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Developing new anode materials for lithium-ion batteries (LIBs) is of great interest to meet the rising
global energy demand and requirements for electric vehicles (EVs). Manganese oxides (MnyOy) have high
abundance, high theoretical specific capacities and are low in cost. This critical review provides a compre-
hensive literature review of MnyOy anodes, with particular emphasis on MnsO4 and MnzO4 hybrid
materials. The evolution of the LIB is introduced, followed by problems with graphite anodes. MnyOy
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materials are discussed and the electrochemical testing, morphology and electrochemical performance
of Mnz04 and MnsO4 hybrid anodes are compared in detail. Special attention has been paid to MnxOy/
rGO anodes, examining synthesis methods, electrochemical properties, conversion mechanisms and ion

rsc.li/EESBatteries diffusion rates. The future outlook and challenges in this field are also evaluated.

Broader context

Lithium-ion batteries (LIBs) have revolutionised energy storage, yet their anodes still typically rely on graphite. While providing key advantages in terms of
stability and lifetime, graphite-anode LIBs remain limited by their low energy storage capability inherent to graphite. Next-generation LIBs need to possess
high power density, high energy density, and exceptional stability, and thus the search for alternative anode materials that fulfil this requirement is critical.
Manganese oxides have emerged as exciting alternative anode materials that may demonstrate this power, energy, and stability required for next-generation
LIBs. However, the use of manganese oxide anodes is not well understood due to the variety of different manganese oxide stoichiometries (including MnO,
Mn;0,4, Mn,03, MnO,, Mn,0s, MnO;, and Mn,0;), and a poor understanding of how lithium interacts with these different stoichiometries during LIB
cycling. Herein, we systematically review the properties and LIB performance of manganese oxide stoichiometries, and explore strategies to mitigate their
weaknesses, particularly by forming composites with other materials. By addressing key challenges and highlighting knowledge gaps, this review aims to
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position the research field to take full advantage of the properties of manganese oxide-based LIBs, towards high performance, next-generation LIBs.

1. Introduction

To date the most promising electrochemical energy storage
device has been the lithium-ion battery (LIB). The journey of
the LIB started in the 1970s when lithium (Li) metal was con-
sidered a prospective electrode material as a result of its
electrochemical potential of —3.04 V compared to the standard
hydrogen electrode (SHE)." Li has a small ionic radius leading
to a high theoretical gravimetric capacity (3860 mAh g™*).” It is
also the third lightest element and has low density (0.53 g
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em™?) and low molar mass (6.94 ¢ mol™") which are desirable
properties for batteries in electric vehicles (EVs).' In 1976,
Whittingham® developed the first rechargeable LIB using a Li
metal anode, titanium disulphide (TiS,) cathode and lithium
perchlorate (LiClO,) in dioxolane electrolyte. The system relied
on intercalation, in which Li* ions were inserted into the
layered structure of TiS,." However, upon repeated charging
and discharging, Li metal dendrites grew on the Li metal
anode, resulting in a build-up of dead Li, causing internal
short circuits.> A further concern was that Li metal is highly
reactive, leading to fires and explosions.">*>

In 1979, Basu et al.® replaced the Li metal anode with graph-
ite. In this system, Li" ions intercalated into graphite during
charging and into a niobium triselenide (NbSe;) cathode during
discharging.® In 1980, Godshall et al’” at Stanford University
and Goodenough et al® at Oxford University independently
used a lithium cobalt oxide (LiCoO,) cathode. This new cathode
material laid the foundation for modern LIBs.

In 1985, Yoshino® designed the first prototype LIB, with a
graphite anode and a LiCoO, cathode. This dramatically
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improved the safety of LIBs,* and led to Sony releasing the
first commercial LIB in 1991.° In 2019, Whittingham,
Goodenough and Yoshino were awarded the Nobel Prize in
Chemistry for their work on LIBs."®

Graphite is today widely used as an anode material in com-
mercial LIBs as it is low in cost,’* has stable electrochemical
performance’ and a low lithiation/delithiation potential
(0.01-0.2 V vs. Li/Li* for natural graphite).'* However, there is
a need to develop alternative anode materials due to the fol-
lowing concerns.

Natural graphite anodes have a limited specific capacity of
372 mAh g~*."*! This is because they rely on an intercalation
mechanism involving the lithiation or delithiation of Li" ions
into and out of the graphene sheets that make up the graphite
crystalline lattice.’® There are, therefore, a limited number of
sites in which Li* ions can insert or de-insert.'® Moreover, this
mechanism has sluggish kinetics'' due to the slow intrinsic
diffusivity of the Li* ion in graphite (10~% em? s™")."”

Another issue is the instability of the solid electrolyte interface
(SEI) layer in graphite anodes.'? During the first few charge-dis-
charge cycles (formation cycles), the electrolyte decomposes to
form a SEI layer on the graphite surface.'® The SEI layer consists
of Li* ions, salts, impurities and reduced solvents from the elec-
trolyte.'® In theory, the SEI layer stops electrolyte degradation and
protects the anode because it is ionically conductive (allows move-
ment of Li* ions) but, at the same time, electrically insulating (it
does not allow movement of electrons)."” However, volume
changes of 9% can occur during cycling."* This means that the
SEI layer formed on natural graphite can have poor mechanical
strength and potentially crack.’® More of the graphite surface
therefore becomes exposed, resulting in continuous electrolyte
decomposition’® and undesirable thickening of the SEI layer,
giving low capacity and cyclability.'®

A third issue is that graphite anodes are not suitable for
fast charging.'" At the high C-rates (above 1C) required for fast
charging,”' Li metal plating of the graphite surface, as well as
Li dendrite growth can occur, both of which often lead to
failure of the device.'” Furthermore, the speed of lithium ion
diffusion in graphite greatly varies.”! Graphite consists of
layers of graphene. Although diffusion rates can be fast (107°
cm? s7") parallel to the graphene planes,*” they are slow (107>
cm?® s™') perpendicular to the graphene planes.”* Due to the
slow kinetics of Li intercalation into graphite, polarisation can
occur during fast charging.'* As graphite has a low lithiation/
delithiation potential (0.01-0.2 V vs. Li/Li*)"* this polarisation
can cause the operating voltage to drop to below 0 V vs. Li/Li",
further accelerating Li plating.’* The build-up of Li leads to a
rapid fade in capacity and is also a safety concern, leading to
internal short circuits and thermal runaway.'' Graphite
anodes are therefore modified to improve the fast charging
capability for electric vehicles. Approaches include etching to
create pores,>> employing nitrile solvents and aliphatic esters
with low viscosity to enhance ionic conductivity,”* developing
new electrolytes to reduce the desolvation energy of Li' and
create a robust SEI layer,”® and blending with silicon oxide.?®
However, further work is needed.
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Finally, the environmental impact of producing graphite
must be considered. There are two main types of graphite -
natural and synthetic. 1.1 x 10" MJ of energy is consumed when
producing 1 ton of natural graphite,'”> whereas for synthetic
graphite this value is higher (4.0 x 10* MJ)."* Production of syn-
thetic graphite is a highly energy intensive process as it requires
heating carbon precursors to 4000 °C for long periods of time.””
On the other hand, natural graphite cannot be used before pro-
cessing as it contains impurities. It must be processed to battery
grade graphite which has a carbon content of greater than
99.5%.>® This involves environmentally unfriendly, highly toxic
and corrosive reagents such as hydrogen fluoride.?® In 2015, the
Paris Agreement predicted that 100 million electric vehicles will
be on the roads by 2030.>° Given that 1 LIB for 1 EV contains
75-115 kg of graphite*”*° the demand for graphite will increase
and LIBs may become more expensive to build.” Several reviews
discuss the advantages and challenges of graphite anodes in
LIBs in detail. ' "1>1%31

Thus, there is a clear need to investigate alternative anode
materials which are more sustainable, environmentally
friendly and processable, whilst also offering higher capacities
and higher energy densities than graphite.

