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ARTICLE INFO ABSTRACT

Keywords: This work presents an in-depth investigation of the electrochemical behavior of alkaline manganese dioxide
Alkaline batteries batteries, focusing on the correlation between electrical and chemical characterizations through galvanostatic
Raman spectroscopy electrochemical impedance spectroscopy and Raman spectroscopy. A physics-based equivalent electric circuit
Electrochemical impedance spectroscopy model is proposed to capture the battery’s impedance response at different state of charge (SOC) levels,
accounting for ohmic resistance, charge-transfer processes, and diffusion phenomena. The evolution of the
model parameters throughout the discharge process highlights critical transitions in internal battery dynamics,
including the formation of zinc oxide layers and the increase in interfacial resistances. Concurrently, Raman
spectroscopy measurements performed on the cathode surface at various SOC levels reveal significant
structural and compositional changes, most notably the gradual transformation of manganese dioxide (MnO,)
into manganese(IlI) oxide (Mn,0;) and mixed zinc-manganese oxides with a spinel structure (ZnMn,0,)
resulting from zinc migration through the separator. Finally, this work provides new insights into degradation
mechanisms by establishing a direct correlation between electrical parameters and chemical transformations.

1. Introduction higher environmental impact and require frequent replacement in long-
term applications [4,5]. In contrast, secondary batteries—including

The ever-growing demand for high-performance batteries has be- lithium-ion, nickel-metal hydride, nickel-cadmium, and lead-acid
come a cornerstone of modern technology, driving advancements in

portable electronics, electric vehicles, and renewable energy storage
systems. As the transition toward cleaner energy sources accelerates,
the role of batteries in enabling efficient energy storage and delivery
becomes increasingly crucial [1]. However, despite ongoing progress in
battery design, challenges related to performance degradation, capacity
loss, and safety concerns persist and must be addressed to achieve

chemistries—are commonly employed in applications that require fre-
quent cycling or sustained power delivery [6,7].

Among primary batteries, alkaline batteries are particularly val-
ued for their stability, safety, and cost-effectiveness [4]. Given their
widespread use and importance, understanding the internal processes
that influence their performance is crucial for optimizing efficiency,

reliable and long-lasting energy storage solutions [2]. extending lifespan, and reducing environmental impact. A fundamental
Specifically, batteries can be classified into primary (non-recharge step toward improving battery performance is developing a compre-
able) and secondary (rechargeable) types [3]. Primary batteries—such hensive understanding of their behavior under real operating con-
as alkaline, zinc—carbon, and lithium-based cells—are widely used ditions. To this end, accurately modeling the different physical and
in low-drain or intermittently operated devices like remote controls, electrochemical processes occurring within the battery is essential.
clocks, electric toys, cameras, and smoke detectors. Their main advan- In the literature, numerous battery models have been proposed,
tages include long shelf life, low cost, and high energy density for short-  particularly in recent decades for lithium-ion batteries. Broadly, these

term use. However, because they cannot be recharged, they generate
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models can be classified into two main categories: physical models and
equivalent electric circuit (EEC) models [8]. Physical models provide
high accuracy but require substantial computational resources, as they
involve solving multiple partial differential equations. Conversely, EEC
models are less accurate but considerably simpler, since they rely on
algebraic and ordinary differential equations [9].

Focusing on alkaline batteries, within the category of physical mod-
els, Wruck et al. [10] developed a one-dimensional macrohomoge-
neous model describing the galvanostatic discharge of a planar al-
kaline electrolytic manganese dioxide (MnO,) cathode immersed in
a 9 M potassium hydroxide (KOH) solution. The model accounted
for electrolyte concentration gradients using dilute-solution theory,
while migration and convection effects were neglected, and the po-
tential distribution was assumed to follow Ohm’s law—an assumption
that conflicts with the concentration-dependent conductivity reported
in [11]. Later, the authors in [12,13] applied a similar macrohomo-
geneous framework to model the discharge of a cylindrical primary
alkaline battery, incorporating the anode, separator, and cathode. Their
cathode model treated electrolytic MnO, as nonporous spherical par-
ticles surrounded by concentrated KOH, resembling a “grain model”.
This pseudo-two-scale approach coupled surface-reaction kinetics with
mass transport within the cathode pores, though its accuracy was
limited, particularly during the early and mid-stages of discharge.
Subsequent refinements in [14,15] introduced the influence of zincate
species in the electrolyte and enabled simulation of different discharge
modes. Further advancements by the authors in [16,17] incorporated
semi-analytical expressions for the open-circuit voltage (OCV) and a
discharge coefficient, resulting in improved agreement with experi-
mental data under various operating conditions. Farrell et al. [18]
proposed a one-dimensional model for the porous annular cathode that
extended earlier approaches [12,14] by accounting for the bidisperse
nature of the electrode’s pore structure. They described the cathode
as aggregates of porous electrolytic MnO, particles, containing both
micropores within the particles and macropores between them, through
which mass transport occurs. The model incorporated three coupled
scales—macroscopic, microscopic, and submicroscopic—and treated
the solid matrix as two distinct phases, graphite and MnO,, each with
its own physical properties. This framework provided a more detailed
representation of the discharge behavior of alkaline electrolytic MnO,
cathodes.

Regarding EEC models, only a limited number of studies in the liter-
ature have focused on alkaline batteries. In [19], the authors proposed
an EEC model in which the various components of the battery—such as
the current collectors, bulk MnO,, electrolyte, and the MnO,/electrolyte
interface—along with the associated faradaic and non-faradaic pro-
cesses of the MnO, cathode, are represented using classical resistors (R),
capacitors (C), and constant phase elements (CPEs). Similarly, in [20],
the authors developed three distinct EEC models for the MnO, cathode,
each corresponding to a different frequency range, to capture variations
in both the manganese dioxide properties and the electrode porosity.
In [21], the authors used the well-known Randles circuit to model
the MnO, cathode, in which titanium dioxide was added. In [22], a
comprehensive EEC model of an alkaline battery was introduced, in
which both the anode and cathode are represented by the same RC
and CPE elements but arranged in different configurations—resembling
one of the equivalent circuit models commonly used for lithium-ion
batteries. On the other hand, for other types of primary batteries, such
as zinc—carbon cells, the EEC models employed are similar [23,24].

