal.
The use of |V (t)| was therefore adopted as a signal-processing choice rather than as a physical assumption of
symmetry. While the cell configuration is symmetric, the transient morphologies themselves may still exhibit
intrinsic asymmetries due to transport and kinetic effects. However, since the voltage changes sign between
consecutive half-cycles, operating on the modulus enables a unified application of the same derivative-based
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classification criteria to both positive and negative semi-periods. Additional explanatory plots of the model can
be found in Appendix A.3.

5.1.6 Algorithm for shape recognition of voltage transients for full cell

The shape recognition algorithm, originally developed for symmetric cells (Section 5.1.4), is equally applicable to
full-cell configurations. However, a key distinction arises in the temporal domain: in a classical full cell cycling
experiment, a voltage cut-off is set as an additional criterion for switching between discharge and charge periods,
rather than a fixed discharge/charge time, which is the typical case for symmetric cells. As a consequence, the
semi-period durations, in general, are no longer fixed, but exhibit variable durations dictated by the specific
voltage cut-off or time limits imposed during the testing. This experimental characteristic can, in principle,
be straightforwardly accounted for in the MAC model, but this would require a major coding retrofit, that is
beyond the scope of the present paper. Moreover, unlike the symmetric-cell case, the use of absolute voltage
values for transient analysis is no longer suitable, since the cell potential does not cross zero. Consequently, the
classification logic was modified by inverting the sign of the mean derivative during the negative semi-periods.
This slight algorithmic modification, of course, preserves consistency in the classification criteria. To identify
the characteristic asymmetries between charge and discharge processes for the full cell case, two separate plots
were generated for the charge and discharge segments, respectively.
Additional explanatory plots of the model can be found in Appendix A.4.

5.2. Automated transient shape classification for experimental data

Following the heuristic identification of the four principal waveform families, the automated classification algo-
rithm was applied to the carry out a systematic analysis of experimental dataset. The objective of this step is
still agnostic to the physical origin of the transients, and aims at systematically comparing and grouping the
observed waveform morphologies over cycling time and across varied experimental conditions.
Below, the classification results will be presented according to the type of experiment performed.

5.2.1 Symmetric Zn–Zn cells with zwitterionic additives and different current densities

For the dataset comprising symmetric cells containing different additives (NDSB-195, NDSB-201, NDSB-
257),(see Section 4.2), the automated classification revealed a predominant occurrence of Shape 1 during the
early and intermediate stages of cycling. As cycling progressed, an increased frequency of Shape 3 was observed
in several cells, particularly prior to short-circuit events.
When the data were aggregated by additive type, clear statistical differences emerged in terms of the relative
frequency and temporal persistence of the different waveform classes. NDSB-195 additives exhibited longer
sequences dominated by a single morphology, whereas NDSB -201 and 257 displayed more frequent transitions
between shapes before failure, as shown in the figure:

(NDSB-195) (NDSB-201) (NDSB-257)

Figure 3: Waveform class persistence by additive type.

As far as the dependence of applied current density (0.7, 1, and 5 mA cm−2) is concerned: a systematic
variation in the distribution of waveform classes was observed. Higher current densities were associated with
shorter sequences of stable morphological patterns and earlier transitions toward monotonic profiles (Shape 3
or Shape 4).
The automated classification thus enabled a direct comparison between operating conditions, highlighting how
the relative proportion of waveform families changes as a function of applied load.
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5.2.2 Symmetric cells with different electrode fabrication methods.

As detailed in Section 4.2.1Materials and Methods, symmetric cells were used to test the impact on Zn cyclability
of mechanically punched, shielded-punched, and laser-cut electrodes. In this case, even though the fabrication
mode has a marked impact on the time-to-short circuit, the transient classification algorithm revealed a high
degree of uniformity in the dominant waveform class, irrespective of the fabrication techniques. Shape 3 was the
most frequently identified profile during regular operation, while Shape 4 typically appeared after short-circuit
events.
Nevertheless, subtle differences were observed in the frequency of “unclassified” transient, particularly imme-
diately after failure events. These differences are attributable to signal irregularities rather than to distinct
morphological categories.

Experiment Cause of
failure

Characteristic
shape

Change of
shape be-
fore failure

Restart
with de-
fined shape
after failure

replicates

NDSB 195
1 mA/cm2

Short cir-
cuit

Shape 1 no no 5/5

NDSB 201
1 mA/cm2

Short cir-
cuit

Shape 1 shape 3 with
shape 1

shape 1 with
3

3/5

NDSB 257
1 mA/cm2

Short cir-
cuit

Shape 1 Shape 3 shape 3 with
1

5/5

NDSB 195
5 mA/cm2

Short cir-
cuit

Shape 1 no no 5/5

NDSB 201
5 mA/cm2

Short cir-
cuit

Shape 1 no no 5/5

NDSB 257
5 mA/cm2

Short cir-
cuit

Shape 3 Shape 1 with
3

no 3/5

Punched Short cir-
cuit

Shape 3 no Shape 3 7/10

Shield punched Short cir-
cuit

Shape 3 no Shape 3 6/8

Laser cut Short cir-
cuit

Shape 3 no Degenerate
shape 1 and 3

8/9

Table 2: Summary of experimental and failure characteristics.

5.2.3 Additional data of symmetric cells

To test the generality and robustness of the proposed model and the associated morphological classification
framework, the method was further validated against a diverse set of electrochemical conditions, detailed in
Section 4.2.2). Specifically, the model was tested on experiments performed: (i) with various electrolytes
and electrolyte additives; (ii) with different electrode surface treatments and (iii) at different applied current
densities. This showed the generality of the approach, notably extending the application portfolio.
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Experiment Couse of
failure

Characteristic
shape

Change of
shape be-
fore fail-
ure

Restart
with de-
fined shape
after failure

replicates Time to
failure [h]

CMC Short circuit Shape 3 no no 2 180 h
50 h

DESEG
40%

Short circuit Shape 3 no Shape 3 (1/2) 2 100 h
50 h

ZnSO4
DESEG

Passivation
(2/3)

Shape 3 no no 3 2200 h
400 h
1500 h

TBAB Short circuit Shape 1 and 3 no Shape 1 and 3
(2/3)

3 100 h
185 h
20 h

AQ Short circuit
Passivation
at the end of
mensuration

Shape 1 no Shape 1 (2/6) 6 300± 74, 4

Table 3: Experimental results for different electrolytes and additives.

5.2.4 Full cells with Zn anodes and nickel cathodes

As put forward in Section 5.1.3, in the case of full-cells the classification was performed separately for charge
and discharge semi-periods due to their intrinsic asymmetry. Specifically, as far as Zn-Ni cells are concerned
(see Section 4.3), the automated analysis showed that Shapes 3 is the dominant class under practical cycling
conditions, with fewer occurrences of shape 4 and 2 which are typically observed in close proximity to cell
failure.

5.2.5 Full cells with Zn anodes and organic cathodes

When organic cathode materials are employed, such as TQC (see Section 4.3.2), the experimental voltage tran-
sients exhibit a high degree of symmetry between the charge and discharge semi-periods. In these configurations,
Shape 3 remains the predominant waveform for both anodic and cathodic processes throughout the operational
life of the cell.
Unlike the Ni-Zn system, these curves do not show a pronounced asymmetry. The overall voltage profile is char-
acterized by a monotonic evolution, shape 3, that remains relatively consistent in both semi-periods, indicating
that the organic cathode does not significantly alter the transient dynamics or introduce additional curvature
signatures. This behavior confirms that the system remains primarily governed by the transport-limited regimes
of the zinc electrode, while the organic cathode maintains a stable and non-interfering electrochemical response
under the investigated conditions. Additional explanatory plots of the model can be found in Appendix A.4.
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Experiment Cause of
failure

Characteristic
shape

Change of
shape be-
fore fail-
ure

Restart
with de-
fined shape
after failure

Replicates

ZnSO4_DESEG 2M Passivation
(2/3)

Shape 3 No 1/3 2/3

ZnSO4 DESEG 50% Passivation Shape 3 No No 3/3

ZnSO4 DESEG
+TBAB

Passivation Shape 3 Shape 1
(degener-
ate)

No 2/2

Splitcell CMC +
TBAB TQC cath-
ode

Short circuit Shape 3 No No 1/1

Split cell Short circuit Shape 3 No Shape 3 1/1

Svit cell Short circuit Shape 3 No Shape 3 1/1

Swadgelock
griphiterod
CMC+TOCspesso

Short circuit Shape 3 No No 1/1

Hot pressed Short circuit Shape 3 No No 1/1
Blade coating Short circuit Shape 3 No No 1/1

Table 4: Experimental summary of full cell configurations.

