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Abstract
Achieving

high

rechargeability

with

the

economically

feasible

and

environmentally friendly Zn-MnO2 batteries has been the goal of many scientists in the
past half century. Recently, the stability of the system saw a significant improvement
through adaptation of mildly acidic electrolyte with Mn2+ additives that prevent
dissolution of the active cathode materials, MnO2. With the new design strategy,
breakthroughs were made with the battery life span, as the lab scale batteries operated
with minimal degradation for over a thousand cycles of charge and discharge at high Crate ( >5C ) cycling. However, low C-rate operation of these batteries is still limited to
100 cycles, but has not been a focal point of the research efforts. Furthermore, the
electrochemical reactions within the battery system are still under debate and many
questions remain to be answered.
An interesting phenomenon investigated in this thesis about the mildly acidic ZnMnO2 battery systems is their tendency to experience capacity growth caused by
formation of new active material through Mn2+ electrodeposition. The deposition reaction
is thermodynamic favored within the battery operating voltage window and is considered
by some as beneficial for battery performance. This general belief is challenged by the
investigations and experimentations in this thesis, as results indicate the MnO2
polymorph generated are not ideal for long term cycling and would eventually lead to
formation of electrochemically inactive Mn species. Uncontrolled, continuous occurrence
of the reaction would also leads to Mn2+ ion depletion and uplifting of the protection they
provide. The electrodeposition is therefore relabelled as a gateway that allows undesired
reaction to occurred within Zn-MnO2 batteries; a long term crystal transaction
mechanism of the active cathode material was also formulated based on the post cycling
characterizations of the electrodes.
With the newly developed recognition of the battery stability issues, a design
strategy focused on suppressing MnO2 electrodeposition through manipulating the
reaction kinetic is proposed. The effectiveness of the strategy was showcased by cathode
electrodes incorporated with expanded graphite, a hydrophobic substrate material
discovered to be non-ideal for MnO2 electrodeposition. The resulting polymer-free
iii

electrode exhibit much improved low C-rate cycling stability of over 300 cycles with
minimal capacity decay and rate performances that are comparable to state-of-the-art ZnMnO2 battery cathode electrodes. These significant electrochemical performance
improvements validate the effectiveness of the strategy, and it is intended to be a key
concept that would serve as an important stepping stone for further optimization of the
Zn-MnO2 battery system.
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1 Introduction
1.1 Batteries and Renewable Energy
Batteries are a type of electrochemical energy storage system that convert
chemical energy to electrical energy.1 They are portable, reliable and convenient to use;
they are also essential to many electronic devices that many rely upon in their daily life.
In recent years, the demands for batteries with higher energy density and longer cycle life
have been rising.1 Some of these pressures are from the increasing performance
requirement of newly developed technologies, and others are from the urgency of
accelerating the adaptation of renewable energies into the current energy system to
combat climate change and reduce fossil fuel reliance.

Figure 1.1 World energy contribution of different energy sources in 2005, 2010 and 2015. Reproduced with
permission of World Energy Council2.

As reported by the Word Energy Council, in 2015, all renewable energies sources
(hydro, wind, solar and other) contribute only 9.57% of total world energy consumption
(Figure 1.1).2 While solar and wind energy sources have achieved significant output
growths, their overall production is still limited and their low cost effectiveness and
environmental impact have also been criticized.3-5 Moreover, fundamental infrastructures
including grid energy storage and electric transmission network are not fully developed
and constructed, which further limits the effectiveness of these systems.6,7
1

Rechargeable batteries play an important role in continuing the advancement and
electric grid integration of renewable energies. A well-known disadvantage of renewable
energies is their output fluctuation, which brings difficulties in balancing the supply and
demand of electricity, and often leads to wasted energy.4 Their tendency of generating
large portion of their overall production during low demand hours also adds complexity
to the process. Currently, these issues are addressed by large, centralized energy storage
systems such as hydroelectric pump and compressed air storage.8 However, these systems
would struggle to support the infiltration of renewable energy sectors, and the flexibility
and compactness offered by rechargeable batteries will become more and more valuable.8
Hence, the development of long lasting, cheap, safe, and environmentally benign
rechargeable batteries are necessary for maintaining the prosperity of the human society.

1.2 Rechargeable Batteries and Zinc Batteries
Lithium-ion batteries are one of if not the most successful rechargeable batteries
in the twentieth century. Their high energy density and decent life cycles are ideal for
energy storage system.1 However, lithium-ion batteries are prone to thermal runaway and
have caused numerous fire/explosion incidents.9 Accidental releases of volatile, toxic or
corrosive chemicals within the batteries, such as 1,2-dimethoxyethane (DME), diethyl
carbonate (DEC), lithium hexafluorophosphate (LiPF6) salt, cobalt and nickel containing
oxides are also possible health hazards that can cause great harm.10,11
Apart from their safety issues, another major concerns about lithium ion batteries
are the growing prices of their core materials.12,13 Between the years of 2015 to 2018, the
price of cobalt, an essential component of lithium ion batteries cathode, has raised by
more than 200 % (Figure 1.2 a).14 Similarly, the prices of lithium carbonate and lithium
hydroxide have seen increase of over 100 % from 2015 to 2018 (Figure 1.2 b and c).15
Future availability of these raw materials has also been studied by various research and
forecast groups. While many of which have predicted that current cobalt and lithium
reserves can at least satisfy the increasing battery demands until 2050 with adequate
recycling, there are negative speculations on the quality of the unexploited resources and
the stability of the supply.13,16,17 Driven by the limitations and uncertainties surrounding
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lithium based batteries, there has been an increasing interest in exploring possible
alternate battery systems that is based on other chemistries.

Figure 1.2 Market prices of a) cobalt, b) lithium carbonate and c) lithium hydroxide. Figure a was obtained
from Infomine,14 and diagram b and c were obtained from Global X Funds.15

Numerous non-lithium based batteries are actively being investigated and some
have already demonstrated promising properties that would be of great use in the future.
For example, sodium ion batteries are considered by many as a promising alternative of
lithium ion batteries that have slightly weaker performance but much better material
availability;18 metal air batteries such as zinc air batteries that have higher energy density
ceilings and lower cost;19,20 and aqueous zinc batteries which recently regained
considerable amount of research attentions due to breakthroughs that significantly
improve their rechargeability.21,22
Historically, zinc is one of the most common battery anode materials Over the
years, it has been used in the Leclanchécell, zinc-carbon batteries, alkaline batteries, zinc
mercury oxide batteries, zinc silver batteries, zinc air batteries and rechargeable zinc
nickel batteries.23 While some of these batteries are manufacture-discontinued due to cost
or health issues, others such as alkaline, zinc air and zinc nickel batteries still own
3

significant shares of the current battery market.23 As an anode material, zinc has a
relatively low standard potential of -0.76 V and a medium-high theoretical specific
capacity of 818 mAh g-1. It offers advantages such as low toxicity, high abundancy, low
cost, compatibility with aqueous system and ease of handling.24 Worldwide, the estimated
land based resources and reserves of zinc are 1.9 billion tonnes and 220 million tonnes,25
respectively, which are at least 10 times more than that of lithium.13 Global annual
productions of refined zinc are around 13 million tonnes, with near 25% contributed by
the recycling industries.25 The zinc recycling process is well-developed and there are still
consistent effort to further improve the process by reducing their energy consumption and
environmental impact.26-28 Given the maturity of the industrial processes and the natural
abundancy of the metal, zinc would make a sustainable and affordable battery core
material that can meet high demand with ease.
Table 1 Performance of zinc batteries in recent publications

1.4 – 1.9 V

Energy Density
(Active Materials)
135.0 Whkg-1

80 % ( > 80 cycles)

Zn–Zn0.25V2O5 nH2O [29]

0.5 – 1.4 V

175.0 Whkg-1

80 % (1000 cycles)

Zn–Quinone [30]

0.4 – 1.0 V

220.0 Whkg-1

87 % (1000 cycles)

Zn–α-MnO2 [21]

1.0 – 1.8 V

~170 Whkg-1

92 % (5000 cycles)

Zn–β-MnO2 [31]

1.0 – 1.8 V

158.5 Whkg-1

94 % (2000 cycles)

Types of Batteries

Voltage

3DZn–NiO2[22]

Cyclability

Traditionally, the oxidation and reduction reaction of zinc in batteries are not
known to have high reversibility and often suffer from issue like dendrite formation.
However, recent studies have demonstrated that with adequate electrode design (3D
porous zinc electrode)22 and proper electrolyte selection (mildly acidic/neutral
electrolyte21,29,31)21,29,31, the impact of these issue can be reduced. There are also a large
number of studies about cathode materials for Zn batteries, which mainly focuses on
improving the reversibility, rate capability and energy density. Some families of materials
which have been considered and investigated include transition metal oxide,32-35
sulfide,34,36,37 and hexacyanoferrate.38-40 Among them, the best performing ones are the
layered structured V2O5 nH2O demonstrated by Kundu et al.,29 the organic and
sustainable quinone-based cathodes showcased by Zhao et al.,30 and manganese dioxide
4

(MnO2) of different crystal structures(Table 1).21,31 In this project, the focus will be on
the latter of the three; the history, properties, reaction mechanism and recent progress of
the corresponding Zn-MnO2 batteries will be discussed in the following section.

1.3 Manganese Dioxide Cathode
Manganese is a relatively abundant, non-toxic and environmentally friendly
transition metal. It is commonly found in ores as oxide compounds with other elements
such as iron, sodium, and barium.41 The current global reserve of manganese ore is
around 690 million tonnes,42 and their recent price point have been fluctuating between
1500-2500 $US/tonne,43 which are less than one twentieth to the price of cobalt.
Manganese exhibits a rich variety of oxidation states and participates in various
electrochemical reactions, of which, the oxidation and reduction of oxides with
manganese at the state of 2+, 3+ and 4+ are core reactions to many batteries. As an
example, manganese containing oxides such as LiMn2O4, LiNi0.33Mn0.33Co0.33O2 (NMC),
and MnO2 are all well-known cathode materials which play significant roles in the
current battery industry.

Figure 1.3 Ball and stick representation of MnO2 octahedron unit cell. Diagram adapted from publication of
Biswal et al.41.

As a cathode material, MnO2 has a theoretical specific capacity (2 electrons) of 616
mAh g-1 and a standard potential around 1.0 V to 1.5 V depending on the specific reaction.
Their crystal structures are built on the basis of [MnO6] octahedron unit cells (Figure 1.3)
that connect to each other by sharing common corners or edges. Some common MnO2
crystals include the 1D tunnel structured Hollandite/Cryptomelane (α-MnO2), Pyrolusite
(β-MnO2), Ramsdellite (R-MnO2), Nsutite (γ-MnO2) and Akhtenskite (ε-MnO2) (Figure
1.4); the layer structured Birnessite (δ-MnO2), and the spinel structured λ-MnO2.44
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β-MnO2 is the simplest and thermodynamically the most stable form of MnO2. The
[MnO6] subunits in this crystal phase connect on their corner to form tunnels with
channel size of [1×1] along the c-axis. The R-MnO2 adapts a very similar crystal
arrangement, but with tunnels that have [1×2] channel instead.44,45 The intergrowth of
these two phases during crystallization are common, which often leads to formation of
irregular products such as γ-MnO2 and ε-MnO2 that have tunnels of both sizes and
demonstrate different type and amount of defects within the crystal structure.46-48 Both of
the [1×1] and [1×2] tunnels are narrow and have limited capability of proton
transportation.49 As a result, instead of pure crystalline β-MnO2 or R-MnO2, γ-MnO2 is
often the cathode active material of choice in commercial Alkaline Zn-MnO2 batteries.50
It has been confirmed by experimental results that the structural defects and grain
boundary found in γ-MnO2 are the key features that lead to its superior electrochemical
performance.49-52

Figure 1.4 Diagram representations of different MnO2 crystal structures. Diagram adapted from the Handbook
of Battery Materials.44
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In contrast to the family of β-MnO2 and R-MnO2, α-phase MnO2 contains both
[1×1] and [2×2] tunnels, with the latter being large enough to incorporate large cations
such as barium, silver and potassium.51 These cations in the [2×2] tunnels have mix effect
on the properties and electrochemical performance of the material. In one end, they
contribute to stabilizing the large tunnels and are beneficial for charge transfer,53,54 in the
other, their large sizes hinder transportation of the intercalation ions.51 Due to the
capability of the [2×2] tunnel to host insertion and desertion of various cations, α-MnO2
had been investigated as active cathode material in lithium, sodium, magnesium and zinc
batteries.32,55-61 Furthermore, it is also a candidate material for applications in
supercapacitor and catalysis.62-66 MnO2 with larger tunnel sizes such as Romanèchite
([2×3]) and Todorokie ([3×3]) have also been reported(Figure 1.4).44 These types of
MnO2 generally have better structural stability, but lacks capacity and energy density due
to their less portion of active components.67
Layer structured MnO2, whose crystal structure consist of stacking layers of edgesharing MnO6 subunit, has also been studied extensively for possible electrochemical
applications. Similar to α-MnO2, the void space between the stacking layers can
accommodate different types of cation, which in return serves to stabilize the crystal
structures. δ-MnO2 is a subgroup of the layer structured MnO2 family which contains
varying amount of H2O molecule and foreign cations in the interlayer spacing with H2O
being the predominate species.44 The structural framework of δ-MnO2 is relatively
flexible and the H2O molecules can easily move around to accommodate different types
of intercalation ions.68 Consequently, X-Ray Diffraction (XRD) analysis of these
materials has proven to be very difficult as results vary significantly due to the
distribution of the interlayer species.44 Despite so, their flexibility and large interlayer
distance have attracted attention for applications as intercalation cathode materials.69-71
Manganese ores found naturally often need to be processed to achieve battery grade
purity and desired crystal phases. Depending on the method of processing, MnO2 is
divided into two categories, the electrolytic manganese dioxide (EMD) and the chemical
manganese dioxide (CMD).23 EMD is generally prepared by first dissolving manganese
ores in sulphuric acid solution, followed by multiple steps of purification processes
(Ca(OH)2 and NaS treatment) to remove undesired heavy metal impurities.41 Then, the
7

battery grade EMD would be collected from the manganese solution through
electroplating.23 As-prepared EMD generally have crystal structure that resembles to βMnO2, ε- MnO2 or γ- MnO2, and very often is a polymorph of the three phases.41 As for
CMD, they are MnO2 prepared by methods such as thermal decomposition, direct
oxidation and reduction of high-valence manganese salts. They can be prepared into
different crystal structure easily and precisely with different reaction methods and
conditions.72-74 Historically, CMD is considered to be less pure and have lower
volumetric density, thus are not use in the commercial Alkaline Zn-MnO2 batteries, but
with new inspiration of its application potential and improvement of the synthesis
procedures, it is becoming more appreciated by the research and industrial community.44
More details regarding CMD will be provided in the later section as it will be a main
focus of this thesis project.