There has been a concerted shift in LIB research away from
intercalation anodes like graphite towards alloying- and conver-
sion-type anodes. Alloying-type anode have attracted great interest
due to their high theoretical capacities (over 3000 mAh g™*).*?
However, examples such as silicon (Si), germanium (Ge) and tin
(Sn) suffer from large volumetric expansion during lithiation/
delithiation of approximately 270%,*> 255%' and 240%"*
respectively, leading to pulverisation and rapid capacity decay
during cycling.'® Phosphorus (P) based anodes also have a high
theoretical capacity of up to 2596 mAh g™, however, like Si, they
suffer from large volumetric expansion of approximately 216%,>
resulting in poor cycle stability. Other issues include phosphor-
us’s tendency to self-oxidise, the slow kinetics of the alloying reac-
tion®® and the potential to form phosphine which is toxic.™*

On the other hand, conversion-type anodes are a promising
alternative. They undergo a conversion mechanism involving
multiple multivalent redox reactions with a series of bond-
breaking and bond-making steps.***> These materials include
transition metal oxides (TMOs),*® selenides,’” phosphides®®
and dichalcogenides.*® Importantly, they are low in cost and
have higher theoretical capacities (500-1500 mAh g~')** than
that of graphite (372 mAh g™*).*°

In particular, TMOs have attracted great interest since the
early 2000s,*® with the conversion-type mechanism describe d
in reaction (1),*! where M represents a transition metal

Charging ->
MxO, +2yLi* +2ye” & xM® + yLi,0 1)

<- Discharging

Here, in contrast to intercalation, 2y times more Li* ions
can be stored per formula unit.*! During charging, transition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conversion

Li,X +M MX

Fig.1 A schematic showing the conversion mechanism. Reproduced
with permission.® Copyright 2008, Springer Nature.

metal clusters form and embed into lithium oxide (Li,0)*'
then upon discharging, oxidation of the clusters occurs,
forming amorphous TMO*' as shown in Fig. 1.

Emerging conversion-type TMO anodes are those fabricated
from manganese oxides and manganese oxide hybrid materials.*>
Manganese is highly abundant® and found in ores across the
world in countries such as South Africa, Brazil, Australia and
Ukraine.” Manganese oxides possess several advantages com-
pared to other TMOs as LIB anode materials, such as high
specific capacities (756-1223 mAh g™'),*" low toxicity, low cost*
and a low reaction potential (0.2-0.5 V) during the first discharge
cycle.*>” However, like many TMOs manganese oxides suffer
from low electronic conductivity,*® for example, 107-107%* S m™*
for Mn;0,.** As conversion anodes, they also exhibit a large cou-
lombic inefficiency in the first cycle due to formation of the SEI
layer and some volume changes during cycling.**

Different strategies have been introduced to relieve these
problems. Manganese oxide nano- and micro-structures have
been fabricated to increase the surface area and reduce
volume changes during cycling.** Manganese oxides have also
been combined with conductive carbon materials by carbon
coating or hybridising with materials such as reduced gra-
phene oxide (rGO). rGO has a large surface area, high conduc-
tivity, chemical stability, low density and excellent mechanical
strength.**>°

Therefore, this review will focus on current research into
the replacement of the graphite anode in LIBs with manganese
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oxide and manganese oxide hybrid materials. While several
reviews have discussed TMO and Mn-based anodes,*®*® they
primarily summarise early work and do not reflect the rapid
developments or emerging focus on Mn;O, and Mn;O,/rGO
anodes over the past decade. This review therefore provides an
up-to-date review of Mn;0,, carbon-coated Mn;0,4, Mn;0,/gra-
phene and Mn;0,/rGO anodes for LIBs. This review pays par-
ticular attention to Mn3;0,/rGO anodes which show promising
high capacities, offering new insights into their conversion
mechanisms. Synthesis methods for MnxOy anodes, electro-
chemical properties and ion diffusion rates for Mn;0,/rGO are
reviewed. The key challenges and outlook for Mn;0,4, Mn;0,
hybrid and Mn;0,/rGO anodes are also discussed.

2. Manganese oxide anodes for LIBs
2.1 Manganese oxides

Manganese oxides are environmentally friendly, inexpensive,
highly abundant and provide excellent safety for LIBs.
Manganese has seven common oxidation states (Table 1) with
multiple different crystal structures,” some of which are
useful for charge storage. They also have various morphologies
and porosity, providing a range of electrochemical pro-
perties.>> The most stable oxidation states are +2, +3 and +4.>
Oxidation states of +5, +6 and +7 are less stable and not
explored as energy storage materials.”* Manganese(v) oxide,
Mn,0s, is not stable at all.>* Manganese(vi) oxide, MnO;, does
appear to exist’® as a stable compound and manganese(vi)
salts have been prepared® in the form of sodium manganate,
Nay,,MnO,¢5,>> and potassium manganate,” K,MnO,.
Manganese(vir) oxide, Mn,O-, is explosive, however useful salts
in the +7 oxidation state such as lithium permanganate,®®
LiMnO,, and potassium permanganate, KMnO, are well
known.>* This review will, therefore, focus on current manga-
nese oxide anode materials for LIBs, including MnO,, Mn;0,
and Mn;0, hybrid anodes.

2.2 Electrochemical testing

This section reviews the electrochemical testing of manganese
oxide anodes in the literature. Firstly, the structure of the coin

Table 1 Different oxides of manganese, their crystal structures and capacities

Oxidation state

Theoretical specific

Formula of Mn Crystal structures capacity” (mAh g™ ")
MnO +2 Cubic rock salt*! 756"
Mn;0, +2, +3 Hausmannite (spinel)®® 93741
Mn,0; +3 Cubic bixbyite («),’® orthorhomic bixbyite (B),”* spinel-like (y),”* 1019*
rhombohedral imenite (g),”® perovskite-like (¢)°*
MnO, +4 Various polymorphs including pyrolusite (§),”* ramsdellite (R),” 1223*
hollandite («),”® intergrowth (y),”” spinel (A),”® layered (5)°°
and non-degenerate perovskite'*
Mn, 05 +5 Not used as LIB anode
MnO; +6 Not used as LIB anode
Mn,0, +7 Not used as LIB anode
“Numbered subscripts indicate references.
© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries
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cell set-up for testing is explained, followed by a comparison of
various factors including active material, working electrode
composition, electrolyte and solvent.

2.2.1 Cell components. Current literature reports electro-
chemical testing of manganese oxide-type electrodes for LIBs
primarily in half-cell configurations, with a limited number of
studies on full-cells.””’*® In the half cell configuration, the
working electrode is the manganese oxide anode, and the
counter electrode is lithium metal, all in an electrolyte, with a
separator in-between the two electrodes, as illustrated in
Fig. 2. The working electrode (anode) consists of three com-
ponents: active material (manganese oxide or manganese
oxide hybrid), conductive additive, and binder. The conductive
additive is usually acetylene black or carbon black (Super P).
The binder is often polyvinylidene difluoride (PVDF)**”* in
N-methyl pyrrolidone (NMP). Other binders have been used
such as carboxymethyl cellulose (CMC),>*7*"®* polytetrafluoro-
ethylene (PTFE),** sodium alginate®® and polyacrylic acid
(PAA).**®® The binder, conductive additive and active material
are mixed and coated onto copper (Cu) foil which acts as a
current collector.

An important factor is the mass loading of the active
material on the Cu foil current collector. In general, this is
around 1 mg cm™ for half-cell anodes, however, it is often not
reported in literature. The potential range for electrochemical
testing is usually between 0.01 V and 3 V vs. Li/Li". The pre-
ferred electrolyte in the cell is lithium hexafluorophosphate
(LiPF¢) in two or more organic solvents in a 1:1 volume ratio.
These solvents are often dimethyl carbonate (DMC), diethyl
carbonate (DEC) or ethyl methyl carbonate (EMC). Sometimes
3-10% of fluoroethylene carbonate (FEC)’>’*®® or vinylene
carbonate (VC)*® is added to promote formation of a stable
solid electrolyte interface (SEI) layer at the Li metal/electrolyte
interface and improve capacity retention.'® However, the
detailed effects of these additives on SEI composition remain
poorly understood for Mn-oxide anodes. A separator consisting
of a polypropylene membrane, such as Celgard, is used to
allow Li" ions to pass through and the counter electrode (Co.E)
and reference electrode (Ref.E) is usually lithium metal.
Table 2 summarises recent materials that have shown promise
as active materials as conversion-type anodes in LIBs. Their
respective working electrode, mass ratios of active material :
conductive carbon:binder and binder type are specified,

Half Cell
Positive cap
Spring
. Spacer Coin Cell
Working Electrode _ 6. Anode material on Cu foil |
(I S.  Electrolyte (
J— R VU
(I 3. Electrolyte
Counter Electrode -~ I NG 2. Lithium metal
1

Negative cap

Fig. 2 Components of the half-cell. Right: finished coin cell.
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along with voltage ranges, mass loadings, electrolyte and
separator type used in half-cell testing.

