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New rechargeable batteries beyond lithium-ion have attracted increasing interest due to their 

potential in commercializing various applications, including grid storage, electric vehicle (EV), 

etc. These new batteries hinge upon the respective storage/conversion mechanisms suitable for 

the particular application purposes. For instance, the stationary energy storage applications 

necessitate batteries to possess high cycling stability and, in some cases, high power densities, 

while high volumetric and gravimetric energy densities are critical for EV applications. Most 

importantly, all need to be cost competitive.  

Rechargeable zinc/manganese dioxide (Zn/MnO2) batteries are very promising for the 

stationary energy storage owing to their low cost, environmentally benign constituents, excellent 

safety, and relatively high energy density. Their usage, however, is largely hampered by the fast 

capacity fading. The complexity of the reactions has resulted in long-standing ambiguities of the 



 

capacity fading of Zn/MnO2 system. In this thesis, we find that both H+/Zn2+ intercalation and 

conversion reactions occur at different voltages in Zn/MnO2 and that the rapid capacity fading 

can clearly be ascribed to the rate-limiting and irreversible conversion reactions at a lower 

voltage. By limiting the irreversible conversion reactions, we successfully demonstrate ultrahigh 

power and long life that are superior to most of the reported zinc-ion batteries (ZIBs) or even 

some lithium-ion batteries (LIBs).  

As for the application of batteries in the EV market, lithium/sulfur (Li/S) batteries hold great 

promise as the next-generation energy battery. Their practical application, however, is hindered 

by the rapid capacity fading associated with the dissolution of lithium polysulfides (LiPSs) into 

the organic electrolytes. By anchoring thiol (-SH) functional groups to the nonpolar surface of a 

mesoporous carbon host, we successfully impede these losses. This new strategy increases the 

surface polarity of conductive carbons and traps LiPSs inside cathodes. By utilizing various 

spectroscopic methods, we investigate the mechanisms of LiPS trapping, which originate from 

the electrostatic and covalent interactions of the thiol functional groups with Li+ from the 

electrolyte and with S from the LiPS chains. The fundamental insight on the thiol functionality 

suggests a further rational design of multifunctional interfaces to achieve better Li/S 

performance. 
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Chapter 1. INTRODUCTION  

1.1 IMPORTANCE OF BATTERIES  

It is universally recognized that the abusive use of fossil fuels and biomass not only causes air 

pollutions and accompanied global warming, but also generates national vulnerabilities that 

endanger social stability due to the strong dependence on foreign fuels. It is therefore necessary to 

shift electricity and heat production from traditional fossil fuels to sustainable energy sources and 

move transportation towards electrical propulsion with no harmful exhaust.  

Most sustainable energy sources such as solar radiation, wind, hydroelectric, and wave powers 

are variable in time and diffuse in space. To make the usage of sustainable energy sources use 

reliable and cost-effective, the energy storage and conversion technology is of extreme 

importance.1 The energy carriers include stationary electricity grid, electromagnetic waves, and 

chemical energy. The most convenient and high-density form of energy storage is as chemical 

energy, which is why the nations are so addicted to fossil fuels.  

In addition to the fossil fuels, rechargeable battery is also a viable and portable chemical energy 

carrier, and a promising alternative to fossil fuels. A rechargeable battery has the ability to store 

and release the electrical energy produced by the sustainable energy with a high conversion 

efficiency and no gaseous exhaust. Although impressive progress in recent years has been seen in 

the development of technologies for harvesting sustainable energy, e.g., better wind turbines and 

photovoltaic cells,2,3 the development of energy storage and conversion devices, e.g., the 

rechargeable batteries, is still lagging far behind. Hence, to move away from fossil fuels, we need 

to develop low-cost, safe, rechargeable batteries that can store sustainable energy with long-term 



 

 

2 
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stability and prolonged cycle life, and meet the environmental constraints. This has been proven 

to be extremely challenging for modern electrochemistry.  

1.2 GENERAL DEFINITIONS OF BATTERIES 

Batteries are electrically connected electrochemical cells having terminals/contacts to supply 

electrical energy. Upon discharge, they are referred to as galvanic cells, given that they are 

converting chemical energy into electric energy. When charging, the batteries switch to electrolytic 

cells where electric energy is converted to chemical energy.  

Primary batteries are those in which the chemical processes are not reversible. Once discharged, 

they cannot be charged again for re-use. In contrast, the reactions in a rechargeable battery can be 

driven in reverse, allowing for multiple charge/discharge cycles. 

1.2.1 Basic Components of Batteries 

The basic structure of a battery cell is shown in Figure 1.1.4 The negative and positive electrodes 

are separated by an ionically conductive but electrically insulating electrolyte. Each electrode 

undergoes a half-cell reaction, which can be added to give the overall reaction of the cell. The first 

LIB (LiCoO2/Li+ electrolyte/graphite) is shown as an example of the half-reactions in Figure 1.1. 

These half-reactions on the electrodes produce a flow of electrons in the external circuit that is 

balanced by the migration of ions through the electrolyte and into the electrodes. 
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Figure 1.1. Schematic of an electrochemical cell with half reaction examples and all chemically 

inactive components including current collectors (Cu and Al), electrolyte, separator, etc.4  

 

The two electrodes with different half-cell reactions have different electric potentials. 

Connecting the positive and negative electrodes causes a driving force for charge transfer resulting 

from the potential difference. The driving force is called the electromotive force, open-circuit 

voltage (OCV, Voc), or emf, and it is measured in volts (V). The negative electrode is the electrode 

with lower electric potential (more negative), and the positive electrode has higher electric 

potential (more positive), as shown in Figure 1.2.1  



 

 

4 

4 

  

Figure 1.2. Schematic open-circuit energy diagram of a typical battery system. µA and µC are the 

anode (negative electrode) and cathode (positive electrode) electric potential (their Fermi energies 

eF), respectively. FA and FC are the anode and cathode work functions, respectively. Eg is the 

window of the electrolyte for thermodynamic stability. A  µA > LUMO and/or µC < HOMO 

requires a kinetic stability by the formation of an solid electrolyte interphase (SEI) layer.1 

 

During discharge, the negative electrode attempts to push electrons around the external circuit 

towards the positive electrode. The oxidation or anodic reactions occur at the negative electrode 

named the anode, and the reduction or cathodic reactions occur at the positive electrode known as 

the cathode. Conversely, during charge, a lower electric potential is applied to the negative 

electrode via an external voltage source, while a higher electric potential is applied to the positive 

electrolyte. This forces electrons towards the negative electrode which means that during charge 

the reduction or cathodic reaction takes place at the negative electrode and oxidation or anodic 

reaction takes place at the positive electrode.5 The definition of positive/negative electrode and 

cathode/anode is summarized in  
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Table 1.1. In the battery research community, the discharge process is taken as the formal standard 

process; hence the positive electrode during discharge is consistently referred to as the cathode, 

even though it undergoes an anodic reaction during charge. 

 

Table 1.1. Definition of cell electrodes 

Electrode Charge Discharge 

Positive  Anode Cathode 

Negative  Cathode Anode 

 

1.2.2 Voltage, Current, Capacity, Energy Density, and Power 

Operational voltage is different from OCV for a battery. The operation voltage is the one at which 

the cell operates during discharge and is lower than the OCV because the passage of current 

induces overpotential (e.g., the surface overpotential and the concentration overpotential) and 

ohmic potential drop.5 This overvoltage and ohmic voltage drop are caused by the internal ionic 

or electrical resistance, electrical double layers at the particle’s interface, rate of reactions, mass 

transfer, and diffusion rate, among others.  

The current in a battery is closely related to the rate of electrochemical reactions. Charge and 

discharge rates of a battery are governed by the C-rate. A 1C rate means that the discharge current 

will discharge the entire fully-charged battery in 1 hour. A C/5 rate corresponds to the current 

required to fully discharge (or charge) a battery in 5 hours.6  

Capacity is a term generally used to convey how much electricity could be released when a 

battery is discharged from 100% state-of-charged to the cut-off voltage in a certain amount of time. 

Practically, the unit to measure the amount of electricity is expressed in ampere-hour (Ah), or mAh 

Battery community 
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for smaller batteries.6 The theoretical capacity is the amount of electricity theoretically available 

in the active material and is expressed in a unit of mAh g-1. Effective/real/practical capacity is the 

amount of electricity released by a fully charged battery. A battery is out of service, or at the end 

of its lifetime, when its capacity irreversibly drops below 80% of the nominal value, regardless of 

the reason.  

Energy density is the amount of energy in watts-hour (Wh) stored per unit weight (Wh kg-1), or 

unit volume (Wh m-3).6 It determines the battery weight/size required to achieve a given electric 

range. For power batteries, gravimetric power density is the maximum available power per unit, 

given in units of W kg-1, and volumetric power density in W m-3. It determines the battery 

weight/size required to achieve a given power performance target. 

1.3 DEVELOPMENT OF STATE-OF-THE-ART RECHARGEABLE BATTERIES 

1.3.1 Applications: Storage, Energy, and Power 

To date, the development of battery technology is prosperous. It seems clear that there will not 

only be a single battery technology for all applications (technology monopoly), but rather different 

battery systems can be suitable or combined for various applications (technology diversity). In 

general, state-of-the-art rechargeable batteries are primarily utilized in three applications, 

including storage, energy, and power.  

Storage batteries are those used to store and convert electricity to overcome the mismatch 

between generation and end-use and improve renewable energy integration in the grid.7,8 They can 

also efficiently increase the value of electric power by correcting for power fluctuations in a very 

short time. A storage battery could be analog to a cheap and large tank of water from which water 

needs to be dumped into and out of quickly and repeatedly with little maintenance required. For a 

good storage battery, low cost, high cycling stability, and fast response-balancing systems for 
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frequency regulation are more of a concern than weight.8–10 Today a large number of different 

types of the storage battery with different characteristics are available. The available systems range 

from short-term (seconds to minutes) to long-term (hours and days) storage, such as the vanadium 

redox (VR) and lead-acid (L/A) batteries (Figure 1.3).11 Installations using VR to create long term 

storage has been successfully implemented in Utah (US) on a small scale (259 kW for 8 hours) to 

manage peak flows in the distribution feeder.12 Another project is to manage the wind farm in the 

San Gorgonio area of California (US) with a massive installation of 2.88 MW and 17.28 MWh 

lead-acid batteries.13 

 
Figure 1.3. Storage system ratings.11 

 

Energy batteries are aimed at supplying mobile consumer electronics such as mobile phones, 

cameras, laptops, and electric cars. They are meant to deliver electric energy over extended periods; 

a dense electrode with a small space and a light weight tends to be a priority. The characteristics 

of a successful energy battery include high energy density with high Coulombic and energy 

efficiencies, low cost, and high safety performance with high reliability. Today, LIBs are widely 

employed in the consumer electronics due to their relatively high energy density (Figure 1.4), 

which substantially replaces lead-acid and nickel-metal hydride batteries in the market.14 The 
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specific energy of LIBs, that increased from ~ 90 Wh kg–1 cell in the 1990s to over 250 Wh kg–1 

cell today,15 has allowed full-size automobiles to travel sufficient distances for typical driving 

patterns.16 In the meantime, the cost of Li-ion battery packs has decreased from over 1,000 US$ per 

kWh to ~ 250 US$ per kWh.17,18 

 

Figure 1.4. Comparison of the battery systems in terms of volumetric and gravimetric energy 

density(2001).14 

 

Power batteries are expected to provide a large amount of current in very little time, which are 

widely used in medical devices, safety/lifejacket lights, motive powers, telecoms, and 

surveillances. Electrodes for power applications tend to possess small particle size and large 

electrode surface area, allowing the charged species to move quickly through the battery. In real 

life, lead-acid batteries are utilized as starter batteries for cars and back-up power supplies;19 

nickel-cadmium batteries are applied to the emergency lighting;20 Ni/MH batteries meet the need 

of a Bentone Blitz-type senior racing motor for accelerating from 0 to 100 Km h-1 within 6s;21 

LIBs are also adopted in hybrid EV to provide a sufficient amount of power for acceleration.22  
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1.3.2 Modern Li-Ion Batteries for Various Applications 

Among all booming battery technologies, hitherto LIBs become the most successful battery 

technique. They have attracted massive attention due to the high energy density, good performance, 

and long cycling life compared to the conventional Ni-H, Ni-Cd, and lead-acid batteries. Currently, 

they not only dominate the small format battery market for portable electronic devices, but have 

also have been successfully implemented as the technology for stationary energy storages as well 

as for EVs.23–25 The drastically growing demand for LIBs during the past few decades has 

stimulated enormous investigations on the development of novel LIBs to fulfill their potential in 

different scenarios. 

The present-day market for LIBs is far more complicated than the original small electronic 

devices, as summarized in Table 1.2.25,26 Nowadays, Graphite/LiCoO2 (C/LCO) occupies the main 

market of smaller portable electronics. Li4Ti5O12/LiMn2O4 (LTO/LMO) with good power 

capability is excellent for high power applications such as power tools. The use of 

Graphite/LiNixMnyCo1-x-yO2 (C/NMC) and Si-C or C/LiNi0.8Co0.15O2 (Si-C or C/NCA) is rapidly 

growing for the EVs due to its exceptional combination of properties (energy, power, and cycle 

life). Additionally, Graphite /LeFePO4 (C/LFP) is suitable for stationary energy storage owing to 

its excellent cycle life.  

 

Table 1.2 Properties of various LIBs and their advantages, disadvantages, and applications 

(2017).25,26 
LIBs Midpoint 

voltage 
vs. Li 
(C/20) 

Specific 
Capacity 
(Ah/kg) 

Advantages Disadvantages Applications 

C/LCO 3.9 155 Good cycle life, good energy Moderate thermal 
stability 

Smaller portable 
electronics 

LTO/LMO 4.0 100-120 Very good power capability, 
very good thermal stability, 

inexpensive 

Moderate cycle life, 
lower energy 

High power 
applications such as 

power tools 



 

 

10 

10 

Si-C/NCA 
or C/NCA 

3.7 180 Very good energy, good 
power capability, good cycle 

life 

Sensitive to 
moisture, moderate 

thermal stability 

Excellent for motive 
power and premium 

electronic applications 
C/NMC 3.8 160 Very good combination of 

properties (energy, power, 
cycle life and thermal 

stability) 

Patent issues Electric vehicles 

C/LFP 3.4 160 Very good cycle life, good 
power capability, very good 

thermal stability 

Lower energy, 
special preparation 

conditions 

Energy storage 
applications 

 

1.3.3 Demand of New-Generation Batteries Beyond Li-Ion  

As mentioned above, LIBs have created significant changes in modern life. Even though the most 

promising modern LIBs hold more than twice as much energy by weight as the first commercial 

versions sold by Sony in 1991 and are four times cheaper, they are still far from the criteria of 

ideal batteries.  

For instance, in EV applications, the cost element is particularly important. Recent estimates 

place the cost of producing a LIB battery pack being as low as $190-250 per kWh,27 while the goal 

of most auto-manufacturers and the US Department of Energy is $125 per kWh for a battery 

pack.28 Besides, it is worth to notice that only the costly Tesla models have 200 or more miles in 

range.25,26 Such a high vehicle range with a low price is currently hard to accomplish for LIBs.29,30  

The second area of major applications of batteries is that of energy storage in connection with 

stabilization and storage for the electric grid. Many storage devices involve LIBs because of the 

long cycle life and calendar life, but the safety and cost issues inside stationary LIBs need to be 

further considered.17   

Therefore, to approach the criteria and further exploit the ideal battery devices for particular 

applications, researchers need to take a leap beyond the Li-ion technology by changing the 

electrodes, the electrolyte, and the charge-carry ions, such as Li/S, Li/O, and multivalent-ion 

batteries. 
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1.4 FUNDAMENTAL STUDY OF LOW-COST ALTERNATIVE CANDIDATES BEYOND 

LIBS 

In this section, we will introduce two attractive battery candidates beyond LIBs, Zn/MnO2 and 

Li/S batteries, which are expected to achieve cost competitiveness with LIBs in the storage and 

energy battery markets, respectively.  

1.4.1 Zn/MnO2 Batteries for Large-Scale Stationary Grid Storage 

Although LIBs possess significantly high energy density, many factors (cost, safety, lifetime, eco-

friendliness) will likely limit their large-scale applications and dictate against their use in stationary 

grid storage, where low cost, durability, and fast response-balancing systems for frequency 

regulation are more of a concern than weight.31–33 Figure 1.5 compares the lifetime investment 

cost and other characteristics of storage batteries that are appropriate for large-scale stationary 

energy storage.34,35 Redox flow (V-redox), sodium-sulfur, lead-acid, LIBs, etc., have been 

proposed as possible systems for large-scale stationary energy storage, but they also suffer from 

poor energy-to-volume ratio, low charging rates, high operating temperatures, the use of hazardous 

materials in their components, and/or high costs.7 These drawbacks limit their integration into the 

large-scale electric grid.36 Batteries based on multivalent-ion, especially Zn2+ aqueous 

rechargeable batteries (e.g., Zn/MnO2), which utilize low-cost and safe water-based electrolytes, 

are promising alternatives.34,37–43 They not only deliver comparable high energy density to those 

of LIBs at fast discharge/charge rate, but also show the advantage of abundant and environmentally 

benign constituents and excellent safety.  
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Figure 1.5. Comparison of storage batteries for large-scale energy storage applications. Lifetime 

investment cost range was calculated from cycle life and capital cost ranges taken from Ref.34, 35. 

