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Abstract 

    Aqueous batteries have been considered to be one of the most suitable large-scale energy 

storage systems that require excellent safety, low cost and high power. A new secondary aqueous 

Zn/LiMn2O4 battery system, called Rechargeable Hybrid Aqueous Battery (ReHAB), has been 

developed by our group recently. Compared to lead-acid batteries that have been widely used as 

large-scale energy storage systems, this system is more environmentally friendly and shows 

higher Coulombic efficiency as well as longer cycle life. However, the rate capability of the 

LiMn2O4 cathode is intrinsically low, which leads to the low capacity at a high current density 

operation.  

    One strategy to increase the rate capability of the LiMn2O4 cathode is adding conductive 

additives (e.g., acetylene black (AB), carbon nanotubes (CNTs) and graphene) to the LiMn2O4 

cathode to improve its electrical conductivity. However, traditional conductive additives, like 

AB, give limited conductivity improvement and can provide neither long-range conductivity nor 

multiple Li ion pathways. Besides, AB and LiMn2O4 nanoparticles are easily aggregated during 

charge/discharge processes. CNTs with a large aspect ratio can provide long-range conductivity, 

better interfacial contact between LiMn2O4 nanoparticles and conducting pathways. At the same 

time, they can create more stable network structures for dispersing LiMn2O4 nanoparticles. 

Hence, CNTs are an ideal material to improve the electrical conductivity of the LiMn2O4 cathode. 

In addition to CNTs, graphene with superior electrical conductivity and high surface area can 

provide a highly conductive matrix and offer a high contact area between electrolyte and 

electrode, facilitating the transportation of Li ions and electrons in the electrode. Graphene is 
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also an ideal template to construct a hybrid material with good dispersion of LiMn2O4 

nanoparticles and improved electrical conductivity. 

This thesis is focused on preparation of new carbon materials (CNTs and graphene) as 

conductive additives to improve the rate performance of the LiMn2O4 cathode and includes two 

parts. The first part is focused on the preparation of CNTs by a chemical vapor deposition (CVD) 

method and its use as a new conductive additive to increase the rate performance of the LiMn2O4 

cathode. Firstly, a three-dimensional hierarchically structured CNT/AB network was fabricated 

to increase the conductive contacts among LiMn2O4 nanoparticles and provide conductive 

pathways for fast electron transfer. The 3.3wt%CNT/AB/LiMn2O4 electrode exhibited excellent 

rate capability (specific discharge capacity of 105 and 73 mAh g−1 at 10 C and 20 C, 

respectively) and cyclability (Coulombic efficiency of almost 100% over 300 charge/discharge 

cycles at 4 C), in comparison with the cathodes prepared previously. Additionally, the initial 

specific discharge capacity researched 139 mAh g-1, which has never been reported in the 

literature. When the content of CNTs reduced to 2 wt%, the 2wt%CNT/AB/LiMn2O4 electrode 

still exhibited at least 23% higher rate capability than that of the traditional 10wt%AB/LiMn2O4 

electrode.  

Then, highly robust, binder-free flexible LiMn2O4/CNT electrodes were synthesized and used 

in the aqueous battery for the first time. The excellent electrical conductivity of the electrodes 

facilitates electron transport, resulting in a high rate capability. Besides, it can be bent and 

twisted under mechanical stress, which makes it possible to be used in flexible devices. 
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    The second part of the thesis is focused on the preparation of graphene and its use as new 

conductive additives to increase the rate performance of the LiMn2O4 cathode. Firstly, three 

different kinds of graphene were prepared and used as conductive additives of the LiMn2O4 

cathode of the ReHAB, which are exfoliated graphene (EG), reduced graphene oxide (RGO) and 

porous graphene (PG). PG prepared from the CVD method exhibited excellent conductivity and 

porous structure, resulting in significantly better rate capability and cyclability of the ReHAB 

than those using EG and RGO.  

In order to further improve the rate capability of the ReHAB, PG/AB conductive networks 

were prepared by simple mechanical mixing. The rate performance of the LiMn2O4 cathode was 

obviously improved when PG and AB coexisted as conductive additives. The PG/AB conductive 

network can provide: (1) conductive contacts between LiMn2O4 and AB nanoparticles; (2) 

conductive contacts between LiMn2O4 nanoparticles and PG nanosheets; (3) physical contacts 

between AB nanoparticles and PG nanosheets. The PG/AB conducting network facilitated the 

transfer of electron, resulting in an excellent rate performance of the ReHAB. When the content 

of the PG reduced to 1 wt%, the 1wt%PG/AB/LiMn2O4 electrode still exhibited at least 19% 

higher rate capability than the traditional 10wt%AB/LiMn2O4 electrode.  

    It is worth mentioning that the CNT/AB/LiMn2O4 and PG/AB/LiMn2O4 electrodes were 

prepared by a simple mechanical mixing method, which is effective and inexpensive in 

comparison with other complicated preparation approaches, paving the way for easy scale-up of 

the process. 
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Chapter 1 

Introduction and Motivation  

1.1 Overview 

    The excessive depletion of resources (e.g., oil and coal) prompts people to explore new 

sustainable energies. Renewable energy sources (e.g., solar and wind) have aroused widespread 

interests among scientists. However, the solar and wind energy change with time and season, so 

large-scale energy storage systems (e.g., batteries and capacitors) with high power and safety, as 

well as low cost are urgently needed to store these energies and connect them to the power grid 

[1]. Lithium ion batteries have been widely used in electronic devices and have been chosen as 

one of the most promising power sources for electric vehicles (EVs) due to the high energy 

density achieved from the high operation voltage of the organic electrolytes. However, these 

organic electrolytes have high flammability and toxicity, as well as low ionic conductivity (about 

two orders of magnitude lower than that of aqueous electrolytes); besides, the fabrication cost of 

lithium ion batteries is high, which makes them not suitable to be used as large-scale energy 

storage systems. Alternatively, aqueous electrolytes show higher safety (non-flammable, low 

toxic) and ionic conductivity, as well as lower cost than organic electrolytes. Although aqueous 

electrolytes can only operate at a lower voltage than organic electrolytes, they are more suitable 

to be used as large-scale energy storage systems that require high safety at low cost, and high 

power density, while energy density is not as critical as EVs [2-16]. 