2.3. MnO, anodes for LIBs

Over the past decade, MnO, has been explored as an LIB
anode material.'™ ™' This interest stems from its promising
theoretical specific capacity (up to 1223 mAh g~")*' and high
abundance, with pyrolusite being the most common manga-
nese ore.”® In reality, this high specific capacity is not often
reached as MnO, in its natural form has a low Li* diffusion
constant (107" cm? V s™%), poor structural stability and poor
electrical conductivity (107°-107° S em™")."*® Researchers have
endeavoured to improve the capacity in various ways including
creating urchin-like morphologies,"****® nanorod composites
with rGO""”"*® and doping with other atoms.'** Despite this,
researchers have found that MnO, is less promising for future
LIB anode research and consequently the research has shifted
towards other Mn oxide materials, including Mn;O,.

2.4 Mnz0, and Mn;O0, hybrid anodes for LIBs

The following sections discuss the more promising LIB
anodes, i.e. Mn3;0, and Mn;0, hybrid anodes. Their properties
are compared including, morphology, diameter and initial dis-
charge specific capacity. Also discussed is the reversible
capacity — the capacity retained after a specific number of
charge/discharge cycles — at a given current density, and the
capacity retention (%). Finally, if mentioned in the literature,
the coulombic efficiency (C.E.) (eqn (1)) will be noted."*®
__ discharge capacity

CE. = charge capacity (1)

In recent years, Mn;O, has attracted significant interest as
an LIB anode material. The average charge and discharge
potentials of Mnz;O, compared to Li/Li" are 0.5 V and 1.5 V,
which are low compared to other materials, for example,
Fe;0,.%%% Using Mn;0, anodes therefore increases the
working voltage and therefore, energy density, when paired
with commercial cathodes.”” It also has specific advantages
compared to other manganese oxides. For instance, Mnz;O,
has a lower voltage hysteresis (<0.8 V) than that of MnO, and a
higher theoretical capacity (936 mAh g™")'°> compared to that
of MnO (756 mAh g').*?

Li et al.'*® reported that the superior attributes of Mn;0y,
as a LIB anode active material, compared to Mn,0; were due
to its spinel structure (Fig. 3), where Mn>" ions occupy tetra-
hedral sites and Mn®* ions occupy octahedral sites.>>*> The
tightly combined octahedral and tetrahedral sites, along with
cubic close packing of the oxide anions, minimises repulsion
between like-charges, resulting in a thermodynamically stable
structure.’*! Mn;0, anodes do, however, have poor electronic
conductivity (107-10"® S m™) and slow ion diffusion
rates.42’67‘107‘122

These issues have been addressed in several ways. Firstly,
by designing new micro- and nano-sized structures
including nanOﬂOWerS,76 nanoparticles,42’65’66’80’81’102’105’106’109’123

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Components of coin cells and potential ranges for MnzO4, Mn30,4/TMOs, fluorinated MnzO,4, carbon-coated Mns0,4, Mn3zO4/graphene and
Mn304/rGO anodes in the literature. Note that these are all half-cells

Potential

Working electrode Range vs. Li/ Mass Electrolyte in solvent (v/v)

Active material (mass ratios) Li" (V) loading” and separator Ref.E. Co.E Year Ref.

Mn;0, AM, carbon black, — — 1M LiPFg in EC:DMC 1:1 — Li foil 2014 102
PVDF7:2:1

Mn;0, porous AM, acetylene black, 0.01-3V — 1 M LiPF, in EC/DMC/EMC — 2014 74

nanorods CMC7:2:1 1:1:1, Celgard 2400

Mn;0, microspheres AM, carbon black, 0.01-3V 1.5 mg 1 M LiPF4 in EC/DMC/EMC — Li foil 2015 59
sodium CMC 7:2:1 em™ 1:1:1, Celgard 2400

Mn;0, nanowires AM, carbon black, 0.01-3 V 1.5 mg — — — 2015 61
PVDF/NMP 8:1:1 cm™?

Mn;0, nanosheets AM, acetylene black, 0.01-3V 2 mg 1 M LiPF, in EC/DMC/EMC Li Li metal 2016 84
PTFES8:1:1 1:1:1 metal

Mn;0, microspheres AM, acetylene black, 0.01-3V — 1 M LiPFy in EC/DMC 1:1, Li foil Li foil 2017 73
PVDF 7:2:1 in NMP Celgard 2300

Mn;0, microplates AM, carbon black, 0.01-3V 1mgem™ 1M LiPFg in EC/DMC 1:1 Li Li metal 2017 77
CMC7:2:1 metal

Mn;0, nanowires AM, Super P, PVDF 0.005-3 V 1-2 mg 1 M LiPF¢ in EC/DMC/DEC — Li metal 2019 69
70:15:15 in NMP cm™? 1:1:1

2D Mn;0, nanosheets AM, Super P, PVDF 0.01-3V — 1 M LiPFy in EC/DEC 1:1 — — 2019 72
7:2:1in NMP and 3% FEC

Mn;0, nano- AM, carbon black, 0.01-3 V — 1 M LiPF, Celgard 2400 — Li metal 2020 68

octahedrons PVDF 7:2:1 in NMP

Mn;0, AM, carbon black, 0.01-3V — 1M LiPF; in EC:DEC 1:1, — Li metal 2022 81
CMC7:2:1 Celgard 2250

Hydrogenated TiO,- AM, carbon black, 0.01-3V 1-2 mg 1 M LiPF, in EC/DEC/DMC Li foil  Li foil 2015 75

coated Mn;0, CMC7:2:1 cm™2 1:1:1, Celgard 2400

Mn;0,/Fe;0, AM, acetylene black, 0.01-3V 1-2 mg 1 M LiPF4 in EC/DMC/EMC — — 2015 76
CMC 6:2:2 in H,O cm™2 1:1:1, Celgard 2300

Fluorinated Mn;0, AM, Super P, PVDF 0.005-3 V 1.5-2 mg 1 M LiPF, in EC/DEC/DMC — Li metal 2018 64

nanospheres 70:15:15 in NMP cm™> 1:1:1

ZnO/Mn;0, AM, acetylene black,  0.01-3V — 1 M LiPF4 in EC/DEC/DMC — — 2020 79

nanospheres CMC6:2:2 1:1:1+5% FEC

Mn;0O, on Fe,0; AM, acetylene black,  0.01-3V — 1M LiPFs in EC: DMC 1: 1, — Li metal 2023 82

micro discs CMC7:2:1 polypropylene film

Mn;0, carbon AM, Super P, PVDF 0.01-3V — 1 M LiPF4 in EC/DMC 1:1 Li Li pellet 2015 103

microspheres 8:1:1 pellet

Mesoporous Mn;0,/C  AM, acetylene black,  0.01-3 V 1mgem™> 1M LiPFs in EMC/DEC/EC Li foil  Li foil 2017 63

microspheres PVDF 7:2:1 in NMP 1:1:1, Celgard 2400

Mn;0, on exfoliated AM, acetylene black,  0.05-3V 1.16 mg 1 M LiPF4 in EC/DMC 1:1 Li — 2017 66

graphite PVDF 8:1:1 in NMP cm™? +5% VC, Celgard 2400 metal

Mn;0,@C micro/ AM, Super P, PAA -3V 1-1.1 mg 1 M LiPF4 in EC/DEC 1:1 — Li metal 2018 87

nanocuboids 8:1:1in NMP cm™>

Carbon-coated Mn;O, AM, Super P, PAA 0.005-3 V 0.6 mg 1 M LiPF, in EC/DEC 1:1 — Li foil 2018 88

nanospheres 75:15:15 in NMP em™? and 10% FEC

Carbon-coated Mn;O, AM, carbon black, 0.01-3V 1.23 mg 1 M LiPFg in EC/DEC 1:1 — Li foil 2019 70

microspheres PVDF 8:1:1 in NMP cm™?