To analyze battery behavior and characterize both physical and
EEC models, tests can be conducted from both electrical and chemical
perspectives.

From an electrical standpoint, battery tests are generally categorized
into time-domain and frequency-domain approaches. Among the time-
domain methods, the galvanostatic intermittent titration technique
(GITT) and hybrid pulse power characterization (HPPC) tests are the
most commonly employed. In GITT, the battery is subjected to partial
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discharges followed by rest periods to allow electrochemical relaxation,
enabling the determination of the OCV curve or the estimation of
internal resistance. The HPPC test is similar, but involves a sequence
of high-power charge and discharge pulses to evaluate the dynamic
performance of the battery. Within frequency-domain approaches, elec-
trochemcal impedance spectroscopy (EIS) has emerged as a powerful
diagnostic tool, providing the frequency response of an electrochemical
device and offering insights into charge-transfer processes, electrode
kinetics, and degradation mechanisms [25-27]. Specifically, EIS can be
performed as galvanostatic EIS (GEIS), where a small sinusoidal current
is applied, or as potentiostatic EIS, where a small sinusoidal voltage
is imposed. In both cases, the resulting voltage or current response is
measured to derive the electrical impedance. Because the battery is
a non-linear system, the amplitude of the applied current or voltage
must be small enough to maintain near-equilibrium conditions, yet
sufficiently large to avoid a low signal-to-noise ratio [28]. Only a few
studies in the literature have applied EIS to alkaline batteries [19,
20,22,29]. In [19], the authors performed EIS measurements under
various conditions, such as external pressure, electrolyte content, and
the presence of additives. Based on these results, they modeled the
MnO, cathode of the alkaline battery using an EEC model and providing
their own physical interpretations. Their analysis showed that the
battery impedance decreased with reduced electrode thickness and in-
creased pressure and electrolyte content. In [20], EIS was employed to
investigate the electrochemical behavior and morphological evolution
of alkaline manganese dioxide cathodes during discharge. The analysis
revealed an intermediate-frequency inductive loop (2-50 Hz) not previ-
ously reported in the literature. This feature, along with the high- and
low-frequency EIS responses, was interpreted as evidence of changes
in the MnO, structure, electrode porosity, and mechanical degrada-
tion of the active material. The study showed that as the manganese
dioxide becomes increasingly reduced, structural expansion induces
particle cracking and porosity changes within both the particles and
the electrode, making part of the material inactive for H* ions insertion.
In [22], the authors conducted multiple EIS tests on different brands of
alkaline batteries, discharging them under various profiles to compare
their performance and cost, using a model similar to those employed
for lithium-ion batteries. Nevertheless, they did not provide a complete
description or trend of the parameters as a function of the battery
discharge. In [29], the authors proposed a combined mechanical-
electrochemical testing procedure, performing EIS measurements under
various external loading conditions to investigate the electrochemical
behavior of alkaline batteries subjected to mechanical stress. This
integrated approach enabled detailed monitoring of electrochemical
changes caused by mechanical deformation and allowed differentiation
between various battery cell geometries. Comparative analysis of force—
displacement and voltage—displacement showed geometry-dependent
failure modes and highlighted the influence of loading rate.

However, a comprehensive understanding of battery behavior re-
quires more than electrical analysis alone. The chemical and structural
evolution of electrode and electrolyte materials during operation plays
a critical role in determining overall performance. Integrating electro-
chemical measurements with insights into structural and compositional
changes enables a more holistic assessment of degradation phenom-
ena and functional limitations. In particular, tracking how chemical
and structural transformations occur during discharge is essential, as
these processes directly affect efficiency, capacity, lifespan, and safety.
Degradation mechanisms—such as electrode dissolution, electrolyte
decomposition, and the formation of unwanted byproducts—can pro-
gressively reduce battery effectiveness, ultimately limiting practical
applications. Capturing these dynamic processes at the local scale, in
real time, and with chemical specificity remains a significant challenge
in battery research [30]. Advanced analytical techniques are therefore
required to probe internal battery components with high spatial and
chemical resolution. In practice, this often involves disassembling the
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cell and extracting sections of the cathode or anode. Such proce-
dures inevitably destroy the sample and produce specimens that are
non-uniform in size and morphology, frequently exhibiting signifi-
cant surface roughness. Nonetheless, detailed chemical characterization
of these heterogeneous materials is essential for elucidating reaction
pathways and degradation mechanisms. These challenges render many
conventional surface science techniques unsuitable for such analyses.
From a chemical perspective, Raman spectroscopy (RS) represents
a particularly powerful tool in this context, offering a non-destructive
means to probe local chemical compositions, phase transitions, and
reaction dynamics within electrodes and electrolytes [31]. RS is based
on the interaction between light and the molecular bonds within a
material. It operates as a light-scattering technique in which molecules
scatter photons from an intense laser source. The majority of the
scattered light retains the same wavelength as the incident beam—
known as Rayleigh scattering—and carries no chemical information.
However, a very small fraction of the scattered photons undergo a
wavelength shift that depends on the molecular structure of the sam-
ple; this phenomenon is referred to as Raman scattering. A Raman
spectrum displays a series of peaks that represent the intensity and
wavelength of the Raman-scattered light. Each peak is associated with
a particular vibrational mode of molecular bonds as well as collec-
tive vibrations involving groups of atoms, including polymer chain
vibrations, and lattice oscillations. RS has demonstrated exceptional
versatility, particularly in its ability to be integrated with other experi-
mental methods—such as scanning probe microscopy and electrochem-
ical measurements—to provide a more comprehensive understanding.
Moreover, with precise positioning and focusing of the laser spot, RS
can be effectively applied to small, irregular, and rough samples, en-
abling the in-depth characterization of complex composite materials. In
doing so, it facilitates deeper insight into the physicochemical changes
occurring during battery discharge, shedding light on key factors that
govern performance, degradation, and failure mechanisms. Focusing on
alkaline batteries, only a few studies in the literature have conducted
RS on them. Specifically, in [32], the authors investigated the structural
evolution of the zinc oxide (ZnO) passive layer formed on zinc (Zn) elec-
trodes in a cylindrical alkaline battery using RS. The authors modified
the battery cell by replacing one end with an optical window while
maintaining all other commercial components. Experimental results
were recorded at different discharge levels by discharging the battery
at a high current rate, revealing the formation of crystalline ZnO, in
particular at the end of the discharge, with no detectable zinc hydroxide
phase observed throughout the process. In [33], the Raman spectra of
nanostructured manganese(ILIII) oxide (Mn;O,4) were analyzed, and the
correlations between Raman shift, bandwidth, and particle size were
determined. The results indicate that the observed spectral shifts and
peak broadening primarily arise from grain size effects. Overall, RS
proves to be a simple and effective technique for estimating the size
of certain nanomaterials. In [34], RS was applied to investigate the
structural and vibrational properties of manganese oxide. This tech-
nique allowed for detailed characterization of manganese oxide phases
that are often difficult to distinguish using conventional methods such
as X-ray diffraction. The analysis aimed to identify the characteristic
Raman features of manganese oxide and provided reference data useful
for understanding its behavior in various electrochemical and material
science applications. In [35], the authors performed RS on various
structures of manganese oxide mineral species, showing that, by using
different laser wavelengths in combination with a database of standard
spectra, it was possible to identify different phyllomanganate minerals.
Specifically, the wavelength range of approximately 630-665 cm™~! was
found to be strongly correlated with the presence of Mn>* ions.
Nevertheless, mechanistic studies and comprehensive reviews indi-
cate that capacity fade and increases in internal resistance primarily
result from the formation of electrochemically inert Zn-bearing phases,
as mixed zinc-manganese oxides with a spinel structure ZnMn,O,, man-
ganese oxide compounds, and secondary reaction products that impede
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ionic transport or induce electrical isolation of active material [36].
Consequently, strategies aimed at limiting uncontrolled Zn deposi-
tion or accumulation at the cathode—through electrolyte engineering,
pH optimization, additive use, or pre-intercalation techniques—are
commonly employed to suppress ZnMn,0O, formation. This suppres-
sion improves cycle life by reducing internal resistance and restoring
reversible Zn?* ions transport characteristics [37].