    So far, various types of aqueous batteries, including alkaline Zn-MnO2, lead-acid, nickel-metal 

hydride (Ni-MH), nickel metal (e.g., cadmium, iron, zinc, and cobalt) and several metal-ion (e.g., 

Li+, Na+, K+, and Zn2+) aqueous batteries on the basis of metal-ion intercalation chemistry, are 
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commercially available or under extensive research [6, 17-32]. However, they have been 

encountering different kinds of challenges. Specifically, alkaline Zn/MnO2 is a primary battery, 

and its disposal cause plenty of pollution to the environment; the poisoning metal of cadmium 

utilized in Ni-Cd battery may cause damage to the environment; Ni-MH (M= La, Ce, Nd, Gd 

etc.) batteries utilize rare earth elements, which makes them expensive; Ni-Co (Fe, Zn) batteries 

and metal-ion aqueous batteries have narrow voltage range. Among all the aqueous batteries, 

lead-acid batteries have been widely used as large-scale energy storage systems; however, the 

utilization of poisoning metal of lead may also cause environmental problems. 

    Therefore, new battery chemistry and architecture are required for aqueous rechargeable 

batteries with high power as well as safety and eco-friendliness. A new secondary aqueous 

Zn/LiMn2O4 battery system, called Rechargeable Hybrid Aqueous Battery (ReHAB), has been 

developed by our group [34]. The mechanism of this battery system differs from that of the 

“rocking-chair” type batteries. At the anode, zinc is the active material, dissolved rapidly in a 

mild aqueous solution containing zinc ions during discharge and deposited reversibly during 

charge. At the cathode, Li ions can be reversibly intercalated into and de-intercalated from the 

tunnels of LiMn2O4 in the same electrolyte system. The electrolyte in this battery is more than an 

ionic conductive medium; it is also the source of the anode, being consumed and regenerated 

during battery cycling.  

    Thanks to its low cost, abundance, environmental friendliness, and stability, LiMn2O4 has 

been considered as one of the most promising cathode materials in aqueous batteries for large-

scale energy storage [2, 12, 13, 19, 33, 34]. However, the rate capability of the LiMn2O4 cathode 

is intrinsically low, which leads to the low power density of the ReHAB. In particular, the 
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sluggish Li ion and electron diffusion in the cathode materials leads to insufficient Li ion 

intercalation/de-intercalation under high charge/discharge rates, which cannot satisfy the 

requirements for energy storage system that can transfer (store or release) energy at high rates 

[35-37]. To solve such problems, rapid ion diffusion and electron transport are necessary for the 

application of LiMn2O4 materials. Generally, two methods are employed to increase the rate 

capability of LiMn2O4 cathodes.  

    One method is to reduce the particle size of LiMn2O4 from micrometer to nanometer to reduce 

the Li ion diffusion distance, resulting in faster Li ion diffusion. These nanostructures include 

one-dimensional (1-D) nanotubes, nanorods, and nanochains; two-dimensional (2-D) nanosheets 

as well as nanoporous structures. They have displayed better rate capability than traditional 

micrometer-sized materials [11, 12, 34, 38]. However, the nanostructure engineering of 

electrochemically active materials may increase the cost and the preparation process is 

complicated. 

    The other method is to add conductive additives to LiMn2O4 cathodes to improve the electrical 

conductivity [39]. Traditionally, the electron-transport pathways are constructed by mixing 

active electrode materials with conductive additives (mainly carbon materials) and polymeric 

binders [40]. However, the conductivity of conventional carbon additives, such as acetylene 

black (AB), is relatively lower than that of higher crystalline forms of carbon; and AB cannot 

provide long-range conductivity. Besides, nano-sized AB and LiMn2O4 both easily aggregate to 

bulk structure during charge/discharge cycles. As a new kind of highly crystalline forms of 

carbon materials, carbon nanotubes (CNTs) have been widely used as conductive additives in Li 

ion battery systems [41]. They are composed of sp2-bonded carbon atoms assembled into a 
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cylindrical tube with length ranging from less than 100 nm to several centimeters, and diameter 

ranging from ~0.4 nm to nearly 100 nm, depending on the synthesis conditions. The large aspect 

ratio of CNTs contributes to long-range conductivity, better interfacial contacts between active 

materials and conducting pathways [42]. In addition, they can create more stable network 

structures for dispersing active materials, which can effectively decrease aggregation of nano-

sized LiMn2O4. Hence, CNTs are an ideal material to improve the electrical conductivity of 

battery electrodes. Recently, there have been some reports about the excellent performance of 

LiMn2O4/CNT composites in aqueous rechargeable lithium ion batteries [39, 43]. Except for 

CNTs, graphene, a monolayer of sp2-bonded carbon atoms arranged in hexagonal lattice, shows 

superior electrical conductivity, high surface area and good mechanical flexibility [44]. These 

characteristics can provide a highly conductive matrix and offer a high contact area between 

electrolyte and electrode, facilitating the transportation of Li ions and electrons into the 

electrode. Thus, graphene is also attractive as an ideal template to construct a hybrid material 

with good dispersion of nano-sized LiMn2O4 and improved electrical conductivity [45-47]. So 

far, LiMn2O4/graphene composites have been prepared and studied as the cathode of aqueous 

rechargeable batteries. The electrochemical performance, especially the rate capability of 

LiMn2O4 was improved by graphene modified [48-51].  

    In this research, in order to improve the rate capability of the LiMn2O4 cathode of the ReHAB, 

CNTs and graphene were prepared and evaluated as conductive additives in the LiMn2O4 

cathode.  
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1.2 Research Objectives 

    The overall goal of this research was to improve the rate capability of the LiMn2O4 cathode of 

the ReHAB, achieving a high power ReHAB system. To achieve this goal, CNTs and graphene 

were synthesized and tested as conductive additives in the LiMn2O4 cathode of the ReHAB. The 

specific objectives are listed as follows: 

(1) Achieve power/energy densities of 20% higher than the traditional electrodes (mechanical 

mixed LiMn2O4, AB, and polymeric binder), using new conductive additives (CNTs and 

graphene). 

(2) Explore facile and low cost methods to synthesize CNTs and graphene and control the 

content of CNTs or graphene in the electrodes as low as possible. Thus, the cost of these 

electrodes is comparable to the traditional electrodes. 

(3) Optimize the electrode structures to be more favorable for Li ion diffusion and electron 

transport. Investigate the interaction between LiMn2O4 and conductive nanocarbon materials, 

based on Li ion diffusion and electron transport, through cyclic voltammetry (CV) measurement 

and electrochemical impedance spectroscopy (EIS). 