Mn;0, on N-doped AM, acetylene black,  0.01-3V 2 mg 1 M LiPF4 in EC/DMC/DEC — Li foil 2018 65

porous C PVDF 8:1:1 in NMP 1:1:1, Celgard 2400

N-doped carbon AM, acetylene black, 0.01-3V — 1 M LiPF, in EC/DEC 1:1, — Li foil 2020 104

Mn;0, microspheres  PVDF 8:2:2 polypropylene membrane

Mn;0O, on carbon AM, Super P, sodium — — 1 M LiPFy in EC/DMC 1:1, Li foil Li foil 2021 80

nanotubes CMC 85:5:10 Celgard 2320

Mn;0,/C nanosheet AM, Super P, PVDF 0.01-3V 0.8-1.1mg 1MLiPFsin EC:DMC1:1, Li foil 2024 42
8:1:1 Celgard 2400

Mn;0,/graphene AM, carbon black, 0.1-3V 2.0 mg 1 MLiPFs in EC:DEC1:1 — Li foil 2010 50

nanosheet PVDF8:1:1 cm™>

Mn;0,/graphene AM, Super P, PVDF 0.01-3V 0.9 mg 1M LiPFs in EC:DEC1:1 — Li foil 2013 105

nanosheet 8:1:1

Mn;0, nanorods on AM, acetylene black, 0.01-3V — 1 M LiPF, Celgard 2500 — — 2017 85

graphene nanosheet sodium alginate
7:2:1

Mn;0, on graphene AM, NMP 90:10 0.01-3V — 1 M LiPF¢ in EC/DEC 1: 1, — Li foil 2018 106

nanosheets Celgard 2250

Mn;0,/graphene AM, Super P, CMC 02V 1.2 mg 1 M LiPF¢ in EC/DMC 1: 1, — Li foil 2019 78
7:2:1in citric acid cm™? Whatman GF/D glass micro-

fiber sheet

Graphene-coated AM, carbon black, 0.01-3V 2mgem > 1M LiPFg in EC/DMC 1:1, — Li foilon 2021 71

carbon-coated Mn;O, PVDF 8:1:1 in NMP glass microfibre separator Ni plate

© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries
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Potential
Working electrode Range vs. Li/ Mass Electrolyte in solvent (v/v)
Active material (mass ratios) Li" (V) loading® and separator Ref.E. Co.E Year Ref.
Mn;0,/graphene Binder-free method 0.01-3V 0.8 mg 1M LiPFs in EC:DEC1:1, — Pt foil 2022 107
cm™? Celgard 2400
Graphene-wrapped AM, Super P, PVDF 0.01-3V — 1MLiPFsin EC:DEC1:1 — Li foil 2022 67
MnCO;/Mn;0, 8:1:1in NMP
Mn;0, in N-doped AM, acetylene black,  0.01-3V 2mgem > 1M LiPFg in EC: DEC 1:1, Li — 2023 62
graphene PVDF 75:15:10 in Celgard 2500 metal
NMP
Porous Mn;0, No binder or 0.05-3V — 1 M LiPF4 in EC/DMC 1:1 — — 2016 108
nanorod/rGO hybrid conductive additive
paper
Acid-treated rGO/ AM, Super P, PVDF 0.01-3V — 1 M LiPFs in EC/DMC 1:1 — — 2017 60
Mn;0, nanorod 7:2:1in NMP
Mn;0, in 3D rGO No binder or 0.01-3V — 1 M LiPF¢ in EC/DMC/EMC Li foil 2017 109
additive, details not 1:1:1, Celgard 2400
given
Mn;0,/rGO AM, Super P, LiOH,  0.002-3V — 1M LiPFg in EC/DEC 1:1 — Li foil 2020 86
PAA80:10:5:5
Mn;0,/rGO AM, carbon black, — — 1M LiPFg in EC:DMC 1:1 — — 2022 110

PVDF8:1:1

AM = active material. Ref.E = reference electrode. Co.E = counter electrode. Abbreviations for chemicals are as follows: CMC = carboxymethyl
cellulose, DEC = diethyl carbonate, DMC = dimethyl carbonate, EC = ethylene carbonate, EMC = ethyl methyl carbonate, FEC = fluoroethylene
carbonate, NMP = N-methyl pyrrolidone, PAA = polyacrylic acid, PTFE = polytetrafluoroethylene, PVDF = polyvinylidene difluoride, VC = vinylene

-2

carbonate. “ Mass loading values are reported in mg cm

© Manganese (11) (Mn?*) / (Mn),,

©  Manganese (1) ( Mn*) / (Mn),,
© Oxygen(0Y)

S a

Fig. 3 Structural models of MnsO,4 (a) arrangement of atoms in one
unit cell and (b) arrangement of tetrahedra and octahedra in one unit
cell. Reproduced with permission.!'® Copyright 2018, Springer Nature.
(c) Spinel type structure consisting of MnOg octahedra (white) and
MnO, tetrahedra (grey). Reproduced with permission.>* Copyright 2011,
John Wiley and Sons.

64,83,88 60,74,75,85,108

nanorods, nanocuboids,®”
72,84 2. .

#1 nano-octahedrons,”®® nanowires,
39,63,70,103,101 and hollow spheres.

nanospheres,
tubes,'** nanosheets,
microplates,”” microspheres

nano-
61,69,82

71,73,79

EES Batteries

, or in mg when the electrode area was not specified in the source.

200 nm

' 200 nm

Fig. 4 Morphologies of MnzO4 anodes. Scanning electron microscope
(SEM) images of (a) nanoparticles reproduced with permission.!®®
Copyright 2013, Elsevier. (b) Nanorods reproduced with permission.”
Copyright 2014, Royal Society of Chemistry. (c) Nanotubes reproduced
with permission.’®* Copyright 2023, Royal Society of Chemistry. (d)
Nanowires reproduced with permission.® Copyright 2015, Elsevier.
Transmission electron microscope (TEM) images of (e) nanosheets
reproduced with permission.®2 Copyright 2016, Elsevier. (f) Nano-octa-
hedrons reproduced with permission.® Copyright 2023, Springer
Nature.

Some examples are shown in Fig. 4. These structures provide a large
surface area® for the electrolyte to interact with, shortening the Li*
ion diffusion path and improving reaction kinetics.'** Some struc-
tures are also porous and therefore have vacant space which can
accommodate structural strain during cycling.*> This leads to
improved anode stability and cycling performance.*>'*°

Table 3 summarises the current literature on the electro-
chemical properties of pure Mn;O, micro- and nano-sized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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active materials for conversion-type anodes, in chronological
order. Although initial discharge capacities often promise
greater than 1000 mAh g~ ", there is always an initial capacity
loss due to SEI layer formation, resulting in low coulombic
efficiency for the first cycle.'*® These anodes also suffer from
low capacity retention. The reversible capacity does not often
meet the theoretical capacity of Mn;O, (937 mAh g™'). Le
et al'® attributed this to volumetric expansion and the
agglomeration of nanoparticles during cycling. Possible miti-
gation strategies include introducing stable surface coatings or
artificial SEI layers, but further work is needed in this
area.”>” In summary, designing micro- and nano- structures,
have significantly increased the specific capacity to values
much higher than that of graphite anodes (372 mAh g™*).”
However, more work is required to reduce expansion and par-
ticle agglomeration.

