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Abstract

Due to drawbacks with the lithium ion battery technology, magnesium ion batteries are
being researched as an alternative replacement system. An optimal combination of compo-
nent materials has however not been discovered yet. This thesis investigates the unexplored
Mn3O4 as a cathode material. A commercial powder was studied, and performance was de-
termined for both pure Mn3O4 and powder subjected to simple treatments first. The treat-
ments were milling and mixing with reduced graphene oxide. Mixing with reduced graphene
oxide resulted in the highest performance, i.e. 78 mAhg−1. Through charge-discharge cy-
cling of cathodes with active mass between 1 and 2.7 mg, an active mass dependency on the
capacity output was found. Long term cycling proved that the batteries can withstand 500
cycles, with no sign of failure. A rate dependency was also discovered, where it was found
to occur more oxidation than reduction at low rates, owed to oxidation of the electrolyte
solvent, THF. Ex situ study of cathodes, using SEM, XRD and TEM, revealed that Mg-ions
attach on the cathode through a surface reaction during discharge.
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Samandrag

Magnesium ionebatteri blir utforska som ei alternativ erstatning for litium ionebatteri
grunna ulemper ved bruk av desse. Ein optimal kombinasjon av material for dei ulike
komponentane i eit slikt batteri er ikkje funne enno. Denne oppgåva undersøkjer Mn3O4
som katodemateriale, då dette ikkje er gjort før. Eit kommersielt pulver er studert, og
batterikapasitet er bestemt for både reint Mn3O4 og pulver utsett for enkle behandlingar
først. Behandlingane var mølling og blanding med redusert grafenoksid. Blanding med
redusert grafenoksid resulterte i høgast kapasitet, nemleg 78 mAhg−1. Gjennom opplad-
ing og utladingssykling av katodar med aktiv masse mellom 1 og 2.7 mg, vart det oppdaga
at kapasiteten avheng av aktiv masse. Langtidssykling beviste at batteria toler 500 syk-
lar utan å vise teikn til å svikte. Ei hastigheitsavhengigheit vart også observert, der meir
oksidasjon enn reduksjon fann stad ved lågare hastigheit. Dette er grunna oksidasjon av
løysingsmiddelet i elektrolytten, THF. Ex situ undersøkingar av katodar, ved hjelp av SEM,
XRD og TEM, avdekka at magnesiumion festast på katoden ved ein overflatereaksjon under
utlading.
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List of abbrevations

APC MgPhCl2AlCl3
BET Brunauer-Emmett-Teller
GBL γ-butyrolactone
GO Graphene oxide
LIB Li-ion battery
MACC Magnesium aluminum chloride complex
MIB Mg-ion battery
NMP N-methyl pyrrolidinone
RGO Reduced graphene oxide
SE Secondary electrons
SEM Scanning electron microscopy
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
THF Tetrahydrofuran
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Chapter 1

Introduction

Development of Mg-ion batteries are at the research stage, aiming to become an alternative
to Li-ion batteries. The Li-ion batteries are today the leading technology in energy storage.
They are used in most portable electronics and also in electric vehicles [2]. This is due to the
unique energy density these batteries possess. Li+-ions are monovalent and have the second
smallest ionic radius after hydrogen. Thus, Li+-ions have an ease for reversible insertion
into materials and is a suitable charge transfer specie [3]. However, there are some im-
portant drawbacks regarding cost, abundance and safety. The most important being safety
since energy storage devices are a vital part of every day life. Thermal runaway is an effect
causing Li-batteries to overheat till the point where they can catch fire or even explode [4].
It is not especially desirable to own an electric vehicle containing a battery that can catch
fire during operation.

The world’s energy demand, for transportation, grid storage and electronics, grow constantly
larger. Due to the drawbacks with lithium, looking beyond this material to evaluate others
is one way to proceed. Magnesium has been deemed the most promising candidate. Com-
pared to lithium, magnesium is about 300 times more abundant, being the earth’s sixth
most abundant metal [2,5]. Also, Mg-ion batteries are safer in operation than Li-ion batter-
ies since they do not suffer from thermal runaway or dendritic growth [5, 6]. The last great
advantage is the divalency of magnesium, providing two electrons per atom. This provides
Mg with a higher volumetric capacity (3833 mAhcm−3), than Li (2046 mAhcm−3) [3].

The divalency of Mg causes however difficulties finding material systems where Mg can
cycle reversibly. The high charge/radius ratio of Mg2+ causes interactions with the host
ions in the cathode, resulting in slow insertion kinetics [2, 7]. Different manganese oxides
have been investigated as possible cathode materials for Mg-ion batteries. This is due to
availability, cost and success in Li-ion battery systems [8]. However, there are still many
unexplored materials when it comes to Mg-ion batteries. One such material is Mn3O4, which
will be the focus of this work.
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1.1 Aim of work
This Master’s thesis will be a continuation of earlier work on Mn3O4 as a Mg-ion battery
cathode, conducted by the author [1]. In the earlier work, commercial Mn3O4 provided by
Erachem Comilog, was found to work as a cathode material for Mg-ion batteries. Knowing
this, the main objective of this thesis will be to determine how the Mn3O4 is functioning
as cathode material. By utilizing different characterization techniques, such as SEM, XRD
and TEM, an attempt on revealing the charge and discharge mechanism at the cathode will
be made. How Mn3O4 act as cathode for the Mg2+-ions during charge and discharge is vital
knowledge when evaluating the potential this material has as a Mg-ion battery cathode.

In addition, attempts will be made to find how well this commercial powder can perform
with simple treatments. Such a simple treatment will be milling down the initial powder.
This will investigate the effect of surface area on the capacity. An interesting feature found
in the earlier work was a possible capacity dependency on active mass. This will be investi-
gated more in order to be able to verify. Also, earlier work showed very stable performance
of the cathodes. This stability will be investigated further by long term cycling of batteries,
which also will serve as a verification of durability.

2



Chapter 2

Theory

2.1 Rechargeable batteries

Batteries are charge storage devices. They convert chemical energy stored in materials into
electrical energy through electrochemical oxidation and reduction [9]. In a battery the main
components are the anode, cathode and electrolyte. The two electrodes are connected by an
external circuit and are internally in contact with the electrolyte.

A primary battery can only be discharged once. Here, the anode is the negative electrode
where oxidation occurs when electric contact with the cathode is established by the exter-
nal circuit. During the discharge, electrons from the oxidation pass through the external
circuit to the cathode. At the same time, positive ions are released from the anode into the
electrolyte. The cathode is the positive electrode where reduction occurs when the electrons
from the anode and the positive ions in the electrolyte reach the cathode.

In a rechargeable battery, reduction and oxidation occur at both electrodes depending on
whether the battery is being charged or discharged. Here, the cathode is defined as the
most positive electrode. Recharging the battery occurs by applying a voltage, forcing the
electrons in the opposite direction compared to the discharge. The cathode is then the site
for oxidation, while reduction occur at the anode. Both the electrons and ions transferred to
the cathode during discharge are transferred back to the anode during charging, restoring
the battery. The working principle of a rechargeable battery is shown in Figure 2.1.

So, the anode and cathode in a rechargeable battery are the sites for both oxidation and
reduction. As established above, the electrons involved in these reactions are transferred
between the electrodes through an external circuit. To ensure good electronic contact, the
cathode is on top of a current collector. The electrolyte, being the medium between the elec-
trodes is responsible for the transport of charge as ions. Thus, the electrolyte must have
high ionic conductivity. The medium can however not be electronically conductive as this
would cause internal short circuiting. All internal electric contact between the electrodes

3



Cathode AnodeSeparator
ElectrolyteElectrolyte

Mg2+

Mg2+

Mg2+

Mg2+

Discharge

Charge

e–
e–

e– Dischargee–

e–

e–

Charge

1

Figure 2.1: Working principle of a rechargeable battery.

would cause short circuiting, hence the electrodes must be kept apart from each other. A
separator between the electrodes ensures this.

All the components needed in a rechargeable battery is hence; anode and cathode, con-
nected by an external circuit, electrolyte and a separator. These components must fulfill
certain requirements in order for the battery to function well. The separator, sitting right
in the middle of the cell, must be permeable and chemically compatible with the electrolyte.
Unintended reactions between the electrolyte and separator would cause unwanted damage
to the cell. The anode in Mg batteries is usually metallic Mg, but can in theory also be an
intercalation anode, like graphitic carbon is in Li-ion batteries [9]. The cathode must be able
to host the active ions in the structure, and release them during charging. The insertion and
release of the active ions should proceed easily and reversibly. Lastly, the electrolyte must
preferably be compatible with all the other components in the cell, so that transport of the
positive ions between the electrodes can run without any unwanted reactions. Hence, the
electrolyte should support reversible deposition and dissolution of Mg2+ on the Mg anode,
ensure anodic reaction stability and not cause corrosion of the current collector [2]. Com-
patibility with the anode is demonstrated by a good Coulombic efficiency which is defined as
the ratio of the charge accumulated during the Mg deposition/dissolution.

2.1.1 Electrochemical testing
Electrochemical tests are required to determine how well a battery works. The capacity the
battery works at is the important feature. The capacity is a measure of how much charge
the battery delivers during discharge and stores during charge. Hence, the capacity should
be both high and stable. A stable battery would show negligible decrease in capacity during

4



cycling, indicating good reversibility of the redox reactions occurring in the cell. In order
to measure the capacity, galvanostatic cycling (or voltammetry) is performed. Batteries are
then charged and discharges between two set voltage values at a constant current rate [9].
By including the active mass of the cathode, the specific capacity of the cathode is mea-
sured continuously. The resulting data from this test is often presented as charge-discharge
curves where voltage is plotted against specific capacity. That way, the obtained capacities
can be seen at the endpoint of the curves while the oxidation- and reduction reactions are
illustrated as plateaus on the curves.

Another test able to provide information about the battery performance is cyclic voltam-
metry (CV). In this test the voltage is controlled while the responding current is measured.
The result is a current-voltage curve showing at which voltages the oxidation- and reduc-
tion reactions occur. An example of a CV curve, collected from [9], is given in Figure 2.2.
The voltage difference between the peaks for oxidation and reduction is in this figure de-
noted ∆E. This corresponds to the voltage difference between the plateaus at the charge
and discharge curves in a plot showing specific capacity obtained during gavanostatic cy-
cling. Ideally, for reversible reactions, ∆E should be close to zero [9], as smaller ∆E indicate
faster kinetics [10].

Figure 2.2: Illustration of CV curve for a reversible process, collected from [10]. ∆E is the
voltage separation between the two peaks.

Cyclic voltammetry is a well established electrochemical test used for several types of de-
vices, not only batteries. One of these devices, baring resemblance to batteries, is capacitors.
Capacitors are energy storage devices like batteries, however for these devices the energy is
stored by charge separation [11]. An electrochemical capacitor is very similar to batteries.
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Figure 2.3: Illustration of CV curve for an electrochemical capacitor, collected from [12]. The
figure was part of a study testing electrode of a ternary system containing graphene, MnO2
and carbon nanotubes.

There, two electrodes are immersed in electrolyte and kept apart from each other with a
separator. However, a requirement is that the electrodes are made from a material with
both high surface area and high porosity. Charge is then stored in micropores at or near the
interface between the electrode and the electrolyte. A cyclic voltammogram of a capacitor is
similar to that of a battery, but without the peaks for oxidation and reduction. It looks more
like a rectangle, the size varying depending on the cycling rate. An example of CV curves
for a capacitor is shown in Figure 2.3, which is collected from a study on improving MnO2
as electrode material for electrochemical capacitor [12].

2.2 Established materials for Mg-ion batteries
Development of Mg-ion batteries has been an ongoing process since started by Gregory et
al. in the 1980s [13]. In this section, materials for the different components in a Mg-ion
battery, except the cathode, will be briefly described. Cathode materials will be looked more
closely into in the next section.

For the anode, the easiest is to use pure magnesium metal. As long as any oxide layer is
removed before assembly to battery, the pure metal works well. Since magnesium is cheap
and abundant, there is no major downside to using the pure metal. However, magnesium
alloys have been found to work as good as, and even better than, pure magnesium [14]. This
is due to the alloy’s higher resistance against oxidation, which makes it easier to handle dur-
ing processing. A thin layer of oxide on the anode would passivate the surface and prevent
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both oxidation and reduction of Mg during charge/discharge. Seeing as alloy is cheaper than
pure metal, using an alloy as anode material instead of pure metal also lowers the total cost.
An important aspect for a battery anode, learned from Li-ion batteries, is ion deposition on
the surface. In Li-ion batteries having Li metal anode, the ions depositing on the anode
surface have dendritic growth, leading to poor cycling performance [15]. In addition, if the
dendrites grow large, they can come into contact with the cathode causing short circuiting
and spontaneous rapid discharging, resulting in heating of the cell and explosion [16]. Mag-
nesium on the other hand is shown not to grow in dendritic morphologies [6]. The reason
for this difference is that the Mg-Mg bond is stronger than the Li-Li bond [17].

The electrolyte for Mg-ion batteries have been through much development since the first
working composition was found in 1990. This electrolyte was made from Grignard reagents
(RMgX, where R = alkyl or aryl group and X = Cl or Br) mixed with aluminum halides in an
ethereal solution [13]. During testing, the transfer of Mg between electrodes occurred at a
current efficiency of 99.9 %. However, the electrolyte solutions based on Grignard reagents
are strong reducing agents, and have a low anodic stability [2]. Ten years later, a new
electrolyte based on magnesium organohaloaluminate salts, Mg(AlCl2BuEt)2, in tetrahy-
drofuran (THF) was discovered [18]. In this, deposition-dissolution of Mg at the anode was
reversible at almost 100 % efficiency and the anodic stability window increased to 2.2 V vs
Mg. In 2007, the electrolyte was once again improved. This time by replacing all the organic
ligands with phenyl groups [19]. This resulted in improved ionic conductivity and the anodic
stability was enhanced from 2.2 to 3.2 V. The electrolyte formula was MgPhCl2AlCl3 (APC)
and the solvent was unchanged, i.e. THF. This electrolyte is the one used today.

THF is used in electrolytes for Mg batteries due to it being a polar aprotic solvent. Aqueous,
or protic, solvents react with Mg and form a passivating oxide layer on the anode surface.
Mg2+ can not pass through this layer, thus it prevents ionic transport [20]. Conventional
electrolyte systems will react on the Mg surface and create such a layer which blocks move-
ment of Mg2+ completely. When using THF as solvent, this is prevented.

The separator is glass fiber. It provides sufficient distance between the anode and cath-
ode, thus preventing short circuiting. The glass fiber is permeable to the electrolyte and
Mg2+-ions so these can cycle back and fourth between the electrodes. Another important
feature for the separator is chemical compatibility with the electrolyte. The separator is
right in the middle of the cell so there can be no unwanted reactions between the electrolyte
and the separator. THF is not the easiest solvent to work with, the boiling point for example
is only at 65 ◦C [21], so the compatibility can be a serious issue. However, no reports have
been found which suggests that glass fiber causes problems in the Mg-ion batteries using
THF containing electrolyte.

When it comes to the current collector on the other hand, there are several reports on com-
patibility problems with the electrolyte. Metal current collectors (stainless steel, aluminum,
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nickel) have been found to corrode in Cl– containing electrolyte [22–24]. Corrosion of cur-
rent collector can change the practical voltage window the cell operates in [2]. However, it
has been found that carbon paper is compatible with the electrolyte and do not corrode, thus
the electrochemical oxidation stability is not affected [25].

2.3 Cathode materials for Mg-ion batteries
The search for cathode materials for Mg-ion batteries (MIBs) has been going on since Gre-
gory et al. did the first test on some alternatives [13]. Since then many more alternative
materials have been explored. Two well investigated and relevant candidates will be de-
scribed below, after some practical cathode features are noted.

2.3.1 Important features for MIB cathode
A good cathode for Mg-ion batteries need both high ionic and electronic conductivity to be
able to transport charge through the material. In order for reversible intercalation to occur,
the material must have available space to accommodate the Mg2+-ions and have multiva-
lent ions to maintain the electroneutrality. The cathode morphology on micro scale should
be porous so that electrolyte can come into contact with as much particle surface as possible.

