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Abstract

There has been increasing research interest to develop next generation energy storage
devices to replace or at least compliment lithium-ion batteries (LIBs), because of their potential
safety issues and resource deficiencies. Aqueous rechargeable zinc-ion batteries (ZIBs) are
becoming one of the most promising alternatives because of their safe operation without risk of
catching fire or exploding, cost competitiveness, eco-friendliness, high theoretical capacity,
impressive long term cycling stability, and superior rate capability. Mn is one of the most abundant
metals in the earth’s crust. Mn oxide is widely used in various applications, such as deoxidization
and desulfurization, catalysts and battery materials due in part to the multiple oxidization states
(+2, +3, and +4) of Mn. For battery materials, the diversity of Mn oxide crystal structures and
crystal phases allow Mn oxide to combine with other metal ions and store energy easily. Mn-

based ZIB electrode materials have been widely studied and utilized for many years.

The purpose of this work is to synthesize high purity and highly crystalline Mn oxide and
to use the synthesized Mn oxide to develop high performing cathode materials for ZIBs and
investigate the discharge/charge mechanism behind the Mn oxide cathode materials. The first
study is focused on synthesis of desired Mn oxide material. The synthesis method is based on the
method used to fabricate cathode materials for LIBs and sodium-ion batteries (SIBs), established
in the author’s previously study. The Mn oxide precursor was obtained through precipitation of an
acidic Mn sulfate solution reacting with a basic aqueous solution consisting of sodium hydroxide
and ammonia with a fixed molar ratio under controlled temperature and pH conditions. The final
product was formulated through high temperature calcination of the precursor precipitate. The final

product was characterized using scanning electron microscopy (SEM), energy dispersive X-ray
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spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD).
Depending on the calcination temperature, the final product was identified as hausmannite Mn3Og,
bixbyite Mn2O3, or a mixture of Mn3O4 and Mn2O3. Since the electrochemical performance and
reaction mechanism of Mn3Oj4 as the cathode material in ZIBs was already studied by a previous

group member, Arjun Dhiman. Mn2O3 was chosen for further study in this thesis.

The second study used the synthesized Mn>O3 as the cathode material for ZIBs with an
emphasis on investigating the electrochemical performance and charge storage mechanism behind
the material. The electrodes were prepared by uniformly spreading a slurry, containing Mn2O3 (70
wt%), acetylene carbon (20 wt%), and polyvinylidene fluoride (pVdF, 10 wt%) as the binder, onto
a graphite carbon current collector. CR2032 coin cells were assembled in air using the Mn,03
composite cathode, Zn foil as the anode, Whatman glass fiber paper (GF/D) as the separator, and
2 M ZnSO4 with 0.2 M MnSOg4 aqueous solution as the electrolyte. Cyclic voltammetry (CV) and
galvanostatic discharge—charge (GCD) profiles were obtained from 1 V to 1.9 V vs Zn/Zn*" at
multiple scan rates and current densities. The electrode delivered discharge capacities of 375, 341,
289, 205, 113, and 65 mAh/g at 50, 100, 200, 500, 1000, and 2000 mA/g, respectively. Through a
combination of transmission electron microscopy (TEM), selected area electron diffraction
(SAED), rotating ring-disk electrode (RRDE) measurements, atomic absorption spectroscopy
(AAS), XRD, and multiple electrochemical testing methods, a mechanism involving conversion

reactions is proposed for the Mn;O; electrode.
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Preface

This thesis is focused on the synthesis, characterization, and electrochemical testing of
Mn,0; for use as a cathode for ZIBs. It should be noted that the charge storage mechanism revealed
by this work is the first of its kind in the literature related to Mn;0Os3 as a cathode material in ZIBs.
The research is presented in Chapter 4 and Chapter 5, along with any supporting information for

this work.

Chapter 4 summarizes the work involved in synthesizing high purity and highly crystalline
Mn oxide. Chapter 5 summarizes the work done with the synthesized Mn,O3 for use as cathodes
in ZIBs. Dr. Ivey performed the TEM analysis through this work and provided support with
editing. Dr. Wendy Tran performed the RRDE test. Dr. Shiraz Merali performed the AAS tests.
Chapter 6 includes a several tests for other Mn oxides synthesized via the method in Chapter 4.
Chapter 7 concludes the work completed and provides future work and suggestions for utilizing

Mn;0O3 as the cathode material in ZIBs.

A version of Chapter 5 of this thesis has been submitted for publication as follows:

Chapter 5: Q. Hou, T. N. T. Tran, Z. Abedi, D. G. Ivey, An Investigation into the Charge Storage
Mechanism and Cycling Performance of Mn2Os as the Cathode Material for Zinc-ion Batteries,

Batteries and Supercaps, submitted April 2022.



Dedication

I dedicate to my friends and parents who have helped to make me into a better person and a
better man. I also want to thank my fiancée, Zhu Zhao, for unconditional love and support

through all this time. Thank you so much.



VI

Acknowledgements

First, I would like to thank my supervisor, Dr. Douglas Ivey, for his ongoing support,
feedback, and encouragement throughout my whole time of study. I would like to thank him for
his continuous support even though I delayed my project research for months. He is a great man

and a perfect supervisor who guided me through my study and made me a better person.

I would like to thank all the Ivey Research Group members for their guidance, support, and
friendship. I would like to thank Wendy Thuy, Zahra Abedi, Matthew Labbe, Mark Cui, and

Maosen Zhao for their friendship and help with experiments.

I would like to thank Mr. Shiraz Merali and Dr. Anqiang He for their technical support and

input.

I am grateful to Canada's Natural Sciences and Engineering Research Council (NSERC
RGPIN-2018-04488) for research funding.

I would like to acknowledge the support of my family, friends, and my future wife for their
continued support in all things. Without their support, I would not be able to pass through the
global pandemic, COVID-19, easily.

Finally, I would like to thank all frontline medical staff and related faculty of the University
of Alberta. Thank you for risking your life and time to protect us and give me the chance to finish

my Master's studies.



Table of Contents

VII

Chapter 1: Introduction

Chapter 2: Literature Review

2.1 Aqueous metal-ion battery

2.2 Aqueous zinc-ion battery

2.2.1 Cathode materials for aqueous Zin-ion batteries (aZIBs)

2.2.2 Anode materials for aZIBs ---------

16

2.2.3 Electrolyte for aZIBs -

18

19

2.3 Thesis research topic

19

2.3.1 Review of using Mn2O3 as cathode materials in aZIBs

2.3.2 Thesis objectives

21

Chapter 3: Electrochemical and Characterization methods

23

3.1 Galvanostatic charge-discharge (GCD) -

23

3.2 Cyclic voltammetry (CV) --- -

23

24

3.3 X-ray diffraction (XRD) ---

24

3.4 X-ray photoelectron spectroscopy (XPS) -

3.5 Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS)

3.6 Transmission electron microscopy (TEM) ----

26

3.7 Rotating disk electrode (RDE) and Rotating ring-disk electrode (RRDE)

27

3.8 Atomic absorption spectroscopy (AAS)

28

29

Chapter 4: Mn oxide synthesis --- ---

4.1 Synthesis method --- -

29

4.2 Electrochemical performance of Mn3O4 as the cathode material of aZIBs



Chapter 5: Charge storage mechanism and cycling performance of Mn203 ------------------ 35
5.1 Introduction 35
5.2 Experimental section 36
5.3 Results and discussion --- --37
5.3.1. Structure and morphology ----------- --- 37
5.3.2. Electrochemical performance ------- - 39
5.3.3 Mechanism investigation ------ --- -42
5.4 Conclusion --- --- -- 60
5.5 Supporting information --- --- 61
Chapter 6: Conclusions and recommendations --- --- 71
6.1 Conclusion --- 69
6.1.1 Synthesis method and products ------ --- 69
6.1.2 Charge storage mechanism and cycling performance of Mn,O3 - 69
6.2 Future works and recommendations - 70
6.2.1 Synthesis method and products 70

6.2.2 An Investigation into the Charge Storage Mechanism and Cycling Performance of

Mn,03 as the Cathode Material for Zinc-ion Batteries - 70

References =72




IX

List of Tables

Table 2.1. Common intercalation ionic radii [17] 4

Table 2.2. electrochemical performance comparison of previous studies of bixbyite Mn>Oj3 as the

cathode for ZIBs - - --21

Table 2.3. Charge storage mechanism comparison of previous studies of bixbyite Mn,0Os as the

cathode for ZIBs - - --21

Table 5.1. Battery cycling performance comparison for this work and previous studies of bixbyite

MnO3 as the cathode in ZIBs - - 40

Table 5.2. Charge storage mechanism comparison for this work and previous studies of bixbyite

Mn;O3 as the cathode for ZIBs - - 57




List of Figures

Figure 1.1 Schematic illustration of the electrochemical principle of aZIB [4]. ----------=--------- 2

Figure 2.1. Mn oxide crystal structures: a) f-MnO2; b) R- MnO»; ¢) y- MnO3; d) a- MnO; ¢)
romanechite-type MnOy; f) todorokite-type MnO»; g) 6- MnO»> (layered-type); h) A- MnO» (spinel-
type) [44]. 8

Figure 2.2. Schematic illustration of Zn*" intercalation processes in y-MnQ2 [47]. ---------------- 10
Figure 2.3. Schematic illustration of the proposed charge/discharge process for EMD [69]------ 14

Figure 2.4. Schematic illustration of the phenomena observed on Zn electrodes in (a) alkaline and

(b) mild aqueous electrolytes. [79]. --- --- 17
Figure 2.5 Crystal structure of alpha-MnyOs. 20
Figure 4.1 Illustration of material synthesize method. --- --29
Figure 4.2 XRD patterns of different calcination temperatures. --------- 30
Figure 4.3 SEM image and EDS spectra of the Mn3O4 powder after 400 °C calcination -------- 31
Figure 4.4 SEM image and EDS spectra of the Mn203 powder after 800 °C calcination -------- 31

Figure 4.5. a) Cyclic Voltammetry(CV) results at 0.5mV/s scan rate of Mn30O4 as cathode material.
b) Enlarged CV oxidization peaks area at potential window of 1.5-1.7V. ¢) Enlarged CV reduction
peaks area at potential window of 1.1-1.5V. d) GCD cycling test under an applied 30mA/g specific
current density. e) Cell cyclability results at an applied specific current of 200mA/g. f) rate

capability test results at various applied current densities. - 33

Figure 5.1. Microstructural characterization for as fabricated Mn»Os3. (a) XRD pattern; (b) XPS
high-resolution Mn 3s spectrum; (¢) SEM secondary electron (SE) image of Mn,O3 powder; (d)
STEM annular dark field (ADF) image, EDS maps for Mn and O, and SAED pattern from the

particle shown. The electron diffraction pattern is close to a [221] zone axis for bixbyite. ------- 38

Figure 5.2. (a) CV curves at 0.25 mV s (b) GCD curves at 50, 100, 200, 500, 1000, and 2000
mA/g. (c) Rate capability tests at 50, 100, 200, 500, 1000, and 2000 mA/g and then again at 100

and 50 mA/g. (d) Galvanostatic charge—discharge electrochemical performance at 500 mA/g for



X1

200 cycles. (e) Galvanostatic charge—discharge electrochemical performance at 2000 mA/g for

1100 cycles. --- - -- 41

Figure 5.3. (a) GCD curve for the 15™ (discharge only) and 16 (charge and discharge) cycles at
200 mA/g. (b) XRD patterns of the cathode for the stages indicated in (a). (c) XRD patterns of the
cathode for the discharge conditions in (b) for the 2-theta range of 30° to 50°; the patterns are
further enlarged on the right displaying the 2-theta range of 32° to 54° making the (222) peak from
Mn;03; more visible. Note the (411) peak for Mn, which was used as an internal standard to

quantify any Mn,O3 peak shifting. - 44

Figure 5.4 Ex-situ SEM images for the various stages shown in Fig. 5.3 during GCD at 200 mA/g.
(a) Fully charged state of the 15th cycle; (b) before the first discharge plateau of the 15th cycle; (¢)
first discharge plateau of the 15th cycle; (d) turning point between the two discharge plateaus of
the 15th cycle; (e) second discharge plateau of the 15th cycle; (f) after the second discharge plateau
of the 15th cycle; (g) close to full discharge of the 15th cycle; (h) fully discharged state of the 15th
cycle; (1) first charge plateau of the 16th cycle; (j) second charge plateau of the 16th cycle; (k)
fully charged state of the 16th cycle; (1) fully discharged stage of the 16th cycle. ----------------- 45

Figure 5.5 Ex-situ STEM ADF images, EDS maps, overall EDS spectra and SAED patterns of
the Mn,Os electrode at different stages of discharge and charge: (a) First discharge plateau
(position (c)) of the 15 cycle; (b) second discharge plateau (position (e)) of the 15" cycle; (c)
fully discharged state of the 15 cycle (position (h)); (d) first charge plateau stage of the 16 cycle
(position (i)); (e) fully charged stage of the 16" cycle (position (k). Note that the C, H and Z labels

for the diffraction patterns correspond to carbon, hetaerolite, and ZHS, respectively. ------------- 49

Figure 5.6 XRD patterns of the cathode for 2-theta in the 80° to 85° range for the stages shown.
-—-- 52

Figure 5.7 Ex-situ STEM ADF image, EDS maps, overall EDS spectrum, SAED pattern, and
HRTEM image of the electrode with a Ti current collector at position (d) (turning point) of

discharge for the 15% cycle. —-- - 53

Figure 5.8 Mn-Zn-H>O Pourbaix diagram with ZnMn>O4 phase boundaries; redrawn from [105] .
- -- 54




XII

Figure 5.9 RRDE profile for the Mn,Ojs electrode with a scan rate at 1 mV s in 2 M ZnSO4+ 0.2
M MnSOy4 solution, stirred at 900 rpm with the Pt ring electrode maintained at 1.91 V vs Zn/Zn*".
-—-- 56

Figure 5.10 AAS results showing the Mn concentration in the electrolyte after various battery

cycles. 56
Figure 5.11 JCPDS 41-1442, Bixbyite Mn;O3 standard PDF card. 61
Figure 5.12 JCPDS 75-2078, graphitic carbon standard PDF card. 62
Figure 5.13 JCPDS 44-0673, ZHS*4H,0 standard PDF card. --- 63
Figure 5.14 JCPDS 39-0689, ZHS*3H,0 standard PDF card. --- --- 64
Figure 5.15 JCPDS 89-4252 Mn standard PDF card. ------ 65
Figure 5.16 JCPDS 24-1113, hetaerolite ZnMn2O4 standard PDF card. --- 66
Figure 5.17 Indexing of the SAED pattern in Fig. 5.4a. --- -—--67

Figure 5.18 Ex-situ STEM ADF images, EDS maps, and SAED patterns of the electrode with a
Ti current collector at different stages of discharge and charge: (a) Fully charged stage of the 16"
cycle (position a). (b) Fully discharged state of the 15" cycle (position h). ---- 68




List of Acronyms and Abbreviations

aLIB
aZlB
AAS
BF

BSE

CP
CuHCF
(Y

DF

EDS
EELS
GCD
HAADF
HR-TEM
LIB
LiTFSI
MIB
Ni-MH
Ni-Cd
PVDF

RDE
RRDE
SAED
SE
SEM
SHE

SIB
STEM

Aqueous Lithium-ion Battery
Aqueous Zinc-ion Battery
Atomic Absorption Spectroscopy
Bright Field

Back Scattered Electron

Carbon Paper

Copper Hexacyanoferrate

Cyclic Voltammetry

Dark Field

Energy Dispersive Spectroscopy
Electron Energy Loss Spectroscopy
Galvanostatic Charge and Discharge

High Angle Annular Dark Field

XIIT

High Resolution Transmission Electron Microscopy

Lithium-ion Battery
Bistrifluoromethanesulfonate
Magnesium-ion Battery
Nickel Metal-Hydride
Nickel Cadmium
Polyvinylidene Fluoride

Rotating Disk Electrode

Rotating Ring-disk Electrode
Selected Area Electron Diffraction
Secondary Electron

Scanning Electron Microscopy
Standard Hydrogen Electrode

Sodium-ion Battery

Scanning Transmission Electron Microscopy



TEM
XAS
XPS
XRD
Z1B
ZHS

Transmission Electron Microscopy
X-ray Absorption Spectroscopy
X-ray Photoelectron Spectroscopy
X-ray Diffraction

Zinc-ion Battery

Zinc Hydroxide Sulfate

X1V



Chapter 1: Introduction

Easily exploitable traditional fossil fuels are being depleted and they contribute to the
decline in air quality [1]. Therefore, it is imperative that efficient, new, clean, and sustainable
energy options are found to replace traditional energy sources [2,3]. Batteries have been widely
studied as energy devices that can convert chemical energy into electrical energy. Currently, the
most widely used batteries or energy storage/conversion devices include LIBs [4], lead-acid
batteries [5], nickel-cadmium batteries [6], and fuel cells [7]. The devices, mentioned above, all
have some shortcomings, which limit their development. In the case of lithium-ion batteries, there
is concern about the supply of lithium. Also, safety concerns, environmental problems, and the
cost of electrode materials are other critical issues associated with lithium-ion batteries [8]. Lead-
acid batteries have large volumes, low specific energy densities, poor cycle performance, and their
own environmental problems [9]. Nickel-cadmium batteries have a memory effect and contribute
to environmental pollution [10]. Other energy storage/conversion devices such as fuel cells are
expensive and the current technology is not very mature [11]. As such, none of these batteries or

energy storage/conversion devices can fully satisfy the requirements of a secondary battery.

