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Abstract

The global energy crisis and greenhouse effect have become important problems in
the 21% century, and researchers have paid attention to renewable energy, including hydro,
wind, solar and nuclear energy sources. However, some of them are not always available.
Energy storage systems become critical for their availability, and batteries are most
commonly used to this end. Although lithium-ion batteries take up most of the portable
battery market, it still has safety, cost, and environmental concerns. A battery with high
energy density, high safety, cost efficiency, and environmental friendliness is strongly in
demand. The aqueous rechargeable Zn-MnO2 battery has attracted many researchers’
attention due to its high energy density, high safety, low cost, and low toxicity. However,
the cycling performance of this battery is not very satisfactory because of the Mn
dissolution problem. Therefore, two effective strategies were proposed and conducted in
this project to overcome the Mn dissolution issue and improve the electrochemical

performance of the battery.

First, the e-MnO2 material was synthesized by an innovative, safe, and cost-effective
co-precipitation method. Compared to the commercial MnO2 material with poor
electrochemical performance and the MnO: material synthesized by dangerous
hygrothermal methods in labs, this new co-precipitation method is simple, safe, and cheap.
More importantly, the e-MnO2 material exhibits an excellent specific discharging capacity

of 330 mAh/g at 50 mA/g when applied in the aqueous rechargeable Zn-MnO: battery.



However, the cyclability of the battery is not outstanding with only 20 cycles at 50 mA/g

and 200 cycles at 500 mA/g at 80% capacity retention.

To improve the battery’s cycling performance, gelatin was coated on top of the -
MnO2 cathode by spin coating. Gelatin can confine Mn?* near the cathode through
hydrogen bonding and van der Waal’s force, thereby effectively controlling the Mn
dissolution and improving the battery cyclability to 1000 cycles with 80% capacity
retention at 500 mA/g, which is a remarkable improvement in the cycling performance of

the aqueous rechargeable Zn-MnO: battery.

Another strategy was conducted to improve the battery cyclability. Since PEDOT:
PSS is a highly conductive polymer with negatively charged deprotonated sulfonyl group,
it could attract Mn?* through ionic interactions, which can regulate the Mn dissolution
problem. Benefiting from the PEDOT: PSS coating on e-MnO2 cathode, the battery showed
a good cycling peroformance of 250 cycles at 500 mA/g and 50 cycles at 50 mA/g with
both 80% capacity retention.

These strategies have increased the cyclability of the aqueous rechargeable Zn-MnO:2
battery up to 1000 cycles with 80% capacity retention, which is a dramatic enhancement
of the cycling performance. They not only opened new ways for other researchers to further
develop the battery performance, but also accelerate the application progress of aqueous

rechargeable Zn-MnO: batteries.
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Chapter 1: Introduction

1.1 Introduction

The energy crisis has become one of the most important, necessary and urgent
problems for humanity in the 21% century, and people have paid more and more attention
on the renewable energy now.! As shown in Figure 1, it is a report from the International
Energy Agency about electricity generation mix in advanced economies from 1971-2019.2
The usage precents of three main non-renewable energy: coal, oil, and gas has relatively
decreased from 1970-2019 while the usages percent of renewable energy has increased.
Nowadays, the most widely used renewable energy are hydro energy, wind energy, solar
energy, and nuclear energy. However, some of them may not be always available and
stable. For example, the electricity produced from wind and solar energy depends on the
weather, and the hydro energy depends on the season and weather. Therefore, in order to
obtain stable and continuous electricity generated by renewable energy, energy storage
systems have become the key part of the whole process. With a stable electricity supplier,

people could use it anytime and anywhere without being restricted by nature or weather.
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Figure 1 Electricity generation mix in advanced economies, 1971-20192

The emerging energy storage systems include batteries, fuel cells, supercapacitors,
pumped hydro storage and thermal energy storages, etc.> Among these energy storage
systems, batteries are the most commonly used ones in the daily life, and they could be
found in cellphones, laptops, electric vehicles and even power stations. Therefore,
conducting research in the field of batteries could be very critical and beneficial for
humanity.

A battery is a device that can convert chemical energy directly into electricity by redox
reactions, and it is consisting of three main components: cathode, anode and electrolyte.*
The reduction reaction occurs at cathode and it receives electrons while the oxidation
reaction takes place at anode and it donates electrons. The electrolyte is the ionic conductor,

and it provides the medium for charge transfer between the cathode and anode.*



Batteries can be classified into primary batteries and secondary batteries.® The
primary batteries couldn’t be recharged once depleted, and commonly used primary
batteries are Leclanché batteries, alkaline batteries and zinc air batteries, etc.* They are
simple, cheap and convenient, and have a wide variety of applications, but could not be
recharged. Moreover, the recycle and pollution problems also limit their further
development. Afterwards, another type of batteries become popular because of their
rechargeability, and these are secondary batteries. Lead-acid batteries, nickel cadmium
batteries (NiCD), nickel-metal hydride batteries (NiMH), and lithium-ion batteries (LI1B)
are all widely used secondary batteries in the market. They could act as energy storage
systems and have wide applications in electronic devices and even electric vehicles.

As shown in Figure 2, it is a report of the worldwide battery market from 1990 to
2018.% The figure shows an increasing demand of the whole battery market since 1990.
More specifically, lead-acid batteries are the most widely used rechargeable batteries to
date around the world, and lithium-ion batteries market is increasing rapidly. The nickel
cadmium and nickel-metal hydride batteries demand does not have significantly change
these years compared to other batteries. Other new types of batteries also appear in the
market, such as flow batteries and sodium—sulfur batteries (NAS). These batteries have
played important roles in the market, and they are changing people’s lifestyle as well.

However, they both have advantages and limitations.
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Figure 2 Worldwide battery market 1990-2018°

Lead-acid battery was first invented by Gaston Planté in 1859.” 150 years
development let it become the most widely used rechargeable battery in the world.® The
cathode material is lead dioxide (PbO2) while the anode material is lead (Pb), and the
electrolyte is diluted sulfuric acid (H2SOa4). During the discharge process, the cathode and
anode will both react to form lead sulfite (PbSOa4). Moreover, the battery chemistry during
the whole discharging and charging process are also shown in Figure 3. The overall
discharge reaction is shown below.

PbO, + Pb + 2H,S0, = 2PbSO, + 2H,0

Lead-acid battery has proven to be low-cost, recyclable, easy to manufacture and good
high-rate performance.® It has a wide application in automobiles, electric vehicles, energy
storage system, uninterrupted power supply systems, and industry.* However, it has a low

energy density and relatively low cycle life. Long-term storage in a discharged state leads
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to sulfation of the battery, causing irreversible damage.® These problems limit its further

development in portable devices applications.

(P
- ©
PbO; & 'I Z
\'\, Y - Cathode (+)
ZPbOg
Py | Anode (-)
/ :Pb
PBSO, ot 'g == 2H,0 Electrolyte
-— : \___/ -/ -/ -~ :H,S0,
(a) (b) ()

Figure 3 Lead-acid battery chemistry: (a) during discharging, (b) during charging, and (c)
battery prototype®

Nickel cadmium battery was invented by Waldemar Jungner in 1899.# It is one of the
most common rechargeable batteries, and it has been classified into small consumer cells
and large industrial batteries.'® The cathode material is nickel oxide hydroxide (NiOOH),
the anode material is cadmium (Cd), and the electrolyte is usually an alkaline electrolyte
(such as potassium hydroxide, KOH). The overall discharge reaction is listed below.

2NiOOH + Cd + 2H,0 = 2Ni(OH), + Cd(0H),

Nickel cadmium battery has various applications in cordless electric utensils, cordless
telephones, airplane engine starters, and communicational distribution systems.20 It has a
long cycle life, rapid recharge capability, good low-temperature and high-rate performance
capability, and safety vent system.* However, it also has some limitations. It has a higher

cost, poor charge retention, and lower capacity than other competitive batteries.* Moreover,



due to the use of cadmium, it can pollute the environment and may have serious effect on
human health.'* Therefore, these limitations dramatically weaken its application and
competitivity.

Nickel-metal hydride battery has been widely used since its invention in the 1970s.?
During the discharge process, the cathode material metal hydride (MH) will be oxidized
to the metal alloy, and the anode material nickel oxyhydroxide (NiOOH) will be reduced
to nickel hydroxide (Ni(OH)z). The battery chemistry and prototype are also shown in
Figure 4 below. The overall discharge reaction is shown below as well.*

NiOOH + MH = Ni(OH), + M
Nickel-metal hydride battery exhibits many advantages, including high energy and
power density, high current charge and discharge capability, long cycle life, abuse
resistance, environmental friendliness, and good safety.**? However, it also shows some
disadvantages, such as higher cost than lead acid battery and decreased performance at low
temperature.* Moreover, there is no significant performance enhancement of it for many

years.'2 These features limit its further development.
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Figure 4 Nickel-based battery chemistry: (a) during discharging, (b) during charging, and (c)
battery prototype®

Lithium-ion battery (LIB) could be found almost everywhere in people’s daily lives.
It exists in cellphones, laptops, and even electric vehicles. About 30 years ago Sony Co.
commercialized the world’s first lithium-ion battery.'® The cathode materials have been
developed and modified since the LIB was first invented. TiS2, MoSz, LiCoO2, LiMnOz,
LiFePOs, and LiNixCoyMn(-x-y)O2 are all promising candidates during the development
process.'># For the anode research, the carbon-based anode is considered the most
promising one because it is reversible with a high capacity (372 mAh/g) and a low
reduction potential.** The electrolyte is the key component of the LIB. Today’s state-0f-
the-art electrolyte is made of lithium hexafluorophosphate (LiPFs) dissolved in a mixture
of cyclic carbonate and linear carbonate.’®> Moreover, the battery chemistry of the
discharging and charging process is shown in Figure 5 below, as well as the cylindrical

view of the LIB. For example, the overall charge reaction is listed below for C/LiCoO2



battery. The cathode material LiCoO2 will be oxidized to Lia-x)CoO2, and the anode
material carbon will be reduced to LiCe.*®
LiCo0, + 6C = Liy—C00, + Li,C,

Lithium-ion battery has wide applications in portable devices and electric vehicles. It
has a high energy density, high columbic and energy efficiency, high-rate and high-power
discharge capability, rapid charge capability, and long cycle life.* However, it still has
some limitations. More specifically, it has a safety concern due to its low thermal-abuse
tolerance of electrodes and electrolyte.!” The extreme conditions such as overcharging,
external or internal short circuiting, and high-temperature thermal impacting will cause
temperature increase inside the battery and may result in thermal runaway, fire or even
explosion.t”'® Therefore, the effective control of safety issue becomes very critical in LIB

systems.
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Figure 5 Lithium-ion battery chemistry: (a) during discharging and charging, and (b)
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Therefore, after reviewing various types of batteries on the market, safer, cheaper, less

toxic, and high-energy density batteries are in high demand now and in the future.

1.2 Aqueous Rechargeable Zinc lon Batteries (ARZBs)

Aqueous zinc batteries (AZBs) have a long history of development and
commercialization.® They are initially researched and developed as a primary cell in 1799
by Alessandro Volta.?° Afterwards, making AZBs rechargeable have also been a century-
long effort since Edison’s invention of the rechargeable zinc-nickel (Zn-Ni) battery system
began in 1901.4% In the 1970s and 1980s, many studies were reported on understanding
the battery mechanism and improving the reversibility of Zn anode and various cathodes.??
Although these attempts did not successfully make AZBs rechargeable in practical, but
they open a good start for the fundamental understanding of battery mechanism.®
Recently, rechargeable AZBs have been well and further developed by modifying
electrode, changing electrolyte with the fundamental understanding of batteries
mechanism.?*2* Then, they become the aqueous rechargeable zinc ion batteries (ARZBS).
A schematic of the chemistry inside ARZBs is shown below in Figure 6. The specific

mechanism will be discussed in later section.