First of all, the electronic conductivity is necessary for the reduction and oxidation reac-
tions to occur. Electrons must be transferred into and out of the cathode during discharge
and charge respectively. If the cathode material itself is not conductive, the active material
must be deposited onto a current collector which is electronically conductive. Also, addition
of an electronic conductive material, like carbon, to the cathode during fabrication can be a
mean to ensure or enhance the electronic conductivity.

Ionic conductivity is also an obvious feature for an intercalation cathode. The material
needs to allow reversible intercalation of the positive Mg2+-ions. This has however proved
itself to generally be more difficult than to intercalate Li+ions. Magnesium is an earth al-
kali metal in the upper left corner of the periodic table of elements. Litium, being an alkali
metal, is found in the same area, though in the neighboring column. Elements with close
proximity in the periodic table, often have similarities with regard to some features. The
ionic size is one of these. Mg2+ has ionic radius of 0.72 Å when the coordination number is
6, and 0.57 Å when the coordination number is 4. Li+ has ionic radius of 0.59 Å when the
coordination number is 4 and 0.76 Å when the coordination number is 6 [26, 27]. Seeing as
Li+ easily can be inserted into other materials, ionic size cannot be the restricting factor for
Mg. An important difference between Mg and Li is however the valence. Being divalent
gives Mg a much higher charge/radius ratio than Li. This causes strong electrostatic inter-
actions with the ions in the cathode material. Such a polarization effect causes slow solid
state diffusion of Mg2+ into the cathode, hence lowers the insertion kinetics [28].
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Slow kinetics give poor performance. Means to increase the kinetics should then be found.
Decreasing the particle size of the active material is a well known method for increasing
the kinetics. A decrease in particle size would give a higher surface area, which means that
more electrolyte comes into contact with active surface sites on the cathode material. Then,
more electrochemical reactions would occur, and with thin pore walls the diffusion path for
electrons and ions would be shorter providing faster kinetics [29]. It is also of importance
that the pores have a suitable size. Micropores have for LIBs been found to be too small for
electrolyte complexes [30]. The microporous surface will hence not be utilized. Thus, the
particle size, the pore size distribution and the surface area of the active cathode material
play an important role in determining the kinetics.

A second and third possible reason for poor Mg solid state diffusion, besides the polarization
effect are hard redistribution of host ion’s charge and Mg trapping [31]. With regard to the
charge redistribution, a reduction must compensate the insertion of Mg2+. If the cathode
consist of Mn4+, the compensation can either be that per Mg2+-ion inserted, one Mn4+ is re-
duced to Mn2+, or that two Mn4+ are reduced to Mn3+. The problem with these two reactions
are firstly that when manganese is reduced from Mn4+ to Mn2+, the size of the ion increases
by a factor of 1.75 which would cause local distortion. Secondly, creating two Mn3+-ions
per Mg2+-ion inserted means that quite a lot of Jahn-Teller active ions are formed. Mn3+

have four electrons in the d-orbital and is a Jahn-Teller active ion. It prefers octahedral
coordination and the d-electrons are placed in high-spin configuration [32]. LiMn2O4, for
example, is a LIB cathode having instability due to the local Jahn-Teller distortion in the
Mn3+ octahedra [33].

2.3.2 Manganese oxide, MnO2

MnO2 have been investigated extensively as cathode material for several types of batteries,
especially lithium batteries [8, 34]. Reasons for the use of MnO2 are abundance, cost and
stability, which are all favorable. Depending on the arrangement of the MnO6 octahedra
making up the structure, MnO2 can have many polymorphs [34]. Several of the MnO2
polymorphs have also been investigated for use as MIB cathode. Two examples are α−MnO2
and γ−MnO2, which will be described below.

α−MnO2

α−MnO2 has a tunnel structure, where double chains of MnO6 octahedra are interlinked so
that one-dimensional channels, with relative dimentions (2x2) and (1x1), run through the
structure [8]. An illustration of the structure is provided in Figure 2.4.

As a Mg-ion battery cathode, α−MnO2 initially showed good potential. The material pro-
vided an initial capacity of 280 mAhg−1 [35]. However, this faded to below 100 mAhg−1

during the first few cycles. The tunnel structure of α−MnO2 was believed to collapse during
Mg insertion. This due to formation of Jahn-Teller active Mn3+ which distorts the MnO6
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Figure 2.4: Crystal structure of α−MnO2. Collected from [8].

octahedra to the point where the structure collapses. For the recharge, the results indicated
a recovery of the α−MnO2 structure, however not completely. XRD diagram showed that
discharged material had lower peak heights than as-prepared material.

Later, it was found that the discharge product at the α−MnO2 cathode was a core-shell
structure, i.e. with a crystalline MnO2 core and an amorphous shell [36]. The amorphous
shell was not possible to remove again, and consisted of MgO and MnO. Hence, the mag-
nesiation occurs through a conversion reaction. When α−MnO2 is cathode in LIBs on the
other hand, lithiation occurs through intercalation with no formation of amorphous layer.
It was discovered that the conversion reaction forming the amorphous shell was thermody-
namically favorable over intercalation for this material. For the same magnesiation level,
the amorphous MnO and MgO were more stable than the intercalated compound. The sta-
bility of MgO was believed to be the driving force for the conversion reaction. Also DFT
calculations indicated that the reaction path for mangesiation of α−MnO2 would follow the
conversion reaction [37]. However, findings suggested a kinetic barrier against direct con-
version, in which case intercalation could occur up to a limited concentration [38]. With
magnesium concentration higher than α−Mg0.125MnO2 the structure was predicted to un-
dergo a strong tetragonal to orthorombic distortion, which could ruin the host framework.

The distortion occurs because intercalation of Mg2+ causes reduction of Mn4+ to Mn3+, which
causes Jahn-Teller deformation. One axis expands while another shortens as shown in Fig-
ure 2.5 collected from [38]. Each cavity in the α−MnO2 structure have four sites available
for Mg ions. At the composition α−Mg0.5MnO2, half of these cavity sites are occupied. Mg
ion number two will place itself furthest away from the first Mg ion due to electrostatic re-
pulsion. So both structural integrity and electrostatic repulsion suggests concentration of
Mg can not exceed α−Mg0.5MnO2.

Diffusivity is also an important factor. For concentration of Mg less than 0.25, hopping
barriers are comparable to Li diffusion. At Mg concentration higher than 0.25 the barrier
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Figure 2.5: (a) Structure of pristine α−MnO2. (b) Structure of α−Mg0.5MnO2 after the
insertion of two Mg ions in the same cavity. Collected from [38].

increases to the point where it is suggested not to be kinetically practical. This due to dis-
tortion blocking the diffusion path [38].

Yet another study of α−MnO2 revealed that the surface area determined the capacity [39].
When the surface area was higher than 70 m2 g−1, the material performed well at a capacity
around 250 mAhg−1. When the surface area was below 70 m2 g−1, the capacity decreased to
around 50 m2 g−1. Surface area dependency also suggest conversion reaction.

In summary, it is very unlikely that magnesiation of α−MnO2 occur through intercalation.
Theoretical and experimental studies strongly indicate a conversion reaction, possibly with
some limited intercalation first.

γ−MnO2

Another MnO2 polymorph is spinel-Mn2O4 (or γ−MnO2). LiMn2O4 is actually a commer-
cialized cathode for Li-ion batteries. If the lithium is removed, the cubic spinel structure
is maintained and have been found to be able to intercalate divalent ions without destroy-
ing the structure [40]. An illustration of the crystal structure of γ−MnO2 with intercalated
M2+-ions is given in Figure 2.6. Mg2+ was in this study found to intercalate reversible
into γ−MnO2 providing a specific capacity of 155 mAhg−1 after 300 cycles. The discharge
product was determined, by X-ray photoelectron spectroscopy (XPS) measurements, to be
MgMn2O4. The authors also proposed intercalation of divalent ions into the spinel struc-
ture of Mn2O4 presented in equation (2.1), where x and y have values between 0 and 1.

[]8a[]16c[Mn2]16d[O4]32e +M2++2e− −−*)−− [Mx]8a[My]16c[Mn2]16d[O4]32e (2.1)

The different notations in equation (2.1) indicate sites in the spinel structure. In each unit
cell there are the same number of octahedral sites as there are oxygen ions, and twice as
many tetrahedral sites. However, all of these cannot be occupied. Only half of the octa-
hedral sites and 1/8 of the tetrahedral sites are filled. One unit cell contains 32 oxygen
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Figure 2.6: Structure of γ−MnO2 with intercalated M2+-ions. Collected from [40].

ions, hence there are 8 occupied tetrahedral sites and 16 occupied octahedral sites in a unit
cell [41]. Thus in (2.1) above, the site notation 8a is for tetrahedral hole, 16c and 16d are for
octahedral holes and 32e is for oxygen sites. This means that manganese originally occupy
octahedral 16d sites, while during intercalation Mg2+-ions are inserted into vacant 8a and
16c sites. This accompanied by the reduction of Mn4+ to Mn3+.

For the material it was found that the discharge capacity decreased at higher current densi-
ties, suggesting that electron transport was greater than the diffusion rate of Mg2+. Hence,
mass-transfer control is the rate-determining step at high current densities [40].

Another study also proved reversible intercalation of Mg2+ into tetrahedral sites in spinel
Mn2O4 [42]. The position Mg took in the structure was revealed by scanning transmission
electron microscopy (STEM) with element analysis, and X-ray diffraction (XRD) analysis de-
termined that the formed structure bare close resemblance to MgMn2O4. Element mapping
found approximately 11 atom% Mg uniformly distributed. Formation of MgMn2O4 would
correspond to a theoretical capacity of 270 mAhg−1. STEM image of the crystal structure of
MgMn2O4 is given in Figure 2.7. Hence this is the discharged spinel Mn2O4.
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Figure 2.7: STEM image of crystal structure for discharged γ−MnO2 with intercalated M2+-
ions. Collected from [42].

2.4 Manganese tetraoxide, Mn3O4

Mn3O4 has the normal spinel crystal structure with the general formula:

AtetB oct
2 O4

where B oct
2 O4 is organized in the rock salt structure with ccp (closest cubic packing) of O2–

and the B cation in alternate octahedral sites. Due to cation-cation repulsion, the A cation
can only occupy tetrahedral sites where all the four neighboring octahedral sites are empty.
Occupied tetrahedral and octahedral sites can thus not be face sharing [32]. The crystal
structure of Mn3O4 is illustrated in Figure 2.8, and the structure formula of Mn3O4 is:

[Mn2+]tet[Mn3+
2 ]octO4

The structure have tetrahedral and octahedral holes where foreign ions in theory can insert.
The sizes of these tetrahedral and octahedral sites in the spinel structure can be calculated
by;

r t = 0.225ra (2.2)
ro = 0.414ra (2.3)

where rt is radius of a tetrahedral site, ro is radius of octahedral site and ra is radius of the
anion [44]. The O2– -ions are closest cubic packed, thus their coordination number is 6 and
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Figure 2.8: Illustration of the spinel structure for Mn3O4, collected from [43]. The red dots
are oxygen atoms, the Mn3+-ions are placed within the blue octahedra and the Mn2+-ions
are placed within the yellow tetrahedra.

the ionic radius of the anions is 1.4 Å [26]. The tetrahedral sites then have radius of 0.315
Å, while the octahedral sites have a radius of 0.580 Å.

As can be seen in Figure 2.8, Mn3O4 has closely spaced octahedral sites that share edges.
The tetrahedral sites share corners only with the octahedral sites. This causes quite some
distance between the Mn2+-ions and the Mn3+-ions. Electron exchange is therefore difficult
and this causes Mn3O4 to be an insulator. Despite this, the material has a theoretical capac-
ity of 154 mAhg−1 as MIB cathode [13]. In addition, poor conductivity can be compensated
by structuring and coating. An example is adding another material with high electronic
conductivity to ensure this property.

2.4.1 Commercial Mn3O4

A commercially available Mn3O4 was in earlier study by the author [1] investigated as cath-
ode material for MIBs. It was then found that the performance of pure Mn3O4 was well
below the theoretical capacity. The commercial powder used had a low surface area and ag-
glomerated particles. During performance testing, batteries with Mn3O4 cathode, Mg metal
anode and APC electrolyte were cycled 50 times. Resulting charge-discharge curves had evi-
dent plateaus indicating reactions. Cyclic voltammetry was also performed on the cathodes,
the result given in Figure 2.9.

As an attempt to increase the capacity output of the cathodes, the Mn3O4 powder was mixed
with reduced graphene oxide. This did indeed result in improved performance, and it was
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Figure 2.9: Cyclic voltammetry curves for Mn3O4. Collected from earlier work [1].

discussed if that was owed to increase in electronic conductivity, kinetics, or both.

2.4.2 Graphene as means for increasing capacity

Graphene is monolayers of carbon atoms packed in a honeycomb lattice. This material
has excellent electrical conductivity and extremely high specific surface area. By mixing
graphene with materials for electrodes, these wanted properties can contribute to increas-
ing the performance of the electrodes for energy storage systems. Reduced graphene oxide
is graphene oxide sheets where some of the oxide groups are reduced leaving functional
groups. These groups can be utilized for attaching [45] or growing [46] metal oxide particles
on. The reduced graphene oxide sheets form a network that help disperse the metal oxide
particles so that the active surface area increases, giving faster transport of electrons [46].
This provides specific capacities higher than the sum of the capacities for the metal oxide
and graphene sheets alone [45]. Mn3O4 is one metal oxide that has been grown on reduced
graphene oxide resulting in better performing electrodes for supercapacitors [47]. The in-
crease in performance was due to higher utilization of the Mn3O4 particles because they
were more dispersed.
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2.5 New findings for electrolyte
A new, stable, inorganic-based electrolyte was discovered about two years ago. This solu-
tion is a magnesium aluminum chloride complex (MACC) in THF, which provides reversible
Mg deposition with an anodic stability over 3.0 V [48, 49]. The precursors are the non-
nucleophilic Mg2+ source, MgCl2, and the Al Lewis acid, AlCl3. The solution was found
to need an electrolytic precycling process to achieve the desired electrochemical perfor-
mance [50]. During this precycling it was discovered an irreversible Mg and Al deposition
on the anode. The process also resulted in free Cl– anions in the electrolyte, which depas-
sivates the anode surface, thereby allowing a reversible Mg deposition/dissolution [51]. In
addition, inhibitory oligomers develop in the THF via a cationic ring-opening polymeriza-
tion of THF during initial synthesis of the MACC and under resting conditions [50]. AlCl3
acting as a Lewis acid can catalyze this polymerization, while conditioning, or precycling,
removes them again. After the conditioning, reversible Mg deposition occurs.

When the Mg organohaloaluminate Mg(AlCl2EtBu)2 in THF recently was investigated,
some new discoveries were made. The presence of γ-butyrolactone (GBL) was revealed in
the solution [52]. This is a known oxidation product of THF, and it was found in both the
Mg(AlCl2EtBu)2 electrolyte and the Grignard reagent EtMgBr. The authors hypothesize
that the THF molecules coordinate to RMg+ species at the electrode surface, and that these
are more easily oxidized than uncoordinated THF due to the Lewis acidity of RMg+. Lewis
acids have been reported to facilitate the chemical oxidation of THF to GBL. This GBL de-
composition product was also found in the MACC electrolyte [50].
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Chapter 3

Experimental work

The experimental work performed for this thesis can be divided into six parts; powder prepa-
ration, powder characterization, cathode fabrication, cell assembly, electrochemical testing
and ex situ study of the cathodes. All these parts will be described in the following sections.

3.1 Powder preparation
Two powders were prepared in this work. The starting point was a commercial Mn3O4
powder from Erachem Comilog, which was tested as a Mg-ion battery cathode material in
earlier work by the author [1]. As attempts to improve the performance, simple treatments
of the powder was the first step here. The treatments were milling and mixing with reduced
graphene oxide. These two powder preparation methods are described in the following sec-
tions.

