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Slow oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) at the liquid—solid—gas
interface of the air cathode have always been a big obstacle for different renewable energy devices,
especially rechargeable zinc—air batteries (RZABs). In recent years, manganese dioxide based
electrocatalysts have been extensively investigated for their variety of morphologies and structures,
relatively high activity, rich resources and environmental friendliness. Not only that, manganese dioxide
based electrocatalysts can be used as cathode materials for zinc ion batteries, which is conducive to the
development of zinc—air ion batteries. This review serves to summarize the latest research progress on

iig:gﬁ% Zlit%k]cligbze??zém manganese dioxide as a high-performance bifunctional (both OER and ORR) catalyst for zinc-air
batteries. Although MnO, has many advantages and has been studied extensively, its activity and stability

DOI: 10.1039/d4ta05182¢ still need to be improved. This review aims to guide the design and widespread application of Mn-based
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1 Introduction

In the rapidly developing modern society, the acceleration of
industrialization and rapid urbanization have led to an
unprecedented growth in demand for energy. However, the
rapid growth in energy demand has created a serious problem-
the depletion of fossil fuels. At the same time, the overuse of
fossil fuels has led to growing environmental problems.' To
achieve the goal of a green economy and mitigate the burden of
environmental pollution, the search for high-efficiency, clean
and long-lasting substitutes to fossil energy has become a crit-
ical step to be taken without delay.*” Sustainable energy
resources, including solar, wind and tidal power, have grown
rapidly, but the cost of storing and converting them has
remained high over the last several years.*'° In comparison,
metal-air batteries such as zinc-air batteries (ZABs), as a new
type of energy transformation and storage device, are gradually
receiving widespread attention in industry, and are regarded as
one of the important development directions for future energy
technologies.”™* These devices are suitable for responding to
the fast-growing demands in mobile communication,
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electrocatalysts in the future by summarizing various measures to enhance performance.

emergency storage, electric vehicles, and mass energy storage
due to their cost-effectiveness, high specific energy and stable
discharge voltage."® In particular, zinc-air batteries possess
the advantages of high safety, high theoretical specific energy
density (1218 W h kg™ "), promising volumetric energy density of
6136 W h L™, low cost, abundance of the constituent elements
and environmental friendliness.””"  Moreover, non-
rechargeable ZABs have already been commercialized, offering
an excellent industrial fundament for rechargeable zinc-air
batteries (RZABs). Therefore, they have been regarded as one of
the most promising metal-air batteries for future energy storage
techniques.”**

Nevertheless, the reversible oxygen reaction is a multistep
complex process that involves not only the transfer of electrons
but is also closely related to the coupling of protons. Specifi-
cally, the oxygen needs to experience a series of intermediate
state changes, which are accompanied by the exchange of
electrons and protons during the ORR and OER process at the
air-cathode. These multi-step and proton-coupled electron
transfer processes result in slow rates of reaction kinetics. This
means that during the battery charging and discharging
process, the oxygen conversion efficiency is not high, thus
limiting the overall performance of the battery. In general, this
slow kinetic rate not only affects the charging and discharging
speed of the battery but may also lead to performance degra-
dation and shortened life of the battery during long-term use,
which strongly hinders the widespread popularization and
applications of rechargeable zinc-air batteries.**** One possible
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Fig. 1 The reaction pathway of the ORR and OER.

response pathway for the ORR/OER mechanism is shown in
Fig. 1.

The “M” represents the active site that adsorbs reactants,
intermediates, and products. The intermediates in the adsorp-
tion process are represented by M-OH, M-O, and M-OOH.
Therefore, to improve the performance of RZABs, it is essential
to develop high-performance ORR and OER -catalysts.”>>’
Although noble metal based catalysts (Pt and Ru/Ir) are
considered the most outstanding catalysts for the ORR and
OER,*?*?*® the drawbacks of scarcity of their natural resources,
poor durability and the inability of a single precious metal to
have excellent bifunctional properties at the same time have
severely limited the large-scale production and application of
zinc-air batteries.’*** In particular, the synthesis of highly
economical and highly efficient bi-functional non-noble metal
based electrocatalysts, such as carbon-based materials, transi-
tion metal compounds and their composites, for the ORR and
OER is greatly significant for the widespread adoption of zinc-
air batteries.**¢

The processes of ORR and OER usually share the same
oxygen intermediates and the real reaction mechanism is
complex. During the reaction, disparate oxygenated intermedi-
ates are sequentially adsorbed onto the active site. The likeli-
hood of each step in the reaction largely hinges on the
adsorption energy of the relevant oxygen-bearing species. If the
interaction between the active site and the oxygen-bearing
species is excessively strong, desorption of the product
becomes challenging. Conversely, if the adsorption of the
oxygen-containing group by the active part is not sufficiently
strong, the reaction is difficult to proceed.?” Therefore, excellent
ORR/OER electrocatalysts should have moderate adsorption
energy for oxygen-containing intermediates (M-O, M-OH, M-
OOH).*® The ORR and OER performance of the catalyst is
strongly associated with the adsorption energy of the oxygen-
containing intermediates. The adsorption energies of M-OH
and M-OOH intermediates exhibit an inherent linear scaling
relationship.** No catalyst can perform the ORR and OER
without an overpotential due to the effects of scaling relation-
ships. When the adsorption energy of one intermediate is
changed, the adsorption energy of the other intermediate
changes accordingly, and therefore a catalyst with a single active
site cannot concurrently achieve optimal ORR and OER
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activity.*” Therefore, to enhance the OER and ORR individually
or together, the scaling relationship must be overcome. For
example, to break the limitations of the linear scaling relation,
Zhou et al. proposed a fast four-electron two-site reaction
mechanism in which a suitable atomic distance between two
neighboring metal active sites can inhibit the production of M-
OOH, breaking O-O radicals (M-O-O-M), and limit the selec-
tivity of the two-electron reaction path in the ORR process.** Not
only that, alkali metals serve as a crucial factor in tuning the
lattice oxygen reactivity and scaling relationships.** In conclu-
sion, bifunctional performance can be efficiently realized by
appropriately adjusting the geometry, electronic configuration
and the surrounding chemical environment of the active site, or
by mixing monofunctional ORR and OER electrocatalysts.