Crucially, our study provides the first direct experimental connec-
tion between these macroscopic phenomena (current-voltage behavior)
and the specific microscopic degradation mechanisms at the cathode.
Electrical characterization of various battery cell samples reveals the
macro-level effects of degradation, specifically the observed increases
in internal resistance and capacity fade. Concurrently, RS analysis of
cathode material from the same samples offers molecular-level evi-
dence, confirming the gradual reduction of MnO, into Mn,O; and pro-
gressive formation of ZnMn, O, as a function of cycling and degradation
state. By correlating quantitative changes in Raman signal intensity—
indicative of ZnMn,0O, abundance—with electrical metrics such as
charge-transfer resistance and capacity loss, we establish, for the first
time, a clear and direct link between Zn-compound formation and the
measurable deterioration of the cell’s current-voltage characteristics.
This correlation firmly positions Mn,0O; and ZnMn,0, formation as
primary, quantifiable drivers of performance decay in these batteries.

In light of the above, the primary objective of this work is to
find a bridge between the results obtained from two well-known
techniques—RS and GEIS—to enhance electrical modeling for simu-
lations and provide manufacturers with criteria to identify potential
physicochemical improvements. Specifically, Raman analysis was per-
formed on the MnO, cathode at different SOC levels alongside GEIS
measurements, enabling a direct correlation between macroscopic elec-
trical signals and local, microscopic chemical changes occurring in
the cathode material. These changes, on one hand, help elucidate the
mechanisms at the solid-liquid interface and the formation of surface
barriers that can impede charge transfer; on the other hand, this
experimental approach offers insights into material evolution during
the discharge process, providing valuable information for develop-
ing strategies to prevent or mitigate battery aging. Such knowledge
has significant implications for the environment, industrial battery
manufacturing protocols, and overall economic efficiency.

To this end, nine cylindrical alkaline battery cells were tested.
They underwent partial discharge and GEIS measurements, and were
disassembled at different SOC levels to perform RS. The results were
analyzed from both electrical and chemical perspectives, establishing
a link between the macroscopic observations from GEIS and the mi-
croscopic insights obtained from RS. As in most of the previously
mentioned studies in the literature, all tests and analyses in the present
work were conducted at room temperature.

Finally, an EEC model typically used for lithium-ion batteries was
adapted for alkaline batteries, offering a possible physical interpreta-
tion of its parameters, while the actual variation of these parameters
as a function of SOC was derived.

2. Battery model

Alkaline batteries generate power through electrochemical reactions
taking place at their electrodes. The key materials facilitating these
reactions include Zn as the anode (negative electrode), MnO, as the
cathode (positive electrode), and KOH as the electrolyte [38]. Several
authors [39,40] describe the overall discharge reactions of alkaline
batteries as relatively complex, involving multiple intermediate prod-
ucts. However, the fundamental discharge processes at the anode and
cathode can be summarized more simply.

At the anode, Zn undergoes oxidation, meaning it donates electrons.
This oxidation process can be represented as a two-step reaction:

Zn(s) +40H (aq) — Zn(OH)ﬁ’ (aq) + 2e~

1
Zn(OH)Z_ (aq) — ZnO(s) + 20H (aq) + H,O(1). =
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At the cathode, MnO, undergoes reduction, meaning it gains elec-
trons. Simultaneously, water (H,0) molecules decompose at the ox-
ide/electrolyte interface within the particle, leading to the intercalation
of H* ions into the oxide lattice. The cathodic reaction of MnO,
proceeds through a two-step process:

2MnO,(s) + 2H,0(1) + 2e~ — 2MnO(OH)(s) + 20H (aq) @
2MnO(OH)(s) — Mn,O5(s) + H,O(l).
By combining the half-reactions occurring at the anode and cathode,

the overall reaction governing the operation of an alkaline battery can
be obtained:

Zn(s) + 2MnO,(s) = ZnO(s) + Mn, O5(s). 3)

In the overall reaction, Zn at the anode reacts with MnO, at the
cathode and H,O from the electrolyte, leading to the formation of ZnO
and Mn,05. The transfer of electrons from Zn to MnO, through the
external circuit generates electrical energy. KOH plays a crucial role
in these reactions by supplying the OH™ ions required at both the
anode and cathode. The movement of these ions within the electrolyte
maintains charge balance and enables the continuous flow of electrons
through the external circuit, allowing the battery to power connected
devices.