1.3 Outline of the Thesis 

    The thesis consists of chapters as follows: 

    Chapter 1 gives an overview of the thesis and the main objectives of the research.  
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    Chapter 2 reviews the basic development of battery, introduces the new aqueous battery 

system, ReHAB, its structure and mechanism. Besides, this chapter gives a detailed summary of 

the active material of LiMn2O4 and conductive additives of CNTs and graphene.     

    In Chapter 3, a three-dimensional hierarchically CNT/AB network is fabricated to increase the 

rate capability of the LiMn2O4 cathode for the ReHAB, using a simple mechanical mixing 

method. The structure and the electrochemical performances of CNT/AB/LiMn2O4 electrodes are 

investigated. 

    In Chapter 4, highly flexible LiMn2O4/CNT electrodes are developed and used as a high 

power cathode for the ReHAB. The physical properties and the electrochemical performances of 

the flexible electrodes are measured. 

    In Chapter 5, three different kinds of graphene, including porous graphene (PG), reduced 

graphene oxide (RGO), and mechanically exfoliated graphene (EG), are prepared and evaluated 

as conductive additives of the LiMn2O4 cathode for the ReHAB. The morphologies and 

properties, as well as the electrochemical performances of these three kinds of graphene are 

measured and compared. 

    In Chapter 6, PG/AB conductive networks are constructed to further improve the rate 

capability of the LiMn2O4 cathode for the ReHAB. The structure and the electrochemical 

performances of PG/AB/LiMn2O4 electrodes are investigated. 

    Chapter 7 gives the conclusions of the thesis and provides an outlook of the future of the 

ReHAB in large-scale energy storage systems. 
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Chapter 2 

Background and Literature  

2.1 General Introduction of Aqueous Rechargeable Battery 

Batteries are good energy storage systems, which can store electricity in the form of chemical 

energy. Lithium ion batteries can operate at high voltages due to the wide electrochemical 

stability range of the organic electrolytes (3-5 V vs. standard hydrogen electrode, SHE), resulting 

in high energy densities. Therefore, lithium ion batteries have been widely used in electronic 

devices and they have been considered as one of the most promising power sources for Electric 

Vehicles (EVs). Unfortunately, these organic electrolytes show high flammability and low ionic 

conductivity (about two orders of magnitude lower than that of aqueous electrolytes); besides, 

the fabrication cost of lithium ion batteries is high, which makes them not suitable to be used as 

large-scale energy storage systems. Alternatively, aqueous electrolytes are electrochemically 

stable in narrower voltage (1.23 V vs. SHE) than organic electrolytes; however, they are much 

safer (non-flammable and low toxic) and the fabrication cost of aqueous batteries is much lower 

than lithium ion batteries, so aqueous batteries are more suitable for large-scale energy storage 

[1-3]. Various types of aqueous batteries, including alkaline Zn-MnO2, lead-acid, nickel-metal 

hydride (Ni-MH) and nickel metal (e.g., cadmium, iron, zinc, and cobalt) are commercially 

available or under extensive research [1, 4-8]. However, they have been encountering different 

kinds of challenges. Specifically, alkaline Zn/MnO2 is a primary battery, and its disposal cause 

plenty of pollution to the environment; the poisoning metal of cadmium utilized in Ni-Cd battery 

may cause damage to the environment; Ni-MH (M= La, Ce, Nd, Gd etc.) batteries utilize rare 
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earth elements, which makes them expensive; Ni-Co (Fe, Zn) batteries have narrow voltage 

range.  

    Recently, a series of aqueous “rocking-chair” batteries based on the ion (e.g., Li+, Na+, K+, and 

Zn2+) interaction/de-intercalation processes have been developed [9-20]. In 1994, Dahn et al. 

first developed the aqueous lithium ion battery [9], using VO2 as anode and LiMn2O4 as cathode, 

5 mol L-1 LiNO3 solution as electrolyte. Then, a variety of aqueous ‘‘rocking-chair’’ lithium ion 

batteries (e.g., LiFePO4/LiTi2(PO4)3, LiMn2O4/LiTi2(PO4)3, and LiMn2O4/LiV3O8) have been 

reported; however, they showed poor cycling stability [9-12]. An aqueous potassium ion battery 

was developed by Cui et al., in which carbon/polypyrrole hybrid and copper hexacyanoferrate 

were used as anode and cathode, respectively, exhibited an excellent rate capability [14]. In 

contrast to aqueous lithium (potassium) ion batteries, aqueous sodium ion batteries are more 

promising to be used as large-scale energy storage systems due to the abundance of sodium in 

nature. Whitacre’s and Chiang’s groups both reported aqueous Na0.44MnO2/NaTi2(PO4)3 batteries 

[18, 19]. However, sodium-intercalated compounds for aqueous systems are limited, unique 

Li/Na mixed ion batteries, Na0.44MnO2/TiP2O7 and LiMn2O4/Na0.22MnO2, were developed by 

Xia’s group, which mainly depend on the intercalation/de-intercalation of Na ions and Li ions, 

respectively. The specific energy of these two batteries was 25 and 17 Wh kg-1 based on the total 

weight of the active materials, respectively. It is worth mentioning that Li ions and Na ions are 

separated in aqueous LiMn2O4/Na0.22MnO2 battery due to the special operating mechanism of 

this system [21]. Besides, Cui et al. found that materials with the Prussian Blue crystal structure 

(nickel hexacyanoferrate and copper) possess large interstitial sites, which allows for the 
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intercalation/de-intercalation of sodium (potassium) ions [20, 22]. Their capacities are in the 

range of 50-60 mAh g-1. 

2.2 Introduction of Rechargeable Hybrid Aqueous Battery 

New battery chemistry and architecture are required for aqueous rechargeable batteries with 

high power as well as safety and eco-friendliness. Herein, rechargeable Zn/MnO2 batteries have 

been widely studied, however, the poor reversibility of the redox reaction on the cathode hinders 

its commercial applications. In neutral or alkaline electrolytes, Zn(OH)2, ZnO2
2-, and [Zn(OH)4]2- 

are formed depending on potential and pH value; while in acidic solutions, Zn - 2e-  Zn2+ [23]. 