In addition to the slow cathodic reaction, the alkaline elec-
trolyte causes passivation of the zinc anode and dendrite
growth, both of which can hinder the commercialisation of
rechargeable zinc-air batteries. Zinc reacts with OH™ on the
electrode surface to form an insulating ZnO passivation film,
which reduces the utilisation of the zinc anode and results in
the actual energy density of zinc-air batteries lagging far behind
the theoretical value.' The formation of zinc dendrites is
mainly due to uneven deposition of Zn and uneven distribution
of Zn(OH),>~ on the zinc anode surface.*® Further growth of Zn
dendrites can puncture the cell diaphragm and cause internal
short circuits, shortening the cycle life of Zn-based batteries and
limiting their practical applications.** Controlling the forma-
tion of zinc dendrites is essential to extend the cycle life of zinc-
air batteries.

Among all the possible non-noble bifunctional catalysts,
manganese dioxide has attracted much attention, owing to its
unbeatable merits, such as multiple valence states, diverse
morphology and structure, low cost, rich resources, environ-
mental friendliness and excellent catalytic activity as seen in
Fig. 2.3¥*7*® In addition, manganese dioxide is more commonly
commercialized, not only as a cathode material for zinc ion
batteries and supercapacitors but can also contribute to the
development of zinc-air batteries.*>* Not only that, during the
electrochemical reaction, the passivation film on the manga-
nese dioxide surface can hinder direct contact of the cathode
with the electrolyte to avoid further decomposition of the elec-
trolyte.”* MnO, helps to maintain the chemical balance of the
electrolyte and reduce the occurrence of side reactions during
the reaction process. A stable electrolyte environment is
essential to inhibit the formation of zinc dendrites. Impor-
tantly, MnO, can provide uniform active sites on the electrode
surface and disperse the current density. This uniform current
distribution effectively reduces the formation of localised areas
of high current density and reduces the rapid deposition rate of
zinc ions in specific areas, thereby inhibiting the growth of zinc
dendrites. However, there are few reviews of manganese dioxide
based electrocatalyst applications in zinc-air batteries. It has
not been reported that different strategies are used to improve
the electrocatalytic ability of manganese dioxide-based cath-
odes in zinc-air batteries. Hence, as demonstrated in Fig. 2, we
focus more on the latest research progress on manganese
dioxide as a superior catalyst for zinc-air batteries in the field of

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Advantages of the MnO, catalyst and four different strategies towards constructing a bi-functional MnO, catalyst.

improving the OER/ORR electrocatalytic activity of manganese
dioxide by structural and morphological control, doping engi-
neering, and composite material formation.

2 Recent progress on manganese
dioxide electrocatalysts

Like for other electrocatalysts,”*® the general approach for
realizing and enhancing the catalytic performance of MnO, is to
improve its conductivity, increase the count of active sites and
enhance its inherent activity. Moreover, specific ideas are also
needed to further improve the OER/ORR performance of MnO,.
Based on the above information, four practical approaches
including controlling the morphology and crystal structure,
doping of heteroatoms and formation of composites are
summarized and will be discussed in the following part.

2.1 Control of crystal structure

It is found that the electrocatalytic properties of manganese
dioxide are mainly influenced by the crystal structure of
manganese dioxide.*®** Manganese dioxide consists of the
MnOg octahedral structural unit, in which the manganese atom
occupies the center of the octahedron, while the oxygen atom is
situated at the apex of its corners.* Depending on how their
structural units are combined, they can be divided into three
types, namely one-dimensional tunneling structures (o-, B-, y-
and e-MnO,), two-dimensional laminar structures (3-MnO,) and
three-dimensional structures (A-MnO,).** «-MnO, is formed by
double chains formed by the octahedra of MnOs extending
infinitely along the c-axis through co-angles with (1 x 1) and (2
x 2) tunneling structures. The (2 x 2) tunneling system in o-
MnO, can accommodate most metal cations (e.g., K, Ca®>", Na*,
Mg>*, Pb*>* etc.) and water molecules, making it suitable as an

This journal is © The Royal Society of Chemistry 2024

adsorbent and catalytic material.>® 3-MnO, consists of MnOg
octahedra connected by coprime and extending infinitely along
the “ab” axis, with a two-dimensional layered structure.
Compared to other MnO, crystalline forms, 3-MnO, has the
largest pore space and a high specific capacity when used as an
electrode material due to its large interlayer space (~7 A) and
tunnel size (~4.6 A).** B-MnO, is considered to be the most
stable structure, but it is not suitable as a catalytic material,
owing to the lowest surface area, pore volume, low discharge
capacity and narrow tunneling, which usually only accommo-
dates small ions such as H' or Li". It is well known that the ORR
pathway exhibits a pronounced sensitivity to structural factors,
significantly influenced by the surface geometry, electronic
configuration, and sites for O, adsorption.”” Therefore, it is
documented that the ORR activity of MnO, increases in the
following order: B-MnO, < A-MnO, < y-MnO, < a-MnO,=3-
MnO, in alkaline medium. However, the OER activity exhibits
a sequential trend in alkaline media, with 3-MnO, demon-
strating the lowest activity, followed by B-MnO,, then amor-
phous manganese dioxide (AMO), and ultimately o-MnO,
displaying the highest activity.*® It is easy to conclude that a-
MnO, is an excellent catalyst towards both the OER and ORR.
Therefore, manipulating the crystal forms is an effective means
of constructing a bifunctional MnO, catalyst.