Figure 6 A Schematic of the chemistry inside ARZBs*»

ARZBs are consist of common components like all other batteries, including cathodes,
anodes, electrolyte, current collectors, separators, and packing cases.’® However, metal
zinc anode and water electrolyte have significant advantages in terms of energy, power,
safety, cost, and environment.® More specifically, ARZBs have attracted many
researchers’ attention due to the high capacity of zinc (820 mAh/g), low reduction potential
(-0.76 V vs. standard hydrogen electrode), high abundance, high safety, high environmental
friendless, low cost, and impressive electrochemical stability in water due to a high

overpotential for hydrogen evolution.?*

One of the main advantages of ARZBs compared to LIBs is that ARZBs are highly
safe. The electrolyte of ARZBs usually consists of aqueous inorganic solutions, such as
ZnS0a4, which makes the interior of the battery a non-flammable environment, thus greatly

reducing the probability of fire or exploration. However, most of lithium-ion batteries have

10



organic flammable electrolyte, which can cause safety concerns.?® Therefore, ARZB has a

lower safety risk, and it is a better candidate for safety-first battery requirements.

Another advantage is from the zinc because zinc has a high abundance on earth
compared to lithium and other common battery anode materials. According to the
abundances of chemical elements in the earth’s crust study by A.A. Yaroshevsky in 2005,
the zinc and lithium element in earth’s crust are 8.3x10° wt% and 3.2 x 102 wt%,
respectively.? Therefore, zinc is a highly abundant element and will have a better price

advantage than lithium, thereby reducing the battery cost.

Moreover, zinc is more environmentally friendly than most of battery materials.
Compared with lead, lithium, magnesium, and cadmium, zinc is a nontoxic resource,?®
which has less effect on the environment and organisms on earth. Therefore, zinc is a very
low toxic and environmental friendly element,?” making it an excellent candidate for

battery materials.

These advantages make ARZB a promising candidate in highly safe, low cost, and

environmentally friendly rechargeable batteries.

1.3 Cathode materials for ARZBs

Cathode is one of the most important components of a battery system. During the
discharge process, positive ions (e.g., Zn** in ARZBs) intercalate into the cathode and
generate electrons, which is the most critical process for obtaining an efficient battery
system.?* It is essential that cathode has a stable structure and is easy for Zn?* to enter or

leave into its structure, which is the main concern for finding a high-performance cathode

11



material. Therefore, many studies have been done to find the best cathode material for
ARZBs. Developments and research have been widely applied to manganese-based

materials, vanadium-based materials, Prussian blue analogues, and organic materials.?®

Manganese-based materials contain tunnel-based MnO2 polymorphs (a-MnOz2, B-
MnO2 and y-MnO2), layer-based MnO2 polymorphs (5-MnO2) and spinel-based MnO2
polymorphs (A-MnO2 and Mns04).24?8 More discussion about their structures and
properties will be elaborated in the next section. Vanadium-based materials include V20s,
NaV30s, and Zno.2sV20s-nH20, etc.?* Prussian blue analogues (PBAS) are represented by
the formula AxM1[M2(CN)e]y-nH20, and it has a face-centered cubic structure. (A)
represents mobile alkaline metal ions, and the two metal ions (M1 & M2 = Mn, Fe, Co, Ni
and Zn) are linked together by cyanide (CN) ligands.?® Common organic materials are

calix[4]quinone, polyanilinecalix (PANI), and poly(benzoquinonyl sulfide) (PBQS), etc.?

a_ 50 b '+ moderate disch fials ) ; i
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Figure 7 a) Ragone plot of typical representative cathode materials for AZIBs. b) Comparison

of the main cathode families in benefits (black) and limitations (red)?
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Figure 7 shows the energy density, power density, benefits, and limitations of these
four types of cathodes. According to the Ragone plot in Figure 7 (a), manganese-based and
vanadium-based cathode batteries have higher energy and power density compared to
PBAs and organic cathode, especially for the manganese-based cathode batteries, that is

also the reason why they are widely developed and studied recently.

A summary table of electrochemical performances of various cathode materials for
aqueous zinc-ion batteries is also shown in Table 1 below. It summarizes the potential
range (V) and initial discharging capacity (mAh/g) of batteries with different cathodes and
electrolytes at various current density. The Mn-based and V-based materials show higher
capacity than PBAs and organic cathode in general, which is their advantage and could

also be the reason why researchers are studying them.

However, all of them have advantages and limitations. A summary of the benefits and
limitations of these four types of cathodes is shown in Figure 7 (b) above. Mn-based
cathodes have moderate discharge potential, good rate and cycle ability, and higher energy
density, but it suffers from manganese dissolution into electrolyte, and there are various
mechanism explanations.?® V-based cathodes have higher power density and excellent
cycling performance, but they have lower operation voltage and specific capacity with
various mechanisms. PBAs can provide high operation voltage, but the poor cycling
performance, low columbic efficiency, and limited specific capacities limit its further
development.?® Recently, organic cathodes have remarkable performance in cycling
performance due to their structural diversity, but the high dissolubility and resistance need

to be further investigated.3°
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Table 1 Summary of electrochemical performances of various cathode materials for

aqueous zinc-ion batteries?

Initial discharge

Current density

Cathode material Electrolyte Potential range (V)  capacity(mAhg') (mAg)
MnoO, ZnS0O, 1.0-1.9 187 100
2-MnO, Zn(S0,), + MnSO, 0.8-1.9 405 150
2-MnO, ZnSO, 1.0-1.8 233 83
2-MnO,@C ZnSO, 1.0-1.8 272 66
4-MnO,/CNT ZnSO, + MnSO, 1.0-1.9 665 100
Y-MnO, ZnSO, 1.0-1.8 285 50
f-MnO, ZnSO, 1.0-1.8 270 100
3-MnO, ZnSo, 1.0-1.8 122 83
A-MnO, ZnSO, + MnSO, 0.8-1.9 122 100
Todorokite MnO, ZnSO, 0.7-2.0 98 50
Mn,0, ZnSO, + MnSO, 1.0-1.9 78 100
Mn;0, ZnS0O, 0.8-1.9 232 200
NaMnO, Zn(CH;C00), + CH;COONa 1.0-2.0 60 120
ZnHCF ZnS0O, -0.2to 1.2 73.7 300
ZnHCF@MnO, ZnSo, 1.4-1.9 118 100
CuHCF ZnSO, 0.0-1.1 56 20
NiHCF Zn(ClO,), in acetonitrile 0.6-1.8 55.6 60
7Ny 25V,05-nH,0 Znso, 0.5-1.4 282 300
Cag.25V,05-nH,0 ZnS0, 0.6-1.6 340 60
CaVg0,6°3H,0 Zn(CF;S03), 0.2-1.6 367 50
Mgy.3:V,05 - nH,0 353 100
LiV,05-nH,0 ZnS0O, 0.4-1.4 407.6 1000
H,V;04 Zn(CF;503), 0.2-1.6 423.8 100
H,V;0g4/graphene Zn(CF;503), 0.2-1.6 394 100
V,0;-nH,0/graphene Zn(CF,S0,), 0.2-1.6 381 60
V,0; Znso, 0.4-1.4 224 100
V,0;5 LiTFSI/Zn(CF;3S0;), 0.2-1.6 238 50
VeOy3-nH,0 Zn(CF;503), 0.2-1.4 395 100
NH,V,0,0 Znso, 0.4-1.4 380.3 100
Zn,V,0; Znso, 0.4-1.4 248 50
Zn;V,05(OH),-2H,0 ZnS0, 0.2-1.8 213 50
NaV,;04-1.5H,0 ZnS0,/Na,S0, 0.3-1.3 380 50
VO, Zn(CF;S0;), 0.7-1.7 265 100
VO,(B) Zn(CF;S0;), 0.3-1.5 357 100
rGO/VO, Zn(CF;503), 0.3-1.3 276 100
Vs, ZnSO, 0.4-1.4 190.3 50
Na;V,(POy); Zn(CH;C00), 0.8-1.7 97 50
Na;V,(PO,),F;@C Zn(CF;503), 0.8-1.9 75 80
MogSg ZnSO, 0.25-1.0 79 45
ZnMo,Sg ZnS0O, 0.25-1.0 57 128
Calix[4]quinone Zn(CF;S0;), 0.2-1.8 335 20
1,4-Bis(diphenylamino)benzene LiTFSI/Zn(CF;3S0;), 0.6-2.0 125 26
P-NiC0,0,_, KOH + Zn(CH,C00), 1.4-2.0 309.2 6000
MoS, . nanosheets Zinc trifluoromethanesulfonate 0.2-1.2 128.23 100
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1.4 Zn-MnOz system

Manganese dioxide cathode has been widely studied and developed in ARZBs system
because of its high specific capacity, high abundance, low cost and environmental
benignity.'®3! The MnO: has various polymorphs with different structure and properties,
and they could be classified into three types: tunnel-based, layer-based, and spinel-based
MnO2.2* Tunnel-based MnOz polymorphs have many types with different tunnel size, such
as a-MnOz, B-MnOz, and y-MnOz. a-MnOz s a hollandite-type MnO2 with 2x2 tunnel, -
MnO: is a pyrolusite-type MnO2 with 1x1 tunnel, and y-MnOz2 consists of both 1x1 and
1x2 tunnels.?* These tunnel structures allow Zn?* intercalation /deintercalation during the
discharge/charge process, which is the main reaction and contributes most to the capacity
of the battery.3! The layer-based MnO:2 polymorph is 8-MnOz, which is formed by
arranging MnO2 octahedra into sheets through edge sharing. The spinel-based hausmannite
structure A-MnOz2 doesn’t have tunnels or layers, instead it has a close packed structure
where tetrahedral and octahedral sites are occupied by Mn?* and Mn3®". The crystal

structures of these polymorphs are shown below in Figure 8.
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Figure 8 Crystal structures of a-, -, y-, A-, and 8-MnQO2?®

1.4.1 Storage mechanism of aqueous rechargeable Zn-MnO: battery system

The mechanism of the aqueous rechargeable Zn-MnO:2 battery has been investigated
by many researchers, however the mechanism is complex and still inconclusive. Three
types of energy storage mechanism were commonly reported, consisting Zn?* intercalation
/deintercalation into/from MnQ2,253233 transformation between MnO2 and MnOOH,?33!
and co-intercalation of Zn?* and H* into MnO2.33 The Zn?* intercalation /deintercalation
reaction function is shown below.3* After intercalation, the cathode will become ZnxMnOz,

and there will be 2x electrons gained by the cathode during the reaction.