5.2.6 Conclusions on transient shape classification for experimental data

Overall, the automated transient shape classification provides a structured and reproducible method for organiz-
ing large experimental datasets into a limited number of morphological families. By grouping results according
to additive type, current density, fabrication method, and cell configuration, it becomes possible to compare
experimental conditions on a common categorical basis, independently of detailed physical interpretation. This
classification framework thus serves as a statistical bridge between raw voltage time series and the subsequent
parameter-regime analysis.
Importantly, the classification results confirm that the four fundamental waveform families identified within the
MAC theoretical framework are not merely numerical artifacts of the model, but emerge consistently in real
experimental data, both in symmetric and full-cell configurations. This correspondence strengthens the physical
interpretability of the model and supports the validity of morphology-based voltage analysis as a diagnostic tool.
Shape 1 is predominantly observed in symmetric Zn − Zn cells during the early and intermediate stages of
cycling at moderate current densities (e.g., 1 mA cm−2), particularly in the presence of zwitterionic additives.
It is also frequently detected in aqueous symmetric systems. In these configurations, this morphology is typi-
cally associated with regular and stable transient behavior, reflecting a balanced electrochemical regime during
cycling.
Shape 2 is comparatively rare in the experimental datasets and appears only within restricted parameter ranges.
In symmetric cells, it is observed predominantly after cell failure, whereas in full-cell configurations it tends
to emerge shortly before failure. This behavior suggests that the occurrence of Shape 2 may signal the onset
of critical morphological instabilities, such as significant surface restructuring or localized growth phenomena,
which typically precede short-circuit events.
Shape 3 in the symmetric configuration, becomes increasingly prevalent either at higher current densities (e.g.,
5 mA cm−2) or in the later stages of cycling. In several datasets, the transition from Shape 1 to Shape 3 precedes
short-circuit events. Shape 3 is the most frequently observed morphology under practical operating conditions
in full cells system; its symmetry varies significantly depending on the cathode chemistry. Specifically, full cells
utilizing TQC organic cathodes exhibit a high degree of symmetry, with Shape 3 manifesting consistently in
both positive and negative semi-periods. This suggests that the TQC cathode does not significantly influence
the transient dynamics, leaving the overall voltage profile governed primarily by the zinc electrode. Conversely,
systems employing nickel cathodes are characterized by more irregular and pronouncedly asymmetric transients.
This asymmetry originates from the coupling of morphology-driven zinc dynamics with the complex solid-
state intercalation thermodynamics of the nickel electrode, which fundamentally differentiates the charge and
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discharge responses
Shape 4 (monotonically decreasing profile) is observed primarily after failure events or under strongly asym-
metric conditions. In symmetric cells, it often appears immediately following short-circuit episodes, when the
morphological structure of the electrode has been irreversibly altered. Its occurrence is therefore associated
with post-failure or degradation-dominated regimes rather than with regular cycling behavior.

5.3. CELL-VOLTAGE TRANSIENT (V(t)) CLASSIFICATION FOR MAC MODEL
SOLUTIONS

The morphological classification introduced in Section 5.1 was derived exclusively from the inspection of ex-
perimental voltage transients. The natural subsequent step consists in verifying whether the same waveform
families emerge from the physics-based Metal Anode Charging (MAC) model and, if so, under which parametric
conditions.
The objective of this section is therefore to classify the voltage transients generated by numerical solutions
of the MAC model according to the same heuristic taxonomy previously established. In this way, a direct
correspondence between experimentally observed waveform morphologies and model-predicted electrochemical
regimes can be constructed.
To ensure conceptual clarity and to isolate the dominant transport-kinetic and morphochemical mechanisms,
the present analysis is restricted to a physically relevant sub-space of the parameter space, defined as detailed
below.
First, the exploration is limited to the periodic regime, obtained by imposing

FC = 0 and Kpass = 0, (41)

thereby eliminating cumulative dendritic growth and passivation effects. Even though the quantitative descrip-
tion of battery failure modes is neglected with this selection, by far the largest fraction of battery cycling datasets
can be modelled in this section of the parameter space. Under these assumptions, all the metal deposited dur-
ing the cathodic semi-period is completely removed during the anodic semi-period, and neither progressive loss
of active surface area or passivation can occur. This configuration corresponds to a non-pathological, fully
reversible morphological regime, where electrode geometry does not accumulate irreversible distortions over
successive cycles. The resulting system dynamics are therefore governed exclusively by ionic transport and
intrinsic charge-transfer kinetics, without long-term morphological memory effects. In fact, in the framework of
this approximation, morphochemical evolution can be indirectly accounted for by monitoring the variation of
transient shape classes over cycling.
Second, the classification search is deliberately constrained to the waveform families identified in Section 5.1.
The model exploration does not aim to discover new transient categories, but rather to determine whether the
MAC framework is capable of reproducing the four experimentally observed morphological classes (Shapes 1–4)
within physically meaningful parameter ranges. This restriction ensures methodological coherence and enables
a one-to-one comparison between experimental evidence and theoretical predictions.
Within this controlled setting, the classification of model-generated voltage transients serves a dual purpose.
On the one hand, it validates the capability of the MAC model to reproduce the qualitative diversity observed
experimentally. On the other hand, it allows the identification of the multidimensional parameter regions
associated with each transient morphology, thereby laying the foundation for the parametric mapping developed
in the subsequent sections.
By focusing on periodic solutions and on a predefined morphological taxonomy, the present analysis establishes
a structured bridge between experimental waveform inspection and physics-based regime identification.

5.3.1 Euristic parameter identification for the symmetric-cell MAC model

Once the four characteristic transient morphologies had been established, the next step consisted in determining
whether the symmetric-cell MAC model is capable of reproducing each waveform family within physically
meaningful parameter ranges.
Regarding the determination of the different transient morphologies, the modeling approach followed a distinc-
tion based on the prevailing charge-transfer mechanism. In the initial phase, Shapes 1, 2, and 3 were identified
by fixing the parameter at a typical value for zinc electrodeposition and corrosion processes, where charge trans-
fer is controlled by the electrochemical process. In this regime, the kinetic terms (expressed in eq. 39) play a
fundamental role in defining the system’s voltage response. Each characteristic morphology was identified by
exploring the parameter space within ’physically meaningful’ ranges as later better described in section 5.3.3
Conversely, Shape 4 was obtained by imposing the condition B ≈ 0. This choice represents a formal way to
describe a transition in the physical mechanism: charge transfer no longer occurs through an electrochemical
reaction at the interface, but via direct electronic conduction.
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In this scenario, the temporal dynamics of the cell cease to depend on charge-transfer kinetics and become
dominated exclusively by ionic diffusion in the electrolyte (parameter d) and the growth of metallic protrusions
at the electrode surface (parameter rmax).
Consistent with this interpretation, Shape 4 is observed experimentally almost exclusively after cell failure, con-
firming that profound structural changes—such as extreme dendritic growth—become the prevailing mechanism
controlling the system’s response. A representative set of parameters was identified to obtain each of the four
characteristic morphological families, as illustrated below. It is important to emphasize that these shapes are
not uniquely determined by a single parameter vector; rather, multiple combinations of transport coefficients
and kinetic constants can lead to the same characteristic transient profile.