 

In spite of their low cost and high safety, cycling stability becomes a major obstacle for the 

practical application of Zn/MnO2 systems. The ambiguities of the reaction mechanism makes it 

hard to determine and control the effect on the capacity fade in Zn/MnO2. During the 

discharge/charge processes, it is not a trivial task to discern the contribution of proton and Zn2+ 

ions to the reaction mechanisms. On the experimental side, X-ray diffraction (XRD) data leave 

controversies of the structural changes of MnO2 due to the overlapping diffraction peaks and the 

low crystallinity for many possible reaction products,44–48 which are very sensitive to the local pH 

value, humidity, temperature, etc.49,50 In addition to XRD, nuclear magnetic resonance (NMR) or 

high-resolution transmission electron microscopy (TEM) only offers localized structure, 

composition, and chemical environment information without macroscopic and quantitative 

analysis.43,45,46,51 Therefore, a comprehensive approach needs to be called for to elucidate the 

reaction mechanisms, identify the origin of capacity fading, and design high-performance ZIBs. 

More details about the Zn/MnO2 system will be discussed in Chapter 2. 
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1.4.2 Li/S Batteries for Supplying Electric Vehicles 

Referred as the Beyond 2 Degrees Scenario (B2DS), the cumulative EV sales and EV market 

share need to increase to 1.8 billion and 86% by 2060,52 respectively, while the values were 2 

million and 0.2% in 2016 as reported.53 It is now certain that EVs powered by LIBs will not be 

suitable for the future vehicle market, owing to inherent limits in their energy storage capacity, 

achievable cost, and safety. Alternative technologies with substantially improved specific energy 

without increasing cost are therefore an important focus. One tantalizing solution could be to look 

towards the Li/S batteries. This battery chemistry has been widely studied due to its multitude of 

favorable characteristics. Reduction of sulfur to form Li2S produces a theoretical gravimetric 

specific capacity of 1673 mAh g-1 at ~2 V vs. Li/Li+, rendering a theoretical cathode energy density 

improvement of 500% as compared to the LIBs. This increase can be matched on the anode side 

by using lithium metal, which possesses an intrinsic theoretical gravimetric specific capacity of 

3860 mAh g-1 – an order of magnitude higher than that of graphite. Additionally, sulfur is lower 

cost and earth-abundant, making this redox couple highly attractive for EV battery usage.  

Figure 1.6 displays the approximate cost of a vehicle as well as the cost of additional range of 

a vehicle.54 It is apparent that the minimum cost for Li/S batteries would be a considerable 

improvement over LIBs, making them attractive for the emerging EV markets. 
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Figure 1.6. Vehicle cost and cost of additional range as a function of driving range. Curves are 

plotted for (a,b) mini vehicle, (c,d) mid-size vehicle and (e,f) semi-trailer truck.54 

 

However, a commercially-viable Li/S has remained elusive due to a bevy of failure mechanisms 

upon cycling. Many of the failures stem from the formation of lithium polysulfides (Li2Sx, 3≤x≤8) 

through a multistep reduction process prior to forming Li2S and Li2S2. These LiPSs are highly 

soluble in organic electrolytes, leading to self-discharge, passivation of the lithium anode, low 

Coulombic efficiency due to the escape of sulfur into the electrolyte, and voltage hysteresis from 

differences in the forward and backward reaction mechanisms.55 In addition to the problems posed 

by LiPS formation, both the starting material (sulfur) and end products (Li2S, Li2S2) are highly 

insulating, and lithium metal tends to form dendrites upon repeated stripping and plating.55  

Researchers have addressed these issues, with a certain degree of success, using a variety of 

creative strategies. Because of the susceptibility of organic carbonates to nucleophilic attack by 

LiPSs, etheric solvents are standard, usually a combination of 1,3-dioxolane (DOL) and 

dimethoxyethane (DME) with lithium bis(trifluoromethane)sulfonimide (LiTFSI) salt.56 Film-
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forming additives such as LiNO3 are often used in electrolytes as well in order to form a preemptive 

passivation film on the Li metal and prevent its reaction with the dissolved LiPSs.57 One of the 

most successful strategies to prevent LiPS-related problems has been to melt sulfur into the pores 

of a mesoporous carbon host, which both increases conductive surface area and hinders dissolved 

LiPSs from escaping into the “bulk” electrolyte.58  Another recent success has been to introduce 

polymer coatings with higher affinity for LiPSs.59,60 Yet, despite these myriad strategies, a safe 

Li/S battery with long cycle life based on scalable fabrication techniques remains difficult, as not 

a single methode of improvement has proven to be totally effective at stopping efficiency/capacity 

losses via LiPSs. Besides, it is also quite challenging to identify the specific role of individual 

species in cell function owing to the complexity in characterizing amorphous structures and 

versatile ionic species, which aggravates the difficulties in investigating effective strategies for 

LiPS trapping.61  

With all the challenges in mind, a light-weight sulfur host material with good electrical 

conductivity and improved wettability to the electrolyte, that not only confines LiPSs physically 

but also contains a very high accessible fraction of LiPS chemisorption sites, should be an effective 

approach to realize long-life Li/S batteries. At the same time, fundamental insight on the reaction 

mechanisms with LiPSs needs to be investigated to suggest a further rational design of the Li/S 

system to achieve better Li/S performance. More details about the Li/S batteries will be discussed 

in Chapter 3. 

1.5 THESIS OBJECTIVES AND OVERVIEW OF CHAPTERS 

As has been reviewed, Zn/MnO2 and Li/S batteries are regarded as the promising candidates for 

the next-generation beyond LIBs, which can be utilized in stationary energy storage and EVs, 

respectively. The existing obstacles in the commercialization of these batteries are divided into 
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two categories: (1) the ambiguities of reaction mechanisms and capacity fading in Zn/MnO2, and 

(2) the challenges to suppress the loss of soluble active materials and unveil the trapping 

mechanisms after surface modification in Li/S batteries. As such, the thesis objectives are to 

unravel the reaction mechanisms, identify the origin of capacity fading, and design high-

performance Zn/MnO2; and to demonstrate an optimal cathode host for LiPS trapping, identify the 

modified reaction mechanisms of the LiPSs after the cathode modification, and ultimately succeed 

to improve the cycling performance of Li/S.   

Overall, this thesis consists of four chapters. 

Chapter 1 presents a comprehensive introduction to the importance and definition of batteries; the 

applications of batteries focusing on three fields: storage, energy, and power; the current research status 

and challenges in state-of-the-art LIBs; and the recommended low-cost alternative candidates to LIBs 

for achieving mass-market penetration of batteries in the fields of stationary grid and EVs.  

Chapter 2 describes the study and implementation of in-situ Zn/MnO2 system. This promising 

battery with a mild ZnSO4 electrolyte enables the co-intercalation and conversion of H+/Zn2+. The 

understanding of the co-intercalation and conversion reaction mechanisms was previously impossible 

due to the lack of a coupled experimental and computational analyses. A significant performance 

improvement of Zn/MnO2 was achieved after comprehending the origin of capacity fade, which is 

closely relevant to the reaction mechanisms. 

Chapter 3 focuses on anchoring thiol (SH-) functional groups to the non-polar surface of a 

mesoporous carbon host (MJ430). This new strategy increases the surface polarity of conductive 

carbon and significantly confines soluble LiPSs inside the cathode. Systematic studies have been 

carried out to understand the mechanisms of LiPS trapping. This is the first time to realize multiple 

performance enhancements from a single functional group.  
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Chapters 4 summarizes the results and contributions of this work and provide an outlook and future 

work on further improvement of the performance of Zn/MnO2 and Li/S batteries.   
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Chapter 2. REACTION MECHANISMS FOR LONG-LIFE 

REACHARGEABLE ZN/MNO2 BATTERIES* 

2.1 INTRODUCTION OF ZN/MNO2 FOR LARGE-SCALE STATIONARY GRID 

Large-scale grid storage technology is critical for managing peak demands, improving the grid 

reliability, integrating most of the sustainable energy sources such as solar radiation, wind and 

wave power, geothermal energy, etc., and further powering the energy infrastructures.7,8 For large-

scale stationary grid storage, low cost, durability, and high-power capability for frequent peak 

clipping and valley filling usually outweigh the energy densities.8–10 Redox flow, sodium sulfur, 

and lead carbon chemistries have been proposed as alternative battery systems, but they also suffer 

from issues such as low rates, high operating temperatures, hazardous constituents, high costs, 

etc.63–65 Low-cost aqueous batteries with earth-abundant working ions, including various 

multivalent intercalation batteries (e.g., Zn, Ca, Mg, etc.), are more promising.66–69 

2.1.1 Alkaline vs. Mild Zn/MnO2 System 

Among these, aqueous ZIBs with mild electrolytes have the advantages of high energy density 

(∼300 Wh kg−1); low-cost constituent materials (e.g., Zn/MnO2), manufacturing (air- and water-

inert Zn anode), recycling (mild electrolytes); and excellent safety, making them prospective 

batteries for large-scale grid storage.34,42,43 

 

 

* This chapter is reproduced from the article, Li, Y. et al. “Reaction Mechanisms for Long-Life Rechargeable 

Zn/MnO2 Batteries.” Chem. Mater. 2019, 31, 2036-2047.62 Copyright (2019) American Chemical Society. This is an 

unofficial adaptation of the article that appeared in an ACS publication. ACS has not endorsed the content of this 

adaptation or the context of its use.   
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The major limitation of aqueous Zn/MnO2 for grid storage, however, is the poor cycle stability. 

Aqueous Zn/MnO2 system is the prototypical primary alkaline battery with KOH as the 

electrolyte.70,71 A wide range of failure mechanisms largely prevent their effective use as the 

secondary batteries, such as the irreversible production of ZnO, the formation of black hard and 

non-porous layer of Zn, and the evolution of hydrogen occurring on the Zn anode.72 

To improve the reversibility, mild electrolytes with neutral pH (5~7) have been studied to 

replace the alkaline KOH and thus to mitigate the failure mechanisms on the Zn anode (Figure 

2.1).  

 

Figure 2.1. Simplified Pourbaix diagram of potential vs. pH for Zn at 1 mol kg-1 concentration of 

Zn2+ and Zn(OH)42-. For reference, the dashed lines for the evolution of O2 and H2 indicate the 

limits of stability of water. 

 

In the past thirty years, versatile mild electrolytes, e.g., ZnSO4, Zn(NO3)2, ZnCl2, ZnBF4, 

ZnSiF6, and Zn(CF3SO3)2 salts have been studied.42,73 According to the results, ZnSO4 or 

Zn(CF3SO3)2 electrolytes with Mn2+ additives significantly improve the cycling performance 

(Figure 2.2).42  
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Figure 2.2. Comparison of the cycling performance of Zn/b-MnO2 cells with electrolytes of (a) 

45wt.% KOH, 3 M ZnSO4, 3 M Zn(CF3SO3)2, 3 M Zn(CF3SO3)2 with 0.1 M Mn(CF3SO3)2, and 

(b) 3 M ZnSO4 with 0.1 M MnSO4.42 

2.1.2 Different MnO2 Morphologies 

In addition to the electrolyte chemistry, the morphology of MnO2 would also affect the 

electrochemical performance and cycle stability of Zn/MnO2 batteries. Zn/MnO2 can employ many 

polymorphic MnO2, including the a-, b-, g-, l-, d-, e-, and todorokite- MnO2, the structures of 

which are shown in Figure 2.3.  

 

Figure 2.3. Structures of a-, b-, g-, l-, d-, e-, and todorokite- MnO2. 

 

Interestingly, the discharge/charge curves of the Zn/MnO2 cells with different polymorphic 

MnO2 are similar. They all consist of two discharge plateaus at ~ 1.40 and ~ 1.26 V, as shown in 

Figure 2.4.42,43,46,74,75 However, the proposed explanation of the reactions occurring at these 
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discharge plateaus are incredibly diverged in the literature, which will be discussed in the 

following Section 2.1.3. 

 

Figure 2.4. Typical discharge/charge curves of (a) Zn/3M Zn(CF3SO3)2/b-MnO2,42 (b) Zn/2M 

ZnSO4/a-MnO2,43 (c) Zn/1M ZnSO4/g-MnO2,46 (d) Zn/3M ZnSO4/d-MnO2,74 and (e) Zn/1M 

ZnSO4/todoroskite-MnO2.75 

 

2.1.3 Proposed Reaction Mechanisms of Zn/MnO2 with Different morphologic MnO2 

In 2010, by using nanostructured α-MnO2 as the cathode active material, Xu et al. investigated the 

aqueous ZIB using mild ZnSO4 as the electrolyte, demonstrating an intercalation reaction of Zn2+ 

into MnO2 (Figure 2.5a).44 A similar study of the a-MnO2 has been reported by Pan et al.,43 yet, a 

distinct conversion reaction involving H+ in the cathodic reactions was suggested (Figure 2.5d), 

analogous to the argument of Shoji et al. and Kim et al with the g-MnO2 (Figure 2.5b).4776 In 

contrast, the g-MnO2 was reported to be converted to the spinel ZnMn2O4 and the tunnel-/layered- 

ZnxMnO2 with Zn2+ instead of H+ during discharge, by Alfaruqi et al. (Figure 2.5f)46, and Lee et 

al.45 Zhang et al.42 also proposed sole Zn2+ conversion and insertion reactions occurring in the a-
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MnO2 and b-MnO2 (Figure 2.5e). Recently, Sun et al.77 and Zhao et al.78 designed in situ ZIBs to 

study the reaction mechanisms in the Zn/MnO2 systems. Regardless of the similarity of their in 

situ ZIBs, Sun et al. proposed that H+- and Zn2+-involved reactions occur at the two separate 

discharge plateaus in the e-MnO2 (Figure 2.5c), 77 yet Zhao et al. suggested only Zn2+-involved 

conversion reactions at both discharge plateaus.78 These different reaction pathways of MnO2 

cathode have been summarized in Figure 2.5.42–44,46,47,77 

 

Figure 2.5. The reported reaction pathways of MnO2 cathode. (a) Zn2+ insertion in the a-MnO2 

with 1 M ZnSO4,44 (b) H+ conversion in the g-MnO2 with 2 M ZnSO4,47 (c) H+/Zn2+ insertion in 

the e-MnO2 with 2 M ZnSO4+0.2 M MnSO4,77 (d) H+ conversion in the a-MnO2 with 2 M 

ZnSO4,43 (e) Zn2+ conversion in the b-MnO2 with 3 M Zn(CF3SO3)2 + 0.1 M MnSO4,42 and (f) 

Zn2+ conversion/insertion in the g-MnO2 with 2 M ZnSO4.46 

 

In short, despite all of these prior efforts, the exact roles of H+ and Zn2+ in the two discharge 

plateaus and the kinetics of the redox reactions still remain controversial and uncertain, which need 

to be unambiguously revealed to further optimize the cycle life of the Zn/MnO2 systems. 
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2.1.4 Challenges and Contradictions for the Study of Reaction Mechanisms 

In Zn/MnO2 batteries, however, accurately determining the reaction products and mechanisms, 

especially under different rates, poses a grand challenge. On the experimental side, X-ray 

diffraction (XRD) data leave ambiguities and controversies due to the overlapping diffraction 

peaks and the low crystallinity for many possible reaction products, especially the ones containing 

Mn,44–48 which are very sensitive to the local pH value, humidity, temperature, etc.49,50 

In addition to XRD, nuclear magnetic resonance (NMR) or high-resolution transmission 

electron microscopy could offer localized structure, composition, and chemical environment 

information,43,45,46,51 but the macroscopic and quantitative analysis is challenging. These difficult 

issues severely impede the study on the structural change of MnO2 not only in rechargeable ZIBs 

but also in various other aqueous systems such as supercapacitors,79 electrocatalysts,80,81 and 

biomimetic membranes.82 

In terms of the theoretical efforts, the computational modeling has been hindered by the 

complexity and a large variety of the reaction products (different phases and compositions) under 

various rates, which necessitates experimental guidance to reduce the required computational 

resources.  