MnO, + xZn?* + 2xe” 2 Zn,MnO0,
The transformation reaction between MnO2 and MnOOH is also shown below.3* The

MnO:2 will gain one electron and react with one proton to form MnOOH.
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MnO, + H* + e~ = MnOOH
The third type of reaction is shown below as well. The H* leads to the Mn?*
dissolution, and the increased OH- forms a complex compound Zn4(OH)s(SOa) - 5H20.3!
3MnO0, + 8Zn?* +2 S0~ + 16 H,0 4+ 6e~ —» 3Mn2* + 2Zn, (OH)4(S0,) - 5H,0 |
The anode reaction is that zinc loses two electrons to form Zn?*, and the reaction
function is shown below:

In=7n%*t 4+ 2e”

D1: MnO, + 4H" + 2e~ > Mn?" + 2H,0 D2: MnO, + H* + e = MnOOH D3: MnO, +0.5Zn?" + e~ - Zn, sMnO,
N MnOOH ¢ MnOOH ¢
3 P -
/7 2:12*
v Mntegd — — +
Zn** o+ > Zn? e > Zn?* #‘

ZnSO, + MnSO, ZnS0, + MnSO, H’

Figure 9 Schematics and energy storage mechanisms of Zn/MnQ; battery®

There is also a study done by Qiao et al. in 2019.3% As shown in Figure 9 above, they
illustrated the rection mechanism at different discharge voltage. The D1 region is between
20Vand 1.7V,D2is1.7Vto 1.4V, and D3 is 1.4V to 0.8 V. At different voltages, the
reaction mechanism varies. In D1 region, the Mn?* dissolution reaction is the main
contributor to the capacity. In D2 region, the formation of MnOOH contributes most to the
capacity. In D3 region, the Zn?* intercalation /deintercalation reaction is the main reaction.

Therefore, the specific reaction mechanism needs to be further investigated in
different Zn-MnO2 system and conditions, and researchers need to pay more attention when

doing research at various voltage, current, electrolyte, and phases of MnO:a.
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1.4.2 Advantages and limitations of aqueous rechargeable Zn-MnO: battery system

The aqueous rechargeable Zn-MnO: system has attracted many researchers’ attention
and been widely developed because of its high theoretical capacity, high safety, high
abundance, low cost, and environmental friendliness. The battery capacity could be
calculated by Faraday’s law, and the calculation process of the theoretical capacity of Zn
and MnO:z is shown below separately. The n represents for the moles of electrons of half
reaction, F is the Faraday constant (96,485 C/mol), and Mw is the molecular mass of the

cathode or anode material.*

.
Q = 3500 x pw A9
o F AR 2><96485% 520 mat)
= = = 820 mAh/g
3600 x Mw g 36003 x 65.38—L
h mol
mou e W F An 1x96485 Am—'(j —
n0,,1e™) = -— = - m 9
2 3600 x Mw g 36003 x 86.94 -
h mol
om0 20y M 2 ><96485Am—'0? 616 man/
n0,,2e”) = —= - man/g
2 3600 X Mw g 3600%x 86.94%

Therefore, the maximum theory capacity of the Zn-MnO:2 battery is 616 mAh/g if the
cathode MnO2 only have two electron transfer reaction. In reality, the cathode usually has
different reactions with charge transfer of both 1 e~ and 2 e, so the theoretical capacity will
be generally between 308 mAh/g and 616 mAh/g, which is a relatively high theoretical

capacity compared to other batteries in the market.
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The aqueous inorganic electrolyte of the Zn-MnO: battery makes it much safer than
other organic flammable electrolyte batteries, such as most of lithium-ion batteries.
Moreover, the zinc and manganese dioxide are both high abundant, low cost, and
environmentally friendly compared to other electrodes.®® These advantages make the

aqueous rechargeable Zn-MnO: battery system more competitive in the battery market.

However, the agueous rechargeable Zn-MnO: battery usually suffers from the Mn
dissolution and zinc dendrites formation problems during the charge/discharge
process.?”36-40 More specifically, during the cycling process, there will be some structural
conversion and disproportionation reaction of the Mn cathode, which could cause the
contraction of both the capacity and the cycling performance.*! At first, the MnO2 will react

with H* to form Mn?*, a reaction equation is shown below.

MnO, + 4H* + 2e~ = Mn?* + 2H,0

This reaction will cause pH increase, and then the OH- will combine with Zn?* and
H20 to form a precipitation of zinc hydroxide sulfate (Zns(OH)s(SO4)-xH20),* which can
decrease the cyclability of the whole system.

47n**t + 50 + (x + 6)H,0 > Zn, (OH)4(S0,) - xH,0 L +6H*

Another common problem in ARZBs is the zinc dendrite formation during the cycling
process. Since commercial Zn foil is generally used directly in experiments, the zinc
surface will have small protuberances that could be charge centers, accumulating charges
and causing dendrites to grow on the surface.*® Even though the zinc surface is smooth by
treatment, there are still some defects on the surface of the zinc foil during the non-

homogeneous zinc stripping and plating reactions,® which may prick the separator and
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cause a short circuit.** Figure 10 elaborates the formation and growth mechanism of zinc
dendrites in ARZBs. After the continuous formation and growth of zinc dendrites, the
separator may be stabbed by zinc dendrites in the end. In addition, some side reactions may
occur during the cycling process, such as the evolution of Hz and the formation of inactive
substances, which can reduce the electrochemical kinetics of ARZBs and cause capacity
decay.® Strategies to overcome these problems will be discussed in the next section.
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Figure 10 The formation and growth mechanism of zinc dendrites in ARZBs*

1.4.3 Strategies to overcome limitations of aqueous rechargeable Zn-MnO: battery

system

Many attempts have been tried to overcome the Mn dissolution and zinc dendrites
formation problems as shown in Figure 11 below. For example, the Mn dissolution problem
could be controlled by designing and changing the structure of cathode, surface coating on

cathode, and adding additives into the electrolyte.** The MnO: cathode structure might
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change during the cycling process, so a stable and reliable MnOz2 tunnel structure is very
critical for a long cycle-life battery. Liang et al. reported a method of adding K* into MnOz2
tunnel to form Ko.sMnsO1s, which can bind to Mn polyhedrons and effectively inhibit the
Mn dissolution.*® A high energy density of 398 Wh/kg and a long cycle life of 1000 without

significant capacity fading were obtained, offering great potential for ARZBs.

Surface coating is also a very effective method to control the Mn dissolution because
it could stabilize the cathode structure and provide a protective layer for active material in
battery systems. For example, Wu et al. published a graphene scroll coated MnO: cathode
in 2018, and this approach greatly reduced the dissolution of cathode and improved the
electrical conductivity and capacity of the system.*” More specifically, the battery can
deliver a high capacity of 362 mAh/g at 0.3 A/g after 100 cycles, and it also showed
excellent cycling performance of 3000 cycles with 94% capacity retention, which is a great

improvement for ARZBs.*’

Another efficient way to manage the Mn dissolution is to add additive ions into the
electrolyte. The most common method is to pre-add Mn?* into the electrolyte to stabilize
the crystal structure of MnO2 and limit the Mn vacancies during the Zn?* insertion process,
which is because excessive Zn?* ion insertion can lead to poor capacity retention and
instability of the crystal structure.*® Pan et al. reported a method in 2016 of adding MnSO4
into the electrolyte, and the battery capacity can keep 92% after 5000 cycles, which is a
highly reversible ARZB system and it provides great potential for the further development

of ARZBs.23
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Figure 11 Challenges and optimization strategies in aqueous ZIBs system*

The zinc dendrites formation issue could be solved by surface modification of the zinc
foil, structure optimization of the anode, and modifying the electrolyte by adding other
metal ions.** Surface modification method is a common method to control the zinc dendrite
formation. Carbon black, nanoporous CaCOs,and TiO: are all effective surface coating to
obtain flat nanocrystal deposited layers instead of coarse crystals or zinc dendrite
growth.36414% For example, Wang et al. reported a carbon black coating method on zinc
foil in 2020, which could significantly improve the cyclability to 1000 cycles with 87.4%
capacity retention compared to 42.6% capacity retention without surface modification.3®
Another example is that Zhao et al. addressed a ultrathin TiO2 coating on zinc in 2018. The
coating layer acts as a stable passivation layer to avoid direct contact between the zinc foil

and the electrolyte, thus controlling the zinc dendrites growth and Hz evolution. As a result,

the batter cyclability was improved to 1000 cycles with 85% capacity retention.*®
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Structural optimization of the Zn anode is also an effective and popular way to control
the zinc dendrites growth. Among them, designing 3D electrode is the most common
method because it can provide a higher surface area, more active sites for ions, and enhance
the permeability of the electrode.>® More specifically, carbon cloth deposition, graphite felt
wafers, and porous copper skeleton are all efficient designs. For instance, the 3D porous
copper skeleton zinc anode showed increased energy and power density, fast
electrochemical kinetics, and improved cycling stability, which exhibited a high capacity
of 364 mAh/g.5!

Electrolyte optimization is a another very useful and efficient approach to reduce zinc
dendrites growth. There are methods including pre-addition of relevant salts, concentration
adjustment, addition of organic solvents, and introduction of surfactants to both suppress
the zinc dendrites and control the Mn dissolution.** For example, Zeng et al. investigated
a method to add acetate ions into the electrolyte, which can not only provide a dendrite-
free zinc anode with high columbic efficiency, but also let the Mn dissolution reaction
revisable and increase its capacity.*°

The above is a brief overview of strategies to overcome the limitations of ARZBs

system. They are all efficient methods and can bring new ideas for future research.

1.5 Gelatin

Gelatin is a non-toxic and biodegradable water-soluble functional protein with high
interest and value,® and it is also known as hydrolyzed collagen or collagen peptides. It is
usually partial hydrolysis from collagen of animal body parts, such as skin, bone, and

tendon.> The hydrolysis process is shown in Figure 12 below. When collagen is
23



hydrolyzed under heat, the triple helix will detach into three polypeptide chains to form a
gelatin solution.>® Afterwards, when the gelatin solution is cooled under 35 °C, the
polypeptides chains will aggregate together and reform the random triple helices, which is

called junction zone, and these junction zones act as crosslinks to form the gelatin networks

as a gel.>®
Collagen Gelatin
=N L AN
1 \ | acid/base hydrolysis ? € \
A e )
heat ”

cool heat
(<~35 °C) (>~35 °C)
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(

Figure 12 Hydrolysis process of collagen to produce gelatin®

Gelatin is reported to be consisted of eighteen amino acids, which are linked together
in a partially ordered manner. The basic chemical structure of gelatin is shown below in
Figure 13. The gelatin is a heterogeneous mixture of single or multi-stranded polypeptides,
and each helix contains 300 to 4000 amino acids.>* Moreover, there are two types of gelatin
based on different manufacture process, Type-A and Type-B. Type-A gelatin is collected
by acidic treatment of collagen with an isoelectric point (pl) of 7.0 — 9.0 while Type-B

gelatin is obtained through alkaline hydrolysis with a pl between 4.8 and 5.0.5556
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Figure 13 Basic chemical structure of gelatin®*

Three groups of amino acids are the main components of the gelatin molecule.>?
Glycine and alanine make up nearly one-third to half of the total amino acid residues,®’
proline or hydroxyproline account for about one-fourth of residues, and approximately
another one-fourth is the basic or acidic residues.>> Moreover, it has been reported that
tryptophan is an essential amino acid residue in the gelatin molecule.® A summary of the

amino acid composition of gelatin is shown below in Figure 14.

25%

I Aspartic acid
I Arginine
Alanine
I Glycine
15% L1 Proline and Hydroxyproline
I Glutamic acid
[ 1Other amino acids

27%

— 8%

Figure 14 Amino acid composition of gelatin®
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1.5.1 Properties

Gelatin is classified as a physical gel, and the interactions between peptide chains are
hydrogen bonds and van der Waal’s force with an E~2 kcal/mole.*® The gel strength and
melting point are the main physical properties of the gelatin, and they are determined by
molecular weight and amino acid composition of the ratio of o/p-chains in the gelatin.®
More specifically, gelatin with larger molecular weight or more a-chains usually has higher
gel strength and melting point.®* Another important property of gelatin is its film-forming
ability. Various research has proven that gelatin has an excellent film forming ability and
the film exhibits fabulous protectivity.5*6263 For example, Gdmez-Guillén et al. found in
2007 that fish gelatin films exhibited lower water vapor permeability (VWP) compared to
pigskin gelatin, suggesting a better application of fish gelatin films in encapsulated

pharmaceutical and frozen food systems to reduce water loss.®?

