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The article presents experimental and computational data on monitoring electrode surface
condition and electrolyte depletion in primary Zn-Mn batteries using electrochemical
impedance spectroscopy and scanning electron microscopy with backscattered electrons.
These methods reveal the impact of different current load levels on changes in electrode
surfaces and their chemical composition. Through comparative analysis of data from
standard tests and electrochemical impedance spectroscopy spectra using mathematical
tools for alternating current analysis, the feasibility of accurately assessing the operational
state of primary batteries is demonstrated. The results obtained can be applied to studies
of irreversible changes in chemical power sources and to the development of the theory
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Introduction

Electrochemical impedance spectroscopy (EIS)
is widely used to measure and study the interfacial
and bulk electrochemical properties of materials and
devices [1]. There are many methods that allow
determining various electrochemical parameters using
EIS [1—5]. The most well-known is the method of
constructing equivalent electrochemical circuits with
an appropriate set of elements that simulate the behavior
of the components of the electrochemical system
(electrodes, interphase interactions between the
electrode and the electrolyte, ion diffusion, etc.). With
regard to chemical current sources, the most informative
is the construction of equivalent electrochemical
circuits, which commonly include a Warburg element
and a constant phase element. The presence of these
elements, as a rule, indicates the emergence of
diffusion-controlled processes in electrochemical
systems [1—5] (solid-state electronic devices [6,7],
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solid-state ionites [8] and chemical current sources).

However, the electric energy is stored in
capacitors, particularly in an electrochemical double
layer (Helmholtz layer) formed at a solid/electrolyte
interface. Positive and negative ionic charges within
the electrolyte accumulate at the surface of the solid
electrode and compensate for the electronic charge at
the electrode surface. The thickness of the double
layer depends on the concentration of the electrolyte
and the size of the ions and is on the order of
5—10 A for concentrated electrolytes. The double layer
capacitance is about 10—20 pF/cm? for a smooth
electrode in concentrated electrolyte solution and can
be estimated according to equation Eq. (1) assuming
a relative dielectric constant of 10 for water in the
double layer [3].
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where d is the thickness of the double-layer with
surface area of A.

The corresponding electric field in the
electrochemical double layer is very high and assumes
values of up to 106 V/cm. Compared to conventional
capacitors where a total capacitance of pF and pF is
typical, the capacitance of and the energy density
stored in the electrochemical double layer is rather
high per se. To achieve a higher capacitance, the
electrode surface area is additionally increased by using
porous electrodes with an extremely large internal
effective surface. The combination of two such
electrodes gives an electrochemical capacitor of rather
high capacitance.

Electrolytes have their specific resistance. The
electrolyte resistance also affects the distributed
resistance of the porous layer and consequently reduces
the maximum usable power, which is calculated
according to the following equation:

2
U

P=—, 2
4R (2)

where R represents the total effective series resistance

(ESR).

The presence of a porous structure activates the
immobilization of the liquid electrolyte by capillary
forces. In this case, the reduced free volume for the
liquid electrolyte is expected a decrease conductivity,
increase ohmic losses, and change the distribution of
capacitance. The passivation and densification of the
zinc electrode have been identified as the principal
causes of the poor lifetime of the battery due to the
formation of the dendrites in the direction of increasing
zincate concentration [1,6].

This work is aimed to discuss the applied
possibility of control the capacitance changes after
current loads in primary Zn-Mn batteries by
electrochemical impedance spectroscopy.

Experimental

Series (5 batteries per series) of primary alkaline
Zn-Mn cells with a voltage of 1.5 V was discharged
in galvanostatic mode by using a PI-50-1 potentiostat
under a direct current density of 10, 20, 30, 40, 50,
and 60 mA/cm? at a temperature of 20£5°C for 80
minutes (Table 1).

Before starting the discharge, the samples were
kept for 1.5%0.2 h to establish temperature equilibrium
in the system. The value of the discharge currents
was calculated based on the nominal capacity of the
cells. The internal resistance at direct current was
calculated according to the following equation:

Ug-Up
L-L

R (3)

Table 1
Electrical parameters of the tested primary batteries
Series Dischargg Ending Resistance,
of current denzsny, voltage, Ohm
samples mA/cm \Y
1 10£1 1.5540.05 | 9.37£0.05
2 201 1.51+0.05 | 8.37+0.05
3 30«1 1.4740.05 | 6.12+0.05
4 401 1.4340.05 | 5.92+0.05
5 50+1 1.3940.05 | 5.66%0.05
6 601 1.3840.05 | 5.08+0.05

where U, is the starting voltage; U, is the finishing
voltage; 1,=0.21,; I, is the discharge current.

The test of internal resistance and state of batteries
was carried out by using the Autolab-30 electrochemical
module, PGSTAT301N Metrohm Autolab, equipped
with the FRA (Frequency Response Analyzer) module
in the frequency range of 107>—10° Hz, the amplitude
of the disturbing signal being =5 mV. The FRA
module was controlled using the Autolab 4.9 program.
Processing of the obtained results was carried out in
the Zview 2.0 software.

