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Manganese oxide cathodes are quite appealing when considering moderate energy/power aqueous
rechargeable zinc-ion batteries (ARZIBs) and long-term cycling. However, due to the variety of potential
reaction pathways that are periodically proposed, the electrochemistry of manganese oxides with zinc is
still unclear and fraught with dispute. Several mechanisms have been hypothesized/proposed over time
for Zn-MnO, in most common electrolyte of ZnSO,, including exclusive Zn?* insertion, exclusive H*
conversion along with reversible layer hydroxide formation—dissolution, mixed insertion—conversion with
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and without layer formation—dissolution, exclusive MnO,/Mn?* electrodeposition—dissolution with layer
formation—dissolution, and mixed electrodeposition—dissolution and Zn?*/H* insertion with layer for-
mation—dissolution. To tackle this problem, we propose three potential roadmap approaches: selection
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Broader context

of operando analyses, fine-tuned electrolyte pH, and electrolyte isotope labelling.

In developing efficient green-energy storage systems, the electrochemistry of manganese oxides for aqueous rechargeable zinc-ion batteries (Zn-MnO,) is con-

troversial due to numerous proposed reactions. A specific manganese oxide polymorph under similar electrochemical conditions shows distinct behavior in
the common ZnSO, electrolyte, leading to misconceptions that hinder electrochemical performance and commercialization. While electrodeposition-dis-
solution is considered a major reaction, the ion intercalation mechanism should be verified in all polymorphs, except for 6-MnO,, which has already been

confirmed. However, the nature of the inserting ion remains unclear. To address all these issues, we suggest real-time analyses, including neutron diffraction
and electron paramagnetic resonance spectroscopy, to investigate Zn>‘/H" intercalation and MnO,/Mn*" electrodeposition-dissolution reactions. Applying
these techniques on a known MnO, polymorph with fine-pH-tuned electrolytes would help clarify the mechanism. Other operando and non-operando ana-

lyses should also be explored. Manganese dissolution is critical in Zn-MnO, batteries, and our initiation of AIMD simulations examines the manganese dis-

solution in detail.

1. Introduction

In the pursuit of renewable and clean energy to meet future
demands, aqueous batteries have garnered increasing atten-
tion for their safety and potential as advanced technologies in
the future.! Among aqueous energy storage technologies,
aqueous Zn-metal-based batteries are particularly noteworthy
because of their compatibility with water-based aqueous elec-
trolytes and their high theoretical energy density (~820 mA h
¢ ' and ~5854 A h L™") as anodes. These include alkaline Zn-
MnO, batteries, Zn-air batteries, mildly acidic aqueous
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rechargeable Zn-ion batteries (ARZIBs), and electrolytic Zn-
MnO, batteries with decoupled electrolytes.

Among these Zn-metal aqueous rechargeable batteries,
ARZIBs and Zn-MnO, decoupled batteries, which have had a
recent re-birth, are promising technologies aimed at greater
utilization in stationary energy storage applications. The
former has great potential due to high energy density, but
there are many unaddressed factors, including the selection of
a suitable membrane and cell design. On the other hand,
ARZIBs typically operate in mildly acidic electrolytes with
varied cathodes such as manganese oxides, making them a
potential candidate for broadening suitable stationary energy
storage systems (SESSs) through ease of cell assembling, high
compatibility of the Zn anode in a mildly acidic medium (pH
range 4-5) and environmental benignity.” Despite these advan-
tages, the fundamental electrochemical mechanism associated
with Zn-MnO, ARZIBs remains unaddressed, which impedes
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further developments.® Taking this opportunity, the bench-
mark roadmap strategies on the electrochemical mechanism
of Zn-MnO, ARZIBs are provided here. This effort can remove
the existing ambiguity related to the existing diverse theories
and promote the realization of a unified conclusion on the
electrochemical mechanism of ARZIBs.