Another essential property of gelatin is its good ionic conductivity. It has been
commonly used in solid-state electrolyte batteries and electrodeposition. For instance, Li
et al. reported in 2018 that the gelatin-based electrolyte has a good ionic conductivity of
5.68x10 S cmin zinc ion battery system, which is a good ionic conductivity compared
with other polymers.®* The gelatin has also been used in electrodeposition and shows
excellent performance. Wu investigated in 2016 that the addition of gelatin can decrease
the amount of carbon in alloys during the electrodeposition process because of the

adsorption of gelatin through hydrogen bonds and van der Waal’s force.%
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1.5.2 Applications

Gelatin has been widely used in the food industry, including clarifier, stabilizer,
emulsifier, thickener, and protective coating material, etc.>? More specifically, it has been
commonly used in jelly, dessert, candy, ice cream, and yogurt, etc.%® In addition, gelatin
also plays an important role in the pharmaceutical industry, such as capsules, tablet coating,
ointments, etc.52 Moreover, it has many applications in batteries and wearable electronics

because of its good ionic conductivity and flexibility.

Many gelatin applications in wearable electronics field have been reported so far, and
many of them have the solid-state gelatin-based electrolyte because it is safe, wearable and
flexible. For example, Li et al. in 2018 fabricated a wearable and rechargeable zinc ion
battery with gelatin based hierarchic polymer electrolyte, and it exhibited a high specific
capacity of 306 mAh/g and a long cycle life of 1000 cycles with 97% capacity retention,
which is an outstanding electrochemical performance for zinc ion batteries.®* Another
example is that Han et al. in 2019 reported an inorganic salt-enhanced gelatin based solid-
state electrolyte Zn-MnO2 battery with a high specific capacity of 285 mAh/g and an
excellent cycling performance of 500 cycles with 90% capacity retention.®” These research
all prove that the gelatin based solid-state electrolyte battery is a promising candidate for

wearable electronic, and it can have more applications in the future.

The gelatin has also been applied in aqueous rechargeable batteries because it could
absorb metal ion through hydrogen bonds, van der Waal’s force, and ionic interactions,
which can control the Mn dissolution and improve the battery cycling performance.3! Liu

et al. in 2020 reported an bionic electrode microskin composed of gelatin to confine Mn?*
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in the cathode to convert the irreversible side reactions into useful and reversible reaction,
which can contribute to the battery capacity.3! A schematic of the electrode microskin is
shown below in Figure 15. The battery shows an excellent specific capacity of 415 mAh/g
at 20 mA/g and an outstanding cycling performance of 1000 cycles with 90% capacity
retention at 500 mA/g, which is a 30% improvement compared with the unmodified
cathode.® The existence of gelatin significantly controlled the Mn dissolution and

stabilized the MnO:z structure, resulting in a higher capacity and better cyclability.
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Figure 15 A schematic of the gelatin electrode microskin in aqueous rechargeable Zn-MnO;

battery system®!

Therefore, gelatin is a safe, cheap, non-toxic, flexible, and conductive gel with high
gel strength. It shows great potential for further applications in the food industry,

pharmaceutical industry, wearable electronics, and batteries.
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1.6 PEDOT: PSS polymer

Poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT: PSS) is a
conductive polymer mixture of two ionomers: PEDOT and PSS. The PEDOT part has
conjugated rings which carries positive charges while the PSS part carries negative charges
because of its deprotonated sulfonyl group.®® In addition, PSS is a polymer surfactant that
helps to disperse and stabilize PEDOT in water solutions.®® The chemical structure of the
PEDOT: PSS is shown below in Figure 16. The PEDOT: PSS is a kind of dark blue opaque
solution with high conductivity, good stability, and excellent film-foaming properties,

which has wide applications in solar cells, batteries, supercapacitors, and fuel cells.

l
SOH SOs;H SOsH SOsH  SOH

Figure 16 The chemical structure of the PEDOT: PSS™

1.6.1 Properties

High conductivity is the one of the main reasons why PEDOT: PSS has such wide

applications in energy storage systems. It has a very high conductivity of 300 S-cm™ and a
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high work function of 5.0-5.2 eV.%%° The excellent conductivity and high working
function can trigger spontaneous transitional transfer with fast kinetics, so PEDOT: PSS
has catalytic properties as well.®® The PEDOT: PSS also exhibits excellent thermal stability
up to 1000 h at 100 °C in air with no influence in conductivity.”* The distinguished
transparency and film-forming ability of PEDOT:PSS also attract many researchers’
attention. PEDOT: PSS could form a uniform and continuous thin film on various
substrates through different coating method, such as spin coating, slot die coating, spray
deposition, and screen printing, etc.®® The roughness of the film surface is usually less than
5 nm, which is a very smooth surface compared with other materials.®® Moreover, the
PEDOT: PSS film is essentially transparent in the visible light range, making it have
potential applications in electronic devices, including sensors, organic light emitting diodes,

and transistors.”?

1.6.2 Applications

PEDOT: PSS has been widely used in solar cells, batteries, supercapacitors and fuel
cells to improve their conductivity and performance. Recently, PEDOT: PSS has been used
in heterojunction solar cells (HSCs) by simply spin coating method on n-type silicon
substrate because of its easy fabrication process and cost-effective property.”® Thomas et
al. reported a silver nanowire embedded PEDOT: PSS HSC in 2020 with a high power
conversion efficiency of 15.3%, which is the highest record in planar single-junction HSCs
to date without complex fabrication processes.’* Therefore, PEDOT: PSS significantly
enhanced the performance of solar cells, and it will have more potential applications in the

future.
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PEDOT: PSS has also been commonly applied in batteries to increase the battery
performance. For example, Ko et al. declared a method in 2015 of coating PEDOT: PSS
onto Mn203 nanowires anode in lithium-ion battery system by simple sonicating method.%
The PEDOT: PSS coated lithium-ion battery showed an excellent specific discharging
capacity of 1450 mAh/g after 200 cycles at 100 mA/g, which is due to the reduced surface
resistance and protection of electron channels by PEDOT: PSS coating.®® Another
application of PEDOT: PSS is in the flexible solid-state electrolyte batteries. Zeng et al.
demonstrated a rechargeable flexible quasi-solid-state Zn-MnO:2 battery in 2017.7> A
schematic of the battery structure is shown in Figure 17 (a), and the morphology of Zn
anode and MnO2@PEDOQOT cathode are also shown in Figure 17(b), (d), and (e). Benefiting
from the PEDOT layer and the addition of Mn?* in electrolyte, the battery exhibits a
remarkable capacity of 366 mAh/g and a good cyclability of 300 cycles with 83.7%
capacity retention in aqueous electrolyte.” Moreover, the battery shows a good cycling
performance of 300 cycles with 77.7% capacity retention and a high energy density of
504.9 Wh/kg with PVA/ZnCl2/MnSQs solid-state electrolyte.” Therefore, PEDOT: PSS

can improve the battery performance and will have more applications in the future.
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500 nm

Figure 17 (a) A schematic of the flexible solid-state electrolyte Zn-MnO.@PEDOT battery;
(b) SEM image the Zn anode; (d) SEM images and (¢) HRTEM images of the MnO,@PEDOT

sample™
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1.7 Project Scope and Objectives

Overall, the work in this thesis is based on three main objectives:

1. Synthesize a high capacity and stability e-MnO2 material using an innovative, easy,

safe, and cost-effective co-precipitation method. The purity and electrochemical

performance of the commercial MnOz: is not satisfying, and hydrothermal method is
usually used in laboratory, which is dangerous and hard to control during the reaction
process. Therefore, there is a strong demand to synthesize a high purity, high capacity,
and high stability MnO2 material with easy, safe, and cost-effective method both in the

lab and industry.

2. Confine the Mn?* inside the cathode and manage the Mn dissolution by using gelatin-

coated MnO2 cathode in aqueous rechargeable Zn-MnQO: batteries to improve the

cyclability of the battery. The Mn dissolution problem is very common in agueous

rechargeable Zn-MnO2 batteries. The gelatin coating on cathode could confine the
Mn?* through hydrogen bonds and van der Waal’s force and control the Mn dissolution,

resulting in a remarkably improved battery’s cycling performance.

3. Control the Mn dissolution and improve the battery cycling performance by using

PEDOT: PSS coated cathode in aqueous rechargeable Zn-MnO2 batteries. The

PEDOT: PSS is a highly conductive polymer mixture with negatively charged sulfonyl
group that can attract positive metal ions. Therefore, PEDOT: PSS could be coated on
top of the MnO:z2 cathode to confine Mn?* ions and manage the Mn dissolution effect,

causing a significant improvement in the battery’s cyclability.
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Chapter 2: Characterization Techniques

2.1 Material Characterization Techniques

In this section, the working mechanism and instrument information of material
characterization techniques will be introduced, including scanning electron microscope
(SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray

photoelectron spectroscopy (XPS).

2.1.1 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) is a versatile electron microscope available for
the detection and characterization of the surface morphology and chemical composition of
the sample with the scale of nanometer. As shown in Figure 18, an SEM setup consists of
four major components, including electron gun (also called electron source), condenser
lenses, scan coils, and electron detectors. When operating an SEM, electrons produced
from an electron gun pass through a combination of condenser lenses and aperture to form
a focused and narrowed electron beam.”® The beam goes through a pair of scan coils that
are used to control the position of the electron beam onto the sample, then hits the surface
of the sample, which is mounted on a platform in the sample holder.”® As a result of the
interaction between the electron beam and the sample, several signals are generated and

recorded by an applicable detector.’®
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Figure 18 A schematic of the scanning electron microscopy with main components’’

There are three key applications performing on an SEM implement, including
secondary electron imaging, backscattered electron imaging, and energy dispersive X-ray
(EDX) spectroscopy. Secondary electrons imaging is mainly useful to showcase for surface
morphology and topography. Secondary electrons are created by the ionization of specimen
atoms colliding with incident electron beam, and these secondary electrons have relatively
low kinetic energy that is usually less than 50 eV.”” In light of the limited energy, secondary
electrons could be only released and imaged from the surface, exhibiting the surface

morphology and topography.’® Backscattered electrons retain almost all the energy carried
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by the incident electrons, thus have higher kinetic energy compared with backscattered
electrons.”” Based on the fact that the yield of backscattered electrons has a linear
relationship with the atomic number of the element, taking advantaging of backscattered
electrons in imaging can help to assess the elemental distribution at the surface of the
specimen.”” Moreover, backscattered electrons can also be used in crystal analysis due to
the high sensitivity of backscattered electron yield and scattering angle to the crystal
structure.”” Energy dispersive X-ray spectroscopy is an important characterization on SEM
to analyze the composition of a sample on the basis of characteristic X-ray emission.”® X-
ray photon is emitted as a result of high-energy outer shell electrons demote to low-energy
vacant level.”® The frequency of these photons can be detected and collected by the detector,
therefore by using this information, types of elements and their relative contents can be
identified and evaluated.”

In this work, SEM measurement was used to detect the morphology and structure of
cathode materials. And all samples were performed on a Zeiss Leo FESEM 1530 with a 10

kV of accelerating voltage in vacuum.