Figure 4: Shape 1 Figure 5: Shape 2 Figure 6: Shape 3 Figure 7: Shape 4

The parameter sets identifying each shape are:
Shape 1: d = 3× 10−5, rmax = 0.01, k0,slow = 9× 10−7, k0,fast = 1× 10−6, i0 = 0.20, B = 26;
Shape 2: d = 7× 10−7, rmax = 0.03, k0,slow = 9× 10−7, k0,fast = 3.5× 10−7, i0 = 0.2, B = 26;
Shape 3: d = 3× 10−7, rmax = 0.1, k0,slow = 9× 10−7, k0,fast = 5× 10−6, i0 = 0.2, B = 26;
Shape 4: d = 7.53×10−6, rmax = 0.05, k0,slow = 2.4×10−7, k0,fast = 2.17×10−8, i0 = 0.2, B = 0.001.

5.3.2 Euristic parameter identification for the full-cell MAC model

An analogous heuristic procedure was applied to the extended MAC model for the full Zn–Ni configuration.
In this case, the voltage transient results from the superposition of morphology-driven zinc dynamics and the
thermodynamically governed response of the Ni/NiOOH electrode.
The waveforms obtained using the extended full-cell model can be classified according to the same fundamental
morphological categories identified for symmetric systems. The modeling effort was specifically directed toward
reproducing the waveforms that emerged most consistently from the experimental datasets which has been
described in section 5.1.3.
Although the waveforms generated by the full-cell model can be classified according to the same categories
established for the symmetric configuration, it is essential to emphasize the pronounced asymmetry observed,
in the Ni-Zn systems, between the charge and discharge phases. This asymmetry originates from the intrinsic
thermodynamic differences between the charging and discharging curves of the nickel electrode. When these
distinct cathodic contributions are superimposed onto the morphology-driven response of the zinc anode, the
resulting cell voltage exhibits a marked divergence between the positive and negative semi-periods of the cycle.
This behavior is quantitatively evidenced by the parameter sets required to reproduce the observed profiles.
Specifically, to obtain Shape 3 during the negative semi-period, the diffusion coefficient (d) must be reduced
by three orders of magnitude, while the exchange current density (i0) must be increased from 0.2 to 2. This
significant parametric shift underlines how the coupling of solid-state intercalation thermodynamics with metallic
anode dynamics fundamentally alters the system’s electrical signature compared to the symmetric case.
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Figure 8: Shape 3
pos. semi-period

Figure 9: Shape 4
pos. semi-period

Figure 10: Shape 2
pos. semi-period

Figure 11: Shape 3
neg. semi-period,
’symmetric behav-
ior’

The sets of parameters identifying each shape are:
Shape 3 positive: d = 3.2 × 10−5, rmax = 0.05, k0,slow = 9 × 10−7, k0,fast = 3.5 × 10−7, i0 = 0.20,
B = 26;
Shape 4 positive: d = 5.7× 10−8, rmax = 0.215, k0,slow = 1.5× 10−9, k0,fast = 6.9× 10−8, i0 = 0.2,
B = 26;
Shape 2 positive: d = 9×10−7, rmax = 0.02, k0,slow = 9×10−7, k0,fast = 3.5×10−7, i0 = 2, B = 26;
Shape 3 negative: d = 3.2 × 10−8, rmax = 0.05, k0,slow = 9 × 10−7, k0,fast = 3.5 × 10−7, i0 = 2,
B = 26.

In is worth noting that, although the principal transient shape classes remain consistent with those observed in
symmetric cells, the parameter values required to obtain them differ.
The systematic exploration of the relevant parameter subspace for the full-cell model was focused exclusively on
the regions corresponding to Shapes 3 and 4, as these were identified as the most recurrent morphologies in Sec-
tion 5.1.3. This investigation was conducted using two distinct approaches to characterize the stability of these
predominant regimes. First, a single-parameter sensitivity analysis was performed by varying each parameter
independently to identify the specific ranges within which the initial morphology is preserved. Subsequently, a
global mapping was executed by varying the parameters jointly through a Monte Carlo search, allowing for a
comprehensive visualization of the parameter subspace associated with these characteristic full-cell transients.

5.3.3 Single-parameter sensitivity analysis for the symmetric-cell MAC model

Following the heuristic identification of representative parameter sets capable of reproducing each waveform
family, a local, single-parameter sensitivity analysis was performed in order to assess the robustness of the
corresponding transient morphologies.
To evaluate the sensitivity of the system to the four parameters selected and described in Section 5.3.1, each
variable was perturbed within a range of plus or minus one order of magnitude relative to its reference value. This
logarithmic variation is physically justified by the inherent uncertainty and the wide range of potential values
that electrochemical parameters, such as diffusion coefficients and kinetic constants, can assume depending
on the specific electrolyte environment, local concentration gradients, and the evolving state of the electrode
surface. From a diagnostic standpoint, this interval allows for a comprehensive exploration of the transition
between transport-limited and kinetics-controlled regimes while ensuring the model remains within a physically
plausible domain.
The analysis was initiated starting from each of the four principal transient morphologies identified in Section
5.3.2. A one-factor-at-a-time (OFAT) approach was adopted, whereby each parameter was varied individually
while keeping the remaining parameters constant.
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This methodology enables direct assessment of the relative impact of each parameter on transient evolution
and morphological behavior. More precisely referring to ??, starting from the baseline configuration (black
curve), eight progressively increasing values were selected within a right-sided neighborhood of the reference
parameter (red curves), and eight progressively decreasing values—logarithmically spaced—were selected within
a left-sided neighborhood (blue curves). The corresponding responses are plotted in the panels of ?? to visualize
the influence of parameter variations on the waveform. In some cases, the numerical solver failed to converge
for parameter values smaller than the baseline configuration; consequently, only the right-sided perturbations
(red curves) are reported in those instances.

d rmax k0,fast k0,slow

SHAPE 1

SHAPE 2

SHAPE 3

SHAPE 4

Table 5: Sensitivity analysis for different waveforms (Shapes 1–4) as a function of the parameters d,
rmax, k0,fast, and k0,slow.

As previously demonstrated by Quarta et al. [11], both d and rmax play a significant role in determining the
shape of the voltage transient in a symmetric cell; however, the influence of the kinetic parameters k0,fast and
k0,slow has not yet been systematically examined. From these analyses, it was possible to observe that the
parameters k0,fast and k0,slow exhibit a significant impact on the morphology of the transient response.

5.3.4 Single-parameter sensitivity analysis for the full-cell MAC model

For the sensitivity analysis of the full cells, the same code was employed, of course, implementing the appropriate
boundary conditions. For each simulation, one parameter at a time was varied in order to isolate and assess its
individual effect on the symmetry of the response and on the voltage transient profiles associated with shapes 3
and 4. As for the symmetric case, each parameter was perturbed by one order of magnitude in both the positive
and negative directions with respect to its reference value.
From ?? it is evident that, by varying the parameter by one order of magnitude, the shapes appear to be
stretched or compressed without undergoing significant changes. For a more detailed analysis, see Appendix B.
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d rmax k0,fast k0,slow

SHAPE 3

SHAPE 4

Table 6: Sensitivity analysis for different waveforms (Shapes 3 and 4) as a function of the parameters
d, rmax, k0,fast, and k0,slow.