As discussed in the introduction, numerous research studies on
battery modeling can be found in the literature, with a particular
focus on lithium-ion batteries [41]. Although the present study focuses
on alkaline batteries, it is worth briefly reviewing relevant literature
on lithium-ion batteries, which have been extensively investigated
in recent years and share several underlying electrochemical princi-
ples that can inform the present analysis. Specifically, numerous EEC
models have been proposed for lithium-ion batteries, ranging from
simple to highly complex configurations [41]. The level of complexity
depends on the desired accuracy, ranging from basic structures to
sophisticated models that account for multiple time constants and
nonlinear effects. The simplest model consists of an ideal voltage
source—representing the OCV and corresponding to the voltage at
thermodynamic equilibrium—in series with a resistor accounting for
the total internal resistance [42,43]. While easy to implement, this
two-parameter model cannot adequately capture the battery’s dynamic
behavior and is therefore unsuitable for applications requiring higher
accuracy. To overcome this limitation, the widely used Thevenin model
was introduced [44,45]. This model extends the basic EEC represen-
tation by including one or more parallel RC branches in series with
the high-frequency internal resistance, thereby enabling the dynamic
response of the battery to be modeled. Increasing the number of RC
branches enhances model accuracy, and the simplest EEC model can
be regarded as a special case of the Thevenin model with zero RC
branches [46]. More advanced EEC models have been developed, for
example in [47,48]. Specifically, in [48] one of the most comprehensive
models is presented. This model, like the previous ones, includes an
ideal voltage source representing the OCV of the battery. In practice,
this voltage depends on the SOC; therefore, its behavior is associated
with a large chemical capacitance. It also incorporates a high-frequency
internal resistance that accounts for the ohmic resistance of the elec-
trodes, electrolyte, separator, and current collectors. Additionally, the
model includes a ZARC element (a CPE connected in parallel with
a resistor) that represents the solid electrolyte interphase (SEI) layer
formed on the anode surface as a result of electrolyte reduction. This el-
ement corresponds to the first semicircle in the Nyquist plot, appearing
at medium-to-high frequencies. A second ZARC element accounts for
the charge-transfer resistance and the double-layer capacitance at the
electrode/electrolyte interface, appearing as the second semicircle in
the Nyquist plot at medium-to-low frequencies. Finally, a finite-length
Warburg impedance is incorporated to describe ion diffusion within
the active materials of the electrodes and the electrolyte. According
to the literature, three main types of Warburg elements are commonly
employed to represent lithium or lithium-ion diffusion phenomena.
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Fig. 1. Battery model proposed in [19].

The first is the semi-infinite Warburg element, which characterizes
diffusion through a semi-infinite medium and appears in the Nyquist
plot as a straight line inclined at 45°. The second type is the finite-
space Warburg element, which models diffusion within a confined layer
bounded by an impermeable interface. In the Nyquist plot, it initially
appears as a 45° diagonal line that transitions into a vertical segment
representing the capacitive response of the system. The third type, the
finite-length Warburg element, describes diffusion within a bounded
layer whose far boundary is permeable or transmissive. In the Nyquist
plot, it begins as a 45° line and then transitions into a large semicircular
arc. From a physical standpoint, since the electrodes represent a re-
flexive boundary, the finite-space Warburg element should be the most
suitable choice to model this behavior. Nevertheless, many models (as
in [48]) use the finite-length Warburg element, which exhibits a similar
trend in the initial part of the low-frequency region. However, the latter
portion, represented by a semicircle in the Nyquist plot, overlaps with
the OCV modeled by an ideal voltage source controlled in charge that
describes the battery capacitive behavior at very low frequencies.

In contrast, the literature on battery models for alkaline batteries is
relatively limited. In [19], the authors analyzed an alkaline battery and
proposed an EEC model for the cathode, assigning physical meaning to
each circuit element. This model is shown in Fig. 1. Fundamentally,
charge transport within the electrode occurs through three parallel
pathways. The first is the electronic pathway through the manganese
dioxide particles, represented by the resistance Rymo, - The second
pathway is ionic, occurring through the electrolyte, and is characterized
by the resistance R, , and the corresponding double-layer capacitance
Cy1.- The third pathway involves charge transfer at the manganese
dioxide/electrolyte interface. This contribution consists of the charge-
transfer resistance R, in series with a CPE whose pseudo-capacitance
0, models diffusion through the porous structure of manganese diox-
ide, and in parallel with the double-layer capacitance C,; in series with
another CPE whose pseudo-capacitance Q,, captures the double-layer
effect. Additionally, a resistance R,;, is included in series to account
for charge-transport processes occurring in either the solid phase or the
electrolyte before and after the charge-transfer event.

On the other hand, in [22], the authors employed an EEC model
similar to that reported in [48] for lithium-ion batteries, with the main
difference being the use of a semi-infinite Warburg element instead
of a finite-length one. Although the authors did not explicitly discuss
their rationale, the use of a lithium-ion battery model for alkaline
batteries can be justified by the analogous operating principles of the
two chemistries. Following this reasoning, in the present study, the
lithium-ion battery model from [48] was adapted for application to
alkaline batteries, based on the similarity of their fundamental electro-
chemical mechanisms and providing a possible physical interpretation
of its components. However, for the sake of simplicity, the finite-
length Warburg impedance was replaced with a simple RC parallel
branch. Although this choice may reduce the model accuracy at very
low frequencies, it offers the advantage of a simpler structure that still
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captures the general trend of the parameters related to the diffusion
process [49].