2.1.2 X-ray Diffraction (XRD)

X-ray diffraction (XRD), an accurate and rapid analytical technique, utilizes X-rays
to investigate and identify the crystal structure and phase information, as well as reveal the
dimensions of unit cells. Because of these specific features, XRD plays a vitally important
role in determining an unknown sample in the field of material science, biology, geology,
and engineering. X-ray diffractometer is made up of three major parts shown in Figure 19,

an X-ray source which is normally from an X-ray tube, a sample holder, and an X-ray
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detector.”® X-rays generated by a cathode ray tube are collimated and directed towards the
solid sample mounted on the sample holder.” As a result, a portion of X-rays are absorbed
by the sample, rest portions of rays are scattered and reflected.®° As the sample and detector
rotate, the signals of reflected X-rays are captured and recorded for each set rotation.®
When the geometry of X-ray signals satisfies the Bragg Equation, a peak in intensity occurs

and is collected by an X-ray detector.

Detector

(3)
X-ray

source

(1)

Figure 19 A schematic of the X-ray diffraction equipment™

Moreover, the constructive inference will be produced when the interaction between
X-rays and the sample fulfils Bragg’s law, and the equation is shown below:
niA = 2dsin @
Where n is an integer, A is the wavelength of incident X-ray, d is the distance of
lattice planes, and @ is the angle between incident X-ray and lattice plane.®® Once the
distance between the lattice planes are determined, the Miller index for that particular

lattice plane can be calculated by using the following equation:
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Wi TRz + 2

where a refers to the length of unit cell and h, k, and I refer to the Miller indices affiliated

d =

with the particular lattice plane.®
Additionally, XRD measurement can also determine the crystallite size of the sample
by using Scherrer equation:

Lo KA
el = p cos(0)

Where Ly is the size of the crystallite, K is a Scherrer shape factor, and g is the full

width at half-maximum (FWHM) of the corresponding peak.®2

Figure 20 Illustration of the Bragg’s diffraction®

In this work, the crystal structure of MnO2 was determined by using a Bruker D8
Discover X-ray diffractometer with a copper target and monochromatic Cu-Ka radiation
with the wavelength of 1.54 A. The XRD patterns were recorded from the range between

20° and 80° with a scan rate of 0.02 degree per second.
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2.1.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a technique to collect optical
properties such as absorption and transmission of materials in the infrared range, which is
widely used in identifying unknown materials, including organic, inorganic, and polymeric
chemicals with the utilization of infrared beam. When infrared light having longer
wavelength and lower frequency compared with visible light passes though the sample,
some of the radiation with certain wavelength is absorbed by the sample and the rest is
transmitted through the sample. The transmitted radiation is collected by a detector and the
signal revealed at the detector represents a certain molecular fingerprint for different
molecules, which can be analyzed to identify the types of organic and/or inorganic
chemical structures.®3

An FTIR spectrometer includes an IR source, interferometer, sample cell, amplifier,
A/D convertor, and detector. Among these different components, an interferometer is the
core one in the FTIR spectrometer. As shown in Figure 21, infrared light generated in an
IR source reaches a partially coated mirror and then half of the radiation is reflected, and
the remaining half is transmitted. The resulting two beams following Path 1 and Path 2
direct towards a scanning mirror and a fixed mirror, respectively.®* Subsequently, the two
beams are reflected off these mirrors and back to interact with the sample, and ultimately,
these signals are recorded by a detector.?* In this process, there are two cases happened. In
the case of no distance difference between Path 1 and Path 2, constructive interference will
be created, and a strong signal will be detected.?* On the contrary if the infrared radiation
is out of phase, there will be no signal detected.®
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Figure 21 A schematic of an interferometer in a Fourier transform infrared spectrometer®

In this study, FTIR spectra were collected in the wavenumber range from 400 cm to

4000 cm* with a repetition of 20 scans on a Bruker Optics Vertex 70 Spectrometer.

2.1.4 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive and quantitative
technique that measures the elemental composition, electronic state, and chemical state of
the surface of a material.2> XPS is an ultra-high vacuum-based measurement and it can
typically detect to a depth of 10 nm.

Figure 22 (a) illustrates the basic components of XPS instrument including the X-ray
source, electron energy analyzer, electron collection lens, sample holder, and electron

detector.2® As shown in Figure 22 (b), XPS works on the principle when the sample is
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exposed to X-ray radiation, electrons at the surface of atoms are ejected from the surface
of the sample due to the gained energy from X-rays, which is sufficient for electrons to
surmount the binding energy of the nucleus, and the leftover energy is converted into
kinetic energy.?’ The elements present in the sample can be identified in light of the kinetic
and binding energies which can be collected by the detector. Moreover, the intensity of
these ejected electrons (also called photoelectrons) can tell information about the
concentration of each element existing at the surface of the sample.®®> The relationship
between Kinetic energy, kE, and binding energy, BE, can be expressed as:
kE = hv — BE — &,
where h is Planck’s constant, v is the frequency of X-rays, and @ is the work function for

the specific surface of the sample.®

Ao PhotoEmitted Electrons (< 1.5kY) A~ E!Cf:‘;;’sz’ff gy(Al:éyz:ra Q,tf,kv) b B Ejected K Electron
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Samples are usually solid because XPS Si(2p) XPS signals
requires ultra-high vacuum (<10° torr) from a Silicon Wafer K

Figure 22 (a) A schematic of X-ray photoelectron spectrometer; (b) The diagram of XPS

working principle8®®’
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In this work, XPS measurement was performed with a Thermo-VG Scientific
ESCALab 250 microprobes. The spectra were recorded with a beam of 200 um diameter
at 1486.6 eV and 49.3 W. All of reported binding energies were normalized against the
binding energy of C 1s peak at 284.8 eV. Survey spectra with binding energy from 0 to
1200 eV were collected for each sample to determine the relative composition of elements
at the surface of the sample. The XPS results were analyzed by utilizing the software named
CasaXPS, and the background types including U 2 tougaard and Shirley were chosen for

peak deconvolution and fitting.

2.2 Electrochemical Characterization Techniques

In this section, the electrochemical characterization techniques will be presented,
containing cyclic voltammetry (CV), battery capacity test, battery cyclability, and rate

capability test.

2.2.1 Cyclic Voltammetry (CV)

The cyclic voltammetry (CV) is a very powerful electroanalytical technique to study
the oxidation and reduction processes of molecules.®® It is also a valuable approach to
investigate the redox potential, electrochemical reaction rate, and electron transfer in
chemical reactions.?® The cyclic voltammetry potential waveform is shown in Figure 23,
the CV performs a linear potential sweep to the working electrode at a steady scan rate,
from the negative potential to the positive potential first (to-t1) and then in the opposite

direction (t1-t2).8°
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Figure 23 The cyclic voltammetry potential waveform %

Moreover, a typical voltammogram is illustrated in Figure 24. The x-axis represents
the scanned potential, and the y-axis refers to the current. When the scanned potential
increases, the current starts to increase as well, resulting in an anodic (also called oxidative)
potential peak (Epa), and the peak value is the anodic current (ipa).2° Because the electrons
flow from the electrolyte to the electrode surface, there is a current formed during this
process. Afterwards, the current starts to decrease until the scanned potential reaches its
maximum value. In the reverse cycle, the applied scanned potential sweeps in the negative
direction, and the measured current becomes increasingly negative until it reaches the
anodic peak.?? The peak cathodic (also known as reductive) potential (Epc) and cathodic

current (ipc) can be obtained as well &
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Figure 24 A typical cyclic voltammogram®

In this work, CV was used to detect the reduction and oxidation potentials of the metal
ions inside the coin batteries. The Bio-Logic VMP3 potentiostat was used for the CV
measurement at 0.1 mV/s scan rate in a voltage range of 1.0 V - 2.0 V with polished zinc
foil as the counter and reference electrode. The electrolyte is 2M ZnSO4 + 0.2M MnSQOa4

with an adjusted pH of 4.0 + 0.2.

2.2.2 Battery Capacity Test

The battery capacity test was performed with the NEWARE BTS4000-5V battery
tester, which is shown in Figure 25. The battery capacity was measured at a constant current
mode between 1.0 V and 1.9 V with a current density of 50 mA/g. To begin with, the well
assembled coin cells were first discharged to 1.0 V, and then recharged back to 1.9 V. That

is a full discharge/charge cycle, and the coin cells were tested for first 50 cycles.
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Figure 25 An image of the NEWARE BTS4000-5V battery tester®

2.2.3 Battery Cyclability Test

The battery cyclability test was performed with the same NEWARE BTS4000-5V
battery tester. The coin cells with the same structure and components were tested between
1.0 V and 1.9 V at 50 mA/g and 500 mA/g, respectively. At a small discharging current
density of 50 mA/g, the coin cells were tested for 100 cycles. At a larger discharging current
density of 500 mA/g, the coin cells were tested for 1000 cycles. The capacity retention can
be calculated using the following equation:

v retention — specific discharge capacity of the x cycle % 100%
capactty retention = the highest specific discharge capacity 0

The above equation can be applied in calculating the battery’s capacity retention at
the x cycle. Generally, the highest specific discharge capacity is from the first cycle, but it

varies with different kinds of batteries and testing conditions.
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2.2.4 Battery Rate Capability Test

The battery rate capability test was performed with the same instrument shown in
Figure 25 above. Different coin cells were tested at 0.05 A/g for the first 10 cycles, then
they were tested for 5 cycles at each current density in the order of 0.1 A/g, 0.2 A/g, 0.5
Alg, 1 Alg, and 2 Alg. Afterwards, they were tested at 0.05 A/g again to test their
reversibility and rate capability. The batteries were tested at a constant current mode with

a voltage range of 1.0V to 1.9V as well.
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Chapter 3: Gelatin coated self-made e-MnOQ; as cathode material in

aqueous rechargeable zinc-ion batteries

3.1 Synthesis of self-made e-MnO2 and preparation of gelatin solutions

Self-made e-MnO2 was synthesized through co-precipitation method, and the gelatin
solutions were prepared by simple magnetic stirring and heating method. More details will

be discussed in section 3.1.1.

3.1.1 Synthesis of self-made €-MnO;

The e-MnO2 was synthesized through an innovative, safe, easy, and cost-effective co-
precipitation method.*® 0.01 mol manganese sulfate monohydrate (MnSQOas-H20, Sigma-
Aldrich, purity > 99%) and 0.02 mol sodium hydroxide (NaOH, Sigma-Aldrich, purity >
97%) were dissolved in 250 ml DI water and 50 ml DI water through magnetic stirring
method in different beakers, respectively. After both of them have been completely
dissolved and the solutions were clear, add 0.01 mol hydrogen peroxide (H202, Sigma-
Aldrich, 30 wt% in H20) into the NaOH solution. Afterwards, slowly add the mixture of
NaOH and H20: solution into the MnSOa solution, and the solution turned into black with
the emission of oxygen. Then, cover the beaker with an aluminum foil and magnetic stir
the solution for 24 hours. The overall chemical equation is shown below. The Mn?* first
reacted with OH" to form the manganese hydroxide (Mn(OH)2), then Mn(OH)2 was

oxidized by H202 and formed MnO..

MTLSO4 . HzO + 2Na0H + H202 = MTlOZ ~L +Na2504 + 3H20
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After 24 hours’ magnetic stirring, the solution was centrifuged and washed three times
with DI water to remove the impurity, such as Na* and SO4%. Afterwards, the centrifuged
MnO:2 slurry was dried in an incubator at 80 °C for 24 hours to obtain the MnO2 solid, then
the MnO:2 solid was manually ground into MnO2 powder. Next, the ground MnO2 powder
was calcined in oven at 250 °C for 6 hours to remove the crystallization water inside the
MnO2. After 6 hours calcination, let the oven and MnO2 powder naturally cool overnight.

A schematic of main procedures is shown below in Figure 26.