2. Rapid emergence and
controversial mechanism of mildly
acidic aqueous Zn—MnO, batteries

AZIBs have been a highly researched topic since the con-
ception of a mildly acidic Zn-MnO, battery with the ZnSO,
electrolyte, which is the electrolyte used in the majority of
cases in this field, with reversible Zn-ion intercalation in 2012.
The increasingly voluminous research publications (Fig. S1 in
the ESIt) and technology transfers reported so far testify to the
fact that zinc hydroxide sulphate precipitation resulting from
Zn** and/or H' insertion and Mn electrodissolution is a large
contributor to the capacity and electrochemical results. This
system is considered as a green, sustainable and renewable
technology due to the low cost, safety, and environmental
friendliness.>* Specifically, the Zn-MnO, system with a con-
siderably moderate voltage potential (~1.3 V vs. Zn>*/Zn) and
sufficient energy storage capability (100-140 W h L™"), reported
from two start-ups,>® shows commercial prospects for station-
ary energy storage system applications.

Despite these advantages, the dispute over the electro-
chemical reaction related to this aqueous electrolyte-based
battery system with a MnO, cathode has persisted owing to the
diverse mechanisms proposed by different research groups.
Over the past decade, paradoxical electrochemical reactions on
MnO,, its polymorphs (a, f, 8, €, and y and a special structure),
and related manganese oxides (MnO, Mn;O,, Mn,O;, and
ZnMn,0,) have been continuously reported in ZnSO, electro-
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lytes. These reactions include exclusive Zn>" insertion, exclu-
sive H" conversion, Zn**/H" co-insertion, mixed insertion-con-
version, Zn*'/H" insertion with Mn**/MnO, electrodissolution-
deposition, Zn,(OH)sSO,-nH,O deposition/dissolution result-
ing from H" contribution, exclusive Mn*>*~-MnO, electrodisso-
lution-deposition, and exclusive H™ insertion.” Specifically,
manganese oxides have grossly different crystal structures and
permit insertion of varying amounts of Zn>**, H" and co-inter-
calated solvents upon electrochemical charge/discharge. Most
recent studies suggested that Zn,(OH)¢SO,nH,O precipi-
tation-decomposition resulting from H* (H;0") and Mn**-
MnO, electrodissolution—-deposition is found to be major con-
tributors to the capacity and resulting electrochemical mecha-
nisms. However, all these manganese oxide-related cathode
materials display almost identical galvanostatic discharge—
charge profiles in the ZnSO, electrolyte with and without Mn?*
additives, except the initial cycles, thus making the analysis of
the reaction mechanism more complex than anticipated.®
Furthermore, the presence of Mn>" additives, commonly
MnSO,, in electrolytes also intensifies matters, leading to
increased complexity to assess the mechanism. A few of the
recent reports have mainly centered on settling the electro-
chemical mechanism debate by calling for convergence
towards a unified electrochemical theory for Zn-MnO,
batteries.>® These reports conclude that the debate between
Zn** and H" (co-) intercalation mechanisms and the MnO,-
Mn*" electrodeposition-dissolution mechanism for Zn-MnO,
ARZIBs remains a close-call, needing urgent resolution via
deeply investigating operando-assisted techniques.

For example, two separate studies, in recent times, presented
conflicting findings regarding the impact of H' intercalation on
MnO, cathodes.”® One study demonstrated its exclusive contri-
bution, while the other indicated just a minimal contribution
from H' towards energy storage. In contrast, a very recent mecha-
nism proposed involves Zn**/H" co-intercalation, accompanied by
Mn** electrodissolution, in a MnO, polymorph, as illustrated in
Fig. 1, through various electrochemical analyses including oper-
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Fig. 1 With conflicting electrochemical reaction mechanisms in aqueous Zn—-MnO, batteries, possible proposed storage mechanisms include Mn
electrodissolution—deposition, H* and/or Zn?* intercalation—deintercalation and ZHS (Zn4(OH)sSO4-nH,0) deposition—dissolution are depicted in

8-MnO,, a layered phase, from a pool of available MnO, polymorphs.