2.1.1 ORR performance. Yang et al. successfully prepared
one-dimensional structures including nanowires and nanorods
with different crystalline phases (¢-MnO, and B-MnO,) by a simple
hydrothermal process (Fig. 3a).”® The o-MnO, with (2 x 2)
tunneling structure can allow more molecules, ions, and electrons
to pass through, resulting in more oxygen molecules bonding with
electrons. In addition, the specific surface area of a-MnO, nano-
wires is a key factor for their excellent performance. Due to the
nanoscale size, a-MnO, nanowires have an extremely high specific

J. Mater. Chem. A, 2024, 12, 29355-29382 | 29357


https://doi.org/10.1039/d4ta05182c

Published on 01 oktoober 2024. Downloaded on 11.05.2026 15:06:58.

Journal of Materials Chemistry A

View Article Online

Review

T

VinO,
\

o
4

[ =20 wt% Pt/C
a-MnO, nanowires

- o =

~ ——a-MnO, nanowires|

0-MnO, nanorods

|
(5]
T

a-MnO; nanorods

B-MnO, nanowires

'
<@

— B-MnO, nanowires|

[ ﬁ-MnOznanormy

S

'
IS
T

~—-MnO, nanorods

|
0
T

—20 Wt% PY/C
" 1 i 1 A

Current density (mA cm?”) ©

Current density (mA ¢cm?) g*

Potential (V vs. RHE)

0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V vs. RHE)

d e f

S0 1.0 - 100

] = 96mvdﬂ,, ‘Xm °\°

< m e N

< o %, /170 E 80

g2 2 084 - "V dec-s & S

= = s, = 60

= —a-MnO, 2 %\ 9 2

= =

S -4 —p-MnO, ~ 2% S ——a-MnO,

= — MO, ':;3 0.6 21 O y, &-I,,, S 40 ——pMnO,

= —5MnO. S ’ 9 9 = —1-MnO,

s 2 2 ry g 2

E.6 —A\-MnO, S 0, = —5-Mn0,

= A X 2 ——AMnO,

o 04 0

00 02 04 06 0.8 1.0 40 -35 -3.0 -25 -20 -15 0 2 4 6 8
Potential (V) vs RHE log (I,) (mA cm™?) Time (h)

Fig. 3 The ORR performance and surface morphology of different MnO,. (a) SEM images of the samples obtained. (b) CV curves and (c) LSV
curves of the obtained MnO, and 20 wt% Pt/C. Reproduced with permission.>® Copyright 2019, Elsevier. (d) LSV curves, (e) Tafel slope and (f)
chronoamperograms of MnO, with different crystal structures. Reproduced with permission.®® Copyright 2023, Elsevier.

surface area, and more active sites can be provided at the interface
of the three phases throughout the ORR process, thus enhancing
the ORR electrocatalytic efficiency. As described in Fig. 3b and c, a-
MnO, nanowires display better cathode peaks than other struc-
tures of MnO,, and the diffusion limited current density is higher.
The methodology used in this study is simple and the study
provides a clear link between the structure of the material and its
catalytic properties, showing that the key determinants of catalytic
activity are closely linked to the stacking pattern within the MnO,.
However, the effect of the crystal structure on its catalytic perfor-
mance can be further determined by comparing the ORR perfor-
mance of more MnO, crystalline phases. In addition, the long-
term stability of the material under operating conditions could
be further explored.

Subramaniam et al. prepared five different crystalline forms
of manganese dioxide with similar structural features using
a hydrothermal method and further investigated the ORR
catalytic properties of manganese dioxide with different crys-
talline phases.® Electrochemical studies have shown that a-
MnO, exhibits the best ORR catalytic performance, such as the
largest limiting current density and the lowest Tafel slope value
as well as 88.2% current retention after an 8 hour test (Fig. 3d-
f). This is attributed to the fact that @-MnO, has larger and more
stable tunnels/interlayer spaces and a higher proportion of
surface oxygen functional groups, which offer more active
adsorption sites and promote electron transfer, thus making it
superior to other crystal structures of MnO, in the ORR. This
study provides a detailed understanding of how crystal struc-
ture affects catalytic activity. Moreover, a simple hydrothermal
method allows the synthesis of controllable crystal phases of
MnO, to enhance ORR activity, which lays the foundation for

29358 | J Mater. Chem. A, 2024, 12, 29355-29382

the development of more efficient catalysts for energy conver-
sion and storage applications.

2.1.2 OER performance. Subramaniam et al simulta-
neously compared the catalytic oxidation activity of five
different crystal structure MnO, catalysts for OH, and found
that the crystal structure has a great impact.® It is shown that a-
MnO, and 3-MnO, have higher onset potentials, lower Tafel
slopes and smaller charge transfer resistance (R.) (Fig. 4a—c).
The electrode potential of a-MnO, exhibits excellent stability
over time at the current density of 10 mA cm 2, with the
potential value remaining almost constant as shown in Fig. 4d.
However, the 3-MnO, electrode potential exhibits an upward
trend in the initial stage and is not suitable for long-term
studies. During the reaction of 3-MnO,, if oxygen continues to
escape from its surface, this process may disrupt the stable
layered structure of K' and H;O" ions, resulting in poor
stability. The design of the widened tunnel, large layer distance
and low R, value effectively improved the wetting properties of
a-and 3-MnO,, which is conducive to the adsorption of hydroxyl
ions and then the OER activity is increased. The relationship
between the crystal structure and the electrochemical proper-
ties of the OER has been thoroughly investigated by various
characterisation and analysis methods. This contributes to
a better understanding of how to optimize the OER perfor-
mance of MnO,, leading to the development of more efficient
electrocatalysts.