MnSO,-H,0 [}

7 ——
Centrifugztion
: l Dry at 80°C .
=P ""
NaOH + 30 wt% H,0,

Magnetic stirring for 24h e-MnO,

Figure 26 A schematic of main procedures to synthesize e-MnO;

3.1.2 Prepare gelatin solutions

The gelatin solutions were prepared by simple magnetic stirring and heating methods.
0.3 wt%, 0.5 wt%, 0.7 wt%, 1 wt%, 3 wt%, and 5 wt% gelatin solutions were prepared in
20 ml glass vials separately, and each vial contained 15 g solution. Therefore, 0.045g,
0.075g, 0.105¢g, 0.15g, 0.45¢g, and 0.75g gelatin powder (Sigma-Aldrich) were added into
14.985¢, 14.955¢, 14.925¢9, 14.985¢, 14.85q, 14.55¢, and 14.25g DI water, respectively.
Afterwards, magnetic stirring these solutions for 12 hours at 40 °C to get the completed

dissolved solutions. A picture of these prepared gelatin solutions is shown in Figure 27.
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Figure 27 A picture of 0.3 wt%o, 0.5 wt%, 0.7 wt%, 1 wt%, 3 wt% and 5 wt% gelatin solutions

3.2 Cathode Fabrication and Battery Assembling

After the e-MnO2 powder was obtained through the first step, it can be made into
cathode through the following procedures. 70 wt% &-MnO: (active material), 20 wt%
acetylene black (conductive agent, MTI), and 10 wt% polyvinylidene fluoride (PVDF,
Sigma-Aldrich) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, purity > 99%) solution
(binder) were mixed together to form a slurry. Then the slurry was uniformly coated onto
a conductive polyethylene (PE) film (All-Spec 854-36150) with a mass loading of active
material of 2.5 mg/cm?. Afterwards, the film was dried at 60 °C for 12 hours and cooled

naturally for 1 hour.

Then the dried PE film was cut into small discs with a diameter of 12 mm, which
acted as the cathode in battery. The polished zinc metal foil (Rotometals, thickness: 0.2
mm) was cut into small discs with a diameter of 12 mm to act as the anode. The absorbed

glass mat (AGM) separator (NSG Corporation, thickness: 0.5 mm) was also cut into 12
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mm diameter discs to keep consistent with the anode and cathode. The electrolyte was
prepared with 2 M ZnSO4 + 0.2M MnSO4 and DI water in a volumetric flask. The CR2032
coin-cell cases and its accessory spacer and coin spring were used as well. In the end, the
battery was assembled according to Figure 28 below. The cathode was put on top of the
bottom case with the MnO2 surface facing up, then place the separator on top of the cathode
and add 1 ml electrolyte into the separator. Next, put other battery components according
to the order of anode zinc foil, spacer, cone spring and top case. Then, the battery was
crimped together by the hydraulic crimping machine (MTI, MSK-100) shown in Figure 29.
Therefore, the aqueous rechargeable Zn-MnO: battery has been successfully assembled

and was ready to be tested.

Top cap
Cone Spring

Spacer

Anode: Zinc metal foil
Separator
- Cathode: MnO,

Bottom cap

Figure 28 The basic structure of the aqueous rechargeable Zn-MnO; battery®
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Figure 29 Hydraulic crimping machine (MTI, MSK-100)%

For the gelatin modified battery, the MnO: cathode surface was coated by various
gelatin solutions through spin coating method by the Chemat precision spin-coater (Sigma-
Aldrich, Z551562), which is shown in Figure 30. To begin with, the cathode was put in the
center of the spin coater, then 1 ml gelatin solution was added on top of the MnO: surface,
then the spin coater was operated at 2000 rpm for 60 s. Next, the cathode was dried
naturally for 15 mins, and it was ready to be used in the battery assembling step with the

same method of assembling unmodified Zn-MnO: batteries.
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Figure 30 Chemat precision spin-coater (Sigma-Aldrich, Z551562)%

3.3 Material Characterizations

To better understand the structure and properties of the e-MnO2 and gelatin modified
e-MnOz cathode, scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were

performed to further invstigate the material.

Scanning electron microscope (SEM) was used to better understand the morphology
and topography of the material. As shown in Figure 31 below, there were two SEM
images of e-MnOzin 1 um and 100 nm scale. From the 100 nm scale image, it was
observed that e-MnO2 was nanorods with diameters of 50-100 nm. From the 1um scale
image, it showed the length of the nanorods was 1-2 um, and the nanorods aggregated

together to form a sphere. That is the morphology of the e-MnQO2 powder.
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Figure 31 SEM images of e-MnO: in different scales

After e-MnO2 was spin-coated with gelatin solutions, SEM image was also taken to
understand their morphology difference before and after the gelatin coating. As shown in
Figure 32 below, the gelatin molecules have been successfully coated on the &-MnO:2
surface, and there were also some interactions between the e-MnO2 and gelatin, which

could be further investigated using other techniques.

Figure 32 A SEM image of 0.5 wt% gelatin coated e-MnOz2

X-ray diffraction (XRD) was also done to understand the crystal strcuture and

properties of the MnO2 powder because MnOz has various phases, including a-MnOz, -
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MnOz2, y-MnO2, 3-MnO2, A-MnO2 and &-MnO2. The result is shown below in Figure 33.
According to the signal peaks and compare them with the standard cards of JCPDS No. 30-
0820, it showed that the self-made MnOz is e-MnO2 with hexagonal unit cells structure of
a = 0.280nm and ¢ = 0.445nm.%" Since the ionic radii of Zn?* is 74 pm (0.074nm), the

hexagonal unit cells structure allows the Zn?* intercalation/ deintercalation process easily.
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PDF# 30-0820
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Figure 33 XRD result of self-made MnO, powder

Fourier transform infrared spectroscopy (FTIR) was also done to determine if the
gelatin has been successfully coated on top of the e-MnO: cathode. From the FTIR results
in Figure 34, it could be determined that N-H bond, C-N bond and R’(C=0) NH2 bond all
existed in gelatin coated e-MnO2 cathode, which is a strong proof that gelatin has been
successfully coated on the cathode compared to uncoated e-MnO:2 cathode. That is because

gelatin consists of amino acids, and N-H bond, C-N bond and R’(C=0) NH2 bond are all
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featured bonds of the amino acids. Therefore, it strongly proved that gelatin has been
coated on the MnOz2 cathode. More interestingly, as the concentration of gelatin increasing,
the corresponding transmittance decreased, which is also reasonable because the higher
concentration gelatin solution has more molecules in the same 1ml solution. Therefore,

gelatin molecules can reflect and absorb lighter, resulting in a lower transmittance.
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Figure 34 FTIR results of MnO; and gelatin coated MnO- cathode

X-ray photoelectron spectroscopy (XPS) was conducted to investigate the component
of the e-MnO2 cathode and gelatin coated cathode. As shown in Figure 35 (a) and (b) below,
the survey spectrum and Mn 2p spectrum of the MnO2 cathode were done to figure out the
component of the MnO: cathode and the oxidation state of the Mn. According to Figure 35
(@), the MnO2 cathode was detected to have manganese (Mn), oxygen (O), carbon (C),
nitrogen (N) and fluorine (F) elements. More specifically, Mn and O were from the MnOz,

C was from the acetylene black, and N and F were from the polyvinylidene fluoride
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(PVDF). To better understand the oxidation state of Mn in the sample, a high-resolution
scan of Mn was also performed. As shown in Figure 35 (b), the two peaks of 642 eV and
654 eV were detected, which are referred to Mn 2ps2 and Mn 2p12, respectively.®
Moreover, since the detected oxidation state of Mn was +4, it perfectly proved the
oxidation state and purity of the self-made MnO:..

The gelatin coated MnO2 cathode was also measured using XPS to determine the
existence of gelatin. The survey spectrum and N 1s spectrum of 0.5 wt% gelatin coated
MnO: cathode were shown in Figure 35 (c) and (d). Compare the survey spectrum of 0.5
wit% gelatin coated MnO2 cathode with the survey spectrum of uncoated MnO2 cathode, it
was clearly shown that the nitrogen percentage has significantly increased. That is very
reasonable because the addition of gelatin dramatically increased the nitrogen percentage
in the sample. Furthermore, the N 1s spectrum of gelatin coated MnO: cathode has also
been done to prove the successful coating of gelatin shown in Figure 35 (d). The peak at
400 eV perfectly matched C-NH2 bond,*® which also strongly proved the existence of
gelatin. Therefore, these XPS spectra clearly proved that the self-made MnO: is made of
Mn** and there is no Mn** impurity, and the gelatin has been successfully coated on the

MnO:2 surface as well.
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Figure 35 XPS spectra of (a) survey spectrum and (b) Mn 2p spectrum of MnO, cathode; (c)

survey spectrum and (d) N 1s spectrum of 0.5 wt% gelatin coated MnO; cathode

3.4 Electrochemical Characterizations

Electrochemical characterizations have also been done to determine the battery
performance variation before and after gelatin coating. Cyclic voltammetry (CV) test,
battery capacity measurement, cycling and rate performance measurement were done to

investigate the battery electrochemical properties and the influence of gelatin coating.
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Cyclic voltammetry (CV) tests were conducted to figure out the reaction voltage
and mechanism. As shown in Figure 36 (a) and (b), they are CV tests for the Zn-MnO:
battery without gelatin coating at 0.1 mV/s. During the 1% discharge/charge cycle, the
redox peaks were at 1.24 V and 1.55 V, which was corresponding to the Zn intercalation
/deintercalation process. Then during the 2" and 3" cycles, it appeared two pairs of
redox peaks at 1.29 V/1.55 V and 1.38 V/1.59 V, indicating a two stepwise intercalation
of Zn?* ions.3! Afterwards, the CV tests were carried out on Zn-MnO: battery with 0.5
wt% gelatin coated cathode, and the results are shown in Figure 36 (c) and (d). During
the 1%t discharge and charge cycle, the redox peaks shifted to 1.17 \VV/1.67 V, which might
be due to the interaction between the gelatin and MnO2 though hydrogen bonds and van
der Waal’s force. More specifically, these interactions would stint the movement of Zn?*
and Mn?*, and it required a stronger drifting power to overcome these forces for
intercalation and deintercalation, resulting in a larger voltage difference and redox peaks

shift in the end.

Moreover, during the 2" and 3" cycles in Figure 36 (d), there was also a two
stepwise intercalation of Zn?* ions during the reduction process, which was the same
situation as the battery with unmodified cathode. However, the peaks shifted again to
1.22 V and 1.33 V/1.65 V, which could be explained as the interaction between the
gelatin and MnO2 as well. Another interesting finding was that the peak width also
increased after gelatin coating. The peak width represented for the reaction speed, and

the sharper the peak was, the faster the reaction speed was.® Therefore, this indicated
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that the gelatin coating reduced the reaction rate, which was also a strong evidence of

the interaction between gelatin and Zn?* and Mn?* ions.
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Figure 36 The cyclic voltammograms of (a) 1* cycle and (b) 1-3 cycles of Zn-MnO; battery
with unmodified cathode, and (c) 1% cycle and (d) 1-3 cycles of Zn-MnQO; battery with 0.5

wt% gelatin coated cathode

The battery capacity tests were done as well to evaluate the batteries’ electrochemical
performance. As shown in Figure 37, the unmodified Zn-MnO: battery exhibited a high

specific discharge capacity of 330 mAh/g at 50 mA/g, and the gelatin modified Zn-MnO-
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battery showed a similar discharge capacity of 330 mAh/g at 50 mA/g. These results
suggested that the gelatin coating did not influence the discharge capacity of the battery.
More interestingly, there were also two platforms during each discharge and charge process,
which was consistent with the CV test results. For instance, in the left graph of Figure 37,
the two platforms were at 1.50 V and 1.57 V during the charging process, and another two
platforms were located at 1.30 V and 1.40 V during the discharging process. These results
were consistent with the CV results, which was also a proof for the two stepwise Zn?*

intercalation process.
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Figure 37 The battery capacity tests for an unmodified Zn-MnO; battery (left) and a Zn-

MnO; battery with gelatin coated cathode (right)
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The battery cycling performance was investigated using the NEWARE BTS4000-5V
battery tester to measure its cyclability at different charging rate. The cycling performance
results of unmodified Zn-MnO: battery are shown in Figure 38 (a) and (b) below. At 50
mA/g charging rate, the battery exhibited a high specific discharging capacity of nearly
400 mAh/g, but it could only keep 80% capacity retention for about 20 cycles, which was
not a satisfying cyclability. At a high current density of 500 mA/g, the battery displayed a
discharging capacity of 150-175 mAh/g, and the capacity kept 80% for approximately 200
cycles. Therefore, the unmodified Zn-MnO: battery showed a better cycling performance

at larger charging rate of 500mA/g.