ando and non-operando techniques. Notably, most of the
reported MnO, polymorphs and their related oxides do not
provide solid evidence of Zn**/H" co-intercalation via operando
X-ray diffraction analysis (XRD) probably due to their distinct
crystal structures.” This has led to a few groups dismissing inter-
calation feasibility and suggesting that the sole action of MnO,—
Mn** electrodeposition-dissolution drives the capacity contri-
bution in Zn-MnO, batteries.® These ongoing debates suggest
that resolving the mechanism debate (listed in Table 1 in the
ESI{) is intricate and remains fully unaddressed. The explored
reaction mechanisms with possible intermediate/end products
during discharge and charge are depicted in Fig. 2. The discharge
reaction and the formation of intermediate/end products do not
follow a precisely reversible path during the charge reaction and
the formation of products.
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A crucial study on the absence of Mn>* additives in the
ZnSO, electrolyte suggested that the choice of MnO, poly-
morphs is insignificant as the achieved capacities and charge-
discharge curve profiles of different polymorphs remained
almost identical after a few tens of cycles, while their initial
discharge profiles varied.'® This might result from common
phase transformation in the structure of MnO, during cycling.
In such a case, electrolyte pH regulation becomes critical.
However, the initial variation in discharge profiles resulting
from diversity in the crystal structures of these polymorphs
requires an in-depth analysis. From detailed experimental
studies along with in situ electrochemical quartz crystal micro-
balance (EQCM) analysis on the Zn-MnO, and Zn-Csp (super
P carbon) electrodes containing aqueous 2 M ZnSO, + 0.2 M
MnSO, electrolytes, it was observed that the formation of ZHS
is from an intermediate amphoteric complex of (Zn
(H,0),(OH),), generally represented as Zn(OH),. This complex
results from the deprotonation of the solvated [Zn(H,O)s]*"
complex in the electrolyte which acts as a weak Brgnsted acid.
This confirms that the MnO,-Mn>" electrodeposition-dis-
solution reaction follows H' insertion into MnO, and not
through intercalation."* Notably, irrespective of the type of
positive cathode, with or without MnO,, the study found that
the electrochemical features are fingerprinted once the few
initial cycles are completed. We also observed that the electro-
chemical charge-discharge curves are identical, irrespective of
the type of polymorph of MnO,, crossing few initial charge-
discharge cycles, confirming that ZHS phase nucleation begins
at ~1.3 V due to the presence of hydroxide ions resulting from
the participation of protons in the MnO, and Mn dissolution.
This slows down the pH variation below 1.3 V and the phase
intensifies continuously until the discharge end. During char-
ging, around 1.5 V, the ZHS phase starts dissolving reversibly
(it can react with Mn** ions remaining in the electrolyte), and
Mn**-MnO, deposition occurs as the charging progresses. The
pH variation in the initial and subsequent cycles is quite com-
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Fig. 2 Despite showing many similarities in their electrochemical charge—discharge curves, different polymorphs of MnO, with or without Mn?*
additives in the ZnSO, electrolyte have been proposed to have diverse mechanisms in the literature. These mechanisms with the respective inter-
mediate/end products have been analyzed through plausible operando and non-operando techniques.

plicated to understand. Different pH variation trends within
region I and region II within the first cycle have been
reported.”>"* This results in the nature of polymorphs, type of
electrolyte with and without Mn”>" additives, aging time, and
their initial pH values that can strongly affect the pH variation
and resulting reaction during the electrochemical reaction.

Considering the above discussion, the present commentary
article revives the call for this implicit controversial issue to
converge towards an explicit mechanism that can be widely
accepted. To achieve this anticipated goal, we provide a
roadmap that recommends three critical strategies to be
implemented as follows.

3. Roadmap strategies

(i) Operando experiments on selected crystalline MnO, poly-
morphs to lead the way in shedding more light on the reaction
mechanism.