1.4 Alkaline Zn-MnO2 Batteries
1.4.1 Primary Alkaline Zn-MnO2 Batteries
Primary Zn–MnO2 alkaline batteries are one of the iconic primary batteries
developed in the twentieth century. They were first discovered in 1960 by Lewis Urry
who modified the previously existing zinc-carbon dry cell batteries by changing the
ammonium chloride/zinc chloride gel electrolyte to one that is based on potassium
hydroxide (KOH).75 In comparison to zinc-carbon batteries, the modification
significantly improved their energy density, service performances, shelf life and
stability.23 These properties along with the environmental factors were further optimized
in years following their commercialization by company such as Duracell and Energizer,
which consolidated their status as the primary battery market leader. It was estimated that,
in the year of 2003, alkaline Zn–MnO2 batteries account for near 80% of the total primary
battery sales in the United State.1 This dominance may have been weakened in recent
years as availability of higher performing batteries such as primary lithium ion batteries
are growing, but the affordable, safe and reliable alkaline Zn–MnO2 batteries are still
competitive for low drain applications.
Zn + 4OH− → Zn(OH)42- + 2e−
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(1.1)

Zn + 2OH− → Zn(OH)2 + 2e−

(1.2)

Zn(OH)2 → ZnO + H2O

(1.3)

The electrochemistry of primary Zn–MnO2 alkaline batteries is complex and has
been studied for years. The batteries have MnO2 as cathode, Zn as anode and KOH in the
form of gel electrolyte. During discharge, the three consecutive steps of the anodic
reactions are described in Equations (1.1),(1.2) and (1.3).23,76 In the very beginning, zinc
metal would oxidize into zincate ion (Zn(OH)42-) and dissolve into the water inside the
system, where it will exist in the form of potassium zincate (K2Zn(OH)4).76 As the limited
water becomes saturated with zinc ions, the water-starved environment changes the
reaction. In this stage, the zinc would oxidize into zinc hydroxide (Zn(OH)2) instead,
which would further dehydrate to form zinc oxide (ZnO) that precipitate as white solid
onto the zinc electrode.23
MnO2 + H2O + e− → MnOOH + OH−

(1.4)

3MnOOH + e− → Mn3O4 + OH− + H2O

(1.5a)

MnOOH + H2O + e− → Mn(OH)2 + OH−

(1.5b)

On the cathode side, the MnO2 reduction process in alkaline Zn-MnO2 batteries
are often represented by the reactions described in Equations (1.4), (1.5a) and (1.5b).23
In this cathodic reduction reaction, the MnO2 will first reduce to MnOOH, then to Mn3O4
or Mn(OH)2 depending on the depth of discharge (DOD) or the cut-off voltage. If only
1.33 electrons per MnO2 were drawn out, the end product would be Mn3O4,23 and if all
capacity (2 electrons) are completely drawn out from the MnO2, the final product would
be Mn(OH)2.1 Combining the anodic and cathodic reactions, the overall reaction in
alkaline Zn-MnO2 batteries under intermediate or complete drain is then either
Equations (1.6a) or (1.6b).
2Zn + 3MnO2 → ZnO+ Mn3O4

(1.6a)

Zn + MnO2 + 2H2O → ZnO + Mn(OH)2 + 2OH−

(1.6b)

The above discussions are a very simplified description of the events which occur
within alkaline Zn-MnO2 batteries. The actual reaction mechanism involves various
9

manganese oxide polymorphs and their corresponding stages of transition; these
reduction reactions can be homogeneous or heterogeneous, which are reflected by a
decreasing or a relatively constant potential, respectively.77 Formation and participation
of manganese oxide/hydroxide with different oxidation states such as Mn4O7, MnOOH,
Mn2O3, Mn3O4, Mn(OH)2, MnO have all been reported in previous publications, but their
result do not fully agree.77-80 The tendency of the mechanism being influenced by factors
such as crystal phases, synthesis condition and purity of MnO2, KOH concentration, and
rate of discharge also adds onto the complexity and unpredictability of the system.77,78 As
such, the MnO2 reduction mechanisms remain to be a topic that is still controversial.
The alkaline Zn-MnO2 batteries are available in two design configurations, the
cylindrical batteries and the button cells.23 The general compositional diagrams of them
are provided in Figure 1.5a and 1.5b. In both design, they are assemble with an inert
stainless steel shell, MnO2 gel slurries, nonwoven separator (vinyl polymers, regenerated
cellulose, etc.), zinc gel slurries, metal anode current collector and small accessories that
prevent leakage, corrosion and short circuiting.23 The components are simply filled into
the shell one by one, and the assembly is complete in an atmospheric environment. The
simplicity of the assembling processes is a big economic advantage of alkaline Zn-MnO2
batteries that allows them to remain competitive in the current battery market.

Figure 1.5 Compositional diagrams of a) cylindrical and b) button alkaline Zn-MnO2 batteries. Diagram A
obtained from Duracell Technical Bulletin81, and diagram B obtained from Eveready Battery Engineering
Data82。
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The slurries are of great importance to the battery performance, thus, its
composition is worth to be further discussed. First, the MnO2 gel slurries are a mixture of
MnO2, graphite, KOH electrolyte and small amount of binding agent. The MnO2 are
often EMD due to their high purities and compatibility. The graphite is added to
compensate for the low electric conductivity (10-5-10-7 S cm-1) of the manganese oxides.83
As for the anode slurries, they are prepared by mixing zinc powder, KOH gel electrolyte
and small amount of inhibitor. Industrially, the purity of the zinc powder was ensured by
refinement through thermal distillation or electroplating. The addition of the inhibitor is
to prevent the highly active zinc metal from reducing water to hydrogen gas, which
would cause battery leakage and exhaust the limited amount of water in the dry cell; it
was initially resolved with the addition of mercury as the inhibitor,23,84 but it is no longer
the case because the usage of mercury in batteries was officially prohibited by the U.S.
government in 1996 due to its toxicity and possible threats to environmental.85 Since then
the inhabitation task is achieved by alloying zinc with metal such as indium or lead,86 or
by addition of inhibitors like anionic surfactant and quaternary ammonium salt.87
1.4.2 Rechargeable Alkaline Zn-MnO2 Batteries
With the success of Zn–MnO2 batteries in the primary battery market, attempts
were made to develop and commercialize rechargeable alkaline Zn–MnO2 batteries. The
first attempt was made by Union Carbide Corp. (Eveready) and Mallory Corp. in 1977,
but the product was withdrawn shortly after due to leakage issue.44 The second generation
of the rechargeable alkaline manganese (RAM) batteries returned a decade later when
Battery Technology Inc. modified and improved the design of the batteries.88 Following
which, the RAM batteries were promoted and commercialized in the United State,
Germany, South Korea, etc.44,89 In comparison to other rechargeable batteries in the
1990s such as nickel cadmium (NiCd) and nickel metal hydride(NiMH) batteries, RAM
batteries have higher operating voltage, lower self-discharge, lower initial cost and are
more environmental friendly.23 However, the RAM batteries suffer greatly from low
rechargebility and often lose near half of its initial capacity after only 20 cycles of deep
discharge (1 electron capacity).23 This disadvantage has limited their widespread
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applications and the products have been slowly fading out of the market as the better
performing lithium-ion and NiMH batteries became cheaper and more accessible.
The rechargeability of RAM batteries is very dependent on the depth of discharge
(DOD). It has been reported that when cycled with a shallow DOD of 10%, the RAM
batteries can maintain more than 80% of its capacity after 3000 cycles of operation.90 In
this specific circumstance, the MnO2 are only partially reduced to MnOOH, and the
reversibility of this process is high. However such cycling protocols would greatly reduce
the practical energy density of the batteries and render its usefulness in actual
applications. In the case when the battery is fully discharged, various issues will arise in
both ends of the batteries.
In the cathode side, destruction of crystal structure, active material dissolution and
most importantly, the formation of electrochemically inactive species such as Mn3O4 and
ZnMn2O4 are the leading causes of capacity lost in RAM batteries.90-92 Previous studies
have identified that α-MnOOH, a reaction intermediate in the recharging process, is a
necessary precursor for the inactive MnOx species.93,94 Therefore, a common theme in
resolving the issue is to promote specific oxidation reaction paths by modifying the
crystal structure of MnO2 with foreign cations. In one example, Kannan et al.
demonstrated that the addition of 10 wt% Bi2O3 to the MnO2 can lead to formation of Bidoped birnessite type MnO2 instead of the inactive products and drastically improved the
cyclability of the cathode material.92 The effects of barium, titanium, or nickel doping, as
well as electrolyte modification (LiOH + KOH) have also been investigated.94-97 More
recently, Yadav et al. demonstrated a copper and bismuth co-doped birnessite type MnO2
cathode which maintained over 80% of the MnO2 two electron capacity (617 mAh g-1)
after 1,000 cycles of 1C cycling versus a standard reference.98 Though, when paired with
a zinc anode, the rechargeability of the system would drastically reduce to one that loses
25% of its energy density in 100 cycles.
In the anode side, formation of ZnO, zinc dendrite and undesired hydrogen
evolution are the predominant reasons for failures or low rechargebility. Common
strategies of suppressing zinc dendrite formation include adding small amount of organic
surfactants such as sodium dodecyl sulfate (SDS), polyethylene glycol (PEG) or thiourea
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to the electrolyte.99 Preparation of Zn electrode with 3D porous structure to direct the
location of zinc deposition is also proven to be an extremely effective strategy.22 Lastly,
recent studies have demonstrated that hydrogen evolution by zinc in alkaline condition
can be suppressed with application of metal oxide or polymer composite additive.100,101

1.5 Rechargeable Mildly Acidic Zn-MnO2 Batteries
Another route of avoiding the issues found in traditional RAM batteries is by
changing the system into one that is mildly acid or neutral. This idea was inspired by
studies in the late 20th century, when researchers began to explore possibility of adapting
other electrolytes into Zn–MnO2 batteries and discovered that batteries prepared with
mildly acidic zinc sulphate (ZnSO4) electrolyte exhibit some degree of rechargebility.102104

As demonstrated in their Pourbaix diagram (Figure 1.6), the phase transitions of both

zinc and MnO2 shifts significantly when the electrolyte pH is change from alkaline to
slightly acidic (pH < 6). Significantly, the electrochemically inactive Mn3O4 and the
chemically passive ZnO would simply not form in this system, while zinc hydrogen
evolution is also believed to be limited by high overpotential.105 As such, theoretically,
this system has great potential of achieving high rechargebility.