Minakshi et al. found that replacing MnO2 by LiMn2O4 and changing the electrolyte to aqueous 

LiOH/ZnSO4 solution could improve the reversibility; however, due to the high pH value of the 

electrolyte, only a few amount of cathode material can be used during charge/discharge 

processes [23]. Recently, Kang et al. developed a mild zinc ion battery, using α-MnO2 as 

cathode and Zn as anode [15], which showed high capacities and a high rate capability. 

Additionally, a new secondary aqueous Zn/LiMn2O4 battery system, called Rechargeable Hybrid 

Aqueous Battery (ReHAB) has also been reported by our group (Fig. 2.1) [24]. The mechanism 

of this battery system differs from that of the “rocking-chair” type batteries. At the anode, zinc is 

the active material, dissolved rapidly in a mild aqueous solution containing zinc ions during 

discharge and deposited reversibly during charge. At the cathode, Li ions can be reversibly 

intercalated into and de-intercalated from the tunnels of LiMn2O4 in the same electrolyte system. 

The electrolyte in this battery is more than an ionic conductive medium. It is also the source of 

the anode, being consumed and regenerated during battery cycling. 
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Fig. 2.1 Schematic representation of the proposed mechanism for ReHAB operation. (Modified from Ref. 

[24]) 

2.2.1 Anode and Cathode of the ReHAB 

 
Fig. 2.2 Comparison of aqueous and organic electrolyte; the operation voltage range of the Zn/LiMn2O4 

(ReHAB) is also shown. (Reprinted from Ref. [24]) 
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    As we mentioned previously, aqueous batteries are more suitable than lithium ion batteries for 

large-scale energy storage due to the safety and low cost. Theoretically, the electrodes with an 

intercalation potential between 3 and 4 V (vs. Li+/Li) before the oxygen evolution (e.g., LiMn2O4 

and LiFePO4) can be used as cathode materials for aqueous lithium ion batteries. Compared to 

LiFePO4, LiMn2O4 can provide a higher energy density due to the higher redox potential. 

Besides, the volume change of LiMn2O4 during charge/discharge processes is only about 7%, 

which is much lower than that in the PbO2 electrodes (about 90%) of lead acid batteries [25, 26]. 

Therefore, LiMn2O4 is chosen as the cathode material of the ReHAB. In terms of anode materials, 

electrodes with an intercalation potential between 2 and 3 V (vs. Li+/Li) before the hydrogen 

evolution (e.g., carbon, LiV3O8, TiP2O7, and LiTi2(PO4)3) can be chosen as the anode materials 

for aqueous lithium ion batteries. However, the large volume changes of these anode materials 

during charge/discharge processes result in a low reversibility, inhibiting their utilization in 

aqueous lithium ion batteries [12]. Alternatively, the deposition/dissolution processes of metal 

electrodes (e.g., Li, Mg, Al, Zn, and Cu) are highly reversible in aqueous electrolytes. Based on 

the reduction potential of the metal, the over-potential for hydrogen evolution on the metal, and 

the solution pH, zinc is chosen as the most suitable anode material for the ReHAB [27].  

2.2.2 Electrolyte Formulation of the ReHAB 

The electrolyte of the ReHAB consists of Li2SO4 (2 mol L-1) and ZnSO4 (1 mol L-1), and pH 

equals 4. The solubility of Zn2+ is limited due to the low solubility product, Ksp (25 oC), which 

can be expressed as [Zn2+] [OH-]2 = Ksp = 3·10-17. Furthermore, the relationship between the 

saturation concentration of Zn2+ and the pH of the solution can be expressed as [Zn2+]saturated= 

3·1011-2pH, so the pH should be lower than 5.5 to provide plenty amount of zinc ions for the 
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ReHAB operation. Conversely, LiMn2O4 and zinc may react with proton as follows in an 

extremely acid solution: 

2LiMn2O4(s) + 4H+
(aq) → 3MnO2(s) + Mn2+

(aq) + 2Li+
(aq) + 2H2O(aq)             (2.1) 

Zn + 2H+→ Zn2+ + H2(g)                  (2.2) 

    Therefore, the pH must be high enough to prevent these side reactions. Considering the 

stability of LiMn2O4 and zinc in acid aqueous solutions, the pH of the electrolyte is adjusted to 4 

[24]. 

2.2.3 Cell Operating Voltage of the ReHAB 

At the anode, according to the Nernst equation:  

EZn
2+

/Zn= E°Zn
2+

/Zn+(RT/nF) ln[Zn2+]                            (2.3) 

    where E°Zn
2+

/Zn equals -0.76 V (vs. SHE), R refers to the universal gas constant (8.314 J 

(mol·K)-1), T refers to the Kelvin temperature (298.15 K), F refers to the Faraday constant 

(96000 C mol-1), and n refers to the number of moles of electrons transferred in the redox 

reaction, which can be expressed as Zn2+ + 2e-  Zn° (n = 2).  Therefore, the reduction potential 

can be calculated as EZn
2+

/Zn = -0.76 V (vs. SHE) with the concentration [Zn2+] = 1 mol L-1 at 25 

oC. 

At the cathode, Li ions intercalate and de-intercalate into/from the tunnels of LiMn2O4 by two 

steps, which can be expressed as follows [28, 29]: 

LiMn2O4  Li0.5Mn2O4 + 0.5Li+ + 0.5e−                                        (2.4) 

Li0.5Mn2O4  Mn2O4 + 0.5Li+ + 0.5e−                                        (2.5) 

    The reduction potential of this process can be expressed as: 
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Einterc = E°interc + (RT/nF)ln[Li+]                             (2.6) 

    where E°interc shows a potential range (about 0.85-1.1 V, vs. SHE) due to the two-step 

intercalated processes. Therefore, the Einterc shows a range of about 0.89-1.14 V (vs. SHE) with 

the concentration of [Li+] =2 mol L-1 at 25 oC. 

Therefore, the operating voltage of the ReHAB is about 1.8 V, combining the zinc anode and 

LiMn2O4 cathode [24]. 

2.2.4 Energy Density Calculations of the ReHAB 

The mass energy density of a battery is expressed as follows: 

 

    The cell capacity of a battery is dependent on the specific capacity of the active materials. 