3.1.1 Milling
Earlier study of the commercial Mn3O4 (Erachem Comilog) powder showed that the powder
had very low active surface area [1]. As an attempt to increase the surface area of this
powder, ball milling was performed. The milling balls used were made of yttrium stabilized
zirconia, and the milling medium, or solvent dispersing the powder, was aceton. This was
all mixed together in a plastic bottle as container. By rotating the bottle continuously, the
milling balls tumbles over each other and crush large agglomerates in the powder. The
commecial Mn3O4 powder was milled for 16 hours, before it was dried and collected as a
brown powder. An illustration of the cross section of a working ball mill is shown in Figure
3.1. When milling, there is a critical rotation speed which if exceeded causes the milling
balls to follow the wall of the container all the way around. This instead of tumbling down
on the powder as shown in Figure 3.1, which is the wanted process. The formula for the
critical rotation speed is given as Equation (3.1).

Vcr = 42.3/(D)1/2 (3.1)

Where D is the diameter of the container and the unit for Vcr is rpm (rotations per min).
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Figure 3.1: Working principle of a ball mill, collected from [53].

3.1.2 Milled Mn3O4 mixed with reduced graphene oxide

Due to the advantageous properties graphene oxide possesses, a batch of milled Mn3O4
powder mixed with reduced graphene oxide was prepared. Then, 0.2 g graphene oxide (GO)
was dispersed in 200 mL distilled water. The solution was ultrasonicated in a Branson
digital sonifier (Danbury, USA) at 60 % effective power for 20 - 30 min. After this the solution
was centrifuged at 3000 rpm for 10 min. 7 - 8 droplets of a 25 wt% ammonia solution was
added to adjust the pH to 10 and help keep the GO sheets from agglomerating. Then, the
solution was ultrasonicated again at the same power, this time for 45 - 50 min. Next step
was adding 1.13 g dry, milled commercial Mn3O4 to the solution while stirring. The stirring
was continued for 2 hours before the solution was heated, still with stirring, to 85◦C. When
this temperature was reached, 5 wt% hydrazine (N2H4) was added as a reduction aid. The
weight ratio between GO and N2H4 was 10:7, hence 2.8 g of the 5 wt% hydrazine solution
was added. The solution was kept at 85◦C while stirring over night. After this, the solution
was centrifuged and washed until the pH was 7. Finally the powder was dried and collected
as a black and dark brown powder.

3.2 Powder characterization

After milling the commercial Mn3O4 powder, it had to be characterized using N2 adsorption-
desorption measurements and SEM. This to evaluate the effect of milling and determine
both the new surface area and particle size and morphology. The characterization methods
are described in the following sections.
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3.2.1 BET

To find the active surface area of the milled Mn3O4 powder, N2 adsorption and desorption
measurements were performed using a 3Flex surface and catalyst characterization machine
from Micromeritics. The surface area was calculated using the Brunauer-Emmett-Teller
(BET) method. To remove any adsorbed water, the sample was degassed at 250◦C under
vacuum over night before measuring.

3.2.2 SEM

Scanning electron microscopy (SEM) was used to study particle size and morphology. The
milled Mn3O4 powder, both pure and complexed with RGO, was imaged. Preparing the
powders for SEM involved dispersing them in 100 % ethanol and keep these dispersions in
an ultrasonication bath for 40 min. After this, two droplets of the dispersions was deposited
onto a clean sample holder each. When dry, the sample of pure Mn3O4 was sputter coated
with carbon nanoparticles (a few nano meters in size), to ensure conductivity. The samples
were imaged in the field emission SEM (FESEM) Zeiss Ultra with secondary electrons using
an acceleration voltage of 5 kV. The obtained SEM images are presented in the results
section.

3.3 Cathode fabrication

To make cathodes, the pure Mn3O4 powder was mixed with Super-P carbon black and
polyvinylidene difluorid (PVDF, Keynar, reagent grade) in the presence of N-methyl pyrro-
lidinone (NMP, Aldrich, > 99 %). This by the weight ratio 80:10:10 respectively. The last
component is a binder and solvent solution. Additional droplets of the NMP was used to
adjust the viscosity. For pure Mn3O4 15 additional droplets of NMP were used, and for the
Mn3O4 complexed with RGO 30 droplets were used. After adding all the components to a
metal container with a metal ball inside (shaker mill), the mixture was ball milled into a
stable slurry by a Retsch MM400 shaking machine. The slurries were shaken for 30 min
with frequency 25 s−1. Next the slurries were drop coated onto carbon paper discs, 16 mm in
diameter. These had been cut from carbon paper, cleaned with ethanol and dried over night
under vacuum at 80 ◦C. Carbon paper with slurry was placed on a hot plate, having an
approximate temperature of 50 ◦C, until dry. Then, the cathodes were dried under vacuum
at 120 ◦C over night (t > 10 hours).

3.4 Cell assembly

In order to test the performance of the cathodes fabricated, coin cell batteries were assem-
bled as described below.
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3.4.1 Coin cell battery

Figure 3.2: Partial cross section of an assembled coin cell battery. Collected from [54].

The coin cell batteries prepared were CR2016 coin cells from Hohsen Corp. An illustration
of the cross section of such a battery is shown in Figure 3.2. The illustration also gives the
dimensions of a finished assembled cell, i.e. the diameter is 20.25 mm and the hight is 1.6
mm. Before the battery components were put into the bottom case of the battery, a plastic
ring was put in. This ensured complete sealing of the cell when the top was pressed on.
Since the anode, cathode and separator are not thick enough to fill the entire height of the
cell, a metal (stainless steel) spacer was also included. Hence, the assembly order was; bot-
tom case, plastic ring, cathode, separator, anode, spacer and top. Electrolyte was added drop
wise onto the cathode, separator and anode to ensure complete soaking. Approximately 12
droplets of electrolyte were in total used for each cell.

The stainless steel spacer was 16 mm in diameter and 0.3 mm thick. The anode was a
12 mm long, pure magnesium piece from a Mg ribbon, 3 mm wide. The Mg ribbon was pol-
ished using sandpaper to remove all the oxide on the surface, washed with ethanol and dried
under vacuum overnight at 80◦C before use. The separator was a glass microfiber (What-
man) disc, 16 mm in diameter. The APC electrolyte, prepared by Ph.D. candidate Lu Wang
according to synthesis procedure [18,19], had a concentration of 0.4 molL−1 APC. Assembly
was done in an Ar-filled glove box (pO2 and pH2O < 0.1ppm).

3.5 Battery testing

In order to test the performance of the batteries made, they were charge-discharge cycled
glavanostatic, i.e. by controlling the current and measuring the voltage response. Three
different programs were run on the batteries to study different performance features. The
programs are called short term performance, long term performance and rate capability.
These programs are described in the following sections. The battery tester used, for all
tests, was Landhe CT2001A, shown in Figure 3.3.
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3.5.1 Short time performance
The short term test involves cycling the batteries between 2.1 V, charged state, and 0.2 V,
discharged state, for 50 cycles. One cycle is one charge and one discharge. A freshly assem-
bled battery is fully charged, hence the program starts with a discharge. This discharge is
labeled initial discharge, and is not part of cycle one. The charge/discharge rate used was
0.1C, where 1C is the current density needed to charge/discharge the battery in one hour,
i.e. 154 mAhg−1. By entering the active mass of the cathode, the specific capacity of the
cathode is measured continuously. This test gives a good indication of the performance since
50 cycles is long enough to know that the battery does not fail very soon after it is put to
use, and also the rate is slow enough to get quite some reaction and thus capacity.

Figure 3.3: 2016 coin cell batteries being electrochemically tested with charge-discharge
cycling by Landhe battery testing machine. Collected from [1].

3.5.2 Long term performance
Long term performance of cathodes were done to verify the capacity stability seen in earlier
work and to ensure that the batteries do not short circuit after a few hundred cycles. The
cathodes were assembled to batteries, which were set to cycle between 2.1 and 0.2 V 500
times at a current rate of 0.1C.

3.5.3 Rate capability
To see how the specific capacity of the cathodes varies with current rate. The cycling pro-
gram set for these cathodes cycled them five times at each of the following current rates;
0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and then back to 0.05C. This way it would be possible to
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determine if the capacity returns back to the initial value after cycling at all the different
current rates or if there is a permanent effect.

3.6 Ex situ study of cathodes

Different ex situ studies were performed on the cathodes. These were XRD, SEM with
EDS analysis and TEM with element analysis. The aim of these studies was to reveal what
happens with the cathode material during operation, i.e. an attempt to discover the working
mechanism. To do so, cathodes at different stages of cycling were needed. Hence, several
batteries were made having the same type of cathode (pure milled Mn3O4) and charge-
discharge cycled to different end points. The procedures for preparation and executing the
studies are described in the following sections.

3.6.1 Sample preparation for ex situ studies

To investigate if or how the cathode material changes during cycling, six cathodes were ini-
tially prepared. One was to be a reference to the others and was hence remained fresh. The
other five were assembled into batteries and programmed to cycle to different end points
using the Lanhe machine. The first of these five batteries only completed the initial dis-
charge to 0.2 V, before the battery was disassembled and the cathode was cleaned in THF
and dried. The second battery completed the initial discharge and the first charge. The
third battery completed cycle 1, i.e. initial discharge, first charge and second discharge. The
fourth battery was stopped at the evident charging plateau in cycle 5, i.e. at 0.6 V. The fifth
battery was stopped at the discharge plateau in cycle 5, i.e. at 0.5 V. The six cathodes were
labeled A - F respectively. Disassembly, cleaning and drying of the cycled cathodes were
done in an Ar-filled glove box (pO2 and pH2O < 0.1ppm). The charge/discharge rate used was
0.02C to ensure as much reaction as possible.

Cycle five was chosen for plateau examination because here the plateaus are well estab-
lished and experience from earlier work indicate that much of what happens with the cath-
ode during 50 cycles have already happened at cycle five. Meaning that the largest changes
in the charge-discharge curves occur between cycle one and five, and only small changes are
seen from cycle five to fifty.

Preparation for XRD

After the cathodes were dry, they were prepared for XRD analysis. This preparation in-
cluded carefully scraping active material off the carbon paper and depositing it on a clean,
flat sample holder of Si single crystal. In order to make the material stick to the sample
holder, about eight droplets of ethanol (96 %) were deposited on the sample holder before
the active material. The ethanol was allowed to dry before the samples were placed in the
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XRD machine. The samples were scanned in a Bruker D8-Focus. The recorded XRD pat-
terns are given in the results section.

Preparation for SEM and EDS

When preparing the cathodes for XRD, only half of the active material was scraped off the
cathode. The other half was, for cathode A - D, images in SEM to study the surface morphol-
ogy and to look for differences between the fresh and cycled cathodes. Since the surface mor-
phologies were to be studied and the Mn3O4 active material was deposited onto conductive
carbon paper, no sample preparation was necessary. The cathodes were merely transferred
into the SEM and the uncompromised half of the cathodes were imaged. The SEM used was
the field emission SEM (FESEM) Zeiss Ultra with secondary electrons using an acceleration
voltage of 5 kV. The obtained SEM images are presented in the results section.

After SEM imaging, EDS analysis was performed on the cathodes to determine the amount
of the different elements in the active material. Using a Bruker Quantax EDS detector,
spectra of each cathode was obtained and analyzed using the Quantax Espirit program.
The analysis results are given in the results section.

Preparation for TEM

Preparation for transmission electron microscopy (TEM) involved firstly carefully scraping
the active material off cathode C and D, which had been cycled to charge and discharge of
cycle 1. The sample powders where then dispersed in 96 % ethanol. A droplet from each
dispersion was transferred to a holey carbon coated Cu TEM grid. Prior to TEM charac-
terizations, the samples were gently plasma cleaned 2 x 10 s inside a shielding port by a
Fischione plasma cleaner to remove possible contamination.

TEM was performed with a double Cs corrected, coldFEG JEOL ARM200CF, operated at 200
kV and equipped with a Gatan Quantum ER for electron energy loss spectroscopy (EELS)
and a large solid angle (0.98 srad) Centurio detector for X-ray energy dispersive spectroscopy
(EDS).
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Chapter 4

Results

In this section results from the experimental work will be presented. The results are divided
into three main sections; powder characterization, cathode electrochemical performance and
investigations of charge-discharge mechanism.

4.1 Powder characterization

The milled Mn3O4 powder was characterized by N2 adsorption-desorption measurements
and SEM imaging in order to determine the effect of milling. Therefore the characteriza-
tion results will be compared to results for untreated Mn3O4 found in earlier work [1]. In
the following sections the measured active surface area will be presented first, followed by
particle size and morphology results obtained by study using SEM.

4.1.1 Active surface area

N2 adsorption-desorption measurements and calculations utilizing the Brunauer-Emett-
Teller (BET) method gave an active surface area of 11.3 m2 g−1 for the milled Mn3O4 powder.
From this 10.6 m2 g−1 was external surface area and 0.7 m2 g−1 was micropore area. Hence,
close to all of the active area is accessible. Investigations on not milled Mn3O4 conducted
in earlier work found a BET surface area of 9.6 m2 g−1 [1]. This implies that milling the
powder resulted in an increase in surface area by 15 %. As both the increase and the to-
tal surface area are low, the powder should still contain mostly large agglomerated particles.

The isotherm linear plot is shown in Figure 4.1. The two lines, indicated by dots, illus-
trating adsorption and desorption show that the micropore area is an insignificant part of
the surface area [55]. There are no hysteresis in the curves, hence the powder is macrop-
orous. This again indicates large particles and agglomeration. From the surface area an
estimated particle size can be calculated. Assuming spherical particles, equation (4.1) can
be used. The estimated particle size is then found to be 113 nm. For the not milled powder
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this calculated size was 123 nm [1].

S = 6
dρ

(4.1)

Equation (4.1) gives the relationship between the surface area, S, the material’s density, ρ
and the particles’ average diameter, d assuming spherical particles. The density value, ρ,
of Mn3O4 used was 4.7 gcm−3 [27].

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

Relative Pressure p/p0

Q
ua

nt
it

y
A

ds
or

be
d

[ cm
3

g−
1]

Adsorption
Desorption

1
Figure 4.1: Isotherm linear plot from N2 adsorption-desorption measurement and BET cal-
culations. The red dots indicate adsorption and the blue dots indicate desorption.

4.1.2 Particle size and morphology

In order to determine the size and morphology of the milled Mn3O4 powder, SEM and TEM
was used to image the powder. The obtained images are divided into two groups, pure
Mn3O4 and Mn3O4 complexed with RGO, and are presented in that order. To determine the
effect of milling, SEM images of the milled Mn3O4 are given alongside SEM images of not
milled Mn3O4. The images of not milled Mn3O4 are collected from earlier work [1]. TEM
images were only obtained for pure, milled Mn3O4 as these were taken as part of the ex situ
study described in the experimental section. Hence the agglomerates shown in the TEM
images are from a cycled cathode.
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Pure Mn3O4

Four images of pure Mn3O4 are presented in Figure 4.2. Two of these, Figure 4.2a and
4.2c, are of untreated Mn3O4, while Figure 4.2b and 4.2d are of milled Mn3O4. All images
were taken using secondary electrons (SE), and the out of lens SE detector. When observing
the four images, milling seems to have reduced the sizes and density of the agglomerates.
Clearly there are still much agglomeration after milling, but each agglomerate looks to be
smaller in size and less densely packed with particles. Estimated reduction in agglomerate
size due to milling is from 1 - 2 µm in diameter to 0.5 - 1 µm in diameter, see Figure 4.2a
and 4.2b. Also for the not milled powder, the agglomerates are seen to be closely linked to-
gether, creating a large system of agglomeration. The milled powder does not seem to have
the same strong linking between agglomerates. In addition for the milled powder, there are
some visible open channels in between the particles making up each agglomerate. For the
not milled powder, some channels between the agglomerates are seen, but due to the dense
packing of particles within each agglomerate there are no visible channels through the ag-
glomerates.