Aqueous zinc-ion batteries (aZIBs), shown schematically in Fig. 1.1, have attracted
researchers' attention due to their low cost, long life, and high safety. An aqueous secondary ion
battery uses an aqueous solution as the electrolyte. The aqueous electrolyte is safe, easy to prepare,
and has high ion conductivity. Therefore, aqueous secondary ion batteries are considered to be
promising candidates for large-scale energy storage systems. During the past ten years, aqueous
secondary ion batteries have received increasing attention for power grid applications and for

wearable devices and biocompatibility [12,13].

This work aims to synthesize an alternative cathode material (Mn203) for aZIBs and
analyze the electrochemical performance and energy storage mechanism(s) of the assembled aZIB
cells. Detailed thesis motivation and objectives will be provided in Section 2.3.2. This thesis
consists of 6 chapters, with Chapter 1 (current chapter) as the Introduction. A literature review of
the aqueous metal-ion battery system, including pre-existing cathode materials for aZIBs
(especially Mn-based cathode materials), common anode materials, and common aqueous
electrolyte components, are discussed in Chapter 2. Brief summaries of all electrochemical and

characterization techniques used in this work are provided in Chapter 3. A complete discussion of
1



the synthesis methods for the Mn oxides explored in this work, Mn2O3 and Mn3Os, and the
electrochemical performance of Mn3O4 are discussed in Chapter 4. The central component of the
thesis work is a detailed investigation of the energy storage mechanism(s) and electrochemical
performance of Mn>O3 as the cathode material for aZIBs, and is discussed in Chapter 5.
Conclusions, future work suggestions, and recommendations for Mn,O3 as the cathode material of

aZIBs will be provided in Chapter 6.

[Mny]

Figurel.1l Schematic illustration of the electrochemical principle of an aZIB [4].



Chapter 2: Literature review
2.1 Aqueous metal-ion batteries

LIBs provide many conveniences for modern life [14,15], but their safety issues have
become increasingly prominent. For example, in 2006, several Dell laptops caught fire and
exploded. In 2013, several Tesla electric automobiles exploded after a collision and Samsung
mobile phones caught fire and exploded [16]. One reason for potential accidents is that the organic
electrolyte of commercial LIBs is flammable, which can lead to fires or even explosions. In order
to prevent the occurrence of these events, researchers have tried to replace the flammable and
explosive organic electrolytes with safer aqueous electrolytes. As such, aqueous secondary
batteries have become a growing area of research. However, aqueous electrolytes have their own

problems which hinder the development of aqueous batteries:

1. The electrochemical window of water is small (=1.23V).

2. There are side reactions with water or oxygen.

3. Co-deposition of protons can occur along with the intercalation of metal ions.

4. Dissolution of electrode materials in aqueous electrolytes [17] can severely restrict the choice

of electrode materials.

Thus far, most of the intercalation-type electrode materials used in aqueous batteries can
be traced back to the corresponding organic electrolyte battery system. Aqueous lithium-ion
batteries (aLIBs) have attracted a lot of attention due to their solid research foundation in organic
electrolytes. Because of limited lithium reserves, researchers have gradually turned their attention
to other metal-ion aqueous batteries because of abundant reserves of Na, K, Zn, Mg, Ca, and Al.
Among these potential aqueous ion batteries, aZIBs have attracted much attention due to their
higher theoretical specific capacity (820 mAh/g). The electrochemical performance of a battery is
closely related to the ion radius for intercalation and extraction. Table 2.1 lists the radius of various

metal ions.

The aLIB was first proposed by Dahn et al [18] of Dalhousie University in Canada in 1994.
The battery uses LiMn2O4 as the cathode material, VO as the anode material, and the electrolyte
contains 5 mol/L LiNO3 and 0.001 mol/L LiOH. By adjusting the concentration of LiOH in the

3



electrolyte so that the pH is 11, the hydrogen evolution potential is reduced, and the battery can
function. Since 1994, aLLIBs have attracted much attention. The stable voltage window of an
aqueous electrolyte (~1.23 V) is much narrower than an organic electrolyte (>3.0 V) used in
commercial LIBs. In 2015, Wang et al [19] reported a "water-in-salt" electrolyte, where the
electrolyte was composed of 21 mol/kg of lithium bistrifluoromethanesulfonate (LiTFSI) in an
aqueous solution, with LiMn»Oj4 as the cathode. The battery, assembled with MoeSs as the anode,
had an open circuit voltage of 2.3 V and excellent cycle stability. The capacity retention rate was
68% for 100 cycles at a current density of 0.15 C, and the capacity retention rate reached 52% for
1000 cycles at a current density of 4.5 C. At the same time, the electrochemical stability window
was expanded to about 3.0 V (1.9-4.9 V vs. Li"/Li), which was a revolutionary advancement. Since
then, research on aqueous LIBs has flourished. This electrolyte system provided new research

ideas for aLIBs and other aqueous ion batteries.

Table 2.1. Common intercalation ionic radii [17]

Ion Radius (nm)

Li* 0.076
Na* 0.102

K* 0.138
Zn* 0.074
Mg 0.072
Ca* 0.100
AP* 0.054

Sodium resources in the earth's crust are more abundant than lithium resources. Similar to
aLIBs, research on aSIBs has also attracted significant attention. ASIBs use a sodium salt aqueous
solution as the electrolyte to broaden the electrochemical window [20-22]. Wang et al [20] utilized
a 0.26 mol/L. NaCF3SOs3 solution as the electrolyte and Nao.e6[Mno.¢6Ti0.34]O2 as the anode. The
anode was assembled with NaTi>(PO4); to form a full battery, showing excellent electrochemical

performance. The Coulombic efficiency was as high as 99.2% at 0.2 C for 350 cycles. The power



density was 31 Wh/kg at a current density of 1 C. The capacity retention rate after 1500 cycles was
92.7%. Wu et al [23] synthesized NaTi»(PO4); as an electrode material for aL.IBs using a
microwave method. The discharge specific capacity at a current density of 15.7 mA/g was 85
mAh/g, which is 64% of the theoretical specific capacity. The capacity decayed quickly.
Subsequently, Wu et al [24] used NaTi2(PO4)3 coated graphene as an aqueous sodium-ion battery
(aSIB) cathode material and the discharge specific capacity was still as high as 130 mAh/g at 0.1
C and at 133 mA/g current density. The capacity retention rate after 100 cycles was 86%.

For aqueous potassium-ion batteries (aKIBs), the development of high-performance
electrode materials is limited by the large ionization potential and the large radius of K™ (0.138
nm). So far, the most valuable cathode materials for aKIBs are Prussian blue analogs [25-27]. Cui
et al [25] conducted a comprehensive study, including copper hexacyanoferrate (CuHCF) and iron
hexacyanoferrate (FeHCF). Among them, CuHCF showed good rate performance at 49.8 mA/g
with specific capacity of 59.14 mAh/g and specific capacity of 40.1 mAh/g at 4980 mA/g current
density. The cycling performance was good with a capacity retention rate of 83% after 40,000
cycles at 1020 mA/g current density and a Coulombic efficiency of 99.7% [25]. Generally, the
discharge capacity of Prussian blue analogs is relatively low (<60 mAh/g). In 2016, Su et al [28]
prepared potassium iron (II) hexacyanoferrate dehydrated nanocubes (K:Fe[Fe(CN)s]-2H20),
which have a high K+ content, as the cathode material for aKIBs. With two single-electron redox

processes, the compound exhibited a specific discharge capacity of up to 120 mAh/g.

Rechargeable non-aqueous magnesium-ion batteries (MIBs) have a low reduction potential
(-2.37 V vs. SHE) and a large volumetric capacity (3833 mAh/cm?), which is higher than 2046
mAh/cm? for lithium metal, due to its non-dendritic characteristics. The MIB has been considered
as an up-and-coming energy storage/conversion battery system [29-32]. However, the
development of non-aqueous MIBs is affected by the scarcity of electrolytes (humidity sensitivity,
limited electrochemical stability, and strong corrosivity) and cathode materials (because of the
slow diffusion of Mg?" in the host material due to strong electrostatic interactions) [32-34]. As
early as 1993, Novak et al [35-37] showed that the preferential solvation of Mg?" by water
molecules seemed to facilitate the intercalation of Mg?" into V>0s. However, until now, aqueous

MIBs have not received much attention.



In summary, aqueous ion batteries have developed rapidly in recent years due to the
advantages of safe use, low cost, and the use of aqueous solutions as electrolytes. ALIBs have
higher energy density, but lithium resources are relatively scarce and other monovalent ion
batteries have been proposed. However, compared with Li+, Na+ and K+ have a much larger ionic
radius, and the interaction between the guest ion and the host skeleton hinders the reversible
intercalation/extraction of the ion. Therefore, the number of electrode materials for sodium-ion
and KIB is low. Among the multivalent metal-ion batteries, the aZIB has a higher energy density
due to the high capacity of the metallic Zn anode. aZIBs are the most promising alternative to LIBs
as the next generation of electrical energy storage equipment due to their electrolytes being
inorganic salts, pollution-free, and safe. Research and development of other aqueous secondary
batteries, such as magnesium-ion and calcium-ion batteries, are in the initial stages and the

electrode materials used for these batteries are very limited.
2.2 Aqueous zinc-ion battery (aZIB)

The aZIB consists of a Zn anode (Section 2.2.2), an aqueous electrolyte (Section 2.2.3),
and a cathode material that can storage and release, usually by intercalation and de-intercalation,
Zn>" (Section 2.2.1). The early aZIBs were assembled in aqueous alkaline electrolytes. The most
common example is Ni-Zn batteries. Under alkaline electrolyte conditions, the battery is based on

the Zn anode reaction [38]:

Zn +40H < Zn(OH)4* + 2¢ «> ZnO + 20H" + H0 + 2¢° [2.1]
and the athode reaction [39]:

NiOOH + H20 + ¢ «<» Ni(OH) + OH" [2.2]

The use of metallic Zn as the anode material is prone to producing dendrites under alkaline
electrolyte conditions and the electrode hydrogen evolution reaction (HER) is significant. Zn is
the metal with the lowest electrochemical reduction standard potential, -0.763 V, in aqueous
solutions. Zn also is an active metal, which is stable in water and aqueous solutions, with a high
energy density and high theoretical capacity (5855 mAh/cm? and 820 mAh/g). In addition, Zn is
abundant, has low toxicity, and can be processed simply. Therefore, a low cost, highly safe,
environmentally friendly, and high power secondary aZIB is a promising replacement application

in green battery system [40,41].



The electrolytes for aZIBs usually are usually mild aqueous solutions with low toxicity,
low corrosion rates and are relatively safe; most of them are Zn-based weak acid solutions. In
alkaline Zn batteries, the electrolyte usually contains a high concentration KOH solution. The
formation of Zn dendrites and ZnO leads to severe capacity attenuation and lower Coulombic
efficiency, which reduces the capacity of the Zn anode [42]. Also, strong acidic electrolytes will
bring about the corrosion of the Zn anode and current collectors, resulting in poor long-term
reliability [42]. Therefore, neutral or mildly acidic electrolytes seem preferable for implementation
in ZIBs. The common Zn electrolyte salts studied so far include ZnSO4, Zn(NO3)2, Zn(CH3COO),,
Zn(ClOs)2, and ZnCl, [43, 44, 45, 46, 47].

The process of assembling and disassembling aZIBs is fairly simple. The battery assembly
process does not need the use a glove box. The costs for Zn metal and Zn salts are relatively low
and the mild electrolyte solutions and non-toxic electrode materials are environmentally friendly.
The above advantages have made the development of neutral aZIBs a global effort and have made
Z1Bs a strong possibility for large-scale electrical energy storage. Compared with the radius of Li”,
the radius of Zn** (0.074 nm) is relatively small; however, it is not easy to find a suitable
intercalation electrode material because the electrostatic interaction between Zn>" and the cathode

material is much larger than that for Li*. So far, research on aZIBs is still in its infancy.

2.2.1 Cathode Materials for aZIBs

The aZIB cathode materials mainly include Mn-based materials, vanadium-based materials,

and Prussian blue analog materials.

As the tenth most abundant element in the earth's crust, Mn (Mn) is easily to find on the
surface of the earth. During the past 150 years, Mn oxide has been widely used as a deoxidizer,
desulfurizer, additives in steelmaking, catalysts, and electrode materials. Because Mn has multiple
valence states (+2, +3, and +4), it hass diverse crystal structures in oxide/hydroxide minerals.
During the past 20 years, Mn-based oxides have been used in aZIBs. Examples include MnO,
MnO>, Mn,03, and Mn30Oa4.

Among these oxides, MnO; has been the most studied. MnO: has different crystal forms
and the basic structural unit of Mn dioxide for all crystal forms is the [MnOg] octahedron. The
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oxygen atoms occupy six corners of an octahedron, and the Mn atom is located in the center of the
octahedron. MnOs octahedra are connected to each other by sharing vertices or sharing edges,
leading to different crystal types of MnO2, as shown in Fig. 2.1. Common MnO; cathode materials

of ZIBs can be divided into three types of structures:

Tunnel-type: pyrolusite (B-MnO2, 1*1 tunnel, Fig. 2.1a), rhombic ore (ramsdellite R-MnO,
1*2 tunnel, Fig. 2.1b), hexagonal Mn oxide (y-MnO2, 1*1 and 1*2 tunnels, Fig. 2.1c), fennelite
(0-MnO2, 2*2 tunnels, Fig. 2.1d), MnO> with romanechite structure (2*3 tunnels, Fig. 2.1e),
and MnO; with todorokite structure (3*3 tunnels, Fig. 2.1f).

Layer-type: birnessite with layered structure (6- MnO», Fig. 2.1g).
3-D-type: A-MnO; with a three-dimensional structure (Fig. 2.1h).

These oxides, with different structures, are used as electrodes in aZIBs and exhibit different

reaction mechanisms [48,49].

(@ ﬁéﬁ i
yﬁﬁﬁm ﬁﬁj B s ﬁi‘gﬂ i
i ““Sﬂ ﬁéﬁ‘\'l\%ﬂ e ‘“% -

(1*2) (1"1)+(1°2)

ﬁ “g MnO; octahedra

MO, tetrahedra
(M=Mn,Zn...)

Figure 2.1. Mn oxide crystal structures: a) f-MnO;; b) R-MnO3; ¢) y-MnO»; d) a-MnO,; e) romanechite-type MnO»;
f) todorokite-type MnO»; g) 8-MnO, (layered-type); h) A-MnO, (spinel-type) [49].

v-MnO; was first used as a cathode material for ZIBs in 2003. Kumar et al [50] observed
that Zn** ions from the Zn(CF3SOs)2 gel polymer electrolyte could be reversibly intercalated/de-

intercalated into the y-MnQO; tunnel structure. For aqueous electrolytes, such as Zn(NO3), or ZnSO4



solutions, research results show that the reaction mechanism in alkaline electrolytes is H"
intercalation into y-MnO> [51]. Afraqi et al.’s work [52], proposed a novel charge storage
mechanism for y-MnQO; in aZIBs. Data analysis from in-situ X-ray absorption spectroscopy (XAS)
and in-situ synchrotron XRD, based on the near-edge structure, indicated that Mn*' in MnO> was
reduced to Mn** and Mn** during discharge. After charging the cell, the oxidation state of Mn
returned to the original y-MnO> state, which is Mn*". Spinel-type ZnMn>Oa, tunnel type 7-
ZnxMnO; (0<x<1), and layered type ZnyMnO, (0<y<1l) were formed in sequence during the
discharge process. These results indicated that Zn*" intercalation into MnO2 occurred, as shown in
Fig. 2.2. Afraqi divided the discharge curve of y-MnO: into three stages according to the data from
in-situ tests; an early stage, an intermediate stage, and a final stage. During the early stage of the
discharge process, part of the y-MnO; transforms to spinel type ZnMn,Os. During the intermediate
stage, in addition to further spinel type ZnMn20O4 formation, a tunnel type y-ZnxMnO> phase is
formed due to Zn intercalation. In the final stage, a part of the fully inserted tunnel structure
expands and folds into layered ZnyMnOa, so that the fully discharged material shows co-phases of
spinel type, tunnel type, and layered type ZnMnO>. After recharging the cell, almost all the above
discharge co-phases are restored to the original y-MnO,, which indicates that Zn** can be

reversibly inserted/extracted with 1*1 and 1*2 tunnel structure y-MnOs.
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Figure 2.2. Schematic illustration of Zn?* intercalation processes in y-MnO, [52].
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a-MnO» with 2*2 tunnels has received increasing interest as an electrode in aZIBs [53]. In
2009, a-MnO; was first applied to aZIBs and achieved a specific capacity of 210 mAh/g at 1 C.
The C-rate is a measure of the rate at which a battery is discharged relative to its rated capacity.
For example, a battery rated at 1 A-h, will deliver 1 A of current for 1 h, or the same battery will
deliver 500 mA in 2 h. Compared with the theoretical capacity 616 mAh/g, the achieved specific
capacity of the cell is fairly low. According to reference [54], due to the relatively large pores and
stable structure of a-MnO> with 2*2 tunnels, the discharge capacity efficiency was maintained at
almost 100% when it was cycled 100 times at a large current density of 6 C [55]. It was speculated
that as the valence state of Mn decreases, Zn" is inserted into the cathode during the discharge
process, according to Reaction 2.3. y-MnO; also shares this reaction; however, the structure is

different, resulting in the formation of a different phase of ZnMnOs.
Zn*" + 2e” + 2MnO; <> ZnMnyO4 [2.3]

In this way, layered type ZnMn2O4 (Zn-birnessite) is formed during the discharge process and
ZnMn;0y4 disappears during the charging process, resulting in reformation of a-MnQO.. The
reversibility between Mn*" and Mn>" has been verified by ex-situ synchrotron XAS [56], which
showed that a-MnO, undergoes reversible intercalation and extraction of Zn**. This kind of

mechanism is defined as a (de)intercalation process.

