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Abstract

With the ascending requirements of global energy storage, secondary batteries are
receiving significant attentions. Lithium-ion batteries (L1Bs) have been dominating the market
over the decades because of their superior energy density. However, shortages of LIBs such as
safety issues, low storage in earth’s crust restrict their applications. Therefore, seeking for
alternative battery systems is becoming one of the most urgent topics. Rechargeable aqueous
zinc-ion batteries (RAZIBs) are considered as potential candidates for large-scale energy
storage because of their remarkable specific capacity from zinc metal (820 mAhg?), high
safety, and environmentally friendliness. Among the choices for cathode materials involving
vanadium oxides, sodium manganese oxides, and Prussian blue analogue, MnO: receives
significant attention for its high theoretical capacity (308 mAhg* for 1 e transfer; 615 mAhg

! for 2 e transfer) and non-toxicity.

Although rechargeable aqueous Zn/MnO- batteries have been researched for decades,
the complicated cathode reactions are still not fully understood, especially the negative
influences from the pH fluctuations during cycling and controversial discussions on Mn?*
additives. Additionally, the cycle life of the batteries under relatively low current density is not
satisfactory. Hence, a series of experiments are performed in this work to study the reaction
mechanism and capacity fading mechanism in Zn/MnO: batteries. Also, an efficient method

on proton regulating to enhance the cycling performance was proposed.

Firstly, the main cathode reactions are addressed by characterization methods such as

inductively coupled plasma mass spectrometry (ICP-MS), scanning electron microscopy



(SEM), transmission electron microscopy (TEM). It is demonstrated that conversion reactions
(MnO2 <> MnOOH) and dissolution/deposition reactions (MnO; <> Mn?*) are the 2 types of
main reactions happening in Zn/MnO; batteries. Zinc intercalations are not observed according
to the characterization results. Afterwards, the irreversible side reactions which cause capacity
loss are researched. It is reported in this work that side product from pH fluctuation, zinc
sulphate hydroxide hydrates (Zns(OH)sSO4-5H,0, or ZHS), can react with Mn?* ions when
charged over 1.55V (vs. Zn/Zn?*). The product generated from this reaction is identified as a
lowly crystallized Woodruffite ((Zn,Mn)2Mns012-4H-0, or ZMO), which is also demonstrated
to be irreversible and harmful for the battery performance. This reaction is considered as the

direct reason for short cycle life of Zn/MnO; batteries.

Therefore, strongly acidic cation exchange resin is used to modify the proton
concentration locally (near cathode) and suppress the growth of ZHS side products during
discharge process. As a result, the ZHS side product is eliminated at 1.55V (vs. Zn/Zn?*) during
charge process, and the irreversible reaction is hence inhibited. Without the undesired side
reaction, the proposed battery with ion exchange resin can achieve significant improvements
in both cycling performance and Coulombic efficiency at low C-rate, compared with the

batteries without ion exchange resin.
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Chapter 1: Introduction

1.1 Rechargeable Batteries

Facing the challenge of global warming and energy crisis, the world is paying
increasing attention to sustainable energy sources such as solar, wind, hydroelectric, biomass,
and hydropower.! As the amount of energy produced rises, so does the demand for energy
storage systems (ESS).? Rechargeable battery is a type of energy storage system that is
frequently employed in our daily lives. It is widely applied in portable devices such as cell
phones and laptops, transportation tools such as electrical vehicles, and energy storage power
stations. A typical rechargeable battery is composed of positive electrode (cathode), electrolyte
and negative electrode (anode). When a rechargeable battery is charged by an output power
supply, the provided electrical energy can be transformed into chemical energy which is then
stored in the battery. As a result, when the rechargeable battery is connected to an output
electrical device, redox reactions spontaneously happen in both cathode and anode to convert

the stored chemical energy back into electrical energy.

The first secondary battery in the history is lead-acid battery, which was designed by
Gaston Plantéin 1859.3 As shown in Fig. 1a, lead-acid battery is composed of a PbO> cathode
and Pb anode. H>SO4 aqueous solution is used as electrolyte. The overall reaction happening

during discharge process is shown below:

Pb (s) + PbO (s) + 2 H2S04 (aq) — 2 PbSO4 () + 2 H20 (1)



Due to its benefits such as low cost and great safety, lead-acid is still broadly adopted
today in battery storage power station; however, low specific energy and toxicity of lead

restrict its application in other areas such as portable devices and transportations.*
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Figure 1. (a) Schematic illustration of lead-acid battery during charge and discharge

process.? (b) Construction of a sealed nickel-cadmium battery.3

Nickel-cadmium (Ni-Cd) battery, as another kind of rechargeable battery, was invented
in 1899.° Fig. 1b shows the structure of a sealed nickel-cadmium battery. Cd and NiO(OH)
are utilized as anode material and cathode material, respectively. KOH is typically used as the
alkaline electrolyte. The overall chemical reaction in nickel-cadmium battery is shown as

followed:
2 NiO(OH) + Cd + 2H20 — 2 Ni(OH); + Cd(OH).

The ability of being charged in a relatively short period of time and low cost makes

nickel-cadmium occupy some markets in portable electronics and toys. However, nickel-



cadmium battery can be self-discharged fast when not used, which limits its lifespan. Besides,
the relatively low specific energy and the use of hazardous element cadmium severely restrict

its applications in the modern society.?

As the demand for energy storage continued increasing, other nickel-based secondary
batteries, including nickel-metal hydride battery, nickel-iron battery, nickel-zinc battery, and
nickel-hydrogen battery, were designed and commercialized.®> However, each of them has its
own shortcomings. For example, nickel-metal hydride battery suffers from low Coulombic

efficiency; nickel-iron battery is afflicted with low energy density and low specific power.®

Lithium-ion battery (LIB) was invented in 1970s and has been dominating the
secondary battery markets for decades because of its superior energy density®. Many choices
of cathode materials for LIBs have been developed and commercialized, including lithium
cobalt oxide (LiC00y), lithium iron phosphate (LiFePQs), lithium manganese oxide (LiMn204)
and lithium nickel manganese cobalt oxide (or NMC).” Fig. 2 shows the basic working
principle of a typical lithium-ion battery. During discharge process, lithium ions spontaneously
migrate from anode to cathode and intercalate into the crystal structure of the cathode materials.
When discharged, lithium ions can deintercalate from cathode and intercalate into the anode
material. Because of the low reduction potential of lithium (-3.04 V vs. SHE)?, lithium-ion

battery can generally offer a high working voltage and hence benefits the energy density.
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Figure 2. Working theory of a typical lithium-ion battery (LIB).°

Even though lithium-ion battery offers superior energy density and remarkable cycle
life, it has some limitations. The use of organic flammable electrolyte can cause some safety
issues such as explosion. Moreover, the element of lithium is relatively rare in the earth’s crust,

substitutions of lithium-ion battery need to be developed in the future.

1.2 Aqueous Rechargeable Zinc-ion Batteries

As a possible candidate of the next-generation secondary batteries, aqueous
rechargeable zinc-ion battery is increasingly attracting researchers’ attention. Table 1 shows
the electrochemical characteristics of several charge carriers including Li*, Na*, K*, Mg?*, Ca®",
Zn?*, and APF*.2%1 Zinc element is more prevalent in the earth's crust than lithium element,
making zinc-ion batteries attractive for large-scale energy storage applications. More
importantly, metals such as lithium, sodium, magnesium, and aluminum are active and can
react with water or passivate in water; so, they are generally combined with organic electrolytes,
which are flammable and can cause safety issues. Zinc metal is compatible with aqueous

electrolyte which offers superior safety and ionic conductivities compared with organic
4



electrolyte. Furthermore, zinc has relatively low reduction potential (-0.76 V vs. SHE),
considerable theoretical specific capacity (820 mAhg™), and remarkable specific volumetric
capacity (5855 mAh-cm?®) which provides considerable potential for high energy density

batteries.

Table 1. Electrochemical Characteristics of Several Charge Carriers.1%!

Charge carrier Li* Na* K* Mg?* Ca?* Zn* AP
Tonic radius (A) 0.76 1.02 1.38 0.72 1.00 0.74 0.535
Hydrated radius (A) 3.82 3.58 3.31 4.28 4.12 4.30 4.75
Theoretical specific capacity 3861 1166 685 2205 1337 820 2980
(mAhg™)

Specific volumetric capacity 2046 1131 610 3837 2059 5855 7748
(mAh-cm)

Standard electrode potential (V -3.04 -2.71 -2.93 -2.37 -2.87 -0.76 -1.66
vs. SHE)

Abundance in earth’s crust (ppm) 20 23600 20900 23300 41500 70 82300

1.3 Cathode Materials of Aqueous Rechargeable Zinc-ion Batteries

Despite the fact that aqueous rechargeable zinc-ion batteries are promising prospects
for future rechargeable batteries, finding appropriate cathode materials which can provide high
capacity and stable retention has proven to be one of the most challenging tasks.!* Throughout
the previous decades, Mn-based oxides, vanadium-based oxides, Prussian blue analog-based
materials, polymer materials, and Chevrel phase compounds have been considered as
promising cathode materials.’® Fig. 3 shows the working voltage and specific capacity for

recently reported electrode materials in Zn-ion batteries.° Chevrel phase compounds, Prussian
5



blue analog-based materials and polymer materials exhibit relatively high working voltages;

however, they generally suffer from low specific capacities.

Vanadium-based oxides such as

vanadium oxides (V20s), sodium vanadium oxides (or NVO), zinc vanadium oxides (or ZVVO)
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Figure 3. working voltage and specific capacity for both Zn anode and recently

reported cathode materials.°

demonstrated to achieve high specific capacity ranging from ~200 mAhg™ to ~400 mAhg*

and long cycle life.*2 Nevertheless, the toxicity of vanadium

have bring much concern on the future applications.

element and low working voltage

Manganese-based oxides including manganese oxides (MnQO2, MnzQg4, etc.), zinc

manganese oxides (or ZMO), sodium manganese oxides

6

(or NMO) are frequently studied



cathode materials in aqueous zinc-ion batteries.™®> The non-toxicity, relatively cheap price,
remarkable specific capacity and relatively high working voltages of manganese-based oxides
cathode bring significant attention from researchers. Among all manganese-based oxides
cathode materials, MnO2 shows the highest theoretical capacity (308 mAhg™ for 1e" transfer;

615 mAhg™ for 2e” transfer).**

1.4 Aqueous Rechargeable Zn/MnQO:2 Batteries

In 1987, Shoji et. al. introduced the first aqueous rechargeable zinc ion battery, which
contains Zn anode, y-MnO; cathode, and aqueous ZnSOQs electrolyte.® The authors reported
that the Zn/ZnSO4/y-MnO:> battery obtained 53% of the MnO> theoretical capacity (1 e
transfer), and was rechargeable for more than 30 cycles. This paper provided the basic concept
of Zn/ MnO battery. Afterwards, the modification of MnO> cathode, Zn anode, and electrolyte

has become the focus of scientific research in Zn/MnQO- batteries.