Therefore, a coupled experimental and computational approach is called for to elucidate the 

reaction mechanisms, identify the origin of capacity fading, and design high-performance ZIBs, 

which is the focus of this study. We also expect that the understanding of MnO2 evolution in ZIBs 

would concurrently help other MnO2 studies associated with different ions, water molecules, and 

natural materials. 
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2.1.5 Brief Summary of This Work 

In this combined experimental and computational study, we unravel concomitant and conversion 

reactions of H+/Zn2+ occurring at different voltages in the Zn/MnO2 system. The rapid capacity 

fading is unambiguously ascribed to the irreversible conversion reactions at the lower voltage. 

More interestingly, the irreversible conversion reactions are also characterized as kinetic-limiting. 

Therefore, by purposefully cycling cells at higher rates, we successfully limited the irreversible 

conversion reactions at the lower voltage and demonstrated high-performance Zn/MnO2 cells that 

can deliver high energy and power densities of ∼300 Wh kg−1 and ∼2 kW kg−1 at 3C (1.032 A 

g−1), ∼231 Wh kg−1 and ∼4 kW kg−1 at 9C (3.096 A g−1), as well as ∼105 Wh kg−1 and ∼15 kW 

kg−1 at 30C (10.32 A g−1), respectively, with negligible capacity fading after 100 (at 3C), 1000 (at 

9C), and 1000 (at 30C) cycles. These values are superior to most of the reported ZIBs or even 

some LIBs. Furthermore, the revealed reaction mechanisms in our in situ electrochemically 

deposited Zn/MnO2 cells should be compatible to ex situ Zn/MnO2 cells or other ZIBs previously 

reported and thus should be applicable for improving their cycle stability. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials and Characterization 

The carbon black electrodes for in situ deposited MnO2 were prepared by thoroughly mixing 45 

wt % carbon black (TIMCAL Graphite & Carbon super P, MTI Corporation) and 55 wt % 

poly(vinylidene fluoride) in Nmethyl-2-pyrrolidone (NMP). The slurries made by a planetary 

centrifugal mixer (ARE-310, Thinky) were cast on Ni foils by an MC-20 Mini-Coater (Hohsen, 

Japan). Ni foils with coatings were then dried in vacuum at 100 °C for 6 h to get rid of the NMP 
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solvent. Afterward, MnO2 was deposited on the carbon black electrodes from a 0.2 M MnSO4 + 1 

M ZnSO4 aqueous solution at a current density of 0.01 mA cm-2 for 30 h.  

Powder XRD data of the cathode materials were collected on a Rigaku RAPID II (Mo Kα 

radiation, Rigaku, Japan) at room temperature. Microstructures of the samples were determined 

by a field emission scanning electron microscope equipped with an Oxford energy-dispersive 

spectroscopy (EDS) (FEI Sirion XL30). The sample chemical compositions were determined by a 

two-dimensional micro-X-ray fluorescence (micro-XRF) analyzer (M4 TORNADO, Bruker). 

Inductively coupled plasma (ICP) atomic emission spectroscopy was used to determine the mass 

loadings of MnO2 deposits. To investigate the evolution of the Mn oxidation state in the electrodes, 

soft X-ray absorption spectroscopy (sXAS) data were collected in total electron yield mode in the 

iRIXS endstation at Beamline 8.0.1 of the Advanced Light Source at Lawrence Berkeley National 

Laboratory.83 The experimental resolution of sXAS is about 0.15 eV without considering core hole 

lifetime broadening. For ex situ XRD, sXAS, scanning electron microscopy (SEM), and XRF 

studies, the recovered electrodes after electrochemical cycling were rinsed with deionized water 

and dried overnight at room temperature. 

2.2.2 Electrochemical Test 

Electrochemical tests were carried out in both coin cells and three-electrode open cells. The 

cathodes were assembled in 2032 type coin cells with selected electrolytes and 0.5 mm thick excess 

Zn foil as the anode. Glass fiber membrane filters (Whatman) were used as the separators. The 

electrolyte used is a 0.2 M MnSO4 + 1 M ZnSO4 aqueous solution.43 The coin cells were cycled 

galvanostatically between 1.0 and 1.8 V (vs Zn2+/Zn) at 30 °C, using a multifunction model 4200 

battery tester (Maccor). Cyclic voltammetry (CV) tests were carried out using a Reference 600 

Potentiostat (Gamry) at a scan rate between 0.1 and 1.0 mV s−1. In the CV cells, the cathodes were 
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used as the working electrodes, silver chloride electrodes as the reference electrodes, and Pt foil 

as the counter electrodes. Electrochemical impedance spectroscopy (EIS) tests were carried out 

using a VersaSTAT 4 potentiostat (Ametec Scientific Instruments) with a frequency range from 1 

MHz to 0.01 Hz and an alternating current amplitude of 5 mV. For each electrochemical test, at 

least six cells were simultaneously examined to acquire the typical results and the degree of 

variation. 

2.2.3 First-Principles Calculations 

All calculations in the present study were performed within the generalized gradient approximation 

(GGA) using the Perdew, Burke, and Ernzerhof (PBE) exchangecorrelation functional.84 A plane 

wave basis set and the projector augmented wave method as implemented in the Vienna Ab initio 

Simulation Package (VASP) were used,85–88 based on the density functional theory (DFT). 

Furthermore, to account for the strong onsite Coulombic repulsion of the Mn 3d electrons, the 

GGA + U method was used for the Mn-containing compounds.89,90 The effective onsite Coulombic 

term Ueff of the Mn 3d electrons was chosen to be 3.9 eV, according to a previous reference.91 The 

theoretical calculations of Zn-inserted MnO2 were performed in fully relaxed 2 ´ 2 ´ 1 supercells, 

as shown in Figure 2.6. The Monkhorst−Pack scheme 5 ´5 ´ 2 k-point sampling was used for the 

integration in the irreducible Brillouin zone.92 The cutoff energy for the plane waves is set to be 

520 eV. The total ground-state energy converged within 10−5 eV. The lattice parameters and the 

ionic position were fully relaxed, and the final forces on all atoms were less than 0.01 eV Å−1. 
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Figure 2.6. Supercells used for calculating the Gibbs free energy of Zn-inserted MnO2 (Zn in blue, 

Mn in purple, and O in red). 

2.3 RESULTS AND DISCUSSION 

2.3.1 Electrochemical Performance of in Situ Deposited Zn/MnO2 Cells 

The active MnO2 cathode materials were electrodeposited in situ from the MnSO4-based 

electrolyte onto the substrate, which is inspired by the electrodeposition of electrolytic MnO2 used 

in the alkaline primary batteries and has been adopted in latest reports.77,78,93,94 Carbon black was 

used as the MnO2 electrodeposition substrate due to its high electrical conductivity, porous 

structure, and large surface area. To evaluate the energy storage capability of the in situ Zn|MnSO4, 

ZnSO4|carbon black cells, coin cells were tested in the potential range of 1.0−1.8 V versus Zn2+/Zn 

(Figure 2.7). Figure 2.7a shows the initial electrodeposition of MnO2 at a current density of 0.01 

mA cm−2 for 30 h and the subsequent galvanostatic discharge/charge profiles of the cell at C/3 (C 

= 0.344 A g−1). The typical loading of MnO2 deposits is ∼0.54 mg cm−2 based on the 

electrodeposition charge, which is consistent with the average loading of ∼0.5 mg cm−2 derived 

from the ICP measurements. This loading is similar to the previously reported Zn/MnO2 cells.77 
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Here, utilizing a low material loading aims at isolating other extrinsic factors such as poor electrical 

conductivity and limited accessible surface area of the MnO2 cathode,95 which might contaminate 

the electrochemical reactions of Zn/MnO2 cell and thereby hinder our main focus on the intrinsic 

reaction mechanisms of Zn/MnO2.  

The initial electrodeposition plateau is at ∼1.73 V and the two discharge plateaus are at ∼1.40 

and ∼1.26 V. On the subsequent cycles, new charge plateaus appear at ∼1.51 and ∼1.58 V. The 

appearance of 1.40/1.26 V discharge and 1.58/1.51 V charge plateaus was also observed in 

previous reports, which were assigned as either Zn intercalation or proton conversion reactions 

associated with the crystallographic evolution of MnO2 during the cycling processes.43,46,47,76,96 In 

this work, we will show that the two discharge plateaus at 1.40 and 1.26 V represent more 

complicated reactions, which incorporate both H+ and Zn2+ into the MnO2 host and reduce Mn(4+) 

into Mn(3+)/Mn(2+).  
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Figure 2.7. Electrochemical behavior of in situ electrochemically deposited Zn/MnO2 cells. (a) 

Electrodeposition of MnO2 and its discharge/charge profiles at C/3 (0.115 A g−1); (b) cycle 

performance of in situ Zn/MnO2 cell vs cycle number at different rates (C/3, 1C, and 3C) and their 

discharge/charge profiles at the (c) 1st cycle and (d) 100th cycle. The inset in (b) is the cyclic data 

vs time. 

 

The cycling performance at C/3 is shown in Figure 2.7b. The capacity increase in the first few 

cycles is due to a gradual activation of the deposited MnO2 (electrolyte wetting, surface 

stabilization, etc.). After the activation, the cell suffers severe capacity, fading from 400 to 30 mAh 

g−1 within 100 cycles. The poor cycle stability led us to speculate that there might exist irreversible 

reactions (e.g., conversion reaction or other side reactions) during discharge that cause significant 

disruption of the original electrode architecture or material crystal structures. Interestingly, the 

capacity retentions are significantly better at higher discharge/charge rates, as shown in Figure 

2.7b, e.g., ∼35 and ∼80% discharge capacity retentions at 1C and 3C after 100 cycles, respectively. 

Figure 2.7c shows the initial discharge/charge profiles of the Zn/MnO2 cells at C/3, 1C, and 3C. 

Upon close examination of the discharge plateaus, we find that the first discharge plateau at ∼1.40 

V shows comparable specific capacities among different rates (∼191 mAh g−1 for 3C and ∼212 

mAh g−1 for C/3), whereas the capacity pertaining to the second discharge plateau at ∼1.26 V 

decreases significantly from ∼188 mAh g−1 at C/3 to ∼108 mAh g−1 at 3C. This clearly indicates 

that these two plateaus have distinctive rate-dependent kinetics such that the electrochemical 

reactions at 1.26 V are kinetically limited at high rates, whereas those at 1.40 V are only slightly 

dependent on the rate. 

The voltage curves at the 100th cycle are plotted in Figure 2.7d, as such; the discharge/charge 

profiles for the 100th cycle at the 3C rate show that the cells retain ∼89 and ∼55% of the discharge 

capacities of the 1.40 and 1.26 V plateaus, respectively. The cell cycled at the 1C rate, however, 
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mostly displays a capacity corresponding to the 1.40 V discharge plateau after 100 cycles. 

Therefore, these data seem to suggest that the high-capacity retention at high rates is mainly due 

to the reversible reactions occurring at the 1.40 V discharge plateau as well as the significantly 

kinetically limited irreversible reactions at 1.26 V. The inset of Figure 2.7b shows the capacity 

versus time at different rates; the capacity retention versus time is comparable among the three 

rates. This is reasonable because, even though the capacity losses for the kinetically limited 

irreversible reactions at 1.26 V are relatively smaller at higher rates, in a given time period, the 

high-rate (3C) cycling would go through the 1.26 V plateau many more times than that of the low 

rate (C/3). This behavior is merely a combined effect of capacity losses and the number of times 

that the cell experiences the irreversible reactions at 1.26 V. 

2.3.2 Redox Reaction Mechanisms 

XRD and XRF. To elucidate the reaction mechanisms in the in situ Zn/MnO2 cells, the structure 

and composition of the in situ formed MnO2 cathode and its evolution during discharge/charge 

were examined by ex situ XRD and XRF. The XRD pattern was carefully collected for the original 

MnO2 deposits (A in Figure 2.7a and Figure 2.8a). The originally deposited MnO2 cathode (A) can 

be indexed to the hexagonal structure birnessite δ-MnO2 (JCPDS # 18-0802), which can be viewed 

as a layered MnO2. The standard XRD pattern of δ-MnO2 is shown in Figure 2.9. The crystal 

structure of the birnessite δ-MnO2 consists of sheets of edge-sharing [Mn4+/3+O6] octahedra with 

some Mn vacancies and interlayer [Mn3+/2+O6] octahedra located above or below the in-sheet Mn 

vacancies.97 The charge of in-sheet Mn vacancies is compensated by the interlayer Mn3+/2+ or other 

cations such as Zn2+ and H+.  
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Figure 2.8. Comparison of XRD patterns of MnO2 electrodes during the electrochemical processes. 

The initially deposited MnO2 and the partially and fully discharged cathodes at the current densities 

of (a) C/3 and (b) 3C. XRD patterns of fully discharged cathodes after the 1st and 100th cycles at 

(c) C/3 and (d) 3C. 
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Figure 2.9. Standard XRD patterns of compounds that are identified and labelled in the XRD 

patterns of the initially deposited MnO2 and cycled cathodes. 

 

Compared with the originally deposited MnO2, the diffraction patterns of MnO2 cathodes 

discharged to 1.3 V at C/3 (B in Figure 2.7c and Figure 2.8a) and 3C (D in Figure 2.7c and Figure 

2.8b) shift ∼0.5° (2θ) toward lower angles. This clearly indicates a lattice expansion, likely caused 

by cation insertion, such as H+/Zn2+ intercalation (e.g., ZnxMnO2).46,96 Meanwhile, some 

characteristic reflections of MnOOH (JCPDS # 01-075-1199, standard XRD pattern in Figure 2.9) 

appear, presumably formed during the H+ insertion accompanied by a structural relaxation (e.g., 

vacancy redistribution and/or rearrangement of Mn−O bonds).48,98,99 The same reflection shift and 

the appearance of MnOOH at both points B and D suggest similar H+/Zn2+ intercalation processes 

in the first discharge plateau (1.40 V) at high (3C) and low (C/3) rates.  

After fully discharging to 1.0 V at C/3 (C in Figure 2.7c and Figure 2.8a), the XRD of point C 

clearly shows the formation of massive basic zinc sulfate ZnSO4·3Zn(OH)2·nH2O (mainly n = 4 

with JCPDS # 09-0204, standard XRD pattern in Figure 2.9). Additionally, new reflections 

appearing at 26.1° (2θ), 36.2° (2θ), and 37.6° (2θ) are indexed to be Mn3O4 (JCPDS # 24-0734, 

standard XRD pattern in Figure 2.9), whereas the reflection at 26.1° (2θ) can be assigned to MnO 

(JCPDS # 01-1206, standard XRD pattern in Figure 2.9) as well. The XRD pattern of the fully 

charged state (F in Figure 2.7c and Figure 2.10a) is quite similar to that of the originally deposited 

MnO2 electrode (A), implying that the parent MnO2 phase is largely recovered after the initial 

recharge. The long-term cycling at low rates, however, will irreversibly accumulate Mn3O4 and 

ZnSO4·3Zn(OH)2·nH2O from the conversion reactions, evident by the apparent reflections of 

Mn3O4 and ZnSO4·3Zn(OH)2·nH2O appearing in the XRD of point B equivalent for the 10th cycle 

(Figure 2.10b) and point C equivalent for the 100th cycle (Figure 2.8c). After 100 cycles, the 
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irreversible conversion products Mn3O4, MnO, and ZnSO4· 3Zn(OH)2·nH2O predominate on the 

electrodes, eventually disrupting the electrode structure and resulting in poor capacity retention, 

as will be discussed in more details below.  

 

Figure 2.10. (a) XRD patterns of the initially deposited MnO2 and fully recharged cathodes at 

C/3. XRD patterns of partially discharged cathodes after 1st and 10th cycles at (b) C/3 and (c) 

3C. (d) The corresponding XRF analysis results of electrodes at different stages. 

 

The XRD of the cathode discharged to 1.0 V at a high rate of 3C is shown in Figure 2.8b. The 

apparently lower peak intensities of ZnSO4·3Zn(OH)2·nH2O, Mn3O4, and MnO reflections for the 

fully discharged cathode (point E) suggest a significant suppression of the conversion reactions 

occurring at 1.26 V, well consistent with the largely decreased capacity of the second discharge 

plateau at 3C. Furthermore, after 10 cycles, ZnSO4·3Zn(OH)2·nH2O, Mn3O4, and MnO scarcely 

accumulate in the partially discharged cathode (Figure 2.10c). Only weak reflections of the Zn2+ 

conversion product ZnMn3O7·mH2O at 15.4° (2θ, Figure 2.8b) were observed in the initial 
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discharge processes; however, these reflections were largely intensified during cycling. Figure 

2.8d compares the XRD patterns of fully discharged electrodes at 3C after the 1st and 100th cycles. 

The original H+/Zn2+-inserted MnO2 phases nearly disappear after 100 cycles. Instead, conversion 

products ZnMn3O7·mH2O, the tunneled Zn-woodruffite [T(3, 4)] (JCPDS # 47-1825, standard 

XRD pattern in Figure 2.9), and Mn3O4 dominate. 