In subsequent studies, a Zn** intercalation mechanism was proposed as an electrochemical
phase transformation with reversibility. A phase change from tunnel a-MnO: to a Zn-birnessite
structure occurred [57]. During discharge, a layered structure ZnMn3O7-3H>O, similar to Zn-
birnessite, is formed [58]. During this reaction, due to the Jahn-Teller effect, about 1/3 of the Mn
in the electrode is dissolved in the electrolyte. The discharge process is given in Reactions 2.4 and

2.5, but there is a complete reformation of a-MnQO; after charging (Reaction 2.6).

Mn** (s) + e- — Mn*" (s) [2.4]
2Mn3* (s) — Mn*" (s) + Mn?" (aq) [2.5]
Mn?* (aq) — Mn*" (s) + 2¢ [2.6]

Therefore, with the continuous intercalation of Zn?*, Mn*" is reduced to Mn**, and then, due to the

dissolution of Mn** (Reaction 2.5), the bridged double strands of the MnQOg unit are gradually
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destroyed. In this process, a Zn-birnessite structure is formed. During the charging process, the
dissolved Mn?" can be deintercalated from the layered structure to produce the tunnel structure,

and the structure of 0-MnQ; is restored.

In addition to the previous Zn?>' intercalation reaction mechanism (Reaction 2.1), a
reversible precipitation/dissolution conversion reaction mechanism based on Zns(OH)sSO4 xH>0O
(Zn hydroxide sulfate or ZHS) formation has been proposed, which is generated from sulphate
ions in the electrolyte, i.e., from ZnSO4 (Reaction 2.7). The process is caused by a change in pH
during the Mn dissolution reaction (Reaction 2.8) [59]. The Zn4(OH)sSO4 xH>O phase is
considered as the discharge product. According to in-situ XRD and electrode characterization, it
has been found that ZHS can be washed away by acetic acid during the discharge process, which
indicates that this precipitate is formed on the surface of a-MnQ>. There is no Zn** intercalation
into the tunnels of a-MnO». The utilization of atomic absorption spectroscopy (AAS) and in-situ
pH measurement of the electrolyte further demonstrated that the precipitation process is reversible
and triggered by pH changes in the electrolyte. Due to the Jahn-Teller effect, Mn** produced by

MnO; (Reaction 2.2) is prone to disproportionation (Reaction 2.5) during the discharge process.
47Zn>" + SO4* + 60H" + xH20 — Zna(OH)s(SO4)- 5H20 [2.7]
MnO; + 2H,0 + 2" — Mn?*" + 40H" [2.8]

There is another explanation for ZHS formation, which involves H" intercalation with a-
MnO> (Reaction 2.10). Water splits to produce OH™ (Reaction 2.9), which further reacts with
ZnSO4 and water molecules to form ZHS (Reaction 2.8) [60]. In Pan’s work, during discharge, the
original a-MnQO; nanofibers are transformed into short nanorods and nanoparticle aggregates. The
particles, after discharge, were identified as MnOOH by ex-situ high resolution transmission
electron microscopy (HR-TEM) and XRD. ZHS was detected in the discharge electrode by nuclear
magnetic resonance (NMR) spectroscopy and XRD, so that ZHS formation (Reaction 2.10) should
occur after H" intercalation. After the charging process, the lattice spacings of the nanorods and
nanoparticle aggregates are restored to the original a-MnO: lattice spacings. These results indicate

that there is a reversible discharge/charge behavior between a-MnO2 and MnOOH/ZHS.
H,O < H" + OH" [2.9]

MnO; + H" + ¢ <> MnOOH [2.10]
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It is worth noting that the XRD pattern for the ZHS phase has multiple peaks overlapping
with the Zn-birnessite peaks reported above, and more analytical methods are needed to determine
the mechanism of Zn** behavior in 0-MnO,. Recently, in order to further explain the mechanism,
cathode materials prepared based on Zns(OH)sSO4 SH20O were studied [61]. In general, although
the charge/discharge mechanism of a-MnO»> is controversial, significant progress has been made
in a-MnO> cathode materials. The development cost is low and operation is fast and
straightforward, so that environmentally friendly a-MnO; may become a suitable cathode material

[62].

For 3*3 tunnel type, todorokite-type, MnO>, because of the abundant tunnel spaces, various
cations and water molecules can be easily accommodated in the host framework. Therefore,
theoretically, the cycle performance and rate performance are better than those for traditional 2x2
tunnel structures. Lee et al [63] investigated todorokite MnQO; as a potential cathode material in
ZIBs. They studied the behavior of Zn*" intercalated into the tunnel structure. In fact, the formation
of large tunnels is usually through the expansion of MnOs layers and ion exchange. In addition,
more ions and water molecules in the tunnels can ensure the stability of the structure during Zn
ion intercalation and provide more space for Zn** migration. Unfortunately, XRD analysis of the
discharge electrode has not been done in detail to explain the structural changes, and the

mechanism of Zn®* deintercalation is still unclear.

Work has also been done in Ivey’s Research Group regarding the discharge/charge
mechanisms of tunnel type MnQO,. Tran et al [64] studied electrolytic manganese dioxide (EMD),
which consists of 53% &-MnO», 34% ramsdellite, and 13% y-MnO,. As mentioned above,
ramsdellite (R-MnO) has a (1*2) tunnel structure, while both y-MnO; and &-MnO: have
intergrown (1*1) and (1*2) tunnels from pyrolusite and ramsdellite, respectively. In general, &-
MnO> has a more disordered structure than y-MnO,. RRDE studies, XRD, and SEM/TEM all
revealed that aZIB cells utilizing EMD undergo a multi-step process during operation. Zn** ions
are either intercalated to generate spinel-type ZnMn2Os4 or inserted into MnO; tunnels to form
tunnel-type ZnxMnO, during discharge. When the saturation limit for Zn>+ intercalation in the
MnO:> tunnels (Zno.sMnQ) is reached, Zno sMnO is disproportionated, resulting in the creation of
zinc hydroxide sulphate (ZHS). Mn*" ions, produced from disproportionation, are deposited

electrochemically on hetaerolite to generate chalcophanite (ZnMn30O7 * 3H,0). During charging,
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layered chalcophanite increasingly covers the electrode surface, whereas the initial ramsdellite
amount of EMD vanishes during cycling. A schematic illustration of EMD cycling and the charge

storage mechanism is shown in Fig. 2.3.
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Figure 2.3. Schematic illustration of the proposed charge/discharge process for EMD. [64].

0-MnO,, with a layered structure and nanoflake morphology, has been synthesized and
used in aqueous ZIBs. After the battery was discharged, spinel ZnMn>O4 appeared, and no other
irreversible phases such as ZnO, MnOOH, Mn304, and Mn,0O3; were detected. At the same time, a
significant amount of Zn content (Zn:Mn = 0.59:1) was found in the electrode in the fully
discharged state [65]. Therefore, it was concluded that part of the layered structure of 6-MnO» was
transformed into spinel ZnMn>0O4. Hydrated 3-MnO: (Ko.11MnO2-0.7H20) has also been studied
using non-aqueous electrolytes [66]. It is speculated that layered 6-MnO; has no proton
participation in Zn?" intercalation and can reversibly transform between MnO: and ZnxMnO,
(0<x<1). However, after long term cycling, fast capacity fade and cell resistance changes were

observed, which could be due to the dissolution of Mn?* by the Jahn-Teller effect, the
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decomposition of electrolyte, and the precipitation of irreversible phases on the anode. These

results make the reaction mechanism of Zn?" in 8-MnQ; still unclear.

For the 3D spinel structure, A-MnO,, it is difficult for Zn>" to be intercalated due to the
limitation of its structure. The internal space of the structure is theoretically not suitable for the
insertion of Zn*" because of high electrostatic repulsion [55]. A-MnO; synthesized by simply
leaching LiMn204 had a specific capacity of 442.6 mAh/g at a current density of 13.8 mA/g [67],
which is over 2/3 of the theoretical capacity of MnO, (616 mAh/g). According to Yuan et al [67],
the intercalation of Zn?* into A-MnO, appears to be happening and the intercalation amount is high.
However, the detailed intercalation mechanism is still not clear for A-MnO». At the same time,
spinel-type ZnMn2O4 and MnMn,0O4 (Mn304) are being studied for aZIBs. Ideal spinel ZnMn2O4
(ZMO) does not appear to be suitable for Zn*" intercalation because the electrostatic repulsion of
Zn*" in the crystal lattice is relatively large, so a Mn cation defect spinel ZMO (ZnMn 36Y0.140a,
Y is the defect vacancy) has been prepared and the capacity retention rate after 500 cycles at a
current density of 500 mA/g is 94% [68]. The formation of Mn ion vacancies reduces the
electrostatic repulsion of Zn?*, leading to a rapid kinetic process. More importantly, various
methods have shown that the electrochemical behavior of ZMO is caused by Zn** intercalation

rather than H' intercalation (Reaction 2.11).
Zn-oMni 86Y 01404 + 2xe + XxZn*" > Znx)Mni 86Y0.1404 (0<x<<1) [2.11]

A study in recent years has shown that f-MnO- nanorods can be transformed into spinel ZnMn,O4
after several cycles, and this spinel phase can be cycled more than 200 times [69]. The conversion

of B-MnO: to other crystalline phases has also been reported [70].

Another spinel-type Mn oxide, Mn304 (MnMn>0Os), has been used in aZIBs [71, 72]. There
is a two-step reaction mechanism for ZIBs using Mn3Og4 cathodes. The first discharge potential
plateau likely involves intercalation of Zn** and possibly H, followed by a conversion reaction

forming ZHS during the second discharge potential plateau. The reverse occurs on charge.

According to the literature, Zn*" can also be inserted into a-Mn.Os [73, 74, 75, 76, 77, 78].

Detailed discussion of this material will be done in Sections 2.3 and 5.2.
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In summary, there are many Mn-based oxide materials used in aZIBs, which exhibit unique
charging and discharging processes. However, the reaction mechanism(s) are far from being
understood. In addition to Mn-based materials, vanadium-based materials and Prussian blue analog
cathode materials are also widely used in aZIBs. These materials are not discussed in this review,

since the focus of the thesis is Mn oxide.

2.2.2 Anode Materials for aZIBs

Currently, metallic Zn is the most common anode material, such as in various primary
alkaline batteries, Zn-air batteries, Zn-Ni batteries, and Zn-Ag secondary batteries. Compared with
lithium, sodium, and potassium, Zn’s main advantage is that it is relatively stable and reversible
in aqueous media [80,81]. Therefore, it can be directly used as an anode material for aqueous
batteries [82]. Its theoretical specific capacity is 820 mAh/g [83-55], which is a much larger
capacity than any other ion battery negative material (intercalation/extraction or organic electrode).
On the other hand, because of its high overpotential for hydrogen evolution, metallic Zn has a
lower oxidation-reduction potential (-0.76V vs. SHE) in aqueous electrolytes [86]. Metallic Zn
combines the advantages of high capacity, low reduction-oxidation potential, abundant reserves,
and non-toxicity and is considered to be the most promising anode material in large-scale energy
storage systems. It can be applied to aZIBs and plays important roles in hybrid aqueous systems.
These systems usually consist of Zn anodes and various cathode materials, which can store most
metal ions, and use Zn and other metal ion salts in the aqueous electrolyte [83,87]. The reactions

of the Zn anode can be written as Reactions 2.12 and 2.13.

Discharge process:

Zn — Zn*" + 2e” [2.12]
Charge process:

Zn*"+2e — Zn [2.13]

Metal Zn anodes, however, are limited in terms of commercial use in secondary batteries
because they are hindered by the generation of Zn dendrites and that have a low plating/stripping
efficiency [83-85,88]. The growth of Zn dendrites is particularly serious in alkaline Zn-Mn, Zn-
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Ni, and Zn-air secondary batteries. Generally, Zn dendrites are easily produced at the anode and
the mechanism has been extensively studied [88,89]. Fig. 2.4 summarizes the common problems
encountered in alkaline (Fig. 2.4a) and mild-pH media (Fig. 2.4b) [90]. Some typical problems,
such as shape change and ZnO passivation, encountered in alkaline electrolytes are not serious in
mildly acidic electrolytes because of the different Zn electrode reaction mechanisms. The most
common problems, such as dendrite growth and H» evolution, are the main reasons for the
occurrence of irreversible reactions in ZIBs, which reduces the Coulombic efficiency of Zn

electrodes and deteriorates their performance.

Acid electrolyte Vild aqueous el yte Alkaline electrolyte
pH>1 3<pH pH <14

H,S0, Cl,, Zn(NO LiOH, NaOH, KOH

(b) & “{-&".5‘ =)

Zn corrosion

g ,!:B Zn corrosion H,

Figure 2.4 Schematic illustration of the phenomena observed on Zn electrodes in (a) alkaline and (b) mild aqueous

electrolytes. [90].

In recent years, composite anode materials for aZIBs have also been reported. Kang et al
[91] proposed a new composite anode material for aZIBs, which is made by mixing metallic Zn
particles with activated carbon (AC), prepared by a simple pre-carbonization and chemical
activation process of the pitch mesophase. The anode product induced by activated carbon is pre-

deposited on the activated carbon pores instead of on the surface of Zn particles, which greatly
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improves the electrochemical reaction kinetics and reversibility of the Zn anode. Constant current
charge and discharge results show that, after 80 cycles, the material capacity retention rate of a Zn
anode with 12% activated carbon added is 85.6%, which is higher than that of a pure Zn anode
(56.7%). Mantia et al [92] created a Zn-Al layered double hydroxide as a substrate base to
electrodeposit Zn to improve the electroplating/stripping efficiency of the Zn anode in a neutral
electrolyte. The Zn-Al layered double hydroxide electrode’s Coulombic efficiency was as high as
98%, which is much higher than that of metallic Zn (about 85%). Chen et al [93] used an optimized
neutral electrolyte (0.6 mol/L ZnSO4+ 0.1 M (NH4)>SO4) as a bath to electroplate the Zn electrode.
There was less hydrogen evolution and dendrite formation on the Zn surface. Its advantages can
be attributed to the special crystalline morphology and surface texture of electro-galvanized

materials [87].

2.2.3 Electrolytes for aZIBs

Since aqueous electrolytes are safer, cheaper, and easier to assemble than nonaqueous
electrolytes, ZIBs based on them have received a lot of attention. Furthermore, aqueous
electrolytes provide better ionic conductivity in general, which favors high-rate performance. As
a result of these characteristics, the aZIB is a promising solution for stationary fast-response
balancing systems where weight is less critical than safety, cost, and response time. As previously
stated, Zn dendrite and ZnO development are caused by alkaline aqueous electrolytes, resulting in
severe capacity fading and low Coulombic efficiency. Strongly acidic electrolytes, on the other
hand, will cause corrosion of the Zn anode and current collectors, leading to poor long-term
dependability. As a result, neutral or mildly acidic electrolytes appear to be better for use in ZIBs.
Different Zn salts including Zn(CF3SO3)2, ZnSO4, Zn(NO3)2, Zn(CH3COO)2, ZnF2, Zn(ClO4)2,
and ZnCl have been studied by far [43, 44, 45, 46, 47].

Because of its low cost and stability, ZnSO4 is the most frequent and commonly electrolyte
material utilized in ZIBs, and good results have been produced. Lee et al.’s work proposed that the
pH fluctuations during discharge/charge prompted a reversible precipitation/dissolution

mechanism of ZHS. [40] The initial discharge reaction was shown to be accompanied by an
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electrolyte pH rise due to Mn oxide dissolution (Reaction 2.7). ZHS formation began (Reaction

2.8) when the pH reached 5.47.

Zn(CF3S0s3); has a large electrochemical window, similar to ZnSO4, and effectively
suppresses H» evolution in the battery [54]. However, Zn(CF3SO3) is not extensively used because
it is much more expensive than ZnSO4. Raising the electrolyte concentration, for both ZnSO4 and
Zn(CF3S03),, can increase the Coulombic efficiency due to lower water activity, water side
reactions, and changed cation/anion solvation and transport, [19, 20]. Several alternative aqueous
electrolytes, including ZnCly, Zn(ClO4)2, and Zn(NOs)», have been utilized for ZIBs, but have their

own issues, including electrode deterioration [52, 94, 95].

2.3 Thesis research topic
2.3.1 Mn203 as the cathode material for aZIBs

Mn (III) oxide is an oxide of Mn with a Mn>* valence state. It usually is black and is an
amphoteric oxide. There are two crystal types, i.e., a-Mn2O3 and y-Mn;0s. a-Mn2O3 (Fig. 2.5) is
more common structure and the most stable form. y-Mn;O3 cannot exist stably for a long time at
room temperature and gradually transforms to a-Mn20s. a-Mn203 has a bixbyite structure and its
basic structural unit is the same as that of MnO2, Mn oxide octahedra [MnOgs] as the key component
[96]. Interestingly, unlike MnO- or other cathode materials, the bixbyite structure of Mn,O3 does
not have obvious tunnels, layered structures, or 3D-channels to host the intercalation of Zn?**. The

energy storage mechanism 0-MnOs as the cathode material of aZIB is still under discussion.
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Bixbyite Mn,O, a: 0.8328 nm
‘Space group: Ia3-[206] b: 0.8328 nm
c: 0.8328 nm
a: 109.471°
p: 109.471°

Figure 2.5 Crystal structure of alpha-MnO3 [97].