Figure 1.6 The Pourbaix diagram of a) manganese and b) zinc at 25 ºC. Diagram A obtained from work of
Boytsoda et al.,106 and diagram B adapted from work of Al-Hinai et al.107

Of all the different types of MnO2, α-MnO2 is the most studied for this system;
mainly due to their relatively stable [2×2] tunnels that can accommodate the
intercalation/deintercalation of Zn2+ ions.32 Other crystal types such as β-, δ- and spinel
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MnO2 have also been investigated.31,108-110 Various reaction mechanisms of these
rechargeable mildly acidic Zn-MnO2 (RMAZM) batteries have been proposed as well,
but there has yet to be one which is fully agreed upon by the research community. The
discussions have mostly been revolving around two reactions, the MnO2 conversion
reaction and zinc intercalation reaction.21,31,109-112 Though, they are not completely
incompatible and it is possible for both reactions to occur during the discharge.112 The
different results are likely due to the variation in the initial MnO2 crystal structure of each
study, which can influence the reaction paths. The likelihood of MnO2 polymorph being
present in the system also adds onto the difficulties of the investigation.
Despite some contracting results in the mechanism investigations, a common
consensus in previous studies is the occurrence of Mn2+/Mn3+ dissolution, which leads to
capacity fade through loss of active materials. The undesired dissolution originates from
the crystal lattice mechanism of Jahn-Teller distortion. In which, the Mn3+ ions, in the
discharge products, with an unstable high-spin d4 electronic configuration experience an
elongation of their 𝑑𝑥 2 −𝑦 2 and 𝑑𝑧 2 orbitals; this electron cloud movement facilitates the
Mn3+ species to undergo structural transformation in the form of disproportion reaction
that eventually give Mn4+ and water soluble Mn2+ (Equation 1.7).113,114 The dissolution
phenomenon is not a standalone case for aqueous batteries, but an intrinsic property of
Mn3+ that has also been reported in lithium batteries with organic solvent.114-116
2Mn3+ (s) Mn2+(aq) + Mn4+(s)

(1.7)

In 1988, an idea to resolve the dissolution issue was first proposed by
Kim et al.117 The strategy aims to reduce the manganese dissolution by pre-addition of
Mn2+ ions (0.1 - 0.5 M MnSO4) into the electrolyte; it significantly raised the life span of
the system to 120 cycles. This strategy was further optimized by Pan et al. recently,21
who demonstrated a Zn–α-MnO2 battery, using 2M ZnSO4 electrolyte and 0.1M MnSO4
additive, that maintained 92 % of its capacity after being cycled at 5C (1C =308mAh g-1)
for 5000 cycles. Following this study, Zhang et al. also successful prepared a Zn–βMnO2 battery using the same strategy but with 3M Zn(CF3SO3)2 and 0.1M Mn(CF3SO3)2
in the electrolyte; the battery maintained 94% of its initial capacity after being cycled at
6.5C for 2000 cycles.31 Later studies built on these foundations and optimize the system
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even further for future applications. For example, Li et al. fabricated “extremely safe”
and flexible Zn/α-MnO2 batteries using a gelatin and polymer composite separator that
withstand different destructive tests while maintaining majority of its capacity( >
80%).118 In another approach, Wu et al. combined α-MnO2 with graphene to further
improve the rate capability of the system.119
Table 2 Low current cycling of RMAZM batteries in recent publications

MnO2 phase

Electrolyte

Low current examination

Ref

α-MnO2

2M ZnSO4
0.1M MnSO4

1C, 60 cycles

21

β-MnO2

3M Zn(CF3SO3)2
0.1M Mn(CF3SO3)2

0.32C, 100 cycles

31

ε-MnO2

2M ZnSO4
0.2M MnSO4

1.3C, 300 cycles
(lost 43% capacity in 20 cycles)

Graphene and
α-MnO2

2M ZnSO4
0.2M MnSO4

1C, 100 cycles

112

119

While the cyclability results of these RMAZM batteries are very promising, they
were always achieved at high current with compromised capacity. Meanwhile, the low
current cyclability performance of these batteries has not received much lessre attention.
As listed in Table 2, the low current (< 2C) examination of the batteries in previous
studies have mostly been limited to 100 cycles. The lack of experiments under such
testing condition may lead to misjudgement of an important phenomenon. Precisely,
during charging, Mn2+ ions added to prevent the dissolution of Mn3+ species can be
oxidized to MnO2, which was reported to contribute extra capacity, improve ionic
conductivity and improve electrode structural integrity.31,108 However, this in-situ
electrodeposited MnO2 should have crystal structure similar to EMD, which is not
optimal for zinc intercalation and therefore less valuable to battery performance compare
to the pristine MnO2. More importantly, the non-stop occurrence of this phenomenon will
deplete the Mn2+ ions added to prevent Mn3+ dissolution and capacity lost. Investigations
of how the system react and change throughout the process will provide useful insights
and information that are necessary to achieve high life span in low current cycling
condition with RMAZM batteries.
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1.6 Research Objective
This thesis can be divided into two main objectives, with both being a part of the
goal to achieve long lasting and high performing RMAZM batteries.
1. The first part of the thesis aims to investigate and develop understanding on the
fundamentals of the RMAZM batteries and the phenomenon of in-situ Mn2+
electrodeposition within the system. The target is to explore the α-MnO2 reaction
mechanism as well as to determine the capacity fading mechanism with the
presence of Mn2+ additive. Various factors and cycling condition will be explored
to gain better insight about the MnO2 electrodeposition process. Also, the identity
and transformation mechanism of the deposited MnOx species will be examined
with various characterization techniques. In the end, every pieces of the puzzle
will be linked together to form a complete description of the system to allow the
identification of key points that can be modified to extend battery life cycle.
2. In the second part of the thesis, the goal is to incorporate the developed
understanding of the system into designing MnO2 electrodes that have improved
cyclability at low current and deep cycling, as well as the already demonstrated
excellent rate performance and good cyclability at high current. Specifically, the
MnO2 electrodeposition reaction is explicitly targeted as an undesired reaction
and is supressed through manipulation of its reaction kinetic. The effectiveness of
the strategy is demonstrated by a MnO2 electrode that hinders the Mn adsorption
and post cycling characterization is also presented to confirm the connection
between the improved stability and the strategy.

1.7 Organization of Thesis
This thesis is organized into five chapters. Chapter 1 introduces general
background, history, recent research progress of Zn-MnO2 batteries, and motivation of
the thesis work. Chapter 2 presents various characterization and performance
measurement techniques adapted throughout the thesis. In Chapter 3, the reaction
mechanism of rechargeable aqueous mildly acidic Zn-MnO2 batteries is discussed. The
mechanism, benefits and issues of Mn electrodeposition within these Zn-MnO2 batteries
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are also presented in this chapter. Chapter 4 focuses on the strategy proposed to reduce
the frequency of Mn electrodeposition and in such increase the low current cyclability of
the batteries. The strategy has also brought rate performance improvement to the batteries,
which will also be discussed in the chapter. Lastly, in Chapter 5, a summary and
suggestions for future direction of the thesis work are provided.
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2 Chemicals and Characterization Techniques
2.1 Materials
All materials were used as received without further purification. The list of
chemicals and their supplier and specification is provided in Table 2.
Table 3 List of Chemicals

Chemical
Manganese Dioxide (MnO2)

Supplier
Sigma Aldrich

Manganese sulfate monohydrate
(MnSO4•H2O)

Sigma Aldrich

Potassium Permanganate
(KMnO4)

Sigma Aldrich

Sulphuric Acid
(H2SO4)

Sigma Aldrich

Expandable Graphite / Sulphuric Acid intercalate
Graphite
(C24HSO4(H2SO4)2)

Sigma Aldrich

Zinc Sulfate Heptahydrate
(ZnSO4•7H2O)

Sigma Aldrich

Ethanol
(EtOH)

Sigma Aldrich

Super P Carbon Black
(SP CB)

Imerys Graphite & Carbon

Polyvinylidene fluoride
(PVDF)

Sigma Aldrich

N-Methyl-2-pyrrolidone
(NMP)

Sigma Aldrich
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2.2 Physical Characterization
2.2.1 Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) is a physical characterisation technique
mainly used to image surface morphology and structure of samples. As suggested by its
name, the technology utilizes electrons as the information carriers instead of photons
used in optical microscopy. The main advantage of adapting electrons in the imaging tool
is their drastically smaller wavelengths in comparison to visible light, which provide
SEM with the high resolution (~10 nm) necessary to obtain details image nanomaterials.
In general, SEMs consist of an electron gun, one or two condenser/objectives lens
and different electron detectors within an ultrahigh vacuum system. The electron gun
contains a filament (tungsten or lanthanum hexaboride) which can be thermally activated
to emit electrons. Once released, the electrons are accelerated by an electric field (520kV), and then directed onto the samples by the condensers and objective lends. The
electrons are highly energetic, and therefore needs the ultrahigh vacuum to avoid any
undesired interaction with gas molecules. Upon striking the samples, the electrons can be
adsorbed or scattered, which generate signals such as secondary electrons, back scattering
electron, characteristic X-ray, cathodoluminescence, etc. In SEM, the signals of interest
are the secondary electrons and the back scattering electrons; these electrons will turn
into current when measured, and the intensity of the current will be reflected on the
brightness of the image.
The SEM images in this thesis were collected with a Zeiss ULTRA plus Field
Emission Scanning Electron Microscope (FESEMs). The samples were glued onto an
aluminum sample holder using a double sided carbon adhesive. The electron beam was
accelerated with a voltage of 20kV. In this thesis, SEM was used to observe the
morphology of the pristine α-MnO2 nanorods and the MnOx species that were grown onto
the cathode electrode after they were charged and discharged. It was also use to examine
the quality of various carbon-based substrate materials as well as their capability of
reducing the rate of MnO2 electrodeposition.
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2.2.2 Transmission Electron Microscopy
Similar to SEM, Transmission Electron Microscopy (TEM) also uses high energy
electron beam to probe the structure of samples. In contrast to SEM though, TEM provide
information about interior compositions rather than surface of the sample; they generally
have higher resolution as well. In TEM, the electron beams are often much higher in
energy (60-300 keV), and it is the electrons that transmit through the samples which are
being measured. When passing through the samples, the interactions between the
electrons and the matters will change the number of measured electrons, which then lead
to a variation of brightness in the final images. Typically, TEM samples are limited to
have thickness under 1 μm; the exact values vary depending on power of the electron
beam.
The TEM images in this thesis were collected with a Philips CM 10 TEM and the
HRTEM (High resolution Transmission Electron Microscopy) images were obtained
from a FEI TITAN 80-300 LB TEM/STEM. The samples were first sonicated in ethanol
and then drop casted onto an amorphous carbon coated copper mesh. The electrons beam
of the TEM has energy of 60 keV and the HRTEM used one with 200 keV. TEM is used
to investigate the morphology transformation of the α-MnO2 nanorods after cycling. It
also assisted in confirming the morphology of the electrodeposited MnO2. Furthermore, it
was used to investigate the amorphous region found in the cycled MnO2 and to observe
the interlayer spacing directly. The results serve as important components in supporting
the reaction mechanism proposed.
2.2.3 Energy-Dispersive X-ray Spectroscopy
Energy-dispersive X-ray spectroscopy (EDX) is an analytical method used to
characterize and estimate the elemental composition and distribution of a sample. EDX is
often part of an electron microscope, it evaluate the characteristic X-ray given off by the
samples after they are stroked by the electron beam. The X-ray emission occurs when the
electron beams eject some ground/low energy inner shell electrons of the samples and
allows higher energy outer shell electrons to occupy those lower energy states by giving
off some of its energy through photon emission. Since the energy level of each electron
orbital is quantized and each element has its own unique set of orbital energy, each
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element must also have its own unique set of characteristic X-ray. Hence, by measuring
the number and energy of the emitted X-ray, the identity and composition of the samples
can be identified and approximated.
For this work, EDX and elemental mapping are used to characterize the MnO2
electrode before and after cycling. The amount and distribution of the five elements K,
Zn, Mn, C and O were measured and adapted to explain the transformation of the MnO2
nanorod. The EDX analyses of the electrodeposited MnOx species are also important for
supporting the proposed capacity growth and fading process in the RMAZM batteries.
2.2.4 X-Ray Diffraction Analysis
X-Ray Diffraction (XRD) analysis is a rapid and non-destructive characterization
technique that analyzes the crystal structures of given samples. It is often used to identify
samples by comparison with known JCPDS reference, and it can also provide useful
information such as grain sizes, strain and thermal expansion. The working principle of
XRD is based on the phenomenon of light interference, in which, the crystal lattice of the
samples act as diffraction grating for the incident light. In a typical scan, a
monochromatic light beam is directed to the sample in varying incident angles, and the
diffracted beam is measured. The Bragg’s Law (Equation 2.1) is the principle which
describes this process. In this equation, λ is the wavelength of the incident beam, θ is the
beam incident angle and d is the distance of the interplanar spacing. When θ takes a value
such that n becomes a positive whole integer, the diffracted rays will interfere
constructively, leading to resonance of the light wave and hence generate a peak in the
XRD spectrum. On a side note, the values of λ and d need to be in similar order of
magnitude for optimal diffraction, hence X-ray is often chosen as the beam source to
measure the interlayer spacing in the angstrom range.
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(2.1)