Hence, for a Zn/LiMn2O4 battery (ReHAB) with the capacity of 1Ah, the energy density can be 

calculated based on the specific capacities of LiMn2O4 and Zn, while the electrochemically 

inactive components such as separator, electrolyte and cell shells can be neglected. The mass of 

active material is calculated with Faraday’s law expressed as follows: 
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Mass of Active Cathode Material 

    The practical specific capacity of LiMn2O4 is about 120 mAh g-1; so the mass of LiMn2O4 

needed for a 1Ah battery is calculated as follows: 

 

Mass of Active Anode Material  

Since the cathode material is the limiting reagent and the electrolyte is the only source of 

anode material, a more direct approach is to determine the amount of zinc formed upon charging 

the battery. This is equivalent to the mass of ZnSO4 reduced upon charge. Using Faraday’s law 

we get: 

 

    Assuming 70% of ZnSO4 is utilized, the amount of ZnSO4 needed should be 4.3 g. The total 

mass of electrolyte is (the density of the electrolyte solution is 1.18 g mL-1,): 

 

Energy Density 

    Considering only the mass of active materials, the energy density of the ReHAB is: 

 

    Including the total mass of electrolyte, the energy density is: 
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    If we assume the weight of active materials accounts half of the total weight of commercial 

batteries. The practical energy density of the ReHAB can be estimated as 22-72 Wh.kg-1. 

2.3 Introduction of LiMn2O4  

 

Fig. 2.3 The crystal structure of spinel LiMn2O4. 

    Compared with other cathode materials (e.g., LiCoO2 [30-32], LiNiO2 [33], LiFePO4 [34], 

NaMnO2 [35], and KMnO2 [36]) in aqueous rechargeable batteries, spinel LiMn2O4 is the most 

promising cathode material for aqueous rechargeable batteries due to its safety, eco-friendliness, 

low cost, and excellent structural stability [37]. The crystal structure of spinel LiMn2O4 is 

illustrated in Fig. 2.3, one eighth of tetrahedral sites are occupied by Li ions and half of the 

octahedral interstitial sites are occupied by manganese cations; Li ions transfer in the three-

dimensional (3-D) interstitial space provided by the Mn2O4 framework [28, 29].  
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Fig. 2.4 CV curve of the micrometer LiMn2O4 in the saturated Li2SO4 solution. (Reprinted from Ref. 

[38])  

    In 1994, it was reported that Li ion could de-intercalate/intercalate from/into LiMn2O4 in 

aqueous electrolyte for the first time [9]. In the CV curve of the LiMn2O4 in the saturated Li2SO4 

solution (Fig. 2.4), two pairs of redox peaks at 0.85/0.69 V and 0.98/0.82 V (V vs. standard 

calomel electrode, SCE), respectively, represent the de-intercalation/intercalation of Li ions 

from/into the tunnels of LiMn2O4. Besides, the oxidation potentials are much lower than the 

oxygen evolution potential (~1.5 V vs. SCE), revealing the excellent stability of LiMn2O4 as the 

cathode for aqueous rechargeable batteries [38]. 

    However, the rate capability of the LiMn2O4 cathode is intrinsically low, which leads to the 

low power density of batteries. Specifically, the diffusion of Li ions and electrons in LiMn2O4 is 

slow, leading to the insufficient Li ion intercalation/de-intercalation under high current density, 
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which cannot satisfy the requirements for energy storage system that can transfer (store or 

release) energy at high rates [39-41]. 

    Generally, two methods are employed to increase the rate capability of LiMn2O4 cathode. One 

method is reducing the particle size of LiMn2O4 from micrometer to nanometer to reduce the Li 

ion diffusion paths, resulting in fast Li ion diffusion [42]. Another method is adding conductive 

additive (e.g., acetylene black) to LiMn2O4 cathode to improve the transportation of electrons, 

thus the electrical conductivity [43]. 

2.3.1 Preparation of Nanostructured LiMn2O4 to Increase the Li Ion Diffusion in 

LiMn2O4 Cathode 

    Traditionally, LiMn2O4 is prepared by the solid-state reaction, using lithium and manganese 

salts. Unfortunately, LiMn2O4 prepared by these processes shows large particle size and irregular 

morphology; besides, the stoichiometry is hard to control and the calcination time is long. To 

improve the structural stability of LiMn2O4 from solid-state synthesis, heteroatoms such as Ni, 

Cr, and Al could be doped into LiMn2O4, this strategy has been proved effectively in non-

aqueous batteries [44-46]. However, the doped LiMn2O4 materials show lower capacities, 

because the concentration of Mn is compromised (via replacement by heteroatom). Recently, a 

series of chemical methods such as precipitation, spray pyrolysis, combustion, sol-gel, and 

hydrothermal process have been developed to prepare LiMn2O4 [47-55]. Among them, 1-D 

nanostructures including nanowires [56], nanotubes [57], nanorods [58]and nanochains [59] are 

more favorable due to the large aspect ratio (length-to-diameter ratio) that can facilitate the 

contact between electrolyte and LiMn2O4 and can also provide long-range conductive pathways 
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for the transportation of electrons [60]. For example, LiMn2O4 nanotube (TEM images in Fig. 

2.5a) with a preferred orientation of (400) planes was prepared through using multi-walled 

carbon nanotubes as the self-template by Tang et al. [57]. Except for 1-D nanostructures, 2-D 

nanostructures, such as nanosheets, can also facilitate Li ion diffusion. It has been found by Sun 

et al. that single-crystalline porous LiMn2O4 nanosheets exhibited excellent electrochemical 

performance as cathode of lithium ion battery [61]. In consideration of the merits of 2-D 

nanosheets, such as well-defined geometry and perfect crystallization, spinel LiMn2O4 with 

single-crystalline nano-lamellar structure will be a wonderful cathode material for aqueous 

rechargeable batteries. The easily prepared MnO2 nanosheets can be used as sacrificial templates 

for preparing LiMn2O4 nanosheets [62]. Specifically, single-crystalline porous LiMn2O4 

nanosheets (SEM images in Fig. 2.5b) with exposed (111) facets were reported by Sun et al. 