Specifically, we propose 8-MnO, (R3m) with a layered (2D)
structure (interlayer spacing d ~ 7 A), a-MnO, with 2 x 2 and
1 x 1 tunnel type (1D), p-MnO, with 1 x 1 tunnel type (1D), and
Y-MnO, with 1 x 2 and 1 x 1 tunnel type (1D) as optimal
choices for observing real-time ion storage (intercalation-based
redox reactions) due to varied first cycle electrochemical
charge-discharge traces. Among them, layered 6-MnO,, as evi-
denced by its lattice plane, shifts during the second discharge/
charge reaction by operando analysis,"* which is helpful in
understanding the intercalation mechanism, but still it is
difficult to identify the type of intercalated ion and phase.'
Other MnO, polymorphs have failed to reveal the intercalation
phenomenon due to their distinct structures, making them
incapable of elucidating the mechanism through operando
XRD. It is advisable to rely on robust operando techniques to
eliminate errors caused by unintentional blunders during

668 | £ES Batteries, 2025, 1, 665-671

sample handling and misinterpretation of the subsequent ana-
lysis in Zn-MnO, batteries, which could cause delays in under-
standing the underlying mechanism. Recent concerns about
conflict of interest regarding the proposed electrochemical
reactions in Zn-Mn aqueous batteries have been addressed
with supportive evidence from electrolyte pH and the
implementation of adapted charging protocols.'®"” Reliable
operando XRD analyses have aligned with the absence of inter-
mediate or end products of MnOOH during discharge,’
neglecting a possible H' conversion reaction that was pre-
viously proposed as an essential electrochemical mechanism
through non-operando analyses.'® However, some reports
argue that due to the amorphous characteristic of MnOOH, its
confirmation through operando XRD analysis remains incon-
clusive and should be considered when addressing related
mechanisms.

Significantly, irrespective of the suggested polymorphs and
the nature of inserted ions, interconnected MnO, (Mn*'-Mn**
electrodeposition-dissolution) is observed through peak
attenuation in operando XRD analysis, confirming its contri-
bution arbitrarily.” Operando extended X-ray absorption fine
structure analysis (X-ray absorption spectroscopy, XAS)® con-
firms multi-step Zn-Mn complex deposition-dissolution or
deposition—-conversion, as irreversible phases formed during
the charge reaction, affirming its contribution to the reaction
mechanism. This Zn-Mn multi-step reaction was proposed to
be identical and independent of the polymorphs."® Therefore,
real-time analyses, including all polymorphs, particularly
tunnel and layered MnO,, should be conducted under similar
reaction conditions with known electrolyte pH to reveal these
multi-step reactions. Utilizing operando XAS analysis, along-
side electron paramagnetic resonance (EPR) without an Mn**
additive in the electrolyte allows for cathode and electrolyte
examinations, distinguishing Mn**, Mn®*, and Mn** ions and
thereby ease in understanding the electrochemical mecha-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nism. This cathode study can identify potential Mn** & Mn*"/
>* conversions, offering a well-resolved hyperfine structure
from diluted Mn** ions (electrodissolution to the electrolyte),
impacting the MnO, EPR signal distinctly. It can also aid in
understanding the Mn*" and Mn** intermediate and addresses
the Zn-Mn multi-step reaction at the cathode during charge,
considering altered Mn*" dipole-dipole and exchange inter-
actions (Mn**-0*>-Mn*" and Mn**-0>-Mn’* sites in MnO,)
with peak broadening. This study also aids in understanding
the number of electrons transferred during MnO, conversion.

(ii) Differentiating the magnitude of intercalation and electro-
dissolution reactions of selected MnO, polymorphs in tuned elec-
trolytes with the pH varying between 4 and 5.

A pool of electrolytes with the pH varying between 4 and 5,
resulting in varying H' concentrations, can ultimately help in
differentiating related reaction mechanisms for different poly-
morphs of MnO,. This action can be helpful to distinguish the
degree of H' intercalation and the Mn*" depth of electrodissolu-
tion, both of which are strongly dependent on the electrolyte pH,
during the electrochemical reaction. By directly comparing the
results from using electrolytes with varying pH values, one can
possibly differentiate the reaction mechanism as a function of
H'. In a recent study, by varying the electrolyte pH within the
range of 4.0-5.3, the galvanostatic discharge response tends to
display a pH-dependent first discharge profile with altered solid-
solution and plateau-type profiles.'® However, after a few cycles,
the discharge trace tends to become identical, inferring a
common electrochemical mechanism. Therefore, more research
on this direction would be recommended.

(iii) Distinguishing the intercalating carrier ions through elec-
trolyte isotope labelling.