Mn>O3 was reported for the first time as a cathode material for aZIBs in 2017 by Jiang et
al [73]. There are also several more recent studies that have examined the use of Mn20s as the
cathode for ZIBs [74-78]. The electrochemical performance and energy storage mechanisms
proposed in these studies are summarized in Tables 2.2 and 2.3. The various researchers all report
good electrochemical performance, with specific capacities in excess of 100 mAh/g at current
densities less than 200 mA/g (Table 2.2). There is no consensus regarding the charge storage
mechanisms for Mn2Os3 in aZIBs; the proposed mechanisms are briefly summarized in Table 2.3.
All researchers report that the discharge process involves some type of intercalation of Zn** and/or
H*. Other processes are proposed, including the formation of phases incorporating Zn; e.g.,
layered-type Zn-birnessite, MnO: birnessite, and ZHS. The charge storage mechanism(s) is a
major component of this thesis and will be compared and discussed in detail in Section 4.2 and

compared with the results from the current study.
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Table 2.2. Electrochemical performance comparison of previous studies of bixbyite Mn,0Os as the cathode for ZIBs

Specific Current Density (mA/g) Potential

Capacity Window

(mAh/g) &
Electrolyte

50- 100 150 200 300 500 600 900 1000 1500 1800 2000 3000
60

Authors

Jiang 137 100 86 74 57 38 1V-19V

etal [73] 2 M ZnSO4

Mao 225 200 175 160 145 120 100 70 09V-1.9V

et al [74] 2MZnSO4+0.2
M MnSOs4

Feng 292 258 228 206 179 162 1V-18V

etal [75] 2MZnSO4+0.2
M MnSO4

Shen 190 150 130 100 85 1V-19V

et al [76] 2MZnSO4+0.1
M MnSO4

Ma 228 217 148 131 105 1V-19V

etal [77] 2MZnSO4+0.1
M MnSO4

Yang 152 123 105 82 65 39 08V-19V

et al [78] at 400 mA/g at 800 mA/g at 1600 mA/g at 3200 mA/g 1 M ZnSO4

Values are determined from data presented in the specific reference.

Table 2.3. Charge storage mechanism comparison of previous studies of bixbyite Mn,Os as the cathode for ZIBs

Author Cathode Anode Potential Electrolyte Charge Storage Mechanisms

Name Window

Jiang Mn;03 Zn Metal 1V-19V 2 M ZnSO4 e Mn:Os transformed to layered-type Zn-birnessite
etal [73] (cubic) e Zn*' intercalation/extraction

Mao Mn;0; Zn Metal 09V-19V 2 M ZnSO4 + 0.2 e Mn;O; transformed to layered-type Zn-birnessite
etal [74] (cubic) M MnSO4 e 7Zn*"and H' intercalation/extraction

Feng Mn203 Zn Metal 1V-18V 2 M ZnSO4 + 0.2 e MnO formed during H" intercalation

etal [75] (ortho) M MnSO4 e ZHS formation

e Zn?*and H" intercalation/extraction

Shen Mn20; Zn Metal 1V-19V 2 M ZnSO4 + 0.1 e Zn*"and H' intercalation/extraction

et al [76] (cubic) M MnSO4

Ma Mn,0; Zn Metal 0.8V-19V 3 M ZnSO4+ 0.2 e Birnessite MnO> formed during cycling and acted as a
etal [77] (cubic) M MnSO4 host for Zn*" and H" intercalation/extraction

e ZHS formation

Yang Mn,O; (cubic)/ Zn Metal 08V-19V 1 M ZnSO4 e Mn:O; transformed to layered-type Zn-birnessite
etal [78] ZnMn;04 e ZnMnyOqlisted as energy storage cathode
(#23-1113)

2.3.2 Thesis objectives

The first objective of this work is to synthesize the Mn oxides (Mn2O3 and Mn3QO4) for use as
the cathode in aZIBs. The synthesis method is based on the technique used to synthesize the

21



cathode material for LIBs and sodium-ion batteries (SIBs) established by the author’s previous
study [98]. From the initial tests, the synthesized Mn oxides exhibited good electrochemical
performance as the cathode material for aZIBs, making them promising cathode material

candidates for aZIBs.

The second objective is to further study the synthesized Mn,O3 as the cathode material for
aZIBs and to investigate the electrochemical performance and the discharge/charge mechanism(s)
associated with the material. As mentioned in the previous section, various discharge/charge
mechanisms have been proposed in the literature, but there is considerable disagreement and no
consensus. A new mechanism is proposed in this work and is discussed in relation to the previous

work done on MnyOs.
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Chapter 3: Characterization Methods

3.1. Galvanostatic charge and discharge (GCD)

Galvanostatic charge and discharge testing is used to control the electrode material to
charge and discharge at a fixed current density within a given voltage interval, record the electrical
data changes throughout the electrode potential window, and evaluate the electrochemical
performance of the electrode material. The data is plotted with the x-axis representing specific
capacity (C, mAh/g) and the y-axis representing voltage (V). Eq. (3.1) [99] is used to estimate the
battery's specific capacity:

C = I(constant here) * t/m [3.1]

where C is the specific capacity (mAh/g), I is the applied current (mA), which is constant in a CV
test, t is the charge and discharge period (h), and m is the active mass of the cathode material (g).
GCD testing may reveal the battery's capacity at various applied currents, as well as insight into
the redox processes taking place, Coulombic efficiency, cycle performance, and rate capabilities.

An example of GCD curves is shown in

3.2 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a common electrochemical characterization technique that can
provide quantitative and qualitative information regarding electrode processes. CV involves the
application of a linearly sweeping voltage over time between a lower and upper potential limit of
interest. The collected data are presented as a graph called a voltammogram, where the x-axis is
the potential and the y-axis is current, specific current, or current density. The size and shape of a
voltammogram gives information on redox reactions that occur at the electrode. The positive
current portion represents an oxidation reaction (charge) and the negative current portion

represents a reduction reaction (discharge).
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3.3 X-ray Diffraction (XRD)

X-ray diffraction is one of the essential means to analyze the crystal structure of materials.
XRD can be divided into single-crystal diffraction analysis and polycrystalline diffraction analysis.
Single crystal diffraction analysis is mainly used to analyze the structure, phase, crystal orientation,
and integrity of single crystals. Polycrystalline diffraction analysis mainly analyzes the phase,
internal stress, and texture of polycrystalline materials. Different materials have specific crystal
structures with unique diffraction patterns. The difference between the number, position, and
intensity of the diffraction lines on the diffraction spectrum can be used to analyze the structure

according to the Bragg equation (Eq. 3.2):
2dsin® = nA [3.2]

where d represents the distance between the crystal planes of the material, 0 is the Bragg angle and
represents the angle between the incident X-ray and the diffracted crystal plane, A is the wavelength
of the incident X-rays, and n represents the diffraction order. If the wavelength A of the incident
X-rays is known, the peak position and intensity of the diffraction line can be determined and then

compared with appropriate structures in a diffraction database.

3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a potent method for determining the chemical
state and composition of surfaces. The sample is bombarded with a beam of x-rays of fixed
wavelength. The electrons associated with the atoms in the sample absorb the x-rays, and some of
the electrons are released from the sample surface; these electrons are known as photoelectrons.
The energy of the expelled electrons is measured, providing information on the atomic species and
kinds of bonds present in the sample. Photoelectrons have a low energy and can only escape from
the near surface region of the sample. As a result, XPS is a surface method, with data obtained

only from the sample's top few nanometers.
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3.5 Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS)

In materials science, scanning electron microscopy (SEM) is a flexible technique. Because
SEM includes the movement and detection of electrons, it must be carried out in a vacuum because
air particles obstruct electron transport. A sample must be conductive in order to be imaged in the
SEM. To enable imaging of non-conducting samples, the sample can be coated with a conductive
substance such as C or Au. SEM works by concentrating electrons into a narrow beam, with
energies typically <20 keV, and scanning it across a surface. When an electron beam collides with
a sample, a series of interactions occur, causing electrons and photons to be ejected. Ejected
electrons are gathered for each individual point on the sample surface as the beam is scanned across
it. The brightness of each point is proportional to the quantity of detected electrons. Locations
emitting a large number of electrons appear brighter than those emitting only a few electrons.
When an electron beam interacts with a material, several different types of electrons are emitted.
Different contrast effects occur depending on the type of electron detected. When an electron beam
interacts with the electron shell of an atom, secondary electrons (SE) are released. SEs have a low
energy (2-5 eV) and provide information about a sample's topography. When the incoming beam
interacts with the nucleus of a sample atom, backscattered electrons (BSE) are released. BSEs have
a high energy (1-20 keV) and produce atomic number contrast. Atoms with higher atomic numbers
backscatter electrons more effectively than atoms with lower atomic numbers. Photons can be
released in the form of characteristic x-rays, which are due to inner shell ionizations followed by
electron transitions from higher energy states to lower energy states. These x-rays have
characteristic energies related to the elements that produce and can be used to determine the
composition of a sample; this approach is known as energy dispersive x-ray spectroscopy (EDS).
SEM images typically have a resolution of 1-50 nm, while certain specialist instruments may attain
resolutions on the order of angstroms. The kind of signal detected, the spot size, the accelerating
voltage, the beam current, and the sample material all influence the resolution. A field emission
electron source coupled with an in-lens detector can provide high resolution images of a variety of

materials [99].
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3.6 Transmission electron microscopy (TEM)

Another useful tool in materials research is transmission electron microscopy (TEM). As
with SEM, a high energy electron beam is used for imaging although the beam energy is higher;
i.e., 100 —200 keV. Unlike SEM, the beam is not scanned over the sample surface but is stationary
and is allowed to pass through a thin specimen. High resolution imaging is possible with TEM
analysis; some instruments can achieve image resolutions of 50 pm. There are several imaging
modes. Bright field imaging uses the portion of the electron the passes through the specimen
without being scattered to form the image. Dark field imaging uses one of the scattered/diffracted
beams from a crystalline sample to form the image. Bright field and dark field images are
somewhat complimentary and are effective for imaging defects, such as grain/phase boundaries,
second phases, and dislocations. Electron diffraction patterns are also generated as the electron
beam passes through the sample, allowing for crystallographic investigation of nanoscale features.
The principles of diffraction are similar to those for x-ray diffraction, although the Bragg angles
are considerably smaller. As with SEM, characteristic x-rays are generated through electron beam
specimen interactions and these can be utilized for composition analysis, with much better spatial
resolution than EDS analysis in the SEM. [100] TEM, like SEM, must be carried out in a vacuum.
The major limitation of TEM is that the samples must be electron transparent. This means that
samples should be no more than 200 nm thick; for high resolution TEM even thinner samples are

necessary.

Scanning transmission electron microscopy (STEM) is essentially a cross between SEM
and TEM. STEM works by scanning a focused electron beam over an electron transparent sample's
surface. The electrons that pass through the sample are collected serially and images are generated
in a manner similar to an SEM. The main detectors are a bright field (BF) detector which collects
electrons that are not scattered or are scattered at very low angles, and annular dark field detectors
(ADF) that collect all the scattered electrons. BF and ADF images are complimentary. There are
two types of ADFs; i.e., conventional ADF detectors and high angle ADF (HAADF) detectors.
HAADF detectors collect electrons scattered at larger angles, i.e., greater than 50 mrad. The
detectors provide mass-thickness contrast and under the appropriate conditions atomic resolution

is possible. EDS analysis can also be done in STEM mode. Line scans and composition maps can
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be generated, as well as point analysis [100]. EDS analysis in TEM mode only provides analysis

of individual points of samples.

3.7 Rotating disk electrode (RDE) and Rotating ring-disk electrode (RRDE)

A rotating disc electrode (RDE) is a working electrode for hydrodynamic voltammetry that
is utilized in three electrode systems. [101, 102] During testing, the electrode rotates, causing the
analyte to flow to the electrode. Electrochemical investigations of the reaction mechanisms related
to redox chemistry, among other chemical phenomena, employ these working electrodes. A
conductive disc contained in an inert non-conductive polymer or resin can be coupled to an electric
motor that can precisely regulate the electrode's rotation rate. The disc, like any other working
electrode, is usually formed from a noble metal or glassy carbon, but any conductive material can
be employed depending on the application. The rotation of the disc is commonly expressed in
terms of angular velocity. As the disc spins, a portion of the solution known as the hydrodynamic
boundary layer is dragged by it, and the ensuing centrifugal force flings the solution away from
the electrode's center. The bulk solution flows up perpendicular to the electrode, replacing the
boundary layer. A laminar flow of solution towards and over the electrode is the end outcome. The
angular velocity of the electrode may be used to alter the rate of solution flow, which can then be
mathematically predicted. This flow can quickly establish circumstances where the solution flow,
rather than diffusion, controls the steady-state current. In contrast, in experiments like cyclic
voltammetry, the steady-state current is constrained by the diffusion of species in the solution.
Different electrochemical phenomena, such as multi-electron transfer, the kinetics of sluggish
electron transfer, adsorption/desorption phases, and electrochemical reaction processes, can be

examined by performing linear sweep voltammetry and other experiments at varied rotation rates.

A rotating ring-disk electrode (RRDE) [102, 103] is a double working electrode used in
hydrodynamic voltammetry and is very similar to a rotating disk electrode (RDE). In an RRDE
test, one electrode is the disk electrode located in center, and the other electrode is the ring
electrode surrounding the disk electrode. During testing, both the ring and disk electrodes rotate at
the same rate. The inner electrode is rotated during the experiment, inducing a flux of analyte to

the outer ring electrode. This system is used in electrochemical studies for investigating reaction
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mechanisms related to redox chemistry and other chemical phenomena. The RRDE setup allows
for many additional experiments well beyond the capacity of an RDE setup. For example, if one
electrode is subjected to linear sweep voltammetry the other electrode can be kept at a constant
potential or also swept in a controlled manner. Step experiments with each electrode acting
independently can also be conducted. These, as well as many other extremely elegant experiments,
are possible, including those tailored to the needs of a given system. Such experiments are useful
in studying multi-electron processes, the kinetics of slow electron transfer, adsorption/desorption

steps, and electrochemical reaction mechanisms.

3.8 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) is a spectroanalytical procedure for the quantitative
determination of chemical elements [104]. AAS is based on the absorption of light by free metallic
atoms. AAS detects elements in either liquid or solid samples through the application of
characteristic wavelengths of electromagnetic radiation from a light source. Individual elements
will absorb wavelengths differently, and the absorbance is measured against standards. In effect,
AAS takes advantage of the different radiation wavelengths that are absorbed by different atoms.
For liquid samples, analyte ions are first atomized to free atoms, typically by a flame or plasma,
so that characteristic wavelengths of the free atoms can be emitted, recorded and defined. During
excitation, electrons move up one energy level in their respective atoms when those atoms absorb
a specific energy. This energy corresponds to a specific wavelength that is characteristic of the
element. Depending on the light wavelength and its intensity, specific elements can be detected
and their concentrations measured. AAS has high sensitivity, but does not permit multicomponent
analysis. Only one absorbance concentration can be tested during a single trial. AAS detection
limits are usually specified by element types and instruments as a range of atom concentration. For
the instrument used in this work (Thermo Scientific ICE-3500), the detection limit for Cu is 0.008
pg/mL and the sensitivity is 5 ppm. AAS has many uses in different areas of chemistry, such as
clinical analysis of metals in biological fluids and tissues such as whole blood, plasma, urine, saliva,

brain tissue, liver, hair, and muscle tissue.
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Chapter 4: Mn oxide synthesis

4.1 Synthesis method

The method of synthesizing the desired Mn oxide cathode material is based on the author’s
previous study involving the cathode material for SIBs [98]. The method has been modified where

appropriate.

An acidic metal sulfate solution was prepared, consisting of 0.1 m Mn sulfate monohydrate
(MnSO4-H20, >99%) dissolved in water (100 mL). The base, aqueous solution consisted of 100
mL sodium hydroxide (NaOH, >99%) and ammonia (NH3-H>O, 28-30%) with a molar ratio of
NaOH:NH3-H>0 = 2.4 (0.2 M NaOH). The starting solution was obtained by dissolving NaOH
and NH3-H>O (NaOH: NH3-H2O =2.4, 1 m NaOH) in water (40 mL) with the pH carefully adjusted
to 10.5 using sulfuric acid (2 M H2SO4) The acidic MnSOs solution and the base solution were
slowly added to the starting solution at a rate of =<2 mL min!. The pH, (10.5 + 0.3) was maintained
until the reaction was complete. The brown precipitates were then collected by filtration and dried
overnight in a vacuum oven at 70°C. The resulting precursor powder was transferred to a box

furnace and calcined in air at 400 - 1000°C for 10 h. The whole process is shown in Fig. 4.1.

Vacuum line
Liquid with —

Precipitation After Drying
ﬁ #
0.1M NaOH & Precursor Sample Powder
MnSO. NH3-H:0

NaOH/NHz-H.0 = 2.4

Figure 4.1 Illustration of material synthesize method.

Depending on the calcination temperature, the final product powders were characterized

by XRD to be hausmannite Mn3O4 (JCPDS 89-4837, 0 to 600 °C), bixbyite Mn2O3 (JCPDS 41-
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1442, 800 to 900 °C), or a mixture of hausmannite Mn3O4 and bixbyite Mn>O3 (700, 900 and
1000 °C). XRD patterns for the different calcination treatments are shown in Fig. 4.2. Note that
both the Mn304 and Mn,O3 powder are highly crystalline. An SEM image and EDS spectrum of
the Mn3O4 powder after calcination at 400 °C are shown in Fig. 4.3 and an SEM image and EDS
spectrum of the Mn2O3 powder after 800 °C calcination are shown in Fig. 4.4. The synthesized
powders are nanosized with Mn3Oj4 particles having a much smaller size than Mn,O3 particles.
samples are in round morphology and contain mostly Mn and O. The Mn304 sample has a Mn:O
atomic ratio of ~0.89 which is relatively close to the ideal ratio (0.75). The Mn,0O3 sample has a
Mn:O atomic ratio of ~0.65 which is close to the ideal ratio (0.67). For both EDS spectra, there
are small peaks from C, Na, and S. The C peak is from the carbon tape used to attach the powders
to the SEM stub and Na and S are residuals from the chemicals (MnSO4 and NaOH) utilized in the

synthesis process.
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Figure 4.2 XRD patterns for different calcination temperatures.
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Figure 4.3 SEM image and EDS spectrum of Mn3O4 powder after calcination at 400 °C.
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Figure 4.4 SEM image and EDS spectrum of Mn,O3 powder after calcination at 800 °C.
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4.2 Electrochemical performance of Mn3QO4 as the cathode material for aZIBs

Both the Mn304 and Mn,0O3 powders, calcined at 400 and 800 °C, respectively, were tested
as cathode materials for aZIBs. Mn3O4 and Mn,Oj3 electrodes were prepared in the same manner
by uniformly spreading a slurry (N-methyl-2-pyrrolidone as the solvent), containing the active
material (70 wt%), acetylene carbon (20 wt%), and polyvinylidene fluoride (pVdF, 10 wt%) as the
binder, on carbon paper (graphite carbon current collector).The electrodes were then dried
overnight at 120°C in a vacuum oven. CR2032 coin cells were assembled in air using composite
cathode, Zn foil as the anode, Whatman glass fiber paper (GF/D) as the separator, and 2 M ZnSO4
with 0.2 M MnSOj4 aqueous solution as the electrolyte.