The modifications of MnO: cathode include the study on different crystal structures of
MnO;. Table 2 is the previously reported crystallographic data of different MnO2 minerals'®
and Fig. 4 shows the schematic crystal structures of some tunnel-type and layer-type MnOs..
Generally, tunnel structures or layer structures of MnO; are formed with MnOe octahedra
sharing corners and edges. Hollandite-type MnO> (or named a-MnO-) is made up with 2>2
tunnels; pyrolusite-type MnO: (or named B-MnQO3) is a 11 tunnel structure; ramsdellite-type
MnO2 (or named R-MnO3) is composed of 21 tunnels; as for y-MnO, it is an intergrowth of
B-MnO; and R-MnO; with different degrees of microtwinning, resulting in both 1> tunnels

and 1x1 tunnels; differently, birnessite-type MnO> (or named 6-MnO-) was reported to be a

7



layer structure.5-18 These various types of MnO; have been synthesized and electrochemically

tested by researchers, but they generally suffer from a fast capacity fading.'* Besides, cathode

Table 2. Crystallographic data of different MnO2 minerals.'®

Compound  Mineral Name Symmetry Space Group Lattice Parameters (A) Features
0-MnO: Hollandite Tetragonal (I4/m) a=9.96; c=2.85 (2 % 2) tunnel
B-MnO2 Pyrolusite Tetragonal (P42/mnm) a=4.39; c=2.87 (1 x 1) tunnel
R-MnO2 Ramsdellite Orthorhombic (Pbnm) a=4.53; b=9.27; ¢c=2.87 (1 x 2) tunnel
v-MnO2 Nsutite Complex tunnel (hex.) a=9.65; c=4.43 1x1)/(1x2)
8-MnO> Birnessite Rhombohedral (R-3m) ahex=2.94; Chex=21.86 (1 x o0) layer
Na-Bir Na-birnessite Monoclinic (C2/m) a=5.17; b=2.85; ¢=7.32 (1 x o0) layer
Mg-Bir Mg-birnessite Monoclinic (C2/m) a=5.18; b=2.84; c=7.33 (1 x o0) layer
&-MnO2 Akhtenkite Hexagonal (P63/mmc) a=2.85; c=4.65 Dense stack
A-MnO2 Spinel Cubic (Fd3m) a=8.04 (1 x 1) tunnel
y-MnO> Psilomelane Monoclinic (P2/m) a=9.56; b=2.88; c=13.85 (2 x 3) tunnel
T-MnO: Todorokite Monoclinic (P2/m) a=9.75; b=2.85; ¢=9.59 (3 x 3) tunnel

modification methods such as polymer coating'®?° and carbon-based conductive material

coating®*~2% were applied to help boost the electrochemical performance of Zn/MnO batteries.

Methods to adjust electrolyte are mainly divided into cation adjustment such as pre-
adding Mn ions in electrolyte?*, anion adjustment such as bulky anion electrolyte?®, and quasi-
solid electrolyte?. It is worth mentioning that pre-adding Mn ions was widely reported as an
effective way to enhance the cyclability of MnO., but the underneath mechanism is unclear

and controversial®®228_ This will be further discussed in section 1.4.2.
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Figure 4. Schematic illustration of crystal structures for (a) MnOs octahedra, (b) a-

MnOg, (c) B-MnOz, (d) R-MnOz, (e) y-MnO2, (f) -MnO-

Work done on Zn anode was primarily focused on solving the issues of dendrite growth.
To achieve the goal of commercializing Zn/MnO: batteries, the mass of loading active
materials in the battery needs to be scaled up. As more cathode materials take part into the
electrochemical reactions, it is more difficult to uniformly strip/deposit Zn on the anode. As a
result, the growth of Zn dendrite on the anode becomes an urgent issue which needs to be
addressed. Many strategies such as coating carbon black on the anode?® and introducing a
fluoride-based artificial interphase on the anode*® were demonstrated to be useful for achieving

relatively uniform zinc stripping/deposition and suppressing the growth of Zn dendrite.



1.4.1 Previously Reported Reaction Mechanisms and Their Limitations

Although rechargeable aqueous Zn/MnQ; batteries have been researched for many
years on cathode, anode and electrolyte, the energy storage mechanism is not fully understood.
This phenomenon motivates researchers to investigate on the reaction mechanisms of

Zn/MnO- batteries these years.
The reaction happening on the Zn anode is shown as followed:
In e In*" +2¢

The reaction mechanism for Zn anode is simple and undoubted. Zn metal is reduced
into Zn?* ions and released to the electrolyte during discharge process, which is called Zn
stripping process. During charge process, cations in the electrolyte are driven to the negative
elctrode by the force of electric field; then, Zn?* ions near anode are oxidized and deposited

back on the anode.

Nevertheless, the reaction mechanisms for MnO- cathode are much more complicated
than those for Zn anode. There are three mainstream mechanisms explaining the main cathode

reactions of Zn/MnO with mildly acidic ZnSO4 electrolyte.

In 2012, Wei et. al. introduced an intercalation/deintercalation mechanism.
Specifically, the authors synthesized a-, B-, y- and 6-MnQO_ and galvanostatically tested their
electrochemical performance. It was found that the specific capacity was independent on
surface areas but directly affected by the tunnel sizes or interlayer distances. Hence, the authors

believe that the cathode reaction can be explained by Zn intercalation/deintercalation in MnO>

10



tunnel structure (a-, B-, y-MnO3) or layer structure (-MnQOz). The proposed electrochemical

reaction happens on cathode is shown in the following:
X Zn?* + 2x & + MnO; <> ZnxMnO;

In 2016, Pan et. al. introduced that the cathode reaction mechanism of Zn/MnQO; battery
could be explained by a conversion reaction between manganese dioxide and protons instead
of zinc intercalation/deintercalation.?* The reported high-resolution transmission electron
microscopy (HRTEM) and X-ray diffraction (XRD) results demonstrated the formation of a
triclinic MNnOOH and Zn4(OH)sSO4-xH20 (ZHS) on the cathode after discharge process.
Additionally, the lattice fringes of the discharge products on cathode do not match any

crystallized ZnyMnO.. Therefore, the cathode reaction mechanisms were revised as followed:
H.0 « H" + OH"
MnO; + H" + & < MnOOH
1/2 Zn?* + OH" + 1/6 ZnSO4 + x/6 H20 > 1/6 Zna(OH)sS04xH20

Then, Sun set. al. suggested a more complex H*/Zn?* co-insertion mechanism in
2017.%2 As shown in Fig. 5, their results of galvanostatic intermittent titration technique (GITT)
and electrochemical impedance spectroscopy (EIS) proved that the reduction reactions in
region | is much more Kinetically preferred than those in region Il. They therefore deduced that
the 1% discharge plateau at relatively high voltage range was conducted by a relatively easy H*
insertion, whereas the 2" discharge plateau at relatively low voltage ranges was caused by

Zn?* insertion.

11
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Figure 5. (a) Galvanostatic intermittent titration technique (GITT) result of Zn/MnO:

battery during discharge process. (b) Electrochemical impedance spectroscopy (EIS) of

Zn/MnQO: battery at selected states (1,2,3,4 referred to Fig. 5a).3

Besides the main reactions, side reactions, especially dissolution reactions (MnOz; —

Mn?*), have been reported to be the key reason for rapid capacity loss in Zn/MnO batteries.

Lee et. al. indicated that the generation of Zns(OH)sSO4xH20 precipitates on cathode was

caused by the MnO; dissolution which consumed protons in electrolyte.®

dissolution reactions are shown below:

The proposed

3 MnO; + 8 Zn?** + 2 SO4% + 16 H,0 + 6 € — 3 Mn®* + 2 Zna(OH)6S04-5H,0

This dissolution reaction has been considered as an irreversible side reaction, and

strategies have been developed to inhibit the MnO2 dissolution such as pre-adding Mn?* ions

in electrolyte.?”34
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However, recent literatures have reported Zn/MnO- batteries utilizing dissolution and
deposition reactions as main reactions.®*=" For example, the Zn/MnO battery designed by
Qiao’s group realized a high specific capacity of 570 mAhg™ that is close to the theoretical
capacity based on 2 e transfer of MnO2 (615 mAhg™).®” Furthermore, at 30 mA-cm™, their
battery obtained a considerable capacity retention of ~92% after 1800 cycles, which

demonstrated the reversibility of the dissolution reaction.

To conclude, even though the cathode reaction mechanism of Zn/MnO; battery has
been researched for years, and some novel guidance for Zn/MnO; battery design has been
indicated, there are still some remaining doubts such as the reversibility of the dissolution
reaction, and the capacity contributions from intercalation, conversion, and dissolution
reactions. Also, although the abovementioned literatures have reported the side products ZHS
generated on the cathode surface, negative influences from ZHS are barely discussed. These
questions motivate us to further understand the reaction mechanisms and contribute to the

future design of Zn/MnQ; batteries.

1.4.2 Pre-adding Mn ions in Electrolyte and its Limitations

As discussed in section 1.4.1, the dissolution reaction (MnO, — Mn?*) was consider as
an irreversible side reaction by many researchers. As a result, pre-adding Mn?* ions in
electrolyte has been developed to improve the cyclability of Zn/MnO; batteries. Pre-adding
Mn?* ions in electrolyte was firstly introduced in 2016.2* As shown in Fig. 6a, pre-adding 0.1
M MnSOs in electrolyte dramatically improved the cycling performance and the function of

pre-added Mn?* ions was ascribed to be suppressing the dissolution reaction. Similar
13



improvement was further observed in 2017 (Fig 6b).?’ Instead of ZnSQ4 electrolyte system, a
bulky anion electrolyte (Zn(CFsSOz). electrolyte) was utilized and demonstrated to be
compatible with pre-added Mn?* ions. However, the authors stated that the mechanism behind

pre-addition of Mn?* in electrolyte was yet unknown.
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Figure 6. Cyclability of Zn/MnO: battery with/without Mn?* additives in (a) ZnSO4

electrolyte system?*, (b) Zn(CF3SOz)2 system?’.

Since its invention, the Mn?* pre-addition method has been frequently applied in
subsequent scientific studies. Table 3 organizes the reported Zn/MnQO; batteries with their
maximum capacity and cycling performance during 2017-2021. Pre-addition of Mn?* jons to
the electrolyte, as established in these papers, is an effective strategy for boosting cycling
performance, but the principle behind it have been contentious since they were presented. For
instance, in 2020, Qiu et. al. assembled Zn/3-MnQO; batteries with MnSO4 additives in
electrolyte and studied the phase evolution of MnO> cathode during cycling.*® From their

experimental results, the pre-added Mn?* can be continually oxidized onto cathode and
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generate e-MnO2 when the battery is charged, which is the reason for capacity improvement.