XRD measurements in this thesis were collected with Rigaku Miniflex 600 X-ray
Diffractometer equipped with a graphite monochromator and a Cu Kα radiation source
(λ=1.5406Å). The XRD scans were collected from 5ºto 80 ºwith a scan rate of 1ºmin-`1.
XRD was performed to investigate the crystal structure transformation of the α-MnO2 and
undesired electrodeposited MnOx species. The observation of the (001) diffraction peak
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of layered manganese oxides from cycled cathode electrode was the starting point in
formulating the newly proposed capacity fading mechanism. Furthermore, the shifting of
the α-MnO2 intrinsic peaks discovered by the XRD analysis was also important for
explaining the activation process of the α-MnO2 in the early cycles.
2.2.5 X-Ray Photoelectron Spectroscopy
X-Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy
for Chemical Analysis (ESCA), is a quantitative technique which analyzes the surface
chemistry of samples. Its functionalities include identification of elements, measurement
of elemental composition, as well as determination of chemical and electronic states of
the elements. XPS is built on the principle of photoelectric effect which describes the
phenomenon of electron emission from a solid medium by light radiation and introduces
the idea of Wave–particle duality. Using the principle, the measured kinetic energy of the
ejected electrons can be correlated to their binding energy in the atomic orbitals. Since
each element have a characteristic set of binding energies, the elements in a material can
be identified by simply comparing the measured spectrum to the known reference.
Furthermore, since binding energies may vary due to formation of chemical bonds or
change in oxidation states, shifting of the characteristic peaks can also provide useful
information of chemical and electronic states of the elements.
In this thesis, XPS analyses were conducted with a K-Alpha X-ray Photoelectron
Spectrometer System. The result was used to confirm the presence of Zn in the cathode
electrode, which is meaningful to explain the Zn-intercalation mechanism. Ex-situ 2p1/2,
2p3/2 and 3s adsorption peaks of manganese during different stages of cycling were also
studies for better understanding of the charge/discharge mechanism and the disproportion
reaction previously reported.
2.2.6 Raman Spectroscopy
Raman spectroscopy is one of the many spectroscopic techniques that use matter
and light interaction to probe structural and bonding information of molecules.
Specifically, it measures inelastic scattering of light by molecules, in which the
interaction between the light wave and the molecules changes the energy of the scatter
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light. Raman and infrared (IR) spectroscopies are often collected as complementary to
each other, they both use IR radiation that excite molecules to higher vibrational or
rotational states. IR and Raman adsorption are mutually exclusive in molecules that have
center of inversion. For a vibration to be Raman active, the vibration must cause a change
in polarizability of the molecules when it occurs; to be IR active, the vibration must
changes the dipole of the molecules.
In this thesis, Raman spectra of the samples were collected with a Bruker
Sentterra System using an excitation line with wavelength of 532 nm. Since α-MnO2 has
multiple Raman adsorptions near 640cm-1, 572cm-1, 385cm-1 and 183cm-1, each
representation a specific vibration of the MnO2 crystal ladder, Raman spectrum of αMnO2 can provide additional informational about the bonding state of the active material.
Furthermore, the ID and IG peaks of the expanded graphite were measured using Raman
spectroscopy to confirm their graphitization during the thermal shock treatment.
2.2.7 Inductively Coupled Plasma Atomic Emission Spectroscopy
Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is an analytic
technique that is capable of detecting and precisely measuring trace level of elements.
ICP-AES generally utilizes argon plasma generated by induction heating to thermally
excite electrons in an atom at a temperature around 7000 to 10000 K. The intensity
measurement of the characteristic radiation emitted by the excited atoms during their
relaxation process would then be used to determine the identity and concentration of
elements presence in the samples.
In this work, ICP-AES is performed with a Perkin Elmer Ltd. It was specifically
used to measure changes of manganese ion concentration in the electrolyte of a
carbon|ZnSO4+MnSO4|zinc wet cell. This experimental result was used to demonstrate
the correlation between the consumption of manganese ion and capacity growth of
RMAZM batteries.
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2.3 Electrochemical Characterization
2.3.1 Galvanostatic Discharge/Cycling
Galvanostatic discharge test is an electrochemical performance examination
method that provides key information of batteries. In this test, the Galvanostat applies a
constant current through the electrolytic cells until a cut-off voltage is reached while
measuring the cell potential. It identifies the voltages of the discharge plateaus as well as
the practical capacity of the batteries. Upon completion of the discharge process, the
direction of the current can be reverse to charge the batteries. For battery analysis, the
values of the current are usually set based on the theoretical capacity of the targeted
material. They are often represented in C-rate, which is inversely proportional to the time
in hours the current takes to completely drain the theoretical capacity of the material. For
example, MnO2 has a theoretical capacity of 308 mAh g-1, so currents of 308 mA and
1640 mA would be 1C and 5C for 1g of MnO2, respectively.
The life cycles and durability of batteries can be determined by prolong cycling of
Galvanostatic charge and discharge. Other important battery properties such as columbic
efficiency, specific capacity, energy efficiency, operating voltage can also be monitor in
these tests. Furthermore, testing criterions such as C-rates, number of cycles,
charge/discharge/resting periods, and cut-off voltage can also be varied to stimulate and
evaluate the performance of the batteries in specific conditions.

Figure 2.1 Sample illustration of the general coin cell assembly.
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In this thesis, the Galvanostatic discharge and cycling were conducted on a
LAND-CT2001A battery tester. The electrode materials were assembled into batteries
using CR-2032 stainless steel coin cells in ambient condition and an example of the coin
cell assembly is demonstrated in Figure 2.1. The MnO2 electrodes are prepared by either
the standard doctor blade method or a filtration method, more details of process will be
provided in later chapters. The 2M ZnSO4 and 0.1M MnSO4 electrolyte was precisely
controlled to be 50μL and the zinc plate has thickness of approximately 0.1 cm. The
circular carbon cloth has a radius of 0.9 cm, and it was added to reduce contacts and side
reactions between the electrolytes and the caps. Upon complete construction of the coin
cells, they were sealed with a coin cell punch machine. The electrochemical performance
of the MnO2 electrode were evaluate in the voltage range of 1.0 to 1.8V vs Zn/Zn2+. The
cycling durability of the MnO2 electrodes was evaluated at cycling rates of 1C and 5C.
The rate capability of the MnO2 electrodes was tested at 1C, 2C, 4C, 6C, 8C, and
10Cconsecutively; 5 cycles of charge and discharge are performed at each C-rate.
2.3.2 Cyclic Voltammetry
Cyclic voltammetry (CV) is an electrochemical analysis technique which can be
used to study the characteristics of electrolytic cells. In a general CV experiments, the
potential between the working and reference electrode is sweep linearly within a
predetermine voltage window, and the current produce at the working electrode is
measured during the process. A cyclic voltammogram can be generated by plotting the
current versus the potential, which allows direct investigation on the redox reactions of
the system. Continuous sweeping of the potential can also be used to inspect the change
of the system as well as the durability of the materials.
The CV scans in this thesis were collected using a Gamry Interface 5000E
potentiostat. The MnO2 was assembled into coin cells as previously describe and the CV
scans were collected in a two electrode system at a CV scan rate of 0.1 mV s-1. The CV
results mainly serve as complementary information to the data obtained from Galvanostat
discharge and cycling, providing extra information about changes of the reaction
mechanism during the activation process.
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3 Investigation of Manganese Dioxide Electrodeposition in
Rechargeable Mildly Acidic Zn-MnO2 Batteries
3.1 Introduction
As discussed in Chapter 1, the electrochemical reactions within RMAZM batteries
are a complex system that has multiple levels of variabilities. Although the batteries have
already demonstrated outstanding cyclability when cycled at high current density,
knowledge about their reaction mechanisms and possible side reactions are still limited.
Currently, there are the two reaction mechanisms that have received the most recognition
by the scientific communities. First is the zinc intercalation reaction, in which Zn2+ ions
inserted into the crystal lattice of MnO2 to form ZnMn2O4. During this reaction, the
MnO2 may or may not undergo phase transformation depending on it initial crystal
structures; α-, β-, δ- and λ- MnO2 have all been reported to undergo this reaction
mechanisms to some extent.31,32,109,113 The second mechanism is the conversion reaction
of MnO2 to MnOOH. This reaction path for MnO2 in mildly acidic condition is first
proposed by Pan et al.,21 and is also a well-known transformation of MnO2 in alkaline
conditions.23 However, both mechanisms alone cannot explain the discharge behaviors of
the batteries, which is later resolved by Sun et al. who proposed a mechanism in which
zinc intercalation and MnO2 conversion occur consecutively.112
Nevertheless, the current knowledge about the RMAZM batteries system is not
complete and there are still many questions about the left to be answered. For example,
although the capacity growing phenomenon has been reported, its negative impact and
reaction mechanism is still unknown. Performance degradation and long term
transformation of the cathode materials with Mn2+ additive presence in the electrolyte has
yet to be investigated. Finally, examining the activation process of the MnO2 may also
lead to identification of properties previously unknown. The answers to these questions
will improve basic understanding of the system that would eventually serve as the
foundation for further optimization of the batteries. As such, in this chapter, different
scientific/technical perspectives of the battery systems including MnO2 crystal structure,
surface morphology, electronic states and electrochemical performance are systematically
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studied. At the end, the results of these investigations are correlated and incorporated
with findings in previous publications to form a more refined and mature description of
the system.

3.2 Experimental Methods
3.2.1 Synthesis of α-Manganese Dioxide
The α–MnO2 nanorods were synthesized using a procedure demonstrated by
Pan et al. with minor modifications21. First, 0.003 M MnSO4•H2O and 120 μL of H2SO4
were added to 40 mL of deionized distilled water (DDI) and magnetic stirred at 500 rpm
for 10 mins. Then 0.2218 g of KMnO4 was dissolved in another 30 mL of DDI to form a
dark purple solution. The KMnO4 solution was then slowly added to the MnSO4 solution
under stirring at 500 rpm. Upon addition of the KMnO4 solution, minimal amount of
brown precipitate will appear and the mixture was stirred in room temperature for another
2 hrs. The solution was then sealed within a Teflon lined hydrothermal synthesis
autoclave reactor and heated at 120 ºC for 12 hrs. The solvent would turn colorless and
transparent when the reaction is completed. The brown powder product was collected by
filtration and was washed by DDI and ethanol (EtOH). Lastly, they were dried in a
vacuum oven at 80 ºC for another 12 hrs before characterization and electrochemical
testing.
3.2.2 Preparation of Manganese Dioxide Electrode
First, α–MnO2 nanorods, Super P carbon and Polyvinylidene fluoride (PVDF)
were added to a glass vial in a weight ratio of 70:20:10 with N-Methyl-2-pyrrolidone
(NMP) as solvent. The weight ratio of the solvent and the solid material is 10:1. The
mixture is magnetically stirred at 500 rpm for 5 mins, and then at 300rpm overnight
(>12hrs) to obtain a homogeneous slurry. The slurry was then doctor blade coated onto a
carbon fiber paper to form the MnO2 electrode. The electrode was left to dry in ambient
air for over 2 hrs and then dried in a vacuum oven at 80 ºC overnight (>12hrs).
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3.2.3 Preparation of Polymer-free/Self-standing Manganese Dioxide electrode
15 mg α–MnO2 nanorods and 5 mg carboxylate activated carbon nanotubes (CNT)
were first mixed in 40mL of EtOH. The dispersion is then sonicated for over 3 hrs in a
seal beaker. After sonication, the dispersion was filter onto a glass fiber (VWR, Glass
Microfibre Filter 691, 4.5cm diameter) to form the polymer-free electrode. The thin film
electrode was dried in ambient condition overnight (>12hrs) and weighted before use.
The active material loading is approximately 1.5mg cm-2. To prepare the self-standing
electrode, the dispersion was filter onto polyethersulfone filter papers (Pall Corporations,
Supor® membrane), and then peeled off after the electrode was dried. Pure CNT films of
similar mass were prepared as reference using the exact same procedure, but without any
of the MnO2.

3.3 Results and Discussions
3.3.1 Characterization and Electrochemical Analysis of α-MnO2
The as-prepared MnO2 brown powders were first characterized by XRD, Raman
spectroscopy, SEM and TEM. As shown in the XRD result (Figure 3.1a), the MnO2
powder exhibit major diffraction peaks at 12.8º, 18.1º, 28.8º, 37.5º, 42.0º, 49.9º, 56.4º,
60.3º, 69.7ºand 78.6º, corresponding to the (110), (200), (310), (211), (301), (411), (600),
(521), (541) and (332) diffraction, respectively. The result aligns entirely with the peaks
of α-MnO2 reference (JCPDS: 44-0141), confirming the crystal phase of the sample. The
adsorption peaks at 183, 383, 576 and 640 cm-1 measured in the Raman spectroscopy
(Figure 3.1b) resemble the ones that have been previously reported. They were assigned
to the external vibration of the MnO6 translation motion, Mn-O bending mode and the
latter two peaks are proposed to be originated from the lattice breathing vibration120,121.
SEM image of the α-MnO2 (Figure 3.1c) shows that they have a nanotube-like
morphology, with widths ranging between 20 to 100 nm and lengths between of 1 to
5 μm. TEM image of the α-MnO2 nanorods (Figure 3.1d) also displays similar findings
on the material dimensionality. Additionally, it shows that some of the nanorods may
have a hollow interior. The observed morphology of the α-MnO2 also matches well with
previously reported results.21
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Figure 3.1 a) XRD analysis b) Raman spectrum, c) SEM image and d) TEM image of α-MnO2 nanotubes.