Electrochemical performance results utilizing Mn3O4 are shown in Fig. 4.3. Cyclic
voltammetry (CV) measurements were carried out by using the as-prepared Zn/Mn3O4 cell, with
a potential window from 1.0 to 1.8 V a scan rate of 0.5 mV/s. The CV curves are shown in Fig.
4.5a-c. The initial cycle reveals one oxidation peak at 1.58 V and two reduction peaks at 1.39 and

1.23 V, which corresponds to results reported in [72].

The open-circuit voltage of the as-assembled Zn/Mn304 battery is approximately 1.34 V.
Galvanostatic charge-discharge (GCD) curves for the initial eight cycles under an applied 30mA/g
current density are shown in Fig. 4.5d. Both the charge and discharge curves clearly exhibit two
plateaus which correspond to the peaks in CV plots. The cathode reached a specific capacity of
225mAh/g after 8 cycles. Short-term cycling performance at 200 mA/g is presented in 4.5¢. The
initial discharge capacity is 100 mAh/g and then it gradually increases to 130 mAh/g at the 18th
cycle. The Coulombic efficiency remains at ~99% at 18th cycle. The rate performance of the
Zn/Mn304 cell was also tested and is shown in Fig. 4.5f. The Zn/Mn3O4 cell delivers discharge
capacities of 211, 155, 131, and 99 mAh/g, respectively, at current densities of 30, 100, 200, and
300 mA/g. The electrochemical performance of the Mn3Oj4 cells is reasonable compared with the

current Mn3Oj4 electrode literature [105, 106, 107].
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Figure 4.5. a) CV plots at 0.5 mV/s scan rate for Mn30y4 as the cathode material. b) Enlarged CV oxidization peaks
for a potential window of 1.5-1.7 V. ¢) Enlarged CV reduction peaks for a potential window of 1.1-1.5 V. d) GCD
cycling test under an applied 30 mA/g specific current density. e) Cell cyclability results at an applied specific
current of 200 mA/g. f) Rate capability test results at various applied current densities.
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After preliminary analysis of Mn3O4 and Mn;O3, it was decided to cease work on Mn3O4
and to focus efforts on the utilization of synthesized Mn2O3; powder as the cathode material for
aZlBs. Previous work in Ivey’s Group using the Mn3O4 cathode exhibited good rate capability
[72]. At 300, 600, 1200, 2400, and then again at 300 mA/g current densities, the battery was able
to deliver capacities of 201, 180, 164, 143, and 217 mAh/g, respectively. Dhiman et al.’s work
utilized a different material synthesis method; i.e., direct electrodeposition onto carbon paper (CP).
Compared with the slurry casting method employed here, electrodeposition can be more efficient
in covering the CP and create a larger cathode surface area contacting the electrolyte. The specific
capacity of the synthesized Mn3O4 cathode via the precipitation, calcination, and casting method
at 300 mA/g current density is only 99 mAh/g, which is half the capacity reported in Dhiman et
al.’s work achieved. There are several ways to improve the electrochemical performance of the
Mn304 cathode synthesized via the method employed in this thesis, such as controlling the mass
loading, adjusting the active material to carbon ratio, and synthesizing smaller particles. However,
due in part to time constraints and to our interest in exploring the discharge/charge mechanisms
associated with Mn2Os, the focus of this thesis is on MnyO3 as a potential cathode material in
aZIBs. There is considerable controversy and uncertainty regarding the mechanism(s) as already

mentioned.
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Chapter 5: Charge storage mechanism and cycling performance of Mn:0O3
A version of this chapter has been submitted to Advanced Energy Materials:

Q. Hou, T. N. T. Tran, Z. Abedi, D. G. Ivey, An Investigation into the Charge Storage
Mechanism and Cycling Performance of Mn,O3 as the Cathode Material for Zinc-ion Batteries,

Batteries & Supercaps, submitted April 2022.

5.1 Introduction

Easily exploitable traditional fossil fuels are being depleted and they contribute to the decline
in air quality [1]. Therefore, it is imperative to develop new, efficient, clean, and sustainable energy
sources to replace traditional sources [2,3]. Batteries have been widely studied as energy devices
that can convert chemical energy into electrical energy. Currently, the most widely used batteries
include LIBs [4], lead-acid batteries [9], and nickel-cadmium batteries [10]. These batteries all
have some shortcomings, which limit their usage. For example, LIBs have cost, safety, and
environmental issues, as well as potentially limited supplies of lithium [8]. Lead-acid batteries
have low specific energy density, poor cycle performance, and environmental problems [9].
Nickel-cadmium batteries exhibit a memory effect and have environmental issues [108]. As such,

none of these batteries fully satisfy the requirements of a secondary battery.

Secondary aqueous ion batteries have attracted researchers' attention due to their low cost, long
cycle life, and safe operation. These batteries utilize an aqueous solution as the electrolyte; the
aqueous electrolyte is safe, easy to prepare, and has high ionic conductivity. Therefore, secondary
aqueous ion batteries are considered as promising candidates for large-scale energy storage. In the
past ten years, secondary aqueous ion batteries have received increasing attention for application

in the power grid and for wearable devices and biocompatibility [12,13].

Mn oxide is widely used in various industries, for applications such as deoxidization and
desulfurization, catalysis, and batteries, due to the different oxidation states (2+, 3+, and 4+) for
Mn. For battery electrode materials, the diversity of Mn oxide compositions and crystal structures

make it attractive [73,107]. Mn (4+) oxide (MnO) has been widely used as the cathode material
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in aZIBs. Other oxides with different valence states, such as Mn3O4 (2+/3+) and Mn,O3 (3+), are
also possible cathode candidates. Mn>O3 has generated interest because of its high theoretical
specific capacity and energy density. Utilization of Mn»O3 as the cathode material in an aZIB has
been reported by several research groups in recent years [66, 67, 89, 90, 91, 92]. The groups report
good electrochemical performance; however, the charge storage mechanism(s) for Mn,O3 as the
cathode material is not established as different groups have proposed different processes. Some
examples include intercalation of H" and/or Zn" ions as well various chemical and electrochemical

reactions.

In this study, highly crystalline bixbyite Mn2Os is synthesized and utilized as the cathode
material for aZIBs. In addition to reporting battery performance and cycling behavior, detailed
electrochemical and microstructural characterization of Mn2Os3 during battery discharging and
charging is carried out. The analysis is then compared with the work reported in the literature, with
the aim of providing further insight into the cathode processes involved during battery operation.

A new mechanism, involving only chemical conversion reactions, is proposed.

5.2 Experimental Section

Material synthesis: An acidic metal sulfate solution was prepared, consisting of 0.1 M Mn
sulfate monohydrate (MnSO4-H2O, > 99 %) dissolved in water (100 mL). The base, aqueous
solution consisted of 100 mL sodium hydroxide (NaOH, > 99 %) and ammonia (NH3-H>20O, 28-
30 %) with a molar ratio of NaOH:NH3-H>O = 2.4 (0.2 m NaOH). The starting solution was
obtained by dissolving NaOH and NH3-H,O (NaOH: NH3-H,O = 2.4, 1 m NaOH) in water (40
mL) with the pH carefully adjusted to 10.5 using sulfuric acid (H2SOa, 2 M) The acidic MnSO4
solution and the base solution were slowly added to the starting solution at a rate of =<2 mL min™.
A pH, (10.5 + 0.3), was maintained until the reaction was complete. The brown precipitates were
then collected by filtration and dried overnight in a vacuum oven at 70°C. The resulting precursor

powder was transferred to a box furnace and calcined in air at 800°C for 10 h.

Electrochemical measurements: Electrodes were prepared by uniformly spreading a slurry
(N-methyl-2-pyrrolidone as the solvent), containing the active material (70 wt%), acetylene carbon

(20 wt%), and polyvinylidene fluoride (pVdF, 10 wt%) as the binder, on carbon paper (graphite
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carbon current collector). The electrodes were then dried overnight at 120°C in a vacuum oven.
CR2032 coin cells were assembled in air using the Mn>O3 composite cathode, Zn foil as the anode,
Whatman glass fiber paper (GF/D) as the separator, and 2 M ZnSO4 with 0.2 m MnSO4 aqueous
solution as the electrolyte. The coin cells were electrochemically tested using BioLogic SP-300
and VSP-300 potentiostats. Cyclic voltammetry (CV) and galvanostatic discharge—charge (GCD)
profiles were obtained from 1 V to 1.9 V vs Zn/Zn>" at multiple scan rates and current densities.
A rotating ring-disk electrode (RRDE) was used to investigate the reaction mechanisms during
charge and discharge. A Pine Research rotator (AFMSRCE), a rotating electrode controller, and a
fixed disk RRDE tip were utilized.

Materials characterization: X-ray diffraction (XRD - Rigaku Ultima V), with a Cu Ka (A
=1.54056 A) X-ray source, was utilized to examine the crystal structure of the samples. Oxidation
states of the elements in the material were determined using X-ray photoelectron spectroscopy
(XPS), via an Al-Ka X-ray source with a pass energy of 20 eV (Kratos AXIS Supra XPS
Instrument). The spectra were calibrated using the carbon peak at 284.8 eV. Scanning electron
microscopy (Tescan Vega3 SEM, operated at 20 kV) and energy dispersive X-ray spectroscopy
(EDS) were used to characterize the microstructure and composition of the fabricated samples.
Transmission/scanning transmission electron microscopy (JEOL JEM-ARM 200CF TEM/STEM,
operated at 200 kV) and EDS mapping were also employed to examine the microstructure and
composition of samples at higher magnifications, as well as to generate additional crystal structure
information. To investigate possible reactions, a rotating ring-disk electrode (RRDE) with an
AFMSRCE Pine Research rotator, a rotating electrode controller, and a fixed disk RRDE tip were
used. Atomic absorption spectroscopy (AAS - ThermoFisher iCE 3500) was used to determine the

Mn ion concentration within the electrolyte.

5.3 Results and Discussion
5.3.1 Structure and morphology

The crystal structure of the as prepared electrode powder was determined using X-ray
diffraction (XRD — Fig. 5.1). All the peaks can be indexed to the bixbyite form of Mn,O3 (JCPDS
41-1442, Fig. 5.11). The SEM image presented in Fig. 5.1b shows the pristine Mn20O3 powder
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particles, which have an average size less than 2 pm. XPS analysis was also carried out to confirm

the Mn oxidation state. The Mn 3s high-resolution spectrum is shown in Fig. 5.1c. The Mn valence

was confirmed using the amount of Mn 3s peak splitting. The value of 5.44 eV corresponds to

Mn** or Mn203[110, 111]. A scanning transmission electron microscope (STEM) bright field (BF)

image, along with corresponding energy dispersive X-ray spectroscopy (EDS) maps and a selected

area electron diffraction (SAED) pattern (Fig. 5.1d), confirm the XRD and XPS results.
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Figure 5.1. Microstructural characterization for as fabricated Mn,Os. (a) XRD pattern; (b) XPS high-resolution Mn

3s spectrum; (c) SEM secondary electron (SE) image of Mn,O3 powder; (d) STEM annular dark field (ADF) image,

EDS maps for Mn and O, and SAED pattern from the particle shown. The electron diffraction pattern is close to a

[221] zone axis for bixbyite.
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5.3.2 Electrochemical performance

Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) cycling tests were used
to determine the electrochemical performance of the as fabricated Mn,O3 cathode material. Fig.
5.2a shows the CV curves at a scan rate of 0.25 mV s’! between 1.0 and 1.9 V, with Zn foil as the
reference electrode. Two pairs of oxidization/reduction peaks are present, indicating multiple
stages for the charge/discharge process. The GCD profiles at current densities ranging from 50 to
2000 mA/g are shown in Fig. 5.2b. The discharge curve exhibits two apparent plateaus at 1.25-
1.29 V and 1.35-1.39 V, and the charge curve exhibits plateaus at 1.53-1.55V and 1.57-1.61V.

These plateaus correspond with the two pairs of reduction/oxidation peaks in the CV curves.

The rate performance of the electrodes was tested by cycling at multiple current densities of
50, 100, 200, 500, 1000, and 2000 mA/g for 5 cycles each. As shown in Fig. 5.2¢, the highly
crystalline Mn2Os3 electrode exhibits excellent rate capability. The electrode delivers discharge
capacities of 375, 341, 289, 205, 113, and 65 mAh/g at 50, 100, 200, 500, 1000, and 2000 mA/g,
respectively. Also, the capacity of the electrode returns to the original level when the lower current
densities are retested, revealing good stability for the electrode. The cells in this work delivered
good electrochemical performance, comparable to or better than previous studies (Table 5.1). At
lower current densities, the tested single cell has discharge capacities of 375, 341, 289, and 205
mAh/g at 50, 100, 200, and 500 mA/g, respectively, which are better specific capacities relative to
previous studies. The performance at higher current densities does not exceed values reported in

previous studies, but the performance results are still competitive.

Cycle testing of the electrode was performed at current densities of 500 and 2000 mA/g. Fig.
5.2d shows the cycling performance of the cell at a current density of 500 mA/g for 200 cycles
between 1.0 and 1.9 V. A maximum specific capacity of 255 mAh/g can be delivered at this current
rate with 93.7% retention of the original capacity after 200 cycles. At 2000 mA/g, the electrode
has an initial capacity of 57.2 mAh/g and a final capacity at 41.7 mAh/g after 1100 cycles (73%
retention). The Coulombic efficiency is maintained at nearly 100% for the two test conditions,
which indicates good stability for the electrode at both lower and higher current densities. Capacity

fading phenomena during cycling will be discussed in the last subsection.
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Table S5.1. Battery cycling performance comparison for this work and previous studies of bixbyite Mn,0O3 as the

cathode in ZIBs

Specific Current Density (mA/g) Potential

Capacity Window

(mAh/g) 50- 100 150 200 300 500 600 900 1000 1500 1800 2000 3000 &

60 Electrolyte

Authors

Jiang 137 100 86 74 57 38 1V-19V

et al [73] 2 M ZnSO4

Mao 225 200 175 160 145 120 100 70 09V-19V

et al [74] 2 M ZnSOs +
0.2 M MnSO4

Feng 292 258 228 206 179 162 1V-18V

et al [75] 2 M ZnSOs +
0.2 M MnSO4

Shen 190 150 130 100 85 1V-19V

et al [76] 2 M ZnSOs +
0.1 M MnSO4

Ma 228 217 148 131 105 1V-19V

etal [77] 2 M ZnSOs +
0.1 M MnSO4

This work 375 341 289 205 113 65 1V-19V
2 M ZnSO4 +
0.2 M MnSO4

Values are determined from data presented in the specific reference.
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Figure 5.2. (a) CV curves at 0.25 mV s’ (b) GCD curves at 50, 100, 200, 500, 1000, and 2000 mA/g. (c) Rate
capability tests at 50, 100, 200, 500, 1000, and 2000 mA/g and then again at 100 and 50 mA/g. (d) Galvanostatic
charge—discharge electrochemical performance at 500 mA/g for 200 cycles. (e) Galvanostatic charge—discharge

electrochemical performance at 2000 mA/g for 1100 cycles.
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5.3.3 Mechanism investigation

Ex-situ XRD and SEM were carried out to investigate the charge storage mechanism for the Mn,O3
cathode of the ZIB. Fig. 5.3a shows the GCD curve for half of the 15th cycle (discharge) and the
entire 16th cycle (charge and discharge) at a current density of 200 mA/g. The GCD curve shows
two discharge and two charge plateaus for the full cycle, which suggests a two-step reaction
mechanism. The discharge plateaus are separated by a “turning point” at position (d). Each of the
points on the curve represents stages where the process was stopped, and the electrode was
examined ex-situ via XRD and SEM. Select samples were also analyzed using TEM. Fig. 5.3b and
3¢, as well as Fig. 5.2.3-2a to 41, present the ex-situ XRD and SEM analysis for each stage.