The cycling performance of Zn-MnO: battery with gelatin coating has also been
measured at 50 mA/g and 500mA/g, respectively. As shown in Figure 38 (c), the gelatin
coated cathode showed a high discharging capacity of nearly 400 mAh/g at 50 mA/g, and
the capacity can keep 80% for 35 cycles, which has been improved by 75% compared with
the unmodified battery. Moreover, at the larger charging rate of 500mA/g shown in Figure
38 (d), the battery showed a capacity of 100-125 mAh/g, and the battery could keep 80%
capacity for 1000 cycles, which was a dramatical improvement of 400% in cyclability
compared with unmodified Zn-MnO: battery. Although there was some capacity lost at
500mA/g, it was negligible compared with the significant enhancement in cycling
performance. Furthermore, the cycling curve of the gelatin coated cathode was more stable
compared with the unmodified one. For the unmodified battery cycling test, there was a
slight capacity increase in the first 20 cycles, which can be explained by the deposition of

Mn?* in electrolyte onto the MnO: cathode because it also contributed to the capacity and
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resulted in a slight capacity increase. However, with the gelatin coating on top of the MnO2
cathode, the Mn?* could not easily enter or escape in/from the MnO2 because gelatin could
confine the Mn?* through hydrogen bonds and van der Waal’s force.3* Therefore, the
battery with gelatin coating has a better cycling performance compared with the

unmodified Zn-MnO:2 battery.
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Figure 38 The battery cycling performance of unmodified Zn-MnO; battery at (a) 50 mA/g
and (b) 500 mA/g, and the cycling performance of gelatin coated Zn-MnO- battery at (c) 50

mA/g and (d) 500 mA/g
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The rate performances of the batteries with the unmodified and gelatin coated cathode
were also measured at 0.05 A/g, 0.1 A/g, 0.2 A/g, 0.5 A/g, 1 A/g and 2 A/g to investigate
the electrochemical performance of the batteries. As shown in Figure 39, the left graph is
the rate performance test for unmodified Zn-MnO:2 battery. It exhibited an average
discharging capacity of 330 mAh/g at 0.05 A/g for first 10 cycles. Afterwards, as the
current density increased, the battery capacity decreased accordingly. The battery capacity
was about 300 mAh/g, 250 mAh/g, 150 mAh/g, 75 mAh/g and 50 mAh/g at 0.1 A/g, 0.2
Alg, 0.5 Alg, 1 Alg and 2 Alg, respectively. Since the depth of discharge of the higher
discharging rate was smaller than the lower discharging rate, the cathode and anode
material might not fully participate in the redox reaction at higher discharging rate, which
resulted in a capacity reduce in the end.%° Then, the battery was tested at 50 mA/g again
to investigate its reversibility, and the battery capacity could still reach 330 mAh/g at 50
mA/g but with a strong decreasing tendency, which is not a very desirable rate performance.

For the gelatin coated cathode, its discharge capacity could reach 225 mAh/g at 50
mA/g at the beginning, then the capacity decreased with the increasing discharging rate as
well. The capacity was about 130 mAh/g, 115 mAh/g, 75 mAh/g, 55 mAh/g and 50 mAh/g
at 0.1 A/g, 0.2 A/g, 0.5 A/g, 1 A/g and 2 A/g discharging rate, respectively. The discharge
capacity of gelatin modified cathode decreased compared to the unmodified battery, which
could be interpreted by the interactions between the gelatin and MnO2. Because at a higher
discharging rate, the battery capacity decreased originally, and with the addition of gelatin
on MnOg, the reaction rate could be further reduced according to the CV results. Therefore,

at a higher discharging rate, the capacity of gelatin coated cathode capacity would be
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influenced accordingly. However, the gelatin coated cathode showed a more stable
discharging performance at different current densities compared to unmodified battery,

which is also a strong proof for its excellent cycling performance.
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Figure 39 The rate performance of the unmodified Zn-MnO; battery (left) and the gelatin

coated Zn-MnO. battery (right) at 0.05 A/g, 0.1 A/g, 0.2 A/g, 0.5 A/g, 1 A/g and 2 A/g

3.5 Conclusions

In conclusion, the self-made e-MnO: cathode material has been successfully
synthesized through co-precipitation method. The gelatin solutions with different
concentration have also been prepared and coated on top of the e-MnO:2 cathode by spin
coating method. Then, the unmodified and gelatin coated Zn-MnO: batteries have been

well assembled into coin cells and tested.

The self-made e-MnO:2 cathode material and gelatin coated &-MnQO2 cathode were
characterized by SEM, XRD, FTIR and XPS. The SEM images showed the morphology

of the e-MnO2 was nanorods with the diameters of 50-100 nm and length of 1-2 um. The
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XRD result indicated that the crystal structure of the self-made e-MnO: is hexagonal unit
cells structure with a = 0.280nm, ¢ = 0.445nm. The FTIR results demonstrated that gealtin
has been succssfully coated on the e-MnO2 cathode because the featured bonds of N-H
bond, C-N bond and R’(C=0) NH2 bond in gelatin have been clearly detected. The XPS
results also proved that the gelatin has been coated on the e-MnO:2 cathode since the C-
NH2 bonds was found in the N 1s spectrum of the gelatin coated €-MnO2. These
characterizations together illustrated the structure and properties of e-MnO2 and proved the

successfully coating of gelatin on e-MnOs..

The electrochemical characterizations have also been done to investigate the
electrochemical performance of the unmodified and gelatin coated Zn-MnO: batteries,
including CV tests, battery capacity measurement, cycling and rate performance. The CV
tests showed that the gelatin modified battery has higher oxidation potential, suggesting
the interactions between the gelatin and MnO:2 cathode. Moreover, two kinds of batteries
both exhibited excellent specific discharge capacity of 350 mAh/g and good rate
performance. More importantly, the gelatin coated battery showed a distinguished
cyclability of 1000 cycles with 80% capacity retention at 500 mA/g, which is 400% higher

than the unmodified battery.

Therefore, the gelatin coating could significantly increase the cycling performance of
aqueous rechargeable Zn-MnO: battery to 1000 cycles, and it also opens a pathway for
other researchers to further improve the Zn-MnO: battery performance. This kind of high
energy density, high cyclability, high safety, cost effective and environmentally friendly

battery will have more potential applications in the future.
65



Chapter 4: PEDOT: PSS coated self-made e-MnQ; as cathode material

in aqueous rechargeable zinc-ion batteries

4.1 Preparation of PEDOT: PSS solutions

The synthesis method of self-made e-MnO:2 has been introduced in section 3.1, and
the process of how to prepare PEDOT: PSS solutions will be introduced in this section.
The PEDOT: PSS solutions were prepared using the method reported by Thomas et al. in
2020.7* To begin with, 50 wt% of ethylene glycol (EG, Sigma-Aldrich, purity > 99%) and
50 wt % of methanol (MeOH, Sigma-Aldrich, purity >99.9%) were mixed together to form
the EM solution, and it acted as the solvent of PEDOT: PSS solutions. Then add 10 wt%,
16 wt%, and 20 wt% of the EM solution into the PEDOT: PSS (Sigma-Aldrich, 1.3 wt%
dispersion in H20) to make EM-10, EM-16, and EM-20 solutions, respectively.
Afterwards, these solutions were magnetically stirred for 1 hour to be blended completely

together. The prepared solutions are shown below in Figure 40.

EM-lo EM-16 EM-%

Figure 40 A picture of the prepared EM-10, EM-16 and EM-20 solutions
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4.2 Cathode Fabrication and Battery Assembling

The PEDOT: PSS coated MnO2 cathode was prepared using spin coating method as
well. 1 ml of EM-16 solution was added on top of the MnO: cathode, then the cathode was
spin coated at 2000 rpm for 60s and dried at 90 °C on a hot plate for 60s. Afterwards, the
coated MnO: cathode was cooled naturally for 10 mins. Then, the PEDOT: PSS coated
cathode is ready for the battery assembling. The battery assembling process is the same as

the method mentioned in section 3.2.

4.3 Material Characterizations

In this section, scanning electron microscope (SEM), Fourier transform infrared
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS) were performed to
investigate the existence of PEDOT: PSS coating and structure of PEDOT: PSS coated

MnO: cathode.

Figure 41 A SEM image of the PEDOT: PSS coated MnO; cathode
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Scanning electron microscope (SEM) was done to explore the morphology of the
PEDOT: PSS coated MnO2 cathode. As shown in Figure 41 above, the PEDOT: PSS
solution has been successfully and uniformly coated on top of the MnO: cathode. Compare

with the unmodified MnO2 cathode, there is almost no bare MnO:2 directly exposed.

Instead, there is a uniform PEDOT: PSS layer on top of the MnOz2 sphere.
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Figure 42 FTIR results of PEDOT: PSS coated MnO, cathode

Fourier transform infrared spectroscopy (FTIR) was tested to figure out if the PEDOT:
PSS layer has been coated on top of the MnO: cathode. The FTIR results were displayed
in Figure 42. On the left graph, it was a FTIR transmittance measurement within the
wavelength of 400 — 4000 cm™. It was clearly shown that there were some peaks at 3340
cm?, 1638 cm?, 1410 cm?, 1205 cm?, 1086 cm?, and 1015 cm, which were
corresponding to O-H bond, C=C bond, S=0 bond, C-O bond, and S-Phenyl bond,°*
respectively. These bonds are all featured bonds of PEDOT: PSS according to its

structure,”> which indicated the existence of PEDOT: PSS. More interestingly, the
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transmittance decreased with the increasing concentration of PEDOT: PSS, which was
reasonable because more molecules in the same volume solution can reflect or absorb more
infrared rays, resulting in a lower transmittance value. Therefore, these FTIR resluts

strongly proved the successfully coating of PEDOT: PSS on MnO: cathode.