The electrocatalytic OER activity can also be enhanced by
modulating the electron distribution of the electrocatalytic
active site by stabilizing the metastable state of the electro-
catalyst or by non-natural polymorphs. Gupta and colleagues
synthesized different polycrystalline types (B/N (native)-MnO,,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The OER performance of different monocrystalline and polymorphs of MnO,. (a) LSV curves, (b) Tafel slopes, (c) EIS spectra and (d)
chronopotentiogram of MnO, with different crystal structures. Reproduced with permission.®® Copyright 2023, Elsevier. (e) Density of states plot.
(f) Specific OER activities of different polymorphs of MnO, with their oxidation state of Mn (AOS) and bulk electronic conductivities. (g) Stability
analysis. Reproduced with permission.®* Copyright 2019, American Chemical Society.

v/N (native)-NN1 (non-native)-MnO,, ¢/NN2 (non-native)-MnO,
and 3/NN3 (non-native)-MnO,) through the hydrothermal
technique and v/NN1 (non-native)-MnO, by a slow acidification
reaction.”* It is widely acknowledged that the adsorption
coverage of oxygen and adsorption strength on the MnO,
surface has a crucial impact on the OER activity. The higher the
Mn-d valence band, the less the antibonding states are occupied
and the stronger the O adsorption. The upward shift of the
central position of the Mn-d valence band of §/NN3-MnO, and
a/NN2-MnO, approaching the Fermi energy level enhances the
adsorption of oxygen, which decreases the activation barriers of

This journal is © The Royal Society of Chemistry 2024

the OER (Fig. 4e). The low surface oxidation state of Mn (such as
the appearance of Mn*") in the polycrystalline structure and the
higher electronic conductivity of the material can also provide
higher OER activity. This is the case for 8/NN3-MnO,, which
exhibits the lowest Mn oxidation state (AOS) among MnO,
polymorphs (Fig. 4f). Due to the unique non-native properties of
a/NN2-MnO,, oxygen vacancies are more likely to form in o/
NN2-MnO,, leading to higher electronic conductivity. However,
when polycrystalline forms undergo surface reconstruction,
they undergo major dissolution during the first-hour test under
the action of electrochemical potential, which leads to

J. Mater. Chem. A, 2024, 12, 29355-29382 | 29359
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a decrease in activity (Fig. 4g). This study particularly highlights
the importance of stability of the non-native structure, which
has the potential to significantly improve the electrocatalytic
activity, providing more options and research directions for the
development of more efficient electrocatalysts for the OER. By
deeply analysing and deconstructing the relationship between
oxidation state, conductivity, and specific activity among MnO,
polycrystals, the research results not only contribute to a deeper
understanding of the electrocatalytic properties of MnO, but
also have a wide applicability that can be extended to other
electrocatalytic material systems.

2.1.3 ORR & OER performance in a zinc-air battery. It can
be observed that new types of improved ORR or OER electro-
catalysts can be obtained by reasonable structural engineering
design. The crystal structure-characteristics relationships of
MnO, indicate that a-MnO, exhibits superior activity in both
the ORR and OER in comparison to the others. Gu et al
prepared ultrathin -MnO, nanowires with high crystallinity for
bifunctional oxygen catalysts based on an ionic liquid (IL)-
assisted hydrothermal method.** The crystalline structure and
morphology of the reaction products were changed from (-
MnO, nanorods (MnO,-ILy) to a-MnO, nanowires (MnO,-IL, 5)
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by increasing the amount of IL, and the crystallinity of a-MnO,
nanowires was further improved by extending preparation time.
The o-MnO, nanowire shows excellent bifunctional perfor-
mance due to its large K" embedded tunneling structure, high
Mn*" quantities and oxygen-rich vacancies, as well as its ultra-
thin nanowire morphology with high surface area. Because of
these, the activation energy of the reaction is reduced and the
reaction rate is accelerated, leading to more efficient energy
conversion and storage. As a result, the MnO,-IL0.5 sample
reaches a larger half-wave potential (E;,,) of 0.83 V (Fig. 5a),
which is slightly lower than that of the Pt/C (0.85 V). In partic-
ular, Fig. 5b shows the favorable OER performance of the MnO,-
IL, 5 electrode; it demonstrates 394 mV minimal overpotential
at the current density of 10 mA cm ™2, just a 104 mV increase
compared to the overpotential of the benchmark RuO, catalyst.
When MnO,-IL, 5 is used as an electrocatalyst on the air cathode
of the zinc-air battery, the battery displays outstanding perfor-
mance, including excellent electrochemical stability for 40
hours at the current density of 10 mA cm™? as shown in Fig. 5c.
The electrocatalyst is synthesized using a very simple method,
which not only has the advantages of high operability and low
cost but is also easy to be produced on a large scale. These
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polarization curves, (e) OER polarization curves, and (f) corresponding power density curves of (a+3)-MnO, composites prepared by a grinding
and annealing method. Reproduced with permission.®* Copyright 2020, Royal Society of Chemistry. (g) LSV curves for the ORR, (h) LSV curves for
the OER, and (i) charge—discharge curves of ACMO prepared by the oxidation method. Reproduced with permission.®* Copyright 2022, Wiley-

VCH.
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batteries can provide a stable power supply for LED displays,
showing excellent practical application results. These batteries
show great promise for energy storage devices in portable
electronics and are expected to be widely used in smart devices,
wearable technology and other portable electronic devices in
the future.