To evaluate change in particle size caused by milling, Figure 4.2c and 4.2d are studied.
From these images it is seen that the particles’ sizes are quite similar before and after
milling. For both powders, it can be seen that the particles have a wide size distribution.
From the images it can be observed both particles smaller than 50 nm and larger than 100
nm. Though it can be noted that the agglomerate in Figure 4.2d seem to have more of the
smaller particles than the agglomerate in Figure 4.2c. In addition, the shape of the par-
ticles vary some. While the smaller particles look quite spherical, the larger ones have a
rectangular shape. This is seen for the powder both before and after milling. The rectangu-
lar shape is particularly noticeable for the not milled powder, but can also be found in the
milled powder. The rectangular particles looks to have a length more than twice as long as
the width.
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(a) (b)

(c) (d)

Figure 4.2: SEM images of (a) and (c) the untreated commercial Mn3O4 at different mag-
nifications, and (b) and (d) the milled Mn3O4 at similar magnifications as the untreated
samples for comparison. Image (a) and (c) are collected from earlier work [1].

In order to evaluate the size and morphology of the milled Mn3O4 powder more thoroughly,
TEM was also used. This was done as part of the ex situ study of cathodes described in the
experimental section. In Figure 4.3 four TEM images are presented, illustrating how wide
the size and shape distribution of the agglomerates are. The agglomerate in Figure 4.3a is
both large, about 3 µm long, and quite densely packed. The agglomerate in Figure 4.3b on
the other hand is both smaller, about 2 µm long, and less densely packed. This agglomerate
will hence have a larger accessible surface area. In Figure 4.3c and 4.3d the particles build-
ing up the agglomerates can be observed. From these images it is clear that the particles
have varying size. The upper left particles in Figure 4.3c are seen to be rectangular with
length of around 150 nm and width between 50 and 100 nm. The largest particles seen in
Figure 4.3d are at the bottom of the agglomerate. These are also rectangular, though here
the length is about 60 nm while the width is about 40 nm. In the upper part of this ag-
glomerate several smaller particles can be seen, many of which looks to be elongated in one
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direction. Some of these are not larger than 20 nm. Hence, the particle size distribution in
the powder is wide.

(a) (b)

(c) (d)

Figure 4.3: TEM images of agglomerates in milled powder.
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Mn3O4 mixed with RGO

For the samples mixed with RGO, four SEM images are presented in Figure 4.4. Two of
which are of samples where the Mn3O4 was not milled, Figure 4.4a and 4.4c, while Figure
4.4b and 4.4d are of samples where the Mn3O4 was milled before mixing. Here image 4.4c
was taken using the secondary electron detector outside the microscope lens, while image
4.4a, 4.4b and 4.4d were taken using the SE detector in the lens to better see the RGO
sheets. The new, milled powder looks porous and have the reduced graphene oxide sheets
more intertwined in between the agglomerates. In the not milled powder, the RGO sheets
looks to be wrapping the agglomerates, see Figure 4.4a. There are however some less ag-
glomerated areas, as can be seen in Figure 4.4c. Still, the mixing looks more successful for
the milled powder. The RGO sheets seems more dispersed throughout the Mn3O4 particles,
instead of being layers of sheets wrapping the agglomerates.

(a) (b)

(c) (d)

Figure 4.4: SEM images of (a) and (c) the not milled Mn3O4 powder mixed with RGO, and (b)
and (d) the milled Mn3O4 complexed with RGO. Image (a) and (c) are collected from earlier
work [1].
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4.2 Cathode electrochemical performance

Four types of cathode have been tested by charge-discharge cycling between the voltages 0.2
and 2.1 V. These are untreated, commercial Mn3O4, pure and mixed with RGO, and milled,
commercial Mn3O4, pure and mixed with RGO. Several performance features were studied
for these cathodes. They involve specific capacity obtained during short term performance
tests, capacity dependence on active mass, long term performance and rate capability. Ob-
tained results on these features will in that order be described in the sections below.

4.2.1 Short term performance

Untreated Mn3O4

Six cathodes of untreated Mn3O4 have been tested in this work. All of these had active mass
below 2 mg and will be compared to earlier work where 4 cathodes with active mass above
2 mg were tested. In this section, the best and poorest performing of these 10 cathodes will
be presented with charge-discharge curves, while the other cathodes are given in Appendix
A.1.

The best performing cathode of untreated Mn3O4 is shown with charge-discharge curves
in Figure 4.5. In the plot, the black line is the initial discharge, the red lines are charge
and discharge of cycle one, the green lines are cycle five and the blue lines are cycle fifty.
Average specific capacity obtained with this cathode was 50 mAhg−1 and the cathode’s ac-
tive mass was 1.36 mg. From the initial discharge to the first charge, a decrease in capacity
from about 61 to 45 mAhg−1 is seen. From the charge to the discharge of cycle 1 the ca-
pacity increases to 51 mAhg−1. In cycle five, the charge capacity is slightly larger than the
discharge, measuring 53 and 50 mAhg−1 respectively. For cycle 50, the charge capacity con-
tinued increasing while the discharge showed decreasing capacity compared to cycle 5. The
respective values were 55 and 46 mAhg−1.

From the charge-discharge curves it can also be seen that there is a close to horizontal
segment, or plateau, on each curve except for the initial discharge. For the charge curves,
these plateaus are at approximately 0.7 V, and it can be seen that the plateaus for cycle 5
and 50 are wider in x-direction than the plateau for cycle 1. For the discharge curves, cycle
1 do not actually have a plateau, only a change in curve slope. Cycle 5 and 50 however, have
clear plateaus around 0.6 V. The curves for cycle 5 and 50, both charge and discharge, are
seen to be almost the same, with only slight differences at the end of the curves and at the
plateaus. Both the charge and the discharge plateau show a slight upwards shift in voltage
from cycle 5 to cycle 50.

The poorest performing cathode on the other hand is illustrated with charge-discharge
curves in Figure 4.6. The average specific capacity of this cathode was 24 mAhg−1 and
the active mass was 2.72 mg. Looking at the endpoints of the curves, a drop in capacity
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Figure 4.5: Charge-discharge curves for the best performing cathode of untreated Mn3O4
cycled 50 times between 0.2 and 2.1 V. Active mass was 1.36 mg and average specific capac-
ity was 50 mAhg−1. The black line illustrates the initial discharge, the red lines are cycle
1, charge upwards and discharge downwards, the green lines are cycle 5 and the blue lines
are cycle 50.

between the initial discharge and cycle 1 is clearly seen. The remaining cycling shows ca-
pacities in the same area as cycle 1. More specifically the capacity values for the initial, first,
fifth and fiftieth discharge are 38, 25, 24 and 24 mAhg−1. The charging show an increase in
capacity with cycling number, the exact values for 1st, 5th and 50th charge being 21, 23 and
24 mAhg−1. For this cathode, a charge plateau can be seen for all three cycles shown, and
a downwards shift in the plateau with cycling is observed. In the discharge curves on the
other hand, only cycle 50 show a proper plateau while cycle 1 and 5 only have a bend in the
curves. The plateaus are more narrow and less obvious in these curves compared to the ones
for the best performing cathode. Actually, when looking at all the charge-discharge curves
for the cathodes of not milled Mn3O4, both the two in this section and the seven in Appendix
A.1, some overall trends can be seen. These are that with decreasing specific capacity, or
increasing active mass, the steeper the curves are and the smaller the plateaus become. In
addition, the discharge plateau of cycle 5 looses more and more of it’s horizontal degree with
decreasing capacity.

32



0 5 10 15 20 25 30 35 40

0.5

1.0

1.5

2.0
Rate = 0.1C

Specific Capacity [mAh/g]

V
ol

ta
ge

[V
] Initial discharge

Cycle 1
Cycle 5

Cycle 50

1
Figure 4.6: Charge-discharge curves for the poorest performing cathode of untreated Mn3O4
cycled 50 times between 0.2 and 2.1 V. Active mass was 2.72 mg and the average specific
capacity was 24 mAhg−1. The black line illustrates the initial discharge, the red lines are
cycle 1, the green lines are cycle 5 and the blue lines are cycle 50.

In order to compare the obtained capacities of these two different cathodes more thoroughly,
their capacity development during the fifty cycles are plotted in the same diagram in Fig-
ure 4.7. There is an obvious difference in capacity between the best cathode, the two upper
curves, and the poorest cathode, the two lower curves. However, there is a larger differ-
ence in charge and discharge capacities for the best performing cathode than for the poorest
cathode. Also, while the difference between charge and discharge capacity for the best per-
forming cathode grows larger during cycling, the charge and discharge capacities for the
poorest performing cathode is almost equal throughout the cycling.

33



0 5 10 15 20 25 30 35 40 45 50 55

20

30

40

50

60

Cycle number

Sp
ec

ifi
c

C
ap

ac
it

y
[m

A
h/

g ]

Charge
Discharge

1
Figure 4.7: Comparison between the best performing cathode with average capacity of 50
mAhg−1 and the poorest performing cathode with average capacity of 24 mAhg−1 after
charge-discharge cycling 50 times. The two upper lines represent charge (blue) and dis-
charge (red) for the best performing cathode, while the two bottom lines represent the poor-
est performing cathode. The active mass of the cathodes are respectively 1.36 and 2.72 mg.

Milled Mn3O4

Eight cathodes of milled Mn3O4 have been tested in this work. The cathodes achieving the
highest and lowest capacity are shown with charge-discharge curves in this section, while
the six other cathodes are given in Appendix A.2. Starting with the best performing cath-
ode, this one is presented in Figure 4.8. The active mass of this cathode was 1.04 mg and
the average specific capacity during 50 cycles was 65 mAhg−1.

When looking at the discharge curves there are some evident trends. First, the endpoint
capacity decreases with increasing number of cycles. The discharge capacities for the initial,
first, fifth and fiftieth cycle are respectively 85, 67, 65 and 63 mAhg−1. Also, the discharge
plateau is shifted to higher voltages with increasing number of cycles. The discharge curve
of cycle 1 appears to almost have a plateau because the slope of the curve seems to change
twice in the area where cycle 5 and 50 have a plateau. For the charge curves, all cycles have
a plateau, and cycle 5 and 50 have plateaus at the exact same voltage. At the endpoint of the
charge lines, it can be seen that the capacity increases from cycle 1 to 5 and then decreases
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for cycle 50. The respective capacity values are 66, 71 and 65 mAhg−1.
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Figure 4.8: Charge-discharge curves for the best performing cathode of milled Mn3O4. Ac-
tive mass was 1.04 mg and the average specific capacity was 65 mAhg−1.

The cathode of milled Mn3O4 showing the lowest capacity is illustrated in Figure 4.9. This
cathode had an active mass of 2.0 mg and an average specific capacity of 33 mAhg−1. Com-
pared to Figure 4.8 some, but not all, of the same trends are found here. For the discharge
endpoint values, there is an obvious decrease from the initial discharge to the rest, before
the capacity stabilizes at 32 - 33 mAhg−1. The respective values for the initial, first, fifth
and fiftieth discharge are 45, 33, 32 and 33 mAhg−1. Compared to the best cathode of
milled Mn3O4, here the curves for cycle 5 seem to be following the curves for cycle 1 more
than those for cycle 50. All the cycles have a charge plateau, however the discharge plateau
for cycle 1 looks to only be a bend in the curve. Cycle 5 and 50 are seen to have discharge
plateaus. Also, while the discharge plateau shows an upwards shift in voltage with cycling,
the charge plateau has a downwards shift. With regard to the charge curves’ endpoints,
there is not the same decrease in the capacity from cycle 5 to 50 like in Figure 4.8. The
capacity values for the first, fifth and fiftieth charge are respectively 31, 35 and 34 mAhg−1.

Compared to the cathodes of not milled Mn3O4, the cathodes of milled Mn3O4 had a nar-
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Figure 4.9: Charge-discharge curves for the poorest performing cathode of milled Mn3O4.
Active mass was 2.0 mg and average specific capacity was 33 mAhg−1.

rower active mass range and a wider capacity range. When studying all the charge-discharge
curves for cathodes of milled Mn3O4, i.e. the two here and the six in Appendix A.2, some
differences are seen compared to the cathodes of not milled Mn3O4. First of all there is not
a large difference in how steep the curves are with decreasing capacity. Also, there is no
obvious change in the size of the plateaus. The discharge plateau of cycle 5 though, shows a
slight tendency of looking more like cycle 1 than 50 with decreasing capacity.

In Figure 4.10 development of the capacity output during the 50 cycles for the best and
poorest cathode are presented in the same plot. The two upper lines, blue (charge) and
red (discharge) represent the best cathode which had an average specific capacity of 65
mAhg−1. The two bottom lines represent the poorest cathode with average specific capacity
of 33 mAhg−1. The difference in active mass between the cathodes is 0.96 mg. It can be
seen that the lines for the poorest cathode are closer together and more straight than those
for the best cathode. This meaning that the charge and discharge capacities are more equal
and that the performance is more stable for the poorest cathode. Though there are not large
variations for the best cathode either.
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Figure 4.10: Comparison of capacity output for the two cathodes during the 50 cycles. For
the best and poorest cathode, average capacity was respectively 65 and 33 mAhg−1. Active
mass of the two were 1.04 and 2.0 mg.

Not milled Mn3O4 mixed with RGO

Seven cathodes of not milled Mn3O4 with RGO will be presented in this section and the ap-
pendix. From these, two were tested during this work, while five were tested and presented
in earlier work [1]. The reason these five cathodes are presented again is that some modifi-
cations have been made to their data. The cathodes were made from a powder consisting of
85 wt% Mn3O4 and 15 wt% graphene oxide. This was not accounted for in the earlier work.
The active mass was given as the amount of powder on the cathodes instead of only the
amount of Mn3O4. In this work on the other hand, the active mass is defined as the loading
of Mn3O4 on the cathodes. Hence, data on the five cathodes from earlier work have been
recalculated according to this active mass. In this section, the cathode with the highest and
the cathode with the lowest capacity will be shown with charge-discharge curves, while the
others can be found in Appendix A.3.

The best performing cathode of this type is the best from earlier work, modified with new
specific capacity and active mass. The charge-discharge curves for this cathode is shown in
Figure 4.11. After calculations the new active mass was found to be 1.09 mg and the average
specific capacity was 78 mAhg−1.
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Looking at the curve endpoints, there is an increase in the capacity for the charge curves
with cycling. The values obtained for the first, fifth and fiftieth charge are respectively 72,
79 and 81 mAhg−1. For the discharge curves there is a decrease from the initial to cycle 5,
and then an increase for cycle 50. The values are respectively 103, 78, 76 and 79 mAhg−1.
When it comes to the discharge plateau, there is a clear shift towards higher voltage with
increasing number of cycles. All cycles show both a charge and a discharge plateau. For the
charge plateau there is a slight downwards shift in the plateau, while the discharge plateau
has an upwards shift.
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Figure 4.11: Charge-discharge curves for the best performing cathode of not milled Mn3O4
with RGO. The average specific capacity was 78 mAhg−1 and the active mass was 1.09 mg.
Modified from [1].

The poorest performing cathode of not milled Mn3O4 with RGO is shown with charge-
discharge curves in Figure 4.12. The average specific capacity was 32 mAhg−1 and the
active mass was 2.18 mg. It can be seen that the discharge values for cycle 1 to 50 are
all the same, i.e. 31 mAhg−1. The initial discharge capacity was 44 mAhg−1. The charge
values differ more from one another and increase with increasing cycling number. The ca-
pacities for the first, fifth and fiftieth charge are respectively 25, 32 and 33 mAhg−1. For
the charge curves, all the cycles show a plateau, though the one for cycle 1 is very small. For
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the discharge curves, cycle 50 have a small plateau while cycle 1 does not show any sign of
a plateau and cycle 5 only has a bend in the curve. For the charge plateau, there is a shift
and widening in the x-direction occurring during cycling.
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Figure 4.12: Charge-discharge curves of the poorest performing cathode of not milled Mn3O4
with RGO. The average specific capacity was 32 mAhg−1 and the active mass was 2.18 mg.

Comparing all the curves obtained for the cathodes of not milled Mn3O4 with RGO, i.e.
the two here and the five in Appendix A.3, a trend is seen. With increasing active mass, the
discharge plateaus become less of a plateau and more just bend in the curves. Opposite to
the cathodes of pure, not milled Mn3O4, there does not seem to be a continuous increase in
how steep the curves are with decreasing capacity. Also there is no particularly change in
the charge plateau.