PEDOT /\ \
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Figure 43 XPS spectra of the survey spectrum (left) and S 2p spectrum (right) of the PEDOT:

PSS coated MnO, cathode

X-ray photoelectron spectroscopy (XPS) was conducted to prove the existence of
PEDOT: PSS coating as well. As shown in Figure 43 above, they were the XPS spectra of
the survey spectrum (left) and S 2p spectrum (right) of the PEDOT: PSS coated MnO:2
cathode. From the survey spectrum, it showed two standard peaks of the sulfur (S) 2p and
S 2s at 168.3 eV and 227 eV, respectively, which could not be found in the uncoated or
gelatin coated MnO: cathode. Moreover, the binding energy of these two peaks in survey
spectrum was also consistent with previous study,'°>1%% which strongly proved the
existence of PEDOT: PSS on the MnO: cathode. Furthermore, from the deconvoluted high-

resolution S 2p spectrum in Figure 32 (right), the featured peaks of PEDOT and PSS were
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exhibited clearly, which were located at 164 eV and 168 eV separately. According to the
literatures, the XPS peaks between 162 and 166 eV were designated as the S 2p band of
the sulfur atom in the PEDOT, and the XPS band with a binding energy between 166 and
172 eV was designated as the S 2p band of the sulfur atom in the PSS.19419 Therefore, it
can well explain that two groups of peaks located at 164 eV and 168 eV were from sulfur
in the PEDOT and PSS, respectively. Hence, these XPS results strongly proved the
successfully coating of PEDOT: PSS on top of the MnO2 cathode.

To sum up, these material charterazation methods together demostrated the strucutre
of the PEDOT: PSS coating and confirmed the successfully coating of PEDOT: PSS on the

MnO: cathode.

4.4 Electrochemical Characterizations

Electrochemical characterizations were also performed to measure the
electrochemical performance of the battery with PEDOT: PSS coated MnO:2 cathode,
including Cyclic voltammetry (CV) test, battery capacity test, cycling and rate performance
measurement.

Cyclic voltammetry (CV) tests were done to figure out the raction voltage and
mechnism of the battery with PEDOT: PSS coated MnO: cathode, and to compare it with
the unmodified battery to see the effect and funtion of the PEDOT: PSS coating. During
the 1%t discharg/charge cycle, the redox peaks appeared at 1.19 V/1.56 V. Compared with
the redox peaks of umodified battery at 1.24 V/ 1.55V shown in Figure 36 (a), the redox
potential of the PEDOT: PSS coated battery reduced during reduction process, which could

be explained by the interactions between the PEDOT: PSS and Zn?*. To be more specific,
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since the PSS part carries a negative charge due to the deprotonated sulfonyl group,® it
can attract postive metal ions, such as Zn?* and Mn?*. Therefore, during the reduction
process, the battery requires a lager potential differnece to overcome the attacting force
between Zn?* and the sulfonyl group, resluting in a lower potential during the reduction
process.

During the 2" and 3" cycles shown in Figure 44 (right), the redox peaks shifted to
1.25 V/1.55 V and 1.37 VV/1.58V, which can be referred to the two stepwise intercalation/
deintercalation of Zn?* ions into the MnO2. Compared with the peaks of the unmodified
battery at 1.29 VV/1.55 V and 1.38 V/1.59 V shown in Figure 36 (b), there is still slight peak
shifting in the reduction process, which could also be attributed to ionic interactions

between the PEDOT: PSS and zinc ions.
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Figure 44 The cyclic voltammograms of 1% cycle (left) and 1-3 cycles (right) of Zn-MnO;

battery with PEDOT: PSS coated MnO- cathode

The battery capacity test was carried out to measure the discharging capacity of the
Zn-MnO2 battery with PEDOT: PSS coated MnO: cathode. As shown in Figure 45, the
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specific discharging capacity of the PEDOT: PSS (EM-16 solution) coated cathode was
270 mAh/g at 50 mA/g. Compared with the capacity of the unmodified Zn-MnO: battery
of 330 mAh/g, it slightly decresed after PEDOT: PSS coating. That might be due to the
uniformly coating shown in the the SEM image of Figure 41. Since the PEDOT: PSS
coating is too uniform, and the MnO:2 has been almost perfectly covered, the MnO2 cathode
material might not be able to fully paticiapte in the reaction. Consequently, it caused

slightly capacity decrease in the end.
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Figure 45 The battery capacity tests of a Zn-MnO; battery with PEDOT: PSS coated MnO,

cathode

The battery cycling performance was tested to measure the cyclability of the the Zn-
MnO: battery with PEDOT: PSS coated cathode. As shown in Figure 46, the PEDOT: PSS

coated cathode was tested at 50 mA/g and 500 mA/g seperately. At 50 mA/g, the battery
72



exhibited a specific discharge capacity of 140-175 mAh/g for more than 50 cycles, which
is a dramatically improvement of 150% compared with the unmodified Zn-MnO:2 battery
of 20 cycles. At 500 mA/g, the battery showed a discharge capacity of 140 mAh/g, and the
capcity can keep 80% for 250 cycles, which is a 25% improvement compared with the
unmodified battery. Therefore, the PEDOT: PSS coated cathode presented an excellent
cyclability at 50 mA/g than both of the unmodifed and gelatin coated cathodes. The
mechnism could be explained by the ionic interaction of sulfonyl group and Mn?*. More
specifically, since the PSS part carries a negative charge due to the deprotonated sulfonyl
group,® it can attract postive metal ions, such as Mn?*, thus confining Mn?* near the
cathode and controlling the Mn dissolution. As a result, the PEDOT: PSS coating can

imporve the cycling performance of aqueous rechargable Zn-MnO: battery.
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Figure 46 The battery cycling performance of the PEDOT: PSS coated Zn-MnO- battery at

50 mA/g (left) and 500 mA/g (right)

The rate performance was also investigated to measure the discharging capacity of the

Zn-MnO:2 battery with PEDOT: PSS coating at different discharging current densities and
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its reversibility after different current densities. To begin with, the battery was tested at
0.05 A/g for 10 cycles, and then test it for 5 cycles at each discharging rate. As shown in
Figure 47, the EM-16 coated battery exhibited a discharging capacity of 270 mAh/g, 210
mAh/g, 125 mAh/g, 50 mAh/g, 25 mAh/g, and 15 mAh/g at 0.05 A/g, 0.1 A/g, 0.2 A/g,
0.5 A/g, 1 Alg, and 2 A/g, respectively. Afterwards, the battery was tested again at 0.05
A/g to see its reversibility, and the batteries with different concentrations of PEDOT: PSS
solutions all can reach the similar capacity at 0.05 A/g, which proved the good reversibility

for both unmodified and PEDOT: PSS coated cathodes.
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Figure 47 The rate performance of the PEDOT: PSS coated Zn-MnO; battery at 0.05 A/g, 0.1

Alg, 0.2 Alg, 0.5 Alg, 1 Algand 2 Alg

4.5 Conclusions

In conclusion, the PEDOT: PSS solutions with difference concentration have been

prepared and successfully coated on top of the e-MnO: cathode by spin coating method.
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Moreover, the PEDOT: PSS coated cathode has been characterized using SEM, FTIR, and
XPS to explore the morphology and structure of the modified MnO2 cathode and prove the
existence of PEDOT: PSS coating. Zn-MnO2 batteries with PEDOT: PSS coated cathode
have been assembled into coin cells and tested as well. It was found that PEDOT: PSS
coating can attract Mn?* through ionic interactions and control the Mn dissolution, resulting
in a better battery cycling performance at both 50 mA/g and 500 mA/g.

The PEDOT: PSS has been uniformly coated on the MnO: surface observed by SEM.
Furthermore, the successful coating of PEDOT: PSS solution on the cathode was
demonstrated by FTIR measurements with the identification of standard peaks for C=C
bond, S=0 bond, C-O bond and S-phenyl bond in FTIR spectra, and by XPS measurements
with increased amount of sulfur in the survey and S 2p spectra.

The electrochemical measurements were done to investigate the effect of PEDOT:
PSS coating. Though CV test, there was a lager difference between oxidation and reduction
peaks, which could be explained by the ionic interactions between the PEDOT: PSS and
Zn?* jon. In addition, the battery with PEDOT: PSS coating exhibited a good specific
discharging capacity of 270 mAh/g at 50 mA/g, and an excellent cycling performance of
50 cycles with 80% capacity rentention at 50 mA/g and 250 cycles with 80% capacity
rentention at 500 mA/g. Besides, the rate capablity was also satisfying since it has a good
reversiblity. The improvement in the cycling perfromance could be explain by the ionic
interaciton between the sulfonyl group and Mn?*, which can confine most of the Mn?* near

the cathode area and improve the cycling performance.
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Therefore, the PEDOT: PSS coating on the e-MnOz2 cathode can improve the cycling
performance of the aqueous rechargeable Zn-MnO: battery. This easy spin-coating method
also gives other researchers a new idea on how to improve the battery cycling performance.
The high discharging capacity, high cyclability, high safety, cost effective and
environmentally friendly aqueous rechargeable Zn-MnO: battery will have more potential

usage in the future.
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Chapter 5: Summary of the Thesis

Aqueous rechargeable zinc ion battery (ARZIB) has attracted many researchers’
attention because of its high energy density, high safety, cost-efficiency and environmental
friendliness. MnOz2 is one of the most promising candidates to be applied as cathode in
ARZIB system due to its high specific discharge capacity, high safety, high abundance,
and low toxicity. However, the electrochemical performance of commercial MnO: is not
satisfying, and most of researchers are using hydrothermal methods to synthesize MnOz,
which is dangerous and hard to control during the reaction process. Moreover, the Mn
dissolution problem impairs the cyclability and the further application of the aqueous
rechargeable Zn-MnOz2, and there is a strong and urgent requirement to improve the cycling
performance. Therefore, a safe, easy and cost-effective co-precipitation e-MnO2 synthesis
method was invented, and two effective strategies were proposed and conducted to
overcome the Mn dissolution issue by controlling the movement of Mn?* near the cathode
through molecule interactions.

The safe, simple, and cost-effective co-precipitation method was used to successfully
synthesize the e-MnO2 material with a hexagonal unit cells structure of a = 0.280nm, ¢ =
0.445nm. Then the e-MnO2 material was made into cathode and assembled into coin cells.
The battery showed an excellent discharge capacity of 330 mAh/g at 50 mA/g, a cyclability
of 20 cycles with 80% capacity retention, and a good rate capability at different current
density between 0.05 A/g and 2.0 A/g.

To improve the cycling performance of the aqueous rechargeable Zn-MnO: battery,

gelatin solution was applied on top of the MnO: cathode through spin coating method. The
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gelatin coated battery showed a high discharge capacity of 330 mAh/g at 50 mA/g. More
importantly, the cycling performance has been dramatically improved to 1000 cycles with
80% capacity retention at 500 mA/g, which can be explained by the interaction between
the gelatin and Mn?*. The gelatin can confine most of the Mn?* near the cathode through
hydrogen bonds and van der Waal’s force, thus controlling the Mn dissolution problem and
improving the cyclability of aqueous rechargeable Zn-MnOz2 batteries.

Another effective strategy is to coat PEDOT: PSS solution on top of the MnO2 cathode
by spin coating method. Since PEDOT: PSS has negatively charged deprotonated sulfonyl
group, it could attract metal postive ions through ionic interactions. Therfore, the PEDOT:
PSS coating can confine the Mn?* near the cathode and manage the Mn dissolution problem.
Consquently, the battery cycling performance has been imporved to 250 cycles at 500
mA/g and 50 cycles at 50 mA/g with both 80% capacity retention.

In conclusion, the e-MnO2 material has been successfully synthesized and applied in
aqueous rechargeable Zn-MnO: battery system with a high discharge capacity of 330
mAh/g. Two effective strategies have been applied to overcome the Mn dissolution
problem and improve the battery cyclability up to 1000 cycles with 80% capacity retention
without significant influence on the discharging capacity. These research works not only
improve the battery cycling performance, but also provide new ideas for other researchers
to further enhance the performance of aqueous rechargeable Zn-MnO: batteries, and the

aqueous rechargeable Zn-MnO: battery will have more potential applications in the future.
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