To conclude, the authors believe that the addition of Mn?* cannot stabilize the MnO> cathode,

Table 3. Recently reported Zn/MnO2 batteries with their maximum capacity and cycling
performance. (Note: CNT stands for carbon nano tube; N-CNSs stands for nitrogen-

doped carbon nanosheets; CNF stands for carbon nano fiber; Vo stands for oxygen-

defected)
Cathode Electrolyte Maximum Capacity Retention and Reference
Capacity Corresponding Current
(mAhg™) Density
MnOx/gelatin 2 M ZnSO4 + 0.2 M MnSOs4 415 90% after 1000 cycles; 0.5 Ag’! 14
B-MnO»/C 3 M Zn(CF3S03)2+ 0.1 M 150 100% after 400 cycles; 0.3 Ag! 22
MnSO4
MnOz/polypyrrole 2 M ZnSO4+ 0.1 M MnSOs4 256 100% after 500 cycles; 1 Ag™! 34
MnO2/CNT/PEDOT 2 M ZnClz> + 0.4 M MnSO4 290 77% after 500 cycles; 5.4 Ag! 39
MnO2/polyfurfural 1 M Zn(CF3S03)2 + 0.2 M 500 99% after 160 cycles; 0.5 Ag™! 40
MnSO4
B-MnO2 3 M ZnSO4 + 0.2 M MnSOq4 288 91% after 200 cycles; 0.5 C 41
a-MnOz/graphene 2 M ZnSO4 + 0.2 M MnSO4 382 94% after 3000 cycles; 3 Ag’! 42
MnO2/N-CNSs 2 M ZnSO4 + 0.2 M MnSO4 304 92% after 1800 cycles; 2 Ag’! 43
MnO2/CNF 2 M ZnSO4 + 0.1 M MnSO4 297 100% after 2750 cycles; 3 Ag’! 44
Vo-MnO2 2 M ZnSO4 + 0.1 M MnSO4 314 81% after 1000 cycles; 5 Ag™! 45
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Figure 7. (a) Cyclic voltammetry (CV) results. (b) Corresponding plot of In(ipc) versus
(Epc — E®). (c) Galvanostatic charge/discharge profile at different current density. (d)

Corresponding cycling performance.*®

and the improved cyclability is from the consumption of additional Mn?* ions in electrolyte.
Similar statements can be found in other literatures.*’*® As many researches were conducted
in coin cells where the MnO, mass loading is relative low and the electrolyte is excess, the
additional capacity from deposition of Mn?* additive can be high enough to hinder the realistic

electrochemical performance of MnO; cathode. Therefore, the functioning theory of Mn?*

16



additives needs to be further inspected and other strategies should be developed for the future

application of Zn/MnO; batteries.

Also, it is worth mentioning that although Mn?* additives can improve the cycling
performance at relatively high current densities, few literatures reported outstanding
performance under low current densities. To address this question, Yang’s group compared the
electrochemical performance of Zn/MnO batteries at different current densities.*® According
to their galvanostatic tests and cyclic voltammetry (CV) results (as shown in Fig. 7), the 1%
discharge plateau (at ~1.4 /) was more kinetically favorable than the 2" discharge plateau (at
~1.26V); as a result, when the current density increased, the 1% discharge plateau was barely
affected, but the 2" discharge plateau was shorten significantly. With a decrease of kinetically
unfavorable reaction, the battery can achieve a relatively high reversibility. However, it is well
known that commercial batteries such as lithium-ion batteries used in practical scenario are
generally discharged at a low current density for continuous energy supply. So, for the future
commercialization of Zn/MnO: batteries, reversibility at low current densities needs to be

improved.

To conclude, although pre-adding Mn?* in electrolyte can help enhance the cycling
performance, their functioning theory is still controversial. Insignificant improvement of
battery lifespan at low current density is also a limitation of pre-adding Mn?* in electrolyte. To
achieve high reversibility of Zn/MnO: at a relatively low current density remains a challenging

and important task.

17



Chapter 2: Characterization Techniques

2.1 Material Characterization Techniques

In this section, Material characterization techniques involving scanning electron microscopy
(SEM), low-resolution and high-resolution transmission electron microscopy (TEM), energy-
dispersive X-ray spectroscopy (EDS), X-ray diffraction spectroscopy (XRD), Fourier
transform infrared spectroscopy (FT-IR), inductively coupled plasma mass spectroscopy (ICP-

MS) will be discussed regarding to their functioning principle and specific models.

2.1.1 Scanning Electron Microscopy (SEM)

The invention of the first scanning electron microscope can be traced back to 1938.4
Increasing the resolution of microscopes was the goal of developing electron microscopes.>
The wavelength of visible light limits the resolution of optical microscopy; specifically, the
resolution limit of optical microscopes is half of the visible light wavelength (~2000 A).5*
However, the wavelength of an accelerated electron is dependent on its speed which can be
theoretically close to the velocity of light.>° The relationship between the accelerating voltage
and corresponding electron wavelength is shown in Table 4.5 If the applied voltage is high
enough, the wavelength of the accelerated electron can be much smaller than that of visible
light (400-800 nm), and the obtained resolution can be much higher than the conventional
optical microscope. Therefore, SEM has received extensive attention from scientists and was

finally commercialized in 1996.4°
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Table 4. The relationship between applied voltage, velocity of accelerated electrons and

wavelength of accelerated electrons.>

Accelerating Voltage/kV Velocity of Electrons/ms'  Ratio of Electron Velocity =~ Wavelength of

to Light Velocity electrons/pm
10 5.83 x 107 0.194 12.20
100 1.64 x 108 0.548 3.70
200 2.08 x 10® 0.695 2.51
500 2.59 x 108 0.863 1.42
1000 2.83 x 10% 0.941 0.87
3000 2.97 x 108 0.989 0.36

The basic construction of a scanning electron microscope is shown in Fig. 8a. Generally,
an SEM is constructed with a high-voltage electron gun, magnetic lens series, a sample stage
in high vacuum circumstance, detectors, and imaging systems.> The high-velocity electron
sources are generated by the electron gun which is combined with accelerating fields; when
the generated electrons pass through the lens systems, electron beams can be formed and
sharpened; then, the incident electron beams can interact with the atoms of the specimen, and
the interaction signals are collected by the detector which are further analyzed by the imaging
systems (the interaction process requires high vacuum circumstance to avoid unnecessary

interactions with air).>

To be specific, the interaction between specimen atoms and the incident primary

electrons can generate different signals, including backscattered electrons (BSE), secondary
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electrons (SE), characteristic X-ray, as well as Auger electron (as shown in Fig. 8b). Different
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Figure 8. (a) Schematic construction of a scanning electron microscope.®® (b)

Interaction between the incident primary electrons and the specimen atoms.5?

generated electrons give different information of the sample. Secondary electron (SE) are
valence electrons getting away from the surface of the atoms, and they can give the information
of the sample surface.>? Backscattered electrons (BSE) are generated by the reflection of the
sample atom, which is a type of elastic interaction; these electrons can give sample details on
element distribution.> Another type of commonly used information is from the characteristic
X-ray; this information is collected by an energy-dispersive spectroscopy (EDS) and can
quantitatively show the amount and distribution of various elements on the detected samples,

which will be further discussed in section 2.1.3.%2
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Figure 9. An example of SEM images in aqueous zinc ion batteries.

Fig. 9 gives an example of SEM images applied in aqueous zinc ion batteries. Since
SEM is a technique which can be used to observe sample morphologies on nano-scale, it is
frequently used in battery research to detect morphology evolution (both cathode material and
anode material) during cycling. In this thesis, morphology of electrode materials are

characterized by field emission scanning electron microscopy (FESEM, Zeiss LEO 1530).
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2.1.2 Transmission Electron Microscopy (TEM)

Different from scanning electron microscope, transmission electron microscope
collects sample information by electrons transmitted through the sample, which therefore
requires a higher accelerating voltage and thinner specimen than those of scanning electron
microscope.>® Fig. 10 shows the basic components of a transmission electron microscope. TEM

and SEM are mainly differed on their lens systems. As discussed in previous section, the lens
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Figure 10. The basic components of a transmission electron microscope.%®

systems in SEM are used for generating and sharpening the electron beams which further

interact with the specimen; however, in TEM, several lens systems can also be found below
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the sample stage, which is for further magnifying the electrons transmitted through the
sample.>® With a higher accelerating voltage, the wavelengths of the electron beams in TEM
can be lower than those in SEM. Also, the electron beams can transmit through the prepared
thin sample, which provides information for the inner structure of the specimen.®® Therefore,

in the case of studying inner structure of materials, TEM exhibits better applications than SEM.
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Figure 11. (a) Bright-field imaging method and its corresponding image. (b) Dark-field

imaging and its corresponding image.



Depending on different settings of the imaging system, bright-field image, dark-field
image, and high-resolution image can be obtained. Fig. 11a and Fig. 11b shows the working
principle of bright-field imaging and dark-field imaging as well as their corresponding formed
images. The aperture is adjusted in bright-field imaging to only let in transmitted beams; so,
the backdrop is bright, and the specimen region is dark.>” Dark-field imaging, on the other
hand, is achieved by only permitting diffracted beams to pass through; as a result, the backdrop
is dark, and the specimen region is light.%" In addition, combining the diffracted and the
transmitted beams to capture phase interference yields a high-resolution picture, which is a

helpful approach for studying crystal structures.®’

Figure 12. An example of the application of high-resolution transmission electron
microscopy in agqueous zinc ion battery.%8
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Fig. 12 gives an instance for the application of high-resolution transmission electron
microscopy (HRTEM) in aqueous zinc ion battery. Typically, the lattice fringes showing phase
information can be obtained by HRTEM, which is useful for determining the crystal structures
of the observed materials. Moreover, even amorphous materials can be detected by HRTEM

technique, which will show as disordered region.?*

In this thesis, the type of transmission electron microscopy used is JEM-F200 under

200 kV accelerating voltage.

2.1.3 Energy-dispersive X-ray Spectroscopy (EDS)

As discussed in previous sections, the high-velocity electron beams used in SEM and
TEM can interact with the specimen atoms and generate characteristic X-ray. This process is
accomplished by two steps. Firstly, the incident electron beams have high enough energy to
excite the specimen electrons in their inner shell (K shell or L shell); then, the excitation leads
to residual holes in the inner shell, which can be further filled by electrons from higher energy

level combining with an X-ray emission.>® Hence, the emitted X-ray contains information of

MAG- 10000%

Figure 13. An example of EDS mapping combined with TEM technique.5°
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the sample atoms, which can be collected and analyzed to show the amount of elements on the
sample materials and their distribution.>® This technique is commonly used with SEM and
TEM, to determine the elements distribution and contribution in a selected area. Fig. 13 shows

an example of EDS mapping result combined with TEM.

In this thesis, the type of used EDS facility is JED2300T.