The development of the capacity during the 50 cycles for the best and poorest performing
cathode of not milled Mn3O4 with RGO is plotted in Figure 4.13 for comparison. The two
upper lines, blue (charge) and red (discharge) represent the best cathode with an average
specific capacity of 78 mAhg−1. The two lower lines are for the poorest cathode with an aver-
age specific capacity of 32 mAhg−1. The difference in capacity is thus 46 mAhg−1, while the
difference in active mass between the two is 1.09 mg. It can be seen that the poorest cath-
ode has more stable capacity throughout the 50 cycles, though it should be noted that there
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are only small changes in the capacity for the best cathode as well. Both cathodes have
discharge values quite similar to the charge values and the charge values are constantly
slightly larger than the discharge.

0 5 10 15 20 25 30 35 40 45 50 55
20

40

60

80

100

Cycle number

Sp
ec

ifi
c

C
ap

ac
it

y
[m

A
h/

g ]

Charge
Discharge

1
Figure 4.13: Comparison between the best and poorest cathode of not milled Mn3O4 with
RGO. The best cathode had an average specific capacity of 78 mAhg−1 and active mass of
1.09 mg, while the poorest cathode had an average capacity of 32 mAhg−1 and active mass
of 2.18 mg.

Milled Mn3O4 mixed with RGO

The best performing cathode of milled Mn3O4 with RGO is given with charge-discharge
curves in Figure 4.14. The average specific capacity achieved for this cathode was 60
mAhg−1. The cathode’s active mass was 1.09 mg. The curves show that except from the
initial discharge, the charge and discharge reach capacity values closely spaced. The re-
spective values for initial, 1st, 5th and 50th discharge are 80, 62, 60 and 58 mAhg−1. The
charge values from 1st to 50th cycle are 55, 61 and 58 mAhg−1. The discharge plateau
shows an upwards shift in voltage during cycling, while the charge plateau has a slight
downwards shift.

The poorest performing cathode of milled Mn3O4 with RGO is given with charge-discharge
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Figure 4.14: Charge-discharge curves for the best performing cathode of milled Mn3O4 with
RGO. Active mass was 1.09 mg and the average specific capacity was 60 mAhg−1.

curves in Figure 4.15. The average specific capacity obtained was 26 mAhg−1 and the ac-
tive mass of the cathode was 2.58 mg. The capacity values for the initial discharge and the
discharge of cycle 1, 5 and 50 are respectively 40, 27, 25 and 26 mAhg−1. The charge values
for cycle 1, 5 and 50 are 26, 31 and 27 mAhg−1. Just like the poorest cathode of not milled
Mn3O4 with RGO, the cathode shown here had small charge plateaus, especially cycle 1.
Also, only cycle 50 has a discharge plateau, while cycle 1 and 5 just have a small bend in
their curves.

Comparing all the cathodes of milled Mn3O4 with RGO, hence the two given here and the
six presented in Appendix A.4, it can be seen that the charge plateau become smaller with
decreasing capacity. Also, cycle 1 and 5 gradually loose their discharge plateau with de-
creasing capacity.
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Figure 4.15: Charge-discharge curves for the poorest performing cathode of milled Mn3O4
with RGO. Active mass was 2.58 mg and average specific capacity was 26 mAhg−1.

To compare the performance more thoroughly, the capacity development during the cycling
for the two cathodes is plotted in Figure 4.16. The two cathodes have average capacities
separated by 34 mAhg−1, while their active masses differ by 1.49 mg. It can be seen that
both cathodes have a very stable capacity throughout the cycling.
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Figure 4.16: Comparison of the performance of the best and poorest cathode of milled Mn3O4
with RGO during the 50 cycles. The best cathode had an average specific capacity of 60
mAhg−1 and active mass of 1.09 mg, while the poorest cathode had an average capacity of
26 mAhg−1 and active mass of 2.58 mg.

4.2.2 Long term performance

Four batteries with different cathodes were long term cycled at 0.1C. The cycling time was
found to be different for each cathode, and to increase with decreasing active mass. Hence,
the cathodes did not all reach the same number of cycles in the given time. The goal was
500 cycles, but only the two cathodes with the fastest cycling reached this. The other two
cathodes were stopped after 400 and 300 cycles. The cathode that reached 400 cycles did
so in 83 days and had an active mass of 1.56 mg. The cathode stopped after 300 cycles had
been cycling for 88 days and had an active mass of 1.12 mg. The two cathodes reaching 500
cycles are presented below, while the other two are given in Appendix B.

The first cathode to reach 500 cycles was made of milled Mn3O4 with RGO. The active mass
of this cathode was 1.56 mg. One charge or discharge took approximately 1 hour and 50
min. This corresponds to a total cycling time of about 1832 hours or 76 days. This cathode
is presented in Figure 4.17 with charge-discharge curves of cycle 1, 5, 50, 100, 200, 300, 400
and 500. The average capacity achieved for this cathode was 42 mAhg−1, and both plateaus
can clearly be seen. The charging plateau has a downwards shift from cycle 1 to 50, and then
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shifts upwards again to voltages higher than where the cycle 1 plateau is. The discharge
plateau has an upwards shift to higher voltages with increasing number of cycles. Just like
the cathode cycled 50 times, it can be seen that cycle 1 does not have a discharge plateau.
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Figure 4.17: Charge-discharge curves for the cathode of milled Mn3O4 with RGO enduring
500 cycles. Active mass was 1.56 mg and average specific capacity during the 500 cycles was
42 mAhg−1.

Focusing on the obtained capacities during the 500 cycles, the development is shown in
Figure 4.18. The blue x marks represent charge capacities and red o marks represent dis-
charge capacities, corresponding to the left y-axis. The black dots illustrates the efficiency
and corresponds to the right y-axis. The efficiency is here seen to be very good, the average
being 99 %. The capacity is also very stable throughout the entire cycling, showing no sign
of failure.
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Figure 4.18: Charge and discharge capacities achieved for the cathode of milled Mn3O4 with
RGO during the 500 cycles. Active mass is 1.56 mg and average specific capacity during the
500 cycles was 42 mAhg−1.

The second battery to reach 500 cycles had a cathode of not milled Mn3O4 with RGO. The
active mass of the cathode was 1.84 mg and the average capacity achieved during the cy-
cling was 37 mAhg−1. Charge-discharge curves of cycle 1, 5, 50, 100, 200, 300, 400 and 500
for this cathode are presented in Figure 4.19. Each charge or discharge took approximately
2 hours for this cathode. This corresponds to a total cycling time of 2002 hours or 83 days.
From the curves in Figure 4.19, it can be seen that cycle 1 is different from the rest of the
cycles, which are very similar to one another. The first difference is that the charge plateau
of cycle 1 is seen to be further to the left than the plateau for the other cycles. In addition,
the discharge curve of cycle 1 is the only one without a clear plateau. There is merely a bend
in the curve, indicating a reaction. Looking at the plateaus, there are clearly a voltage shift
with cycling. For the charge plateau, cycle 50 has the plateau with the lowest voltage while
cycle 300 has the plateau with the highest voltage. For the discharge plateau, cycle 400 has
the plateau at the highest voltage.

Development of the capacity during the cycling is shown in Figure 4.20. From the figure
it can be seen that the capacity had a slow and steady decrease to cycle 200, before it had
a small jump and stayed relatively flat throughout the remaining cycling. The charge and
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Figure 4.19: Charge-discharge curves for the cathode of not milled Mn3O4 with RGO cycled
500 times. Active mass was 1.84 mg and average specific capacity during the 500 cycles was
37 mAhg−1.

discharge capacities managed to follow each other quite well, so the overall efficiency was
good. The average efficiency during the cycling was 98 %.
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Figure 4.20: Charge and discharge capacities achieved for the cathode of not milled Mn3O4
with RGO during the 500 cycles. Active mass was 1.84 mg and average specific capacity
during the 500 cycles was 37 mAhg−1.

4.2.3 Capacity dependency on active mass

Resulting capacity of all the batteries cycled 50 times at 0.1C is shown in Figure 4.21. All
the values are also presented in Table 4.1. The red dots represent cathodes of not milled
Mn3O4 with RGO, and the green dots represent cathodes of milled Mn3O4 with RGO. In
Figure 4.21 it can be seen that these two generally are positioned slightly above the blue
and orange dots. The blue and orange dots corresponds respectively to pure, milled and not
milled Mn3O4. This means that the cathodes with RGO generally achieved a higher specific
capacity per gram Mn3O4. From the plot it looks like there are no distinct difference in
performance between milled and not. The cathodes of pure Mn3O4, milled and not, seem to
follow one common trend, while the cathodes with RGO follows a slightly different trend.
Thus mixing Mn3O4 with RGO was a more effective method to increase the capacity than
milling the powder. From Figure 4.21 and Table 4.1 it is found that the highest capacity
was obtained by a cathode of not milled Mn3O4 with RGO, having an active mass of 1.09
mg. Other cathodes with active mass in the same area, and even lower, are also presented.
However, these showed capacities more than 10 mAhg−1 lower than the best.

Disregarding the different colors of the dots in Figure 4.21, there is an obvious trend in-
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Figure 4.21: Summary of the resulting capacities obtained with the four different types of
cathode plotted against amount of active mass on each. The red dots are for cathodes of not
milled Mn3O4 with RGO, green are milled Mn3O4 with RGO, blue are pure, milled Mn3O4
and orange are pure, untreated Mn3O4.

dicating that the amount of active material on the cathodes affects the resulting capacity.
The lower the active mass on the cathodes, the higher the resulting specific capacity is. The
capacity achieved for each type of cathode is always highest for the cathode with the lowest
active mass. The only exception is the cathodes of pure, not milled Mn3O4, where the cath-
ode with the second lowest active mass had the highest capacity. Though it can be noted
that only 1 mAhg−1 separated the two cathodes and the difference in mass was 0.16 mg.
Capacity is given as the average discharge capacity of the cathodes during the 50 cycles.
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Not milled Mn3O4 Milled Mn3O4 Not milled Mn3O4 + RGO Milled Mn3O4 + RGO

Active
mass
[mg]

Specific
capacity
[mAh/g]

Active
mass
[mg]

Specific
capacity
[mAh/g]

Active
mass
[mg]

Specific
capacity
[mAh/g]

Active
mass
[mg]

Specific
capacity
[mAh/g]

1.2 49 1.04 65 1.09 78 1.09 60
1.36 50 1.12 56 1.22 62 1.36 59
1.44 43 1.28 51 1.36 52 1.56 48
1.52 36 1.36 45 1.5 53 1.56 44
1.6 41 1.44 43 1.7 42 1.97 37

1.76 38 1.52 42 1.84 39 2.04 33
2.16 30 1.6 39 2.18 32 2.18 33
2.48 28 2.0 33 2.58 26
2.72 25
2.72 24

Table 4.1: Table of the average specific capacities obtained by the cathodes cycled 50 times
at 0.1C and their active masses.

4.2.4 Rate dependency
In order to see how the battery performance varied with charge/discharge rate, two new
programs were run. The first one was rate capability, which was tested on five cathodes in
total. Two cathodes of pure, milled Mn3O4 and three cathodes of milled Mn3O4 with RGO.
All the cathodes were cycled according to the rate capability program given in the experi-
mental section. Hence the batteries were cycled five times at each of the following current
rates; 0.05C, 0.1C, 0.2C, 0.5C, 1C, 2C and 5C. After the 5C cycles, the rate was shifted back
to 0.05C to see if the capacity would return to the initial value again. 1C is the current rate
needed to discharge or charge the battery in one hour. From the five cathodes tested, two
will be presented here while the others are given in Appendix C. Hence, the cathode of each
type, cycling with the highest capacity are given below.

The second program was simply cycling at the lowest possible rate. For the Lanhe ma-
chine this was 0.02C. The cathode cycled at this rate was intended for ex situ study, but one
of these are presented with charge-discharge curves in the section labeled effect of slow rate
below.

Rate capability

The cathode of pure, milled Mn3O4 showing the highest capacity during the rate capability
test is presented in Figure 4.22. The figure shows the charge (blue) and discharge (red)
capacities obtained during cycling at the different rates. It can be seen that the specific
capacity of the cathode decreases gradually with increasing current rate from 0.05C to 5C.
The decrease is subtle from 0.05C to 0.5C, and then more and more evident down to 5C. It
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should be noted that when the current rate is reduced to lower values (0.05C) again, the
specific capacity of the cathode increases back to the initial values. On the right hand side
of the figure, the coulombic efficiency is plotted. It can be seen that the efficiency is quite
stable throughout the test, at values between 80 and 100 %.
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Figure 4.22: Rate capability of cathode of milled Mn3O4 showing how the specific capacity
changes with current rate from 0.05C to 5C. The blue bars indicate charging values, the red
bars indicate discharging values and the black dots show the efficiency. The cathode was
cycled five times at each rate. The first group has six red bars due to the initial discharge,
which do not count as a cycle. Active mass of the cathode is 1.44 mg.

Studying the charge and discharge bars in the plot, it can be seen that the first charge
bar of each group always differ from the rest in that it is much closer in value to the bars
of the previous group. Also, the charge capacities are generally higher than the discharge
capacities. This is most clearly seen for the first and last bar group, i.e. where the rate
is 0.05C. The higher the rate becomes, the smaller the difference between charge and dis-
charge is. The average discharge capacity of each group from left to right are 56, 49, 46,
41, 35, 25, 12 and 57 mAhg−1. Here the initial discharge is not part of the first group. The
average charge values for each group from left to right are 59, 51, 47, 42, 35, 25, 13 and
61 mAhg−1. These values do not include the first charge of each group since those differ so
much from the rest. From the numbers it is found that the charge capacity actually ends up
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with higher values the second time the rate is 0.05C compared to the first.

Rate capability test on the cathode of milled Mn3O4 with RGO showning the highest ca-
pacity is shown in Figure 4.23. This figure looks quite similar to Figure 4.22, though there
are some differences. First of all there seems to be a larger decrease in capacity from 0.05C
to 0.1C, and a bit smaller decrease from 0.5C to 0.1C. In addition, the bar group at 5C looks
to have a slightly larger capacity here compared to Figure 4.22. The decrease in capacity
from 0.1C to 0.5C is quite small, and the efficiency looks to be almost the same as in Figure
4.22.

In addition to these similarities, it is clear that also here the charge values are generally
higher than the discharge and that the difference decreases with increasing rate. The dif-
ference is clearly largest for the last group of bars. Since the charge values looks to be the
same in the first and last bar group, this means that the discharge values have decreased
some the second time the rate is 0.05C compared to the first. The exact average discharge
values for each group from left to right are 57, 46, 42, 39, 32, 25, 16 and 55 mAhg−1. The
charge values are 60, 47, 43, 39, 33, 25, 16 and 60 mAhg−1. Hence, the last group shows
the biggest difference between charge and discharge, measuring 5 mAhg−1.
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Figure 4.23: Rate capability of cathode of milled Mn3O4 with RGO showing how the specific
capacity changes with current rate from 0.05C to 5C. The blue bars indicate charging values,
and the red bars indicate discharging values. The cathode was cycled five times at each rate.
The first group has six red bars due to the initial discharge, which do not count as a cycle.
Active mass of the cathode was 1.56 mg.