The proposed model is reported in Fig. 2. Specifically, v, denotes
the OCV of the battery, while R, represents the high-frequency ohmic
resistance of the battery components, as in lithium-ion batteries. In

- >
Rs Rs + RZnO Rs + RZnO + Rct Re
Fig. 3. Nyquist plot of proposed model.
Table 1
Battery specifications.
Parameter Value
Nominal capacity (2 mA, 5 V cut-off) 726 mAh
Typical Voltage 9 V (at 20 °C)
AC impedance @ 1kHz 1.692 Q

contrast to lithium-ion batteries, which feature a SEI layer, alkaline
batteries develop a ZnO layer that, although different in composition
and function, can be considered the analogous component. This layer
is modeled using the resistance Ry, and the pseudo-capacitance Q,,,
along with its associated depression factor f,,,. The charge-transfer
resistance and double-layer capacitance associated with both electrodes
are represented by the resistance R,, and the pseudo-capacitance Q,
respectively, along with their corresponding depression factor f/q;-
These components, on one hand, model the intercalation of hydrogen
ions (H') into the oxide lattice—analogous to lithium-ion intercala-
tion/deintercalation in lithium-ion batteries—and, on the other hand,
the oxidation reaction of Zn at the anode. Finally, the diffusion of OH™
ions in the electrolyte and H* ions in the cathode is represented by the
diffusion resistance R, and diffusion capacitance C,. The total battery
impedance, Z,,, is then expresses as follows:

R
R, + ' Zn0 +
1+G- (g)ﬂZnO . RZnO . QZnO
R R (C)]
+ ct + d
1+ (-o)fad . R,-Q, 1+j @ Ry Cy

Z,

tot =

where w is the angular frequency in rad/s.

In the frequency domain, these elements correspond to different
regions of the Nyquist plot, visible in Fig. 3. Specifically, the resistance
R, corresponds to the intersection with the real axis. The first small
semicircle in the high-medium frequency range can be interpreted as
the complex impedance related to the properties of ZnO. Meanwhile,
the larger semicircle in the medium frequency range can represent
the charge-transfer and double-layer effects at the two electrode/elec-
trolyte interfaces. Finally, the low-frequency region of the Nyquist plot
can be associated with the diffusion processes of OH™ ions in the
electrolyte and H* ions in the cathode.

3. Test procedure and experimental setup

The present study examined the Procell PX1604, a commercially
available alkaline manganese dioxide battery, as detailed in Table 1.
This battery operates at a standard voltage of 9 V under normal condi-
tions of 20 °C and has a rated capacity of 726 mAh when discharged
at a 2 mA rate. It reaches the end of its operational life when its
voltage drops to the cut-off value of 5 V. Specifically, this study aims
to characterize the battery at different SOC levels, ranging from the
fully charged to the fully discharged state, under a constant room
temperature of 20 °C.

Typically, this type of battery comes in either a stacked or cylin-
drical cell configuration. The Procell PX1604 battery pack specifically
consists of six individual cylindrical cells connected in series, with each
cell supplying 1.5 V and having a nominal capacity of 726 mAh at a
2 mA discharge rate.

Specifically, nine cylindrical cells were utilized, discharged, and
analyzed at different SOC levels. Subsequently, these cells were disas-
sembled for further examination. Two types of tests were conducted:
GEIS measurements for electrical characterization and RS for chemical
characterization. Table 2 reports the cells used in this analysis, their
numbering, and the corresponding tests performed.

The GEIS experiments were conducted using an SP-150e poten-
tiostat (Biologic Science Instruments) controlled via EC-Lab software
installed on a PC connected to the instrument through an Ethernet
cable.

For RS acquisition, the setup included three remotely selectable
laser sources (473 nm, 532 nm, and 633 nm) and a spectrometer
(NT-MDT NTEGRA Spectra) coupled with an Andor detector cooled to
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—60 °C via a Peltier junction. Two optical objectives (20x and 40x)
were available, with the 40x objective preferred for these experiments
due to its higher numerical aperture (0.75). The red laser source
(633 nm) was employed for all Raman measurements.

Cell characterization involved performing GEIS and RS tests as fol-
lows': for each of Cells 1-9, a target SOC was predefined to determine
when the cell would be opened for RS analysis, as reported in Table 2.
The predefined opening SOC levels for the nine cells were 100%, 70%,
60%, 50%, 40%, 30%, and 0%.

Specifically, GEIS measurements were performed at the predefined
opening SOC levels for Cells 1-6. For the fully discharged Cells 7-9,
GEIS measurements were conducted across SOC levels from 100%
to 0%, with data collected at 10% of SOC intervals. Even though
certain cells were subjected to GEIS measurements only at specific SOC
values corresponding to the openings for RS, by combining data from
different cells tested at different SOC levels, the overall dataset provides
coverage across a range of SOC values and captures the inherent cell-to-
cell variability. The different SOC levels were achieved by discharging
the cells at a low current of 2 mA. The cells were then allowed to rest
for one hour to reach steady state, accounting for diffusion phenomena.
Subsequently, GEIS measurements were conducted with a sinusoidal
current of 2 mA (0.002C) over a frequency range from 100 mHz to
10 kHz, with two measurements averaged at each frequency point. In
particular, the amplitude of the applied sinusoidal current was selected
to ensure a sufficiently high signal-to-noise ratio in the voltage mea-
surements, while maintaining the battery operation within its linear
region. Moreover, the upper frequency threshold was chosen to reach
the region of the frequency response where the behavior begins to ex-
hibit inductive characteristics due to the cable connections. Conversely,
the lower frequency threshold was set to a typical value that allows
analysis of the medium-to-high frequency behavior while maintaining
stable measurements. On the other hand, at very low frequencies,
measurements take longer, which can disturb the battery steady state
and potentially lead to measurement instability [50-52]. Nevertheless,
the selected frequency range is commonly employed in other battery
studies [53,54].

For the RS measurements, cells were initially examined with the
20x objective to identify relatively flat regions suitable for analysis.
The 40x objective was then used for RS acquisition. Each spectrum was
acquired with an average integration time of a few minutes, and the
laser power impinging on the sample was kept below 0.6 mW to pre-
vent any damage. To evaluate the reproducibility of RS, the following
experimental protocol was adopted: (i) Cells 7, 8, and 9 at the same
SOC were analyzed to assess the overall Raman response and to con-
firm the presence of characteristic vibrational features (e.g., ZnMn,0O,
and/or the graphitic G and D bands); (ii) for each cell at different
SOC levels, RS spectra were collected from multiple regions (approx-
imately five) of the extracted cathode material. Due to the intrinsic
surface roughness and slight compositional inhomogeneities observed
under optical microscopy, variations in absolute peak intensities were
detected. Nevertheless, all principal spectral features characteristic of
each specific discharge state were consistently observed across the
analyzed regions. Among the different internal components of the cell,
the cathode was selected for investigation, as it exhibited relatively
uniform regions after extraction. In contrast, the anode was unstable in
air, becoming bluish and dusty within minutes, and the separator was
largely torn upon opening the battery, precluding systematic analysis.
The Raman spectral regions were chosen according to [55], which
provides detailed identification of Zn- and Mn-containing compounds
that evolve with cell discharge. The optical objective was selected to