2.1.4 X-ray Diffraction Spectroscopy (XRD)

X-ray diffraction spectroscopy (XRD) is a widely used technique for determining
crystal structure of materials. The operating principle of XRD is based on Bragg’s law. Fig. 14
shows the schematic illustration of Bragg’s law. Basically, the incident X-ray has an included
angle 6 with sample lattice planes. In most cases, the incident X-ray gets scattered by the lattice
planes, and the scattered X-rays have different phases which make the total interference near

zero. The critical case occurs when the wavelength, distance between lattice planes, and the

Figure 14. Schematic illustration of Bragg’s law.%!
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incident angle have the following relationship:

nNi=2dsind

(Note: n is an integer, A stands for the wavelength of the incident X-ray, d is the distance

between lattice planes, 6 is the incident angle.)
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Figure 15. The basic components of an XRD facility.%?

In this special case, the scattered X-rays have the same phase, resulting in a constructive

interference which shows distinctive intensity of scattered X-rays in XRD spectrum.®* So, by
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detecting the intensity of the scattered X-rays and their corresponding angles, researchers can

obtain the information of material crystal structures.

Fig. 15 shows the basic constructions of an XRD facility.%? The X-ray is formed by the
X-ray generator, where a high voltage is applied to accelerate electrons and a copper target is
designed to be hit and generate X-rays. The X-ray tube is connected by a chiller to cool down
the equipment which is heated by the X-ray generation process. Dispersing slits and detector
slits are designed for reducing the scanning area and decreasing influences from sample holders.

X-ray detectors are connected with a counting unit to collect and analyze the scattered X-rays.

In this thesis, Briker D8 Discover with Cu Ka. radiation (. = 1.54 A) is used to study

the phase of cathode materials.

2.1.5 Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) is a frequently employed technique
for studying the functional groups of sample materials. Fig. 16 shows the schematic process
from emitting light to achieving spectrum data. Basically, FT-IR facility can emit light with
different wavelength in the infrared range, and the light at specific wavelength can be absorbed
by the sample materials for energy level transition. Specifically, electrons in sample molecules
can be excited to higher energy levels via rotational transition and vibrational transition by
absorbing the energy (equivalent to the energy distance between transited energy level and
original energy level) supplied by the incident light. Hence, by collecting the transmittance and
the corresponding wavelength, information of the sample molecule energy level can be

obtained.5364
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Figure 16. Schematic process of obtaining a FT-IR spectrum.®

In this study, Briker Optics Vertex 70 Spectrometer with the wavelength range from

400 cm™ to 4000 cm™ is used to investigate the functional groups of the ion exchange resin.

2.1.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) is usually utilized to
determine the concentration/amount of metal elements in sample materials. As shown in Fig.
17, the major components of ICP-MS include the sample delivery device, inductively coupled
plasma, interface region, ion lens system, mass filter, as well as the detector. The introduced

sample needs to be in liquid phase. Therefore, solid sample needs to experience a digestion
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process, a filtration process, and a dilution process if necessary. Generally, the solid sample is

Sample i| @COHJ)
Torch ]w

Interface

Quadrupole Detector

Turbo pumps

Figure 17. Fundamental components of an ICP-MS facility.5°

digested by nitric acid, filtered, and diluted to attain an acidic solution with trace metal ion
concentration. The liquid sample is then introduced the ICP-MS equipment, turns into an
aerosol, which is further ionized by the argon plasma with high-temperature. Afterwards, the
generated ions transform through the interface, focused by the ion lens system, and filtered by
the mass-charge ratio. The detector collects the ions and eventually calculates the

amount/concentration of the sample ions.®®

2.2 Electrochemical Characterization Techniques

In this section, electrochemical characterization techniques including galvanostatic
battery test and electrochemical impedance spectroscopy will be discussed regarding to their

principles and facility specifications.
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2.2.1 Galvanostatic Test

Before the introduction of galvanostatic test, several definitions of rechargeable

batteries will be discussed firstly.

Specific capacity of the cathode/anode in a rechargeable battery is in the unit of Ahg,
which is defined as the current that a unit mass of cathode/anode material can deliver/store

over a unit of time.

Open circuit voltage stands for the voltage of a rechargeable battery when the output

circuit is disconnected.

Working/operating voltage is defined as the average voltage when the battery is

connected to an output circuit.

Cycling performance is often judged by the cycle number and capacity retention. The

capacity retention can be calculated as following formula:
capacity retention = capacity after specific cycles/ maximum capacity

for example, if a rechargeable battery has a maximum specific capacity of 1 Ahg™; after 300
cycles, the battery still has a specific capacity of 0.8 Ahg™. Then, it can be defined that the

battery has 80% capacity retention after 300 cycles.

All above discussed parameters can be determined by a battery tester. There are two
general charge/discharge modes for battery testing: potentialstatic mode and galvanostatic
mode. Potentialstatic mode means that the battery is cycled by a constant voltage; galvanostatic
mode means that the battery is cycled by a constant current.
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Figure 18. A picture of Neware battery tester.%

In this study, Zn/MnO; batteries are tested by a Neware tester (BTS4000-5V, Fig. 18)
via galvanostatic mode. Depending on different batteries involved, the electrochemical

windowissetaslV—-19Vand1V-195V.

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a common strategy to measure different
types of impedance in rechargeable batteries, such as electrolyte/electrode resistance Rq,
charge-transfer resistance Rc, double-layer capacitance Cq4, and Warburg impedance Zu.
Basically. When an alternating current (AC) is applied to a rechargeable battery, the total

impedance of the battery is a complex number including its real part Zre and its imaginary part
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Figure 19. A general equivalent circuit of a rechargeable battery.

Zim. For a general circuit (Fig. 19), the impedance Zre and Zim can be expressed by the

following formulas:

Ret + o'

Zre = Ra +
2 2
(Caow!? + 1)"+ &?C# (Ret +owr!?)

2
Ca(Rct +0w'[/2) + O'w-l/z(wl/ZCdO' +1)

2 2
(Cioer?? + 1)"+ @’ CF (Ret +ow1?)

Zim =

(Note: w is frequency; o is mass-transfer coefficient.)

When the applied AC has low frequency (o—0), the relationship between Zge and

Zim can be simplified as followed:
Zim=Zre - Ra-Ret + 20'2Cd

Therefore, the Nyquist plot (Zim vs. Zre) will be a straight line with the slope of 1, as

shown in Fig. 20a.

On the other hand, when the applied frequency is high enough (o—0), the relationship

between Zre and Zim can be simplified as followed:

(Zre - Ra - Retf2)? + Zin? = (Rct/2)?
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The corresponding Nyquist plot will be a half-circle with its center on Rq + Re/2 and

radius of Rct/2, as shown in Fig. 20b.
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Figure 20. Nyquist plots of electrochemical system (such as batteries) (a) at low
frequencies, (b) at high frequencies, (c) containing both low frequencies and high

frequencies.®’

When the applied AC ranges from low frequencies to high frequencies, the Nyquist
plot will show as a half-circle with a linear tail, as shown in Fig. 20c. As a conclusion, by
fitting the data points via an equivalent circuit, researchers can obtain the values of different

types of impedances.®’

In this work, EIS is performed via a Bio-Logic VMP3 electrochemical workstation

with frequencies ranging from 100 mHz to 1 MHz.
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Chapter 3: Revised Energy Storage Mechanisms and Capacity Fading

Mechanisms in Zn/B-MnQO: Batteries

In Chapter 3, a series experiments including electrochemical tests and characterization
results will be discussed. Based on the experimental results, revised energy storage

mechanisms and capacity fading mechanisms in Zn/B-MnO; are proposed.

3.1 Fabrication of Zn/p-MnO: Batteries and Zn/Zn4(OH)sSO4-5H20 Batteries

This section mainly introduces the fabrication method of Zn/B-MnQO; batteries as well
as Zn/Zn4(OH)eSO4-5H20 batteries used in this thesis, including the synthesis of -MnOa,
synthesis of Zns(OH)sSO4-5H-0, recipe for cathode fabrication, and coin cell assembling

method.

3.1.1 Synthesis of p-MnO2

B-MnO2 nanowires are synthesized by a simple chemical redox reaction. Specifically,
1.69 g MnSO4-H20 (> 99%, Sigma-Aldrich) and 0.8 g NaOH (> 97%, Sigma-Aldrich) are
dissolved into 200 mL deionized H>O and 50 mL deionized H-O, respectively. Both solutions
are stirred until the solutions are clear. Afterwards, 1 mL 30wt% H,02 (30wt% in H,O, Sigma-
Aldrich) is transferred to the NaOH solution, which is further stirred for 1 min. Subsequently,
the mixture of H20O2 and NaOH solutions are slowly added into the MnSO4 solution. The mixed
solution is continuously stirred for 24 h. After the magnetic stirring, the precipitates are

collected by centrifuge process and washed with deionized H>O three times. The obtained
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precipitates are dried at 80 <C for 12 h and manually ground to powders. Then, the powders are

calcinated in oven with air atmosphere at 250 <C for 6 h. The reaction equation is shown below:

MnSO4 + H20, + 2NaOH — MnO: | + NaxSO4 + 2H,0

3.1.2 Synthesis of Zn4(OH)sSO4-5H20

Zn4(OH)sS04-5H20 is simply synthesized by a chemical reaction refer to the previous
literature®. Specifically, 1.44 g ZnSO4-7H.0 (> 98%, Alfa Aesar) are dissolved in 50 mL
deionized H»0, and 0.3 g NaOH (> 97%, Sigma-Aldrich) are dissolved in 50 mL deionized
H20. Both solutions are magnetically stirred until clear. Afterwards, the ZnSO4 solution is
slowly added into the NaOH solution. After 1 h magnetic stirring, the milky precipitates is

filtered, washed with deionized H20O three times, and dried at 80 <C for 12 h.

3.1.3 Cathode Fabrication and Coin Cell Assembling

The cathode fabrication is accomplished by mixing the active material (B-MnOz or
Zn4(OH)sS04-5H,0) with conductive material and binder, coating the mixed slush on a current
collector, drying under vacuum, and cutting into small disc which fits our coin cell. To be
specific, a slurry composed of 70wt% B-MnO2 (or Zns(OH)sSO45H20), 20wt% acetylene
black (MTI), 10wt% PVDF in NMP (> 99.5%, Sigma-Aldrich) solvent is uniformly coated on
conductive PE film (All-Spec) by doctor blade and dried at 60 <C under vacuum for 12 h. The
PE film with active material coating is then cut into discs with diameter of 12 mm for battery
assembling. The active material mass loading for 3-MnO2 cathode is around 2.5 mg, and the

active material mass loading for 3-MnO2 cathode is around 4 mg.
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Then, CR2032 coin cells are assembled with cathode discs, 2 layers of absorbed glass
mat (diameter: 12 mm, thickness: 0.5 mm, NSG corporation) as separator, and polished zinc
(diameter: 12mm, thickness: 0.2mm, Rotometals) as anode. 115 uL of 2 M ZnSO4, 2 M ZnSO4

+ 0.1 M MnSOQOg4, and 2 M ZnSO4 + 0.2 M MnSO; are utilized as electrolyte in different cases.