5.3.5 Global sensitivity analysis for the symmetric-cell MAC model

To investigate the influence of applied current and electrolyte chemistry on the key physicochemical parameters,
a preliminary exploration of the parameter space was first conducted. Specifically, we sought to determine which
combinations of model parameters, within the multidimensional parameter space defined in section 5.3.3, yield
a given transient voltage profile. The same assumption about the parameters kpass and FC, made in section
5.3, will remain valid, since the primary focus was on the transport and morphological effects.
The three principal parameters, rmax, d, and k0,fast, were varied within ranges delimited by physical plausibility,
while k0,slow was held at a fixed value. This decision is supported by the analysis in Section 5.3.3, which indicates
that both k0,fast and k0,slow exert a relatively lower influence on the transient morphology compared to the
other two governing parameters. The choice to focus exclusively on k0,fast as a first approach is further justified
by the observed "mirrored" behavior between the two kinetic constants; specifically, the sensitivity trends of
k0,fast and k0,slow were found to be essentially symmetric (as an increase in one effectively corresponds to a
decrease in the other’s relative impact). As consequences es, it has been chosen to change only k0,fast as a
first approach. For the sake of completeness, additional plots illustrating the system’s response as a function
of k0,slow are provided in Appendix B.1. It is important to notice that, “shape 4”, was not included in the
initial investigation, since its occurrence depends explicitly on the value of parameter B, in the parametric
study and morphological mapping, Form 4 was examined separately from the other three shapes. The Monte
Carlo–based mapping method provided an efficient qualitative approximation of the regions in parameter space
associated with each characteristic waveform . It is important to emphasize that the decision to initially restrict
the variation to a subset of parameters was a deliberate methodological choice aimed at isolating the dominant
transport-kinetic mechanisms, rather than a structural limitation of the mapping algorithm itself. By keeping
k0,slow at a fixed reference value during this first stage, the dimensionality of the problem was simplified to
highlight the primary contributions of rmax, d, and k0,fast While this approach did not involve the systematic
variation of k0,slow at the outset—thereby momentarily narrowing the exploration of the full parameter space—it
provided a clearer baseline for identifying the fundamental physical regimes.

Figure 12: Monte Carlo based mapping.
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To obtain a better data representation, a more comprehensive mapping strategy was adopted, account simulta-
neous for variations of all three principal parameters. In the revised mapping framework, the 3 main waveform
families were first identified within the three-dimensional parameter space. The developed code performs a
parametric sensitivity and classification analysis around four predefined reference parameter sets of the model.
For each reference configuration, it generates multiple perturbed parameter combinations by applying random
variations in logarithmic space, in the parameter space defined in section 5.3.3. Each perturbed set is simulated
using the MAC model, and the resulting voltage response is categorize based on the approach defined in the
section: 5.1.4. The results are then visualized in a three-dimensional logarithmic parameter space, where each
point is color-coded according to its classified behavior, thus allowing a clear identification of regime stability
and transitions within the explored parameter domain.

Figure 13: Full three-dimensional logarithmic parameter space mapping of waveform classification

It is important to emphasize that the observed waveform families are influenced by different values of k0,slow,
but sice the visualization is inherently three-dimensional, the value of k0,slow, although varied at every iteration,
cannot be directly represented in the graphical output. Consequently, its individual contribution to the emer-
gence of the different waveform families cannot be unambiguously isolated from the present graphical analysis.
A preliminary investigation into the possible effects of the k0,slow parameter on the waveform shape are reported
in Appendix B.1.
By looking at the parametric maps, Shape 1 predominantly occurs at high values of d, corresponding to enhanced
mass transport in the bulk phase. A large diffusion coefficient indicates an efficient ionic transport process.
From a physical standpoint, such behavior may arise from modifications in electrolyte chemistry or in the solid
electrolyte interphase (SEI), which can promote improved ion solvation or lead to the formation of reaction
products that facilitate ionic mobility [12].
In contrast, Shapes 2 and 3 prevail in regions characterized by low values of d, indicative of diffusion-limited
conditions. In this regime, slower mass transport hinders homogeneous ionic redistribution, thereby favoring
alternative morphological evolutions.
Furthermore, both Shape 1 and Shape 3 are associated with elevated values of k0,fast. This kinetic parameter
quantifies the rates of electrodeposition and stripping at the most reactive surface regions, namely the apices
of hemispherical protrusions (i.e., dendrite tips). High values of k0,fast imply strong electric field intensification
and a concomitant increase in local tip current density, thus accelerating interfacial growth dynamics.

Symmetric
model

rmax d K0fast

SHAPE 1 Medium-
small

high Medium-high

SHAPE 2 small small small
SHAPE 3 Small-high small high

Table 7: Summary of symmetric model parameters for different shapes.

To investigate Shape 4, the same computational framework was employed, with the only modification being the
parameter (B ≈ 0) as detailed in Section 5.3.1. Consistently with the previous procedure, sets of parameters
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were generated in the neighborhood of the reference (base) configuration and subsequently classified according
to the established criteria.
As shown by the resulting parameter maps as shown in 14, Shape 4 exhibits a pronounced sensitivity to
perturbations. Even for relatively small variations (on the order of 30%), the system rarely preserves the
characteristic features associated with this shape. This behavior indicates that the parameter combination
corresponding to Shape 4 lies in a highly localized and isolated region of the parameter space, suggesting
limited structural robustness with respect to parametric perturbations.

Figure 14: Parameter map with zoomed region close to shape 4.

5.3.6 Global sensitivity analysis for the full-cell MAC model

As characteristic of the full-cell case, separate morphological classifications are needed for the charging and
discharging half-cycles. To account for this behavior, the Monte Carlo mapping procedure was reformulated
to analyze the two semi-periods separately. To account for the intrinsic electrochemical asymmetry of the
system, the classification was performed independently for each semi-period. This approach yielded two distinct
three-dimensional Monte Carlo maps characterizing the morphological distribution during positive and negative
polarization, respectively. This approach allows direct visualization of how the same parameter combination
produces different transient shapes depending on the current direction, thereby quantitatively capturing the
intrinsic electrochemical asymmetry of the Zn–Ni system.

Figure 15: Negative and positive semiperiod Monte Carlo based mapping.

Similarly to the symmetric configuration, following an initial Monte Carlo mapping, a more comprehensive
strategy was adopted to provide a more effective representation of the entire dataset. In this case, for the
reason described in section 5.3.2, the parameter space mapping shown in Fig 16, was constructed starting from
the set of parameters which identify shape 3 and 4. The mapping was also conducted by distinguishing between
the negative and positive semi-periods. The resulting mapping, shown in Fig 16, clearly highlights the intrinsic
asymmetry of the full model, which is reflected both in the distribution of the stability regions and in the
different extent of the parameter areas associated with the two dominant forms in their respective semi-periods.
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Figure 16: Positive and negative semiperiods: shape evolution around ’shape 3’ and ’shape 4’

Full model Semi period rmax d K0fast

SHAPE 3 positive small small small

SHAPE 4 positive small medium-high small

SHAPE 3 negative small medium-high small
SHAPE 4 negative small small small

Table 8: Full model parameter comparison for different shapes and polarities.

5.3.7 Comparison between symmetric and full model classification

A comparison between the global sensitivity analysis of the full-cell and symmetric-cell models reveals a signif-
icant redistribution of the stability regions for the characteristic waveforms. In the symmetric configuration,
Shape 1 was a prevalent feature occurring predominantly at high diffusion levels; however, in the full-cell model,
its occurrence is markedly restricted to low diffusion values and localized to a very small number of points, which
is consistent with the experimental absence of Shape 1 in full-cell datasets. A more dramatic transformation is
observed for Shape 4. While in the symmetric model Shape 4 was confined to a highly localized and isolated
region of the parameter space, indicating limited structural robustness and low sensitivity to perturbations,
it becomes a dominant configuration in the full-cell framework. In the full-cell model, Shape 4 is extensively
present and prevails throughout the regions associated with high diffusion, reflecting how the intrinsic electro-
chemical asymmetry fundamentally expands the parameter space associated with this specific morphological
regime.

5.4. ELECTROCHEMICAL MATERIALS-SCIENCE CONCLUSIONS OF MAC-
MODEL BASED ANALYSIS

The morphology-based classification and the parameter-space exploration developed in the previous sections
provide a structured framework for interpreting the electrochemical behavior of the investigated systems. In this
section, the results are discussed from a materials-science perspective, focusing on how electrolyte composition
and operating conditions influence the distribution of voltage transient shapes.
Rather than relying exclusively on integral metrics such as time-to-failure, the present analysis interprets cell
behavior through the evolution and prevalence of the identified waveform families. The transient morphology
is therefore used as a diagnostic descriptor linking experimental observations to underlying electrochemical
regimes.