Backscattered electron (BSE) images obtained
by scanning electron microscopy (SEM) were used to
control the changes on electrode surface (morphological
and component).

Calculations of the capacitance from impedance
spectra were done using the following impedance
spectroscopy equations:

0=tan"! (ﬁj
R 9

(4)
Xe=—, 5)
C= e (©)
Co =20~ Zoy s o0, (7)
Z=R+jX+|Z[n0 , (8)

Results and discussion

Measurements of the electrical parameters of
the primary battery after discharge showed that, with
an increase in the current density above 30 mA/cm?,
the differences in the discharge galvanostatic curves
and internal resistance values become insignificant
(Table 1). Impedance spectra are more sensitive to
changes in the current density of batteries (Fig. 1
and 2). The radius of the semicircles shows a
monotonic decrease under current loads from 10 to
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30 mA/cm? on the Nyquist plots; and they disappeared
at more than 30 mA/cm?. The shifts of phase angles
have the same tendency (Fig. 3 and 4). In this case,
not only absolute data of phase angle changes but also
the maxima of phase angle shift to the low-frequency
range.

Most electrochemical cells do not imply uniform
current distribution through a definite electrolyte area.
The major problem in controlling electrolyte depletion
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Fig. 1. Nyquist plots after different current loads:
(1) 10 mA/cm?; (2) 20 mA/cm?; and (3) 30 mA/cm?
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Fig. 2. Nyquist plots after different current loads:
(4) 40 mA/cm?; (5) 50 mA/cm?; and (6) 60 mA/cm?

concerns the determination of the resistance of the
current flow path and the geometry of the electrolyte
that carries the electrical current. In the case of primary
Zn-Mn battery, the appearance of zinc salts changes
the density of the electrolyte and forms the conditions
of the density and concentration gradient generation
[9]. The zinc electrode compartment the electrode
process consumes zincate ions and produces hydroxyl
ions during charge; inversely, during discharge, it
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Fig. 3. Bode plots after different current loads:
(1) 10 mA/cm?; (2) 20 mA/cm?; (3) 30 mA/cm?
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Fig. 4. Bode plots after different current loads:
(4) 40 mA/cm?; (5) 50 mA/cm?; and (6) 60 mA/cm?
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produces zincate ions and consumes hydroxyl ions
(density gradient model) [10]. This model is based
on the study of zinc electrodes in alkaline media
named B-mechanism [11]:

Znt+tOH —»ZnOH+e", 9)
ZnOH+OH —-Zn(OH),, (10)
Zn(OH),+OH —>Zn(OH); +e", (11)
Zn(OH);7+OH —»Zn(OH), +2K™". (12)

Formed active material moves away from the
electrode edges and piles up towards the plate bottom
and center [10]. The transport of zinc material leads
to a reduction of the capacity and serviceable life of
the battery (in this work, zinc material refers to all
zinc-containing species that involve Zn, ZnO,
Zn(OH),, K,Zn(OH),, Zn(OH),>, polymeric zinc
species, etc.) [11]. Generally, diffusion and convection,
as parts of mass transfer, are believed to be too slow
to be responsible for the occurrence of electrode shape
change. However, it was possible to monitor changes
on the electrode/electrolyte interface in the frequency
range of 1072—10° Hz of alternating current due
formation of the new chemicals with a new dielectric
constant (Eq. (1)). Changes in the compounds content
and morphology on the electrode surface were detected

a

by scanning electron microscope TESCAN VEGA 3
with BSE imaging (Fig. 5, a—d).

It was found a correlation between the size of
Mn and Zn compounds (the size of compounds
decreased under high current loads), the distribution of
Mn and Zn-contented compounds, the capacitance
value, and dispersion in the frequency range of
102—100 Hz (Fig. 6). The value of non-Faradaic
capacitance has a strong correlation with the content
of Zn-species on the surface of the electrode. Increasing
the Zn content increased the non-Faradaic capacitance.
The dispersion of capacitance also depends on the size
of the manganese compounds on the surface in the
following sequence: starting sample<10 mA/cm?<
<20 mA/cm?<30 mA/cm?~40 mA/cm?~
~50 mA/cm?>*~60 mA/cm?.