[61]. Besides, porous LiMn2O4 consisting of nanograins was also prepared by using polystyrene 

particles as templates, whose morphology is shown in Fig. 2.5c [37]. 
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Fig. 2.5 (a) TEM images of the LiMn2O4 nanotube; SEM images of (b) the LiMn2O4 nanosheets and (c) 

the porous LiMn2O4. (Modified from Ref. [37, 57, 61]) 

    Compared to micrometer-sized materials, porous or nanostructured materials have exhibited 

superior electrochemical performances as electrode materials for energy storage systems, 

including higher capacities, better cycling stability and rate capability [37, 58, 59, 63]. The size 

effects within the framework of LiMn2O4 can explain this superior electrochemical performance 

(especially the rate capability) held by nanomaterials over micrometer-sized materials [64]. The 

particle size affects the time (t) for Li ion diffusion within a particle based on the relationship t = 

L2/DLi, where L refers to the length of Li ion diffusion, DLi refers to the velocity of Li ion 

diffusion. Reducing the particle size from micrometer to nanometer can obviously decrease the 

time (t). This enhances the Li ion diffusion, which results in high rate capability of cathode 
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material.  

    When aqueous rechargeable lithium ion battery (ARLB) uses micrometer LiMn2O4 as cathode 

and active carbon (AC) as anode in a 1 mol L-1 Li2SO4 solution, the energy density is about 38 

Wh kg-1 at a power density of 100 W kg-1, and keeps 23 Wh kg-1 at a power density of 760 W kg-

1 based on the total weight of the active materials of both electrodes [65]. As for the 

nanostructured LiMn2O4, when they are assembled into ARLBs, the power density is greatly 

improved. For example, the ARLB of AC//LiMn2O4 nanorod presents a very high power density 

in 0.5 mol L-1 Li2SO4, up to 14.5 kW kg-1 [56, 58]. Specific charge/discharge capacities of 

AC//porous LiMn2O4 battery in 0.5 mol L-1 Li2SO4 aqueous solution are 89.7 and 112 mAh g-1, 

respectively, at a current density of 10 A g-1 (about 90 C). The power density is up to 10 kW kg-1 

[37]. The nanograins in the porous LiMn2O4 can inhibit the dissolution of Mn3+ in electrolyte by 

keeping them on the surface, and they can also buffer the strain caused by Jahn-Teller distortion 

during the charge/discharge processes, contributing to the structural stability [37]. 

2.3.2 Using CNTs as Conductive Additive to Increase the Electrical Conductivity 

of LiMn2O4 Cathode 

2.3.2.1 Structure and Properties of CNTs 

 

Fig. 2.6 The structural model of CNT. 
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    Since being discovered by Sumio Iijima in 1991 [66], carbon nanotubes (CNTs) have aroused 

great interest of researchers. CNTs can be envisaged as cylinders rolled by graphene sheets 

around a central hollow core, and ends with a structure of a hemisphere of fullerene (Fig. 2.6). 

The length of CNTs ranges from less than 100 nm to several centimeters, while the diameter of 

the hollow cores ranges from ~0.4 nm to nearly 100 nm, resulting in a high length-to-diameter 

ratio, or aspect ratio. Based on the number of graphene layers, CNTs can be classified into 

single-walled CNTs (SWNTs) and multi-walled CNTs (MWNTs). SWNTs consist of a single 

graphene layer, while MWNTs consist of two or more graphene layers [67].  

    CNTs possess unusual physicochemical properties, including exceptionally high mechanical 

strength and high electrical conductivity. The chemical bonding of CNTs is composed mostly of 

sp2 carbon bonds, which are stronger than the sp3 carbon bonds found in diamond, resulting in 

amazing mechanical strength of CNTs. The free electrons formed π-electron system determines 

the electronic property; and the one-dimensional (1-D) tube structure facilities the transport of 

electrons, which contributes to the high electrical conductivity of CNTs. These unique properties 

make CNTs can be used in a wide range of applications, such as nanotechnology, energy storage, 

electronics, gas storage, water filtration, sensors, and so forth [67, 68]. 

2.3.2.2 Growth Mechanism of CNTs 

    Based on the wide application of CNTs, mass production of CNTs with controlled structure 

becomes urgent. The techniques usually used to synthesize CNTs include arc-discharge [66, 69], 

laser ablation [70], gas-phase pyrolysis [71], and chemical vapor deposition (CVD) [72]. Among 

these methods, CVD has become dominant for production of large quantities of CNTs at a low 
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cost. Wei et al. reported that more than thousands of tons of CNTs per year worldwide could be 

produced by a fluidized bed reactor-based CVD method, with the price of MWNTs below US 

$100 kg-1 and that of SWNTs below US $2000 kg-1 [73]. 

    The growth mechanism of CNTs based on CVD method has been widely studied all through 

these years [74-76]. According to different stages in the growth process, the growth mechanism 

can be classified into two different categories: atomic nucleation mechanism and tip- (base-) 

growth mechanism of CNTs on the molecular scale. 

The nucleation process consists three stages: dissolution of carbon atoms, supersaturation of 

carbon atoms, and precipitation of carbon atoms to form CNTs [77]. The formation of the cap 

structure during the nucleation process of CNTs is a key step [77, 78]. In order to ensure the 

continuous growth of CNTs, carbon sources must be introduced continuously [79]. 
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Fig. 2.7 Growth mechanisms for CNTs: (a) tip-growth mechanism and (b) base-growth mechanism. 

(Modified from Ref. [80]) 

    In a typical CVD run, transition metal (e.g., nickel, molybdenum, and iron) is used as catalyst 

to catalyze the cracking reactions of hydrocarbon precursors (e.g., C2H4 and CH4) into carbon 

atoms and hydrogen. During the CVD process, if the interactions between catalyst and substrate 

are weak, the catalyst nanoparticles can keep floating in the gas flow, which refers to the tip-

growth mode (Fig. 2.7a). On the other hand, , the catalyst will remain on their base due to the 

strong interactions between catalyst species and substrate, which refers to the base-growth mode 

(Fig. 2.7b) [81]. In the tip-growth mode, a thermal buoyancy is generated by the temperature 

difference between the gas flow and the substrate, which can help CNTs lift off from the 
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substrate surface and float in the gas flow [82]. The catalyst nanoparticles sit on top of the 

floating CNTs and continuously catalyze the growth of CNTs, which is favorable for the growth 

of ultra-long CNTs (Fig. 2.8a). As shown in Fig. 2.8b, the CNTs with length up to 550 mm were 

synthesized with furnace moving method [83]. It has been reported that the formation of SWNTs 

or MWNTs is depended on the size of the catalysts. Catalysts with small size (few nanometers) 

contribute to the formation of SWNTs, while MWNTs are more favorable to form on catalysts 

with the size larger than 10 nm [81]. 