1 The raw experimental impedance spectroscopy and rest-voltage interval
datasets used in this work are publicly available in a dedicated GitHub reposi-
tory: https://github.com/marzio-barresi/Electrical-Datasets-Alkaline-Batteries.

git
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Table 2
Battery Test matrix.
Cell SoC Tests
1 100% GEIS and RS
2 70% GEIS and RS
3 60% GEIS and RS
4 50% GEIS and RS
5 40% GEIS and RS
6 30% GEIS and RS
7 0% GEIS (each 10% of SOC) and RS
8 0% GEIS (each 10% of SOC) and RS
9 0% GEIS (each 10% of SOC) and RS

achieve an optimal balance between maintaining adequate laser focus
on the highly roughened surface and enabling clear differentiation
among the various regions of the extracted cathode material. The
overall experimental procedure for the cells under test is summarized in
the flowcharts shown in Fig. 4, while the experimental setups adopted
for GEIS measurements and RS are shown in Fig. 5.

4. Experimental results
4.1. Electrical parameters and results analysis

According to the test procedure described in the previous section,
the cells were discharged at a constant current until reaching a prede-
fined SOC level, followed by a one-hour rest period before conducting
the GEIS measurements. For example, Fig. 6 shows the complete dis-
charge voltage profile of Cell 7, where the discharge and rest periods
are clearly distinguishable.

Fig. 7 shows the Nyquist plot of the GEIS measurements for Cell 7 at
various SOC levels, while Figs. 8 and 9 separately present the Nyquist
plots for Cells 1-9 at each SOC level. As observed, the impedance of
the fresh cells is notably higher compared to other SOC levels, likely
due to passivation of the Zn powder during storage or adsorption of
organic corrosion inhibitors on the Zn surface. Comparing the spectra
at 100% (Fig. 8(a)) and 90% (Fig. 8(b)) of SOC, a significant difference
in impedance is evident, likely caused by the instability of the elec-
trochemical state. Specifically, at 100% of SOC, the large semicircle
may be attributed to higher-than-normal internal electrode resistance
and cell-interface capacitance, as reported in [22]. Therefore, at high
SOC levels, and in particular at 100% of SOC, even small cell-to-cell
differences can result in significant variations in the GEIS response.
Indeed, from Figs. 7 and 8, it can be observed that at high SOC levels,
the GEIS spectra of different cells differ noticeably, whereas at low SOC
levels, the spectra become very similar.

Based on the obtained GEIS measurements, two distinct semicircles
are observed in the frequency range from 100 mHz to 10 kHz. Accord-
ing to the literature [29], no SEI layer forms in alkaline manganese
dioxide batteries. Nevertheless, as the SOC decreases, ZnO growth
occurs at the anode-electrolyte interface. Therefore, as hypothesized
in Section 2, the smaller semicircle at higher frequencies can be at-
tributed to the complex impedance associated with the ZnO layer
at the anode, while the larger semicircle at lower frequencies likely
corresponds to the charge-transfer and double-layer effects at both
electrode—electrolyte interfaces.

Therefore, within the selected frequency range, the parameters cor-
responding to the high-frequency resistance and the two ZARC elements
in model (4) were identified from the GEIS measurements (frequency-
domain characterization), whereas the RC parameters associated with
diffusion phenomena—which are not apparent in the GEIS results—
were determined in the time domain from the transients observed
during the relaxation periods (time-domain characterization), as shown
in Fig. 10.
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Fig. 4. Flowchart of the experimental procedure: (a) Cells 1-6; (b) Cells 7-9.
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Fig. 5. Experimental setups used in this work: (a) configuration for GEIS measurements; (b) configuration for RS measurements.

4.1.1. Frequency-domain characterization

The parameters R, Rz,0, Ozu05 Pzn05 Res Qs and f,,, were
determined by fitting the experimental GEIS data to model (4) using
a complex least-squares minimization approach, while excluding the
parallel RC branch associated with diffusion phenomena. To minimize
the error of a complex quantity, the fminsearch function in MATLAB
was employed with the following total vector error:

2 2

/IR, - RS I1X, - X3

€= G + X (5)
IR A

where R* and X are the vectors containing the experimental data,
while R, and X, are the vectors containing the modeled data.

4.1.2. Time-domain characterization

The parameters related to diffusion phenomena, R, and C,, were
determined in the time domain by fitting the electrical transients
observed during the relaxation periods corresponding to the SOC in-
terval of 90%-0%. Obliviously, the values at 100% of SOC are missing
because the first rest phase occurred when the battery reached 90%
of SOC. This fitting was performed using the fit function in MATLAB,
which applies a nonlinear least-squares optimization based on the
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Fig. 7. GEIS at various SOC levels (100% to 0%) for Cell 7. Solid lines indicate fitted curves, while markers represent experimental data.

following first-order exponential transient model:

e
vy = 0p(0) + (Ry + Rz + Rep) - iy + Ry - Aip[1 —e FaCa] (6)

where 4i, is the current step, v, is the battery terminal voltage, and
v,,(0) is the battery terminal voltage at the beginning of the relaxation.
Specifically, for each relaxation interval, the transient voltage profile
was shifted by the initial battery terminal voltage, and the voltage
drops associated with other resistance terms were subtracted so that
only the transient due to diffusion was considered. Since the diffusion
time constant is much larger than the other time constants (associated
with the two ZARC elements), it was possible to remove the initial
portion of the voltage transient related to those elements. To do this,
the duration of these initial portions was set to five times the time
constant of the second ZARC element, 7, ,, which represents the
charge-transfer and double-layer effects and has a larger time constant
than the first ZARC element. The values of z,, ;, at different SOC levels
were obtained from the frequency-domain test results, as follows:

_1
Terar = (Reg - Qgp) Perel . )

4.1.3. Frequency- and time-domain results analysis

From Figs. 8 and 9, a good agreement between the experimental
data and the frequency-domain model (with the diffusion component
excluded) can be observed for Cells 1-9. This is further confirmed by
the coefficient of determination, R?, which exceeds 0.99 for the real
part of the impedance and 0.94 for the imaginary part across all tests.
In addition, Fig. 10 shows good agreement between the experimental
battery voltage transients observed during the relaxation periods and
the corresponding modeled responses obtained using (7), as confirmed
by an R? value greater than 0.91 for all tests.