In short, abundant reflections were observed in the XRD patterns (Figure 2.8 and Figure 2.10). 

They were carefully analyzed and indexed to all possible compounds, which conveys more 

information about the discharged products and the reaction mechanisms as compared with 

previously reported ZIBs.43,44 The XRD patterns with high resolution and low noise were made 

possible because a massive solid angle of data could be collected in a single exposure by the XRD 

device that has a large area curved image plate detector. This device is beneficial for measuring 

weakly diffracting disordered materials. Even so, the low crystallinity for many possible reaction 

products and their significant reflection overlap are still inevitable. Meanwhile, some discharge 

products are polymorphic and mutually transformable through various intermediate phases, 

depending on the local pH value, humidity, temperature, etc., which is really hard to control in the 

ex situ XRD tests.49,50 Therefore, it is very challenging to exactly distinguish and confirm the 

phases in the electrode via XRD only, but XRD results are insightful for unraveling the trend in 

phase transitions from MnO2 to MnOOH and ZnxMnO2 and finally to Zn2+/H+ conversion products 

to clarify the origin of capacity fade.  

XRF analysis results of the cathodes at different stages of the first discharge/charge are shown 

in Figure 2.10d. The signals of Zn and S are normalized to the Mn signal. The initially deposited 

cathode is mainly composed of Mn as expected (O is not resolved here), with slight ZnSO4 

contamination from the electrolyte. The Zn and S contents, attributable to ZnxMnO2, 
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ZnSO4·3Zn(OH)2·nH2O and ZnMn3O7·mH2O, increase significantly for the fully discharged 

cathodes and nearly revert to the original values after recharging, indicating the near-reversible 

electrochemical processes in the first discharge/charge. The cathode discharged at C/3 shows 

double the Zn content and almost quadruple the S content compared to those discharged at 3C, 

which are consistent with their distinct discharged capacities (∼400 vs ∼290 mAh g−1). More 

specifically, based on the Zn content of the discharged cathode at 3C, we can confirm the existence 

of Zn2+-incorporated products, since at least 11% Zn (of the overall 39% Zn) in the cathode comes 

from ZnxMnO2 or ZnMn3O7·mH2O, whereas the rest (28% Zn based on 7% S) is from 

ZnSO4·3Zn(OH)2·nH2O. 

sXAS. To directly detect the chemical states of Mn, Mn L-edge sXAS was performed on 

electrodes at the representative electrochemical stages (Figure 2.11). Compared with the hard X-

ray XAS of Mn K-edge that has been extensively applied to study the structure and valence of Mn 

in rechargeable Zn/MnO2 cells,46,100 soft X-ray-based sXAS is a more direct and sensitive probe to 

determine the valence 3d states of transition metals (TMs) through the dipole-allowed 2p−3d 

transitions.101 For TM oxide-based battery materials, TM L-edge sXAS has been demonstrated as 

a sensitive and quantitative technique for fingerprinting the formal valence of the TM redox 

center.102 Because TM L-edge sXAS probes the localized 3d states directly, the Mn L-edge sXAS 

spectral line-shape is insensitive to specific structural differences if a local octahedral structure is 

maintained.103 The spectroscopic features could be well interpreted by comparing with reference 

spectra of different Mn states,104 as indicated in Figure 2.11 by the vertical dashed lines. 
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Figure 2.11. Mn L-edge sXAS of MnO2 electrodes during the electrochemical process. Spectra are 

collected from the initially deposited MnO2, the partially and fully discharged, and the fully 

recharged cathodes at current densities of (a) C/3 and (b) 3C. 

 

Figure 2.11 focuses on Mn L3-edge features that are much sharper compared with L2 line-shape 

due to the intrinsic Coster−Kronig broadening. The spectra show that the as deposited MnO2 

electrode (A in Figure 2.7a) contains Mn4+ (641 and 643.5 eV), Mn3+ (641.5 and 642 eV), and 

Mn2+ (640 eV), supporting the existence of birnessite δ-MnO2 composed of [Mn4+/3+O6] and 

[Mn3+/2+O6] octahedra, as well as interlayer Mn3+/2+ ions. More interestingly, the MnO2 electrodes, 

partially discharged to 1.3 V, display a slightly increased Mn4+ signal. This could occur especially 

on the surface, as δ-MnO2 is reduced from Mn4+ to Mn3+ upon the electrochemical co-intercalation 

of Zn2+ and H+, and subsequently, Mn3+ disproportionates into solid Mn4+ and soluble Mn2+, 

resulting in Mn4+-rich surface.45 After discharging to 1.3 V, the Mn4+/3+/2+ mixtures are well 

retained at both low (C/3, B in Figure 2.7c) and high (3C, D in Figure 2.7c) rates. This is consistent 

with the XRD results that show the current density (C-rate) exerting a minor effect on the H+/Zn2+ 
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intercalation reactions at 1.40 V and thus similar H+/Zn2+-inserted δ-MnO2 phases appearing at 

C/3 and 3C. However, a striking sXAS contrast between different rates is clearly seen when the 

electrodes are fully discharged to 1.0 V. Mn2+ peak, dominating the sXAS line-shape of the 

electrode at C/3 (C in Figure 2.7c), whereas Mn3+ and Mn2+ peak intensities only moderately 

increase with the 3C samples (E in Figure 2.7c). 

This result clearly reveals an almost complete reduction of Mn4+/3+ into Mn2+ after full discharge 

at C/3, accounting for the comparable discharge capacity of 190 mAh g−1 at 1.26 V reactions to 

that of 1.40 V reactions (210 mAh g−1). For electrodes cycled at high rates (e.g., 3C), the kinetic-

limited conversion reactions at 1.26 V are largely suppressed, resulting in a slight evolution of the 

Mn valences and thus smaller contribution to the overall discharge capacity. The intensity of Mn4+ 

peaks recovers and becomes stronger when fully recharged, signifying reversible Mn valence 

transitions between Mn4+ and Mn3+/2+. The stronger Mn4+ peaks in the recharged cathode might 

correspond to the activation of MnO2 deposits in the first few cycles. The finite amount of intensity 

variation here is likely a surface effect from the surface/bulk charge redistribution in the ex situ 

samples and the limited sXAS probe depth of about 10 nm. In short, the sXAS results not only 

present the overall Mn valence evolution upon electrochemical cycles but also reveal directly the 

sharp contrast on the 1.26 V discharge plateau in electrodes cycled at different rates. 

SEM. Figure 2.12 show the surface morphology of the cathode at various cycling stages. The 

morphology of the originally deposited MnO2 on carbon black surface shows hydrangea-shaped 

clusters that are several micrometers in diameter with petal-like nanosheets that are tens of 

nanometers in thickness (Figure 2.12a). After being discharged to 1.3 V at C/3 or 3C (Figure 

2.12b,e), the electrodes primarily retain the original morphology of petal-like nanosheets. For the 

fully discharged cathode (1.0 V at C/3), however, large flake shaped crystals of ∼10−20 μm in 
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size, as shown in Figure 2.12c, are formed and were found to be ZnSO4·3Zn(OH)2·nH2O by means 

of EDS (Figure 2.13). These flakes, covering and growing across the MnO2 clusters, would block 

the ion diffusion, disrupt the cathode structure, and thus result in a serious capacity loss in 

prolonged cycling. In contrast, for the cathode discharged at 3C, as shown in Figure 2.12f, the 

intergrowth between MnO2 nanosheets and ZnSO4·3Zn-(OH)2·nH2O flakes provides a stable and 

percolating microstructure, which is beneficial for the electrochemical reactions. Moreover, the 

sizes of ZnSO4·3Zn(OH)2·nH2O flakes in 3C discharged electrode are less than 2 μm and are 

present in smaller amounts than those discharged at low rates. For the charged cathode shown in 

Figure 2.11d, the electrode reverts to the morphology of the original MnO2 electrode, and only a 

few ZnSO4·3Zn(OH)2·nH2O flakes are observed, which indicates the reversible 

precipitation/dissolution of ZnSO4·3Zn(OH)2·nH2O during the cycling, accompanied by the local 

pH changes in the cathode/electrolyte interface as reported.43,78 The petal-shaped MnO2 nanosheets 

are retained during the whole electrochemical reaction processes, implying a stable and reversible 

microstructure for the concurrent intercalation and conversion reactions in the first few cycles. 

This also agrees with the reversible behavior inferred by the XRD results. 
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Figure 2.12. SEM images of MnO2 cathodes. The cathodes recovered from the test cells after (a) 

MnO2 deposition, discharged to (b) 1.3 V and (c) 1.0 V at C/3, (d) fully charged at C/3 and 

discharged to (e) 1.3 V and (f) 1.0 V at 3C. 

 
Figure 2.13. SEM image and corresponding EDS mappings of MnO2 cathodes after fully 

discharged to 1.0 V at C/3. 
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In addition, the high reversibility of the Zn anode also contributes to the good cycling 

performance. SEM images of Zn anodes before and after 20 cycles are shown in Figure 2.14. The 

laminated Zn was well deposited with no sign of Mn contamination and no significant surface 

oxidation (EDS). 

 

Figure 2.14. SEM images of Zn anode (a) before and (b) after 20 cycles. 

2.3.3 Summary of the Reaction Mechanisms and DFT Simulation 

Based on the above experimental analyses of electrochemical behavior, XRD, XRF, sXAS, and 

SEM, we can summarize the redox reactions and structural transformations occurring in the in situ 

Zn/MnO2 cell, as shown in Figure 2.15.  

 



 

 

41 

41 

Figure 2.15. Schematic illustration of the redox reactions and crystal structures of related 

compounds in the Zn|0.2 M MnSO4 (aq), 1 M ZnSO4 (aq)|carbon black cells. 
 

To further confirm our proposed reaction pathway, we used DFT simulations to calculate the 

voltages of the two redox reactions occurring at 1.40 and 1.26 V. Our calculations considered 

various H+/Zn2+ intercalation and conversion reactions with MnO2. The voltage of a redox reaction 

can be obtained from the difference in the total Gibbs free energy between the products and 

reactants, and the Gibbs free energies and structures of all compounds were computed based on 

fully relaxed structures (Table 2.1).  

 

Table 2.1. The Gibbs free energy of all possible compounds. 

System Energy/formula (eV) 

MnO2 -21.205 

Zn(MnO2)8 -172.75 

MnOOH -26.167 

Mn3O4 -53.315 

MnO -15.538 

ZnMn3O7 -69.379 

Zn(OH)2 -23.827 

Zn -1.106 

H2O -14.889 
 

Based on the DFT results, the major redox reactions can be formulated as below 

1). H+/Zn2+ intercalation reactions at ~ 1.40 V  

84MnO2+33Zn+10ZnSO4+100H2O 

H+/Zn2+intercalation
"⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯$ 60MnOOH+24Zn0.125MnO2+10[ZnSO4∙3Zn(OH)2∙4H2O],                                        (2.1) 
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2). H+/Zn2+ conversion reactions at ~ 1.26 V 

8Zn0.125MnO2+16MnOOH+4Zn+ZnSO4+3H2O 

H+/Zn2+conversion
"⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯$ 5Mn3O4+3MnO+2[ZnMn3O7∙2H2O]+ZnSO4∙3Zn(OH)2∙4H2O.                                   (2.2) 

The calculated voltages for Eqs. 2.1 and 2.2 are 1.39 and 1.26 V, respectively, agreeing very 

well with the experimental results. Here, we took Zn0.125MnO2 as the Zn insertion compound for 

simplicity105 and MnOOH as the H insertion compound. We also calculated the voltages of other 

possible redox reactions, such as Zn2+ intercalation as the exclusive reaction at the initial discharge 

stage; however, the calculated voltages are significantly different from the experimental values 

that oblige us to rule out these scenarios, as shown in Table 2.2. Due to the complexity of Zn/MnO2 

system, there might be some minor side reactions, which will neither significantly contribute to 

the capacity nor influence the electrochemical behavior. It is worth noting that although Eq. 2.1 is 

primarily denoted as the intercalation reaction due to the H+/Zn2+ insertion into MnO2 at 1.40 V, it 

is also accompanied by a conversion reaction that forms ZnSO4·3Zn(OH)2·nH2O as a discharge 

byproduct. 

 

Table 2.2. The Gibbs free energies and resulting voltages of representative reaction equations. 

Reaction Equations DG(eV) Voltage 
(V) 

(1) 6MnO2 + 3Zn +ZnSO4 + 10H2O à 6MnOOH + 
ZnSO4•3Zn(OH)2•4H2O 

-8.604 1.43 

(2) 8MnO2 + Zn à 8Zn0.125MnO2* -2.009 1.01 

(3) 84MnO2 + 33Zn +10ZnSO4 + 100H2O à 60MnOOH + 
24Zn0.125MnO2 + 10[ZnSO4•3Zn(OH)2•4H2O] 

-92.067 1.39 

(4) 18MnOOH + 3Zn + ZnSO4 à 6Mn3O4 + 
ZnSO4•3Zn(OH)2•4H2O + 2H2O 

-6.381 1.06 

(5) 6MnOOH + 3Zn + ZnSO4 + 4H2O à 6MnO + 
ZnSO4•3Zn(OH)2•4H2O 

-4.390 0.73 
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(6) 72Zn0.125MnO2 + 39Zn + 16ZnSO4 +112H2O à 24Mn3O4 + 
16[ZnSO4•3Zn(OH)2•4H2O] 

-
110.655 

1.42 

(7) 24Zn0.125MnO2 + 21Zn + 8ZnSO4 +56H2O à 24MnO + 
8[ZnSO4•3Zn(OH)2•4H2O] 

-45.948 1.09 

(8) 8Zn0.125MnO2 + Zn + 4H2O à 2MnO + 2[ZnMn3O7•2H2O] -4.026 2.013 

(9) 8Zn0.125MnO2 + 16MnOOH + 4Zn + ZnSO4 + 3H2O à 
5Mn3O4 + 3MnO + 2[ZnMn3O7•2H2O] + 

ZnSO4•3Zn(OH)2•4H2O 

-10.075 1.26 

(10) 48Zn0.125MnO2 + 74MnOOH + 41Zn + 10H2O à 38Mn3O4 
+ 8MnO + 47Zn(OH)2 

-103.02 1.26 

* ZnxMnO2 takes x=0.125 as an example 
 

2.3.4 Kinetic Behavior 

To discern the different kinetic behaviors of the two separate redox reactions at 1.40 and 1.26V, 

the standard reaction constants k°1.40V and k°1.26V were derived by CV, along with the EIS results 

of a Zn/MnO2 cell discharged to two different statuses (1.40 and 1.26 V).  

Figure 2.16a shows a series of cyclic voltammograms obtained at different scan rates (0.1−1 

mV s−1). The CV curves display two pairs of redox peaks. The two pairs of cathodic/anodic peaks 

in the CV curve at 0.1 mV s−1 locate at ∼1.39/1.58 and ∼1.26/1.56 V, respectively. It is clear that 

the former redox pair (∼1.39/1.58 V) is more reversible than the latter one (∼1.26/1.56 V), due to 

its smaller voltage polarization (190 vs 300 mV). The peak current is expressed as106 

𝑖+, = 0.227𝑛𝐹𝐴𝐶𝑘6 exp :− (=>?@)
(BC)

D𝐸+, − 𝐸F
GHI,                                                                  (2.3) 

where ipc is the peak cathodic current; n is the number of electrons involved in the overall electrode 

processes; A is the electrode area; C is the maximum concentration change of H+/Zn2+ in the 

cathode materials; α is the charge-transfer coefficient; na is the number of electrons involved in the 

redox steps; Epc is the peak cathodic potential; and E°′ is the formal potential. The average formal 
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potential values of 1.48 and 1.40 V are used to plot the ln ipc versus (Epc − E°′) relations for the two 

reactions at 1.40 and 1.26 V, respectively.  