After confirming the identity of the α-MnO2 nanotubes, they were prepared into a
standard electrode by doctor blade coating and were assembled into coin cells with a zinc
plate anode using 2 M ZnSO4 electrolyte with or without 0.1 M MnSO4 additive. The
open circuit voltage (OCV) of these batteries ranges between 1.40-1.45 V and often
lowers to near 1.38 V after prolong periods of resting. Figure 3.2a is the first two charge
and discharge curves of the two batteries under 1 C drain. Aside for minor differences in
the total specific capacity, there are very little differences between the discharge curves
of the two batteries. In the first discharge sequence, the voltages of both batteries would
first quickly fall from OCV to 1.20V-1.25 V and remain relatively constant until near the
end of the discharge process, when the voltage will fall sharply to 1.0 V. In the second
cycle, the discharge curve changes into one with two plateaus locating at 1.45 V and
1.35 V, which have been assigned to the conversion reaction and Zn-intercalation
reactions, respectively.112 Though, the reasons for the change between the first and
second cycle remains unresolved. As for the charging curves, two plateaus can be found
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at 1.5 V and 1.6 V. The major differences between the first and second charge curves are
the reduced overall capacity as well as the shift in the contribution of the two plateaus.

Figure 3.2 a) Galvanostatic charge and discharge curves in the first two cycles and b) specific capacity profile at
1C of the Zn/α-MnO2 batteries with and without 0.1 M MnSO4.

Figure 3.2b is the specific capacity profiles of the two batteries cycled at 1C.
Both batteries maintain columbic efficiencies of over 99% for majority of their life span.
The battery without the Mn additive shows fast capacity fade in the first 20 cycles which
continued but with slower rate in latter cycles. This result is in agreement with results in
previous publications.21,113 Surprisingly, batteries which used the MnSO4 additives not
only have reduced capacity fade, but demonstrated long periods of capacity growth for
over 75 cycles. During which, there are no significant changes in voltages of the
discharge plateaus. The capacity peaks at values near 320-330 mAhg-1 which is beyond
the one electron theoretical capacity of MnO2, hence, the capacity growth cannot be
caused by the slow activation of the material.
Moreover, pre and post cycling SEM images of the electrode surface (Figure 3.3a
and 3.3b) and SEM and EDX analysis of the electrode cross section (Figure 3.4a, 3.4b
and 3.4c) discovered a brand new layer of porous MnOx nanosheets covering the initial
α-MnO2 nanorods and the carbon nanoparticles. As shown by the EDX mapping, this
layer has significantly less carbon content compare to the originally coated layer,
indicative of the fact that they are grown on upon cycling. Base on the above result, a
possible hypothesis for the capacity growing result is that additional MnOx are slowly
being generated during the cycling process by in-situ electrodeposition of the pre-added
Mn2+ ions and contributed extra capacity. According to standard potential calculations
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(Appendix 6.1), the Mn electrodeposition reaction becomes thermodynamic favorable
when a voltage above 1.53V vs. Zn/Zn2+ is applied. This voltage is well within the
operating voltage range (1.0 - 1.8V vs. Zn/Zn2+) of the RMAZM batteries and will
constantly occur unless forbidden by other factors.

Figure 3.3 a) SEM images of standard α-MnO2 electrode before and b) after cycling.

Figure 3.4 a) SEM cross section image of the cycled α-MnO2 electrode and b, c) corresponding SEM and EDX
analysis of an area in the cross section of the cycled α-MnO2 electrode.
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The above hypothesis regarding the occurrence of in-situ Mn2+ electrodeposition
aligns with findings in few recent studies, but investigations of the phenomenon have
focused only on the benefits it provide such as extra capacity and extra electrode
protection.31,108 Yet, possible consequences and factors which influence or control the
phenomenon were hardly mentioned nor studied. For example, a rarely discussed but key
observation about the phenomenon is that upon peaking, the battery capacity is not
maintained, instead it would begin to experience fading at a fast rate. The battery would
lose more than half of its peak capacity in the next 100 cycles, and the reduction will
slow down only when the capacity falls below 50 mAh g-1 or 25% of the initial battery
capacity, at which the battery have very little practical value.

Figure 3.5 a) Specific capacity profiles of the RMAZM batteries with different cycling protocols, b) different
amount of electrolyte and c) different MnSO4 concentration. d) Galvanostatic discharge curves of RMAZM
batteries using 0.5M MnSO4 additives at different cycles.

To learn more about the phenomenon, RAMZM batteries were prepared with
different specification and further examined under different cycling conditions. First, the
batteries were tested with three cycling protocols, one with standard cycling in which the
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batteries are charge and discharge consecutively at 1C; the next protocol adds a two
minute resting interval between every charge and discharge sequence; the final protocol
adds an additional 15 mins of constant voltage hold at 1.8V after every charging process.
Figure 3.5a is the cycling performance of the batteries collected with the three
testing conditions. It shows that both the resting period and the 15 mins constant voltage
hold accelerated the rate of capacity growth. The later result is not surprising, since
longer charging time provide more time for Mn2+ electrodeposition. The surprising
finding is the connection between resting period and capacity growth; it suggest the
kinetics of the electrodeposition in the batteries is likely dependent on the adsorption of
Mn2+ ions to the electrode surface, which provides an alternative options in
resolving/supressing the issues. Another observation about these batteries with
accelerated growth is their earlier plateaus and degradation. The link between accelerated
growth and earlier peak/degradation hints the presence of a limiting factor for the
capacity gain, and logical reasoning would point to the amount of available Mn2+ ions in
being this factor.
Base on the above observations and reasoning, a direct method to extend the
battery life span would be increasing the available Mn2+ ions either in the form of
increasing electrolyte amount or increasing MnSO4 concentration. Figure 3.5b shows the
standard 1C cycling performance of RMAZM batteries with 50μL and 100μL of 2M
ZnSO4 + 0.1M MnSO4 electrolyte. The extra electrolyte (or extra Mn2+ ions) extended
the capacity growing and peaking period, but the battery capacity do eventually decades
after the plateau. At first glance, the method succeeded, but it has little practical value as
excessive amount of electrolyte would render the overall battery energy density. Figure
3.5c displays the effect of increasing MnSO4 concentration to RMAZM batteries.
Unfortunately, it is ineffective in resolving the issue as well. In fact, the battery with
0.5M MnSO4 additive lost more than a quarter of its capacity within the first 50 cycles.
While the capacity do stabilized afterward, it is at values (~160 mAh g-1) which are no
longer competitive and the decay would still occur after 200 cycles. Figure 3.5d displays
the discharges curves of the battery using 0.5M MnSO4 at the 1st, 10th, 30th and 50th
cycles. It shows that the main capacity degradation during this period occurs in the 1.35V
plateau, while the capacity of the 1.45V plateau saw little decay. Previous studies have
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reported that adding excessive amount of MnSO4 will cause adverse effects to the reoxidation of manganese oxide, but the exact concentration limit fluctuate with systems
and the specific mechanism is not well understood.21,112

Figure 3.6 a) Diagram illustration of the graphite/Zn wet cell b) capacity and Mn concentration vs. cycle number
graph of the graphite/Zn wet cell

To

further

confirm

the

correlation

between

capacity

growth,

Mn2+

electrodeposition and Mn2+ ion concentration, a wet cell consisting of graphite cathode,
zinc anode and excessive amount of 2M ZnSO4 + 0.1M MnSO4 electrolyte (10mL) were
prepared and cycled with additional resting periods and constant voltage holds (Figure
3.6a). As demonstrated in Figure 3.6b, the wet cell had near zero capacity in its first
discharge which grew as the cycling process continues. Small amount of the wet cell
electrolyte were collected at the 0th (initial), 50th, 100th, 300th and 500th cycles and their
Mn concentrations were measured with ICP-AES. From the result, it is clear that Mn ions
in the electrolyte are constantly being consumed. Given enough time, the Mn
concentration will fall to levels that would no longer be capable of preventing the
capacity degradation.
Based on the obtained results so far, one can state with confident that MnOx
electrodeposition does occur within RMAZM batteries and it is consuming Mn ions
which would eventually lead to detrimental issues that degrade longevity of the batteries.
Simple experiments on various electrolyte factors indicate that there is no easy fix to the
issues. Therefore, it is necessary to study the phenomenon and obtain information that are
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necessary to minimize the issue and further optimize the system toward better
electrochemical performance.
3.3.2 Investigation of In-situ Manganese Oxide Electrodeposition
For more explicit and convenient investigations on the Mn2+ electrodeposition
phenomenon, polymer and current collector free electrodes were prepared by direct
filtration of the cathode material (α-MnO2 and CNTs) onto glass fiber separators. Figures
3.7a and 3.7b are photos of the CNT only and the α-MnO2 and CNT (MC) thin film
electrodes. The separator-cathode assemblies were measured to have a thickness of
around 0.4 mm (~0.2 mm filter + ~0.2 mm electrode material). The electrode can also be
prepared in a self-standing manner, with higher CNT content, which shows degree of
flexibility that may be applied to flexible electronics (Figure 3.7c and 3.7d).

Figure 3.7 a) Photo of the CNT and b) MC thin film seperator-assembilitie. c) d) Photos of the self-standing MC
electrode.
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Examinations of the CNT and MC electrodes using the protocol containing the
resting period and constant voltage hold steps show that both electrodes experience
capacity growth and subsequent decade analogous to that of the standard electrodes
(Figure 3.8a). As expected, the CNT electrode with insignificant amount of active
material demonstrates near zero capacity initially and gains capacity as the cycling
process continues. When MnSO4 is not added to the electrolyte, the capacity growing
phenomenon cease to occur, further confirms that extra capacity are being contributed by
species generated through Mn2+ electrodeposition. Figure 3.8b shows the discharge
curves of both MC and CNT electrodes at their 1st, 2nd, and 50th cycles. The MC electrode
has discharge curves very similar to that of the standard electrodes, demonstrating a flat
discharge plateau at 1.23V in the first discharge, which splits into two plateaus at 1.44 V
and 1.35 V in later cycles. The capacity growth did not significantly change the plateaus
voltage, and merely increase the length of the plateau. The CNT electrode on the other
hand demonstrates no discharge plateau in the 1st cycle and a small sloping discharge
curve in the 2nd cycle. By the 50th cycle though, two distinct discharge plateaus at 1.4V
and 1.3V can be found, which are very similar to ones display by the MC electrode. The
resemblance suggests a high likelihood of the deposited MnOx participating in similar
electrochemical reactions as the original active materials.

Figure 3.8 a) Discharge capacity profiles and b) Galvanostatic charge/discharge curves at 1st, 2nd and 50th cycles
of MC and CNT electrodes.
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Figure 3.9 a) SEM image of the surface of the MC electrode before and b) after cycling, c) SEM image of the
surface of the MC electrode before and d) after cycling, e) TEM images of MnOx nanosheets from MC and f)
CNT electrodes.

Figure 3.9a, 3.9b are SEM images of the as-prepared and cycled MC electrode
surface, and the SEM images of the CNT electrode surface before and after cycles of
charge and discharge are displayed in Figure 3.9c and 3.9d. In the images of the as
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prepared electrodes, the thin and curved strings are CNT, while the wider and straight
rods are the α-MnO2 nanorods. Just like the observation with standard electrodes, these
two materials can no longer be observed on the electrode surface after cycling and are
replaced by layers of MnOx nanosheets. The dimensions of the nanosheets are further
confirmed by TEM analyses to be around 100-200 nm (Figure 3.9e and 3.9f). The
consistent observations of the nanosheets across all three electrodes confirm the
reproducibility

of

the

Mn2+ electrodeposition

phenomenon

and

suggest

the

electrodeposition is an independent reaction which will occur in the system regardless of
the cathode material.

Figure 3.10 a) XRD spectra of CNT electrode and b) MC electrode at their initial, peak capacity and degraded
states.

The XRD spectra of CNT and MC electrode at their initial, peak capacity and
degraded states were also measured and the results are shown in Figure 3.10. As shown
(Figure 3.10a), the CNT electrode initially only demonstrated the intrinsic carbon peak at
27º, but upon cycling to their peak capacity state, a complex polymorph system
containing diffraction peaks associated with multiple MnO2 crystalline phases were found.
The system contains a strong peak of layered birnessite-MnO2 (δ-MnO2) (JCPDS 801098) found at 9º(001), weak diffractions of ε-MnO2 (JCPDS 30-0820) at 37º(100), 42º
(101), 56º(102) and 66º(110), and small peaks at 18º(101), 33º(103), 36º(211), 54º
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(312) and 58º(321) that are often attributed to spinel ZnMn2O4 (λ-ZnMnO2) (JCPDS 181484/77-0470). These MnO2 crystalline phases have all been reported to participate in
typical redox reaction of RMAZM batteries, confirming them as the cause of the capacity
growth phenomenon.31,109,112 However, based on the result thus far, origin of each
crystalline phases still cannot be stated with certainty, and further analyses of their
transformation mechanism will be discussed in later chapter.
As the CNT electrodes are cycled to their degraded states, most of the above
mentioned MnO2 peaks can no longer be found; even the most distinct (001) diffraction
of δ-MnO2 at 9º is barely identifiable. The only remaining crystal phase is the λZnMn2O4 with diffraction peaks at 18º(101), 28º(112), 33º(103), 36º(211), 38º(004),
51º(105), 58º(321) and 64º(314) that has been linked to performance degradation.110 λZnMn2O4 is also known to be electrochemically inactive in alkaline condition and is a
major contributor to capacity degradation in RAM batteries.90-92 Its presence in a
degraded CNT electrode would therefore be completely logical and provides a specific
target for optimization plans following the investigation. It is noted that some studies did
attempt to modify these spinel Mn species with defect engineering to boost their
performance as cathode material in mildly acidic system, but their capacities are simply
uncompetitive compare to other MnO2 crystal phases.108,109
In the XRD analysis of the MC electrode, similar results about the system were
found (Figure 3.10b). Initially, the MC electrode clearly demonstrates the intrinsic
diffraction peaks of α-MnO2 and CNT. Upon cycling to its peak capacity, many of the
weaker α-MnO2 diffractions are erased; the stronger peaks such as (110), (200), (310) and
(211) do remain, but experience significant intensity decline and widening. The
diffraction of ε-MnO2, δ-MnO2 and λ-ZnMn2O4 were found once again in the cycled
cathode electrode and their location resemble with the ones found in the CNT electrode,
evidencing their formation being an intrinsic trait of the RMAZM battery system. Finally,
when the battery electrode is cycled to its end state, the diffractions of ε-MnO2 and δMnO2 disappeared and λ-ZnMn2O4 is again the only remnant found in the electrodes. The
XRD spectra of the end-state MC and CNT electrode are strikingly similar, further
confirming the negative influence of λ-ZnMn2O4 has on the battery performance. Given
that MnSO4 additive was used in the electrolyte, these results point to a fact that despite
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successful suppression of the well-known Mn2+ dissolution issue, high rechargebility of
the battery is still not guaranteed. Additional preventative measure should also be put in
place to prevent the formation of electrochemically inactive side products.