Although single-phase MnO, has been well explored as
a catalytic material, it suffers from the disadvantages of low
stability, low conductivity, and small ion diffusion constants.
Synthesizing catalyst materials containing two different
manganese dioxide structures with synergistic effects is a useful
way to achieve multiple catalytic effects. Mathur and colleagues
developed a composite material comprising a- and 3-MnO,
through a combination of grinding and annealing techniques.®
Tunneling structure enables the prepared composites to better
cope with high current density and fast charge/discharge during
the electrochemical storage process. Specifically, the layered
structure results in the formation of many tiny, laminated voids
and channels within the composite material. These voids and
channels not only increase the overall surface area of the
material but also provide more paths and opportunities for
electrolyte ions to penetrate the interior of the material more
easily. More importantly, the layered structure also increases
the number of active sites in the composite. This unique
structural combination brings multiple positive effects to the
composite material. As a result, both the capacity and the
charge/discharge efficiency of the battery are significantly
enhanced. This enhancement not only allows the battery to
store more energy but also makes the battery more stable and
reliable during the charging and discharging process, thus
extending the service life of the battery. As shown in Fig. 5d, the
(a+3)-MnO, composites exhibit more favorable onset potentials
compared to pure MnO, materials, close to that of commercial
RuO,. (¢+3)-Mn11 (which contains equal amounts of o- and &-
MnO,) shows a smaller overpotential (Fig. 5e) in the OER. In
addition, (a+d)-Mn11 exhibits better bifunctional properties
than o-MnO,. The application of the prepared composite
materials in Zn-air batteries has achieved remarkable results.
Compared to 3-MnO, and a-MnO,, the peak power density of
the composites is improved by about 2 and 4 times, respectively,
demonstrating excellent electrochemical properties as illus-
trated in Fig. 5f. Although the (o+3)-Mn11 material exhibits
superior catalytic properties to those of single crystal structure
materials, there are still some limitations in its stability under
high current density conditions. Specifically, the («+3)-Mn11-
based zinc-air battery is only able to operate stably for about
200 min at the current density of 20 mA cm™>. This suggests
that despite the improved electrocatalytic performance of the
material, its long-time cycling stability needs to be further
optimized. Future research should pay more attention to this
issue, and further improve the cycle life and stability of the
materials by adjusting their synthesis methods or structural
design, to meet the needs of practical applications.

In contrast to crystalline materials, amorphous materials are
short-range ordered as metastable states. This property gives
the amorphous material more randomly oriented bonds, which
causes structural flexibility and exposure of defects on the
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surface, thus optimizing the adsorption and desorption
processes of reactive substances and intermediates, thus
further enhancing its catalytic efficiency. However, the short-
range ordered structure usually provides more scattering
towards electron transfer, leading to poor conductivity than the
crystalline one. Moreover, as a kind of metastable state, the
stability of amorphous materials is also a problem, especially
when encountering the inevitable surface reconstruction.
Therefore, the compositing of amorphous and crystalline pha-
ses has been one of the most promising strategies to tackle
those problems. Through the oxidation of Mn**, Zhou and co-
workers prepared an amorphous/crystalline layered manga-
nese oxide (ACMO).** This ACMO not only has active lattice
oxygen, which can provide active participating sites in electro-
chemical reactions but also possesses flexible oxygen vacancies,
which can promote molecular activation during the reaction
process, thus greatly enhancing the electrochemical activity of
the material. In addition, ACMO is also rich in unsaturated Mn
active sites, which can efficiently catalyze electrochemical
reactions and enable the material to exhibit excellent perfor-
mance in energy conversion and storage. Compared with well-
crystallized layered MnO, and amorphous MnO,, ACMO
exhibits significant advantages in electrochemical performance
and offers new possibilities for future energy conversion and
storage technologies. As a result, the ACMO electrode exhibits
remarkably high ORR activity, such as a more favorable E;,
value and a significantly greater limiting current density as
depicted in Fig. 5g, which surpasses the pure amorphous
manganese oxide (AMO) and pure crystalline layered manga-
nese oxide (CMO). For the OER, the ACMO sample displays
a lower overpotential (407 mV) than that of the AMO and CMO
at 10 mA em ™ in Fig. 5h. Especially, the rechargeable zinc-air
battery utilizing ACMO for its air electrode possesses better
electrochemical stability compared to 20% Pt/C, which enables
it operating up to 1000 cycles (=17 days) at 10 mA cm ™ (Fig. 5i).
Through in-depth exploration of the structural properties of the
combined amorphous and crystalline structure, this study
reveals the potential advantages of this combined structure in
terms of electrochemical activity, providing practical guidance
on how to enhance the electrochemical activity of the materials
while maintaining their stability. The results of the study not
only open up new ideas for the design of oxide materials but
also provide strong support for the innovation and optimization
of electrocatalytic materials in the future.

As is well known, manganese dioxide exhibits a diverse range
of structures in nature due to the flexible arrangement of MnOg
structural units, each possessing different catalytic properties.
Among these, a-MnO, nanowires are produced via a hydro-
thermal process with tunneling structures, and more trivalent
manganese and oxygen vacancies demonstrate great potential
as ORR and OER electrocatalysts for zinc-air batteries. Addi-
tionally, the controlled synthesis of amorphous/crystalline
manganese oxides can improve the number of active sites and
oxygen vacancies, thereby facilitating their catalytic activity.
However, the electrical conductivity of these structures may not
be optimal and amorphous manganese dioxide is inherently
unstable and prone to agglomeration during the reaction.

J. Mater. Chem. A, 2024, 12, 29355-29382 | 29361


https://doi.org/10.1039/d4ta05182c

Published on 01 oktoober 2024. Downloaded on 11.05.2026 15:06:58.