 

Figure 2.16. Kinetic behavior of Zn/MnO2 cells. (a) Cyclic voltammograms of in situ deposited 

MnO2 cathode at various scan rates (0.1, 0.2, 0.5, 0.8, 1.0 mV s−1). (b) Plots of ln ipc vs (Epc − E°′) 

for the 1.40 and 1.26 V reductions. (c) EIS analysis of MnO2 cathode discharged to 1.40 and 1.26 

V. 
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Figure 2.16b presents the plots of ln ipc versus (Epc − E°′) obtained from the cyclic 

voltammograms. From the intercepts of the straight lines, the standard reaction rate constants 

k°1.40V and k°1.26V are calculated as 1.26 Å~ 10−7 and 1.58 Å~ 10−8 cm s−1, respectively. The 

standard reaction rate constant at 1.40 V (k°1.40V) is near 10 times larger than that at 1.26 V (k°1.26V) 

and is also comparable to that of LiNi1/3Co1/3Mn1/3O2 (NMC111) in LIBs for intercalation reaction 

(∼2.5 Å~ 10−7 cm s−1).107  

The kinetic behavior was also studied by EIS. Figure 2.16c shows the EIS results of a Zn/MnO2 

cell discharged to two different statuses (1.40 and 1.26 V). The discharged cell displays two 

semicircles in high- and middle frequency regions, representing the interfacial and charge transfer 

resistances, respectively, and a diffusion tail in the low frequency region due to the ion diffusion 

processes in solids.77,108 The EIS data can be fit using the equivalent circuit shown in the inset, and 

the fitted data are shown in Table 2.3. After being discharged to 1.3 V at C/3, fitting the EIS data 

gives an internal resistance (Rs,1.40V, 7.3 Ω), an interfacial resistance (Ri,1.40V, 66.3 Ω), and a charge-

transfer resistance (Rct,1.40V, 646.5 Ω). In comparison, the cell fully discharged to 1.0 V at C/3 

shows a much higher Rct,1.26V (2019.2 Ω) but similar Rs,1.26V (6.6 Ω) and Ri,1.26V (93.2 Ω). The largely 

increased charge-transfer resistance is primarily due to the irreversible conversion products, which 

disrupt the electrode structure and thus largely hinder the ion and electron transports, consistent 

with the above XRD and SEM analyses. 

 

Table 2.3. Impedance fitting parameters of MnO2 cathode discharged to 1.40 V and 1.26 V   

 
1.40 V 1.26 V 

Value Error (%) Value Error (%) 

Rs 7.3 2.70 6.6 1.01 

Ri 66.3 5.19 93.2 3.12 
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Rct 646.5 3.35 2019.2 6.94 

Zw 102.5 3.51 1386.0 10.66 
 

 

In general, a kinetic-limited reaction has a small k°, a small exchange current density i0, and 

thus a high Rct. For a small i0, a large current density will require a large activation energy Ea, 

leading to a large overpotential to allow the reaction to proceed. In this case, only a small fraction 

of the initial reactants has enough energy to overcome the energy barrier and form the final 

products, leading to a small measurable capacity. 

As a result, reaction energetics are plotted in Figure 2.17 to illustrate the different kinetic 

behaviors of the two redox reactions. For the H+/Zn2+ intercalation reactions at ∼1.40 V, a smaller 

energy barrier will allow for a higher reaction rate, and an increase in current will not significantly 

increase the energy barrier due to its large rate constant k°1.40V and low charge-transfer resistance 

Rct,1.40V. On further discharge at ∼1.26 V, however, the rate-limiting process possesses a high 

activation barrier due to its small k°1.26V and high Rct,1.26V, especially at high rates. The concurrence 

of conversion reactions with both H+ and Zn2+ at 1.26 V is responsible for the undesirable rate 

performance, since these conversion reactions cause a large volume change, sluggish phase 

transformation, the formation of electrochemically inactive ZnSO4·3Zn(OH)2·nH2O, etc.96,99,105 

Therefore, at large current densities, the slow conversion reactions will be largely suppressed, 

causing a smaller capacity reduction and thereby significantly improving the overall capacity 

retention. Even though the reaction mechanisms demonstrated here are for our in situ formed 

Zn/MnO2 cells, we believe that the concomitant intercalation and conversion reactions of H+/Zn2+ 

could be ubiquitous to other aqueous Zn/MnO2, considering the similar electrochemical behavior 

(discharge profiles, cycling properties) and similar cell structure (same electrodes and 

electrolytes).43,47,109 
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Figure 2.17. Gibbs free energy vs. reaction coordinate showing the thermodynamic and kinetic 

properties of the redox reactions in Zn/MnO2 cells with different rates. 

 

2.3.5 Optimizing the Power Capability and Cycling Stability 

According to our understanding of the reaction mechanisms and kinetic behavior in Zn/MnO2 cells, 

to improve the cycle stability, it is desirable to mitigate/eliminate the rate-limiting, irreversible, 

and electrode-disrupting conversion reactions occurring at ∼1.26 V. As the first example, the in 

situ Zn/MnO2 cells were designed to be cycled at higher rates, e.g., 9C and 30C, to restrain the 

irreversible H+/Zn2+ conversion reactions at ∼1.26 V, as shown in Figure 2.18a,b. As expected, a 

higher current density largely restrains the capacity of the second discharge plateau as compared 

to that of the discharge/charge profiles at C/3 (Figure 2.18a). Consequently, high-rate cycling 

between 1.0 and 1.8 V largely improves the cycle stability (Figure 2.18b). For instance, the 9C and 

30C cells deliver discharge capacities of 175 and 75 mAh g−1 after 1000 cycles, respectively. More 

importantly, there is no significant capacity fading for the two cells after several initial cycles (to 

stabilize the cathode).  
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Figure 2.18. Improved electrochemical performance of the in situ Zn/MnO2 cells. (a) 

Discharge/charge profiles and (b, c) cycling performance of the cells at different current densities 

(C/3, 9C, and 30C) and different voltage ranges (1.0−1.8 and 1.3−1.8 V). (d) Ragone plot (power 

vs energy densities) of the in situ Zn/MnO2 cells as compared with that of the previously reported 

ZIBs with ex situ MnO2 and other cathode materials. 

 

In the second example, by increasing the low cutoff voltage from 1.0 to 1.3 V, the irreversible 

conversion reactions at 1.26 V can be eliminated (Figure 2.18a). The cell has an initial capacity of 

175 mAh g−1 at 1C, about half of that of the cell discharged to 1.0 V. After a rapid capacity fade 

in the initial 10 cycles, the cell discharged to 1.3 V shows negligible fading after 150 subsequent 

cycles (Figure 2.18c). To acquire the typical cycling performance in Figure 2.18a−c, at least six 

cells were simultaneously examined under each discharge condition (C/3−30C, 1.0−1.8 V or 1C, 

1.3−1.8 V). The deviation of delivered capacities in the six cells is within 50 mAh g−1. The reason 
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for the large initial capacity drop in the cells at different current densities, as shown in Figure 2.7 

and Figure 2.18, is unclear and will be investigated in the future. Of note, we caution that 

increasing the lower limit of the discharge voltage would decrease the overall energy density. 

Nonetheless, the irreversible reactions at 1.26 V are clearly revealed and corroborated here. For 

large-scale energy storage applications, the cycling stability is more critical than the energy density, 

and thus for practical use, increasing the cutoff voltage to 1.3 V is still a reliable way to improve 

the cycling stability of Zn/MnO2 batteries. Studies to modify the irreversible reactions at 1.26 V 

are planned in an effort to increase the overall energy density of the Zn/MnO2 cell.  

Figure 2.18d shows the Ragone plot (power density vs energy density for cathode only similar 

to those reported previously) of in situ Zn/MnO2 cells as compared to that of the previously 

reported Zn/MnO2 cells and ZIBs with other cathode materials (α-MnO2,43,77 β-MnO2,42 

Zn0.25V2O5·nH2O,110 α-Mn2O3,111 V0.9Al0.05O1.52(OH)0.77,112 Na3V2(PO4)3,113 LiMn0.8Fe0.2PO4,114 

Zn3[Fe(CN6)]2,115 Zn1/3Ni1/3Mn2/3O2116). Our cell cycled at 9C exhibits gravimetric energy and 

power density up to 231 Wh kg−1 and 4 kW kg−1, respectively. These values, achieved after 1000 

cycles, are much higher than those of conventional Zn/MnO2 and ZIBs with other cathode 

materials published recently. In particular, the cell cycled at 30C has a power density of 15 kW 

kg−1, close to that of supercapacitors.117 Overall, our in situ aqueous Zn/MnO2 cells show very 

competitive electrochemical performance suitable for stationary grid storage, especially taking into 

account their low cost and superior safety. The electrochemical performance of the in situ 

Zn/MnO2 cells could be further improved by optimizing the MnO2 deposition (morphology, 

porosity, composition, loading mass, surface coating, etc.)118 or by optimizing the electrolyte to 

improve the rate and reversibility of the conversion reactions. 
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2.4 CONCLUSION 

In this work, in situ formed Zn/MnO2 cells with Zn and carbon black electrodes in the 

MnSO4−ZnSO4 electrolyte are developed. Our coupled experimental and theoretical study clarifies 

the complex redox reactions in Zn/MnO2 system, as such; there exists a concurrence of Zn2+ and 

H+ intercalations and conversion reactions corresponding to the two discharge plateaus at ∼1.40 

and ∼1.26 V, respectively. These two types of reactions show quite different kinetics and thus 

distinct rate dependent capacities and capacity retention. The capacity of H+/Zn2+ intercalation 

reactions is well retained and rate insensitive, whereas that of the subsequent H+/Zn2+ conversion 

reactions is highly dependent on the discharge/charge rate. The proposed reaction mechanisms in 

our in situ Zn/MnO2 cell could be applied to ex situ Zn/MnO2 systems or other ZIBs, opening an 

avenue to further improve their cycling and power performance. 
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Chapter 3. REACTION MECHANISMS OF LI/S BATTERIES WITH A 

THIOL-MODIFIED MESOPOROUS CARBON*  

3.1 INTRODUCTION 

3.1.1 Advantages of Li/S Batteries 

Energy batteries with high energy density are of increasing importance due to the growing demand 

for long-range EVs.8,120 Li/S batteries have attracted broad interest due to their high theoretical 

specific capacity (1672 mA h g-1, an order of magnitude greater than that of the current commercial 

LiCoO2 cathode material), high theoretical energy density of 2600 Wh kg-1, low environmental 

impact, and low cost.121  

3.1.2 General Reaction Mechanisms and Relevant Challenges in Li/S Batteries 

Generally, in the Li/S, the voltage profile features of the electrodes reflect two discharge plateaus 

at 2.3 V and 2.1 V as shown in Figure 3.1.122123 It is accepted that the upper plateau is related to a 

solid–liquid two phase conversion from elemental S8 to long-chain Li2S(8,6), while the lower is 

associated with a transition from liquid to solid-phase species as soluble chains are reduced to 

insoluble discharge products, Li2S(2,1).122,124 

 

 

 

*This chapter is reproduced from the article, Li, Y. et al. “A multi-functional interface derived from thiol modified 

mesoporous carbon in lithium–sulfur batteries” J. Mater. Chem. A, 2019, 7, 13372.119 Copyright (2019) Royal Society 

of Chemistry. This is an unofficial adaptation of an article that appeared in an RSC publication. RSC has not endorsed 

the content of this adaptation or the context of its use.   
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Figure 3.1. The compendium of lithium polysulfide (LiPS) composition and evolution in Li/S 

batteries.122 

 

The dissolution of soluble lithium LiPS redox intermediates (e.g., Li2S(8,6)) generated during 

the complex multi-step charge/discharge reactions results in rapid capacity fading upon extended 

cycling,55 which is one of the failure mechanisms hindering the commercialization of Li/S batteries. 

Approaches that aim simply to lower LiPS solubility would introduce new performance deficits 

such as reduced reaction kinetics and poor active material utilization.125,126 In order not to sacrifice 

the general performance for the sake of cyclability, the design of cathode host materials which can 

better retain solvated LiPSs has become an area of intense research.127 

3.1.3 Efforts on Physical and Chemical Trapping of LiPSs 

Initial work on LiPS-trapping were focused on designing nanostructured carbon materials such as 

mesoporous carbon particles, carbon nanotubes (CNTs), and graphene/graphene oxide sheets, as 

shown in Figure 3.2.58,128–140 Carbon materials were preferentially investigated as a means to 

physically confine solvated LiPSs in the host matrix due to their high electrical conductivity, large 

specific surface area, and ability to modulate the pore volume available for sulfur infiltration. 

Although these materials greatly improve cell performance, it has been found that physical 

confinement alone is not sufficient to prevent large capacity losses, as LiPSs will still gradually 
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diffuse out of the porous network due to the polarity difference between non-polar carbon and 

polar LiPSs.141 The non-polar carbon also introduces a new challenge, namely poor electrolyte 

wetting for thick electrodes.141,142  

 

Figure 3.2. Schematic diagrams of the sulfur physically confined in (a) mesoporous carbon CMK-

3,58 (b) hollow carbon nanofibers (HCFs),139 (c) carbonized eggshell membrane (CEM),140 (d) 

mesoporous carbon,129 (e) 3D graphene sponge,130 (f) graphene nano-capsules,131 (g) 1D carbon 

nanotubes (CNTs).132 

 

Thus, research efforts have been made towards implementing chemical functionalities to further 

improve a host material's ability to trap LiPSs. Most approaches implement inherently polar 

materials such as heteroatom-doped carbon structures,143–146 polymer coatings,59,60,147 metal–

organic frameworks,144,148,149 and metal-chalcogenide blends,150–152 as shown in Figure 3.3. 

Although these approaches have realized some success in improving cyclability, they often rely 

only on limited and single electrostatic interactions, suffer from reduced electrical conductivity, or 
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involve heavy/expensive nanostructures, which sacrifice the potential advantages of Li–S 

chemistry.128,153,154 

 

Figure 3.3. Schematics of (a) N,S-codoped graphene sponge,146 (b) Ni-MOF,149 (c) conductive 

polymer wrapped CMK-3/S composite,147 (d) MoS2-encapulated hollow sphere,152 which can 

chemically interact with LiPSs.  

 

3.1.4 New Strategy for LiPS-Trapping 

With all the challenges in mind, a light-weight sulfur host material with good electrical 

conductivity and improved wettability to the electrolyte, that not only confines LiPSs physically 

but also contains a very high accessible fraction of LiPS chemisorption sites, is well suited to 

realize long-life and high-loading Li–S batteries. To achieve the goal, in this thesis, we suggest to 

chemically functionalize the nonpolar surface of nanostructured carbon materials with a thin layer 

of phenylthiol small molecules via a one-pot reaction where we in situ generate aryl-diazonium 

ions.155 This approach has many benefits including simplicity, scalability, tunability, and general 

applicability to any surface with the sp2 hybridized carbon functionality. Here we selected 

commercially available mesoporous carbon materials as the platform to study the features of 

phenylthiol surface modification. Graphene materials and CNTs were not considered due to their 
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complexity such as the random orientation and discrepant defects of graphene sheets and the 

tedious synthetic and harsh reaction conditions to modify CNTs.156–162 These obstacles make it 

difficult to stabilize and control the functionality of graphene materials and introduce large 

amounts of structural damage in CNTs.159 

In the past few years, hydroxyl and epoxide functional groups have been reported to possess a 

single chemical interaction (O–Li) with LiPSs.146,163,164 In this thesis, we for the first time designed 

phenylthiol modifiers at the molecular level on the surface of the carbon matrix to facilitate 

multiple interactions with LiPSs. Due to the widely studied interconversion between the thiol (S–

H) and disulfide (S–S) bonding modes through intermediate thiolates (–S-) and thiyl radicals (–

S•),165–168 thiol groups are chosen to potentially allow for covalent tethering of LiPSs to the surface 

of mesoporous carbon hosts. Furthermore, the thiol modifier could enhance the electrolyte 

wettability of electrodes by creating a more polar electrode surface, inducing electrostatic 

interactions with the solvated Li+ ions of dissolved LiPSs, as well as lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) salt in 1,3-dioxolane/1,2-dimethoxyethane 

(DOL/DME) based electrolytes. This effect has important implications for high sulfur-loading 

cathodes, which are required for commercially viable cells and is often overlooked when 

discussing cathode additives/strategies.141,142 The thiol-functionalized carbon host has not been 

studied probably because the thiol functionality was predominantly consumed as reactive groups 

to prepare crosslinked organosulfur polymers in Li/S batteries.169–171 These sulfur-rich polymers 

as new cathodes are chemically distinct from the conventional melt-infiltrated carbon–sulfur 

composites used in this thesis. The vulcanized co-polymers usually suffer from inherently low 

conductivity and require larger amounts of inert conductive additives, in addition to the inert mass 

added by the organic structures themselves, which detracts from the overall energy density. 
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3.1.5 Investigation of The Reaction Mechanisms of LiPSs with The Thio-Functional Interface 

via Spectroscopic Characterizations 

In Li/S batteries, for most materials, it is quite challenging to identify the specific role of individual 

species in cell function owing to the complexity in characterizing amorphous structures and 

versatile ionic species.61 In this thesis, we successfully utilize solid-state nuclear magnetic 

resonance (NMR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and electrochemical 

impedance spectroscopy (EIS) to monitor the molecular motion and surface interactions of the 

thiol groups with active materials inside the cathodes upon cycling. We studied the effects of the 

functionality on the electrochemically produced LiPSs from the cycled cells, different from 

theoretical calculations or alternative investigation of the functionality with pre-made LiPS 

solutions of defined compositions.146 Moreover, we conduct a systematic study of the influence of 

multi-functional thiol surfaces on high-sulfur-loading (4 mg cm-2) cathodes by controlling the 

concentration of thiol groups on the surface. Though ultimately successful in improving cyclability, 

our analysis reveals some inherent limitations of this particular surface modification strategy, 

including a slight increase in cell overpotential and kinetic limitations during discharge. We thus 

present future steps that might be taken to mitigate these challenges. 