2.5 Mnz0, hybrid LIB anodes

A recent approach is to design ternary hybrid anodes consist-
ing of three materials."*>'**'?” For example, in 2024, Li
et al.'*® designed a ternary Mn,0;/Mn;0,/C anode for LIBs
which had a specific capacity of 608.5 mAh g™ at 0.5 A g™, Its
double-shelled structure is shown schematically in Fig. 5.
However, these ternary hybrid anodes are costly, difficult to

View Article Online

Review

An alternative approach is to combine Mn;0, with carbon
matrix materials (Fig. 6) such as graphene,®'°® reduced gra-
phene oxide (rGO),>*%77%86:107:109.110 carhon quantum dots,"*®
carbon nanosheets®” and carbon nanotubes.’***° These con-
ductive carbon nanostructures can have high porosity’*® and
high surface areas, providing more active sites for charge trans-
fer and shortening the path length for electronic and ionic
transport.'®>? This results in a reduction in charge transfer re-
sistance and improved conductivity of the anode.*' Carbon
matrix materials can also have high mechanical strength'*°
and provide stable support during cycling,’'® resulting in a
reduction in volume changes.”®' Further, the addition of
carbon can mitigate particle agglomeration, increasing anode
stability during cycling."*°

Mn;0, hybrid anodes are often Mn;O, nanoparticles, nano-
rods or nanospheres which have been combined with graphene
nanosheets, carbon nanosheets, exfoliated graphite or rGO (to
be discussed in more detail in the following section) to provide
a conductive, stable matrix. Mn;O, has also been combined
with various materials, such as nitrogen-doped (N-doped)
carbon,” zinc oxide (ZnO),”® hydrogenated titanium dioxide
(TiO,),””> manganese carbonate (MnCO3)** and Fe,0;."*> These
hybrid anodes offer high initial discharge capacities
(615-2457 mAh g') compared to pure Mn;O, anodes.

design and can still suffer from volume expansion.

Reversible capacities

Table 3 Electrochemical properties of micro- and nano-structured Mn3zO4 anodes in half-cells

are higher than that of graphite

Morphology of Mn;0, anode Initial discharge Reversible capacity Current density Capacity C.E.

and diameter capacity (mAh g™") (mAh g™) (mAg™) retention (cycle) Year Ref.

Nanoparticles, 10-20 nm — 115 (10 cycles) 40 — — 2010 50

Nanoparticles, 14 nm ~530 150 (10 cycles) 60 — <90% 2013 105
(3rd)

Nanoparticles, 30 nm 1324.4 586.9 (30 cycles) 30.4 91.8% — 2014 102

Porous nanorods, 120 nm 1453 901.5 (150 cycles) 500 99.3% 64.6% 2014 74
(1st)

Nanowires, 100 nm 1844.3 400 (100 cycles) 200 — 60% (1st) 2015 61

Nanorods, 120 nm 1392 165 (100 cycles) 500 — — 2015 75

Nanoparticles, 300-400 nm 918.3 400 (50 cycles) 100 — 58.5% 2015 76
(1st)

Nanosheets, 4 nm 1149.9 520 (300 cycles) 200 — — 2016 84

Hollow microspheres, 0.5 um  1577.8 646.9 (240 cycles) 200 — >95% 2017 73
(3rd)

Microplates, 4.9 pm ~1500 665 (150 cycles) 300 — 98% 2017 77
(3rd)

Nanorods, 200 nm — 375 (100 cycles) 100 — 34% (1st) 2017 85

Nanospheres, <50 nm 1179 553 (100 cycles) 100 73% — 2018 64

Nanoparticles, 200-400 nm — 100 (60 cycles) 100 — — 2018 106

Nanoparticles, 10-20 nm 1158 71 (100 cycles) 100 — 31.5% 2018 65
(1st)

Nano-octahedrons, — 303 (200 cycles) 100 — — 2019 78

100-150 nm

Nanowires, 50-250 nm 1626 484 (100 cycles) 100 61% — 2019 69

2D nanosheets, ~4 pm 1234 344 (50 cycles) 100 — 2019 72

Nano octahedrons, 400 nm 971.8 450 (300 cycles) 1000 76.6% 92.7% 2020 68
(3rd)

Nanoparticles, 40 nm 1021 1345 (190 cycles) 200 — 65% (1st) 2022 68

Nanoparticles, 100-200 nm 1240 414 (100 cycles) 200 — . 2022 107

Porous nanotubes, 530 nm ~1200 901.4 (100 cycles) 50 — 98% 2023 122
(3rd)

C.E. = coulombic efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries
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(@) (0]
(@) Mn?*
() Mn?

Mn,0,

Mn,O,

Double-shelled structure

Fig. 5 A ternary anode of C, Mn,O3 and MnzO,4. Reproduced with per-
mission.**® Copyright 2024, Springer Nature.

Fig. 6 Morphologies of MnsO, hybrid anodes. SEM images of (a)
porous MnzO, hanorods in rGO paper. Reproduced with permission.1°?
Copyright 2016, Elsevier. (b) rGO wrapped MnsO, nanoparticles.
Reproduced with permission.'®® Copyright 2022, Elsevier. (c) MnzO4
coated with carbon quantum dots. Reproduced with permission.'°®
Copyright 2015, Royal Society of Chemistry. (d) Yolk—shell structured
carbon/Mnz0,4 microspheres. Reproduced with permission.'?” Copyright
2020, John Wiley and Sons.

(393-1522.8 mAh g™ "), however, capacity retention is not always
reported, and the initial coulombic efficiency (ICE) remains low.

Table 4 summarises the current literature on Mn;0, hybrid
anodes in chronological order. Mn;0,/rGO anodes will be dis-
cussed separately in the next section.

EES Batteries
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2.6 Manganese oxide/rGO anodes

MnxOy/rGO anodes have gained attention in recent years due
to their promising capacities and high stabilities.®®%¢ 1087110
rGO (Fig. 7, right) is a form of graphene (Fig. 7, left) with
reduced oxygen content.’*® Graphene is a 2D structure consist-
ing of a flat monolayer of carbon atoms arranged in a hexag-
onal, honeycomb lattice.'**

rGO has desirable properties for energy storage, such as a
high conductivity,'°® excellent mechanical strength® and high
specific surface area for electrochemical reactions which can
enhance ion diffusion in LIB anodes.'®® The nanostructure of
rGO can also reduce electrochemical impedance,'®® provide
stable support and act to prevent volume changes in MnxOy/
rGO anodes during cycling."*®> The layered structure of rGO
can also prevent aggregation of MnyO, nanoparticles.'**"3®
The layers can behave as buffer layers, stopping pulverisation
of nanoparticles during cycling.'°® Simultaneously, the MnyOy
nanoparticles can prevent aggregation of graphene sheets
which is a challenge in pure graphene and rGO anodes.'”
This synergistic effect between the two materials helps retain
the mechanical stability and surface area of the MnyxOy/rGO
anode, enhancing electrochemical performance.'®

There are multiple ways to produce MnxOy/rGO
hybrids'®® 19135141 (discussed below in section 2.6.1). To
produce rGO (Fig. 7, right), however, graphene oxide (GO)
must be used as a precursor (Fig. 7, middle)."** GO is a heavily
oxygenated single-layer of graphene (Fig. 7, left), containing
epoxides, alcohol and carboxylic acid groups.'** GO is a hydro-
philic material due to the presence of polar oxygen functional
groups, allowing it to be easily dispersed in water.'** However,
GO is not very useful in LIBs due to its low conductivity and
excess of oxygen groups which can undergo parasitic electro-
chemical reactions.™*> rGO is typically obtained via chemical,
thermal or electrochemical reduction of GO, the chemical
composition of which depends on the reducing agent used.
rGO (Fig. 7, right) has reduced oxygen content and while some
oxygen functional groups remain, not all sp® bonds return to
sp> bonds."*? The presence of residual oxygen groups in rGO
can be used as nucleation sites for nanoparticle growth and
even help stabilise nanoparticles after growth, whilst retaining
high conductivity."*® This is indeed a unique advantage in
using rGO rather than GO or pristine graphene in these hybrid
anodes. The properties of GO and rGO are summarised in
Table 5.

2.6.1 Methods to produce manganese oxide/rGO hybrids.
Table 6 compares different manganese oxide/rGO hybrids and
their manganese precursors for all synthesis methods. The
common precursors are KMnO,, manganese(u) acetate tetrahy-
drate (Mn(Ac),-4H,0) and various salts (MnCl,-4H,0, Mn
(NO3),-4H,0 and MnSO,4-H,0).

Various methods have been used to synthesise manganese
oxide/rGO hybrid materials. These include hydrothermal
methods,”®1?3 37177151 4y ity exfoliation,'*®  sol-gel
methods, solvothermal calcination,'®* microwave-assisted
chemical precipitation,'® reduction by Mn powder,”°

49,153

succes-
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Graphene

Graphene Oxide (GO)

Reduced Graphene Oxide (rGO)

Fig. 7 Structures of graphene, GO and rGO. Reproduced with per-
mission.**2 Copyright 2015, Royal Society of Chemistry.

Table 5 Properties of GO and rGO

Properties GO rGO Ref.