Journal of Materials Chemistry A

2.2 Control of morphology

Since the catalytic performance mainly depends on the surface
state of the electrocatalyst,*® morphology engineering can tune
the activity of MnO, in two ways: optimizing the surface area
and controlling different exposed surfaces.®® Thanks to the
diversity of morphological structures and synthesis methods,
MnO, with different morphologies or large surface areas, such
as nanowires,* nanosheets® and nanoflowers,* could be easily
obtained.

2.2.1 ORR performance. Shao and others synthesized rod-
like o-MnO, (Fig. 6a) by a hydrothermal method at different
temperatures.” The Mn®" content in a-MnO,-120 (the reaction
temperature of 120 °C) is high, and the oxygen vacancy is
abundant. The one-dimensional rod-like o-MnO,-120 possesses
a large specific surface area, which can provide a larger elec-
trochemically active region and more active sites. It is found
that «-MnO,-120 exhibits outstanding catalytic performance
through four electronic pathways during the ORR process. The
catalyst exhibits a large half-wave potential of 0.85 V compa-
rable to that of commercial Pt/C. Meanwhile, the diffusion-
limiting current of the a-MnO,-120 catalyst is also superior to
that of commercial Pt/C, showing its excellent electrochemical
properties as shown in Fig. 6b. Furthermore, electrochemical
tests show that the o-MnO,-120 catalyst used in zinc-air
batteries displays satisfactory results, such as a maximum
power density of 240 mW em™> as illustrated in Fig. 6c. This
study provides an important pathway for the development of
more efficient Mn-based ORR catalysts. In addition, the catalyst
shows good potential for application in zinc-air batteries,
exhibiting excellent electrochemical performance and practical
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application value. In the future, by further optimizing the OER
performance of this catalyst, it is expected to be developed into
a bifunctional catalyst with both ORR and OER activities,
leading to more efficient and stable zinc-air batteries.

Cheng successfully synthesized 3D hierarchical hollow B-
MnO, microspheres (H-B-MnO,) assembled from nanorods as
illustrated in Fig. 6d by a one-step hydrothermal method.” The
homogeneous hollow microspheres with large cavities not only
can shorten the molecular/ionic diffusion distance for surface
reactions but also inhibit the aggregation of particles. The H-B-
MnO, sample boasts a surface with a higher concentration of
oxygen vacancies, enhancing its capacity to adsorb and activate
oxygen molecules. This feature is advantageous for various
chemical reactions and processes that rely on the efficient
utilization of oxygen. Compared with commercial B-MnO,
particles (C-B-MnO,), the H-B-MnO, electrode displays better
ORR electrocatalytic activity, achieving a higher half-wave
potential, a greater limiting current density and high current
retention after 5 hours of durability testing as shown in Fig. 6e
and f, respectively. This work not only provides a facile and
reliable synthetic route for the preparation of layered hollow
MnO, crystals but also deeply reveals its unique growth mech-
anism, which helps researchers to better understand the
formation process of hollow structures.

2.2.2 OER performance. Zhou prepared MnO, nanosheets
with abundant oxygen vacancies (Vo-MnO,-NF) by an uncom-
plicated in situ hydrothermal growth process and electro-
chemical oxidation treatment as described in Fig. 7a.”> The
porous structure of the reassembled nanosheets and nano-
flowers provides a larger surface area and a higher number of
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Mn*", Electrochemical oxidation treatment can produce a large
number of oxygen vacancies, which has a positive effect on
improving the kinetics of OER activity. The synthesized V-
MnO,-NF sample has been an effective electrocatalyst for the
OER with lower overpotential, minimal Tafel slope, smaller
charge-transfer resistance and perfect stability (Fig. 7b-d). This
study demonstrates a feasible approach to fabricating an effi-
cient OER catalyst, highlighting the great potential of the VO-
MnO,-NF material with a porous structure and a large specific
surface area. The unique structure of this catalyst not only
enhances its electrochemical performance but also provides an
important reference and inspiration for the development of
more reliable and efficient catalysts in the future. Further
studies could use electron donation effects and band gap
engineering to optimize catalyst performance.

Chen reported an unusual network of o-MnO, nanowires
(Fig. 7e) synthesized by a mild hydrothermal reaction in the
absence of any surfactant.” In this network, the nanowires are
interconnected from all directions through nodes, which are
connected infinitely node by node to form a 3D network struc-
ture. «-MnO, nanowire networks («-MnO,-NWN) are highly

View Article Online
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hydrophilic due to the large number of interstitial spaces
induced by the structure. Charge transfer in the network
structure is much faster than randomly stacked nanowires and
balls. The unique network structure of o-MnO, nanowires
possesses better hydrophilicity and electrical conductivity,
making it a powerful OER electrocatalyst, exhibiting a smaller
overpotential of 468 mV, a lower Tafel slope, and the ability to
be stable for more than ten hours at 8 mA cm 2 (Fig. 7f-h). This
study not only provides an innovative synthetic route for
building advanced network-structured materials but also opens
up new horizons for the design of electrochemical materials. By
optimizing the structure, researchers succeeded in designing
catalysts with efficient mass diffusion and charge transfer
functions, which significantly enhanced the electrochemical
performance. These findings provide new perspectives for
understanding and improving the working mechanism of MnO,
catalysts and may provide lessons for the design of other oxide
catalysts.