Figure 3.11 a) XPS scan survey of the cycled CNT electrode b) Mn 2p c) Mn 3s and d) O1s spectra of the cycled
CNT and pristine MC electrode.

XPS analysis comparison of the electrodeposited MnO2 and pristine α-MnO2 can
also provide insights of the similarities and differences of the two crystal phases. Figure
3.11a is the XPS survey spectrum of the cycled CNT electrode containing the
electrodeposited MnO2 at its charged state; signals from the elements of Zn, Mn, C and O
can clearly be found in the spectrum. The presence of Zn adsorptions indicate the
incomplete extraction of Zn from the MnO2 crystal lattice during the charging process,
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which can be link to the formation of the undesired λ-ZnMn2O4; it would also serves as
another strong proof which would support that the MnO2 do undergo Zn intercalation
reaction. Figure 3.11b compares the Mn 2p of the electrodeposited MnO2 with pristine αMnO2, overall the location of the Mn 2p1/2 and Mn 2p3/2 are similar, but slight peak shape
differences can be observed. The 2p adsorption of Mn is known for its complexity caused
by multiple oxidation states having multiplet splitting that overlap,122 which often leads
to misinterpretation and false assumption, thus no further data analysis is performed on
these spectra.
Instead, the Mn 3s adsorptions (Figure 3.11c) are used to identify the oxidation
states of the MnO2. In the Mn 3s spectra of pristine α-MnO2 nanotubes, the two fitted
peaks are separated by an energy interval of precisely 4.8eV, which indicates an
oxidation state of 4+ and the chemical formula of MnO2.123 For the electrodeposited
MnO2, the Mn 3s spectra overlapped with the much more intense Zn 3p adsorption
covered large portion of the target area, however, through data fittings, oxidation states of
the Mn within the electrodeposited MnO2 can still be identified to be within the range of
3+ to 4+. More information about the MnO2 crystal structure can also be obtained from
the O 1s spectra of the two cathode electrodes (Figure 3.11d). In the α-MnO2, lattice
oxygen (OMn-O-Mn) is the large majorities of the adsorption, and only small amount of
oxygen from oxyhydroxide defect (OMn-OH) and adsorbed/lattice water (OH2O) can be
observed. In contrast, the O 1s spectra of the CNT with electrodeposited MnO2
demonstrate a much higher OMn-OH to OMn-O-Mn ratio, suggesting high amount of oxygen
defects in the crystal structure. High OH2O content is also observed and these oxygens are
likely from the lattice water that locates between the MnO2 layers within δ-MnO2.
In this section, the capacity growing phenomenon observed in RMAZM batteries
was confirmed to be a result of new active material generation from electrodeposition of
the Mn2+ ion additives. The electrodeposited nanosheets layers found on the cycled CNT
and MC electrodes were identified to be a Mn polymorph with high oxygen defect
contents that consist of three types of MnO2, ε-MnO2, δ-MnO2 and λ-ZnMn2O4; λZnMn2O4 specifically is found to be the only remaining species in the end state electrodes,
linking it tightly with performance degradation. Importantly, it was discovered that the
crystal structure of α-MnO2 is barely maintained over long period of low C-rate cycling
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and the polymorph eventually becomes the major content in the cathode electrode. To
resolve the performance degradation issue, one must then identify key mechanistic steps
that may be of use to inhibit the undesired side reactions, and understand the origin and
properties of each of the three MnO2 species. In the following section, the crystal
transformation of the pristine and electrodeposited Mn species will be investigated,
compared and linked to explain the above observation; these will then serve as the
foundation for drafting a degradation mechanism of MnO2 in RMAZM batteries.
3.3.3 Transformation Mechanism of Pristine and Electrodeposited MnO2

Figure 3.12 a) SEM image and b) XRD spectrum of MnO2 electrodeposited onto the CNT electrode surface by
48 hrs of 1.8V constant voltage hold

To begin the analysis of the mechanistic investigation, a specific experiment, in
which CNT electrodes were charged with a constant voltage hold at 1.8V for 48hrs, was
performed to identify the initial crystal phase of the MnOx that is electrodeposited onto
the cathode electrode. Figure 3.12a is the SEM image of the pre-charged CNT electrode
surface that shows agglomerated MnO2 nanosheets grown onto the CNT surface. In its
XRD spectrum (Figure 3.12b), four distinct diffraction patterns belonging to ε-MnO2 can
be clearly observed, and the additional peak at 27ºpeak that is assigned to the CNT.
These results suggest that ε-MnO2, a tunnel type MnO2 that is the defected derivatives γMnO2 with high degree of disorder, is the only crystal phase of MnO2 that is in-situ
electrodeposited in the specific environment during the cycling process within RMAZM
batteries.112
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Figure 3.13 a) Galvanostatic charge/discharge voltage vs time curves and b, c) corresponding XRD patterns of
the CNT electrode with electrodeposited ε-MnO2 at different state of charge and discharge.

43

After confirming the initial crystal state of the electrodeposited MnO2, further
analyses on the CNT and MC electrode were performed to compare the short term
transformation mechanism of the different MnO2. Figure 3.13a and 3.13b are the voltage
vs time curve of CNT electrode deposited with ε-MnO2 under Galvanostatic cycling and
the corresponding ex-situ XRD spectra of the electrode at different electronic states. The
XRD spectra are further divided into magnified sub-sections (Figure 3.13c) to allow
thorough extraction of the results. As shown, in state A (as deposited), is the only type of
MnO2 that is presence; the peak intensity were weakened in state B (discharged to 1.4V)
but the overall crystal structure remain the same. At state C (discharged to 1.3V), three
major peaks at 8.0º, 16.1º and 24.3º corresponding to the (001), (002) and (003)
diffraction of birnessite-ZnMn2O4 (δ-ZnMn2O4) (JCPDS 80-1098) emerge, evidencing
the formation of the new specie. In the meantime, signals that are assigned to the ε-MnO2
became barely detectable, suggesting the disappearance of the original crystal phase.
Upon entering state D (discharged to 1.0V), on top of the consolidation of the δZnMn2O4 signals, diffractions related to λ-ZnMn2O4 such as the (112), (103), (211), (004),
(204), (105), (321) and (224) found at 27.5º, 33.0º, 36.3º, 38.4º, 50.1º, 53.1º, 58.5º, and
59.3ºhave also appeared. The observation of the ZnMn2O4 species are not surprising as
δ-ZnMn2O4 is often regarded as the main discharged product of tunnel type
MnO2,31,111,124 whereas λ-ZnMn2O4 is also reported previously as discharge product of γMnO2 and layered- MnO2 and has been link to irreversible.110,125
The crystal structure transformation is more or less reversed when the battery is
charged. In state E (recharged to 1.5V), when the cathode electrode is recharged to 10-20%
of its capacity, the intensity of peaks associated with λ-ZnMn2O4 is significantly
weakened, signaling their slow disappearance through extraction of Zn ions from the
crystal lattice. In the meantime, there are no major changes to the intensity of the δZnMn2O4 peaks, but significant shifts toward higher diffraction angle are observed,
which indicates the narrowing of crystal interlayer spacing caused by Zn ion extraction.
Upon charging to state F (recharged to 1.6V), majority of the aforementioned
MnO2/ZnMn2O4 peaks are barely identifiable, and at state G (recharged to 1.8V),
weakened signals of ε-MnO2 re-emerge with unparalleled intensity, as the peaks at 37º
and 66º show relatively stronger intensity, which would indicates the formation of
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amorphous MnO2. The results likely suggest weak structural integrity of the
electrodeposited ε-MnO2 as one cycle of charge and discharge significantly change its
XRD spectrum, which would influence its reversibility in long term cycling.

Figure 3.14 a) Galvanostatic charge/discharge voltage vs time curves and b, c) corresponding XRD patterns of
the α-MnO2 MC electrode at different state of charge and discharge.
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MC electrodes prepared with α-MnO2 were also examined by ex-situ XRD in a
similar manner (Figure 3.14a, 3.14b and 3.14c) for comparison purposes, and some
important information about the system was obtained. Starting from the first discharge,
diffractions associated with δ-ZnMn2O4 and λ-ZnMn2O4 were found early in the process
at state B (discharged to ~90% capacity) and further strengthen in state C (discharged to
1.0V). Unlike the scenario with electrodeposited ε-MnO2 though, there is no distinct
variation between their intervals of appearance. Also during this period, the peaks of αMnO2 were significant weakened, but never completely removed, which likely indicates
the introduction of defects within their crystal lattice. When the battery is recharged
through state D (recharged to 1.5V), state E (recharged to 1.6V) and state F (recharged to
1.8V), the intensity of these α-MnO2 peaks was largely recovered to its original status,
evidencing a high reversibility of the crystal lattice toward discharge and charge. Though,
shifts toward higher angles were observed with these peaks, which reflects the narrowing
of interlayer spacing and crystal tunnel sizes caused by the extraction of K+ ions
originally reside within the tunnels. In the meantime, while diffractions of δ-ZnMn2O4
and λ-ZnMn2O4 are still detectable at state D, they can no longer be observed in state E
and F, confirming their complete disappearance from the system when the battery is
recharged either by returning to α-MnO2 or through formation of amorphous MnO2.
In the second discharge, multiple differences are found in the transformation
process of the MnO2 crystals accompany by a different discharge curve. To start, through
the interval of state F to state G (discharged to 1.5V) and Stage H (discharged to 1.3V),
aside from the intensity reduction, the α-MnO2 diffraction also experience shift toward
lower angle. This behavior can be explained by either zinc intercalation that expands the
crystal tunnel/interlayer spacing or conversion (or H+ intercalation) reaction that convert
proportion of the oxide to oxyhydroxide without changing the overall crystal structure.
Given that a previous study has reported fast kinetic and independency on Zn ions of the
discharge plateau between 1.8V to 1.3V,112 there is a higher possibility for the latter of
the two reaction to be the correct answer. The occurrence of the α-MnO2 peak shifting
toward lower angle would end in state H, in which the diffractions of δ-ZnMn2O4 and λZnMn2O4 begin to re-emerge, and strengthen as the battery reaches state I (discharged to
1.0V). Comparing to the first discharge, the appearance of these two ZnMn2O4 phases in
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the second discharge are significantly delayed and only occurred in the latter half of the
process, which implies a change in the discharge reaction. This claim is also supported by
the distinct time segregation between the occurrence of the α-MnO2 peak shifting and the
re-emergence of the two ZnMn2O4. It is worth to mention that the effects of pre-charging
the RMAZM battery to 1.8V prior to the first discharge was also investigate, and the
results show that it does not cause meaningful variation aside from adding a highly
sloped discharge curve with very small amount of capacity between 1.8V to 1.25V. This
would further confirm that the new plateau at 1.35V-1.45V in the second discharge is a
direct result of the crystal lattice modification the α-MnO2 experience during the first
discharge.
The above analysis on the short term transformation of the ε-MnO2 and α-MnO2
also provided extra details and answers to some of the questions left on the XRD spectra
of the electrodes after long term cycling (Figure 3.10). First, of the three Mn species
within the MnO2 polymorphs found on the CNT electrode at their peak capacity state,
only ε-MnO2 is directly electrodeposited. Its limited reversibility when cycled to δZnMn2O4 or λ-ZnMn2O4 during discharge and charge would explain their slow
conversion to the layer type δ-MnO2 and spinel type λ-ZnMn2O4. Moreover, of the two
ZnMn2O4 crystal phases, δ-ZnMn2O4 is likely the initial discharge product given their
earlier occurrence, but it can be converted to λ-ZnMn2O4 when further discharge; the
reversibility of this step should also be limited as well, given the observation of λZnMn2O4 as the sole remaining crystal in the end state electrode. The long term
transformation mechanism of the ε-MnO2 would then be, first to δ-MnO2 and then
eventually to λ-ZnMn2O4 that is electrochemically passive.
As for the MC electrode, while δ-ZnMn2O4 and λ-ZnMn2O4 are found to be
unavoidable species that will form when α-MnO2 is discharged, it was also discovered
that they are return to their original form when charged. The δ-MnO2 and λ-ZnMn2O4
observed in the cycled MC electrode would therefore more likely be resultants of the εMnO2 after it is electrodeposited and underwent the cycling process. As previously
mentioned, the MnO2 electrodeposition process consumes the limited Mn2+ ions within
the electrolyte; the eventual depletion of the Mn2+ ions would mean the alleviation of
their protection that prevents the dissolution and consequently performance degradation
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of the main active cathode material. Overtime, all of the original α-MnO2 would slowly
deteriorate through dissolution and then re-deposited in the form of ε-MnO2, follow by
transform to δ-MnO2, and eventually to λ-ZnMn2O4.