Band gap (eV) 2.2 1-1.69 155

Electron mobility at room 0.1-10 2-200 156
temperature (cm® V™' s7)

Specific surface area (m? g™")  736.6 466-758  157-159
Electrical conductivity (Sm™) 5.7x107®  10*-10° 158, 160-164
Sheet resistance

(Q@sq™ ~10'°-10" ~10°-10° 156, 164, 165
Specific capacitance (F g ™) 215-255 210-425 160, 166-168

sive ionic layer deposition,"””" ball-milling with chemical

reduction'’? ultrasonication®°® and solution precipitation.”
Table 7 compares different manganese oxide/rGO hybrids and
their reagents and reaction conditions.

Overall the most common approach is hydrothermal
synthesis."*>™*” involving a chemical reaction in aqueous solu-
tion in a sealed pressure vessel at high temperature."*’
Hydrothermal synthesis allows simultaneous reduction of GO
to rGO as the crystallisation of nanoparticle Mn;0, occurs."*
It has also been shown to prevent rGO nanosheets from re-
stacking, providing a higher surface area for electrochemical
reactions.'*'”" Further, hydrothermal synthesis is a flexible
method in which the temperature, reagents and reaction time
can easily be controlled.

2.6.2 Electrochemical properties of manganese oxide/rGO
hybrids. This section describes the electrochemical properties
of manganese oxide/rGO hybrid anodes. As explained earlier,
the research direction has shifted from MnO, to Mn;O, hybrid
anodes, as MnO, has proven to be more useful as a cathode
material in zinc ion batteries.'”* In recent years, Mnz;0,/rGO
anode research has expanded due to their high capacities and

View Article Online
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promising capacity retentions.’®®'%11%  Therefore, this
material will be the focus of the remainder of this review.
Table 8 summarises the current electrochemical literature on
Mn;0,/rGO anodes in chronological order. Overall, adding rGO
has been shown to increase the capacity of Mn;0, and give a
higher coulombic efficiency than that of pure Mn;O, (often
greater than 98% from the third cycle onwards).?***'%¥11° gor
example, Chen et al.''® wrapped Mn;0, nanoparticles with rGO
and compared the reversible capacity with bare Mn;O, nano-
particles at 100 mAg™' after 200 cycles. The rGO-wrapped
Mn;O, retained a reversible capacity of 795.5 mAh g™, whereas
the bare Mn;0,4 nanoparticles which only retained 193.4 mAh
g "M% Electrochemical studies and ion diffusion rates of these
anodes are discussed in the next section.

3. Electrochemical studies of MnzO,/
rGO hybrid anodes

3.1 Conversion mechanisms of Mn;0,/rGO anodes

The current understanding of Mn;0, and Mn;0,/rGO anodes
for LIBs is that they do not undergo a Li" ion intercalation
mechanism like graphite.'®® Instead, they undergo a conversion
mechanism involving a multi-electron transfer mechanism.'®'

To show this, Wang et al.”° synthesised a Mn;0,/rGO anode
and found that a reversible conversion reaction occurred
during the first charge/discharge cycle, as shown in Fig. 8 and
expressed as reaction (2)

Charging
Mn;0, +8Li* +8e~ < 3Mn° +4Li,0 2)

Discharging

In Fig. 8, red (charge), Area 1 of the charge curve (1.2-0.4
V), indicates the formation of the SEI layer and decomposition
of the solvent.’® While Area 2, Fig. 8, red (with a voltage
plateau at 0.4 V) represents the charging reaction in reaction
(2), i.e. the formation of manganese metal, Mn®, and lithium
oxide, Li,O during charging.’® The plateau in the discharge
curve at 1.2 V (Fig. 8, blue (discharge), Area 3) was attributed
to the reverse reaction (2), and the re-formation of Mn;O,.
After several cycles, the coulombic efficiency was greater than
98%, indicating good reversibility.>

Table 6 Manganese oxide/rGO hybrids from the literature and their precursors

Precursor used

Mn hybrid type KMnO, Mn(Ac),-4H,0 MnCl,.4H,0 Mn(NO;),-4H,0  MnSO,H,O  Mn powder
MnO/rGO Ref. 148

MnO,/rGO Ref. 169, 175 and 176 Ref. 151 Ref. 169 Ref. 170
Mn,0;/rGO Ref. 153

Mn;0,/rGO Ref. 48, 107, 110 and 136 Ref. 139 and 147 Ref. 49, 137, 154 and 177 Ref. 173 Ref. 48

Mn;0g/rGO Ref. 178

MnOx/rGO Ref. 135, 150 and 179 Ref. 152 Ref. 152

EES Batteries © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Manganese oxide/rGO hybrids from the literature, their
reagents and reaction conditions
Mn
hybrid
type Reagents used Reaction conditions Ref
MnO/ NH,F Heat in autoclave, 12 h, 148
rGO 160 °C
MnO,/ NH,OH Heat in autoclave, 24 h, 151
rGO 150 °C
— Microwave radiation, 300 °C 169
Mn powder, HCI — 170
HCI — 175
KMnO,, Na,SO, — 176
Mn,0;/ Ethylene glycol Heat at 80 °C, heat in 153
rGO furnace, 4 h, 700 °C
Mn;0,/ H,SO, Heat at 50 °C for 5 h, heat, 110
GO 10 h, 200 °C
Ethylene glycol, Heat in autoclave, 12 h, 137
CTAB, 200 °C
ethanolamine
Polyethylene glycol ~ Heat in autoclave, 8 h, 130 °C 107
Na;Cit Heat in autoclave, 10 h, 147
200 °C
Na,S0; 2 h, 95°C 136
Urea, CTAB Calcination, 700 °C 49
Urea, ethylene Heat in autoclave, 24 h, 154
glycol 200 °C
MnO, Heat in tube furnace, 2 h, 48
250 °C
Hydrazine hydrate Calcination, 4 h, 400 °C 173
Absolute ethanol Heat in autoclave, 24 h, 139
120 °C
Ethanolamine — 177
Mn;Og/ NaOH Calcination, 4 h, 400 °C 178
rGO
MnOy/ Treated carbon Heat in autoclave, 6 h, 135
rGO cloth 150 °C, heat in autoclave, 2 h,
90 °C
— Ultrasonication method, heat 150
in autoclave (conditions not
provided)
— Electrochemical reduction 152
HCI Heat in autoclave, 8 h, 60 °C 179
Park et al.'®® synthesised porous Mnz;0, nanorods on rGO

and used this directly as an LIB anode. They agreed that the
mechanism followed reaction (2) and found good reversibility

Table 8 Electrochemical properties of MnzO4/rGO anodes in half-cells
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Fig. 8 Charge and discharge curve of the Mnz04/rGO anode for the
first cycle at a current density of 40 mA g~* in a potential range of 0.1-3
V vs. Li*/Li. Working electrode = Mnz0,4/rGO : carbon black : PVDF in a
mass ratio 80 :10 : 10. Counter electrode = Li foil. Electrolyte = 1 M LiPF¢
in 1:1 EC and DEC. Reproduced with permission.50 Copyright 2010,
American Chemical Society.

in the second and fifth CV curve, as shown in Fig. 9a. Peaks
were assigned as follows: Peak 1 at 0.13 V = reduction of Li* to
Li,O and Peak 2 at 1.3 V = oxidation of manganese metal to
manganese ions.'”® Lv et al'® embedded Mn;O, nano-
particles in rGO and used this directly as an anode without
binder or conductive additive. They observed a peak in the
anodic sweep at 1.15 V which was assigned to oxidation of
manganese metal (Mn®) to Mn>"."% An additional peak at 1.97
V was assigned to oxidation of Mn>* to Mn®”, these are referred
to in Fig. 9b as Peak 1 and Peak 2, respectively.'%

Seong et al®® synthesised an acid-treated rGO/Mn;O0,
nanorod composite and were also in agreement that the con-
version reaction was reversible, however, they do suggest an
intermediate stage in which manganese monoxide (MnO) is
formed. Fig. 10 shows cyclic voltammograms and charge