Effect of slow rate

When preparing cathodes for ex situ study, these were cycled in batteries at the rate 0.02C.
The resulting cycling data for some of these cathodes showed remarkably high capacity
values for the first charge compared with all the batteries cycled at higher rates. One of
the cathodes even obtained a higher capacity during the first charge than during the initial
discharge. This feature is only seen for this cathode, which is illustrated in Figure 4.24. The
cathode was cycled to the charge plateau of cycle 5, hence cycle 1 and 4 is shown with curves
in addition to the initial discharge and the fifth charge up to the plateau. The capacities
achieved for the initial, first and fourth discharge was 56, 39 and 38 mAhg−1, while for
the first and fourth charge the values were 59 and 43 mAhg−1. Hence, there is a 5 %
increase in the capacity from the initial discharge to the first charge. It can also be seen
that there is quite a large difference in the values between the charge and discharge of cycle
1. The difference decreases for cycle 4 since the charge capacity then is lowered. There were
two other cathodes cycled at 0.02C that showed similar tendency. These are presented in
Appendix C.3 and had first charge capacity only 5 and 7 % lower than the initial discharge. It
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should also be mentioned that the same was seen for the first cathode presented in Appendix
A.1, were the cathode had been cycled at rate 0.1C. Other than the four cathodes mentioned
here, no cathode showed similar first charge values. For the batteries cycled at 0.1C there
usually was an approximate decrease in capacity of 30 % between initial discharge and first
charge.
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1Figure 4.24: Charge-discharge curves for cathode of milled Mn3O4 cycled at 0.02C, showing
an unusually high first charge capacity being 5 % larger than the initial discharge. Active
mass of the cathode was 1.2 mg.

4.3 Investigations of charge-discharge mechanism
In order to investigate, and attempt to reveal, the working mechanism of the Mn3O4 cath-
ode, several ex situ studies were performed. These were XRD scanning, SEM imaging with
EDS analysis and TEM imaging with element analysis. The cathodes were prepared by
galvanostatic cycling. Through individual cycling programs, described in the experimental
section, the cathodes were cycled to different stages. To ensure as much reaction during each
cycle as possible, a slow charge-discharge rate was used, i.e. 0.02C. Initially, six cathodes,
A - F, were prepared for XRD analysis as described in the experimental section. Cathode A
was a fresh cathode which had not been in a battery at all. Cathode B was removed from
the battery after the initial discharge. Cathode C completed the initial discharge and the
first charge, and cathode D completed the first cycle. For cathode E the cycling was stopped
when the battery was at the charging plateau of cycle five. Lastly, for cathode F the cycling
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was stopped when the battery was at the discharge plateau of cycle five. In order to verify
results two extra cathodes were cycled, one to the charge and one to discharge of cycle 1.
These were labeled G and H respectively. Results from the different studies are given in the
following sections.

4.3.1 Ex situ XRD
The six cathodes A - F where first analyzed by XRD. Each cathode sample was scanned for
two hours, with a step size of 0.02° using 2.3 seconds per step. The resulting X-ray diffrac-
tograms are given in Figure 4.25. The upper most, black, diagram corresponds to cathode
A, and the following diagrams downwards are of cathode B - F respectively. The blue tics
close to the x-axis is the standard pattern for Mn3O4.

From cathode A to B a decrease in peak hight can be seen. From cathode B to C a new
peak can be observed at 2θ equal to 55, between the two small peaks. The peak is obvious
in all the following plots. This corresponds however not to another phase, but to carbon, or
graphite. Both this small peak and the large one at 2θ equal to 26 corresponds to carbon,
which was in the samples due to the active material being scraped off the carbon paper.

From cathode B to C there is an increase in peak height again, and the peaks become larger
than for cathode A. Cathode D show even smaller peaks than cathode B. Then, cathode E
clearly has the smallest peaks, and compared to the peak heights there are quite a lot of
noise in the diagram. For cathode F the peaks increase again, but not to the same height as
for cathode D.

For cathodes C and D, a small peak can be seen at 2θ equal to 23. The peak is not ob-
served in any of the other diagrams, and it is not particularly high compared to the noise
around. These two experiments were therefore repeated for verification. Cathode G and H,
which were cycled to charge and discharge of cycle 1 like cathode C and D, were used. XRD
scans were conducted on these cathodes with a scan time of six hours per sample with a step
size of 0.02° using 6.8 seconds per step. Increasing the scan time should reduce the noise in
the diffractograms. The result of the scan is given in Figure 4.26.
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Figure 4.25: X-ray diffractograms from top to bottom, black to orange, for the cathodes A
- F respectively. Cathode A was a fresh, not cycled cathode, cathode B completed initial
discharge, cathode C completed first charge, cathode D completed cycle 1, cathode E was
stopped at the charging plateau of cycle five and cathode F was stopped at the discharge
plateau of cycle five. The standard pattern for hausmannite, Mn3O4, is given as the small,
blue tics at the bottom of the figure. The scan time for each sample was two hours.
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Figure 4.26: X-ray diffractograms of cathodes G (black) and H (red), these having been
cycled to charge and discharge of cycle 1, respectively. The XRD scan time was six hours per
cathode and the blue tics at the bottom of the figure is the hausmannite pattern.

Studying Figure 4.26, the peak observed at 2θ equal to 23 in Figure 4.25 is not found any
more. This implies that the peak was not there to begin with and no structural changes
have occurred in the cathode material during cycling. However, it is still very evident that
the peak height is lower for discharged cathodes compared to charged. This indicate that a
surface reaction occurred during discharge.

4.3.2 Ex situ SEM and EDS

After XRD measurements, the first four cathodes, A - D, were imaged in SEM and preformed
EDS analysis on. Here it was the cathode surfaces that were analyzed. The cathodes were
the fresh one, A, the one that completed the initial discharge, B, the one cycled to the first
charge, C, and the one cycled to discharge of cycle 1, D. The SEM images and the EDS
analysis of each of these are presented in the following sections.

Surface morphology

One SEM image of each of the four cathodes are presented in Figure 4.27. Image 4.27b is
taken using the in lens SE detector, while the three others are taken using the out of lens
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SE detector. There is little difference to be seen in the images. Each cathode surface seem to
consist of agglomerates of different sizes randomly distributed. The agglomerates look quite
densely packed with particles, suggesting there is small chance of electrolyte penetrating in.
However, the overall surface seem porous due to the open spaces between the agglomerates.
Since it is the cathode surface, as it would be in a battery, that is imaged, this should imply
that the electrolyte would be able to soak through the outermost particle layer. How deep
into the active material the electrolyte penetrates can not be determined by these images.
However, it is clear that the electrolyte goes beyond the surface particles and comes into
contact with the particles below, to some unknown depth.

(a) (b)

(c) (d)

Figure 4.27: SEM images of (a) cathode A, (b) cathode B, (c) cathode C and (d) cathode D.
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Surface composition

Resulting EDS analysis of the four cathodes are given in Table 4.2. At each cathode several
areas were scanned, and the average atom% values from these scans are given in the table
below. Table 4.2 show that the elements present in the fresh cathode were, as expected,
manganese, oxygen and carbon. The three other cathodes had in addition chloride, mag-
nesium and aluminum due to contact with the electrolyte. The raw data, including SEM
images and EDS spectra are given in Appendix D. For cathode A, only one image was taken
and in this two squares were scanned. For cathode B, four areas were scanned, cathode C
had five scans and cathode D was scanned six times. Details of the EDS analysis for each
cathode can be found in Appendix D.1, D.2, D.3 and D.4 respectively.

Cathode A Cathode B Cathode C Cathode D

Element Atom% Atom% Atom% Atom%

Mn 34 36 20 21
O 32 32 42 40
C 35 29 34 38
Cl 1.3 1.9 0.9
Mg 1.3 1.5 1.2
Al 0.4 0.3 0.2

Table 4.2: Table of the average atom% values for each of the elements detected on the surface
of the cathodes using EDS.

From the table, it can be seen that for cathode A, carbon had the highest atom% value
while oxygen had the lowest. The difference is very small though, and each element consti-
tute approximately one third of the total. For cathode B, there is still mostly manganese,
oxygen and carbon, but also a small amount of chloride, magnesium and aluminum was
detected. The amount for these last three elements increases for cathode C, which is the
charged cathode, and decreases again for cathode D. Also for cathode C and D, a quite no-
ticeable decrease in the amount of manganese can be seen. It should be mentioned that the
EDS measurements are not very accurate, the error margin being 2 - 3 %.

4.3.3 Ex situ TEM

In order to observe possible differences between charged and discharged cathode, two sam-
ples were prepared for TEM imaging and element analysis. The samples were one cathode
cycled to charge and one cycled to discharge of cycle 1. The discharged sample was first
imaged to look for a surface layer. After, both samples were subject to element analysis to
determine the amount of magnesium. The results from these examinations are presented
in the two following sections.
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Surface layer assessment

Since the XRD analysis showed decreased peak heights for discharged compared to charged
cathode, the surface of a discharged particle were examined using TEM. In order to de-
termine if there was a surface layer formed on the particles, a straight edge was found and
carefully studied. Figure 4.28 show four images, the first one, Figure 4.28a, shows the evalu-
ated edge. Figure 4.28b shows the single crystal structure of the [111] plane for the particle.
Then, Figure 4.28c and 4.28d show that there is no surface layer and that the entire particle
is crystalline.

(a) (b)

(c) (d)

Figure 4.28: TEM images of (a) the edge of a discharged particle to be evaluated for existence
of surface layer, (b) the particle’s single crystal structure, (c) area approaching the edge being
crystalline and (d) the edge itself being crystalline.
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Element analysis

Element analysis was performed on both the samples of charged and discharged particles.
This in order to determine how much magnesium the samples contained and where it was
located.

Starting with the discharged sample, the element mapping is illustrated with four images in
Figure 4.29. First the entire agglomerate shown in Figure 4.29a was scanned. The mapping
of manganese, green, and magnesium, red, is shown in Figure 4.29b. The entire agglomer-
ate was found to contain 0.9 atom% magnesium. From the mapping image, Figure 4.29b, it
was seen that the magnesium primarily was found on particle edges and in grooves between
particles. In order to see the Mg more clearly, the yellow square in Figure 4.29b was mapped,
illustrated in Figure 4.29c. The image show an especially thick layer of magnesium on one
side of the particle in focus. There is a clear difference in amount of magnesium at the bulk
part of the particle and the edges, especially the left side edge. To evaluate the difference
between these two areas, element spectra from each of the two red squares in Figure 4.29d
were obtained. This image show the total amount of magnesium as white dots, and is also
a good illustration of the surface preference. By normalizing based on the amount of man-
ganese, both spectra were collected in the same diagram, which is presented in Appendix
E.1. From the spectra it can be seen that there is a large difference in the amount of mag-
nesium in the two areas. The bulk was found to contain 0.6 atom% magnesium while the
surface layer contained 10 atom%.
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(a) (b)

(c) (d)

Figure 4.29: STEM images from element analysis of discharged agglomerate showing (a)
the scanned agglomerate, (b) mapping of manganese (green) and magnesium (red) on the
agglomerate, (c) mapping of manganese and magnesium within the yellow square in image
(b) and (d) the total amount of magnesium and the two areas spectra were obtained from.
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Mapping of the charged sample is illustrated in Figure 4.30. The agglomerate mapped,
which can be seen in Figure 4.30a, was much smaller than the one for the discharged sam-
ple above. Figure 4.30b shows the mapping of manganese, green, and magnesium, red. Also
here it is clear that magnesium mostly can be found deposited on edge surfaces of the par-
ticles. Figure 4.30c, showing the total amount of magnesium on the agglomerate illustrates
this surface preference even better. Spectra from the two red squares in that image, plus
one spectra for the entire agglomerate, were obtained in order to determine the difference
in amount of magnesium. Again the spectra were normalized based on the amount of man-
ganese and included in the same diagram. This can be found in Appendix E.1. The total
average amount of magnesium for the entire agglomerate was 1.2 atom%, the square in the
bulk region contained 0.4 atom% while the square at the edge contained 5 atom%.

(a) (b)

(c)

Figure 4.30: STEM images from element analysis of charged sample showing (a) the
scanned agglomerate, (b) mapping of manganese (green) and magnesium (red) on the ag-
glomerate and (c) the total amount of magnesium on the agglomerate and the two squares
spectra were obtained from.

62



Chapter 5

Discussion

In this chapter the obtained results will be discussed based on the theory presented earlier.
The results will be discussed in the same order as they were presented in the results chapter.

5.1 Effect of surface area

The commercial Mn3O4 powder was milled with the intention of increasing the surface area.
The increase was, after measurements, found to be 15 %, i.e. from 9.6 to 11.3 m2 g−1. Only
a very small amount of this was micropore area, hence most would be accessible for the
electrolyte. From SEM images, Figure 4.2, the degree of agglomeration seemed lowered for
the milled powder. However, all the particles were still agglomerated, which means that
much potential surface is inaccessible. Hence, even though the particles are less densely
packed into smaller agglomerates after milling, the commercial Mn3O4 powder still contain
particles that prefer to agglomerate, causing a low active surface area. Milling is however a
relatively gentle method to increase the surface area. There are many other rougher meth-
ods that could have been used to break the agglomerates apart.

From the TEM images, it was found that the agglomerates are quite different from one
another. They vary both in size and density of particle packing. It was also seen that the
particle size distribution in the powder is wide. The larger particles have a clear rectangu-
lar shape where the length is about twice the size of the width. Also, most of the smaller
particles show an elongation in one direction. The largest particles seen had a length of
around 150 nm and a width between 50 and 100 nm. The smallest particles on the other
hand had size around 20 nm. Knowing this, the equation used to calculate approximate
particle size in results section 4.1, assumes the wrong particle shape and the value 113 nm
can not be correct. However, this value is in the particle size range observed for the TEM
images and is thus possibly not a bad estimation. The density of particle packing in the
agglomerates will largely affect the total active surface area. Particles completely boxed in
between other particles will not come into contact with electrolyte and hence not contribute
to the capacity output of the material. Also, pores in between densely packed particles will
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probably be too small for the electrolyte complexes to fit into. After all, it has been found
for LIB systems that micropores are too small for the electrolyte complexes, theory section
2.3.1. Hence, if the complexes in the MIB electrolyte is of similar size, these pores can not be
utilized here either. Thus, less densely packed agglomerates are desired. With regard to the
measured surface area though, these are probably not in excess in this powder, milled or not.

Even though the milling did not have a large effect on the surface area, the milled pow-
der seemed to have a more successful mixing with reduced graphene oxide compared to the
not milled powder, seen in Figure 4.4. It would appear that the less agglomerated Mn3O4
powder was easier to disperse among the reduced graphene oxide sheets. For the not milled
powder there was a quite obvious degree of the sheets wrapping the agglomerates. In the
SEM images for the milled powder on the other hand, the sheets looked to be more inter-
twined in between the smaller agglomerates. This creates possibly a better network for
electron transport. Also, in the images of the not milled powder, the graphene oxide sheets
looked thicker as if there were several sheets on top of each other. If that is the case, the
milled powder should have a better exploitation of the advantages with including graphene
oxide since the sheets are more distributed.

The poor effect of the milling can however be due to the choice of milling medium. Ace-
ton was used, which is not the most suitable solvent for such a treatment. Aceton will leave
an organic coating on the particle surfaces, which can only be removed by heat treatment at
a couple of hundred degrees Celsius. Such a surface layer can reduce the conductivity and
hence the performance of the particles. This was however not discovered until it was too
late to redo the milling. The results obtained can thus be compromised by this unfortunate
experimental mistake.

5.2 Electrochemical performance

5.2.1 Short term performance

For all four types of cathode presented in the results section 4.2.1, all the poorest cathodes
were shown to have very stable capacity throughout the cycling. This is owed to the fact
that they all had active mass from 2.0 mg and upwards. Cycling was found to take longer
time the less active mass the cathodes contained. Results section 4.2.2 showing the long
term performance of the cathode illustrates this well. When the cycling is done in a shorter
amount of time, the cathodes are less exposed to environment changes. Temperature, for
example, will vary depending on how much activity goes on in the room where the battery
tester is located. During nights and weekends there will be much less activity than during
daytime in the weekdays. Compared to one another, the poorest cathode of each type showed
decreasing capacity with increasing active mass, though not a linear decrease.

The best cathode of each type on the other hand are more different from one another when

64



it comes to the capacity development during the 50 cycles. The best cathode of untreated
Mn3O4 showed an increasing difference between the charge and discharge capacities with
cycling. Meaning that while the charge capacities slowly increased with cycling, the dis-
charge capacities slowly decreased. The same was not seen for the best cathode of milled
Mn3O4. There the charge and discharge capacities followed a trend more similar to one
another, though with charge capacities constantly a few mAhg−1 higher than the discharge.
The capacity was thus more stable for this cathode, though a dip in the capacity curves
were seen around cycle 25. A temperature difference could explain this, for example could
the decrease correspond to a weekend with less activity in the room where the batteries
were tested.