3.2 Material Characterization and Electrochemical Performance of Zn/g-MnO:

Batteries and Zn/Zn4(OH)sSO4-5H20 Batteries

In this section, material characterization methods involving ex-situ XRD, SEM, TEM,
ICP-MS, and electrochemical testes are performed to investigate the energy storage

mechanisms in Zn/B-MnQO; batteries.

3.2.1 Characterization of the Synthesized MnO:2

Powder XRD, HRTEM and SEM are conducted to determine the phase and
morphology of the synthesized MnO.. Fig. 21a shows the HRTEM results and Fig. 21b shows
XRD of the synthesized MnO». The diffraction peaks of synthesized MnO: significantly
matches the pyrolusite MnO- (or B-MnO., PDF 24-0735). Specifically, the peaks shown at
around 28.7< 37.3541.0< 42.8<56.7<59.4< 65.0< 67.2°and 72.4 °can be ascribed to the (1
10),(101),(200),(111),(211),(220),(002),(310),and (30 1) planes in B-MnOz,
respectively. The HRTEM also shows a lattice fringe of 0.312 nm, which can be assigned to
the (1 1 0) phase of B-MnO.. From the SEM image (Fig. 21c), the synthesized B-MnQO; is

composed of nanowires with length of several micrometers.
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Figure 21. (a) High resolution TEM image of the synthesized MnO.. (b) XRD patterns

of the synthesized MnO2. (c) SEM image of the synthesized MnOs..

3.2.2 Ex-situ XRD Studies of the B-MnO2 Cathode during Cycling

Firstly, 2 M ZnSO4 solution is employed as electrolyte to study the general
electrochemical performance of Zn/MnQO; battery. Galvanostatic test is performed from 1V to

1.9 V under 50 mAg, starting with discharge process.
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Figure 22. (a) Discharge/charge profile for first 2 cycles of Zn/p-MnO: battery in 2 M
ZnSO0q electrolyte (1 V - 1.9 V, 50 mAg™) and selected states for ex-situ XRD. (b) Ex-situ

XRD of the cathode during first 2 cycles.
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As a general overview of the crystal structure evolution during cycling, ex-situ XRD is
performed for the first 2 cycles. The chosen voltages for ex-situ XRD is shown in Fig. 22a,
and the corresponding diffraction peaks are shown in Fig. 22b. When the battery is discharged
at its 1t cycle, new diffraction peaks arise at around 8.1< 16.2< 24.4< 25.3< 26.1< 27.6%
28.5532.8533.634.9%35.4<36.3550.1< 58.5< 59.2< which can be attributed to (0 0 1),(0
02),(003),(2-12),(1-13),(013),(-103),(3-10),(121),(-311),(2-32),(122),(00
6), (1 -5 0), (0 0 7) planes in Zn4(OH)sSO4-5H.0 (PDF 39-0688), respectively. When the
battery is further charged at its 2" cycle, the diffraction peaks for ZHS weaken, indicating that
the amount of ZHS decreases when charged. However, it is essential to note that even when
the battery is charged to 1.55V and 1.6V at its 2" cycle, diffraction peaks for ZHS can still be

detected, especially for peaks at small angles such as 8.07 “and 16.22<(The importance of the

residual ZHS at 1.55 V and 1.6 V will be discussed in subsequent content). Then, after the
battery is discharged back to 1 V at its 2" cycle, the diffraction peaks of ZHS become stronger
again. As discussed in Chapter 1, the generation of ZHS during discharge process is caused by
the conversion reaction and dissolution reaction which consumes protons in the electrolyte.

The reaction equations are shown below:
MnO2 + H* + & — MnOOH
3MnO; + 8Zn?* + 2S04* + 16H20 + 68" — 3Mn?* + 2Zns(OH)6S04-5H,0

When the battery is further charged, the abovementioned reactions can happen

backwards partially, causing the reduction of pH and the weaknesses of ZHS diffraction peaks.
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3.2.3 SEM Studies of the g-MnO2 Cathode during Cycling

To verify the XRD results and investigate the evolution of morphologies during cycling,
SEM images of cathode surface and cross-section are taken. The original cathode (as shown in
Fig. 23a) is simply composed of MnO2 nanowires. After the battery is fully discharged (1 V),
the surface of the cathode is covered with layers of hexagonal flakes (as shown in Fig. 23b).
From our EDS results (as shown in Fig. 24a), the hexagonal flakes contain elements of Zn, O,
S, and can be ascribed to ZHS, which is consistent with the ex-situ XRD results. When the
battery is charged to 1.55 V at its 2" cycle (as shown in Fig 23c), layers of hexagonal
morphologies still exist, but their dimensions are reduced significantly, which explains the
attenuation of ZHS characteristic peaks in XRD patterns. Remarkably, a layer of irregular
aggregations form on the surface of the cathode after the battery is further charged to 1.6 V (as
shown in Fig 23d). EDS results show that the formed aggregations are composed of Zn, Mn,
O, S (as shown in Fig. 24b). The existence of Mn demonstrates that the formed aggregates are
not ZHS. After the battery is fully charged to 1.9 V, as shown in Fig 23e, the morphology of
the entire cathode surface transforms into the irregular aggregations. Furthermore, even after
the battery is fully discharged (1 V), the formed aggregations still exist, and parts of them are
covered by the ZHS hexagonal flakes that are newly generated during the discharge process
(Fig. 23f). This phenomenon proves that the generation of the irregular aggregations is

irreversible.
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Figure 23. SEM images of cathode (a) at open circuit voltage, (b) after discharged to
1V at 1stcycle, (c) after charged to 1.55V at 2" cycle, (d) after charged to 1.6V at 2" cycle,

(e) after charged to 1.9V at 2" cycle, (f) after discharged to 1V at 2" cycle.
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Figure 24. EDS results of (a) the formed hexagonal flakes after the battery is
discharged to 1 V at its 1%t cycle, (b) the formed aggregations after the Zn/p-MnO2 battery

is charged to 1.6 V at its 2nd cycle.

43



To obtain a clearer view of the formed aggregations, the cathode is cut by a scalpel,

and the cross-section is observed under SEM. Fig. 25a shows the cross-section of the original

Chargeto1.9V
| 3pm

Figure 25. SEM images of cathode cross-section (a) at open circuit voltage, (b) after

charged to 1.9V at 2nd cycle, (c) after charged to 1.9V at 100th cycle.

cathode, which is primarily made up of -MnO2 nanowires. The thickness of the cathode is
about 30 um. Fig. 25b shows the cross-section of the cathode after the battery is fully charged
to 1.9 V at its 2" cycle. Notably, a layer of aggregations with about 3 um thickness form on
the top surface of the cathode. Beneath the aggregated layer, the morphology of MnO;
nanowires remains intact. Nevertheless, after the battery is fully charged (1.9 V) at its 100"
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cycle, there are significant changes on the cathode morphology, as shown in Fig. 25c. The
entire cathode transforms into irregular aggregations and nanowires cannot be observed. In
addition, the thickness of cathode material increases to 65 um, indicating a large volume
change which is harmful to the battery system. The newly formed aggregations can also be
directly observed on the surface of the cathode after cycled 100 times, which are shown in Fig.
26. After 100 cycles, the color of the cathode surface turns from black into dull brown, which

is very likely caused by the formation and accumulation of the aggregations.

Figure 26. Pictures of the cathode disc before and after cycling.

Based on the SEM results, the generation of the irregular aggregations, which happens
from 1.55 V to 1.9 V during charge process, is irreversible. As a result, when the battery is
cycled, the MnO2 nanowires gradually converts into the irregular aggregations. Also, since the
formation of the aggregations containing Zn, Mn, O, S happen in the charge process where the
cathode is oxidized, it is very likely that the aggregation is formed due to the reaction between

ZHS and Mn ions dissolved in the electrolyte.
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3.2.4 Characterization of the Synthesized Zn4(OH)sSO4-5H20 Cathode

To further verify that ZHS is the precursor the irregular aggregations,
Zn4(OH)sS04-5H20 is synthesized and used as cathode materials. Fig. 27 and Fig. 28 shows
the XRD patterns and SEM images with EDS mapping, respectively. The diffraction peaks
matches the standard card of Zn4(OH)sSO4-5H.0 (PDF 39-0688) very well. Moreover, from
the SEM image with EDS mapping, the synthesized ZHS shows the morphology of nanoflakes,

which are similar as observed ZHS nanoflakes on 3-MnO- cathode after discharged.

. 4 Zn,(OH);SO,-5H,0 (PDF 39-0688)
* Background (acetylene black, sample holder)

Intensity

2 Theta/Degree

Figure 27. XRD patterns of the ZHS cathode.
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Figure 28. SEM image and corresponding EDS mapping of the ZHS cathode.

3.2.5 Galvanostatic Test of the Zn/Zn4(OH)sSO4-5H20 Battery

Cathode containing ZHS as active materials is made and 2 M ZnSQO4 + 0.1 M MnSO4
solution is used as electrolyte. The pH of the electrolyte is modified to around 5.5 by slowly
dissolving ZnO in the electrolyte. The adjusted pH is to imitate the pH of the electrolyte after
1% discharge process®®. The assembled battery is then charged with the electrochemical
window 1.0 V-1.9 V at the current density of 50 mAg™. As shown in Fig. 29, there is only 1
plateau during charge process, which originates from 1.55 V to 1.65 V. It is significantly
consistent with the voltages where the irreversible reaction takes place in Zn/B-MnQO: battery
during charge process. Moreover, the discharge capacity is obviously less than the charge

capacity at 1% cycle, demonstrating that the reaction in charge process is irreversible.
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Figure 29. Charge/discharge profile for the 15t cycle of ZHS/Zn battery in 2 M ZnSQOg4

+0.1 M MnSQOs electrolyte (1V - 1.9V, 50 mAg™)

3.2.6 SEM studies of the Zn4(OH)sSO4-5H20 Cathode during Cycling

SEM images are taken to observe the morphology evolution in ZHS cathode during
cycling. As shown in Fig. 30a, the original cathode mainly contains Zns(OH)sSO4-5H.0
nanoflakes. After the battery is fully charged (1.9 V), the irregular aggregations form on the
surface of the cathode (as shown in Fig. 30b). From the EDS results (as shown in Fig. 31), the
formed aggregations contain Zn, Mn, O, and S. Besides, the formed aggregations still exist
even after the battery is fully discharged (1 V) (Fig. 30c). This phenomenon strongly illustrates

that ZHS is able to react with Mn ions from the electrolyte to form irregular aggregations at
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over 1.55 V during the charge process, and the formed aggregations are difficult to be dissolved

back into Mn2* ions.