5.4.1 Symmetric Zn–Zn cells with aqueous electrolyte: effect of additives on Potential
Transient Shape

The morphology-based classification and the parameter-space exploration developed in the previous sections
provides a structured framework for interpreting the electrochemical behavior of the investigated systems.
In this section, the shape and parameter-region identification results are discussed from a materials-science
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perspective, focusing on how electrolyte composition, electrode treatment and operating conditions influence
the distribution of voltage transient shapes.
Rather than relying exclusively on integral metrics such as time-to-failure, the present analysis interprets cell
behavior through the evolution and prevalence of the identified waveform families. The transient morphology
is therefore used as a diagnostic descriptor linking experimental observations to underlying electrochemical
regimes.
The first set of conclusions concerns symmetric Zn–Zn cells operated in near-neutral aqueous electrolyte with
different zwitterionic additives. The automated classification revealed that each additive is associated with a
characteristic distribution of transient morphologies and with a specific evolution pattern during cycling.
The first dataset analysed comprised symmetric cells containing three different additives: NBSD-195, NBSD-201,
and NBSD-25. All cells consistently exhibited the same characteristic transient response, identified as Shape
1. Cells containing NDSB 201 and NDSB 257, exhibit a pronounced presence of shape 3 voltage transients
which is characterized by a monotonic increase in voltage within a galvanostatic semi-period. In NDSB 201
cells, this morphology typically emerges shortly before short circuit, whereas in high-current NDSB 257 systems
it is observed from the early stages of cycling. This change in waveform from Shape 1 to Shape 3 can be
justified as a progressive roughening of the surface. The accumulation of “dead metal” or irreversible changes
in the electrode morphology can alter the local electric field. If these alterations lead to surface saturation or
degradation-induced passivation, the voltage profile departs from the regulated shape (Shape 1) and evolves
toward a continuously increasing behavior (Shape 3). This transition signifies a shift from the enhanced mass
transport regime characterized by high diffusion coefficients, which is typical of Shape 1, toward the diffusion-
limited conditions associated with significantly lower values characteristic of Shape 3.
Experimental observations reveal that the average duration preceding short-circuit events is minimized for ad-
ditive NDSB 195 and maximized for NDSB 257. The superior interfacial affinity of NDSB 257, relative to
NDSB 195, may be attributed to structural disparities that facilitate stronger surface interactions within highly
concentrated (4 M) aqueous environments. Specifically, the NDSB 257 molecule features an aromatic moiety
that confers higher molecular polarizability. Consequently, these molecules preferentially stabilize in regions of
intensified electric fields, such as dendrite tips, characterized by a smaller radius of curvature. By selectively
adsorbing onto these protruding sites, the additive increases local charge transfer resistance and suppresses the
local current density (jtip). This mechanism redistributes the zinc ion flux toward planar regions, promoting
a more uniform surface morphology and effectively decelerating dendritic outgrowth. Furthermore, the partial
hydrophobic character associated with the aromatic group may reduce full bulk solvation and thermodynam-
ically favour interfacial accumulation. Consequently, NDSB 257 is likely to form a more persistent interfacial
layer, which may modulate Zn2+ flux and contribute to more homogeneous nucleation and improved interfacial
stability.
The primary failure mechanism observed in all cells is short circuiting, which arises from morphological changes
at the electrode surface, particularly from the outgrowth of metallic protrusions[8]. As these structures progres-
sively extend, they may eventually penetrate the separator and establish contact with the opposing electrode.
This creates a conductive potential bridge between the electrodes, leading to a sharp drop in the measured cell
potential to significantly lower values. Under these conditions, the cell effectively behaves as a simple resistive
element.
However, the phenomenon observed here does not correspond to a permanent short circuit in the strict sense,
but rather to what has been described in the literature as a labile short-circuit condition [4]. Because the
metallic contact is mechanically fragile and subjected to high local current densities, it may partially dissolve
or fracture under operation. As a result, the electrical connection can be intermittently interrupted, allowing
the cell to resume operation [11].
Following such events, the cell consistently restarts with voltage transients that are noisy and poorly defined,
irrespective of the additive employed. This behavior can be attributed to the severely altered electrode mor-
phology. The surface becomes highly irregular, leading to pronounced asymmetries between the two electrodes.
These morphological instabilities give rise to non-uniform current distribution and irregular transient responses
in subsequent cycling, leading to what has been called in the shpe vs semiperiods graph, ‘unclassified shape’.
Some cells with NDSB 257 (and to a lesser extent NDSB 201), exhibiting clear passivation phenomena toward
the end of measurements, which may be due to an excessive surface adsorption of the additive at the electrode
interface, reducing the active surface area and increase current localization, so care must be taken regarding
its concentration; excessive adsorption on the active sites may promote electrode passivation, thus limiting the
overall electrochemical stability.
An analysis of the experiments conducted across varying current densities (0.7, 1, and 5 mA cm−2) demonstrates
that increasing the applied load leads to a consistent reduction in the time-to-failure for the symmetric Zn‖Zn
cells. This trend is primarily driven by the higher overpotentials associated with elevated current densities,
which lower the energetic barrier for metal nucleation and accelerate zinc deposition. In accordance with
the Butler–Volmer relationship, where even marginal fluctuations in overpotential trigger exponential shifts in
local current density, minor surface perturbations are significantly amplified. Specifically, the electric field is
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intensified at the tip of surface protrusions due to the reduced local radius of curvature. This field enhancement
promotes localized surges in current density, facilitating preferential Zn2+ consumption and rapid deposition at
these sites. As a result, dendritic outgrowth is accelerated under high current density conditions., leading to
premature cell failure.
In addition, at high current densities, the consumption of Zn2+ near the electrode surface increases substantially,
leading to a decrease in the local ion concentration, increasing local resistivity The resulting concentration
gradients increasing the voltage ohmic loss, further amplifying deposition at protrusions where the resistance is
lower, promoting morphological instability.
Moreover, the effectiveness of interfacial additives may decrease at high current densities. The intensified inter-
facial electric field can facilitate additive desorption or reduce their surface residence time, thereby diminishing
their ability to regulate Zn deposition and suppress dendrite formation.

Molecules
structure

Additive’s name Time to
failure (h),
5 mA/cm2

Time to
failure (h),
1 mA/cm2

Time to
failure
(h), 0.7
mA/cm2

NDSB-195 39.4± 3.4 66± 14 126.6± 16

NDSB-201 78± 15 208± 77 231.9± 13.5

NDSB-257 104.6± 14.8 305.6± 113.4 317.3± 42

Table 9: Time to failure comparison for different additives.

5.4.2 Symmetric Zn–Zn cells with aqueous electrolyte: effect of metal foil cutting
method

To further consolidate and stress-test the shape-recognition algorithm, additional symmetric Zn–Zn cells were
analyzed [Elisa data reference]. In this case, all cells were operated under identical current density and ex-
perimental conditions, but they differed in the electrode fabrication method: mechanically punched, shielded
punched, and laser-cut electrodes. For each fabrication technique, 10 replicates were produced (10 cells per
method), and each cell was analysed using the automated shape-recognition procedure. Across all 30 cells, a
common behavior was observed. The characteristic profile was consistently identified as Shape 3, correspond-
ing to a monotonic increasing voltage curve during the half-cycle. Following short-circuit events, the voltage
transients generally resumed with an irregular variant of Shape 4, typically characterized by pronounced volt-
age spikes. These spikes are most likely associated with the formation of ZnO layers on the surfaces of both
electrodes. Such layers act as an insulating medium, effectively behaving as a dielectric between two capacitive
elements. As a result, charge accumulation occurs and the cell exhibits the behavior of an RC circuit. After this
irregular transient, the voltage profile often returned to a regular monotonic increase (Shape 3). This sequence
was observed repeatedly throughout the lifetime of the cells. Moreover, all these cells exhibited an asymmetric
voltage trends after failure in which Shapes 3 and 4 alternated mainly with Shape 1 and “unclassified” profiles.
This asymmetry was particularly pronounced in laser-cut cells, suggesting a higher degree of electrochemical
instability associated with this fabrication method. The alternation between Shape 3 and Shape 4 indicates a
regime of high electrochemical instability typically observed following cell failure, signifying that the two elec-
trodes are no longer operating under equivalent morphological or kinetic regimes. Shape 3 is associated with
diffusion-limited conditions characterized by low values of the diffusion coefficient d and progressive surface
roughening. Conversely, Shape 4 emerges when charge-transfer kinetics are negligible, specifically when B ≈ 0,
leaving the system dynamics to be governed by mass transport and the growth of metallic protrusions rmax.
Physically, this repeating sequence represents a labile short-circuit condition, where fragile dendritic contacts
intermittently establish and break, causing the voltage to oscillate between a resistive short-circuit response and
an unstable monotonic increase.
Regarding the number of cycles before short-circuit, no significant difference was observed among the three
cutting methods, despite the expectation that laser-cut cells would exhibit a longer cycle life due to their
superior precision and reduced edge deformation. This suggests that the laser cutting process introduces specific
detrimental effects in zinc-based cells, in this specific case, due to the presence of machining tabs, to prevent
detachment of the disc cut off from a foil, that resulted in current-line concentration effects. These metallic
protrusions result in preferential nucleation and corrosion sites.
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Figure 17: Zoomed-in detail and waveform classification.