3.2 EXPERIMENTAL SECTION 

3.2.1 Preparation of [SH]-Thiol MJ430 Carbon 

As-received MJ430 (Porous Carbon CNovel™; TOYO TANSO USA, INC.) was purified by acid 

wash with 2 M HCl in ethanol. Purified carbon powders were mixed with 5, 10, 15, 20, and 50 

mol% 4-aminophenylthiol (Sigma Aldrich) and sonicated in anhydrous tetrahydrofuran for 20 min. 

This mixture was then placed in an ice bath before adding a stoichiometric equivalent of 

isoamylnitrite (Sigma Aldrich) and double stoichiometric equivalent of HCl to initiate in situ 
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diazotization. Initiation of the reaction should produce N2 gas, which bubbles out of the solution. 

Once the gas generation ceased, the reaction mixture was heated to 70 °C and stirred vigorously 

for 12 h. Reaction products were cleaned and filtered with subsequent washes of (2 : 1) ethanol : 

ammonium hydroxide, tetrahydrofuran, water, and finally acetone. Cleaned products were then 

vacuum dried under high-vacuum at 90 °C for 12 h. 

3.2.2 Material Characterization 

Thermogravimetric analysis (TGA) was performed under a nitrogen flow of 50 mL min-1with a 

heating rate of 10 ºC min-1 to 800 ºC by using a Mettler Toledo TGA/DSC 3+. The surface area of 

the samples was determined from the isotherms collected with a QUANTACHROME NOVA 

2200e gas sorption system by using the BET method. The BJH method was used for the porosity 

and pore size analyses. Surface chemical characteristics of the samples were examined using XPS. 

The physicochemical structures were examined using a Renishaw inVia Raman microscope. 

Electrical conductivity was measured by the four-point method using an IV Source Meter (2450, 

Keithley). TheMJ430-S and SHMJ430-S films were fabricated by the slurry casting method on 

polyethylene naphthalate (PEN). The morphology and elemental distribution of the materials were 

characterized using SEM-EDS (Phillips XL-30 Sirion FE-SEM with EDAX EDS). 

Microstructures and compositions were analyzed by S/TEM (FEI Titan 80–300 kV, USA). 

3.2.3 Preparation of MJ430-S and [SH]-MJ430-S Composites 

To impregnate sulfur into MJ430 or [SH]-MJ430 carbon for preparing MJ430-S or [SH]-MJ430-

S, a mixture of 100 mg carbon and 100 mg sulfur was heated at 155 ºC for 24 h in a sealed vacuum 

tube. 
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3.2.4 Electrochemical Measurements 

The MJ430-S or [SH]-MJ430-S composite was mixed with carbon nanotubes (CNTs, Sigma-

Aldrich) and poly(vinylidene difluoride) (PVDF; MTI Cop.) as the binder in a weight ratio of 80 : 

10 : 10, in N-methyl-2-pyrrolidone (NMP; Sigma-Aldrich) as a dispersant. The slurry was cast on 

an Al foil current collector and dried overnight at 60 ºC under vacuum. A thick cathode with 4mg 

S cm-2 loading was prepared similarly. The slurry was cast on a C-coated Al foil current collector 

(MTI Corp.). 2032 coin-type cells were assembled using lithium metal (250 mm thick, Alfa Aesar) 

as the anode, polypropylene (PP) Celgard2500 (Celgard, LLC Corp.) as the separator, and 1 M 

LiTFSI (Sigma-Aldrich) and 1 wt% LiNO3 (Alfa Aesar) in DOL/DME (Sigma-Aldrich, v/v . 1 : 

1) as the electrolyte for each cell. The electrochemical performances of the cells were evaluated at 

30 ºC in a voltage window of 1.9–2.8 V vs. Li+/Li at various C-rates using a battery tester (BT-

2043, Arbin). 

3.2.5 Spectroscopic Characterization 

EIS. Electrochemical impedance spectroscopy (EIS) of Li–S cells at different discharge stages 

was performed using an AMETEK VersaSTAT4 potentiostat/galvanostat in the frequency range 

of 10-2 to 10-6 Hz by applying a 5 mV ac oscillation.  

NMR. 7Li, 19F, and 13C MAS NMR were performed on a Varian Inova spectrometer with a 

600MHz (14.1 T) magnet, using 1.6mm rotors operating at a spinning speed of 36 kHz. The 90˚ 

pulse width was 3 μs for 7Li, 1.5 μs for 13C, and 5 μs for 19F. The 7Li spectra were obtained with 

640 scans, using a flip angle of 9° (a pulse width of 0.3 μs) with a recycling delay of 5 s for 

quantitative comparison. The 19F spectra were obtained using a spin-echo pulse sequence with 48 

scans and a recycling delay of 5 s. Due to the low sensitivity of 13C in the naturally abundant 

materials, 10240 scans were used with a 30˚ pulse and a recycling delay of 5 s. Temperature was 
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maintained at 25 ºC for all NMR measurements. For the preparation of the first set of samples, 

concentrated Li2S8 in DME with MJ430/20% SH-MJ430 particles was packed into the NMR rotors. 

For the second series of samples, the cycled coin cells were disassembled at different voltage stages 

in a glovebox, and the composites were scratched off from the cathodes immediately and filled 

into the NMR router.  

XPS. All XPS spectra were recorded on a Surface Science Instruments S-Probe photoelectron 

spectrometer. This instrument has a monochromatized Al Ka X-ray source which was operated at 

20 mA and 10 kV, and a low energy electron flood gun for charge neutralization. The samples 

were mounted on double-sided tapes that run as insulators. X-ray analysis area for these 

acquisitions was approximately 800 µm across. Pressure in the analytical chamber during spectral 

acquisition was less than 5 x 10-9 torr. The take-off angle (the angle between the sample normal 

and the input axis of the energy analyzer) was 0°, (0° take-off angle @ 100 Å sampling depth). Pass 

energy for survey and detailed spectra (to calculate composition) was 150 eV. Data point spacing 

was 1.0 eV per step for survey spectra, and 0.4 eV per step for detailed spectra. Pass energy for 

high-resolution spectra was 50 eV, with a data point spacing of 0.065 eV. Service Physics Hawk 

version 7 data analysis software was used to calculate the elemental compositions from peak areas 

measured above an inelastic scattering background. Powder samples were transported to 

instrument in air. Cycled cathode samples were disassembled and washed in an Ar atmosphere 

glovebox, transferred to the instrument in sealed vials, and then mounted under ambient conditions. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Introduction of SH-MJ430 Carbon 

As a platform to investigate our multifunctional interface, a commercially available mesoporous 

carbon host referred to as MJ430 was utilized, with an average surface area of 689 m2 g-1. A 

schematic depiction of our approach to confine active materials in the MJ430 pores using a 

multifunctional thiol surface modifier (SH-MJ430) is shown in Figure 3.4. In our proposed strategy, 

there are three unique interactions occurring at the cathode interface which contribute to an 

increase in cell performance. The first is an electrostatic “lithium bond” between solvated Li+ in 

the LiTFSI electrolyte and lone pairs on the reduced phenylthiolate moiety (–S-). The second is a 

similar lithium bond involving the solvated Li+ tails of dissolved LiPS. Finally, the third interaction 

is described as covalent disulfide bonding that is formed between –S- (or phenylthiyl radicals –S• ) 

and LiPSs. Evidence supporting each of these proposed interactions is presented in the following 

sections. 

 

Figure 3.4. Schematic depiction of the multiple interactions of thiol surface modifiers with solvated 

active materials. Proposed mechanisms include electrostatic interactions with Li+ (left, middle), 
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covalent disulfide bonding (right), and the subsequent attraction of solvent molecules to these 

aggregated charges. 

 

3.3.2 Characterization of Functionalized SH-MJ430 Carbon 

The functionalization of conductive carbon surfaces is made possible by a one-pot synthetic 

strategy that utilizes in situ generated diazonium ions from common and inexpensive organic 

precursors.124 We prepared a series of samples in which the concentration of surface modifiers was 

varied between 0 and 20 wt%. A mechanistic schematic of this reaction is shown in Figure 3.5. 

We sought to confirm the functionalization by both physical and spectroscopic analyses, all of 

which are reported below. For these experiments, all “pristine” control samples were exposed to 

the same reaction conditions, barring the organic nitrite reagent which is necessary for 

diazotization. This was done to ensure that the presence of functional groups was due to covalent 

anchoring to the surface, rather than physisorption or trapping of thiol precursors in the carbon 

pores. 

 

Figure 3.5. Schematic of in-situ functionalization of modifiers (“R”=SH) onto the surface of 

MJ430 carbon via diazotization. The diazonium ions dissociate into N2 gas and a phenylthiol 

radical, which can react with sp2-hydridized carbon frameworks to form sp3 C-C bonds. This 

approach is advantageous for many applications because of the ability to tune the functionality of 

grafted small molecules, as well as controlling the degree of functionalization. 
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The addition of mass to carbon particles after a series of surface modifications was tested by 

TGA (Figure 3.6a). It was found that a maximum of ~ 20 wt% of mass could be added to the 

pristine particles, as attempts to push reaction equilibrium even further towards functionalization 

(e.g., by adding 50 mol% diazonium precursors, instead of 20 mol%) yielded inconsequentially 

increase in mass loss (Figure 3.7). This finding may be attributed to a combination of precursor 

reactivity and the finite surface area readily available for attachment,172 which would be optimized 

in the future such as by selecting other promising nanostructured carbons. 

 

Figure 3.6. Characterization of functionalized [SH]-MJ430 carbons ([SH]= 0, 5, 10, 15, and 20 wt% 

SH), controlled via reaction conditions. (a) TGA analysis, (b) surface area and total pore volume 

calculated from the N2 isotherms analysis, and (c) XPS S2p spectra of a series of [SH]-MJ430 

carbons. (d) Raman spectra of MJ430 and 20% SH-MJ430 carbons. 
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Figure 3.7. TGA of resultant modified MJ430 carbons from mixing purified MJ430 with 20 and 

50 mol% diazonium precursors, respectively. The former displays a 25 wt% of overall mass loss 

(20 wt% among which comes from the modifiers), while the latter only shows a 3% increase of 

overall mass loss with overwhelming increase of diazonium precursors.  

 

Next, we confirmed that modifiers lined the pores of the host substrate through analysis of N2 

adsorption/desorption isotherms at 77 K (Figure 3.8). From these N2 isotherms with the Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) analysis, an average surface area 

decrease from 689 to 310 m2 g-1 and a total pore volume (including all types of pores) decrease 

from 1.96 to 1.19 cm3 g-1 were observed after the maximum modification (Figure 3.7b). The pore 

size distribution plots reveal a gradual decrease in the primary mesopore size from 7.4 to 5.4 nm 

(Figure 3.8f).  
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Figure 3.8. The N2 isotherms at 77 K for the (a) MJ430, (b) 5% SH-MJ430, (c) 10% SH-MJ430, 

(d) 15% SH-MJ430, (e) 20% SH-MJ430 carbon and (f) their related pore size distribution. The 

distribution plot of MJ430 reveals that mesoporous carbon MJ430 has three pore types. These pore 

types originated from capillary condensation in micropores (from the carbon walls), primary 

mesopores, and secondary mesopores (from interparticle capillary condensation),173 with pore 

diameters of approximately 3.8, 7.4, and 14 nm, respectively. After surface modification, the 

primary mesopores decrease from 7.4 to 5.4 nm, as shown with the arrow. 

 

Moreover, the surface chemical composition of [SH]-MJ430 carbons was determined by XPS. 

The comparison of S2p XPS spectra (Figure 3.6c) clearly shows an increase in the S signal 

(observed at 164 eV) as the concentration of precursors is increased, which corresponds to the thiol 

species.174 Figure 3.6c is a detailed scan with a relatively low resolution (150 eV pass energy), 

which is meant to illustrate the intensity of the S signal. The high-resolution S2p spectra (50 eV 
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pass energy) are shown in Figure 3.9c and e. They suggest that only after exposure to the 

diazonium ions, a doublet peak centered at 164 eV can be observed, reflecting the anticipated spin–

orbit splitting of aryl-thiol species after modification.51 In Figure 3.9a, characteristic peaks of C 

and O atom clearly appear in both MJ430 and 20% SH-MJ430 spectra. Upon further analysis of 

high-resolution C1s spectra (Figure 3.9b and d), the larger contribution of the C–C signal in the 20% 

SH-MJ430 sample presumably results from the addition of C–C bonds from the phenylthiol 

modifiers to MJ430.  

 

Figure 3.9. (a) XPS wide spectra of MJ430 and 20% SH-MJ430 (O1s 529-535 eV, C1s 284-289 eV, 

S2s ~ 220 eV, S2p 161-169 eV). High-resolution C1s and S2p spectra of (b,c) MJ430 and (d,e) 

20%SH-MJ430 carbon. 

 

Finally, we tested for the degree of defects or disorder in the MJ430 mesoporous carbon 

before/after thiol modification using the Raman spectrum shown in Figure 3.6d. The intensity ratio 

of the D (~ 1357 cm-1) and G (~ 1590 cm-1) bands, ID/IG, slightly increases from 0.54 to 0.76 after 

the thiol modification, representing increased defects/disorder of the mesoporous carbon and a 
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decreased average size of the sp2 conjugated domains in the carbon.162,175 The relatively low 

increase in the ID/IG value implies that our method results in limited damage to the conjugated 

structure of the pristine carbon matrix.155,159 After thiol functionalization, the electrical 

conductivity of the cathode decreased slightly from 1.51 to 0.50 S cm-1, but this value is still 

sufficiently high to make an electrochemically active electrode.176 

Additional insight into how modification affects the physical nature of carbon particles was 

gained by imaging them using scanning electron microscopy (SEM) and scanning/transmission 

electron microscopy (S/TEM). No significant difference in carbon morphology was observed by 

SEM after modification, as shown in Figure 3.10a and d. TEM images show that the transparent 

mesopores in MJ430 (Figure 3.10b and c) have turned into slightly turbid mesopores with thicker 

carbon walls after the thiol modification (Figure 3.10e and f), revealing successful implementation 

of phenylthiol modifiers on the carbon surface. The average thickness of the carbon walls increases 

by about 1.4 nm after modification, from 1.82 nm to 3.22 nm, which agrees reasonably well with 

the reduced pore size presented in Figure 3.8f. The 1.4 nm increase of the carbon walls indicates 

a multi-layer structure of phenylthiol modifiers since the size of the monolayer structure is 

estimated to be ~ 0.67 nm.177 This multi-layer structure likely results from hyper-branching of 

diazonium intermediates during modification, a known process in this type of reaction.178 
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Figure 3.10. SEM and TEM images of (a–c) MJ430 and (d–f) 20% SH-MJ430. 

 

3.3.3 Electrochemical Performance of Li/S Batteries with SH-MJ430-S Cathodes 

After characterization of the functionalized [SH]-MJ430 carbon, sulfur was infused into MJ430 

and [SH]-MJ430 carbon to form MJ430-S and [SH]-MJ430-S composites. The exact weight 

content of sulfur in the composites was determined by TGA as shown in Figure 3.11. The energy-

dispersive spectra (EDS) confirm that the distinguishable S8 particles (Figure 3.12a) would be 

encapsulated into the mesopores of 20% SH-MJ430 after being melted at 155 °C, showing uniform 

distribution of S in the 20% SH-MJ430-S (Figure 3.12b). This is consistent with the drastic 

decrease of the surface area and pore volume of the carbon matrix after sulfur infiltration, 

demonstrating good confinement of sulfur atoms inside carbon pores (Figure 3.13).  
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Figure 3.11. TGA of a series of [SH]-MJ430-S composites with an increasing weight percentage 

of the thiol modifier from 0% to 20%, controlled via reaction conditions.  

 

Figure 3.12. EDS elemental mapping images and the corresponding selected SEM images of (a) 

the physically mixed 20% SH-MJ430 and S8 powders at room temperature and (b) 20% SH- 

MJ430-S powders after S8 infiltration at 155 °C.  
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Figure 3.13. N2 isotherms for the MJ430, 20% SH-MJ430, MJ430-S, 20% SH-MJ430-S. Surface 

area and pore volume of the composites are 170 m2 g-1 and 0.876 cm3 g-1 for the MJ430-S and 

52.0 m2 g-1 and 0.271 cm3 g-1 for the 20% SH-MJ430-S, respectively.  