Subsequently, a comprehensive analysis utilizing reliable
operando techniques in conjunction with XRD analysis will
determine the intercalation feasibility for driving the electro-
chemical mechanism. This assessment aims to ascertain, irre-
spective of any MnO,/Mn>" electrodeposition-dissolution con-
tribution, whether the driving force is exclusively Zn** or H" or
collectively Zn** and H* ions? The proposed facile approach
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involves employing isotope labeling in the electrolyte (either in
Zn*" salts or water solvent) to trace the source of intercalation
(Fig. 3).

For instance, a non-adioactive Zn>" salt, such as
7%ZnS0,-xH,0, can be an electrolyte agent to monitor intercala-
tion phenomena in the MnO, lattice. This approach aids in ana-
lyzing potential "°Zn-O binding effects through operando
neutron-based techniques, including neutron powder diffraction,
neutron imaging, and neutron depth profiling. The neutron scat-
tering power varies for different isotopic substitutions, enhancing
sensitivity to locate positions. Supplementary analyses, such as
solid-state "°Zn-NMR, EQCM, operando-pH, and X-ray CT (refine-
ment), further support these findings.>°

Furthermore, a reported study suggested that the galvano-
static first discharge-charge voltage traces of electrochemically
manganese dioxide and chemically manganese dioxide
¥-MnO, polymorphs are comparable with subsequent cycles,
indicating H" insertion into MnO, rather than intercalation.
We suggest that these candidates are optimal for understand-
ing the electrochemical mechanism of Zn-MnO, batteries for
further development.

Manganese electrodeposition-dissolution: a key
electrochemical reaction in a broad potential window

Since the Mn-electrodissolution/deposition reaction involves
protons in an acidic environment, its electrodissolution/depo-
sition potential can vary depending on the pH of the electro-
lyte.”* However, its working potential is much lower than 1.23
V vs. SHE for the following half-cell reaction: MnO, + 4H" +
2e” < Mn** + 2H,0 under standard conditions of pH = 0 and
[@rn2] = 1. In a full cell with a paired Zn anode, the expected
electrodissolution/deposition potential would be predicted to
be lower than ~1.9 V vs. Zn*'/Zn, due to non-standard electro-
chemical conditions, with the electrolyte pH around 4.2.
Similarly, in a mildly acidic aqueous electrolyte containing Zn
salt, the availability of both H" and Zn*" ions is prominent.

However, their intercalation mechanism into the MnO,

1.8 =|
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Fig. 3 Plausible forecast road map to distinguish Zn?* vs. H* intercalation from MnO,/Mn?* electrodeposition—dissolution in layered MnO; through
isotope labeling, operando neutron and electron paramagnetic resonance analyses.
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cathode is yet to be proven through standard analyses as
different schools of thought remain intact.”'"'*> Based on the
Nernst equation and available experimental results on
a-MnO,, the calculated electrodissolution potential during dis-
charge is varied from approximately 1.6 to 1.3 V, where the
initial/final pH and dissolved [Mn>] of the electrolyte are
found to be 4.2/5.5 and 20/200 ppm, respectively (concen-
tration has been converted into molarity as it is difficult to cal-
culate the activity of dissolute Mn** in the electrolyte and
hence the predicted potential region is not precise, but
valued). This prediction reveals that pH variation is dominant
until the voltage reaches 1.3 V. Below this threshold, due to the
domination of the ZHS phase, pH variation is controlled.
Notably, the process of manganese dissolution could be
initiated before applying current in the electrochemical cell,
ie, at an open circuit. With this insight, we conducted
ab initio molecular dynamics (AIMD) simulations to investigate
the potential dissolution of Mn atoms from surface active
materials into a ZnSO, aqueous electrolyte. AIMD simulations
are a well-established tool for exploring atomic-scale inter-
actions and dynamics in condensed matter systems, particu-
larly for studying the early stages of surface reactions and dis-
solution phenomena. In our work, AIMD was employed to
probe the initial interactions between Mn-containing electrode
surfaces and the ZnSO,/H,0 electrolyte. We modelled three
discharged  electrode  surface  phases—Zn-intercalated
ZnMn,0,, proton-converted MnOOH, and low-valence MnO—
in the presence of Zn, SO,, and H,0O molecules. These systems
were designed to represent possible surface compositions
during deep discharge. Through AIMD simulations, we moni-
tored the evolution of atomic positions and analysed the dis-
placement behaviour of Mn atoms as a proxy for their dis-
solution tendencies. Our results reveal distinct displacement
trends for Mn atoms across different surface chemistries, pro-
viding molecular-level insights into the stability and inter-
action of each system with the electrolyte. The initial and final
configurations of the simulation cells are presented for easy
identification (Fig. 4). By analyzing the dynamics and displace-
ment behavior of Mn atoms, distinct trends emerge, providing
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insight into the dissolution tendencies and chemical inter-
actions of each system. In ZnMn,0,, the observed Mn displace-
ments predominantly show inward movement in the z-direc-
tion, with minimal lateral adjustments (Fig. 4a). This suggests
that the Mn atoms are stabilized either closer to the surface or
within the crystal lattice, likely influenced by the presence of
Zn and SO, ions. The relatively stable or inward movement of
Mn atoms in the z-direction might indicate a system that is
less prone to dissolution under these conditions, with longer
simulation times potentially needed to observe significant Mn
ion leaching.?*