Figure 3.15 The HRTEM images of a) α-MnO2 nanorod, b) electrodeposited MnO2 nanosheets and c)
intersection of a nanorod and nearby nanosheets. The insect images are the FFT and Inverse FFT of the selected
areas.

The above claim about the transformation process is further supported by high
resolution TEM (HRTEM) images of MC electrodes at their charged state that undergone
around 50 cycles of Galvanostatic discharge and charge (Figure 3.15). Figure 3.15a and
Figure 3.15b are HRTEM images of the α-MnO2 nanorod and the MnO2 polymorph
nanosheets. As shown, the α-MnO2 nanorod demonstrate long range periodic ordering
that span over its entire structure, whereas the nanosheets are divided into areas that
either have amorphous properties or contain small area of crystal fringes that are isolated,
further confirming the disordered structure of these materials. Figure 3.15c shows the
HRTEM image of an intersection of a nanorod and nearby nanosheets in a cycled MC
electrode. Three areas of distinctly different crystal structure can be found. Enclosed
within Area I is the crystal fringes of the cycled α-MnO2 nanorod, fast Fourier transform
48

(FFT) pattern of this area can be indexed to the [001] zone axis of a typical tetragonal
species and the inverse FFT (IFFT) image also clearly shows the typical α-MnO2 [200]
and [220] lattice fringes with d-spacing of 0.45 nm and 0.31 nm, respectively, reassuring
that the crystal structure of the α-MnO2 nanorod is still maintained after 50 cycles
Galvanostatic cycling. Area II and Area III are two separated regions of the cycled
electrodeposited MnO2 polymorphs that demonstrate distinctly different FFT patterns
which could be indexed to the [010] zone axis of tetragonal λ-ZnMn2O4 and [010] zone
axis of monoclinic δ-MnO2, respectively. IFFT image of area II shows two sets of crystal
lattice fringes, each with interlayer d-spacing of ~0.27 nm, that form a ~60ºangle, and
they can attributed to the [103] and [200] facets of λ-ZnMn2O4. In comparison, the
intersecting lattice fringes found in the IFFT image of area III demonstrate interlayer dspacing of 0.25 nm and 0.32 nm, forming an angle of ~79 degrees. They can be assigned
to the [200] and [003] diffractions of δ-MnO2. Overall, the HRTEM analysis of the
cycled electrodes further confirm the hypothesis that undesired consumption of Mn2+ ions
by ε-MnO2 electrodeposition and eventual formation of electrochemically inactive λZnMn2O4 through such transformation route is the main cause of performance
degradation in RMAZM batteries that used Mn ion additives.

Figure 3.16 a) 1st, 2nd and 3rd Galnostatic discharge curves of RMAZM batteries using 2M MnSO4 or 2M ZnSO4
+ 0.1M MnSO4 electrolyte. b) XRD diffraction patterns of MC electrode in RMAZM batteries discharged to
1.0V with 2M MnSO4

For curiosity purposes, an additional experiment was conducted to probe the
electrochemical reaction of α-MnO2 without Zn ions by changing the electrolyte from 2M
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ZnSO4 + 0.1M MnSO4 to 2M MnSO4. Interestingly, the battery discharge curves changed
completely (Figure 3.16a), in which the first discharge curve shows a plateau that span
over 0.90V to 0.95V; discharge curves of the following cycles are all sharply sloped and
the capacity would quickly fade below 20% of the starting values. This result contradict
entirely with a previously publish study about the behavior of electrodeposited ε-MnO2,
whose discharge plateau with 1M MnSO4 electrolyte is largely equivalent to the 1.4V
plateau assigned to the conversion reaction observed in RMAZM batteries using 2M
ZnSO4 + 0.1M MnSO4.112 Post discharged XRD analysis of the MC electrode indicates
that spinel Mn3O4 (JCPDS: 01-1127) and carbon are the only remaining species. This
difference in behavior may be explained by the absence of defects in the highly
crystalline α-MnO2 that would occur much more frequently in as-deposited ε-MnO2. The
result would also suggest that Zn intercalation must be the only reaction in the first
discharge, the defect installed to the crystal structure during this process must then be
what allows the conversion reaction to occur.

Figure 3.17 Schematic illustration of the long term crystal transformation of α-MnO2 within RMAZM batteries
that adapted Mn ion additives.
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Summing all of the mechanism investigation results, a long term transformation
process of MnO2 species within RMAZM batteries is summarized and demonstrated in
Figure 3.17. As illustrated, the main reason of performance degradation in these batteries
is the eventual conversion of all Mn species (α-MnO2 and Mn2+ additives) to the
electrochemical passive λ-ZnMn2O4. The conversion path consist of three major
individual steps, which include I) uncontrolled MnO2 electrodeposition that slowly
consumes the Mn additives in the electrolyte, II) dissolution/disproportion reaction of the
primary cathode material (α-MnO2) following the depletion of Mn additives and III) the
transformation of the electrodeposited Mn species to λ-ZnMn2O4. It is worth noting that
the formation of δ-MnO2 is not considered a problem due to its moderate capability as an
intercalation-type cathode material.31 However, their transformation to λ-ZnMn2O4
reported by previous study and confirmed by the experimental results would still be
problematic.110
Of the three steps above, the MnO2 electrodeposition (Step I) is the main trigger
of the entire degradation process, it is the main driving force that pushes steps II and III
to occurs and the deterioration to proceed. Although previous studies did associated some
benefits to this phenomenon in lab scale batteries,31,108 these advantages are likely not
feasible in commercial products as standard batteries generally minimize electrolyte
amount to increase battery energy density. More importantly, its effects in causing
imbalance in the electrolyte system and formation of electrochemically inactive species
are far too disruptive for the battery rechargebility. With this in mind, the non-stop
electrodeposition of Mn2+ ion should be re-identified as a major gateway that opens up a
path for performance degradation, and its inhibition or partial suppression should be
relabelled as a priority when optimizing different components of RMAZM batteries.
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4 Suppressing Manganese Dioxide Deposition with Expanded
Graphite for High Performance Zn-MnO2 Batteries
4.1 Introduction
In the last chapter, the reaction transformation mechanism of MnO2 and the issues
arising from the in-situ MnO2 deposition phenomenon are systematically investigated and
discussed. It was discovered that although the electrodeposited MnO2 do provide
temporary extra capacity, it also adds a reaction path for generation of undesired species
that are threats to the RMAZM batteries long term stability. Previous studies have
focused heavily on the effect of Mn additive in ensuring the integrity of the active
cathode material, but rarely considered the longevity of the Mn additives themselves. As
a result, the low C-rate stability of RMAZM batteries is often inferior comparing to their
high C-rate performance, in which MnO2 electrodeposition is hindered kinetically.
In this chapter, the focus would be to adapt the obtained findings into designing a
MnO2 cathode electrode that is capable of suppressing by-product formation while
maintaining the excellent high C-rate performance. Specifically, kinetics of the MnO2
electrodeposition reaction is explored and manipulated to achieve the desired result.
Expanded graphite (EG) prepared from thermal shock expansion of sulfuric acid
intercalated graphite (expandable graphite) is discovered as a substrate material that is
capable of suppressing the MnO2 electrodeposition rate without negatively impacting the
electrochemical performance. The resulting optimized cathode electrode demonstrate a
much improved cycle life in low C-rate cycling, maintaining a capacity of over 250 mAh
g-1 after 300 cycles of Galvanostatic charge and discharge at 1C. At the same time, the
electrodes also demonstrated good stability when cycled at 5C, achieving 1500 cycles of
discharge with capacity near 200 mAh g-1. Finally, due to the absence of polymer binder
from the electrode, the design strategy also improved the rate performance of the MnO2
electrode, allowing it to be among the best performing MnO2 based electrodes reported in
research publications.
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4.2 Experiment Procedures
4.2.1 Preparation of Expanded Graphite
Two approaches have been attempted to prepared expanded graphite, the first
method is the microwave irradiation in a conventional microwave oven and the other is
through thermal shock in a furnace tube oven. In the microwave irradiation method, 0.1 g
of expandable graphite purchased from Sigma Aldrich was microwaved in a Danby
microwave at 800 mW for three separate periods of 10 seconds. During this process, the
expandable graphite would slowly heat up until a threshold is reach when it rapidly
increases in volume. The rapid expansion generally occurs within a period of 2 to 3
seconds and it is accompanied by generation of sparks. Upon the rapid volume expansion,
the expanded graphite would continue to spark until the microwaving process is
completed. The final EG has a worm-like structure and a black color. The length of the
expanded graphite may vary from 0.3 cm to 0.7 cm. The microwave apparatus was
located within a fume hood to ensure no undesired gas is release into the laboratory. After
each microwave period, the beaker was rested for 30 s to 1 min to dissipate accumulated
heat.
For the thermal shock expansion method, 0.1 g of expandable graphite was first
placed within a quartz glass tube that has one end sealed. Then they were transfer into a
long furnace tube, which was then fill with argon gas and preheated to 900 ºC within 45
minutes. During this process the quartz tube holding the expandable graphite was kept
outside of the furnace at room temperature. When the programmed temperature of 900 ºC
is reached, the quart tube was slide into the center of the furnace to experience the
thermal shock. The expandable graphite was kept in the furnace for 1, 10, 30 or 60 mins,
and was moved back out to cool in room temperature when the time is reached. Within
the first minute of the treatment, the graphite would be expanded and the small amount of
white smoke is observed. The thermal shock expanded graphite does not exhibit any
noticeable appearance difference in comparison to the samples prepared by microwave.
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4.2.2 Preparation of Polymer-free Manganese Dioxide/Expanded Graphite/
Carbon Nanotube Electrode
First, α–MnO2 nanorods, EG and Carboxylate activated carbon nanotubes were
mixed in 40 mL of EtOH with a weight ratio of 75:20:5. The dispersion is then sonicated
for at least 3 hrs in a seal beaker. After the sonication, the dispersion is filter onto a glass
fiber (VWR, Glass Microfibre Filter 691). After the filtration is completed, the electrode
was left to dry on the filter under vacuum to ensure compactness of the materials. The
radius of the filtered cathode electrode can either be 0.8 cm2 or 1.75 cm2 and the MnO2
loading is around 1.5gcm-2. Prior to installation into the battery, the electrodes were
pressurized within a sealed syringe to a pressure of approximately 5 atm to ensure proper
contact between each component.

4.3 Results and Discussions
4.3.1 Adaptation of Expanded Graphite and Optimization of Cathode Electrode
for High Performance Zn-MnO2 Batteries
The electrodeposition of MnO2 from Mn2+ ion electrolysis is a well understood
reaction that are widely adapted in the industrial and academic community.41 Under
standard condition, the reaction would occurred at a potential of 1.9858V versus Zn/Zn2+,
but in the slightly acidic environment (pH = ~4) within 2M ZnSO4 electrolyte, the
potential will be lowered to 1.53V versus Zn/Zn2+ (Appendix 6.1), a level that is well
within the operation window of RMAZM batteries.
Mndis2+  Mnads2+

( rate )

(4.1)

Mnads2+  Mn3+ + e-

( fast )

(4.2)

Mn3+ + 2H2O  MnOOH + 3H+
MnOOH  MnO2 + 4H+

(4.3)
( slow )

(4.4)

The MnO2 electrodeposition reaction in mildly acidic condition has four
elementary steps, starting with the adsorption of dissolved Mn2+ ions on to the electrode
surface (Equation 4.1). Then the adsorbed Mn2+ ions are oxidized to Mn3+ (Equation
4.2), which quickly react with neighboring water molecules to form manganese
oxyhydroxide (MnOOH) anchored on the electrode surface (Equation 4.3). Finally, the
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MnOOH would be further hydrolyzed to form amorphous or defected crystalline MnO2
(Equation 4.4).41 Among the four steps, Mn adsorption to the electrode surface is the rate
determining step of the entire process, any restrictions placed on this bottleneck step will
effectively hinder the overall reaction; it is therefore a specific target that one would aim
at to inhibit the undesired electrodeposition of MnO2.

Figure 4.1 SEM images of the a) as-prepared and b) sonicated thermal shock expanded graphite. c) Raman
spectra of the expandable graphite and thermal shock expanded graphite.