5.4.3 Symmetric Zn–Zn cells with DES electrolyte

The analysis of potential transient morphologies was also applied to symmetric Zn–Zn cells employing the deep
eutectic solvent (DES) electrolytes discussed in Section 5.1.3.3. Compared to aqueous ZnSO4 electrolytes, DES
formulations introduce significant modifications in physicochemical properties, including increased viscosity,
altered Zn2+ solvation structure, and modified interfacial double-layer characteristics. Use of DES electrolytes
results in notably improved cyclability of Zn/Zn symmetric cells, as shown in the appendix, which can be
attributed to higher morphological stability. Regarding the transient classification, Shape 3 is the predominant
morphology observed across all cells utilizing DES electrolytes, while Shape 1 appears only in the specific and
limited case of cells containing the TBAB additive. This distribution is physically consistent with the medium
properties; first, the higher viscosity of the DES medium lowers the effective diffusion coefficient of Zn2+ ions,
which is consistent with the predominant occurrence of Shape 3 profiles in the transient classification. Although
reduced ionic mobility increases polarization at elevated current densities, it simultaneously suppresses rapid
localized ion depletion near surface protrusions, thereby limiting the amplification of tip-growth instabilities.
Second, the solvation structure of Zn2+ in ZnSO4:EG systems differs significantly from that in purely aqueous
environments. The presence of ethylene glycol modifies the primary solvation shell and alters the coordination
environment of zinc ions. This change can promote more homogeneous nucleation and reduce preferential growth
at high-field regions, contributing to a smoother spatial distribution of deposition.
Third, DES environments may favor the formation of more uniform interfacial layers at the zinc surface. Such
interfacial regulation mitigates local electric-field intensification and reduces current density localization, further
stabilizing the morphological evolution of the electrode. This behavior is reflected in the markedly extended
cycling stability of the cells relative to aqueous systems.
Passivation signatures were detected only after extended cycling durations, indicating a gradual surface evolution
process rather than abrupt morphological failure.

Effect of DESEG 50%. The DESEG 50% formulation represents a partially diluted DES system. In
this case Shape 3 remained dominant during early cycling, and in general, present a lower time to failure (cells
failed after few cycles). The reduced viscosity compared to the pure DES increases Zn2+ mobility, partially
restoring transport characteristics closer to aqueous systems. Physically, this creates a trade-off: (i) Improved
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mass transport relative to pure DES, (ii) slightly increased susceptibility to localized deposition instabilities.
In summary, the DES electrolyte systems occupy a distinct electrochemical regime characterized by slower but
more spatially uniform Zn deposition. The morphology-based classification confirms that these systems provide
enhanced structural stability of the zinc electrode, with transient waveform evolution consistent with suppressed
morphological amplification compared to conventional aqueous electrolytes.

Effect of TBAB Addition. The incorporation of TBAB into aqueous-based electrolytes, introduces
bulky organic cations that can adsorb at the zinc surface. From a physical perspective, TBAB may influence
morphology through: (i) surface adsorption and partial blocking of active sites, (ii) modification of the electric
double layer, (iii) local alteration of ion flux distribution.
All cells are characterized by an alternating occurrence of Shape 1 and Shape 3 morphologies. This asymmetric
behavior may be attributed to a non-uniform distribution of additives across the surfaces of the two electrodes,
which significantly modifies the local kinetics of deposition and passivation. These variations fundamentally
alter the diffusivity at the two electrode interfaces: in one case, enhanced mass transport supports the regulated
transient typical of Shape 1, whereas in the other, a reduction in the effective diffusion coefficient leads to the
unstable monotonic increase characteristic of Shape 3.

Physical Effects: AQ vs. DESEG Electrolytes

This section compares the electrochemical behavior of cells employing standard aqueous ZnSO4 electrolytes
(detailed in Section 5.1.3.1) with those utilizing the DESEG medium, a deep eutectic solvent (DES) described in
Section 5.1.3.3. This comparison is fundamental to evaluate how the solvent nature—specifically the transition
from a reactive aqueous environment to a highly viscous DES—modulates the competition between ion transport
and parasitic degradation.
Analysis of the voltage transients in the aqueous ZnSO4 system without additives shows a predominant occur-
rence of Shape 1. From a parameter standpoint, Shape 1 is associated with high values of the effective diffusion
coefficient d, which supports a regulated growth regime. However, in the aqueous environment, all tested cells
eventually exhibit a clear transition toward passivation by the end of the measurement. This is primarily due
to the high reactivity of water, which promotes collateral phenomena such as the hydrogen evolution reaction
(HER) and the subsequent accumulation of insulating by-products.
In contrast, the DESEG system predominantly exhibits Shape 3 profiles throughout cycling which is physically
consistent with the lower diffusion coefficients d characteristic of the DES medium, where high viscosity limits
ionic mobility. Despite the lower diffusivity, the DESEG electrolyte effectively suppresses the parasitic reactions
observed in the aqueous case. By reducing the availability of free water at the interface, the DESEG formulation
limits the formation of passivation layers, thereby providing a more stable environment for long-term cycling
compared to the additive-free aqueous ZnSO4 system.

5.4.4 Full-cells with Zn anode and different cathodes

The following subsections discuss the influence of each cathode on the distribution of transient morphologies, on
the persistence of periodic behavior, and on the transition toward monotonic or degradation-associated profiles.

5.4.5 hot pressed and blade coated cells

As Clearly evidenced, and in agreement with the findings reported in [3], cells featuring zinc electrodes fabricated
via the blade-coating technique exhibit a significantly extended cycle life compared to those produced by the
hot-pressing method. Both cells are characterized by the predominance of Form 3 as the defining transient
morphology. However, the blade-coated cell displays a markedly more pronounced asymmetry between the
charge and discharge phases. This behavior may be attributed to the influence of zinc electrode thickness on the
transient profile[55]. As discussed in [6], thinner electrode architectures promote faster and more homogeneous
ionic transport, as the electrolyte is able to penetrate uniformale throughout the entire electrode volume. Such
enhanced ionic accessibility can lead to more distinct kinetic differences between charge and discharge processes,
thereby amplifying the observed asymmetry in the transient response. This results in a more uniform surface
reduction process. Consequently, the ZnO-to-metallic Zn conversion proceeds in a more consistent and spatially
homogeneous manner. In contrast, cells fabricated via hot pressing exhibit an almost symmetric voltage profile.
In these experiments, a depth of discharge (DOD) of 10% was imposed. Operating within such a narrow window
results in nearly specular charge and discharge processes, as the cell remains far from the thermodynamic and
kinetic limits associated with full discharge. As can be observed from the waveform mapping analysis, the
prevailing behavior throughout most of the cell lifetime corresponds exclusively to Shape 3.However, toward the
end of life, an increasing asymmetry between charge and discharge becomes evident in the hot pressed cells. In
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particular, the charge curve evolves toward Shape 2, which is characterized by the appearance of a pronounced
maximum, as shown in Fig 10. This morphology is associated with significantly higher values of the kinetic
parameter k0,fast compared to other shapes. Physically, elevated k0,fast values represent an acceleration of
localized electrodeposition at the tips of surface protrusions or dendrites, driven by the intensification of the
electric field in those regions. The emergence of this kinetic regime is highly consistent with the end-of-life phase
of the cell, where accumulated morphological instabilities and the growth of aggressive dendritic structures lead
to high local current densities and imminent failure.