 

The discharge/charge voltage profiles of MJ430-S and 20% SH- MJ430 cathodes at 0.05C for 

the first two activation cycles and at 0.25C for the following cycles (1C = 1672 mA g1) are shown 

in Figure 3.14a. Initially, a sulfur loading of ~ 1 mg cm-2 was utilized to compare with reported 

work on Li–S batteries, most of which use very thin (< 2 mg cm-2) S electrodes.128,150,169,170 The 

voltage profile features of the electrodes reflect those expected of a Li–S system, consisting of two 

discharge plateaus at 2.3 V and 2.1 V.123 In the initial charge process, the MJ430-S cathode shows 

an obvious overcharging behavior at 2.37 V, which is attributed to the occurrence of redox 

shuttling of dissolved LiPSs.179,180 Briefly, the dissolved LiPSs escaping from the cathode are 

continuously reduced at the anode and oxidized at the cathode, shuttling back and forth between 

each event. This behavior is inhibited in the 20% SH-MJ430-S cathode indicating an efficient 

protection of LiPS diffusion from the cathode to the Li anode, due to the interactions of the SH 

modifiers with LiPSs. Figure 3.14b compares the corresponding long-term cycling performance 

of MJ430-S and 20% SH-MJ430-S cathodes. As expected, the modified cathode displays an 

obvious improvement in capacity retention. The capacity of the unmodified MJ430-S decreased 
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from 812 to 486 mAh g-1 at 0.25C (a capacity retention of 60%) after 300 cycles. Over the same 

number of cycles, the 20% SH-MJ430-S cathode shows a capacity retention of 89%, with the 

discharge capacity dropping from 838 to 745 mAh g-1.  

 

Figure 3.14. (a) The discharge/charge voltage profiles of MJ430-S and 20% SH-MJ430-S 

electrodes based on a S loading of 1 mg cm-2 the initial activation cycle (0.05C) and the 10th cycle 

(0.25C) and (b) the corresponding cycling performance within the first 300 cycles. (c) The 

discharge/ charge voltage profiles and (d) the corresponding cycling performance of MJ430-S and 

20% SH-MJ430-S electrodes based on a S loading of 4 mg cm-2. The discharge/charge voltage 

profiles of (e) MJ430-S and (f) 20% SH-MJ430-S electrodes at various rates.  
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The enhanced capability of LiPS trapping in the 20% SH- MJ430-S cathode (1 mg S cm-2) due 

to our modified surface allows us to address critical concerns in developing high-S- loaded Li–S 

cells, providing an effective means to increase the areal capacity of the resultant batteries. The 

thiol modifier could also enhance the electrolyte wettability of electrodes by creating a more polar 

electrode surface, which is equally beneficial for the high-sulfur-loading cathodes. The 

electrochemical performance of MJ430-S and 20% SH-MJ430-S cathodes with a high sulfur 

loading of 4 mg cm-2 is evaluated in Figure 3.14c and d. In Figure 3.14c, the thick MJ430-S and 

20% SH-MJ430-S cathodes deliver higher discharge capacities than the thin electrodes in Figure 

3.14a, due to the improved electrical conductivity of C-coated Al foil current collectors used in 

our high loading cells. More interestingly, the decreased coulombic efficiency of MJ430-S and 20% 

SH-MJ430-S cathodes (Figure 3.14d) suggests a severe dissolution of LiPSs in the thick cathodes. 

After 180 cycles, the MJ430-S cells show a poor cycling retention of 56% at 0.25C (556 mA h g-

1, Figure 3.14d), whereas the capacity retention in the 20% SH-MJ430-S cells remains at 87% (865 

mA h g-1, Figure 3.14d). We attribute the enhanced capacity retention of 20% SH-MJ430- S cells 

to the improved wettability and the restriction of LiPS dissolution in the modified cathode.  

The rate capability of MJ430-S and 20% SH-MJ430-S cells is exhibited in Figure 3.14e and f. 

After the activation cycles, the discharge capacities of 20% SH-MJ430-S at 0.05, 0.25, 0.5, 1, and 

2C are 1121, 956, 811, 537, and 270 mA h g-1, respectively. Upon close examination of the 

discharge curves of MJ430-S and 20% SH-MJ430-S cells, we can find an increased polarization 

in 20% SH-MJ430-S compared to MJ430-S especially for the second discharge plateau. This 

difference of the second discharge plateau is consistent with the distinction in the cyclic 

voltammogram of MJ430-S and 20% SH-MJ430-S cells (Figure 3.15). After modification, a 

distinction is recognized that the second reduction peak (~ 2.05 V for the MJ430-S) becomes broad 
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and is shifted to ~ 2.02 V, which indicates that the thiol interface plays a significant role in the 

reduction of soluble LiPSs. The mechanism by which LiPSs dissolve and disproportionate will be 

further explored in the following sections.  

 

Figure 3.15. CV of the Li/S cells using MJ430-S and 20% SH-MJ430-S cathodes at the seep rate 

of 0.02 mV s-1.  

 

Furthermore, to investigate the relationship between the thiol modifiers and the resultant 

electrochemical overpotentials, the electrochemical performance of [SH]-MJ430-S cathodes ([SH] 

= 0, 5, 10, 15, 20 wt% SH) is investigated in Figure 3.16a and b. A gradual reduction in 

overpotential was observed as the concentration of SH modifier decreases (Figure 3.16a), whereas 

20 wt% SH- MJ430-S still displays the highest discharge capacity after long-term cycling (Figure 

3.16b). Moreover, the SEM images of cycled 20% SH-MJ430-S cathodes (Figure 3.17) show less 

pulverization of carbon particles upon repeated cycling, suggesting that the amorphous surface 

film produced by our modifiers can also enhance the long-term mechanical integrity of the 

electrode.  



 

 

73 

73 

 

Figure 3.16. (a) The discharge/charge voltage profiles and (b) their cycling performance of a series 

of [SH]-MJ430-S composites with an increasing weight percentage of the thiol modifier from 0% 

to 20%, controlled via reaction conditions.  

 

Figure 3.17. SEM images of (a) MJ430-S and (b) 20% SH-MJ430-S cathode discharged to 1.9 V 

after long-term cycling.  

 

The thick cells were discharged at a relatively low rate (0.25C) to prevent the problems of the 

Li anode during cycling, including dendrite formation, pulverization, and solid electrolyte 

interphase buildup.141 The SEM images of the Li metal surface before and after long-term cycling 

are shown in Figure 3.18. In comparison to the rough surface with a thick passive interphase in the 

MJ430-S cell (Figure 3.18b), the cell with the 20% SH-MJ430-S cathode showed a smoother 

surface of Li metal (Figure 3.18c) although it was still covered by some particles, the so-called 
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lithium dendrites.181 The severe passive interphase in the MJ430-S cell is probably formed by the 

reaction of dissolved LiPSs with the Li and electrolyte. Future work associated with the anode will 

be pursued to achieve high discharge/charge current densities.182–184 

 

Figure 3.18. SEM images of the Li metal surface (a) before and (b) after the cycling process with 

the MJ430-S cathode and (c) with the 20% SH-MJ430-S cathode.  

 

The electrochemical performance of 20% SH-MJ430-S with a high sulfur loading resembles 

those of the state-of-the-art Li–S battery systems, as listed in Table 3.1. In the future, we will 

explore the surface modification of other highly sp2-hybridized carbons (e.g., CNTs) to provide an 

interconnected conductive scaffold, reduce polarization, and achieve higher energy densities in 

particular for the long-term cycle performance of Li–S batteries. In this thesis, however, 

considering the complexity of surface modification of CNTs and graphene as mentioned in the 

introduction, we adopt the mesoporous carbon matrix as the platform to isolate the additional 

effects of CNTs and graphene on the SH-modified cells, even though the mesoporous carbon 

matrix would compromise the overall cycling performance of Li–S batteries.  
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Table 3.1. Electrochemical performances for representative Li/S batteries in comparison to this 

work.  
Cathode 

components  

Active 

materials 

Areal S 

Loading 

(mg cm-2) 

Electrolytes Cycling performance (based on S loading mass) 

C 

Rate  

Initial 

Discharge 

Capacity 

(mAh g-1) 

Cycle 

Numb

-er 

Residual 

Reversible 

Capacity 

(mAh g-1) 

Capacity 

Decay/ 

Cycle 

(%) 

20%SH-

MJ430-S (this 

work) 

Melt-

infiltrated S8  

4.0 1M LiTFSI-

DOL/DME(1:1)+1wt%LiNO3 

0.25C 956 180 865 0.05 

Mo2C/Carbon 

Cloth-S185 

Melt-

infiltrated S8 

1 1M LiTFSI-DOL/DME 

(1:1)+1.5wt%LiNO3 

0.2C 1177 300 789 0.11 

4.68 0.1C 692 50 500 0.55 

NiCo2S4@Carb

on textile186 

Li2S6 

catholyte 

1.5 1M LiTFSI-DOL/DME (1:1) + 

0.2M Li2S6 

0.1C 1600 100 1100 0.31 

0.5C 923 500 836 0.02 

HCNCsa/S187 Melt-

infiltrated S8 

1.4 1M LiTFSI-

DOL/DME(1:1)+0.1M LiNO3 

1C 852 300 630 0.09 

4 0.2C 883 100 622 0.30 

Ketjen black-S 

with plasma-

modified 

separators188 

Melt-

infiltrated S8 

- 1M LiTFSI-

DOL/DME(1:1)+0.1M LiNO3 

0.2C 988.9 100 798.5 0.19 

amCMK-S155 Li2S - 1M LiTFSI-

DOL/DME(1:1)+0.25M LiNO3 

0.2C 1211 100 920 0.24 

N-Doped 

HCSb-S189 

Melt-

infiltrated S8 

0.5-0.7 1M LiTFSI-

DOL/DME(1:1)+0.4M LiNO3 

0.2C 1113 100 980 0.12 

HCvc,190 Melt-

infiltrated S8 

1 1M LiTFSI-

DOL/DME(1:1)+0.1M LiNO3 

0.2C 1380 150 730 0.31 

TiO@C-

HSd/S191 

Melt-

infiltrated S8 

4 1M LiTFSI-

DOL/DME(1:1)+0.2M LiNO3 

0.05C 886 50 821 0.14 

Graphene-S134 Graphene-

enveloped 

micron sized 

S 

1.2 1M LiTFSI-

DOL/TEGDME(1:1) 

0.2C 705 50 500 0.58 

MWCNT-S 

with 

VACNTe,136 

Melt-

infiltrated S8 

6.3 1M LiTFSI-

DOL/DME(1:1)+0.25M LiNO3 

0.05C 995 150 696 0.2 

IKBf-S142 Melt-

infiltrated S8 

3.5 1M LiTFSI-

DOL/DME(1:1)+0.1M LiNO3 

0.1C 1000 100 750 0.25 

Nano-

S@PEDOT60 

S 

nanoparticles 

1.66 1M LiTFSI-DOL/DME(1:1) 0.25C 1120 50 930 0.34 

S@ZIB-8g,144 Melt-

infiltrated S8 

1 0.6M LiTFSI-

DOL/DME(1:1)+0.1M LiNO3 

0.5C 750 250 600 0.08 

Graphene-S63 

hybrid163 

G-S hybrids  1.26 1M LiTFSI-

DOL/DME(1:1)+0.5wt%LiNO

3 

0.45C 725 100 541 0.25 

4.6 0.2C 1200 100 822 0.32 
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N,S-codoped 

graphene-S146
 

Li2S6 

catholyte 

8.5 1M LiCF3SO3 DOL/DME (1:1) 

+ 0.1M LiNO3 

0.5C 925 200 670 0.14 

polySGN192 S-rich 

copolymer 

3.7 1.85M LiCF3SO3 DOL/DME 

(1:1) + 0.1M LiNO3 

0.2C 978 100 655 0.33 

10.5 0.1C 992 100 717 0.28 

CATB-coated 

nanoS-GO156 

S-GO 

nanocomposi

tes 

0.8 1 M LiTFSI in 

PYR14TFSI/DOL/DME 

mixture (2:1:1) + 0.1M LiNO3 

1C 880 160 780 0.07 

Porous CNTs-S 

with 

Graphene/DTT 

additional 

interlayer160 

Melt-

infiltrated S8 

3.51 1M LiTFSI-

DOL/DME(1:1)+1wt%LiNO3 

0.2C 1262 200 984 0.11 

PEIh-CNT-S162 Melt-

infiltrated S8 

1.2 1M LiTFSI-

DOL/DME(1:1)+0.2M LiNO3 

0.5C 949 300 750 0.07 

S-GSHi,169 S-rich 

copolymer 

1 1M LiTFSI-

DOL/DME(1:1)+1wt% 

LiNO3+ 0.02 M Li2S8 

1C 985 450 857 0.03 

S-TTCAj,170 S-rich 

copolymer 

0.8 1M LiTFSI-DIOX/TEGDME 

(1:1) +0.2M LiNO3 

0.2C 1050 100 945 0.08 

S-DIB-OLCk,171 S-rich 

copolymer 

3-5 1M LiTFSI-

DOL/DME(1:1)+0.25M LiNO3 

0.1C 1150 100 880 0.24 

PVDF-S with 

VGCF-

PEOCMC 

interlayer193 

S8 5 1M LiTFSI-

DOL/DME(1:1)+1wt%LiNO3 

0.06C 650 100 600 0.08 

70S/d-Ti2C194 Nano-S 1 1M LiTFSI-

DOL/DME(1:1)+2wt%LiNO3 

0.5C 1071 650 723 0.05 

a Hollow Carbon Nanosphere Clusters (HCNCs); b Hollow Carbon Spheres (HCS); c Hollow Carbon Fiber (HCF); d Hollow Spheres(HS); e 

Vertically Aligned CNTs (VACNTs) as the binders for the hierarchical free-standing paper cathode; f Integrated Ketjen Black with conductive 

amorphous carbon as a “binder” (IKB); g A metal-organic framework (MOF), assembled by Zn ions and 2-methylimidazolate (ZIF-8); h 

Polyethylenimine (PEI); i Copolymerization of sulfur with Sulfydryl-functionalized rGO (GSH) to form sulfur copolymers; j 

Copolymerization of sulfur with porous trithiocyanuric (TTCA) frameworks; k the sulfur-rich copolymer cathode was synthesized via inverse 

vulcanization of sulfur and 1,3-diisopropenylbenzene (DIB) while using carbon onions (OLC) as hosts.  

 

3.3.4 Spectroscopic Analysis of Interactions between Solvated Active Materials and 

Electrode Surfaces 

NMR. As discussed above, the improved capacity retention of MJ430-S cathodes with thiol 

modifiers is presumed to strongly correspond to the multifunctional interactions on the thiol 

surface, especially during the second discharge stage. To verify our postulated electrostatic 
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interactions of the thiol groups with active materials, solid-state magic angle spinning (MAS) 

NMR was performed on various samples to reveal the changes in the atomic environments. Here 

7Li, 13C, and 19F NMR were collected on two sets of samples to probe the various possible 

interactions. In the first set, the 7Li spectra show the interactions of MJ430/20% SH-MJ430 carbon 

with a concentrated Li2S8 solution in DME. In Figure 3.19, the spectra of both samples can be fit 

using two Lorentzian peaks. Here we assign the upfield resonance at 1 ppm to long chain Li2Sn (n 

= 6, 8), and the downfield resonance at around 0 ppm to its short chain byproducts Li2Sn (n = 2 

and 4) of the dynamic equilibrium in LiPS solutions.195 It has been both theoretically and 

experimentally documented that Li+ coordinated by the Lewis-basic donors results in a downfield 

shift of around 0.5 ppm,196 so the shift from MJ430 to 20% SH-MJ430 was attributed to the 

formation of electrostatic Li bonds between the terminal Li in LiPSs and the filled p-orbitals of S 

from the thiol surface. This result suggests that our surface modifiers can interact with LiPSs in 

organic solvents even without applying an external bias to electro- chemically drive disulfide 

bonding.  

 

Figure 3.19. 7Li MAS NMR spectra of Li2S8 solution interacting with the MJ430 and 20% SH-

MJ430, with experimental data in solid lines, deconvolution peaks in dotted lines, and the sum of 

deconvolution peaks in dashed lines.  
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To further understand the effect of a thiol surface on battery performance, our second set of 

samples are cathode materials from cycled cells discharged to different voltages (1.9 V and 2.1 V). 

All the samples are acquired without them being washed to capture both soluble and insoluble 

species. Figure 3.20a shows 7Li MAS NMR spectra after normalizing to the weight of active 

materials packed in rotors. While the resonances at 2.5 ppm and 1.2 ppm are attributed to solid 

Li2S and solid Li2Sn, respectively,197 the relatively broad peak at 1 ppm includes the signals from 

solution Li2Sn and LiTFSI that is confined on the carbon surface or inside the nanoscale pores.125 

The 19F signal at around 80 ppm and the 13C signal at 121 ppm in Figure 3.20b and c both confirm 

the presence of the confined LiTFSI solution. The relatively sharp 7Li signal at around 1 ppm (Fig. 

5b) shown only in 20% SH-MJ430-S suggests the existence of mobile Li+ species surrounded by 

solvent molecules in the modified cathodes. As a result, the existence of mobile Li+ species implies 

that the surface modification improves the integration of electrolyte into the cathode matrix, 

probably due to the dipole– dipole interaction of thiol groups with solvated Li+ and with polar 

molecules or moieties from the electrolyte.  