All these figures are intended to illustrate the quality of the fitting
procedure and to provide visual confirmation that the extracted param-
eters accurately capture the different dynamics during the GEIS tests
and rest periods.

Fig. 11 presents the trends of the electrical parameters in (4) as
a function of SOC for the different cells. From the figure, it can be
observed that the parameter trends are remarkably consistent across
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Fig. 8. GEIS at various SOC levels (100% to 50%). Solid lines indicate fitted curves, while markers represent experimental data.

Cells 1-9. This observation is further supported by the mean and
standard deviation values reported in Fig. 12.

Specifically, as illustrated in Fig. 11(a), the high-frequency ohmic
resistance R, increases progressively as the cells discharge from 100%
to 0% of SOC, with a pronounced rise occurring once the SOC drops
below 40%.

A similar trend is observed for the resistance R, associated with
the ZnO layer (Fig. 11(b)), which exhibits a marked increase when the
SOC falls below 30%. This behavior is consistent with the progressive
formation of the ZnO layer at the anode-electrolyte interface during
discharge. The pseudo-capacitance Q,,q, associated with ZnO growth
and shown in Fig. 11(c), is similar for all cells and does not exhibit
a clear trend, remaining essentially constant throughout the discharge
process. The corresponding depression factor, f,,o (Fig. 11(d)), exhibits
an approximately linear decrease with decreasing SOC.

The charge-transfer resistance R, associated with electrochemical
reactions at the electrodes (Fig. 11(e)), follows a trend similar to those
of Ry, and R, in the 90%-0% of SOC range, increasing progressively
during discharge and exhibiting a sharp rise once the SOC drops below
30%. On the other hand, R,, also shows relatively high values at 100%
of SOC, comparable to those observed at 0% of SOC. As discussed
in Section 4.1, this behavior may be attributed to the instability of
the electrochemical state at full charge. These results suggest that the
electrochemical reactions are less favorable at 100% of SOC, become
more facile after an initial discharge, and again become hindered at low

SOC due to the reduction in the number of active sites on the electrodes.
The related pseudo-capacitance, Q,, reported in Fig. 11(f), exhibits a
sharp increase from 100% to 70% of SOC, remains relatively constant
between 70% and 10% of SOC, and then decreases significantly from
10% to 0% of SOC. The corresponding depression factor, f,,,, also
reported in Fig. 11(g), shows a decreasing trend from 100% to 70% of
SOC, after which it gradually increases again down to 0% of SOC. It is
worth to noting that, the local minima around 30% and 70% of SOC do
not appear to be mere statistical deviations, as all GEIS tests conducted
on the different cells exhibit the same behavior. This phenomenon may
be associated with structural phase transitions occurring within the
electrodes, corresponding to the changes in slope of the OCV curve
shown in Fig. 6.

Finally, the resistance component of the diffusion impedance, R,,
reported in Fig. 11(h), experiences a notable increase when the SOC
falls below 10%, while the diffusion capacitance, C,, reported in Fig.
11(i), increases as the SOC rises.

4.2. Chemical results analysis

Among the three cells (7, 8, and 9) subjected to RS, only Cell
7, deemed the most representative, is reported. The battery opening
procedure enables the extraction of large portions of the cathode (see
Fig. 13), allowing for a statistically meaningful analysis. The reported
RS measurements are therefore representative of multiple locations
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Fig. 9. GEIS at various SOC levels (40% to 0%). Solid lines indicate fitted curves, while markers represent experimental data.

examined across the cathode surface. Specifically, our investigation
focused on two distinct regions: the area in direct contact with the
separator (analyzed in this work) and the area adjacent to the external
casing (data not shown). As expected, the latter region did not exhibit
significant variations in its RS spectra, likely due to its greater distance
from the separator and its consequently limited participation in the
electrochemical reactions.

The anode, composed of Zn, is highly reactive upon exposure to air,
which makes it unsuitable for in-depth or time-consuming post-mortem
analyses. Moreover, the separator is often damaged during cell opening,
exhibiting tears and localized dust formation that can interfere with RS
measurements.

For these reasons, our investigation focused on the cathode surface
in direct contact with the separator, where chemical modifications
induced by battery cycling are most likely to occur.

The first measurements were carried out on the pristine sample. The
RS spectrum (see Fig. 14) reveals two main features: the first appears
between 400 cm~! and 700 cm~!, and the second is located around
1080 cm™'. The former features are typically associated with MnO,
structures [56], while the latter is related to carbonates. Although
there is no universal consensus in the literature regarding the pre-
cise assignment of these structures [56-60]—likely due to differences
in materials and cathode preparation—the RS measurements of the
pristine cathode generally display the following characteristic bands:
three prominent peaks at 574 cm~!, 620 cm~!, and 644 cm~', along
with less intense bands at 290 cm™!, 470 cm~!, and 753 cm~!. These

10

bands correspond to various manganese oxide lattice vibrations within
the octahedral manganese-oxide framework. In particular, the band at
574 cm~! has been attributed to the displacement of oxygen atoms
relative to manganese atoms along the octahedral chains. Moreover,
variations in the intensity of the band at 644 cm~! following ion
exchange have been interpreted as evidence that this band is related
to manganese oxide vibrations perpendicular to the direction of the
octahedral double chains.

A Raman peak attributed to the symmetric stretching vibration
of carbonate ions is detected in both the pristine sample and the
cathode at 70% of SOC, in agreement with previous studies [61]. How-
ever, this feature disappears at deeper states of discharge. Because all
SOC-extracted samples were prepared under identical environmental
conditions, the most plausible explanation is electrolyte decomposi-
tion [62]. Although this behavior has been repeatedly observed, the
mechanism responsible for the loss of the carbonate signal remains
under active discussion within the scientific community.