5.4.6 Zn Anode – TQC Cathode

The electrochemical investigation of full cells utilizing TQC cathodes revealed significant differences in stability
compared to their symmetric counterparts. Although these systems initially displayed stable cycling, the analysis
of voltage transients confirms that the transition to a full-cell configuration leads to an overall degradation of
performance metrics. The automated classification algorithm identified a persistent dominance of Shape 3 across
both charge and discharge semi-periods, indicating that the system remains primarily governed by transport-
limited regimes. This symmetry in waveform morphology suggests that the complex interplay between zinc
electrodeposition at the anode and the redox dynamics of the TQC cathode favors a monotonic voltage evolution.
However, the observed degradation pathways demonstrate that the coupling of these two electrodes introduces
additional instabilities not present in symmetric Zn/Zn studies. Even under moderate current densities, the
progressive evolution of the transients towards increasingly polarized Shape 3 profiles suggests that the TQC
cathode effectively modulates the cell’s potential response but cannot fully mitigate the morphological memory
effects of the zinc anode, eventually leading to a more rapid decline in cycling efficiency.

5.4.7 Zn Anode: CMC-Based Cathode

The investigation of full cells employing CMC-based electrodes demonstrates a significant deviation from the
electrochemical stability typically observed in symmetric configurations. While these cells show a consistent
cycling response in the early stages, characterized by Shape 3 during both charge and discharge, the transition
to a full-cell setup is accompanied by an accelerated onset of degradation mechanisms.
The automated transient analysis confirms that Shape 3 remains the dominant profile throughout the entire
operational life of the cell, across both charge and discharge semi-periods. In particular, as observed in exper-
iment Esp-4, under a current density of 1.5 mA and a specific capacity of 5.3 mAh cm−2 for the Zn foil, the
cells reached a premature end-of-life after approximately 20 cycles due to short-circuiting. This performance
gap, compared to symmetric Zn/Zn models, indicates that while CMC-related formulations influence the overall
potential profile, they provide insufficient stabilization against the dendritic growth and structural instabilities
inherent to the zinc anode in a complete cell environment

5.4.8 cells with DES electrolyte in full cell configuration

The morphology-based analysis employing deep eutectic solvent (DES) electrolytes was extended to full-cell
configurations. Based on the experimental datasets, these systems utilized a TQC cathode coupled with a zinc
foil anode. Two distinct electrolyte formulations were investigated: a concentrated ZnSO4:EG 2 M system and
a DESEG 50% version, the latter being a partially diluted DES where the addition of water reduces viscosity
and increases Zn2+ mobility.
The voltage transients for these cells consistently exhibited a "symmetric" Shape 3 profile, appearing with high
regularity in both positive and negative semi-periods. According to the MAC model parameter mapping, this
specific configuration is characterized by low diffusion coefficients (d) but high exchange current densities (i0)
as shown in Fig 8.
This combination provides a robust physical explanation for the observed stability that previously seemed
counterintuitive. While the low d value (due to high DES viscosity) induces the monotonic potential increase
typical of Shape 3, the high i0 ensures that the interfacial kinetics remain fast and balanced. This high
exchange current density effectively "recovers" the symmetry of the transients even in a full-cell setup, mitigating
the amplification of tip-growth instabilities by promoting a more uniform reaction rate across the electrode
surface. Consequently, the ZnSO4:EG 2 M formulation provides a stable electrochemical environment where
the interplay between transport constraints and fast kinetics delays the onset of dendritic failure.
In contrast, cells incorporating TBAB as an additive displayed a markedly different behavior, which appears
to disrupt this kinetic equilibrium. In these systems, the voltage profile deviates from the regular Shape 3
pattern shortly before failure, transitioning toward a degenerate form with a significantly reduced number of
semi-periods. This suggests that in the specific context of DES-based full cells, TBAB may induce current
localization or non-uniform surface adsorption that compromises the stabilizing effect of the high i0 regime,
leading to premature short-circuiting.
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Overall, the comparison between DESEG 2 M and DESEG 50% highlights a clear trade-off between transport
efficiency and morphological stability. The morphology-based transient classification thus captures how the
electrolyte concentration and the balance between d and i0 directly modulate the electrochemical stability of
the TQC-Zn system.

6. Conclusions

This thesis has developed a general unified physics-based and data-driven framework for the interpretation of
voltage transients in batteries with metal anodes and intercalation cathodes. Cathode modelling is based on the
Ni(OH)2/NiOOH case, but the formalism adopted can accomodate any conversion cathode chemistry. The
approach has been validated with a wide range of experimental cases, spanning symmetric Zn/Zn cells with a
range of aqueous without and with additives and non aqueous electrolytes to full cells with Zn anodes and Ni as
well as organics cathodes. By moving beyond conventional integral descriptors such as time-to-failure, this work
has demonstrated that the morphology of galvanostatic voltage waveforms constitutes a physically meaningful
diagnostic observable, capable of encoding degradation mechanisms of conversion metal electrodes jointly with
electrokinetics and mass-transport.
Within the symmetric cell configuration, the Metal Anode Charging (MAC) model provided the theoretical back-
bone for linking metal shape changes - including dendritic growth and passivation - and cell potential response
to galvanostatic dicharge/charge cycles, synergising with ionic transport, interfacial kinetics and internal resus-
tance evolution into a coherent mathematical structure. The systematic classification of voltage semi-periods
into four fundamental morphological families established a regime-based interpretation strategy, replacing point-
wise parameter fitting with the identification of admissible parameter hypervolumes. The implementation of an
automated MATLAB recognition algorithm enabled high-throughput analysis of large experimental datasets,
revealing statistically robust correlations among waveform morphology, additive chemistry, fabrication method,
and applied current density.
The extension of the framework to the full Zn–Ni cell represented a conceptual and mathematical advancement.
By incorporating a thermodynamic description of the Ni(OH)2//NiOOH cathode based on a modified ver-
sion of the two-parameter Margules formalism, able to account for out-of-equilibrium conditions, the system
evolved from a tool for the study of laboratory cells dedicated to metal anode studies, to a general platform
for the rationalization of the behaviour of full batteries featuring a metal anode and an intercalation cathode.
Despite the intrinsic asymmetry of the full cell, the same morphological classification logic remained applicable,
confirming the generality of the regime-based approach.
Across all investigated configurations, the results consistently show that voltage transient morphology is not
a secondary or incidental feature of galvanostatic cycling, but rather a structured macroscopic manifestation
of internal physico-chemical regimes. Monotonic profiles, curvature reversals, and single-minimum responses
correspond to distinct balances between diffusion, charge-transfer kinetics, surface growth, and thermodynamic
driving forces. The classification framework therefore acts as a statistical and conceptual bridge between raw
electrical testing data and the underlying material evolution.
From a broader perspective, this work contributes to the methodological transition from parameter-centric
modeling toward behavior-centric diagnostics in electrochemical energy storage. By emphasizing waveform mor-
phology as a regime indicator, the proposed framework enhances robustness against structural non-uniqueness
in inverse problems and provides a scalable strategy for monitoring degradation pathways in next-generation
aqueous zinc batteries. Future developments may integrate this physically grounded classification approach
with advanced machine learning techniques, enabling real-time adaptive diagnostics and predictive maintenance
strategies. In this direction, the combination of first-principles modeling and automated pattern recognition
represents a promising pathway toward intelligent, self-diagnostic energy storage systems. Future studies could
also investigate the influence of parameters that were kept fixed in the present work, such as the exchange
current densities, and passivation rate constants, in order to assess their role in triggering transitions between
morphological regimes.
In conclusion, the present study establishes voltage waveform morphology as a rigorous, generalizable, and
physically interpretable descriptor of electrochemical regimes, offering both theoretical insight and practical
diagnostic tools for the advancement of zinc-based battery technologies.
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A. Details of the Fitted Curve

A.1. Equilibrium curve

The equilibrium curve cannot be obtained experimentally, since it is not possible to perform measurements at
zero current. For this reason, the quasi-equilibrium curve during charge and discharge, obtained at a C-rate
equal to C/50, was adopted as the reference curve. At such a low current rate, dynamic effects are strongly
reduced, and the measured voltage provides a satisfactory approximation of the system equilibrium voltage.
The experimental data used in this work are taken from Amin’s thesis

Figure 18: ’equilibrium discharge curve’

In red, the cubic fit is shown, while in purple the quadratic model is represented. From the image, it is possible
to see how the cubic fit is able to capture the asymmetries of the discharge curve.