Figure 30. SEM images of the ZHS cathode (a) at open-circuit voltage, (b) after fully

charged (1.9 V), (c) after further fully discharged (1 V).
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Figure 31. EDS results of the formed aggregations after the ZHS/Zn battery is charged

tol19V.
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3.2.7 TEM and HRTEM studies of the f-MnO2 Cathode during Cycling

As previously demonstrated, ZHS can react with Mn?* ions to form irregular

aggregations; however, the crystal structures of the formed aggregations are still unknown.
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Figure 32. TEM images of cathode materials (a) after discharged to 1 V at 15t cycle, (c)
after charged to 1.9 V at 2" cycle. High-resolution TEM images of (b) formed
nanoparticles after discharged to 1 V at 1% cycle, (d) formed aggregation after charged
to 1.9 V at 2" cycle. (€) EDS mapping of the formed aggregation after charged to 1.9 V

at 2" cycle.

To further study the crystal structure evolution of the formed aggregations and the

reaction mechanisms, TEM and high-resolution TEM are performed for the cathode of the
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Zn/B-MnO: battery material during cycling. As shown in Fig. 32a, after fully discharged (1 V)
at its 1% cycle, ZHS nanoflakes, nanorods, and a newly formed nanoparticles can be observed
on the cathode. High-resolution TEM is then conducted for the newly formed particles. Fig.
32b shows the lattice fringes of 0.262 nm and 0.239 nm, which can be ascribed to the (0 2 0)
and (2 0 0) planes in monoclinic MNOOH.”® Additionally, the nanorods are observed by high-
resolution TEM and EDS mapping, which are shown in Fig. 33a. The lattice fringes of 0.312

nm and 0.241 nm are in agreement with the d-space of (1 1 0) and (1 0 1) planes in -MnO,."

Moreover, from the EDS mapping results (Fig. 33b), Zn element is not concentrated in
the nanorods compared with Mn element and O element, and the distribution of Zn element is
very similar as that of S element. Hence, it is inferred that the little amount of Zn element in
the nanorods are caused by the diffusion of ZnSO4 electrolyte into the B-MnO- nanorods and

there are no obvious Zn intercalation reaction.

Figure 33. (a) HRTEM image of the nanorods after the Zn/g-MnO: battery is fully
discharged (1 V). (b) EDS mapping of the nanorods after the Zn/g-MnO: battery is fully

discharged (1 V).
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Figure 34. EDS results of the formed aggregations after the Zn/p-MnQO:2 battery is

charged to 1.9 V at its 2" cycle.

After the battery is fully charged to 1.9 V, the aggregations are formed (Fig. 32c), which
contain element of Mn, Zn, O and S based on EDS mapping (Fig. 32e). Moreover, the EDS
results (Fig. 34) shows that the amount of S is little. It is believed that the insignificant amount
of S element is from the residue of incompletely reacted ZHS. From the high-resolution TEM
image of the formed aggregations (Fig. 32d), part of the aggregations is disordered,
demonstrating that the formed aggregations have very low crystallinity. Besides the disorder
region, lattice fringes of 0.266 nm and 0.25 nm can be detected, which can be ascribed to (3 1

0) and (2 0 3) planes in tetragonal (Zn,Mn)2Mns012-4H20 (or Woodruffite, a mineral with dull
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brown color)’2. The gradual phase transform from B-MnO; to (Zn,Mn),MnsQ12-4H,0 (ZMO)

can also be detected by the ex-situ XRD patterns shown in Fig. 35.

® B-MnO;, (PDF 24.0735)
4 (Zn,Mn);MnsO:,-4H,0 (PDF 16-0338)
# Background (acetylene black, sample holder)

Intensity

* - After 100 cycles

* * * %

2 Theta/Degree

Figure 35. Ex-situ XRD patterns of the cathode (in 2M ZnSOs electrolyte) before

cycling and after cycled 100 times.

3.2.8 Galvanostatic Test of the Zn/B-MnO2 Battery

The cyclability of the Zn/B-MnO battery is shown in Fig. 36a, the battery achieves a
remarkable specific capacity of 314 mAhg™* at its 5 cycle; however, it experiences rapid
capacity fading after further cycles. Fig. 36b exhibits the discharge/charge profile of the Zn/B-
MnO: battery, it is demonstrated that although the capacity fades dramatically from 3' cycle

to 30" cycle, the capacity contributed from 1%t discharge plateau (from 1.5 V to 1.35 V) remains
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Figure 36. (a) Cyclability of Zn/p-MnO:2 battery in 2 M ZnSO4 electrolyte (1 V -1.9V,
50 mAg™). (b) Discharge/charge profile for 37 cycle and 30™ cycle of Zn/p-MnO: battery

in 2 M ZnSQOs electrolyte (1 V - 1.9V, 50 mAg?).

unchanged. The main capacity loss is caused by the shorten of 2" discharge plateau (from 1.35

Vio1.2V).

3.2.9 Mn?* Concentration Evolution in the Zn/g-MnO: Battery during Cycling

ICP-MS is used to study the Mn?* concentration evolution in the Zn/B-MnQ2 battery
during cycling. Firstly, the concentration of Mn?* ions in the electrolyte after 1% discharge
process is measured. Since the original electrolyte is 2 M ZnSO4 without any Mn?* ions, the
dissolved Mn?* jons after the 1 discharge process must originate from the dissolution reaction,
which is a 2 e transfer reaction. Based on this, we can calculate the capacity contribution from

dissolution reaction during the 1% discharge process. The detailed calculations are shown below:

Ceontribution = ([Mn2+]dis * Velectrolyte * Mmn/ Mmnoz) - Cae
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(Note: Ceontribution iS the capacity contribution from dissolution reaction; [Mn?"]ais is the
concentration of Mn?* ions after the 1% discharge process; Velectrolyte is the volume of electrolyte;
Mwn is the atomic mass of Mn element; mmno2 is the loading mass of MnO: cathode; Cze is the

theoretical capacity of 2 e” transfer reaction for MnO3.)

All abovementioned parameters are known so that Ccontribution Can be calculated. The
concentration of Mn?* after the 1% discharge process is about 0.077 M, and the calculated
capacity from dissolution is about 188.61 mAhg™. Considering the total specific capacity of
the 1% discharge process is 267.93 mAhg?, the capacity contributed by the dissolution reaction
is above 70%. This result strongly proves that the dissolution reaction is one of the main

reactions happening in the 1% cycle.

ICP-MS is then conducted to measure the concentration of Mn ions in the electrolyte
at different voltages for 3" cycle and 30™ cycle. As shown in Fig. 37, for both the 3 cycle and
the 30" cycle, the concentration of Mn ions in the electrolyte increases when the battery is
discharged, and decreases when the battery is charged, indicating the dissolution process and
deposition process, respectively. More importantly, during the 2" discharge plateau (from 1.35
V to 1.2 V), the Mn concentration in the electrolyte for 30" cycle increases much less than that
for 3 cycle, revealing that the main capacity loss during the 2" discharge plateau (from 1.35
V to 1.2 V) could be caused by the decline of dissolution reaction. The phase transformation
from B-MnO2 to lowly crystallized aggregations during cycling can cause the attenuation of
dissolution reaction; so, the irreversible reaction during charge process (1.55 V — 1.9 V) is

considered as the main cause of capacity loss in the Zn/B-MnQO: battery.
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Figure 37. The concentration of Mn ions in electrolyte at different voltages for the 3™

cycle and the 30%" cycle.

3.2.10 Electrochemical Impedance of the Zn/B-MnO2 Battery during Charge Process

To further study the influence of generated ZMO, electrochemical impedance
spectroscopy is conducted for the Zn/B-MnO- battery at various voltages (1.5 V, 1.55V, 1.9
V) during charge process. The EIS results and fitting data with corresponding equivalent

circuits are shown in Fig. 38 and Table 5. From these EIS results, the electrolyte/electrode
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resistance experiences negligible change when charged. Also, when the Zn/B-MnO: is charged
from 1.5V to 1.6 V, the change of charge-transfer resistance Rct is negligible (395 Qat 1.5V,
397.7 Q at 1.55 V). However, after the battery is fully charged to 1.9 V, where the battery
experiences the irreversible reaction generating ZMO, the charge-transfer resistance increases
to ~489 Q. It is very likely that the generation of ZMO blocks the tunnel structure of -MnO.

and therefore hinders the charge-transfer reactions.
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Figure 38. Nyquist Plots of Zn/g-MnO2 in 2 M ZnSOa electrolyte with detailed fitting
results and corresponding equivalent circuits (a) after charged to 1.5 V at 2" cycle, (b)

after charged to 1.55 V at 2" cycle, (c) after charged to 1.9 V at 2" cycle.
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Table 5. Detailed fitting results of the electrochemical impedances.

Sample Details Re/Ohm Ret/Ohm CPE-T CPE-P
ZnS0s-1.5V 13.82 395 3.69E-06 0.8515

ZnS04-1.55V 13.86 397.7 4.47E-06 0.85318
ZnS0s-19V 14.48 489.2 6.37E-06 0.82986

3.2.11 Verification on Mn2* additives

As discussed in Chapter 1, pre-adding Mn?* ions in electrolyte is a common strategy in
Zn/MnO- batteries; however, the mechanism and efficiency of Mn?* additives remain
controversial. Therefore, batteries containing f-MnO. as cathode and 2 M ZnSO4 + 0.2 M
MnSO; as electrolyte are cycled at the current density of 50 mAg™. As shown in Fig. 39,
although pre-adding Mn ions in the electrolyte can improve the capacity in a considerable
amount, the cycling performance is apparently not enhanced. The discharge/charge profiles of
the 3" cycle and 30" cycle are shown in Fig. 40a and Fig. 40b, respectively. Obviously, the
2" discharge plateau cannot be stabilized, which is similar as batteries in 2 M ZnSO4

electrolyte.

For studying the mechanism of capacity fading, SEM images are taken to observe the
morphology transformation. As shown in Fig. 41, during charge process, MnO2 nanowires
irreversibly convert into irregular aggregations, which exhibits the same reactions as in 2 M

ZnSOs electrolyte. Therefore, pre-adding Mn?* does not show any improvement in cycling
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Figure 39. Cycling performance of the Zn/g-MnO: battery in 2 M ZnSO4 + 0.2 M

MnSQOs electrolyte (1 V - 1.9 V, 50 mAg™).
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Figure 40. Discharge/charge profile of Zn/g-MnO2 battery in 2 M ZnSO4 + 0.2 M MnSO4
electrolyte at (a) the 3" cycle, (b) the 30" cycle.
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Figure 41. SEM images of the p-MnO2 cathode during the 1%t 2 cycles in 2M ZnSOa4 +

0.2 M MnSOq electrolyte.

performance at a small current density of 50 mAg™, and the additional capacity is considered

from the reaction between pre-added Mn ions and side products ZHS.