Analysis of the changes in the capacitance and
dispersion of capacitance in the frequency range of
102—10° Hz detected the most informational range
to detect the electrode surface changes. This is the
low-frequency range of 1072—10" Hz. Moreover, using
three dimensional coordinate systems of the
capacitance ratio, the capacitance in low-frequency
range dispersion allows us to get a visual picture of
the inner changes taking place (Fig. 6,a—f). Also, the
changes in the inclination angles of EIS spectrums in
Bode coordinates correlate with changing Mn and Zn
compounds on the surface.

b

Fig. 5. Surface morphology and distribution of Zn and Mn in the samples before and after current load: (a) starting sample;

(b) sample after current load of 10 mA/cm?; (c) sample after current load of 30 mA/cm?;

(d) sample after current load of 60 mA/cm?
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Fig. 6. 3D chart depicting the dispersion of capacitance as a function of non-Faradaic capacitance and frequency at different
current loads: (a)10 mA/cm?; (b) 20 mA/cm?; (c) 30 mA/cm?; (d) 40 mA/cm?; (e) 50 mA/cm?; and (f) 60 mA/cm?
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Conclusions

A comparative analysis of measurements of
changes in electrochemical parameters of primary
current sources by the EIS spectroscopy and SEM
methods using backscattered electron imaging proved
the possibility of practical use of monitoring the
operational state of primary current sources. It was
experimentally shown that the frequency ranges
corresponding to the region of the maximum phase
angle shift are the basis for choosing the frequency
range for the analysis of the state of the primary
current sources. Calculations of capacitance values and
their ratios have proven frequency ranges
(1072—100 Hz) that maximally reflect changes on the
electrode surface and the degree of electrolyte depletion
due to the formation of new manganese and zinc-
containing compounds. Using 3D-coordinate systems,
the dispersion of capacitance as a function of non-
Faradaic capacitance and frequency was constructed
that allowed getting a visual picture of the changes
taking place. This is manifested in a change in the
angles of inclination of the 3D diagrams and an
increase in the capacitance values.
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IIPUKJIATHI ACIIEKT BUKOPUCTAHHA
CIIEKTPIB IMITENJAHCY AJId KOHTPOJIIO
INOMKOJXKEHHA EJEKTPOJIIB I BUCHAXKEHHA
EJEKTPOJIITY B IIEPBUHHUX IIWHK-
MAPTAHIIEBUX BATAPEAX

0.JI. Psao6okine, K.J[. Ilepmuna

VY crarTi HaBeIeHO €KCIIEpMMEHTAJIbHI Ta PO3paxXyHKOBIi
JaHi KOHTPOJIIO CTaHy MOBEPXHi €JEeKTPoJa Ta BUCHAXEHHS
€JIeKTPOJIITY B MmepBUHHUX Zn-Mn 06aTtapesx Ha OCHOBI
eJICKTPOXIMIYHOI iMIIeTaHCHOI CIIEKTPOCKOIIi Ta TECTiB CKa-
HYIOUOI €JIEKTPOHHOI MiKPOCKOITil 3 BUKOPUCTAHHSIM 3BOPOTHO
PO3CISTHUX €JIeKTPOHIB. 3a IOMOMOTOI0 IIUX METO/IIiB BUSIBJICHO
BIUIMB Pi3HUX CTYMEHIiB CTPYMOBMX HaBaHTaXXeHb Ha 3MiHY
TMOBEPXHi eJICKTPOIiB Ta ix XiMiyHMit ckian. LLisixom mopiBHSIIb-
HOTO aHajli3y JaHUX CTaHOApTHUX BUIIPOOYBAaHb i CIIEKTPIB
eJIEKTPOXiMIYHOTO iMIeaHCcy 3 BUKOPUCTAHHSIM MaTeMa-
TUYHOTO amnapaTa Jjisi 3MiHHOTO CTPyMYy JIOBEICHO MOXJIMBOCTI
KOPEKTHOI OLIHKM POoO0YOro CTaHy NepBUHHUX OaTtapeit. Ot-
pUMaHi pe3yJbTaTU MOXYTb OYTH BUKOPHUCTaHI NpU
MOCTIIKEHHSIX HEOOOPOTHUX 3MiH XIMIUHMX JXKepesa i I
PO3BUTKY TEOpii MMOPUCTUX €IEKTPOIiB.

Kumouosi ciioBa: 1IMHKOBO-MapraHiieBa NepBUHHA OaTapest,
HedapaneiBcbka €MHICTb, DUCIIEPCis €MHOCTI, TMOIIKOMKEHHS
€JIEKTPO/IiB, BUCHAXKEHHSI €JIEKTPOJIITY.
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The article presents experimental and computational data
on monitoring electrode surface condition and electrolyte depletion
in primary Zn-Mn batteries using electrochemical impedance
spectroscopy and scanning electron microscopy with backscattered
electrons. These methods reveal the impact of different current
load levels on changes in electrode surfaces and their chemical
composition. Through comparative analysis of data from standard
tests and electrochemical impedance spectroscopy spectra using
mathematical tools for alternating current analysis, the feasibility
of accurately assessing the operational state of primary batteries
is demonstrated. The results obtained can be applied to studies of
irreversible changes in chemical power sources and to the
development of the theory of porous electrodes.

Keywords: zinc-manganese primary battery; non-Faradaic
capacitance; capacity dispersion; electrode damage; electrolyte
depletion.
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