A temperature difference alone can however not explain the increasing difference between
charge and discharge values for the best cathode of not milled Mn3O4. Remembering the
discovery of oxidizing THF molecules in electrolyte systems for MIBs, presented in theory
section 2.5, that feature is interesting here. Oxidizing THF would contribute to the charge
capacity, hence this can be an explanation to why the charge capacities are higher than
discharge. In addition, THF has a boiling point around 65 ◦C, so variations in temperature
can have quite an effect on the activity of the THF molecules. The room where the battery
tester is located do not have any temperature control, so there is no way of knowing how this
varies. The room contains much equipment and on sunny days the sun shines into the room
increasing the temperature. Trapping was introduced in the theory section as a reason for
poor solid state diffusion of Mg2+-ions. This feature will be described more thoroughly in
the discussion of the charge-discharge mechanism later. Though it can be mentioned that if
magnesium ions are trapped during the initial discharge in such a way that it is possible to
extract some during later charges, that could explain the slow increase with cycling. If the
same process causes a slight decrease in possible sites for Mg at the cathode with cycling,
the decrease in discharge capacities have an explanation as well.

The best cathode of not milled Mn3O4 with RGO had, compared to all other cathodes, a
remarkable high specific capacity. The active mass of the cathode was 1.09 mg, so it was
not the cathode with the lowest active mass tested and yet it achieved 78 mAhg−1. The
cathodes closest in capacity were still more than 10 mAhg−1 lower. Strangely, the best per-
forming cathode of milled Mn3O4 with RGO showed a much lower capacity than the not
milled Mn3O4 with RGO. The difference in capacity between those two was 18 mAhg−1,
while they had the same active mass. Here it could be the effect of using poor milling sol-
vent that is visible. However, such an effect was not seen for the cathodes of pure Mn3O4.
For the cathode with RGO it is not possible to know the true ratio between Mn3O4 and RGO.
If there is a higher percentage of RGO on the cathode of not milled Mn3O4, this might have
increased the electronic conductivity so that the capacity increased. It is also not possible to
know the distribution between large and small Mn3O4 agglomerates on the cathode. Active
surface area play an important role in determining the performance of the cathodes, hence
variations would cause different capacities.
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The capacity development during the cycling had a bit more uneven trend for the best cath-
ode of not milled Mn3O4 with RGO than for the cathodes without RGO. The charge and
discharge capacities follow each other quite well though, with the charge slightly above the
discharge, and the variations in capacity are merely a few mAhg−1. The overall cycling sta-
bility was quite good. For the best cathode of milled Mn3O4 with RGO on the other hand, the
charge and discharge capacities had the same values. Hence, this cathode was the only one
not showing higher capacity values for charge than for discharge. Regarding the possible
reasons why the other cathodes show higher charge capacity values, it might be that THF
oxidation do not provide the same effect here, that the temperature generally was lower
during the cycling or that trapped magnesium was not accessible for extraction. There is
quite a decrease in capacity from the initial discharge to the remaining cycling where the
capacity is extremely stable, but all the cathodes show such a drop with the same size.

In addition, most of the cathodes shown in the results section did not have a proper dis-
charge plateau for cycle 1. Some of the poorest cathodes did not even show a bend in the
curves. The best cathodes had a slight tendency of a plateau, but non showed an actual
plateau until cycle 5. Hence, the cathodes need a few cycles for the plateaus to become fully
established. Most of the poorest cathodes did not show a proper discharge plateau for the
fifth cycle either, suggesting that the poorer performing cathodes need more cycles until the
plateaus are completely established. Also, most of the cathodes showed a shift in the charge
and discharge plateaus, towards more equal voltage. This could, according to theory section
2.1.1, indicate faster kinetics during cycling. The shifts are not large though, and could
merely be a decrease in the polarization of the material.

5.2.2 Long term performance
Both cathodes presented in results section 4.2.2, showed very stable performance with high
efficiency. There was no sign of failure during the 500 cycles. Hence, even though the capac-
ity is not very high, the performance is proved to be steady and have a long duration. The
charge-discharge curves showed a clear shift in the plateau just like the cathodes only cycled
50 times. This being an indication of slightly improved kinetics, or decrease in polarization,
during cycling. The cathode of milled Mn3O4 with RGO showed a higher capacity than the
cathode of not milled Mn3O4 with RGO, but the active mass of the milled one is also lower.
Except from the first cathode presented in the long term performance result section, the
cycling time was found to increase with decreasing active mass. Hence, each charge and
discharge took longer time the less active mass there were the on the cathodes.

5.2.3 Active mass dependency
In the results section 4.2.3, both a figure and a table is given, summing up the obtained
capacities during the short term performance test. The cathodes of untreated Mn3O4 was
the only type that did not achieve highest capacity for the cathode with the lowest, but the
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second lowest, active mass. The difference in capacity was however only 1 mAhg−1 and just
0.16 mg separated the two cathodes. For the cathodes of milled Mn3O4 there is a constant
increase in capacity with decreasing active mass. For the cathodes of untreated Mn3O4 this
could simply be a case of variation in experimental data.

In Table 4.1, the cathodes of not milled Mn3O4 with RGO were also found to have two
cathodes that seemed to have switched places with regard to the performance. A cathode
with active mass 1.36 mg obtained a capacity 1 mAhg−1 lower than a cathode with active
mass 1.5 mg. Also, for the cathodes of milled Mn3O4 with RGO there are strangely little dif-
ference in the achieved capacity between the two cathodes with lowest active mass. Though
the difference in mass was 0.27 mg, the difference in capacity was only 1 mAhg−1. For the
cathodes with RGO it is not possible to know the true ratio of Mn3O4 and RGO on the cath-
odes. Differences in this ratio might be the cause for this irregularity. However, this ratio
would not explain why the same is seen for the untreated Mn3O4 as well. All in all only 3 of
32 batteries showed this irregularity, hence it is most likely not an issue.

Apart from those three batteries, there is a clear trend suggesting that the amount of ac-
tive mass on a cathode takes part in determining the resulting specific capacity. A rather
small difference in mass, about 1 mg, results in quite a large variation in capacity, up to 46
mAhg−1. If there is a limit to how deep into the cathode material the electrolyte can soak, a
thicker layer of material would then only act as dead weight. Adding more material would
decrease the specific capacity since the mass increases while the capacity output is the
same. The soaking limitation could be due to all the particles being agglomerated, creating
few routes the electrolyte can take through the material. Also, the larger the agglomerates
are, the less surface area they offer per gram active material. Size of agglomerate could
explain the irregularity mentioned above because there is no way of knowing the ratio be-
tween large and small agglomerates on each cathode. The cathodes showing unusually low
capacity could have unusually many large agglomerates compared to smaller ones, which
offer more surface per gram.

5.2.4 Rate dependency
The figures presented in results section 4.2.4 showed two cathodes who’s rate capability
were tested, the current rate varying from 0.05C to 5C, and one cathode having been cycled
four times at rate 0.02C. Staring with the cathodes subjected to the rate capability test, they
showed decreasing capacity with increasing rate. When switching to slow rate again, both
cathodes regained their initial capacity. Just like the cathodes cycled 50 times at rate 0.1C,
the rate capability test showed that the charge capacities generally were higher than the
discharge. This was especially seen for the cycles run at low rates, i.e. 0.05C. The extreme
version of charge capacity higher than discharge was seen for the cathode cycled at 0.02C.
There the first charge capacity was actually 5 % larger than the initial discharge. Hence,
there were more oxidation than reduction occurring. The batteries rate capability tested
had a decreasing difference between charge and discharge capacities with increasing rate.
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When the rate was switched back to the originally low value, 0.05C, the difference increased
again, becoming slightly larger than initially.

The same trend with decreasing difference between the charge and discharge capacities
was seen for both the cathode of pure, milled Mn3O4 and the cathode of milled Mn3O4 with
RGO. This suggests that there is a reaction, or extent of a reaction, that only occurs when
the rate is slow enough and which is independent of the electronic conductivity. It was
seen in the figures that the initial discharge, when the first Mg2+-ions comes to the cathode,
had a much larger capacity than all other charges and discharges. In the theory section
2.3.1, Mg trapping was presented as one of the causes for slow Mg solid state diffusion. It
could be that magnesiation of the Mn3O4 cathode during the initial discharge occur in such
a way that some of the Mg2+-ions are difficult to release from the cathode again. A slow
rate would provide longer charge time, and might increase the possibility for extracting po-
tentially trapped ions. Extraction of trapped ions does however not necessarily imply that
the trapping sites are available for new insertion during the next discharge. The initial
trapping can be due to the polarization effect by intercalating Mg2+ which has such a high
charge/radius ratio. Also, local deformations in the material can occur when manganese
reduces to compensate for insertion of Mg2+. In Mn3O4 it must be Mn3+ that reduces to
Mn2+, which means a decrease in Jahn-Teller active ions. However, it could be that a size
increase accompanies the reduction seeing as Mn-ions are known to increase with a factor
of 1.75 when reducing from 4+ to 2+. The increase should be less when going from 3+ to
2+, but can still be enough to block both the diffusion path further into the material and
the extraction path. Thus, the trapping sites after extraction would probably be blocked for
new insertion by deformations. In the following discharges, the Mg-ions would then have to
attach to the cathode surface. Hence, there are less active sites during discharge compared
to charge, causing higher charge capacities compared to discharge.

Extra charge capacity could also be due to oxidation of electrolyte. In which case that re-
action can not happen at higher rates either. Oxidation of THF can explain how the first
charge capacity of the battery cycled at 0.02C was higher than the discharge capacity. The
extra 5 % capacity, and probably more than that, could come from THF oxidation, seeing as
it is not likely that if magnesium is trapped, that all those Mg-ions would be released again
during the first charge. For the cathode cycled at 0.02C, the large reduction in capacity from
first charge to discharge of cycle 1 could be explained by Mg only attaching to the cathode
surface, not intercalating, during the second discharge. Seeing as the active surface area of
the material is low, there would be fewer active sites.

Studying the CV curve for pure Mn3O4 given in theory section 2.4, the charge curve, or
upper half of the CV curve, is seen to have two oxidation peaks. The discharge curve on
the other hand only has one peak. One explanation to this could simply be that oxidizing
manganese is a two step process while the reduction goes over one step. However, know-
ing that THF is found to oxidize as well, a more logic explanation can be that the second
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oxidation peak in the CV curves is owed to this reaction. The larger charge peak and the dis-
charge peak are almost at the same voltage value, indicating a reversible reaction. Both this
and the fact that it was generally found higher charge capacities than discharge during cy-
cling also supports the explanation about oxidizing THF. After all, there can not constantly
be more oxidation of manganese occurring compared to reduction. Remembering the rate
capability plots, it was seen that the difference between charge and discharge capacities
decreased with increasing rate. This suggesting that the extra oxidation occurring only can
happen at low current rates. The CV curve for the pure Mn3O4 was obtained using a sweep
rate of 0.2 mVs−1. Comparing this CV curve with the one for an electrochemical capacitor
presented in theory section 2.1.1, similarities can be seen. If the peaks in the CV curves for
the pure Mn3O4 are disregarded, the curves look very much like the ones obtained at the
lower rates for the capacitor. It could be possible that with increasing rate, the performance
of the Mg batteries with Mn3O4 cathode become more equal to that of a capacitor. This sug-
gesting that the redox reactions only will occur when the rate is slow enough. After all, the
rate capability showed a large decrease in capacity, relative to the initial value, when going
from 0.05C to 5C. In addition, even though the sweep rate was low during the cyclic voltam-
metry, the area under the peaks is small compared to the total area between the curves.
This suggesting that more capacity comes from charge separation than from reduction and
oxidation reactions.

5.3 Charge-discharge mechanism

Crystallinity

XRD analysis of the cathodes, results section 4.3.1, showed that for discharged cathode the
height of all peaks were decreased compared to fresh or charged cathode. There were no
change in peak position or new peaks appearing for the cycled cathodes, suggesting that
intercalation did not happen. Intercalation would have changed the cathode material and
would thus have been apparent in the diffractograms. The decrease in peak height does
however imply that something has occurred at the material’s surface. In theory section
2.3.2, α−MnO2 was presented as a cathode material for MIBs which formed a core-shell
structure as discharge product. The particle cores were pristine α−MnO2, while the shell
was an amorphous layer of MnO and MgO. Due to the stability of MgO, this conversion reac-
tion is thermodynamically favorable. XRD analysis for this material also showed decreased
peak heights for discharged cathodes compared to fresh. Hence, the surface reaction occur-
ring during discharge for Mn3O4 could also be formation of amorphous MnO and MgO.

In results section 4.3.3, TEM images of a discharged cathode were presented. Here it was
found that there was no surface layer on the particles. The entire particle studied in the
discharged sample was crystalline. Hence, the surface reaction causing decreasing peak
heights in the X-ray diffractogram can not be formation of amorphous MnO and MgO. In the
theory section 2.3.2, γ−MnO2 was described as an intercalation cathode for MIBs. γ−MnO2

69



have the spinel structure like Mn3O4, and Mg2+ was found to most likely intercalate in
tetrahedral sites. A tetrahedral site would be equally large in the γ−MnO2 and Mn3O4. A
difference between the two though, is that Mn3O4 already have some Mn2+-ions occupying
tetrahedral sites. From the calculation of tetrahedral and octahedral sites in theory section
2.4 and the known size of Mg2+-ions, the ions are in theory too large to fit in a tetrahedral
site. Seeing as γ−MnO2 have manganese ions only in octahedral sites, this structure might
have less problem accommodating the Mg2+-ions. It is possible that intercalating Mg2+-ions
into Mn3O4 is more difficult due to cation repulsion, since there are more cations per unit
cell in this structure. However, the STEM image of Mg intercalated γ−MnO2 is very similar
to the STEM image of discharged Mn3O4 presented in the results section. As mentioned
though, Mn3O4 have Mn2+-ions occupying tetrahedral sites, so this can be the reason the
two materials look so similar in the STEM images.

With regard to the XRD results and the theory about γ−MnO2, a possible explanation could
be that intercalation can occur in the outermost few nanometers of the particles. There
must then be enough intercalation to alter the surface so that the XRD peaks are decreased,
but not an amount that would create a new surface structure. Also α−MnO2 was in the
theory section said to be able to intercalate a limited amount of Mg. This occurred due to a
kinetic barrier against direct conversion. Hence, both example materials show some degree
of intercalation of Mg2+. Like discussed for the rate dependency, it could be that the Mg-ions
managing to intercalate in the outermost nanometers are trapped. Trapping should block
further intercalation, forcing attachment of Mg by a surface reaction instead of intercalation
during the following discharge. This can explain the decrease in capacity between the initial
discharge and cycle 1 for cathodes cycled at 0.1C. Hence, it is suggested that intercalation
occur during initial discharge while only attachment through a surface reaction happens
in the following discharges. One week spot in this suggestion though, is that if XRD could
not detect the potentially trapped magnesium, there should probably not be enough in the
material to cause such a large capacity drop from the initial discharge to cycle 1 as seen for
the cathodes.

Both characterization methods, XRD and TEM, used here utilize a strong electron beam.
The strength of the beam is such that it penetrates into the material instead of only ana-
lyzing the surface. Hence, these two methods are not the best for surface analysis. Another
characterization method more suitable is X-ray photoelectron spectroscopy (XPS). It can be
that there is in fact a surface layer, but so thin that the electron beam goes through it with-
out detecting the composition. Formation of amorphous MgO is after all thermodynamically
favorable.

Morphology and surface composition

The SEM images of the cathode surfaces, results section 4.3.2, showed no difference in sur-
face morphology between the fresh cathode and those cycled to different stages. There were
nothing distinct separating any of the four cathodes imaged. One feature the images did
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show though, was the distribution of the agglomerates. Openings between the differently
sized agglomerates were seen, hence the electrolyte should be able to soak through the top
layer of particles and down to the underlying agglomerates. How deep into the cathode ma-
terial the electrolyte will soak is however not possible to determine from the images. It is
clear, though, that the packing density of the agglomerates will affect the degree of soaking
here. Areas with densely packed agglomerates that are closely spaced can work as blockage
for the electrolyte, as opposed to less densely packed agglomerates where the electrolyte can
go through, in between the particles, if it can not get around.