 

Figure 3.20. (a)7Li, (b) 19F, and (c) 13C MAS NMR spectra of cathode materials with the MJ430-

S and 20% SH-MJ430-S from Li–S cells that are discharged to different voltages, with 

experimental data in solid lines, deconvolution peaks in dotted lines, and the sum of deconvolution 

peaks in dashed lines.  
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The improved wettability was further confirmed by the contact angle analysis in Figure 3.21. 

The angle at the electrolyte/MJ430-S electrode interface is 24°, while that at the electrolyte/20% 

SH-MJ430-S electrode interface is 8°. This suggests stronger adhesion between the electrolyte and 

the 20% SH-MJ430-S than that at the electrolyte and the MJ430-S interface, which would 

significantly confine the LiTFSI-DOL/DME electrolyte with dissolved LiPSs inside the cathode. 

The different contact angle at the H2O/MJ430-S and H2O/20% SH-MJ430-S interface also verify 

the improved wettability of modified SH-MJ430-S cathode. This effect could lead to improved 

utilization of active materials during cycling, since better access to the electrolyte within pores 

would aid in solvation and confinement of solvated LiPSs. This is consistent with the integration 

area of each deconvolution peak in Figure 3.20a (Table 3.2), which shows that the amount of LiPSs 

and LiTFSI increases by 50% in the modified electrode when discharged to 2.1 V and these LiPSs 

are further reduced to solid Li2S at 1.9 V increasing the accumulation of Li2S. The downfield 

chemical shift at 1 ppm in the powder materials (Figure 3.19) is not observed in the cycled cells 

(Figure 3.20a), perhaps due to the fact that Li+ is in great excess to the SH-thiol modifiers in the 

cycled cells (~1 Li+ to 0.1 SH). Therefore, the electrostatic Li bond does not contribute as 

significantly as in the powder materials where Li+ is comparable to the SH-thiol modifiers (~1 Li+ 

to 1.6 SH).  
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Figure 3.21. The contact angle analysis of (a) MJ430-S and (b) 20% SH-MJ430-S cathode with 

LiTFSI-DOL/DME electrolyte, as well as (c) MJ430-S and (d) 20% SH-MJ430-S cathode with 

H2O. The photographs were obtained by dropping the same amount of electrolyte or H2O onto the 

MJ430-S/20% SH-MJ430-S electrode.  

 

Table 3.2. Peak width (PW) and integrated area of individual deconvolution peaks in Figure 3.20a, 

the integration is normalized to MJ430-S_2.1V (the sum of its three peaks is 1.0). 

  Solid Li2S  Solid Li2Sn  Confined LiTFSI 
Solution Li2Sn Mobile Li+ 

  PW 
(ppm) Integration PW 

(ppm) Integration PW 
(ppm) Integration PW 

(ppm) Integration 
MJ430-
S_2.1V 0.66 0.30 1.14 0.29 1.34 0.41 - - 
MJ430-
S_1.9V 0.55 0.68 1.12 0.49 1.33 0.37 - - 

20% SH-
MJ430-
S_2.1V 

0.67 0.31 1.17 0.40 1.08 0.66 0.17 0.08 

20% SH-
MJ430-
S_1.9V 

0.58 0.93 1.09 0.56 1.2 0.37 0.16 0.14 
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XPS. With strong evidence to support the reaction mechanisms through changes in the Li+ 

environment, we utilized XPS to spectroscopically identify changes of sulfur speciation in cycled 

cathodes. Although S2p high-resolution analysis can determine the difference between S–S bonds 

(S0; 164 eV) and S-Li+ bonds (S1; 161 eV),198–200 it cannot distinguish between physisorbed and 

chemically anchored S species. Thus, to minimize convolution from non-surface bound sulfur 

species, cycled cathodes were thoroughly washed with DOL/DME to remove any soluble sulfur 

species, which presumably includes all polysulfides not bound to the surface. The comparative 

photoelectron spectra of modified and pristine cathodes are shown in Figure 3.22. The successful 

removal of non-surface- bound sulfur species was confirmed by the unmodified cathode spectrum, 

Figure 3.22a. Only very minor photoelectron signals at 161 or 164 eV, which correspond to the 

tail and core sulfur species of LiPS, respectively, are detectable, indicating that virtually all free 

LiPSs have been removed. This is in contrast to the spectra in Figure 3.22b, which shows a large 

signal for both states of sulfur, suggesting that despite thorough washing, LiPS chains remain 

tethered to the electrode surface with the thiol modifiers via covalent disulfide bonds. During 

repeated discharge/charge processes, the thiol modifiers are primarily regarded as thiolates (–S-) 

and thiyl radicals (–S•) in the electrochemical system.167 The oxidized species in both XPS samples 

are of indefinite origin; however, we note that a sulfite (SO3-) signal at 167 eV is detectable even 

in as-received carbon samples, potentially indicating its origin as a byproduct of manufacturing, 

rather than cell-related processes.  
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Figure 3.22. High resolution S2p XPS spectra of (a) MJ430-S and (b) 20% SH-MJ430-S cathodes, 

obtained from Li–S cells discharged to 1.9 V after 100 cycles.  

 

EIS. In our cells, we observe an additional rate-dependent overpotential in modified cathodes 

(Figure 3.14), which is indicative of a kinetic-limiting chemical reaction occurring as a result of 

thiol modification. To further discern this influence, EIS was performed on the cells with/without 

SH modifiers at different stages of discharge within 40 cycles. The Nyquist plots are shown in 

Figure 3.23a-j. In order to obtain mechanistic insights from these plots, we fitted the impedance 

data using an electric equivalent circuit (EEC, Figure 3.23k) and the element values derived from 

the EEC fit are summarized in Figure 3.23k and l.  
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Figure 3.23. EIS analysis of (a-e) MJ430-S and (f-j) 20% SH-MJ430-S cells at different stages of 

discharge within 40 cycles. Fitted values of (k) the interface resistance Ri and (l) the charge transfer 

resistance Rct of MJ430-S and 20% SH-MJ430-S cells at different voltage stages. The electric 

equivalent circuit (EEC) used to fit impedance data is an inset in (k).  

 

The EEC has been successfully applied for Li-ion and Li/S batteries previously.158,201 It contains 

the following serial-connected elements: a bulk internal resistance (Re), a high-frequency 

interphase resistance (Ri) in parallel with a constant phase element (Qi), a mid-frequency charge 

transfer resistance (Rct) in parallel with a constant phase element (Qct), and a Warburg diffusion 

element (Zw). In the as prepared Li/S (MJ430-S) cell, Ri can be clearly observed even though there 

is no thiol modifier on the carbon surface and no surface film generated by cycling (Figure 3.23a). 

It is known that carbon surfaces can be unintentionally functionalized by environmentally 

abundant elements or groups, such as -O, -H, and -OH, etc., during the synthesis and storage, 

especially for the type of mesoporous carbon used in this thesis.202 These functional groups could 

easily transfer to sulfur surface during the infusion process and form a surface film, which impedes 

the Li+ transport.203 Thereby, we speculate that Ri and Qi associated with the high frequency 

semicircle should originate from this kind of surface film. The observation that Ri will decrease 

with extended cycling well supports this speculation, since the electrochemical cycling gradually 

removes the functional groups and thus improve the electrolyte wetting. By comparing the plots 

of as-prepared cells held at the open circuit (Figure 3.23a and f), we observed that the high-

frequency interphase resistance (Ri) of the 20% SH-MJ430-S cathode (Ri,fresh,SH = 104.5 W) is three-

fold higher than that of the cells with MJ430-S cathodes (Ri,fresh = 31.8 W). The large increase in 

Ri,fresh after the modification is primarily ascribed to the reduced lithium diffusion in the thicker 
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surface film produced by the modification. After two formation cycles, Ri values of both MJ430-

S and 20% SH-MJ430-S cells dramatically decrease, likely attributable to the redistribution of 

sulfur species on the surface of the carbon host, allowing for better interface contacts.  

The comparable mid-frequency charge transfer resistance Rct,fresh after the modification 

(Rct,fresh,MJ430 =14.4 W	 vs. Rct,fresh,SH-MJ430 =17.7 W) suggests that electron and lithium transport 

across solid/liquid interface in the initial charge transfer process is not significantly affected, even 

though the modified cathodes have a thicker surface film. This may be due to the highly conductive 

carbon hosts and improved electrolyte wettability, which facilitates the charge transfer between 

the electrolytes and S particles. The electrical conductivity was also measured using a four-point 

probe technique. It showed an electrical conductivity of 48 S m-1 after the modification, which 

should still be sufficient for electron conduction throughout the entire cathode in Li/S 

cells.154,171,204,205  

In contrast, Rct of the 20% SH-MJ430-S cathode quickly increases (Rct,fresh,SH = 17.7 W vs. 

Rct,2nd,SH = 49.4 W) and continues growing to 70–80 W in the following cycles (Figure 3.23f-j), 

while Rct of the cell with the MJ430-S cathode remains constant (~15 W) upon cycling. The growth 

of Rct,SH is likely related to the kinetically limiting formation of covalent disulfide bonds with thiol 

modifiers. Additionally, we notice a ~10 W increase in Rct,SH when the 20% SH-MJ430-S cell is 

discharged from 2.1 to 1.9 V (Figure 3.23g-j). We hypothesized that the increased resistance at 

lower potentials may be caused in part by an increasing activation barrier for further reduction of 

polysulfide chains tethered to the surface. Therefore, we suggest that the kinetic limitation after 

the modification is partially due to the need to drive additional surface reactions (formation of 

disulfide bonding), and partially due to a thickening of the dynamic semi-solid layer of the active 
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material within cathode pores (a result of more, and stronger, interaction modes with LiPSs), which 

hinders Li+ diffusion within the carbon matrix.  

3.4 CONCLUSION 

In summary, the	 utility of a thiol-based, multifunctional, redox-active interface has been 

demonstrated for LiPS-trapping and improving electrolyte wetting in C/S composite electrodes for 

Li–S batteries. This was achieved through a highly flexible synthetic method which grafts organic 

molecules onto the surface of conductive carbon host materials, allowing for variability in both 

desired functionality and degree of functionalization. In this study, we showed that thiol surfaces 

could interact with solvated active materials in multiple ways, including covalent interactions and 

electrostatic lithium bonding. Additionally, the polar, nucleophilic surface introduced by the thiol 

modifiers allowed for better wetting of the electrode surface by the electrolyte due to the dipole–

dipole interaction of the thiol groups with Li+ from the electrolyte. This improved wettability 

allows for better sulfur utilization in high loading (4 mg cm-2) cells while maintaining the tethering 

of solvated LiPSs to the cathode surface. The realization of multiple performance enhancements 

from a single functional group suggests the possibility of further rational molecular design of 

cathode systems based on small molecule interfaces. In the future, we will plan to explore the 

potential of altering the molecular structure of modifiers and investigate other carbon matrices. 

For example, a dithiol molecular functionalization could be considered to improve the reaction 

kinetics, as several dithiols have been reported to catalyze the reduction of polysulfides in chemical 

or biochemical systems.160,168 



 

Chapter 4. CONCLUSION AND FUTURE PERSPECTIVES 

This chapter first summarizes the fundamental study and the improvement of Zn/MnO2 and Li/S 

batteries covered by this thesis. Future perspectives on how to further enhance their performance 

based on the study are also provided. 

4.1 CONCLUSION 

Nowadays, it is acknowledged that the practical applications of batteries in the storage and energy 

fields are primarily hindered by the relatively high cost of batteries. Thus, it is necessary to 

consider low-cost “next generation” beyond LIBs. 

Rechargeable Zn/MnO2 batteries are very promising for large-scale grid energy storage 

applications owing to their low cost, environmentally benign constitutes, and excellent safety. The 

major limitation, however, is the poor cycle stability. In chapter 2, based on our coupled theoretical 

and experimental study (e.g., DFT, XRD, sXAS, SEM, etc.), we unraveled the co-intercalation (~ 

1.40 V) and conversion (~ 1.26 V) reactions of Zn2+/H+ in the Zn/MnO2 upon cycling. The rapid 

capacity fading of the system is unequivocally ascribed to the irreversible conversion reactions. 

These irreversible reactions are also characterized as kinetic-limiting reactions. Therefore, by 

cycling cells at higher rates, we successfully limited the irreversible reactions and significantly 

improve the cycling performance of Zn/MnO2 cells that can deliver high energy and power 

densities (for cathode only) of ~ 231 Wh kg-1 and ~ 4 kW kg-1 at 9C, respectively. 

In addition to the stationary grid, battery technologies are also of importance for long-range 

EVs. Li/S batteries hold great promise as the next-generation energy batteries due to their high 

theoretical specific capacity, low environmental impact, and low cost. In chapter 3, we successfully 
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grafted a thiol-based, multifunctional, redox-active interface on the surface of mesoporous carbon 

MJ430. After modification, the capacity retention of the cells has been increased to 87% from 56%. 

Furthermore, we utilized NMR, XPS, and EIS to monitor the surface interactions of the thiol 

groups with active materials. According to the results, the thiol surfaces could covalently (S-S) 

and electrostatically (Li+S-) interact with the active materials. Meanwhile, the nucleophilic surface 

allowed for better wetting of the electrode due to the dipole-dipole interactions of the thiol groups 

with Li+ in the electrolyte.  

4.2 FUTURE PERSPECTIVES 

4.2.1 d-MnO2 with Intercalated Alkaline Cations for Zn/MnO2 Batteries 

In chapter 2 we clarified the concurrence of Zn2+ and H+ intercalations and conversions 

corresponding to the two discharge plateaus at ~ 1.40 and 1.26 V, respectively. The rapid capacity 

fading is clearly ascribed to the irreversible, kinetic-limiting H+/Zn2+ conversions at 1.26 V that 

cause significant disruption of the original electrode architecture and blocking of the ion and 

electron transports. In addition to the rate-controlling, it is also very valuable to investigate other 

feasibilities to limit the subsequent conversion reactions. One of the attractive methods is to 

incorporate heteroatoms (e.g., alkali metals,206 as shown in Figure 4.1) between the two manganese 

oxide sheets of d-MnO2 to control the interlayer spacing and change the bonding structures 

between the adjacent layers, which hopefully could reinforce the layered structure of d-MnO2 and 

thus mitigate the irreversible conversions.  
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Figure 4.1. (a) Unit cell of the alkali-intercalated d-MnO2206 and (b) their XRD patterns. 

 

4.2.2 Multifunctional Polyelectrolyte Gels for Li/S Batteries 

Chapter 3 provided an idea with the utility of a thiol-based, multifunctional interface for LiPS-

trapping and improving electrolyte wetting in the C/S composite cathode. In addition to the cathode 

modification, we also expect to incorporate self-healing and LiPS-trapping polyelectrolyte gels 

that contain room temperature ionic liquid (RTIL) to further improve the capacity retention and 

significantly enhance both gravimetric and volumetric energy densities. An example of quasi-

solid-state gel-Li/S cell design is shown in Figure 4.2a. The design would continue with the SH-

modified MJ430/S cathode composites. The solid fraction of the gel will consist of three 

components: (1) a partially-crosslinked ionomer bearing oligo(ethylene oxide) units and charged 

pyrrolidinium units on a polymethacrylate backbone, with TFSI counterion, (2) a linear 

polymethacrylate with naphthalene diimide (NDI) pendant groups, and (3) a multi-branched 

crosslinker with pyrene (Py) headgroups to bind with the linear chain through p-p stacking 

interactions. The liquid component of the gel will be a room temperature LiTFSI-dissolved ionic 

liquid based on a cation (e.g., N-methyl-N-butylpyrrolidium (Pyr14)) coupled with TFSI. Those 
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components are expected to increase the mechanical strength, conduct reversible self-healing for 

mitigate electrode cracking, and further trap LiPSs.  

In the preliminary experiment, we successfully synthesized a particular gel electrolyte 

consisting of solvate ionogel (SIG)/ solvate ionic liquid (SIL) (PEDGMA Mn ~750 + 

Li(tetraglyme)TFSI + anisole) as the prototype. Figure 4.2b and c display the electrochemical 

performance of the quasi-solid-sate cells solely containing the SIG/SIL electrolytes (without the 

addition of self-healing and thiol-modified components). The results show a better capacity 

retention but a larger overpotential compared to the conventional Li/S cells, which needs to be 

further investigated and optimized.  

 
Figure 4.2. (a) Schematic overview of the Li/S cell design using both modified cathode and self-

healing, interpenetrating gel. (b-c) Comparison of the electrochemical performance of the 

conventional Li/S cells containing organic LiTFSI-DOL/DME electrolytes (blue) and the quasi-

solid-state cells containing particular SIG/SIL electrolytes (red).  
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