Reversible Current
Morphology of Mn;0,/ Initial discharge capacity (mAh density (mA Capacity Mnz;O, Capacity C.E.
rGO anode and diameter ~ capacity (mAh g™") g™ ) (mAh g™ retention (cycle) Year Ref.
Mn;0, nanorods, 943 573 (100 cycles) 100 — — 100% 2016 108
60-120 nm on porous (3rd)
rGO
Mn;0,4 nanorods on acid- 1130 749 (100 cycles) 200 — — 98% 2017 60
treated rGO (3rd)
Mn;0, nanoparticles, 681 696 (60 cycles) 200 86at100 mAg™"  ~100% 98% 2017 109
45 nm in 3D rGO after 15 cycles (60th)
Mn;0, nanoparticles, 883.98 638 (150 cycles) 123 — 85% 96.1% 2020 86
15-20 nm in rGO sheet (3rd)
Mn;0, nanoparticles, 1359.6 795.5 (200 100 193.4 at 100 mA 87.4% 67% 2022 110
50 nm wrapped with rGO cycles) ¢! after 200 (1st)

cycles

C.E. = coulombic efficiency.
© 2025 The Author(s). Published by the Royal Society of Chemistry EES Batteries
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Fig. 9 Cyclic voltammograms of Mn304/rGO anodes at a scan rate of
0.1 mV s~1. Working electrode = Mnz0,/rGO, no binder or conductive
additive. Counter electrode = Li foil. (a) Potential range of 0.05-3 Vin 1
M LiPFg in 1:1 EC and DEC. Reprinted with permission.l°® Copyright
2016, Elsevier. (b) Potential range of 0.01-3 Vin 1 M LiPFg in 1:1:1 EC,
DMC and DEC. Reproduced with permission.’®” Copyright 2017,
Elsevier.

discharge curves of Mn;0,, Mn;O,/rGO and acid-treated
Mn;0,/rGO. Peaks and areas are labelled as follows:*°

» Plateau 1 at 0.5-1.9 V = formation of SEI layer and
reduction of Mn;0, in the first cycle;

« Peak 2 at 0.035 V = reduction of MnO to Mn° in the first
cycle;

» Peak 3 at 0.35 V = shifting of peak 2 due to structural
changes in first discharge cycle;

- Peak 4 at 1.3 V = oxidation of Mn® to MnO. Peak is stron-
ger in Mn30,/rGO (Peak 5 in Fig. 10c);

« Peak 6 at 2.34 V = oxidation of MnO to Mn;O,;

« Peak 7 at 1.65 V = reduction of Mn;0O, to MnO;

« Area A at 1.25-0.27 V = formation of SEI layer and
reduction of Mn;0, to MnO; and

« Area B at 0.27-0.01 V = reduction of MnO to Mn°.

Weng et al.®® synthesised a Mn30,/rGO nanocomposite and
gathered cyclic voltammetry data (Fig. 11 and Table 9). They
also suggested an intermediate stage in which MnO was
formed and assigned a peak at 1.15 V (Fig. 11) to oxidation of
Mn° to MnO.%® However, they also observed a peak at 2.14 V

EES Batteries

View Article Online

EES Batteries

: A 30
(n)d(/g__ ;"
. / N —_— r
E !f 1 s 20 10
3 | —r(l >
H ™
. v'l s
2 "*
* 00 s ) 15 20 30 H 200 0 [ed L) Q00
Potential (V) vs. LULI® Specific Capacity(mAh g”)
(()J/b\ [ "™
S ——— ”
- e — ’-
< / 2 2 w*
£r f ! .
s [/ 8
3 \/ —| 2.
v | o
. -
o —_T\
o 10 15 20 28 3 ] 200 0 0 0 1000
Potential (V) vs. LILI® Specific Capacity(mAh g”)
- (f) A 6
e ‘f = ————
é . ‘,// 7
£ I/ ¥
£l )
£ ot -
s |/ —
-1 r
pi

Potential (V) vs. LVLI® Specific Capacity(mAh g”)

Fig. 10 Cyclic voltammograms and charge discharge curves of (a and
b) Mn30,4 (c and d) Mnz04/rGO and (e and f) acid-treated MnzO,4/rGO.
They were tested at a scan rate of 0.1 mV s™* in a potential range of
0.01-3 V vs. Li*/Li. Working electrode = Active material : Super P : PVDF
in a mass ratio of 70:20:10 in NMP. Electrolyte = 1 M LiPFg in 1:1 EC
and DMC. Reproduced with permission.>” Copyright 2017, Royal Society
of Chemistry.

Current (A)
P

Mn304/rGO
-1.5¢
—st cycle
2.0F 0.29 — 2" eyele
0.21 0.33 —3rd cycle
e
00 05 10 15 20 25 3.0

Voltage (V vs. Li*/Li)

Fig. 11 Cyclic voltammograms of MnzO4/rGO anode at a scan rate of
0.1 mV st in a potential range of 0.01-3 V. Working electrode = Active
material: Super P:LiOH:PAA in a mass ratio of 80:10:5:5. Counter
electrode = Li foil. Electrolyte = 1 M LiPFg in 1:1 EC and DEC.
Reproduced with permission.2* Copyright 2020, Elsevier.

(Fig. 11) which was attributed to further oxidation of MnO to
Mn;0,, indicating the reaction was reversible.*®

Other researchers disagree that the conversion mechanism
proposed for Mn;0,/rGO anodes (reaction (2)) is reversible

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Peak assignment for Fig. 11

Voltage (V) Cycle Peak assignment

0.21 1st Reduction of Mn;0, to Li,O and Mn°

0.29 3rd

0.33 2nd

1.15 1st Oxidation of Mn° to MnO, decomposition of Li,O
1.20 3rd

2.14 1st Further oxidation of MnO to Mn;0,

and that Mn;O, is reformed. This is explained visually in
Fig. 12."% In 2018, Su et al.'®® synthesised a nano-sized LIB
using a Mn;0,/rGO anode inside a transmission electron
microscope. In the first charge cycle, they found that Mn;O,
nanoparticles lithiate into manganese metal (Mn°) nanograins
embedded into a Li,O matrix. However, this Mn° and Li,O
cannot be recovered to reform Mnz;O, (reaction (3)). After the
first charge cycle, a reversible reaction occurs (reaction (4))
where Mn is converted to MnO during charging and vice versa
during discharging

Charging

Mn;0, +8Lit +8e~ - 3Mn° +4Li,0 3)

(First cycle)

Charging
Mn® + Li,0 & MnO +2Lit +2e” (4)
Discharging (First delithiation
onwards)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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In 2022, Chen et al.''® synthesised rGO wrapped nano-
composites as LIB anode materials. The work supported that

(cc)

The 1% lithiation process
o L.

The 2™, 3 4™ _cycles

L

delithiation o
— I

lithiation ==&

© Mn,0, nanoparticles @ Mn nanograins

& L0 ¢ MnO nanograins

Fig. 12 A schematic showing the conversion mechanism of MnzO,4
(graphene is not shown). Working electrode = Mnz0,4/rGO on Au wire.
Counter electrode = Li metal attached to tungsten wire. Electrolyte =
solid naturally grown Li;O layer. Reproduced with permission.'”®
Copyright 2018, American Chemical Society.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of Su et al.*®° that Mn;0, is not reformed and that the reaction
follows reactions (3) and (4). In cyclic voltammetry measure-
ments, they observed an oxidation peak at 0.8 V which was
assigned to oxidation of Mn° to manganese ions and
decomposition of Li,0.'° In the galvanostatic discharge
charge curve, they observed a plateau at 0.25 V in the first cycle
which was assigned to the reduction of Mn®*" and Mn®* in
Mn;0,/rGO to Mn°. The group attributed the voltage plateaus
at 0.5 V in the following cycles to conversion between Mn® and
MnO described in reaction (4)."*°

Clearly, there are some discrepancies in the literature, so
further work is needed to better understand and fully confirm
the conversion mechanism for Mn;0,/rGO anodes. Fig. 13
summarises what is known so far about the conversion mecha-
nism in Mn3;0,/rGO anodes and relates this to changes in
potential.