When RS analysis is performed on batteries at more advanced states
of discharge (specifically at 50%, 30%, and 0% of SOC), distinctive
peaks corresponding to mixed zinc-manganese oxides with a spinel
structure ZnMn, O, emerge. These features, observed at 322, 383, 587,
630, and 679 cm™!, are consistent with the findings reported by Nad-
herny [55]. Specifically, when excessive Zn>* ions accumulates at the
cathode, the initially layered MnO, structures undergo an irreversible
layered-to-spinel transformation, producing spinel ZnMn,0,—a process
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Fig. 13. Camera snapshots of the cathode area of Cell 7 investigated by RS.
The employed objective is a 20x.

driven by Zn insertion and the accompanying rearrangement of man-
ganese within the lattice [63]. We propose that the appearance and
evolution of these peaks reflect cathode degradation, primarily driven
by the migration of Zn-containing species through the separator. This
migration process appears to be one of the key mechanisms governing
the electrochemical evolution of the battery during discharge.

Overall, the regular and monotonic evolution of RS features (e.g.,
the ZnMn, O, shoulder) observed during partial battery discharge un-
derscores the critical role of this compound in influencing battery
performance. We propose that the following side reaction may be
involved:

Zn* (aq) + 2MnO,(s) + 2e~ — ZnMn, O,(s). (8

Controlling or mitigating this side reaction can be essential if the
lifespan of alkaline batteries is to be prolonged.

4.3. Correlation between chemical and electrical results and related hy-
potheses

As discussed in the previous section, the high-frequency ohmic
resistance R increases as the battery discharges from 100% to 0% of
SOC. This behavior can be attributed to the progressive reduction of
MnO,, which ultimately forms Mn,0;, as well as to the formation of
the mixed zinc-manganese spinel phase ZnMn,0,. This transformation
is clearly reflected in the Raman spectra: the characteristic MnO, peak
near 630 cm~! gradually weakens and shifts slightly as the reduction
proceeds, eventually disappearing at 0% of SOC. These spectral changes
indicate structural and oxidation-state modifications within the cath-
ode. In the final stage of discharge (30% to 0% of SOC), new Raman
peaks appear at approximately 660 cm~!, 375 cm~!, and 325 cm™!,
which are attributed to ZnMn,0, and intensify with further discharge,
suggesting Zn incorporation into the manganese oxide lattice. These
chemical transformations may be the cause of the similar trends ob-
served for the diffusion resistance R, across the entire SOC range, as
well as for the charge-transfer resistance R, in the interval from 90%
to 0% SOC.

Considering the SOC interval between 90% and 0%, and excluding
the local minima around 30% and 70% of SOC, the depression factor
Ber.ar (Fig. 11(g)) exhibits a consistently increasing trend. Interestingly,
upon disassembling the battery, noticeable variations in the texture of
the cathode material are evident at different SOC levels. At higher SOC,
the cathode appears loose and fragile, whereas at lower SOC, it becomes
denser and smoother. This observation suggests that g, ;, may reflect
changes in the cathode surface characteristics, corresponding to the
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Fig. 14. RS measurements acquired on the internal cathode of Cell 7 at
different SOC levels.

transformation observed in RS measurements from MnO, to ZnMn,O,
as the discharge progresses. On the other hand, the higher value of
Per.a1 at 100% of SOC, similar to the charge transfer resistance R, may
be attributed to the instability of the electrochemical state when the
battery is fully charged.

Although RS measurements of the anode were not performed, the
increase in the resistance R, may be attributed to the growth of
the ZnO layer, while the consistent decline in the depression factor
Pzno (Fig. 11(d)) throughout discharge may indicate that the initially
smooth and compact Zn surface evolves into a rougher ZnO layer. This
transformation would typically be accompanied by a Raman shift from
metallic Zn to ZnO in the anode region.

Additionally, as shown in Fig. 14, variations in the G and D bands
of graphite can be detected. This occurrence is a direct consequence of
the position of the laser beam on the cathode material that can have
traces of carbonaceous materials.

5. Conclusion

This work presented a comprehensive experimental and modeling
study of commercial primary alkaline batteries. Specifically, a Procell
PX1604 alkaline battery was investigated by combining GEIS, time-
domain relaxation analysis, and RS on the same set of cells. The
main objective was to establish a physically grounded link between
electrical equivalent-circuit parameters and the underlying chemical
and structural evolution of the active materials during discharge.

From an electrical standpoint, a lithium-ion equivalent electri-
cal circuit was adapted to the alkaline chemistry and systematically
parametrized over the full SOC range. The proposed model comprises
an high frequency ohmic resistance, a ZARC element associated with
the ZnO layer at the anode, a second ZARC representing charge-transfer
and double-layer effects at both electrode/electrolyte interfaces, and
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a diffusion-related RC branch capturing ion-transport limitations. The
identified parameters display well-defined, reproducible trends as func-
tions of SOC across all cells, confirming both the robustness of the
proposed model and the reliability of the fitting procedure.

RS provides the complementary microscopic insight required to
interpret these electrical trends in terms of specific physicochemical
processes. A key contribution of this work is the explicit correlation
established between the Raman signatures and the evolution of the
equivalent-circuit parameters extracted from frequency-domain (GEIS)
and time-domain characterizations.

The progressive formation of Zn-containing spinel phases at the
cathode, evidenced by the growth of the ZnMn,0O, bands, coincides
with the marked increases in R, R, and R,, as well as with the
changes observed in g, .

On the other hand, although direct evidence is lacking since no
anode chemical analysis was performed, the growth of the ZnO layer
and the increase in its surface roughness may be attributed to the rise in
Rz,0 and the reduction of the f,,o parameter observed during battery
discharge.

In this perspective, the electrical model parameters acquire a clear
physicochemical interpretation: ZnO layer growth and spinel formation
manifest as higher ohmic and interfacial resistances and more sluggish
diffusion, while changes in the depression factors encode the evolving
microstructure and heterogeneity of the electrode surfaces.

The findings of this work provide a physically transparent basis
for model-based simulation of alkaline batteries, enabling more re-
alistic predictions of internal parameters and dynamic behavior as
functions of SOC, and highlight concrete levers for materials and design
optimization.

Even though the analyses in the present work were carried out on
cylindrical cells, at room temperature, and under very low discharge
rates, the methodology developed here is general and can be extended
in future studies to include different discharge rates, wider temperature
ranges, and various cell geometries.
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