Position (a) in Fig. 5.3a corresponds to the fully charged state of the 15th cycle. The peaks in
the XRD pattern (Fig. 5.3b) can be indexed to cubic a-Mn20s (bixbyite) and graphitic carbon
(JCPDS 75-2078 — Fig. 5.12). The corresponding SEM image is shown in Fig. 5.2.3-2a and is
similar to the electrode morphology before testing. Positions (b) and (c) in Fig. 5.3a show the 1st
discharge plateau of the 15th cycle, which precedes the turning point. The XRD patterns for
positions (b) and (c) (Fig. 5.3a) can still be indexed to Mn,O3 and carbon, with no additional peaks.
However, there is a slight change in morphology at position (c) (Fig. 5.2.3-2a), in the form of a
few small flakes, which are detectable at higher magnification. Positions (d), (e) and (f) in Fig.
5.3a correspond to the 2nd discharge plateau. Starting at the turning point (d), in addition to the
Mn,03 and carbon peaks, the XRD patterns show two additional peaks at 2-theta less than 10°.
The intensities of these peaks increase significantly as discharge proceeds (positions (e) and (f)).
The peak at 8.6° corresponds to the most intense peak for tetrahydrate Zn sulphate hydroxide
(Zn4SO4(OH)6*4H20 or ZHS*4H,0, JCPDS 44-0673 — Fig. 5.13) and the peak at 9.6° corresponds
to the most intense peak for trihydrate Zn sulphate hydroxide (ZnsSO4(OH)s*3H20 or ZHS*3H>O0,
JCPDS 33-0689 — Fig. 5.14). The corresponding SEM images are shown in Fig. 5.2.3-2d to 4f; the
formation of ZHS correlates with the appearance of large flakes on the electrode surface during
the 2™ discharge plateau (Fig. 5.2.3-2¢). The small flakes detected at higher magnification in Fig.
5.2.3-2c and 4d likely correspond to the initial appearance of ZHS.

Positions (g) and (h) in Fig. 5.3a correspond to the almost fully discharged and fully discharged
states of the 15th cycle. The ZHS peaks in Fig. 5.3b continue to increase in intensity and reach
maximum values at full discharge (position (h)). The corresponding SEM images in Fig. 5.2.3-2¢g
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and 4h show additional ZHS flakes. There are several additional weak peaks that appear in the
XRD patterns for positions (g) and (h). These are located at about 17.5°, 19.2°, 21.5°, 27.5°, 28.8°,
34°,37.5°, and 59° 2-theta and can be attributed to either of the two ZHS phases.

Positions (i), (j) and (k) in Fig. 5.3a correspond to the 1% charge plateau, the 2" charge plateau,
and the fully charged state for the 16th cycle. As with the discharge process, the Mn,O3 and carbon
peaks remain (Fig. 5.3b), while the intensities of the two strong ZHS peaks (at <10° 2-theta)
decrease during charging and completely disappear in the fully charged state, which is an
indication that ZHS formation is reversible. The weak ZHS peaks also disappear. The
corresponding SEM images are shown in Fig. 5.2.3-2i to 4k; the number and size of ZHS flakes
decrease and disappear at full charge. The morphology of the electrode in the fully charged state
(Fig. 5.2.3-2k) of the 16" cycle is also similar to the electrode morphology in the previous fully
charged state and the morphology before testing. Position (1) in Fig. 5.3a corresponds to the next
fully discharged state of the 16" cycle. The two ZHS peaks reappear in the XRD pattern (Fig.
5.3b), as do the ZHS flakes in the SEM image (Fig. 5.31).

The LHS of Fig. 5.3c shows a magnified view of the 30-50° 2-theta range for the XRD patterns
for electrodes during discharge. Pure Mn powder was added to the samples for XRD analysis to
act as an internal calibration standard in order to determine any Mn2Os3 peak shifts that could arise
from Zn?>* or H" intercalation during discharge. The (411) peak for Mn (Fig. 5.15) at 43.02° 2-theta
was used to calibrate the patterns. On the RHS of Fig. 5.3c, an enlarged view of the XRD patterns
for the 32-34° 2-theta range is shown. One of the major Mn2O3 peaks at ~33.0° is visible and
corresponds to the (222) plane. There appears to be a shift to lower angles starting at position (b)
from 32.960° to 32.897°, which indicates the possibility of H" and/or Zn?* intercalation into the
Mn,0Os crystal. Any ion intercalation should increase the d-spacing or reduce the Bragg angle.
However, the maximum amount of d-spacing shift for the (222) peak of Mn>O3 is only 0.00048
nm, which represents ~0.18% change in the d-spacing. Considering that the ionic radii of the H"
and Zn** ions are 208 pm and 88 pm, respectively, the amount of intercalation appears to be
limited. The primary mechanism responsible for the 1% discharge plateau is likely some other

process and will be addressed in subsequent paragraphs.
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Figure 5.3 (a) GCD curve for the 15" (discharge only) and 16" (charge and discharge) cycles at 200 mA/g. (b) XRD
patterns of the cathode for the stages indicated in (a). (c) XRD patterns of the cathode for the discharge conditions in
(b) for the 2-theta range of 30° to 50°; the patterns are further enlarged on the right displaying the 2-theta range of 32°
to 54° making the (222) peak from Mn,O; more visible. Note the (411) peak for Mn, which was used as an internal
standard to quantify any Mn»Os peak shifting.
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Figure 5.4 Ex-situ SEM images for the various stages shown in Fig. 5.3 during GCD at 200 mA/g. (a) Fully charged
state of the 15" cycle; (b) before the first discharge plateau of the 15" cycle; (c) first discharge plateau of the 15t
cycle; (d) turning point between the two discharge plateaus of the 15™ cycle; (e) second discharge plateau of the 15™
cycle; (f) after the second discharge plateau of the 15™ cycle; (g) close to full discharge of the 15" cycle; (h) fully
discharged state of the 15" cycle; (i) first charge plateau of the 16™ cycle; (j) second charge plateau of the 16™ cycle;
(k) fully charged state of the 16! cycle; (1) fully discharged stage of the 16™ cycle.
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Further microstructural characterization of select samples was done using TEM/STEM
analysis (Fig. 5.5). The samples include the first discharge plateau during the 15th cycle (Fig. 5.4a
- position (¢) in Fig. 5.3a), the second discharge plateau during the 15th cycle (Fig. 5.4b - position
(e) in Fig. 5.3a), the fully discharged state during the 15th cycle (Fig. 5.4c - position (h) in Fig.
5.3a), the first charge plateau during the 16th cycle (Fig. 5.4d - position (i) in Fig. 5.3a), and the
fully charged state during the 16th cycle (Fig. 5.4e - position (k) in Fig. 5.3a). For all samples,
STEM bright field (BF) images, STEM annular dark field (ADF) images, EDS maps, and electron

diffraction patterns were obtained.

Fig. 5.5a shows a sample from the 1% discharge plateau (position (c)). Mn,Os particles are
surrounded by another phase which contains Mn, Zn, and O, with smaller amounts of S. An
enlarged BF image and an SAED pattern from the red box in the ADF image are also shown.
Similar diffraction patterns were obtained from other regions of this sample. Several diffuse rings
are present, which indicate that the region is poorly crystalline making indexing difficult. The
pattern could not be indexed to any known Zn-S-O or Mn-Zn-S-O phases. The overall EDS
spectrum for the enlarged region shows that the major peaks are Mn, Zn, and O, with a much less
intense S peak. Since the S concentration is low, it is likely residual S from the electrolyte, which
means that the new phase essentially contains Mn, Zn, and O. Attempts were made to index the
SAED to known Mn-Zn-O phases; the best fit was to hetaerolite (ZnMn20O4, JCPDS 23-1113 —
Fig. 5.16) which is isostructural with hausmannite (Mn30O4). One of the rings in the SAED pattern
(0.346 nm) corresponds to carbon from the electrode. There is a band of rings with a d-spacing
range of ~0.238 to 0.282 nm, which corresponds to multiple d-spacings for hetaerolite and are
highlighted in the PDF card for hetaerolite shown in Fig. 5.16. More detailed indexing of the
electron diffraction pattern is shown in Fig. 5.17. Further discussion of hetaerolite formation will
be provided in a later section. Hetaerolite was not identified in the XRD patterns (Fig. 5.3) and
this will be addressed a bit later in the paper.

Fig. 5.5b shows two regions of a sample from the 2" discharge plateau (position (¢)). For the
first STEM ADF image, a Mn2Os particle, as well as the Mn-Zn-O phase, identified in the previous
paragraph as hetaerolite, are present. There is an additional phase, which is likely ZHS that was
identified by XRD (Fig. 5.3b) and SEM (large flakes in Fig. 5.2.3-2) analysis. The second STEM
ADF image in Fig. 5.4b shows hetaerolite as well as one of the ZHS flakes. The EDS maps and
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overall EDS spectrum, from the second image, show strong Zn, S, and O signals with little or no
Mn signal for the flake, which corresponds to ZHS. The SAED pattern from the second image has
diffraction rings that can be indexed to both hetaerolite and ZHS.

The fully discharged state (position (h)) is shown in Fig. 5.5c. EDS maps and an SAED pattern
from the enlarged region, indicated by the square, are also shown. This region is mostly ZHS with
a Mn20O; particle (top LHS of the STEM ADF image). There is still hetaerolite present distributed
between the ZHS regions, which means that hetaerolite does not decompose at lower discharge

potentials.

A STEM ADF image of the sample from the 1* charge plateau (position (i) - cycle 16) is shown
in Fig. 5.5d. Hetaerolite partially surrounds an Mn;O3 particle, with ZHS in the lower left portion
of the image (EDS spectra). The SAED pattern has rings that can be indexed to both hetaerolite
and ZHS. Note the same band of rings (from ~0.240 to 0.283 nm) which appeared in the other
SAED patterns with hetaerolite. The results indicate that hetaerolite is still present and ZHS has
not completely decomposed at this point, which is consistent with the XRD and SEM results (Figs.
3b and 41).

A sample corresponding to the fully charge state (position (k)) is shown in Fig. 5.5e. The first
image shows Mn,O3 with some hetaerolite adjacent to it, which indicates that hetaerolite formation
is not fully reversible. The second image shows another region of hetaerolite, including an SAED
pattern and EDS maps and an overall EDS spectrum. The Mn and Zn signals are strong, while the

S signal is weaker which is similar to the hetaerolite region in Fig. 5.4a.

The TEM/STEM results essentially corroborate the XRD results. Mn2O3 particles were
observed for all discharge/charge states and were confirmed through EDS mapping and electron
diffraction. There was no clear evidence of Zn*'/H" intercalation in Mn,Os, although the XRD
results showed a slight shift of the Mn>O3 peaks to lower angles which could be an indication of
limited intercalation — perhaps Zn** and/or H'. ZHS was detected by both XRD and TEM analysis.
A poorly crystalline Mn-Zn-O rich phase (hetaerolite) was identified from the TEM analysis; it
first appeared in the first discharge plateau sample, remained throughout discharge, and did not

fully decompose on charging.
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Hetaerolite was not detected during the XRD analysis, which was due in part to the poor
crystallinity of the phase. However, electron diffraction patterns with a band of multiple diffuse
rings, corresponding to a range of d-spacings from ~0.230 nm to ~0.280 nm, were obtained. The
band of d-spacings (0.230 nm to 0.280 nm) would correspond to 2-theta values of ~31.9° to ~39.1°
in the XRD patterns. Within this angular range, several reflections for Mn>O3; and ZHS appear,
including two major reflections ((222) and (400)) for bixbyite Mn,O3 at 32.9° and 38.2° and several
minor reflections for ZHS. These ZHS reflections are indicated by the blue shaded regions in Fig.
5.13 and 5.14. The hetaerolite electron diffraction patterns also have rings with d-spacings (in
decreasing order) of about 0.199 - 0.204 nm, 0.117 nm, 0.115 nm, 0.111-0.112 nm, and 0.101-
0.103 nm. These d-spacings would correspond to 2-theta values for XRD of about 44.6° to 45.5°,
82.6° 84.1° and over 85°. Peaks at 45.1 - 45.3° overlap with or are very close to the (332) plane
for Mn»03 and the (010) plane for graphitic carbon, leading to interference. In addition, the Mn-
Zn-0 phase is poorly crystalline, so sharp, intense XRD peaks are unlikely. Peaks at 2-theta angles
exceeding 80° are out of the 2-theta angular range examined by XRD (Fig. 5.3b). As such,
additional X-ray scans were done in the 2-theta angular range of 80-85° for select samples and the
patterns are shown in Fig. 5.6 Two weak peaks are visible at 82.5° and 83.9° 2-theta, which
correlate with the SAED rings with d-spacings of 0.117 nm and 0.115 nm and can be indexed to
hetaerolite (316) and (008) crystal planes. The two hetaerolite peaks are also present for the rest

of discharge states and the initial charge states but are weak for the fully charged state (position
(a)).

Further confirmation for the formation of hetaerolite was obtained by preparing an electrode
with Ti as the current collector. All previous electrodes used carbon as the current collector, which
resulted in carbon being mixed with the electrode material (Mn2O3 plus any phases that formed
during discharge). Note that TEM samples were prepared by scraping the electrode material from
the current collector which invariably led to some carbon being removed as well and carbon rings
appearing in SAED patterns. The use of Ti as the current collector eliminated this carbon source.
Fig. 5.7 shows a sample from the discharge turning point (position (d) of the 15" cycle) of an
electrode with a Ti foil current collector. A Mn>O3 oxide particle is visible and is surrounded by
hetaerolite, which was confirmed by the SAED pattern and EDS analysis. A high resolution (HR)
TEM image from part of the hetaerolite is also shown. The poor crystallinity of the hetaerolite

48



phase is evident, although there are localized crystalline regions. The d-spacing of 0.267 nm
corresponds to (103) planes for hetaerolite. Fig. 5.18 shows additional TEM analysis for the fully
discharged (15" cycle) and fully charged states (16™ cycle) for electrodes with a Ti current

collector. Regions with hetaerolite were identified in both cases.
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Figure 5.5 Ex-situ STEM ADF images, EDS maps, overall EDS spectra and SAED patterns of the Mn,O3 electrode
at different stages of discharge and charge: (a) First discharge plateau (position (c)) of the 15™ cycle; (b) second
discharge plateau (position (e)) of the 15" cycle; (c) fully discharged state of the 15™ cycle (position (h)); (d) first
charge plateau stage of the 16" cycle (position (1)); (e) fully charged stage of the 16" cycle (position (k). Note that the

C, H and Z labels for the diffraction patterns correspond to carbon, hetaerolite, and ZHS, respectively.
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Figure 5.7 Ex-situ STEM ADF image, EDS maps, overall EDS spectrum, SAED pattern, and HRTEM image of the

electrode with a Ti current collector at position (d) (turning point) of discharge for the 15" cycle.

Based on the microstructural analysis and electrochemical results, the following
discharge/charge processes are proposed. During initial discharge (from position (a) to position
(b) in Fig. 5.3a), there appears to be some intercalation. This could be H* and/or Zn** ions. The
amount of shift is small (the d-spacing increases from 0.28317 nm to 0.28365-0.28390 nm or less
than 0.2% change) and remains about the same as discharge proceeds. In any case, the amount of
intercalation is minimal. As discharge continues, from position (b) through (c) and (d) (the first
plateau in Fig. 5.3a), hetaerolite forms through a chemical conversion reaction with bixbyite

(Mn203). There are no electrons involved.
Zn*" +Mny0;3 + H20 = ZnMn,O4 + 2H* [5.1]

This reaction has been identified by Rubel et al [22] in their study on the electrochemical

stability of ZnMn;Os. Their proposed Mn-Zn-H>O Pourbaix diagram is redrawn in part in Fig. 5.8
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for the pH range of 3 to 8, where line 1 corresponds to Reaction [5.1]. Note that potentials utilized
during discharge in this work correspond to a range of 1.9 V to 1.0 V vs. Zn/Zn?" and the initial
pH of the electrolyte is 3.27 (labeled as a vertical line in Fig. 5.7). Based on the Pourbaix diagram,
decomposition of Mn2Os3 to hetaerolite (ZnMn20O4) occurs at pH values close to 5 and above. The
increase in pH needed for the reaction could occur through the partial dissolution of Mn>O3, which

generates hydroxyl ions.
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§ = ZnMn,0,
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g
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Figure 5.8 Mn-Zn-H,O Pourbaix diagram with ZnMn;O4 phase boundaries; redrawn from [105] .
Mn20s + 3H20 + 2¢” = 2Mn?* + 60H" [5.2]

As discharge continues, from position (d) through the 2" plateau at positions (e)-(f) and finally to
position (h) (Fig. 5.3a), ZHS forms according to the following chemical reaction [54]:

47n% + 60H + SO4> + xH20 = ZnSO4[Zn(OH),]5-xH20 [5.3]

The overall cathode and anode reaction during discharge can then be written as:

54



5Zn*" +6Mny0s + (14+x)H20 + SO4> + 10e” =
ZnMnO04 + 10Mn?* + 220H" + ZnSO4[Zn(OH)2]5-xH20 [5.4]
57Zn=5Zn*" + 10¢" [5.5]

To confirm the hypothesis that the source of hydroxyl ions is Mn oxide dissolution, a rotating
ring-disk electrode (RRDE) test was performed. The RRDE test was set up by utilizing the Mn>Os3-
based electrode as the working electrode and monitoring the current from the ring electrode.
During linear sweep voltammetry (LSV) of the disk electrode, the reaction products are swept to
the outer ring electrode by rotation of the motor. The potentiostat can monitor the current generated
by the product at the ring electrode. The LSV curve and corresponding ring electrode current,
obtained by scanning from the open circuit potential (OCV) of 1.4 V to 0.9 V, are shown in Fig.
5.9 The Pt ring electrode was maintained at 1.91 V to ensure that any aqueous Mn?" ions produced
by the dissolution reaction are oxidized back to Mn>". A significant current is detected on the ring
electrode at ~1.36 V, which corresponds to the onset of significant Mn dissolution and the potential
of the 1% discharge plateau. The current continues to increase during the discharge process which
suggests that Mn oxide dissolution occurs throughout the entire discharge process. Mn oxide
dissolution during discharge can locally increase the pH value in the vicinity of the Mn2Os

electrode. When the pH value reaches a high enough value, Mn,O3 can transform to hetaerolite.