Figure 19: ’equilibrium charge curve’

As before, also in the charging curve, the cubic model fit (shown in red) is able to better follow the shape,
although the improvement is less evident.
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0.6mAcm−2 0.75mAcm−2

1.2mAcm−2 3mAcm−2

6mAcm−2

Figure 20: Fit of discharge curves at different current densities.
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0.3mAcm−2 0.6mAcm−2

1.5mAcm−2 3mAcm−2

Figure 21: Fit of charge curves at different current densities.
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A.2. fitting of parameters A, B and E0

(A) (B) (E0)

Figure 22: Fitting of Parameters A, B, and E0 for the charge curves.

(A) (B) (E0)

Figure 23: Fitting of Parameters A, B, and E0 for the discharge curves.

A.3. Additional Material for Shape Recognition of symmetric cell
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(NSBD195)

(NSBD195)

(NSBD201) (NSBD201)

(NSBD257) (NSBD257)

Figure 24: Zwitterions cells.
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(punched) (punched)

(Shielded punched) (Shielded punched)

(laser cut) (laser cut)

Figure 25: different cuts cell
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(AQ) (AQ)

(ZnSO4EG) (ZnSO4EG)

(DESEG50%) (DESEG50%)

(TBAB) (TBAB)

Figure 26: DES and aqueous electrolyte of symmetric cells
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A.4. Additional Material for Shape Recognition of full cell

(Blade coating)
(discharge) (charge)

(Hot pressing)
(discharge) (charge)

Figure 27: Blade coating Vs Hot pressing.
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(ZnSO4 DESEG 2M)
(discharge) (charge)

(DESEG 50) (discharge) (charge)

(DESEG+TBAB) (discharge) (charge)

Figure 28: DES electrolyte full cells
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(Split cell CMC + TQC cathode) (discharge) (charge)

(split cell) (discharge) (charge)

(TQC cathode) (discharge) (charge)

Figure 29: CMC and TQC cathode
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(swadgelock cell TQC cathode) (swadgelock cell TQC cathode) (swadgelock cell TQC cathode)

(Svit cell) (Svit cell) (Svit cell)

Figure 30: Additional data.
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B. Additional Material for sensitivity analysis

It is interesting to note that if the order of perturbation is increased from one order to two orders of magnitude,
by increasing k0,fast or decreasing k0,slow (both producing the same effect),shape 3 reverses and becomes mono-
tonically decreasing, namely shape 4. This could indicate that when Morphology 4 is observed, the system is
dominated by high values of k0,fast.: high values of k0,fast indicate that the electrochemical reaction is extremely
rapid at the tips of the protrusions. Physically, this is due to a strong intensification of the electric field at the
apex of the dendrites, caused by their reduced radius of curvature. As a consequence, an increase in the local
current density at the tip (jtip) occurs compared to the flat regions of the electrode.
Since k0,fast quantifies the reaction rate in the most reactive regions, high values indicate accelerated interfacial
growth dynamics. In other words, the metal tends to deposit preferentially on existing protrusions rather than
uniformly, thereby promoting faster and uncontrolled dendritic growth. This interpretation is fully consistent
with experimental observations: Morphology 4 is observed almost exclusively during cell restart following short-
circuit failure. Under these conditions, the electrode surface exhibits pronounced roughness, leading to strong
electric field localization at protrusion tips. Consequently, interfacial kinetics dominate over mass transport
effects, and the system response becomes governed by highly localized reaction rates. This results in the
characteristic monotonically decreasing voltage profile associated with shape 4.

Figure 31: Effects of smaller small k0,slow Figure 32: Effect of higher k0,fast

B.1. k0,slow plot
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Figure 33: k0,fast Vs k0,slow plot

As in the previous case, each point in the mapping corresponds to a variation of all four parameters. However, in
this representation the dependence on the parameter k0,slow is made explicit. As can be observed, this parameter
also exerts an influence on the morphology of the transients. Nevertheless, the overall distribution of waveform
families remains unchanged. The only noticeable difference is that the points appear more compressed, since
the variation along the z-axis (associated with k0,slow) is now smaller.
This suggests that, although both k0,slow and k0,fast have a certain impact on the transient shapes, their influence
remains weaker compared to that of the parameters r and d.

C. Waveform Classification Algorithm

Listing 1: Derivative-sign-based waveform classification algorithm
1 s = sign(mean_der(kk ,:));
2

3 if (s(1) >0 && s(5) <0 && s(6) <0) || ...
4 (s(1) <0 && s(2) >0 && s(3) >0 && s(6) <0)
5 category(kk) = "shape 2";
6

7 elseif (s(1) <0 && s(5) >0 && s(6) >0) || ...
8 (s(2) <0 && s(5) >0 && s(6) >0)
9 category(kk) = "shape 1";

10

11 elseif s(2) >0 && s(3) >0 && s(4) >0 && s(5) >0 && s(6) >0
12 category(kk) = "shape 3";
13

14 elseif s(2) <0 && s(3) <0 && s(4) <0 && s(5) <0
15 category(kk) = "shape 4";
16

17 else
18 category(kk) = "unclassified ";
19 end
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Abstract in lingua italiana

Il cycling galvanostatico di celle metalliche simmetriche rappresenta una piattaforma fondamentale per l’investigazione
delle instabilità morfologiche nelle batterie ad alta densità energetica. Tuttavia, l’analisi convenzionale delle
celle simmetriche Zn/Zn si basa tipicamente su descrittori integrali, quali il tempo al guasto, trascurando la
ricca informazione fisico-chimica contenuta nei transitori di tensione.
Il presente lavoro introduce un quadro teorico basato sulla fisica che combina il modello Metal Anode Charging
(MAC) con una classificazione automatizzata delle forme d’onda. I transitori di tensione vengono rigorosamente
suddivisi in quattro famiglie morfologiche caratteristiche, sulla base delle proprietà di curvatura e delle firme
derivate, ciascuna associata a distinti regimi di trasporto ionico, cinetica elettrochimica, crescita dendritica e
passivazione.
Un algoritmo di riconoscimento implementato in MATLAB consente un’analisi ad alto rendimento di dataset
sperimentali, evidenziando come additivi e metodi di fabbricazione degli elettrodi modulino l’evoluzione morfo-
logica e i meccanismi di degradazione.
Il quadro metodologico viene ulteriormente esteso dalle celle simmetriche Zn/Zn a una configurazione completa
Ni/Zn, mediante l’integrazione di una descrizione termodinamicamente consistente del catodo Ni/NiOOH basata
sul formalismo di Margules a due parametri. Tale transizione trasforma il sistema da un problema simmetrico
dominato dal trasporto a un modello ibrido asimmetrico che accoppia la crescita dello zinco controllata dalla
morfologia con la termodinamica di intercalazione allo stato solido.
I risultati dimostrano che la morfologia delle forme d’onda di tensione costituisce un descrittore diagnostico
robusto, in grado di collegare le firme elettrochimiche ai regimi fisici sottostanti. Spostando l’attenzione
dall’adattamento parametrico a un’interpretazione basata sulla morfologia, questo approccio definisce una
metodologia generalizzabile per un monitoraggio fisicamente fondato dei sistemi di accumulo energetico a base
di zinco.

Parole chiave: batterie zinco–zinco, celle Ni–Zn, modello MAC, classificazione dei transitori di tensione,
modello di Margules, crescita dendritica, passivazione
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