 

Fig. 2.8 (a) Illustration of tip-growth of ultra-long CNTs; (b) Mosaic scanning electron microscopy 

(SEM) images of 550 mm long CNTs. (Modified from Ref. [83]) 
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2.3.2.3 CNT Dispersion 

 

Fig. 2.9 (a) MWNTs dispersed in N-methyl-2-pyrrolidone (concentration of 1.0 mg mL-1) by high-speed 

fluid shearing, displaying excellent dispersion; (b) Network structure of dispersed CNTs under TEM 

observation. (Reprinted from Ref. [67]) 

Due to the large specific surface area, high length-to-diameter ratio, and strong p-p 

interactions between CNTs, CNTs are generally entangled together to form aggregates. It is a 

key issue to disperse CNTs uniformly before the utilization. Three conditions are required to 

obtain uniform dispersion of CNTs [84]: (1) destroy the entangled state of CNTs; (2) overcome 

Van der Waals forces among CNT aggregates; (3) obtain stable CNT dispersion. 

    Generally, CNTs are dispersed by mechanical methods [84]. The mechanical mixing method 

can only make the CNT aggregates macroscopically mix with the matrix powder, the CNT 

aggregates themselves cannot be dispersed; the ball milling and ultrasonic agitation methods 

both cut the CNTs into short length, which inevitably compromise the long-range conductivity of 
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CNTs. Besides, a high-speed fluid shearing process was used to disperse CNTs [85]. Fig. 2.9a 

shows that MWNTs are uniformly dispersed into N-methyl-2-pyrrolidone by a high-speed fluid 

shearing process, which is owe to the continuously network structures formed by CNTs (Fig. 

2.9b) [67]. However, the organic solvent used in this process is toxic, which may cause damage 

to the environment in manufacturing.  

    Alternatively, chemical modifications are used to disperse CNTs. Among which, surface 

modification of CNTs by acid (alkali) is a highly efficient method [86]. The functional groups 

(e.g., carboxyl and hydroxyl) introduced by the surface modification make CNTs disperse in 

solvents more easily [87]. However, the introduced defects in the structure of CNTs during 

chemical modification may compromise the electrical conductivity. 

2.3.2.4 LiMn2O4/CNT Nanocomposites  

    Recently, LiMn2O4/CNT composites have been prepared by the following methods: 

mechanical alloying CNTs and LiMn2O4 powder in stainless steel mixing jars containing steel 

milling balls [88], self-assembly process combined with solid-state lithiation [89], in-situ 

hydrothermal method by using MnO2/CNT and LiOH as reaction [64, 90, 91], microwave-

assisted hydrothermal reactions [92, 93], spray-deposition method [94], and in-situ hydrothermal 

growth of binder-free flexible LiMn2O4/CNT composite [95]. These composites have been used 

as cathode materials for lithium ion batteries, where better utilization of LiMn2O4 was attained.  

    Additionally, LiMn2O4/CNT composites have been used in aqueous rechargeable batteries to 

improve the electrochemical performance of the batteries. Zhang et al. prepared 

LiMn2O4/MWNTs composite by a mechanical activation reaction with a heat treatment [96]. The 
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LiMn2O4/MWNTs cathode was investigated in 1 mol L-1 Li2SO4 for aqueous rechargeable 

batteries, exhibiting a higher discharge capacity (117 mAh g-1) than LiMn2O4 (84.6 mAh g-1) 

cathode. What’s more, the results from electrochemical impedance spectroscopy (EIS) revealed 

that the intercalation/de-intercalation of Li ions in the LiMn2O4/MWNTs cathode is much faster 

than that in the LiMn2O4 cathode. Tang et al. prepared LiMn2O4/CNT composite with a 

hydrothermal method. After calcinated at 700 °C for 8 h, the LiMn2O4/CNT electrode exhibited 

a high specific capacity (136 mAh g-1 at the current density of 500 mA g-1) in 5 mol L-1 LiNO3 

[97]. 

    Besides, Dillon’s group developed an aqueous paper battery, using LiMn2O4 as cathode, 

carbon coated TiP2O7 as anode, and carbon nanotube coated paper as current collector in 5 mol 

L-1 LiNO3 solution [98]. Coated by SWNTs not only reduced the resistance of the paper, but also 

facilitated the penetration of anode and cathode materials into the conductive substrates, 

resulting in an improved rate capability, in comparison with the organic system.  

 

 

 

 

 

 



 

 28 

2.3.3 Using Graphene as Conductive Additive to Increase the Electrical 

Conductivity of LiMn2O4 Cathode 

2.3.3.1 Structure and Properties  

 

Fig. 2.10 Graphene is the fundamental structural units for other carbonaceous materials (0-D fullerenes, 

1-D CNTs, and 3-D graphite). 

Since being discovered by professor Geim in 2004, graphene has caused widespread concerns 

of scientists. Graphene is a two-dimensional (2-D) monolayer graphite sheet that consists of sp2 

carbon atoms arranged in a hexagonal crystal lattice, with a large specific surface area up to 2630 

m2 g-1 [99, 100]. It is considered as the fundamental structural units for other dimensional 

carbonaceous materials, such as zero-dimensional (0-D) fullerenes, 1-D CNTs, and three-

dimensional (3-D) graphite, as shown in Fig. 2.10.  

Graphene possesses unique mechanical and thermal properties. Graphene is the strongest 

material ever tested, with an intrinsic tensile strength up to 130 GPa [101]; the thermal 

conductivity of graphene is up to 5300 W (m·K)-1, which is three times higher than that of the 
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diamond [102]. What’s more, the highly special electrical properties of graphene attract much 

more attentions of researchers: the giant intrinsic mobility of which is up to 15000 cm2 (V·s)-1 

[103]; the velocity of electrons in which is three hundredth of the speed of light, exceeding most 

of conductors [104]; anomalous quantum Hall effect exists in graphene at room temperature 

[105]. All of these electrical properties contribute to the best conductivity of graphene in room 

temperature. Graphene is expected to have a wide range of applications, such as energy storage, 

nanotechnology, electronic devices, biomedical materials, and so forth [99, 106, 107].  

2.3.3.2 Synthesis of Graphene  

Currently, there are usually six different methods to prepare graphene: mechanical exfoliation 

[108, 109], graphene oxide (GO) reduction [110], CVD [111, 112], epitaxial growth [113], 

cutting carbon nanotubes [114], direct sonication, and chemical reduction [115]. While among 

these methods, only GO reduction method and CVD method are suitable for large-scale graphene 

production. In this part, mechanical exfoliation, GO reduction, and CVD methods are introduced. 