3.3 Conclusions

To conclude, in this chapter, experiments are accomplished to research the reaction
mechanisms in Zn/B-MnO.. From the characterization results and electrochemical results, the
main reactions during discharge process are the conversion reaction (MnO2 — MnOOH) and
the dissolution reaction (MnO, — Mn?*). The main irreversible reaction occurs in the charge
process at over 1.55 V, which is a reaction between side product ZHS and dissolved Mn?* ions
in electrolyte. Fig. 42 shows a schematic process of the crystal structure change during cycling.
Basically, during discharge process, part of the B-MnO. transforms into MnOOH via the
conversion reactions. The other part of f-MnO: is dissolved by the protons in the electrolyte
and becomes Mn?* ions. Since both the conversion reaction and dissolution reaction consumes

protons in electrolyte, the total pH in the electrolyte increases, which leads to the generation
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of ZHS. When charged, MnOOH can be oxidized back to B-MnOQO>, as a reversible reaction;
however, the side product ZHS can react with Mn?* ions in the electrolyte, to form Woodruffite
(ZMO aggregations) which cannot be further reduced to ZHS and Mn?* ions. Hence, this

reaction is considered as an irreversible reaction and the main cause of capacity fading.
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Figure 42. Schematic illustration of phase change of g-MnO: cathode during cycling.

Fig. 43 gives a more straightforward overview of the morphology change of the cathode
materials during cycling. During the 1% discharge process, the generated ZHS nanoflakes cover
the surface of the p-MnO- cathode, and the dissolved Mn?* ions migrate to the electrolyte.
After the battery is fully charged, Mn?* ions near cathode react with the ZHS nanoflakes,
forming the dull brown ZMO aggregations. The aggregations generate a dense and thick layer
on the top of the cathode, and partially blocks the pathway to underneath MnO> nanowires.

Afterwards, at the 2" discharge process, similar reactions during the 1% discharge happens
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again, the generated ZHS and residual ZMO covers the surface. After 100 cycles, the entire
cathode transforms into dense, thick ZMO aggregations, causing huge volume change and

capacity fading.
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Figure 43. Schematic illustration of the cathode morphology change during cycling.
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Chapter 4: Regulating Proton Concentration by Ion Exchange Resin in

Zn/B-MnO:; Batteries

As comprehensively discussed in Chapter 3, the precursor the irreversible reaction is
ZHS, which is generated because the consumption of protons during discharge process. Since
eliminating the reactants of the irreversible reaction is considered as an efficient strategy to
achieve high reversibility in Zn/MnQO; batteries, strongly acidic ion exchange resin (hydrogen
form) is employed to regulate the proton distribution in the electrolyte and suppress the growth

of ZHS in Chapter 4.

4.1 Strongly Acidic lon Exchange Resin (IER)

Strongly acidic ion exchange resin (IER) is composed of cross-linked polystyrene
matrix and sulphonate (SOs%) functional groups which can be charged with protons (hydrogen
form of strongly acidic IER)"3. Strongly acidic IER can release protons and adsorb metal ions
when the surrounding pH is relatively high, which can also happen in reverse when the
surrounding pH is relatively low’. Therefore, hydrogen-formed strongly acidic IER (Dowex
50W X8, hydrogen form, 200-400 mesh, Sigma-Aldrich) is used to regulate the proton

distribution in this work.

To have an overview of the morphology and functional groups of the ion exchange
resin, SEM and FT-IR are conducted, respectively. As shown in Fig. 44a, the strongly acidic
IER is made of beads with diameters around 80 um. Fig. 44b shows the FT-IR spectrum of the

proposed strongly acidic IER. Strongly acidic IER is composed of cross-linked polystyrene
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Figure 44. (a) SEM image of the strongly acidic cation exchange resin. (b) FT-IR

spectrum of the strongly acidic cation exchange resin.
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matrix and sulphonate (-SOsz") functional groups which are charged with protons”. According
to reported research”™'®, the peaks around 3370 cm™ and 2925 cm™ are assigned to O-H
stretching vibrations in H20 (the moisture in ion exchange resin) and C-H stretching vibrations,
respectively; the peak around 1634 cm™ is ascribed to O-H deformation vibrations; the 4 peaks
at 1603 cm, 1495 cm™, 1450 cmt, 1415 cm™ are assigned to C=C vibrations of benzene rings;
the -SOsH functional group is identified by the 4 peaks at around 1165 cm™, 1123 cm?, 1033
cm® and 1055 cm'; the two small peaks at 830 cm™, 774 cm™ are from C-H out-of-plane
deformation vibration. The presence of functional group (-SO3’) charged with protons can
adsorb multi-valance cations such as Zn?* ions and Mn?* ions and release protons. More

importantly, this process is reversible when the surrounding pH is low’.

4.2 Design of Zn/IER/B-MnO2 Swagelok-type Batteries

Therefore, a Swagelok-type battery containing strongly acidic ion exchange resin is
proposed to regulate the proton distribution in the electrolyte. Fig. 45a shows the design of the
Swagelok-type battery, 2 layers of absorbed glass mat separator containing 120 puL of H2SO4
(pH = 1) solution are selected as the electrolyte near cathode (or catholyte) to provide protons
for conversion reaction (MnO2 — MnOOH) and dissolution reactions (MnO, — Mn?*). 1 layer
of absorbed glass mat separator containing 60 uL of ZnSQO4 solution (2 M) is selected as the
electrolyte near anode (or anolyte) to accomplish the reversible stripping/deposition of Zn
anode. 0.1 g of ion exchange resin is weighed and simply pressed between the separator
containing catholyte and the separator containing anolyte to exchange ions with the electrolytes

(Fig. 45b) by a Swagelok electrode.
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Figure 45. (a) Schematic illustration of the Swagelok-type cell containing ion exchange

resin. (b) A picture of the coated ion exchange resin layer.

4.3 Material Characterization and Electrochemical Performance of Zn/IER/B-MnO2

Swagelok-type Batteries

The assembled Swagelok-type battery is then galvanostatically tested under the current
density of 50 mAg™. The electrochemical window is set from 1.0 V to 1.95 V due to its high
open circuit voltage (Voc ~ 1.95 V). In this section, the material characterization of both IER
and B-MnO2 will be conducted and discussed. Also, the electrochemical performance of the
Zn/IER/B-MnO2 will be shown and compared with conventional Zn/MnQ battery (2M ZnSO4

electrolyte system and 2M ZnSO4 + 0.2 M MnSOQs electrolyte system).

4.3.1 ICP-MS Study of the IER during Cycling

To verify the ability of IER to release and adsorb protons, IER at different voltages
during discharge/charge process is collected and digested with HNO3 for ICP-MS analysis.
From the ICP-MS results (Fig. 46a), during discharge process, the IER adsorbs Mn?* ions and
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Figure 46. (a) The amount of Mn ions and Zn ions in the ion exchange resin during

cycling. (b) Schematic illustration of IER releasing and adsorbing protons.
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Zn?* jons in the electrolyte, indicating the release of protons to the electrolyte; during charge
process, the IER releases Mn?* ions and Zn?* ions to the electrolyte, indicating the adsorption

of protons from the electrolyte. The ion exchange process is shown in Fig. 46b.

4.3.2 Ex-situ XRD Studies of the p-MnO2 Cathode during Cycling

To further study the influence of IER on ZHS growth, ex-situ XRD of the B-MnO-
cathode is performed. Fig. 47a shows the discharge/charge profile with selected voltages for
ex-situ XRD, and Fig. 47b shows the diffraction patterns. After the battery is discharged to
1.325V, diffraction peaks from ZHS cannot be detected by the XRD. This is caused by the
acidic catholyte (H2SO4) and proton-releasing IER. After the battery is fully discharged (1 V),
similar as B-MnOz in 2 M ZnSQOg electrolyte, diffraction peaks of ZHS generate on the cathode.
However, after further charged to 1.55 V, the diffraction peaks disappear, demonstrating that
the generated ZHS during discharge is much less than that in 2 M ZnSOs electrolyte. As a
result, when the conversion reaction and dissolution reaction reversibly happens during charge
process, the protons released are enough for dissolving all the generated ZHS. Since 1.55 V is
a critical voltage where the irreversible reaction between ZHS and Mn?* can happen, the
elimination of ZHS can strongly avoid the generation of ZMO aggregations. Then, during the
further charge-discharge process, ZHS cannot be detected until the voltage reaches 1 V. This

result significantly proves the function of IER in Zn/B-MnO- battery.
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Figure 47. (a) Discharge/charge profile for first 2 cycles of Zn/p-MnQO: battery in

ZnSO4/IER/H2S04 electrolyte (1 V - 1.9 V, 50 mAg?) and chosen states for ex-situ XRD.

(b) Ex-situ XRD of the cathode during first 2 cycles.
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4.3.3 SEM Studies of the p-MnO2 Cathode during the First 2 Cycles

To verify the ex-situ XRD results and observe the morphology evolution of the cathode

material, SEM images are taken for the cathode during first 2 cycles. As shown in Fig. 48a,

2454 55\ .

<

nanowires, ¢/

nanowires .
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Figure 48. SEM images of f-MnO2 Cathode in ZnSO4/IER/H2SO4 electrolyte when (a)
discharged to 1 V at the 1t cycle, (b) charged to 1.55 V at 2" cycle, (c) charged to 1.9 V
at 2" cycle, (d) discharged to 1 V at 2" cycle.
after the battery is fully discharged, ZHS nanoflakes generate on the surface of nanowires.

Importantly, after the battery is charged to 1.55 V (Fig. 48b), no ZHS nanoflakes can be
detected, which strongly agrees with the ex-situ XRD results. Therefore, the irreversible
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reaction cannot happen due to the lack of reactant, and no ZMO aggregations can be detected
when the battery is fully charged. Furthermore, the battery is discharged back to 1 V, showing
intact nanowires with some ZHS flakes.

4.3.4 Electrochemical Impedance of the Proposed Zn/IER/B-MnO: Battery during

Charge Process

To obtain the electrochemical impedance, especially the charge-transfer resistance, EIS is
performed for the proposed Zn/IER/B-MnQO battery during charge process. Fig. 49a shows the
comparison between the proposed Zn/IER/B-MnQO battery and Zn/B-MnO; battery with 2 M
ZnSOq electrolyte. Simply from the comparison, the radius of the half-circle for the battery
with IER is much smaller than that for the battery in 2 M ZnSOs electrolyte, demonstrating
that the battery with IER has much smaller charge-transfer resistance than the battery in 2 M
ZnSOq electrolyte. From the detailed fitting results with corresponding equivalent circuits (Fig.
49b-d and Table 6), Zn/B-MnO- battery in the proposed ZnSO4/IER/H2SO4 electrolyte shows
significant small charge-transfer resistance (<10 Q), which is around 50 times smaller than that
in 2 M ZnSOs electrolyte. Also, even after the battery with IER is fully charged to 1.95 V, the
change of charge-transfer resistance is negligible (5.44 Q to 9.95 Q). This can be ascribed to

the elimination of side products ZHS and ZMO during charge process.

Table 6. The detailed EIS fitting results of Zn/IER/B-MnO: battery during charge process.