To this end, expanded graphite (EG), a type of carbon-based material prepared
from abundant graphite flakes is discovered to demonstrate properties that may aid the
aforementioned target of preventing Mn adsorption. They are hydrophobic, highly
electrically conductive, relatively durable in mildly acidic environment, capable of
forming thin film without binders and have sufficiently high surface area,126-128 making
them an ideal cathode electrode substrate material for hosting α-MnO2 nanorods. A
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typical method of preparing EG is by first mixing the graphite flakes with an intercalation
agent, and then subjected the dried graphite flakes to a thermal shock either in the form of
microwave heating or short periods of high temperature furnace heating. During the
thermal shock, the intercalated agent within the carbon layers would experience fast
vaporization, generating large air pressure that exfoliates the carbon layers apart,
drastically expanding the volume of the graphite flakes by 200 to 400 folds to form EG
with a worm like structure.126-128
Figure 4.1a is the SEM image of the as-prepared EG which shows the exfoliated
layer structure; the volume between each layer varies from 0.5 to 10 μm and the layers
are still partially attached to each other. Each of the graphite layers in EG can be further
broken apart through sonication in ethanol, and the resulting graphite micro platelet is
shown in Figure 4.1b with dimensions of approximately 10 μm x 10 μm. Figure 4.1c is
the Raman spectra of the expandable graphite before and after thermal shock treatment.
While intrinsic D, G and 2D adsorption of carbon observed in both samples, the AD/AG
ratio of EG (0.032) is significantly lower in comparison to that of the intercalated
graphite flakes (AD/AG = 0.220), indicating the reduced amount of defects within the
carbon structure that would generally be associated with high hydrophobicity of the
material.128
The effect of EG in supressing MnO2 electrodeposition was first observed when it
was mixed with α-MnO2 to form a polymer-free thin film electrode (ME electrode). As
shown in Figure 4.2a, the addition of EG did not substantially influence the
Galvanostatic charge and discharge curve of the α-MnO2, which exhibit the same
plateaus as cathode electrodes demonstrated previously. Though, noteworthy changes can
be observed in their cycling results (Figure 4.2b), for one, the electrode experience fast
capacity decay within the first 30 cycles likely caused by detachment of active materials.
More importantly, the specific capacity would then be maintained at values near 150
mAh g-1 for over 100 cycles without significant growth nor decay. This different behavior
is attributed to the high hydrophobicity of the EG substrate which forms an inhibiting
layer that reduce Mn2+ ion adsorption and thus suppress the capacity growing
phenomenon. Their smooth surface may also be another factor, as it provides lesser
anchoring point for the deposits. The above hypothesis was further confirmed with the
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galvanostatic cycling of a pure EG electrode, which displayed a capacity growing rate
that is only one eighth of the one of the pure CNT electrode (Figure 4.2c).

Figure 4.2 a) Standard Galvanostatic charge and discharge curves and b) specific capacity profile of ME
electrode. c) Discharge capacity profiles of pure CNT and EG electrodes

Figure 4.3 a) Surface and b) cross section SEM images of the MEC electrode
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To avoid the active material detachment issue and further optimize the electrode
design, CNT is added as a conductive pseudo-binder additive that would serve to anchor
the α-MnO2 nanorods onto the EG surfaces by providing additional binding site to both
components. The weight composition of the final electrodes was chosen to be 75% αMnO2, 20 wt % EG and 5 wt % CNT; these electrodes will be referred as the MEC
electrodes in the following discussion. Figure 4.3a is the SEM image of the MEC
electrode surface and all three of the electrode components can easily be observed; the
thin sheets being the EG, the straight rods with lengths between 0.5-5 μm are the α-MnO2
and the curled short strings with length less than 1μm are the CNT. The image clearly
shows that some of the α-MnO2 and CNT are positioned between the EG layer and that
they are entangled with each other. SEM cross-section image of the MEC electrode
displayed in Figure 4.3b would further confirm the components placement, as it
evidently shows the intertwined α-MnO2 and CNT siting within stacking layers of EG.
Such positional orientation is important to allow proper functioning of the EG as the
conductive network and inhibitor of MnO2 electrodeposition.
Figure 4.4a is the CV scan of the RMAZM batteries assembled using the MEC
electrode. It contains a reductive peak at 1.15V in the first cycles and two peaks at 1.29 V
and 1.37 V in subsequent cycles. The oxidations peaks on the other hands were located at
1.57V and 1.62V all time. The result aligns well with all previous finding which confirm
the proper functioning of the batteries with the new electrode design. The major
advantage of the MEC electrodes though, is fully showcased in the 1C cycling
performance comparison between the standard and MEC electrodes displayed in Figure
4.4b. In which, the active material within the MEC electrode maintained a specific
capacity level of around 240 to 260 mAh g-1 for 300 cycles of charge and discharge, and
evidently, successfully contained the capacity growth phenomenon that would lead to
eventual performance decay in the standard electrode. Indeed, standard electrode would
possess higher capacity within the first hundred cycles due to the extra capacity
contributed by the electrodeposited MnO2, but it is important to remember that these
extra capacities are not practically meaningful. Typical batteries that are feasible
industrially would require the active material (cathode and anode) content to be
maximized and minimizing contents that do not provide energy density. In such scenario,
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the extra capacity contributed by Mn2+ ions from the limited amount of electrolyte would
not be relevant, and that inhibiting MnO2 electrodeposition would bring far more benefits
than harm.

Figure 4.4 a) CV scans, b) 1C Galvanostatic cycling performance, c & d) rate performance, and e) 5C
Galvanostatic cycling performance of RMAZM batteries prepared with MEC electrode.

Aside for its much improve stability in low C-rate cycling, the rate performance
of the cathode electrode is also improved with the proposed electrode design. As shown
in Figure 4.4c, the specific capacities of MEC electrode at C-rates of 1C, 2C, 4C, 6C, 8C
and 10C are 267 mAhg-1, 251 mAhg-1, 222 mAhg-1, 200 mAhg-1, 174 mAhg-1 and 152
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mAhg-1, outperforming the standard electrode in every C rate, and matching the rate
performance of the best performing MnO2 electrode in recent publications.119 The
improvement is most significant in C rates that are equal or above 4C, in which the
specific capacities of the MEC electrodes exceed the ones of the standard electrodes by
more than 25%. The integrity of the MEC electrodes against high C-rate cycling is also
confirmed as the 1C specific capacities return to the original values. Figure 4.4d shows
the discharge curves of the MEC electrode at different C-rates. Clearly, the 1.3V plateau
was influenced more heavily by the increasing C-rate, as it begin to lower and shorten as
soon as the C-rate is increased to 2, and continue to decrease through the entire increment
process. In contrast, the 1.4V plateau experiences very little changes prior to the 6C
discharge and lost less than 25% of its capacity going from 1C to 10C. These results
suggest different kinetics of the two plateaus, further confirming the presence of two
individual reactions in RMAZM batteries.112 Finally, the long term high C-rate cycle
stability of the MEC electrode was examined and its performance at 5C is demonstrated
in Figure 4.4e. The electrode first demonstrated a capacity of ~220 mAh g-1 that
stabilized to 205 mAh g-1 within the first hundred cycles, which was largely maintained
for 1500 cycles; the electrode ended the cycling test with a specific capacity of 197 mAh
g-1, recording a capacity loss of less than 4% that are comparable to RMAZM batteries
demonstrated in previous publications.21,31,119
Post cycling analyses on the MEC electrodes were conducted to confirm the
connections between the high cycling stability and the inhibition of the electrodeposition
reaction. Figure 4.5a and 4.5b are SEM images of the electrode surface after long period
of cycling; it can be clearly observed that the EG surface is free of electrodeposited
MnO2 nanosheets, while the α-MnO2 nanorods are broken into smaller and shorter
particles that intertwine with CNT and reside between the EG layers. The EG surface
observed under SEM (Figure 4.5c) after 48 hrs of 1.8V constant voltage hold is also
found to be clean and smooth, without any signs of MnO2 deposits. The MnO2
electrodeposition did still occurred though, but in a much smaller scale on top of the αMnO2 nanorods (Figure 4.5d) comparing to ones observed on the standard electrode
(Figure 3.4). These results confirm that MnO2 electrodeposition is much less likely to
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occur after the implementation of EG, but the phenomenon itself is not completely
forbidden given their thermodynamic favourability.

Figure 4.5 a, b) SEM surface image of the MEC electrode after Galvanostatic cycling, c, d) SEM surface image
of the MEC electrode after 48hrs of 1.8V constant voltage hold.

Figure 4.6 a) XRD spectra of the MEC electrodes and b) HRTEM image of the MEC electrode after 500 cycles
of Galvanonstaic charge and dishcarge.
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XRD analyses of the MEC electrodes at their initial state, 100th cycle and 500th
cycle are also compared in Figure 4.6a. As shown, the crystal diffractions of the α-MnO2
are well maintained in the 100th cycle and easily detectable in the 500th cycle, suggesting
the preservation of the original crystal phase in the MEC electrodes. In the 100th cycle,
diffractions of δ-MnO2 and ε-MnO2 are nowhere to be found, but some peaks associated
with λ-ZnMn2O4 are detectable. In the 500th cycles, diffractions of δ-MnO2 and λZnMn2O4 become more prominent, confirming their eventual appearance within the MEC
electrode. Though, it has also been observed in the HRTEM image of the α-MnO2
nanorods in the same MEC electrode that their crystal structure is well maintained
(Figure 4.6b); the [400] and [220] lattice fringes of α-MnO2 with d-spacing of 0.24 nm
and 0.34 nm are clearly observed and the FFT pattern of this area can be indexed to the
[001] zone axis. This ensures that δ-MnO2 and λ-ZnMn2O4 are only converted from the
electrodeposited MnO2 polymorph instead of the original active material.
In this chapter, the adaptation of EG into MnO2 cathode electrodes is explored as
an attempt to inhibit the undesired reactions previously identified to be a battery stability
issue. The results were promising as the MEC electrode demonstrated extended low Crate cycle life and improved rate performance while maintaining the high C-rate stability
showcased by previous publications. Though, the electrode design is not perfect and the
electrodeposition phenomenon does still occur due to its thermodynamic favourability.
Despite so, the end results still validated the approach of extending the Zn-MnO2 batteries
life span through inhibiting MnO2 electrodeposition and the design strategy established a
new path for further optimization and development of the system.

62

5 Conclusions and Suggestions
In this thesis, the MnO2 cathode electrodes in the recently emerging mildly acidic
Zn-MnO2 batteries system are thoroughly investigated and new knowledge about the
system is developed. Precisely, the in-situ Mn2+ electrodeposition phenomenon, short and
long term crystal phase transformation mechanism of manganese species were studied
and linked to the battery performances. In contrast to previous studies, the investigation
results identified MnO2 electrodeposition as an undesired reaction that opens up a path
toward performance degradation, and the new found recognitions were adapted in the
formulation of a novel cathode electrode design approach. The resulting EG incorporated
polymer-free MnO2 electrode demonstrated much improved low C-rate stability and rate
performance without sacrificing its high C-rate longevity, which therefore further raised
the overall performance RMAZM batteries. It is recognized though that the proposed
electrode design is not perfect and there are still rooms for growth to further expand the
commercial feasibility of the system.
There are still many questions about RMAZM batteries left to be answer that
could possibility served as the catalysts to further improve the system performance. For
one, understanding the Mn, O and Zn bonding condition within the defected α-MnO2
crystal phases would be of great interest for targeted element substitution. Amorphous
MnO2, an important part of the system that was not investigated in this thesis due to
instrument limitation could be studied with characterization techniques such as X-ray
absorption spectroscopy to identify hidden keys for modification. The results obtained
from such investigations may lead to strategies that completely forbid the undesirable
MnO2 electrodeposition phenomenon or new Mn based material that undergoes reaction
processes that are fundamentally more reversible. Lastly, the electrode design could be
further optimized toward higher active material loading or revitalized for incorporation to
the cylindrical Zn-MnO2 batteries.
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7 Appendix
7.1 Appendix A: Calculation of Manganese Ion Oxidation Potential
A:
Cathode:

Mn2+ + 2H2O = MnO2 + 4H+ + 2e-

Eº= 1.224 V

Anode:

Zn2+ + 2e- = Zn

Eº= 0.7618 V

Redox:

Mn2+ + Zn2+ + 2H2O = MnO2 + 4H+ + Zn

Eº= 1.9858 V

E = E° −

𝑅𝑇

⨯ 𝑙𝑛
𝑛𝐹

𝐄 = 1.9858 −

[𝑍𝑛2+ ][𝑀𝑛2+ ]
[𝐻3 𝑂 + ]4

8.314⨯298
2⨯96500

2⨯0.1

⨯ 𝑙𝑛 0.00014 = 1.534 𝑉

B:
Cathode:

2 Mn2+ + 3H2O = Mn2O3 + 6H+ + 2e-

Eº= 1.485 V

Anode:

Zn2+ + 2e- = Zn

Eº= 0.7618 V

Redox:

2 Mn2+ + Zn2+ + 3H2O = Mn2O3 + Zn + 6H+

Eº= 2.2468 V

E = E0 −

𝑅𝑇

⨯ 𝑙𝑛
𝑛𝐹

E = 2.2468 −

[𝑍𝑛2+ ][𝑀𝑛2+ ]
[𝐻3 𝑂 + ]4

8.314⨯298
2⨯96500

2⨯0.1

⨯ 𝑙𝑛 0.00016 = 1.558 𝑉
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