2.2.3 ORR & OER performance in a zinc-air battery. The
preparation of MnO, in different morphologies is a relatively
simple and efficient process. Whether it is MnO, nanoparticles,
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nanowires, nanosheets, or even nanospheres, the preparation
process can be realized by adjusting the synthesis conditions,
such as temperature, pressure, the ratio of reactants, and the
introduction of different templating agents or additives. Each
unique morphology contributes significantly to increasing the
total surface area of the catalyst. The increased surface area
means that more active sites are exposed, providing more
contact points for the reaction. When MnO, is used as
a bifunctional catalyst for zinc-air batteries, these contact sites
not only effectively promote the electrochemical reactions
within the battery, but also increase the rate and efficiency of
the reactions.

Song and coworkers reported a simple hydrothermal
synthesis method to prepare TiC/a-MnO, nanowires (TiC/o-
MnO,NW) at low temperatures.” One-dimensional «-MnO,
nanowires overlap and intersect, resulting in the formation of
scaffolds, which facilitates electron transport. The TiC nano-
particles with stable structure and high electrical conductivity
are uniformly dispersed on the Mn nanowires as depicted in
Fig. 8a, leading to an effective increase in electronic conduc-
tivity and further contributing to charge transfer. Because of the
abundance of active sites on the high specific surface area of a-
MnO, nanowires, the TiC/a-MnO,NW electrocatalysts on the
cathode of zinc-air batteries exhibit good bifunctional proper-
ties. As shown in Fig. 8b, TiC/a-MnO,NW exhibits similar ORR
performance to Pt/C with a comparable original potential, half-
wave potential and limiting current density. Not only that, the
OER potential of TiC/a-MnO,NW is significantly lower than that
of IrO, at 10 mA cm > (Fig. 8c). Importantly, The TiC/o-
MnO,NW-assembled zinc-air battery shows excellent power
density, reaching a peak value of 161.3 mW cm > (Fig. 8d). And
this battery is capable of stable operation at 20 mA cm > for
5000 minutes. This demonstrates the wide application of one-
dimensional nanowire materials in electrocatalysis. The devel-
opment of TiC/a-MnO, nanowire (NW) materials provides
a promising strategy for the design of bifunctional oxygen
electrocatalysts with long-lasting and high activity.

Bang Lan et al. successfully synthesized 3D hollow urchin-
like «-MnO, microspheres by a simple hydrothermal
method.” The distinctive morphology allows abundant active
sites to be exposed in the reaction environment and enhances
intrinsic activity as well as accelerating electron transfer. In
electrochemical performance tests, the urchin-like «-MnO,
shows impressive performance. It exhibits outstanding ORR
performance as shown in Fig. 8f, demonstrating great potential
for energy conversion and storage. Meanwhile, Fig. 8g shows
that it also exhibits excellent OER activity with a low over-
potential at the current density of 10 mA cm ™2, which further
validates its excellent electrochemical performance. What's
more, the rechargeable zinc-air battery that employs the urchin-
like a-MnO, displays remarkable performance with higher
open-circuit voltage (Fig. 8h) and larger power density(Fig. 8i) in
comparison to other morphologies of MnO,, which can be
widely used in practice. The hollow a-MnO, based rechargeable
zinc-air battery shows a small cycling voltage gap between the
charge and discharge platforms after 400 cycles. Bifunctional
catalysts with good stability and cost-effectiveness are
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successfully prepared by innovative morphology design to
enhance the electrochemical performance of MnO, materials in
zinc-air batteries.

All in all, the electrocatalytic activity of MnO, is strongly
influenced by its crystal surface. The formation of two/three-
dimensional nanosheet, nanoflower and nanosphere struc-
tures can increase the surface area, thereby accelerating elec-
tron transport, which can expose more active sites that
participate in the catalytic process and promote catalytic
activity. The synthesized a-MnO, microspheres with a unique
three-dimensional hollow urchin-like structure have rich
accessible active sites and enhance intrinsic activity, exhibiting
superior electrochemical properties as cathodes of zinc-air
batteries. Therefore, preparing different forms of MnO, can not
only enrich the types and properties of catalysts but can also
optimize its application effect in zinc-air batteries, which can
provide strong support for the performance enhancement and
practical application of batteries.

2.3 Heteroatom-doped manganese dioxide

The low conductivity of the MnO, catalysts is one of the aspects
that limit their application in zinc-air batteries.”” One way to
overcome this problem is to accelerate the electron transfer of
MnO, by doping it with heteroatoms (e.g., Co,”® Ni,”” Fe,”® Al,”°
Ag*®). Doping is one of the common methods to modulate the
intrinsic local electronic structure of metal oxides.** As re-
ported, the doping of heteroatoms into MnO, not only effec-
tively modulates its electronic structure and surface properties,
but also generates additional active sites for the ORR/OER, thus
improving electrocatalytic performance.?»* What's more, it is
important to choose a suitable dopant. Generally, the ionic
radius of the dopant should be close to that of the Mn ion,
which ensures the stability of the lattice after doping and helps
to reduce the lattice distortion. The redox potential of the
dopant should be coordinated with the redox potential of Mn to
facilitate the charge transfer process and thus enhance the
electrochemical properties. The incorporation of dopants
should help to modulate the electronic structure of MnO, to
improve its electrical conductivity and catalytic activity. In
addition, the dopant should be chemically stable under oper-
ating conditions to ensure the long-term stability and durability
of the electrocatalyst. Besides, the catalytic activity of MnO,
varies with different doping sites even for the same dopant.®*
2.3.1 ORR performance. Some dopants alter the valence
states of Mn to enhance its ORR activity. As an example, Zhou
et al. synthesized a-MnO, (Cu-o-MnO,) nanowires doped with
different Cu®>" ion contents by a hydrothermal method.*® The
substitution of larger Cu®* for Mn*" (0.645 A) or Mn*" (0.530 A)
leads to lattice expansion and increases the amount of Mn>".
The addition of Cu ions resulted in enhanced reaction kinetics.
The performance of Cu-a-MnO, nanowires exhibits excellent
ORR activity compared to undoped o-MnO, nanowires. As
depicted in Fig. 9a, the onset potential and half-wave potential
of Cu-o-MnO, (Cu : Mn =1 : 4, the molar ratio of Cuand Mn is 1
to 4) are more positive than those of the undoped o-MnO,
nanowires. Moreover, the limiting current density of Cu-a-
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Reproduced with permission.” Copyright 2022, Elsevier.