Mn,0Os; dissolution during battery cycling was confirmed through atomic absorption
spectroscopy (AAS) measurements (Fig.5.10). Samples of the electrolyte were analyzed at various
fully charged states of cycling, from 0 to 50 cycles where 0 cycles correspond to the pristine
electrolyte before testing. Note that the original Mn concentration in the electrolyte, as measured
by AAS, is 0.2143 m which is close to the 0.2 m concentration of MnSO4 added. With cycling,
there is a clear increase in Mn concentration in the electrolyte, which not only indicates that Mn,0O3
dissolution is occurring but that the dissolution reaction (Reaction 5.2 above) is not fully
reversible. The accumulation of Mn in the electrolyte during cycling will affect the battery

performance and cyclability.
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Figure 5.9 RRDE profile for the Mn>O; electrode with a scan rate at 1 mV s in 2 M ZnSO4+ 0.2 M MnSOj4 solution,
stirred at 900 rpm with the Pt ring electrode maintained at 1.91 V vs Zn/Zn?".
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Figure 5.10 AAS results showing the Mn concentration in the electrolyte after various battery cycles.
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There have been several previous studies that have examined the use of Mn,O3 as the cathode
for ZIBs [73-78]. The mechanisms proposed in these studies are summarized in Table 5.2 and
discussed in the following paragraphs in relation to the results from the current study. Note that
for all these studies, the CV and GCD curves are similar with two plateaus during both the
discharge and charge processes. In addition, the researchers all propose that the discharge process
involves some type of intercalation of Zn** and/or H" ions. This is in contrast to our work, where
intercalation is not a major contributor to the discharge process. Instead, both plateaus are proposed
to be due to chemical processes, involving the formation/decomposition of hetaerolite (ZnMn2O4)

and Zn sulphate hydroxide (ZHS).

Table 5.2. Charge storage mechanism comparison for this work and previous studies of bixbyite Mn,O3 as the cathode

for ZIBs

Author Cathode Anode Potential Electrolyte Charge Storage Mechanisms

Name Window

Jiang Mn;03 Zn Metal 1V-19V 2 M ZnSOq4 e Mn,Os transformed to layered-type Zn-birnessite
etal [73] (cubic) e Znion intercalation/extraction

Mao Mn;03 Zn Metal 09V-19V 2 M ZnSO4 + 0.2 e  MnOs transformed to layered-type Zn-birnessite
etal [74] (cubic) M MnSO4 e 7Zn* and H' intercalation/extraction

Feng Mn;03 Zn Metal 1V-18V 2 M ZnSO4 + 0.2 e MnO formed during H" intercalation

etal [75] (ortho) M MnSO4 e ZHS formation

e 7Zn* and H' intercalation/extraction

Shen Mn;0s Zn Metal 1V-19V 2MZnSO4 + 0.1 e Zn* and H' intercalation/extraction

etal [76] (cubic) M MnSO4

Ma Mn;03 Zn Metal 0.8V-1.9V 3 M ZnSO4 + 0.2 e Birnessite MnO: formed during cycling and acted as a
etal [77] (cubic) M MnSO4 host for Zn?>* and H* intercalation/extraction

e ZHS formation

Yang Mn;Os (cubic)/ Zn Metal 0.8V-1.9V 1 M ZnSO4 e Mn;Os transformed to layered-type Zn-birnessite

etal [78] ZnMny04 e ZnMnOslisted as energy storage cathode
(#23-1113)

This work Mn203 Zn Metal 1V-19V 2MZnSO4+ 0.2 e Hetearolite formation and ZHS formation (chemical
(cubic) M MnSO4 reactions)

The initial work done on Mn,Os electrodes was by Jiang at al in 2017 [73]. They reported the
formation during discharge of flake-like features on the surface of the Mn2Os3 electrode; these are
very similar in appearance to the flakes on our electrodes which were identified as ZHS. They
attributed the flakes to layered Zn-birnessite, which was proposed to form from the original a-
Mn0s through intercalation. Their identification was based on XRD analysis of the electrode
before and after discharge. After discharge, three additional peaks at 12.2° (0.725 nm), 25.3° (0.352

nm), and 35.0° (0.256 nm) were present relative to the pristine electrode. These peaks were
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identified as belonging to Zn-birnessite, although the manner in which the pattern was indexed
was not shown. The three peaks could be also indexed to ZHS, as was shown in this work. In
addition, Jiang et al only showed EDS analysis from one particle in the TEM with no electron
diffraction; EDS analysis in the SEM over a larger region would have been more convincing. Jiang
et al also claimed that their electrode was fully reversible, i.e., the Mn2Os3 to Zn-birnessite reaction;
however, weak peaks at 25.3 and 35.0° remained after full charging. One difference between Jiang
et al.’s work and this work is that their electrolyte did not contain MnSOs, which is interesting
because the absence of MnSOy in the electrolyte would likely enhance Mn dissolution, making

ZHS formation more likely.

Feng et al also examined Mn>O3 as the electrode for ZIBs [75]. They claimed that their Mn,O3
had an orthorhombic crystal structure; however, their XRD pattern matches well with the cubic
form (bixbyite, PDF #41-1442) which is the stable form of Mn>Os. All other references [73, 74,
76, 77, 78], as well as the current work, show that Mn,O3 has the more common cubic structure.
Their capacity curves are similar in shape to the ones in this work and those by Jiang et al [73] as
well as the other references. Only one SEM image of the electrode was shown along with several
TEM images of limited areas. Feng et al propose that Zn>" is reversibly removed from the
electrode, based on XPS and XRD data. The XPS results indicate a Mn**/Mn?" ratio of ~2 before
discharge. This is puzzling, since the pristine material should have a Mn valence of 3+. For the
XRD patterns, Feng et al report that the Mn2O3 peaks shift to lower angles during discharge, which
they attribute to lattice expansion due to Zn?>* intercalation. This may be the case; however, there
is no indication that the patterns were calibrated with some type of standard. The XRD patterns in
this work were calibrated using Mn powder, specifically the (411) reflection, to ensure that any
peak shifts were not due to measurement errors. Feng et al also report that orthorhombic MnO
forms during discharge, although the stable form of MnO is cubic (NaCl-type structure). This
assertion is based on XRD peaks at 35.2° (0.255 nm), 52.5° (0.174 nm), and 58.0° (0.159 nm). The
closest orthorhombic MnO peaks are at 36.4°, 52.6°, and 58.6°, corresponding to (021), (201), and
(152) planes, respectively. These peaks could be indexed to ZHS. Feng et al have indicated that
ZHS forms during discharge, but they provided no images to show the morphology. In addition,
the lowest 2-theta angle in their XRD patterns is 30°, which is not low enough to show the major

ZHS peaks which appear at 2-theta less than 10°. Their TEM images supposedly show MnO, based
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on lattice measurement spacings, but there are no EDS spectra or electron diffraction patterns for
confirmation. In the end, the authors propose that during discharge that there is a combination of
Zn*" intercalation in Mn2Os, MnO formation, and ZHS formation with all processes being

reversible.

A recent study on Mn,Os was published by Mao et al [74]. They report both H and Zn** ion
intercalation into Mn,O3 during discharge, with H" intercalation occurring at higher voltages (1
plateau) and Zn?" intercalation at lower voltages (2™ plateau). Their evidence for Zn>" intercalation
is a “large” shift of the (222) and (400) peaks for Mn,Os3 to lower angles in the XRD patterns. The
shift is only ~0.6%, which brings into question whether the shift is actually large. In addition, there
is no indication that the XRD patterns were calibrated to ensure that shift measurements are indeed
real. Their XRD patterns show extra peaks at ~10°, 15°, 20°, and 25° 2-theta, which they attribute
to the intercalated structure, but they did not index those peaks to any particular structure. Their
SEM images, after discharge, show numerous surface flakes which are claimed to be the Zn
intercalated phase. There is no EDS analysis to support this. The flakes resemble the ZHS flakes
seen in our work and the work by Jiang et al [73]. They also claim that Zn sulfate forms at lower

potentials and current densities.

Ma et al have investigated the intercalation mechanism in bixbyite (a-Mn203). Their
electrolyte had a higher ZnSO4 concentration (3 M) than this work and others and utilized a
stainless-steel current collector. Their mechanism study focused on the 1% discharge/charge and
2" discharge/charge cycles. Their 1% discharge cycle had only one plateau, with two plateaus for
subsequent cycles. For the 1% discharge cycle, they report that Mn,Os3 undergoes an irreversible
transition to L-ZnxMnO: (involves partial reduction of Mn from 3+ to 2+) coupled with Mn?" and
OH dissolution leading to ZHS formation. As with other researchers, Ma et al used XRD to study
the discharge/charge processes. During discharge, three new peaks appeared at 2-theta angles of
12.7° (0.697 nm), 25.4° (0.350 nm), and 37.2° (0.242 nm), which were attributed to layered L-
ZnxMnOa,. Three other new peaks also appeared, at 8.5° (1.040 nm), 33.8" (0.265 nm), and 25.2 to
29.5° (0.353 nm to 0.303 nm) and were attributed to ZHS. The capacity for the 2" discharge was
slightly higher than that for the 1% discharge, which was explained as being due to an amorphous
Mn (4+) compound. The layered-type L-ZnyMnO, that formed allowed for reversible Zn** de-

/intercalation during further cycles. This reversible process occurs along with repeated dissolution-
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deposition of Mn?* on the cathode surface and H* intercalation/extraction. A self-regulating
process of electrolyte assisted formation/dissolution of flake-like ZHS occurs as well. Ma et al also
report that MnO», derived from L-Zn,MnO2 and Mn?" dissolved in the electrolyte, is the actual

host for the intercalation of H', rather than a-Mn;Os itself.

There are two other papers that have examined Mn,O3 electrodes. In both cases, there was no
detailed microstructural analysis; the authors referenced the work by Jiang et al when proposing
mechanisms. In the work by Shen et al [76], MnO, was compared with Mn,Os3 and the two
potential plateaus during discharge of Mn,Os are claimed to be due to H® and Zn?>' ion
intercalation, respectively [77]. Yang et al [78] synthesized a composite material of
ZnMn204/Mn03 and claim that MnO; undergoes a phase transformation to Zn birnessite
(ZnMn,03), with Zn?* intercalation to Zn birnessite being responsible for the charge storage

mechanism.

5.4 Conclusions

In this work, highly crystalline Mn;Os (bixbyite) was synthesized via precipitation and
calcination and was utilized as the cathode for an aZIB. Multiple characterization methods were
used to determine the morphology and structure of the cathode, before and after cycling. The cells
delivered good electrochemical performance, cyclability, and stability. Discharge capacities of
testing cells reached as high as 375 mAh/g at 50 mA/g current density and 65 mAh/g at 2000 mA/g
current density. A specific capacity of 211 mAh/g was achieved after 200 cycles at a current
density of 500 mA/g, corresponding to 93% capacity retention. In addition, 73% capacity retention
was realized after 1100 cycles at a current density of 2000 mA/g. A new energy storage mechanism
for bixbyite Mn2O3 was proposed. Microstructural analysis, using X-ray diffraction (XRD) and
electron microscopy, showed that intercalation of either Zn** or H" in Mn,O3 may occur to some
extent but is not the principal mechanism during discharge. Instead, the mechanism proposed here
involves two chemical conversion reactions resulting in the formation of hetaerolite (ZnMn;0O4)
during the 1° discharge plateau followed by Zn hydrate sulfate (ZHS) formation during the 2™
discharge plateau. Capacity fading during cycling of the Mn>Os3 electrode is linked to Mny0s

dissolution and incomplete reversibility of the hetaerolite reaction.
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5.5. Supporting information

PDF#41-1442: QM=Common(+); d=Diffractometer; I={Unknown) PDF Card
Bixhyite-C, syn

Mn203

Radiation=Cuka1 Lambda=1.5406 Filter=

Calibration= 2T=18.845-118327 Mc(RIR)=4.5

Ref: Level-1 PDF

Cubic, 1a-3(206) Z=16 mp=

CELL: 9.4091 x 9.4091 x 9.4091 <00.0 x 90.0 x 90.0= PS=

Density(c)=4.95 Density(m)= Mwt= Vol=833.0

Ref: Ibid.

Strong Lines: 2.72/X 1.66/3 3.84/2 2.35M1 1421 1.85M1 2.011
48 Lines, Wavelength to Compute Theta = 1.540567(Cu), 1%-Type = (Unknown)

# d(?) I(f) (hkl) 2-Theta Thela 1/(2d) # d(?) I{f) (hkl) 2-Theta Theta 1f{2d)
1 4.7050 1.0 (200) 1B.845 9423 0.1083 25| 1.1949 1.0 (651) 80277 40139 04184
2| 38420 160 (211) 23131 11566 0.1301 26| 1.1761 1.0 (800) 81831 40915 04251
3| 27160 1000 (222) 32951 16476 0.1841 27| 1.1582 1.0 (811) 83375 41687 04317
4| 25140 20 (321) 35684 17.842 0.1989 28| 1.1409 1.0 (820) 84932 42466 04383
5| 23520 140 (400) 38234 19117 02126 29| 1.1247 1.0 (653) 86452 43226 04446
6| 22194 10 (411) 40616 20308 0.2253 30| 1.1088 1.0 (822) 83006 44003 04509
7| 21041 1.0 (420) 42949 21474 0.2376 31| 1.0938 1.0 (831) 89534 44767 04571
8 | 20053 8.0 (332) 45178 22585 0.2493 32| 1.0792 20 (662) 91082 45541 04633
9| 1.9202 10 (422) 47300 23650 0.2604 33| 1.0654 10 (752) 92605 46302 046093
10| 1.8452 90 (431) 48347 24674 02710 34| 1.0520 10 (840) 94143 47072 04753
1] 1.7182 20 (521) 53270 26.635 0.2910 35| 1.0391 1.0 (833) 95684 47.842 04812
12| 1.6628 280 (440) 55189 27.585 0.3007 36| 1.0266 1.0 (842) 97236 48618 04870
13| 1.6136 1.0 (433) 57027 28514 0.3099 37| 1.0147 1.0 (921) 98774 49387 04928
14| 1.5682 10 (600) 58837 29419 03188 38| 1.0030 10 (664) 100345 50172 0.4985
15| 1.5263 30 (611) 60619 30310 0.3276 39| 0.8919 1.0 (851) 101.895 50948 0.5041
16| 1.4876 1.0 (620) 62370 31185 0.3361 40| 0.9704 1.0 (932) 105080 52540 05153
17| 1.4520 40 (541) 64078 32039 03444 41| 0.9602 1.0 (844) 106683 53341 05207
18| 1.4180 130 (622) 65806 32903 0.3526 42| 0.9505 1.0 (941) 108.269 54134 0.5260
19| 1.3872 30 (631) 67460 33730 03604 43| 0.5408 10 (1000) 108902 54851 05314
20| 1.3581 20 (444) 68107 34553 0.3682 44| 09316 10 (1011) 111550 55775 05367
21| 1.3307 10 (543) 70740 35370 03757 45| 0.9226 10 (1020) 113211 56606 05419
22| 1.3050 10 (640) 72350 36175 03831 46| 09139 10 (943) 114884 57442 05471
23| 1.2807 10 (721) 739848 360974 03904 47| 0.5054 i0 (1022) 116589 58295 05522
24| 1.2575 10 (642) 75548 37774 0.3976 48| 0.8971 10 (1031) 118327 59163 05574

Figure 5.11. JCPDS 41-1442, Bixbyite Mn,Os standard PDF card.
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PDF#75-2078: QM=Calculated; d=Calculated: I=(Unknown)

PDF Card

Graphite

C

Radiation=CuKa1 Lambda=1.5406 Filter=

Calibration= 2T=26.611-87.327 Ilc(RIR)=2.32

Ref Level-1 PDF

Rhombohedral, R-3m(166) Z=2 mp=

CELL: 3.635 x 3.635 x 3.635 <39.49 x 39.49 x 39.49> P.S=

Density(c)=2.281 Density(m)= Mwit= Vol=17.5

Ref: Ibid.

Strong Lines: 3.35/X 2.08/1 1.96/1 1.67/1

10 Lines, Wavelength to Compute Theta = 1.540567(Cu), 1%-Type = (Unknown)

# d(?) I(f) (hkl) 2-Theta Theta 1/(2d) # d(?) I(f) (hkl) 2-Theta Theta 1/(2d)
1 3.3470 100.0 (111) 26611 13.305 0.1494 6 1.4602 1.4 (221) 63675 31.838 0.3424
2| 20808 113 (010) 43453 21727 0.2403 7| 1.2280 32 (-110) 77.695 38.847 04072
3 1.9585 72 (110) 46.320 23.160 0.2553 8 1.1893 1.0 (232) 80736 40.368 0.4204
4 1.6735 50 (222) 54810 27.405 0.2988 9| 1.1529 49 (120) 83847 41923 04337
5 1.6228 4.0 (112) 56675 28337 023081 10| 1.1157 07 (333) 87327 43663 04482

Figure 5.12. JCPDS 75-2078, graphitic carbon standard PDF card.
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PDF#44-0673: QW=Common(+): d=Diffractometer; I=(Unknown)

PDF Card

Zinc Sulfate Hydroxide Hydrate
Zn4S04(0H)BI4H20

Radiation=Cuka1 Lambda=1.5406 Filter=

Calibration= 2T=8 520-66.978 Ne(RIR)=

Ref: Level-1 PDF

Triclinic{Unknown), Z=4 mp=

CELL: 8.364 x 8.366 x 20 677 <00.06 x 89.93 x 120. 11> F.S=

Density(c)=2.82 Density(m)= Mwt= Vol=1251.6

Ref: Ibid.