3.2 Charge transfer resistance and ion diffusion in Mn;0,/
rGO anodes

A small number of groups’®®*®''® have measured electro-
chemical impedance spectroscopy (EIS) spectra for GO, rGO,
MnO,, MnO,/rGO, Mn;0,, and Mn;0,/rGO. Table 10 summar-
ises the charge-transfer resistance (Rcyr) values, determined

1. Reduction of Mn;0, to Mn°

MnsOs + 8 Li—»3Mn’+4 Li,O  (1%lithiation)

L g Rl . ]

2. Oxidation of Mn° to MnO and vice versa

Mn°® + Li,O «—»MnO + 2 Li*+ 2 &

e

Key:

O Mn304 nanoparticle Q Li,O

[—JrGO @ MnO nanograin

(1st delithiation onwards)

@ Mn®nanograin

Fig. 13 A schematic showing a proposed conversion mechanism in
Mn30,4/rGO anodes, along with potential ranges.

Table 10 Charge-transfer resistance values (Rcy) values.”886110

Material Rer (Q) Dy (em®s™!
GO 156.3% 7.32x 1072
rGO 68%°, 43.4™° 1.85 x 1070
MnO, 68.1% 1.3x1071°
MnO,/rGO 76.285¢ 4.7 x10™"
Mn;0, 102.3,'*° 10878 —

EES Batteries
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from the diameter of the semi-circles in Nyquist plots.
Compared to all the materials tested (Table 10), the Mn;O,/
rGO anode showed the lowest Ry values, which could be
attributed to fast charge-transport kinetics.*®

To further understand the ion diffusion rates, Weng et a
have been the only workers so far to have reported Li" ion
diffusion coefficients (D) for Mn;O,/rGO anodes using EIS.
They found that the Dy;. was fastest for Mn;0,/rGO anodes at
2.4 x 107" em? s* compared to GO (7.32 x 107" em® s71),
rGO (1.85 x 107'° ecm® s7), MnO, (1.3 x 107*° cm® s7') and
MnO,/tGO (4.7 x 107" em® s7%). Again, inferring superior
charge-transfer kinetics in Mn;0,/rGO anodes.®’® Further
studies are needed in this area.

Z. 86

4. Conclusions and future outlook

In summary, graphite is used in intercalation-type anodes,
which are commonly used in LIBs. However, graphite is hin-
dered by various factors including slow kinetics,"* a limited
specific capacity"®'* of 372 mAh g, instability and thickening
of the SEI layer,"* volume changes (around 9%) during
cycling® and lithium plating and dendrite formation during
fast charging, as well as environmental concerns.' Therefore,
alternative anode materials must be investigated which offer
high capacities, high energy density and long cycle life, whilst
also being inexpensive and environmentally friendly.

Mn;0, and Mn3;O, hybrids have shown great promise as
active materials for conversion-type LIB anodes in half-cell set-
ups. Herein, coin cell components and potential ranges of
promising manganese oxide and manganese oxide hybrid
anodes in the literature were reviewed and compared, along
with their morphologies and subsequent electrochemical pro-
perties such as initial discharge capacity, capacity retention
and coulombic efficiency.

Manganese oxides are environmentally friendly, in-
expensive,*” highly abundant, provide excellent safety for LIBs
and offer higher specific capacities than graphite
(756-1223 mAh g~ ').*" However, they are plagued by low con-
ductivity, poor coulombic efficiencies and volume changes
during cycling.*®

Two approaches have been utilised to relieve these issues.
The first is the design of manganese oxide nano- and micro-
structures to increase the surface area and improve reaction
kinetics.®> The most common synthesis method to make these
materials is a hydrothermal route. This approach has
increased the specific capacity to values much higher than
that of graphite anodes, however the theoretical capacities are
not reached. Further work is required here to reduce volume
expansion and particle agglomeration.

The second approach is to combine manganese oxides with
conductive carbon materials, for example, through carbon
coating or hybridisation with rGO. These structures can have
high surface area and porosity, providing more active sites for
charge transfer, shortening the path length for electronic and
ionic transport and improving conductivity.'®>> They also have

EES Batteries
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high mechanical strength'*® and provide stable support
during cycling,''® resulting in a reduction
changes.'?!

MnxO,/rGO anodes have gained attention in recent years
due to their promising capacities (up to 1360 mAh g™ for
Mn;0,/rGO)"'® and high capacity retention.®®%%1%¥11% GO
has desirable properties for LIB anodes including high con-
ductivity,'°® excellent mechanical strength® and high specific
surface area, enhancing ion diffusion and providing structural
support.’®® The unique layered structure of rGO can also
prevent aggregation of Mn;0, nanoparticles.'*%*3¢

Although there are excellent initial discharge specific
capacities reported for these materials, further work is needed
as follows:

(1) Cycling stability and mass loading. Despite the stringent
reporting requirements for publication in the LIB
community,'®>7*%* there remain very few studies on the long-
term stability of these anodes (>300 cycles) or their perform-
ance at high current densities. Future LIB anode materials
must retain their capacity at these high current densities for
EVs which require fast charging. Moreover, the mass loading
of active material is often unreported in literature. A study of
how this affects the electrochemical performance would be
very insightful. To improve benchmarking, future studies
should report the initial coulombic efficiency (ICE) at a
specific mass loading e.g. 1.0 mg cm™>.

(2) Voltage hysteresis, volume changes and SEI formation.
The voltage hysteresis (AV), volume changes during cycling
and the stability of the SEI layer are seldom reported. These
should be studied by using in situ transmission electron
microscopy (TEM), scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDX) spectroscopy to compare anodes
before and after cycling. The SEI layer is known to be anode
dependent, and its composition on manganese oxide surfaces
remains largely unexplored. First-cycle irreversible capacity
loss due to Li' ion consumption to form the SEI layer is an
inherent feature of LIBs. Although materials such as rGO
improve capacity retention and structural stability, they cannot
fully prevent lithium loss associated with SEI development.
Future studies should therefore focus on mitigation strategies,
such as artificial SEI layers and electrolyte additives, as well as
reporting the first-cycle initial coulombic efficiency (ICE).

(3) Reaction mechanisms. While known that Mn;0,/rGO
undergoes a conversion mechanism, there are discrepancies in
the literature and the correct mechanism has not yet been
agreed on. Techniques such as XRD (X-ray diffraction) should
be employed to confirm the reaction pathway.

(4) Charge-transfer and ion diffusion. The literature is often
lacking critical electrochemical impedance (EIS) studies,
which can offer important information such as charge-transfer
resistance and ion diffusion rates. Ion diffusion rates of
MnyOy anodes are not well understood, and further investi-
gation is needed here along with ion diffusion coefficient
calculations.

(5) Structure-property relationships. Current research lacks
an investigation into true structure-property relationships for

in volume
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MnyOy and MnyOy hybrid anodes. For instance, it remains
unclear how particle size and shape truly affect the specific
capacity and ion diffusion rates. Future studies should also
quantify the porosity of these anodes and the effect of pore
size on Li" ion diffusion, capacity retention and CE. Control
over morphology, size, porosity and uniformity of active
material are vital to obtain high performance MnyxO, anodes.
For example, many different MnxOy nano- and microstructures
have been developed, but the tailoring of MnxOy particle size
to improve the efficacy of LIB anodes has not yet been explored
in detail. Controlling the MnyOy particle size could be one way
to improve reaction kinetics of MnxOy anodes. For example, in
2024, Liang et al.** synthesised Mn;0, nanoparticles in carbon
microspheres for LIB anodes. They found that decreasing par-
ticle size can increase the surface area and improve ion
diffusion.*?

(6) Sustainability and scalable processing. While MnxOy
anodes are promising, they are still being considered at the
laboratory scale. In order to make an impact in the LIB indus-
try, beyond an edge case or scientific curiosity, the energy
balance and environmental impacts of their production must
be considered and addressed. In particular, more environmen-
tally friendly synthesis routes and binders need to be investi-
gated. Current literature mainly uses PVDF binder in NMP
solvent to make these anodes which is toxic and harmful to
the environment.*®*

(7) Full-cell validation under realistic conditions. Although
MnxOy anodes have shown promising behaviour in half-cells,
their integration into practical full-cell configurations remains
limited.””® Future research should focus on pairing these
anodes with commercial cathode materials to evaluate their
electrochemical behaviour under realistic lithium-ion battery
conditions.

Despite the challenges mentioned above, the research area
of MnxOy anodes, especially Mn;0,, Mn;O, hybrid and
Mn;0,/rGO anodes has a bright future due to the development
of nanotechnology and advancements in battery-testing and
characterisation techniques.
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