The EDS data showed that the charged cathode had more magnesium at the surface than
the discharged cathodes. Since Mg2+ is transferred to the cathode during discharge and
from the cathode during charge, the resulting data is the opposite of expectations. Hence
it must be mentioned that this method for element analysis has an error margin of 2 - 3
%. Seeing as the highest value obtained for amount of magnesium was 1.5 atom%, the val-
ues are quite inaccurate. The values can be regarded as an indication of element amounts
relative to each other, but they alone are not good enough grounds to conclude that there
is more magnesium on charged cathode compared to discharged. In any case, there is very
little difference between the values for the three cycled cathodes, hence more data is needed.

The element analysis performed with STEM, which is much more accurate, indicated oppo-
site result compared to the EDS analysis when using SEM. For the agglomerates analyzed,
presented in Figure 4.29 and 4.30, the discharged particles showed thicker layers with a
higher content of magnesium than the charged particles. The content values of magnesium
for discharged sample was twice that for charged sample, both at bulk and edge areas. For
the total amount of magnesium on the entire agglomerates on the other hand, the charged
sample had a higher value than the discharged. However, the size of the agglomerates were
different. The discharged agglomerate was much larger than the charged, while the content
values only differed by 0.3 atom%. It should be mentioned that there is no way of knowing
where in the cathode material the different agglomerates were positioned during operation.
Though it is certain that both have been in contact with electrolyte since traces of magne-
sium is seen all around both agglomerates. This indicate that the results are representative
for the samples.

It was also seen from the images that the magnesium to a large degree was found on par-
ticle edges. The images showing the mapping of manganese and magnesium, clearly show
surface areas with relatively thick layers of magnesium. In addition it did not seem to be a
uniform distribution of magnesium on the different surfaces, indicating preferential depo-
sition. Edges were seen to have more accumulation of magnesium than the large, uniform
surfaces. This can be due to both difference in surface energy and difference in current
density, as both of these usually are higher at edges than flat surfaces. Hence, the results
indicate more magnesium at the discharged particles compared to the charged, and suggests
a charge-discharge mechanism involving attachment and de-attachment of magnesium on
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the cathode surface.

5.4 Further work
For further work, a new attempt should be made on investigating the effect of active surface
area on the performance of the cathodes. Rougher methods should be implemented to break
the agglomerates in the commercial Mn3O4 powder apart. In addition, the ball milling can
be attempted again, this time with a more suitable solvent such as ethanol.

In order to obtain more insight into the charge-discharge mechanism, cyclic voltammetry
should be run at higher sweep rates than 0.2 mVs−1. More specifically rates corresponding
to the current rates used when testing rate capability of the cathodes in this work. If the
peak corresponding to THF oxidation disappears from the CV curves at higher rates, the
difference between charge and discharge capacities seen for low current rates were due to
oxidation of THF. In addition, CV testing at higher rates would reveal if the batteries with
Mn3O4 cathode starts showing capacitor-like behavior at higher rates.

Lastly, to truly observe what occurs at the cathode surface during operation, XPS should
be used as a characterization technique. TEM and XRD have strong electron beams pene-
trating into particles instead of analyzing the surface. A characterization of only the surface
should reveal the reactions occurring during charge and discharge.
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Chapter 6

Conclusion

It has been found that as a simple treatment mixing with reduced graphene oxide has a
larger effect on the cathode performance of Mn3O4 than ball milling the powder. The highest
capacity achieved after mixing with reduced graphene oxide was 78 mAhg−1. The best
performance obtained after milling was 65 mAhg−1. From testing of 32 batteries, an active
mass dependency was verified, suggesting that a limited amount of the cathode material is
used during operation. Still, the batteries with Mn3O4 cathode were found to have a long
duration, at least 500 cycles, indicating good reversibility. During charge-discharge cycling,
it was generally measured higher capacities for charge than discharge at low current rates.
The difference is suggested to be owed to oxidation of THF. When it comes to the charge-
discharge mechanism, it is suggested, based on ex situ characterization of cathodes, that
magnesium attaches on the cathode through a surface reaction.
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Appendix A

Charge-discharge

A.1 Not milled Mn3O4

Charge-discharge curves for the cathodes of not milled Mn3O4 cycled at 0.1C that were
not presented in the results section are given here. Hence, these cathodes have capacities
between 50 and 24 mAhg−1, and they are presented here with decreasing capacity in Figure
A.1 - A.7.
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1Figure A.1: Charge-discharge curves for cathode of not milled Mn3O4, showing the initial
discharge (black line), cycle 1 (red lines), cycle 5 (green lines) and cycle 50 (blue lines). The
average specific capacity obtained was 49 mAhg−1, and the cathode’s active mass was 1.2
mg. 7 % decrease in capacity from initial discharge to first charge.
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1Figure A.2: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity obtained was 43 mAhg−1, and the cathode’s active mass was 1.44 mg.
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1Figure A.3: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity obtained was 38 mAhg−1, and the cathode’s active mass was 1.76 mg.
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1Figure A.4: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity obtained was 36 mAhg−1, and the cathode’s active mass was 1.52 mg.
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1Figure A.5: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity obtained was 30 mAhg−1, and the cathode’s active mass was 2.16 mg. Collected
from [1].
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1Figure A.6: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity was 28 mAhg−1, and the cathode’s active mass was 2.48 mg. Collected from [1].
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1Figure A.7: Charge-discharge curves for cathode of not milled Mn3O4. The average specific
capacity obtained was 25 mAhg−1, and the cathode’s active mass was 2.72 mg. The sudden
drop in voltage during charge in cycle 5 is owed to the test machine turning itself off and
not being started again until hours later. Collected from [1].
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A.2 Milled Mn3O4

Charge-discharge curves for the cathodes of milled Mn3O4 cycled at 0.1C not presented in
the results section are given in the following Figures A.8 - A.13. Their obtained capacities
are between 65 and 33 mAhg−1, and they are presented in the order of decreasing capacity.
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1Figure A.8: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 56 mAhg−1, and the cathode’s active mass was 1.12 mg.
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1Figure A.9: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 51 mAhg−1, and the cathode’s active mass was 1.28 mg.
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1Figure A.10: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 45 mAhg−1, and the cathode’s active mass was 1.36 mg.
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1Figure A.11: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 43 mAhg−1, and the cathode’s active mass was 1.44 mg.
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1Figure A.12: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 42 mAhg−1, and the cathode’s active mass was 1.52 mg.
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1Figure A.13: Charge-discharge curves for cathode of milled Mn3O4. The average specific
capacity obtained was 39 mAhg−1, and the cathode’s active mass was 1.6 mg.
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A.3 Not milled Mn3O4 with RGO
Charge-discharge curves for the cathodes of not milled Mn3O4 with RGO cycled at 0.1C
not presented in the results section are given below. Their obtained capacities are between
77 and 32 mAhg−1. The cathodes will be presented in the order of decreasing capacity in
Figure A.14 - A.18.
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1Figure A.14: Charge-discharge curves for cathode of not milled Mn3O4 with RGO. The aver-
age specific capacity obtained was 62 mAhg−1, and the cathode’s active mass was 1.22 mg.
Modified from [1].
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1Figure A.15: Charge-discharge curves for cathode of not milled Mn3O4 with RGO. The av-
erage specific capacity obtained was 53 mAhg−1, and the cathode’s active mass was 1.5 mg.
Modified from [1].
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1Figure A.16: Charge-discharge curves for cathode of not milled Mn3O4 with RGO. The aver-
age specific capacity obtained was 52 mAhg−1, and the cathode’s active mass was 1.36 mg.
Modified from [1].
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1Figure A.17: Charge-discharge curves for cathode of not milled Mn3O4 with RGO. The av-
erage specific capacity obtained was 42 mAhg−1, and the cathode’s active mass was 1.7 mg.
Modified from [1].
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1Figure A.18: Charge-discharge curves for cathode of not milled Mn3O4 with RGO. The av-
erage specific capacity obtained was 39 mAhg−1, and the cathode’s active mass was 1.84
mg.
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A.4 Milled Mn3O4 with RGO
Charge-discharge curves for cathodes of milled Mn3O4 with RGO cycled at 0.1C not pre-
sented in the results section are given here. These cathodes achieved capacities between 60
and 26 mAhg−1, and are presented in the order of decreasing capacity in Figure A.19 - A.24.
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1Figure A.19: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 59 mAhg−1, and the cathode’s active mass was 1.36 mg.
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1Figure A.20: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 49 mAhg−1, and the cathode’s active mass was 1.56 mg.
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1Figure A.21: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 44 mAhg−1, and the cathode’s active mass was 1.56 mg.
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1Figure A.22: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 37 mAhg−1, and the cathode’s active mass was 1.97 mg.

0 5 10 15 20 25 30 35 40 45 50

0.5

1.0

1.5

2.0

Specific Capacity [mAh/g]

V
ol

ta
ge

[V
] Initial discharge

Cycle 1
Cycle 5

Cycle 50

1Figure A.23: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 33 mAhg−1, and the cathode’s active mass was 2.04 mg.
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1Figure A.24: Charge-discharge curves for cathode of milled Mn3O4 with RGO. The average
specific capacity obtained was 33 mAhg−1, and the cathode’s active mass was 2.18 mg.
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Appendix B

Long term performance

The two cathodes long term cycled to less than 500 cycles at 0.1C are presented here instead
of in the results section. The first of these cathodes was of milled Mn3O4 with RGO and
was cycled 400 times. The second cathodes was of pure, milled Mn3O4 and was cycled
300 times. The cathodes are given with charge-discharge curves and capacity development
during cycling in Figures B.1 - B.4.
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1Figure B.1: Charge-discharge curves for cathode of milled Mn3O4 with RGO cycled 400
times. The average specific capacity obtained was 46 mAhg−1, and the cathode’s active
mass was 1.56 mg. Total cycling time was approximately 83 days.
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1Figure B.2: Charge and discharge capacities for cathode of milled Mn3O4 with RGO cycled
400 times. The average specific capacity during the 400 cycles was 46 mAhg−1, and the
cathode’s active mass was 1.56 mg.
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1Figure B.3: Charge-discharge curves for cathode of pure, milled Mn3O4 cycled 300 times.
The average specific capacity obtained was 56 mAhg−1, and the cathode’s active mass was
1.12 mg. Total cycling time was approximately 88 days.
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1Figure B.4: Charge and discharge capacities for cathode of pure, milled Mn3O4 cycled 300
times. The average specific capacity obtained was 56 mAhg−1, and the cathode’s active mass
was 1.12 mg.
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Appendix C

Rate capability

The three cathodes that had their rate cyclic performance tested, but was not presented in
the results section, are given here. One of these was a cathode of pure, milled Mn3O4 and
other two were of milled Mn3O4 with RGO. The cathode of pure, milled Mn3O4 are presented
first in Figure C.1, followed by the two of milled Mn3O4 with RGO in the order of decreasing
capacity in Figures C.2 and C.3.
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1Figure C.1: Rate capability for cathode of milled Mn3O4. The cathode’s active mass was 1.6
mg.
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C.2 Milled Mn3O4 with RGO
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1Figure C.2: Rate capability for cathode of milled Mn3O4 with RGO. The cathode’s active
mass was 1.7 mg.
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1Figure C.3: Rate capability for cathode of milled Mn3O4 with RGO. The cathode’s active
mass was 1.77 mg.

C.3 Cycling at rate 0.02C
The two cathodes cycled at 0.02C achieving first charge capacity very close to the initial
discharge are presented in Figure C.4 and C.5. The cathodes were cycled at 0.02C as part of
the preparation for ex situ study.
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1Figure C.4: Charge-discharge curves for cathode of pure, milled Mn3O4 cycled at 0.02C
during preparation for ex situ study. The plot also show a quite high first charge capacity,
only 5 % lower than the initial discharge. Active mass of the cathode was 1.2 mg.
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1Figure C.5: Charge-discharge curves for cathode of pure, milled Mn3O4 cycled at 0.02C
during preparation for ex situ study. The plot also show a quite high first charge capacity,
only 7 % lower than the initial discharge. Active mass of the cathode was 1.44 mg.
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Appendix D

EDS analysis

In this chapter, the EDS results summarized in the results section 4.3.2 are given in detail.
These results include SEM images, EDS spectra and the accurate analysis data.

D.1 Cathode A

Figure D.1: SEM image showing the scanned areas of cathode A, i.e. the two yellow squares
in the figure.
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Figure D.2: EDS spectra of the left square in the SEM image above.

Figure D.3: Accurate amount values obtained from the scanned area.
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Figure D.4: EDS spectra of the right square in the SEM image above.

Figure D.5: Accurate amount values obtained from the scanned area.
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D.2 Cathode B

Figure D.6: SEM image showing the two first scanned areas of cathode B, i.e. the two yellow
and green squares in the figure.
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Figure D.7: EDS spectra of the left square in the SEM image above.

Figure D.8: Accurate amount values obtained from the scanned area.
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Figure D.9: EDS spectra of the right square in the SEM image above.

Figure D.10: Accurate amount values obtained from the scanned area.
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Figure D.11: SEM image showing the third scanned area of cathode B, i.e. the yellow square
in the figure.

Figure D.12: EDS spectra of the square in the SEM image above.
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Figure D.13: Accurate amount values obtained from the scanned area.

Figure D.14: SEM image showing the fourth scanned area of cathode B, i.e. the yellow
square on the particle surface in the figure.
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Figure D.15: EDS spectra of the right hand square in the SEM image above.

Figure D.16: Accurate amount values obtained from the scanned area.
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D.3 Cathode C

Figure D.17: SEM image showing the two first scanned areas of cathode C, i.e. the two
yellow squares in the figure.
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Figure D.18: EDS spectra of the left square in the SEM image above.

Figure D.19: Accurate amount values obtained from the scanned area.
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Figure D.20: EDS spectra of the right square in the SEM image above.

Figure D.21: Accurate amount values obtained from the scanned area.
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Figure D.22: SEM image showing the third scanned area of cathode C, i.e. the yellow square
in the figure.

Figure D.23: EDS spectra of the yellow square in the SEM image above.
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Figure D.24: Accurate amount values obtained from the scanned area.

Figure D.25: SEM image showing the fourth and fifth scanned areas of cathode C, i.e. the
two yellow squares in the figure.
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Figure D.26: EDS spectra of the left square in the SEM image above.

Figure D.27: Accurate amount values obtained from the scanned area.
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Figure D.28: EDS spectra of the right square in the SEM image above.

Figure D.29: Accurate amount values obtained from the scanned area.
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D.4 Cathode D

Figure D.30: SEM image showing the two first scanned areas of cathode D, i.e. the two
yellow squares in the figure.
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Figure D.31: EDS spectra of the left square in the SEM image above.

Figure D.32: Accurate amount values obtained from the scanned area.

122



Figure D.33: EDS spectra of the right square in the SEM image above.

Figure D.34: Accurate amount values obtained from the scanned area.

123



Figure D.35: SEM image showing the third and fourth scanned areas of cathode D, i.e. the
yellow and green squares in the figure.

Figure D.36: EDS spectra of the yellow square in the SEM image above.
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Figure D.37: Accurate amount values obtained from the scanned area.

Figure D.38: EDS spectra of the green square in the SEM image above.
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Figure D.39: Accurate amount values obtained from the scanned area.

Figure D.40: SEM image showing the two last scanned areas of cathode D, i.e. the two
yellow squares in the figure.
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Figure D.41: EDS spectra of the left square in the SEM image above.

Figure D.42: Accurate amount values obtained from the scanned area.
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Figure D.43: EDS spectra of the right square in the SEM image above.

Figure D.44: Accurate amount values obtained from the scanned area.
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Appendix E

Ex situ TEM

E.1 Element analysis spectra

Figure E.1: STEM element analysis spectra for charged sample.
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Figure E.2: STEM element analysis spectra for discharged sample.
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