Strong Lines: 5.18/X 10.37/X 3.11/X 2.65/9 325/7 2427 345/6 594/4

41 Lines, Wavelength to Compute Theta = 1.540562(Cu), %-Type = (Unknown)

# di?) I{f) {hkl) 2-Theta Theta 1/(2d) # di?) I{f) (hkl) 2-Theta Theta 1/(2d)

1| 103700 1000 (002) 8520 4260 0.0482 22| 20060 30 (310) 45162 22581 02493

2 | 7.2400 20 (010) 12215 6.107  0.0691 23| 19870 30 (-1010) 45618 22809 02516

3| 59400 400 (1-12) 14902 7451 0.0842 24| 19750 40 (-306) 45911 22855 02532

4 | 51800 100.0 (004) 17104 8.552 0.0965 25| 1.9340 50 (-2-24) 46942 23471 02585

5| 400 320 (1-14) 21085 10542 0.1188 26| 18780 250 (-318) 48430 24215 0.2662

6| 41900 320 (-120) 21187 10593 01193 27| 1.7840 40 (-442) 51160 25580 0.2803

7| 3.8800 50 (1-22) 22902 11451 0.1289 28| 1.7340 70 (-416) 52747 26374 02884

8 | 3.6300 4.0 (-220) 24502 12251 04377 29| 1.7240 90 (0012) 53.077 26538 0.2%00

9| 34500 620 (006) 25802 12901 0.1449 30| 1.7070 20 (-404) 53648 26824 02929

10| 3.2500 740 (-124) 27420 13710 01538 31| 16500 300 (2110) 55658 27829 03030

11| 31100 980 (-106) 28680 14340 0.1608 32| 16470 300 ({321) b5HH768 27884 03036

2.9640 7.0 30126 15063 0.1687 33| 16010 6.0 (-406) 57518 28759 03123

16.364 0.1829 34| 15780 290 (410) 58436 29218 0.3169
16.924 0.1890 35| 15610 220 (-512) 59136 29568 03203
17.883  0.2004 36| 15100 90 (144) 61344 30672 03311
18.434 0.2053 37| 14950 50 (-2-36) 62027 31013 03344
18,576 0.2068 38| 1.4800 70 (-408) 62726 31363 03378

18| 21970 140 (-218) 41049 20524 0.2276 39| 14590 240 (3-112) 63734 31867 03427

19| 2.1840 6.0 (-304) 41304 20652 0.2289 40| 14350 5.0 (146) 64929 32465 03484

20| 21430 240 (-236) 42132 21066 02333 41| 1.3960 40 (-3-28) 66978 33489 0.3582

21| 2.0680 30 (0010) 43737 21868 02418

Figure 5.13. JCPDS 44-0673, ZHS*4H,0 standard PDF card.
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PDF#39-0689: QM=Common(+); d=Diffractometer; I=(Unknown) PDF Card

Zinc Sulfate Hydroxide Hydrate

Zn4S04(0H)BI3H20

Radiation=Cukal Lambda=1.54086 Filter=

Calibration= 27=9.512-64 879 Me(RIR)=

Ref: Level-1 PDF

Triclinic, 1-1(2) Z=4 mp=

CELL: 8.367 x 8.393 x 18.569 <00.29 x 89.71 x 120.53= P.S=

Density(c)=3.03 Density(m )= Mwit= Vol=1123.2

Ref: Ibid.

Strong Lines: 3.300X 9.28/X 4.647X 3.10/5 2.49/5 3.48/5 2.73/14 1.60/3

61 Lines, Wavelength to Compute Theta = 1.540567(Cu), 1%-Type = (Unknown)

# d(?) I(f) (hkl) 2-Theta Theta 1/(2d) # d(?) I{f) (hkl) 2-Theta Thefa 1f{2d)

1 9.2900 1000 (002) 9512 4756 0.0538 32| 2.1440 20  (-334) 42411 21056 02332

2| 67400 200 (011) 13125 6.562 0.0742 33| 2.0920 10 (420) 43290 21605 02390

3| 57400 50 (1-12) 15424 7712 0.0871 34| 2.0540 90 (3-16) 44050 22025 02434

4| 46400 950 (004) 19.112 9.556 0.1078 35| 2.0440 90 (-316) 44277 22139 0.2446

5| 41700 70 (110) 2123% 10645 0.1199 36| 2.0220 8.0 (0-35) 44785 22393 02473

6| 41100 50 (1-21) 21604 10802 01217 37| 1.9980 1.0 (130) 45329 22664 02501

7| 4.0800 50 (-211) 21765 10882 0.1225 38| 1.9160 90 (2-44) 47410 23705 0.2610

8 | 39300 8.0 (1-14) 22606 11303 01272 39| 1.8080 90 (-244) 47584 23797 02619

9 | 3.8000 40 (-1-12) 23330 11695 01316 40| 19040 240 (-237) 47727 23863 02626

10| 3.6200 30 (020) 24571 12286 0.1381 41| 19000 240 (127) 47834 23917 028632

11| 34800 490 (2-13) 25576 12788 0.1437 42| 18560 16.0 (0010) 49041 24521 0.2694

12| 3.3000 1000 (-105) 26997 13498 0.1515 43| 1.7970 70 (-1110) 50764 25382 02782

13| 31000 520 (-1-14) 28775 14387 01613 44| 17720 220 (1-45) 51532 25766 02822
15641 0.1750 45| 17670 220 (-318) 51688 25844 02830
16.056 0.17985 46| 1.6810 7.0 (316) 54546 27.273 0.2974
16.376  0.1830 47| 1.6790 70 (404) 54616 27308 02978
16.557 0.1850 48| 16530 170 (2-39) 55549 27774 03025
16.608 0.1855 49| 16450 170 (-239) 55842 27921 0.3040
16.977  0.1885 50| 16050 320 (1-47) 57361 28681 03115
17.104 0.1909 51| 16020 320 (437) 57478 28739 03121
17.798 0.1984 52| 15840 250 (-451) 58194 29097 03157
18.028  0.2009 53| 15800 250 (-541) 58385 29178 0.3165
18.481 0.2058 54| 15660 250 (4-11) 58928 29464 03193
18.884 02101 55| 15620 250 (0-46) 59094 29547 03201
19.134 02128 56| 15600 250 (1-52) 5B9AT7 295889 03205

26| 2.2440 6.0 (303) 40151 20076 0.2228 57| 1.5470 6.0 (0012) 59725 29862 03232

27| 2.2370 40 (-217) 40283 20141 02235 58| 15410 170 (4-53) 59981 29991 03245

28| 22180 140 (2-35) 40643 20321 02254 59| 15370 170 (3-110) 60153 30077 03253

29| 22120 140 (325) 40758 20.379 0.2260 60| 14430 150 (2-311) 64526 32263 0.3465

30| 21960 170 (125) 41068 20534 02277 61| 14360 170 (-2311) 64879 32439 03482

31| 2.1500 20 (3-34) 41988 20994 02326

Figure 5.14. JCPDS 39-0689, ZHS*3H,0 standard PDF card.
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PDF#89-4252: QM=Calculated; d=Calculated; I=(Unknown) PDF Card
Manganese

M

Radiation=CuKa1 Lambda=1.5406 Filter=

Calibration= 2T=14.041-89.198 lc{RIR)=5.19

Ref: Level-1 PDF

Cubic, 1-43m(217) Z=58 mp=

CELL: 8.9125 x 8.9125 x 8.9125 <90.0 x 90.0 x 80.0> P3=

Density(c)=T.44 Density(m)= Mwit= Vol=T07.9

Ref: Ibid.

Strong Lines: 2100 1.90/2 1.21/2 1.751 1.821 1.26/1

31 Lines, Wavelength to Compute Theta = 1.54056%Cu), 1%-Type = (Unknown)

# d(?) 1{f) {hkl) 2-Theta Theta 1/{2d) # d(?) 1{f) {hkl) 2-Theta Theta 1/{2d)
| 1 [ 6.3021 01 {110) 14.041 7021 00793 17| 1.4854 089 (600) 62471 31.236 0.3366

2| 44563 01 (200) 19.908 9854 0.1122 18| 1.4458 089 (611) 64386 32193 0.3458

3| 36385 07 (211) 24444 12222 01374 19| 1.4092 02 (B20) 66270 33135 0.3548

4| 31511 09 (220) 28209 14149 0.1587 20| 1.3752 0.1 (541) 68127 34083 0.3636

5| 28184 0.2 (310) 31.722 15861 01774 21| 1.3436 1.5 (622) 609950 349880 03721

6| 25728 09 (222) 34842 17421 01943 22| 1.3141 05 (631) 71772 35886 0.3805

7| 23820 09 (321) 37735 18867 02099 23| 1.2864 39 (444) 73556 36.783 (0.3887

B | 22281 41 (400) 40450 20225 02244 24| 1.2604 5.1 (550) 75342 37.671 0.3967

9| 21007 100.0 (411) 43022 21.511 02380 25| 1.2359 0.1 (G40) 77105 38553 04046
10| 1.9929 01 (420) 45475 22738 02509 26| 12128 164 (T721) 78855 39428 04123
11| 18001 227 {(332) 47830 23915 02631 27| 1.1910 27 (642) B0596 40208 04108
12| 1.8193 B4 (422) 50009 25050 02748 28| 1.1703 1.4 (730) B2327 41183 04273
13| 17479 127 (431) 52206 26.148 0.2861 29| 1.1319 24 (B51) 85769 42885 04417
14| 1.6272 09 (521) 56.508 28.254 0.3073 30| 1.1141 0.1 (B00) BTA4B5 43742 (0.4488
15| 1.5755 0.3 (440) 58537 29269 03174 31| 1.0870 08 (741) 89198 44589 04558
16| 1.5285 0s (433) 60524 30262 03271

Figure 5.15 JCPDS 89-4252 Mn standard PDF card.
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PDF#24-1133: QM=Common(+); d=Diffractometer; I=(Unknown) PDF Card
Hetaerolite, syn

ZnMn2+304

Radiation=CuKa1 Lambda=1.5406 Filter=

Calibration= 2T=18.201-104 681 WMelRIR)=2.7

Ref. Level-1 PDF

Tetragonal, [41/amdi141) Z=4 mp=

CELL: 57204 x 57204 x 9245 =80.0 x 90.0 x 90.0= PS=

Density(c)=5.18 Density(m)= Mwi= Wol=302 .5

Ref: Ibid.

Strong Lines: 247/X 2.71/7 3.05/5 1.52/4 156/3 286/2 1.43/2 2022

40 Lines, Wavelength to Compute Theta = 1.540567(Cu), 1%-Type = (Unknown)

# di?) Ii{f) (hkl) 2-Theta Theta 1/{2d) # d{?) I{f) (hkl) 2-Theta Theta 1/(2d)
1 48700 10.0 (101) 18201 9101 01027 21| 1.2944 20 (332) 73038 36519 03863
2| 30470 450 {112) 29286 14643 0.1641 22| 12790 20 (420) 74063 37031 03909
3 15613 01747 23| 1.2652 9.0 (413) 75009 37504 03952
4 16.482 0.1842 24| 12328 4.0 (422) 77338 38669 04058
] 18.202 0.2028 25| 1.2161 30 (404) 78603 39302 04112
6 18.465 0.2056 26| 1.2043 1.0 (325) 79525 39763 04152
7 19470 02184 27 11733 50 (316) 82068 4103 04261
8] 20220 16.0 (220) 44785 22393 0.2473 28] 1.1553 3.0 (008) 83631 441816 04328
9| 1.7980 7.0 (204) 50733 25367 02741 291 11351 20 (431) 85469 42734 04405
10| 1.7600 150 (105) 51909 25955 02841 ol 11192 20 (424) 86982 43491 04467
11| 16840 120 ({312) 54440 27220 02969 31| 1.1100 5.0 (415) B7.B87 43943 04505
12 1.68210 9.0 (303) 56743 28372 0.3085 32| 1.0901 30 (512) 89920 44960 04587
13 1.5640 250 (321) 59011 29505 0.3197 33| 1.0725 6.0 (433) 91.814 45907 04862
14| 15220 400 (224) 60808 30404 03285 34| 1.0553 20 (521) 93759 464879 04738
15| 1.4380 40 (116) 64727 32363 03475 a5 1.0150 50 (327) 98734 49367 04926
16| 14209 170 (400) 65190 32585 03497 3G 1.0113 6.0 (109) 99224 49612 04944
17| 1.4108 20 (323) 66200 33100 03545 37| 1.0043 30 (523) 100167 50084 04979
18| 1.3721 1.0 (411) 68304 34152 0.3644 38| 1.0031 20 (228) 100331 50166 04985
19| 1.3565 20 (206) 69200 34600 03686 39| 09842 20 (426) 103.007 51503 05080
200 1.3273 40 (305) 70948 35474 03767 40| 08730 50 (435) 104681 52340 05139

Figure 5.16 JCPDS 24-1113, hetaerolite ZnMn,O, standard PDF card.
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Figure 5.17 Indexing of the SAED pattern in Fig. 5.4a.
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Figure 5.18 Ex-situ STEM ADF images, EDS maps, and SAED patterns of the electrode with a Ti current collector

at different stages of discharge and charge: (a) Fully charged stage of the 16™ cycle (position a). (b) Fully discharged

state of the 15 cycle (position h).
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Chapter 6: Conclusions and Recommendations

6.1 Conclusions

This thesis presents work on the synthesis highly crystalline Mn oxide, i.e., Mn3O4 and Mn2Os.

The synthesized Mn oxide was then used to develop high performing cathode materials for aZIBs

and to investigate the discharge/charge mechanism(s) associated with Mn,Os.

6.1.1 Synthesis method and products

The synthesis method was based on the technique used to synthesize cathode materials for
LIBs and SIBs established by the author’s previous study. Mn oxide precursors were
prepared by precipitation. The final product was formulated by high-temperature
calcination of the precursor precipitate. The final product was characterized using multiple
characterization methods. The final product depended on the calcination temperature, with
hausmannite Mn3O4 (0 — 600 °C), bixbyite Mn203 (700 — 900 °C), or a mixture of Mn304
and Mn03 (1000 °C) generated.

Both hausmannite Mn3O4 and bixbyite Mn2O3; were highly crystalline and were tested as
candidates for the cathode in aZ1Bs. After preliminary testing, further investigation focused

on Mn;Os.

6.1.2 Charge storage mechanism and cycling performance of Mn:03

Electrodes were prepared by uniformly spreading a slurry, containing Mn2O3 (70 wt%),
acetylene carbon (20 wt%), and polyvinylidene fluoride (pVdF, 10 wt%) as the binder, on
a graphite carbon current collector. CR2032 coin cells were assembled in air using the
Mn203 composite as the cathode, Zn foil as the anode, Whatman glass fiber paper (GF/D)
as the separator, and 2 M ZnSO4 with 0.2 M MnSO4 aqueous solution as the electrolyte.
Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) profiles were

obtained from 1 V to 1.9 V vs Zn/Zn?" at multiple scan rates and current densities. The
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electrode delivered discharge capacities of 375, 341, 289, 205, 113, and 65 mAh/g at 50,
100, 200, 500, 1000, and 2000 mA/g, respectively.

A new energy storage mechanism for bixbyite Mn,Os was proposed in this work.
Microstructural analysis, using x-ray diffraction (XRD) and electron microscopy, showed
that intercalation of either Zn*" or H" in Mn,Os may occur to some extent but is not the
principal mechanism during discharge. Instead, the mechanism proposed here involves two
chemical conversion reactions resulting in the formation of hetaerolite (ZnMn»O4) during
the 1% discharge plateau followed by ZHS formation during the 2" discharge plateau.
Capacity fading during cycling of the Mn2Os electrode was linked to Mn2Os3 dissolution

and incomplete reversibility of the hetaerolite reaction.

6.2 Future Work and Recommendations

6.2.1 Synthesis method and products

Due to the temperature and environment limitations of the furnace in Ivey’s research group,
calcination can only be done in air and the highest temperature for the furnace is 1000°C.
The synthesis method presented in this thesis has the potential to form other Mn oxide
phases in other gas environments and/or at higher temperatures.

The highly crystalline Mn304 powder could be further investigated as a cathode material
of aZIBs.

6.2.2 Charge storage mechanism and cycling performance of Mn:03

Due to poor crystallinity and peak overlap with other known phases, identification of the
hetaerolite phase formed during the first discharge plateau was difficult by XRD. A
synchrotron XRD system, such as the one at the Canadian Light Source (CLS) could
provide better patterns and facilitate hetaerolite identification. Because of their high
monochromatic radiation flux and highly collimated beams, synchrotron XRD systems
have high signal/noise ratios and high angular resolution, which allow for the analysis of

complex structural details and peak broadening effects.
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The electrolyte utilized in this work was 2 M ZnSO4 with 0.2 M MnSO4. According to the
Pourbaix diagram mentioned in Section 5.3, the concentration of the ZnSO4 could affect
the electrolyte's pH value, which would change the conditions for forming hetaerolite. In
future studies, adjusting the ZnSO4 concentration could provide further insight into the
relationship between electrolyte concentration and charge storage mechanism.

The main purpose of MnSOys in the electrolyte is to reduce Mn oxide dissolution during
battery operation. From this study, Mn oxide dissolution is critical to producing OH" to
form ZHS and to provide chemical "storage" of Zn** on the electrode surface instead of
intercalation of Zn ions inside the electrode structure. Further study could be done to
investigate the effect of MnSO4 concentration (including no MnSO4) on Mn oxide
dissolution and battery performance.

RRDE tests were performed on the as-prepared Mn>O3z powder. The initial potential used
was the system's open-circuit voltage (OCV), ~1.4 V. During LSV testing (discharging the
electrode), the reaction products were swept to the outer ring electrode by rotation of the
motor. The RRDE setup only used a tiny amount of the Mn,O3 powder so that most of the
Mn,O3 powder was consumed by the reaction during the LSV test. As a result, the reaction
could not be reversed even if the electrode potential was reversed. In future investigations,
a method of recharging the discharged powder could be developed to generate a full

discharge LSV curve and reveal more details of the Mn oxide dissolution reaction.
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