In the MnOOH system, shown in Fig. 4b, the displacement
behavior presents a more complex scenario. Most Mn atoms
exhibit inward movement toward the surface, consistent with
stabilization or surface relaxation. However, a subset of Mn
atoms shows outward displacements. This is a strong indicator
of these atoms moving outward into the surrounding space,
signaling their detachment from the surface. The Mn dispro-
portionation reaction of 2Mn** into Mn*" and Mn** may play a
key role in promoting these outward shifts, as it facilitates
detachment of Mn atoms from their lattice sites.>> Compared
to ZnMn,0,, MNOOH appears more prone to dissolution.
MnO, on the other hand, shows the strongest evidence of dis-
solution among the three systems. Significant outward z-dis-
placements of Mn atoms point to the detachment of Mn from
the surface and potential formation of Mn>" ions in solution,
as depicted in Fig. 4c. The pronounced lateral displacements
in MnO further highlight enhanced surface dynamics driven
by interactions with Zn and SO, ions. The presence of H,O in
the system likely facilitates solvation and transport of Mn**
ions, enhancing the dissolution process. These results indicate
that MnO is the most dissolution-prone system under the
given conditions, reflecting its chemical and structural suscep-
tibility to ion leaching. The dissolution tendencies of Mn
atoms vary significantly across the three systems influenced by
their intrinsic structural properties and interactions with Zn,
SO,, and H,O molecules. These simulation results provide
valuable insights into the dissolution mechanisms of Mn-
based materials in ZnSO, electrolytes.
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Initial and ab initio molecular dynamic simulated final states of (a) ZnMn;O4,, (b) MNOOH, and (c) MnO surface slabs.
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4. Conclusive remarks

Critical questions surrounding the electrochemical mecha-
nism of aqueous Zn-ion batteries must be addressed promptly
through essential electrochemical studies using operando
techniques with in-depth non-operando/computational
support. Using selected polymorphs of MnO, to monitor struc-
tural evolution for the initial cycle and after a few cycles as a
reference to address skeptical intercalation issues carefully is
highly recommended in combination with operando neutron
and electron paramagnetic analyses in different ZnSO, electro-
lytes with subtle pH variations, within the limit of 4-5, sup-
ported by other relevant methods including operando XAS.
Most research studies support electrodeposition-dissolution
as a major reaction contribution, regardless of the type of poly-
morphs, leaving the ion intercalation reaction to be verified in
all polymorphs of MnO,, except the layered one, whose confir-
mation has already been witnessed, without knowing the type
of intercalating ion. Thus, it is imperative to develop more
novel concepts and techniques that effectively support the
primary electrochemical mechanism of Zn-MnO, AZIBs, given
their ongoing progression. Despite a few commercial chal-
lenges, a few recent academic publications and a few startups
in the Zn-MnO, batteries have successfully garnered increased
public attention.
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