Sample Details Re/Ohm Rct/Ohm  CPE-T CPE-P Zw-R/Ohm Zw-T Zw-P

IER-1.5V 22.25 5.438 0.0017919 0.82332 203.2 2.081 0.51323
IER-1.55V 22.06 2.065 0.018021 0.60343 24.09 4.611 0.27334
IER-1.95V 21.87 9.95 0.0064795 0.56966 35.88 8.698 0.31967
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Figure 49. (a) A comparison between EIS results of the battery in ZnSOas electrolyte
and ZnSO4/IER/H2S0O4 electrolyte during charge process. Detailed EIS fitting results of

the Zn/IER/B-MnO: battery during charge process at (b) 1.5V, (c) 1.55V, (d) 1.95 V.
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4.3.5 Galvanostatic Test of the Designed Zn/IER/B-MnO: Battery

The cyclability of the Zn/B-MnO. batteries in 2 M ZnSO4 electrolyte system and
ZnSO4/IER/H2SO4 electrolyte system is shown in Fig. 50a. At a low current density of 50 mAg"
! the proposed Zn/B-MnO; battery with IER can provide a reversible specific capacity of 170
mAhg over 200 cycles, corresponding to continuous discharge/charge for above 1450 hours.
The capacity retention of Zn/B-MnQO> battery with IER after 200 cycles is ~85% and ~83%
higher than that of B- Zn/MnO; battery in 2 M ZnSQs electrolyte and 2 M ZnSO4 + 0.2 M
MnSOys electrolyte, respectively. Also, the columbic efficiency of the Zn/B-MnO. battery in
ZnSO4/IER/H2SO4 electrolyte is improved to be ~99.84%, while the columbic efficiency of
the Zn/B-MnO battery in 2 M ZnSO4 electrolyte and 2 M ZnSO4 + 0.2 M MnSQg electrolyte
is only 98.74% and 98.84%, respectively. The discharge/charge profile for 3" cycle, 30" cycle,
200" cycle of Zn/B-MnO- batteries in ZnSO4/IER/H2S04 electrolyte system is shown in Fig.
50b. Compared with 2 M ZnSOs electrolyte system, the use of ZnSO4/IER/H2SO4 electrolyte
system stabilizes the 2" discharge plateau (from 1.35 V to 1.2 V); even after 200 cycles, the

2" discharge plateau does not experience obvious attenuation.
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Figure 50. (a) Cycling performance of Zn/g-MnQO:2 batteries in 2 M ZnSO4 electrolyte
system (1 V —1.9 V, 50 mAg?) and ZnSO4/IER/H2S04 electrolyte system (1 V - 1.95 V,
mAg™). (b) Discharge/charge profile for 3™ cycle, 30" cycle, 200" cycle of Zn/B-MnO:

batteries in ZnSO4/IER/H2S04 electrolyte system (1 V - 1.95 V, 50 mAg).
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4.3.6 Morphology Overview during Long-term Cycling

To have an overlook of morphology change during long-term cycling, SEM images of

the cathode materials before cycling and after 50 cycles are taken and shown in Fig. 51.

-

* 7 Original., P After 50 cyclesvl

> —

Figure 51. A comparison of SEM images of cathode materials before cycling and after

50 cycles in ZnSO4/IER/H2SO4 electrolyte system (1 V - 1.95 V, 50 mAg™).

As clearly shown in the SEM images, from the original cathode to cathode after 50
cycles, no obvious morphology varieties are observed. The cathode is still composed of
nanowires and no irregular aggregations are detected, which demonstrates the high

reversibility of Zn/B-MnO: batteries in ZnSO4/IER/H2SO;4 electrolyte system.

4.3.7 Lifespan Comparison between the proposed Zn/IER/B-MnO: Battery and Other
Reported Zn/MnO: Batteries

To compare this work with other recently reported agueous rechargeable Zn/MnO;
batteries, information from other literatures including current density, maximum capacity, and

cycle number is collected. Hence, the lifespan range can be calculated and compared with this
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work. Table 7 shows the detailed comparison and calculations, and Fig. 52 is a plot with

maximum lifespan as y-axis.

Table 7. A detailed comparison between this work and other literatures (2018-2021).

Current Maximum Capacity/mAhg'; Cycle Number Lifespan/hours reference
Density/Ag™! retention

4 121; 95% 4000 230-242 22

0.3 382;95% 100 242-255 34

0.6 388; 88% 500 568-647 40

0.2 293; 99% 160 464-469 42

1.848 200; 98% 3000 636-649 47

0.1 256; 100% 50 256 77

0.3 130; 100% 400 347 78

0.7 203; 89% 600 309-348 79

3.08 100; 93% 2000 121-130 80

0.05 195; 87% 200 1450 This work

(Note: The calculations of lifespan ranges (in hours) are shown as followed:

maximum value of lifespan = 2 xmaximum capacity/current density ><cycle number;

minimum value of lifespan = 2 xminimum capacity/current density ><cycle number.)
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Figure 52. A comparison of maximum lifespan between other rechargeable aqueous

Zn/MnO: batteries reported during 2018-2021 and this work.

4.3.8 Reaction Mechanisms of the Proposed Zn/IER/B-MnO:2 Battery

The reaction mechanisms of the proposed Zn/MnO; battery with IER are shown by the
schematic diagram (Fig. 53). As mentioned in section 3.1, protons can insert into the tunnel
structure of B-MnO. to promotes the conversion reaction (MnO, — MnOOH) and the
dissolution reaction (MnO2 — Mn?*) during discharge process. The consumption of protons

increases the pH of the electrolyte, which forms ZHS in 2 M ZnSQ; electrolyte. When the
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Figure 53. Schematic energy storage mechanisms for the proposed Zn/g-MnO:2 battery

with ZnSO4/IER/H2S0O4 electrolyte.

ZnSO4/IER/H2SO4 electrolytes are introduced into the system, the increased pH and increased
number of multivalent cations (Zn?*, Mn?*) in the electrolytes can cause the adsorption of
multivalent cations (Zn?*, Mn?*) and release of protons. These protons can buffer the pH in the
electrolyte and reduce the amount of ZHS generated. In this case, after the battery is further
charged to 1.55 V where it undergoes part of the conversion reaction (MnOOH — MnQ3), the
generated ZHS is completely removed, and the irreversible reaction which forms ZMO
aggregations is inhibited due to the lack of reactants. Importantly, after the battery is further
charged, the completion of conversion reaction (MnOOH — MnO>) and deposition reaction
(Mn?* — MnO) causes the reduction of pH in the electrolytes and the concentration of

multivalent cations (Zn?*, Mn?*) in the electrolytes. Consequently, the IER is regenerated by
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adsorbing protons in the electrolytes and release multivalent cations (Zn?*, Mn?*), which

ensures that IER can sustainably provide protons during discharge process.

4.4 Conclusions

As a conclusion, because the capacity loss is caused by a gradual phase transformation
from MnO into lowly crystallized aggregations, which is initiated from an irreversible reaction
between Mn?* ions and ZHS during charge process, strategy regarding to regulating proton
distribution is proposed via introducing an IER layer between the catholyte (H2SO4) and the
anolyte (ZnSQOa4). The use of strongly acidic cation exchange resin successfully suppresses the
growth of ZHS and hence inhibits the irreversible reaction. Specifically, the sulphonate groups
in the ion exchange resin adsorbs Zn?* ions as well as Mn?* ions and release protons during
discharge process; moreover, they release Zn?* ions as well as Mn?* ions and adsorb protons
during charge process. The reversible ion exchange process realizes the regulation of proton
distribution in the electrolyte and eliminates ZHS when the battery is charged over 1.55 V
where the irreversible reaction happens. Therefore, the irreversible reaction which generates
ZMO aggregations is inhibited due to the lack of reactants, and the Zn/MnO; battery achieves
a high reversibility. At the current density of 50 mAg, the capacity retention of Zn/B-MnO-
battery with IER after 200 cycles (> 1450 hours continuous discharging/charging) is ~85% and
~83% higher than that of Zn/B-MnO; battery in 2 M ZnSQg electrolyte and 2 M ZnSO4 + 0.2
M MnSQs electrolyte, respectively. Moreover, the average coulombic efficiency is improved
from ~98.74% (2 M ZnSO; electrolyte) or ~98.84% (2 M ZnSO4 + 0.2 M MnSO4 electrolyte)

to ~99.84%. Therefore, besides pre-adding Mn?* ions in the electrolyte, we expect that
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regulating proton distribution is a promising and efficient method to improve the cyclability of

Zn/MnO: battery.
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Chapter 5: Summary of The Thesis and Recommended Future Work

In Chapter 1, the history of rechargeable batteries are firstly introduced. From the 1%
generation of rechargeable batteries (lead-acid batteries) to the most updated lithium-ion
batteries, the performance of rechargeable batteries is significantly improved, regarding to
improved energy density and enhanced cycling performance. However, the safety issue of
lithium-ion batteries urges researchers to find the next-generation batteries. Aqueous
rechargeable zinc ion battery (ARZIB) is a promising candidate of the next-generation batteries
because of its superior safety (aqueous electrolyte) and huge potential (high capacity of Zn
metal and relatively low reduction potential). In ARZIBs, seeking for a proper cathode material
is the most important project. MnO>, as a low cost, nontoxic, and high theoretical capacity
material, attracts much attention from researchers, which also motivates us to do research on
MnO; cathode. However, Zn-MnQO; batteries still suffer from many issues. The issues are
mainly focused on the unclear energy storage mechanism, the controversial topics on the
widely used Mn?* additives, and the low cycling performance under small current density.

These are also questions that we are committed to address in this thesis.

Chapter 2 is a brief introduction to all material characterization techniques and
electrochemical methods used in this thesis. Basically, their working principles and

specifications are introduced.

Chapter 3 is the critical discovery on the mechanism of Zn-MnO: batteries. Basically,
it is demonstrated that the dissolution reaction happening during discharge process is

practically the major reaction in Zn-MnO- batteries, which is different from previous reports
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considering dissolution as side reaction. More importantly, the dissolution reaction itself is
actually not the reason for capacity fading. The side products ZHS and dissolved Mn?* ions
are the root causes of irreversibility. During charge process, these two side products can react
to form ZMO irregular aggregations, which not only increases the charge-transfer resistance

in the whole battery, but also causes irreversible phase conversion.

Based on the mechanisms, Chapter 4 gives an efficient solution. Considering Mn
dissolution is difficult to suppress, the main work is on controlling/regulating proton
distribution to suppress the growth of the other side product, ZHS. Interestingly, when strongly
acidic IER is applied in the battery, pH can be practically regulated, and ZHS is eliminated at
the critical voltage where the irreversible reaction happens. Therefore, the proposed battery
with IER layer achieves much higher capacity retention than the battery with conventional
ZnSOs electrolyte and the battery with Mn?* additives. Since the adopted current density in
this thesis is much lower than that in most mainstream literatures and the cycle number is
considerable, it is believed that regulating proton concentration is an efficient method to

improve cycling performance in Zn/MnQO batteries.

It is strongly suggested that the future work of Zn/MnQO; should be committed to
regulate the proton distribution/concentration in the electrolyte. Many chemicals containing
sulfonic group are worth trying, such as sulfanilic acid and methanesulfonic acid. Also, based
on the battery design in this work, different types of strongly acidic cation exchange resin can

be tried.
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