MnO, (Cu:Mn = 1:4) is only slightly smaller than that of the
benchmark electrocatalyst. The Cu-o-MnO, (Cu:Mn = 1:4)
sample shows fast reaction kinetics, achieving a much smaller
Tafel slope than a-MnO, which is closer to that of commercial
Pt/C and the charge transfer resistance is much smaller, sug-
gesting that it is a fairly active ORR catalyst as shown in Fig. 9b
and c, respectively. Cheap and efficient ORR catalysts are
synthesized by simple Cu ion doping, which successfully
improves the electrocatalytic performance of o-MnO, nanowires
in Mg-air batteries. Future research still needs to focus on how
to precisely control the doping concentration and homogeneity
as well as its application in zinc-air batteries.

In addition to the doping of a single metal element, the
synergistic effect of doping of a variety of metal elements can
further increase the ORR performance of the catalyst, which is
beyond the effect that can be achieved by any one metal alone.
This synergistic effect not only originates from the complex
electronic interactions between multiple metal elements but
also from their optimization of the catalyst geometry and
chemical environment. This optimization has allowed the
catalysts to exhibit higher activity and stability in the ORR,

This journal is © The Royal Society of Chemistry 2024

providing strong support for the development of energy
conversion devices. Jin et al. successfully reported a facile two-
step solution method as described in Fig. 9d to design o-
MnO, nanorods intercalated by Ag® into the tunnel and then
loaded by trace Cr(OH); (denoted as Cr/AMO), which can
enhance the electrocatalytic activity.*® By introducing Ag" into
the structure of a-MnO,, its catalytic properties are bolstered,
resulting in improved reactivity and efficiency. Meanwhile, the
trace amount of Cr(OH); loaded on the surface of a-MnO,
effectively increased the electrochemically active surface area,
thereby facilitating electron transfer and improving electro-
chemical performance. These modifications collectively
contribute to the overall improvement of the performance of a-
MnO, in catalytic and electrochemical applications. The
synergistic effect of the three can accelerate electron transfer,
regulate the ratio of Mn*/Mn*’, and create lots of oxygen
vacancies, which contribute to the adsorption and activation of
O, on the surface. Compared to the reference catalyst, the ob-
tained catalyst (Cr/AMO physically mixed with Vulcan carbon
(XC-72), denoted as Cr/AMO + C) displays higher half-wave
potential, faster reaction kinetics and high mass activity of
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Fig. 9 The ORR performance of Cu-a-MnO, and Cr/AMO. (a) LSV curves for the ORR. (b) Tafel plots. (c) Nyquist plots of a-MnO, and the
different Cu dopants of Cu—a-MnO,. Reproduced with permission.® Copyright 2021, Springer Nature. (d) Synergistic catalytic mechanism of Cr/
AMO for the ORR. (e) LSV curves of the catalysts. (f) Tafel plots. (g) The mass activity (normalized by Ag). (h) Current time (i—t) chro-
noamperometric responses at 0.60 V (vs. RHE) of different catalysts. (i) ORR free energy diagram of the catalysts. Reproduced with permission.®®

Copyright 2023, Elsevier.

1558.8 A g, ' at 0.80 V for highly excellent ORR performance
under alkaline conditions as depicted in Fig. 9e-g, respectively.
Notably, Fig. 9h shows that the electrochemical current drop
rate of the resulting catalyst is 3.5% after 10 h of i—¢ testing,
which is mainly attributed to the Ag'-embedded tunneling
structure that well stabilized the active sites. Finally, the strong
coupling interactions between MnO,, Ag" and Cr(OH); improve
the ORR performance as verified by density functional theory
calculations (Fig. 9i). This study provides a co-doping strategy
for designing MnO,-based electrocatalysts with efficient ORR.
The theoretical computational analyses provide a more thor-
ough understanding of the mechanism. This co-modification
strategy not only shows obvious advantages in improving the
catalytic efficiency but also achieves good results in the corro-
sion resistance and durability of the material.

2.3.2 OER performance. To enhance the intrinsic OER
activity of the active sites of MnO,, introducing special metal
element doping can optimize the adsorption energy of the
existing active sites. The introduction of other elements leads to
changes in charge distribution and electronic structure, which
reduces the energy barrier in the OER process and makes the
reaction easier. In addition, metal doping increases the quantity
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of active sites of MnO,. When metal elements are introduced
into the crystal structure of MnO,, it is possible to form new
active sites that have different electronic structures and chem-
ical properties from those of pristine MnO,. Therefore, more
active sites can participate in the OER process and improve the
overall performance of the catalyst. Salvador et al. have prepared
Pd/a-MnO, by introducing Pd** precursors during the synthesis
of a-MnO, from Mn>' and MnO,” under reflux.®” The Pd**
precursor was oxidized by MnO,~ during the synthesis, and
Pd** ions partially replaced the Mn®" ions in the a-MnO, lattice
due to the similarity of the radius of the Pd*" and Mn*" ions.
This lattice framework substitution results in an increase in the
average oxidation state of Mn, a decrease in the crystallite size of
the nano-oxides, and an increase in the surface area. In addi-
tion, PdO is also deposited o