Mechanical exfoliation 

Since 2004, Professor Geim and Professor Novoselov at University of Manchester first 

prepared graphene sheets by mechanical exfoliation of graphite [116]. The graphite crystals were 

split into thinner flakes with Scotch tape; then the flakes were dissolved in acetone with the tape, 

followed by a few further treatment, the flakes with monolayer were deposited on a Si base. 

Under an optical microscope, individual atomic planes were detected. Furthermore, they 

obtained large crystallites (larger than 1 mm) by a dry deposition, which can avoid soaking 

graphene sheets in liquid [117]. 
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Fig. 2.11 (a) The exfoliation mechanism of graphite into graphene sheets under high-speed fluid shear 

with supercritical CO2; (b) The delamination of graphite by a lateral force overcoming the resistance of 

van der Waals force. (Reprinted from Ref. [109]) 

Recently, Li et al. prepared graphene nanosheets by a shear-assisted supercritical CO2 

exfoliation process [109]. The mechanism of this process is shown in Fig. 2.11a. CO2 molecules 

invade into the interlayers of graphite under high-speed fluid shear stress. A lateral force is 
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generated due to the violent stirring, which can break the van der Waals force between graphite 

layers, resulting into the exfoliated graphene (Fig. 2.11b) with about 10 layers in thickness.  

GO reduction method 

Graphite consists of stacked graphene sheets, is cheap and abundant in nature. Preparation of 

graphene sheets from graphite is likely to be the least expensive route. Mechanical exfoliation of 

graphite into graphene sheets by tape is only suitable in lab experiments, making it impossible 

for large-scale preparation; besides, the graphene prepared by a high-speed fluid shear process 

has a high thickness of about 10 layers, which is very difficult to disperse [109]. Chemical 

conversion from graphite seems to be a promising method to produce graphene in large quantity 

at low cost [118]. 

 

Fig. 2.12 Schematic illustration of the synthesis of reduced graphene oxide dispersions. (1) Graphite 

(black blocks) is oxidized to graphite oxide (lighter coloured blocks) with greater interlayer distance by a 

modified Hummers’ method; (2) Graphite oxide is dispersed in water with an ultra-sonication agitation to 

form GO colloids; (3) GO colloids are reduced to reduced graphene oxide (RGO) by hydrazine. 

(Reprinted from Ref. [119]) 
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Li et al. [120] demonstrated the preparation of graphene through a GO reduction method, 

which includes three steps as following (Fig. 2.12): (1) oxidize graphite to hydrophilic GO with 

greater interlayer distance by modified Hummers’ method; (2) disperse GO in water with ultra-

sonication to form GO colloids that are stabilized by electrostatic repulsion; (3) convert the 

insulated GO back to conducting graphene by chemical reduction, for example, using hydrazine. 

The graphene prepared by the GO reduction method is named as reduced graphene oxide (RGO). 

The graphene oxide reduction method has inevitable disadvantages: the structure of graphene is 

destroyed by strong oxidant and reductant used in the preparation process, resulting in the loss of 

the electrochemical performance of RGO; besides, graphene oxide is easily accumulated in 

aqueous solution due to the van der Waals force. However, this method costs low and is suitable 

to prepare graphene derivatives, which expands the application of graphene. 

Chemical Vapor deposition method 

The CVD method provides a promising way to realize the controllable preparation of 

graphene [112]. Graphene with different properties can be obtained by selecting different 

substrates and carbonaceous sources, as well as controlling reaction temperature in the 

preparation process. In a typical CVD process, the substrate (include nonmetal substrates like 

MgO, NiO, etc.; metal substrates like Ni, Co, etc.) is exposed to one or more volatile precursors 

(usually carbon sources such as methane, ethylene, acetylene, etc.), which cracked at high 

temperature to form desired deposit on the surface of the substrate. Generally, volatile by-

products produced in the CVD process flow out through the reactor. After the substrate is 

removed, the desired product is obtained. 
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Fig. 2.13 Illustration of the formation of the porous graphene. (Modified from Ref. [112]) 

    Ning et al. prepared a kind of porous graphene (PG) with porous corrugated structure by a 

CVD method, using porous MgO as the template [112, 121]. The preparation of porous MgO 

layers and the template growth of PG are shown in Fig. 2.13. Lamella-like porous MgO layers 

were prepared by a boiling treatment. Firstly, the as-purchased MgO powder was mixed with 

deionized water under ultrasonic agitation. The mixture was boiled for 24 h in a reflux apparatus. 

After filtration, drying, and calcination at 500 °C for 30 min, porous MgO layers were obtained. 

Then, PG was prepared by a one-step CVD process, in which CH4 was cracked at 875 °C with 

carbon deposited on MgO templates, followed by an acid washing to remove MgO and drying at 

80 °C overnight in an oven, PG was obtained. 

2.3.3.3 LiMn2O4/graphene Nanocomposites 

    Except for CNTs, graphene, a 2-D single layer of carbon atoms, possesses unique properties 

such as high surface area and superior electrical conductivity [122]. The high surface area can 

increase the interfacial contact between electrode and electrolyte, resulting in a fast 

transportation of Li ions; the superior electrical conductivity contributes to a fast electron 
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transport. Therefore, graphene is also attractive as an ideal template to construct a hybrid 

material with good dispersion of LiMn2O4 nanoparticles and improved electrical conductivity [89, 

123, 124]. Recently, LiMn2O4/graphene [125, 126] and LiMn2O4/RGO [127, 128] composites 

have been prepared and studied as the cathodes of lithium ion batteries, the electrochemical 

performance especially the rate capability of LiMn2O4 was improved by graphene modified. 

    Besides, there are a few reports about using graphene in aqueous rechargeable battery to 

improve the electrical conductivity of LiMn2O4 [125, 129-131]. Jiang et al. used graphene 

nanosheets as a powerful conductive additive in the LiMn2O4 electrode directly. The 

electrochemical measurements were conducted in 5 mol L-1 LiNO3 aqueous electrolyte. When 

graphene nanosheets and acetylene black nanoparticles co-existed with an appropriate weight 

ratio in the electrode, the rate performance of the LiMn2O4 electrode was highly enhanced. The 

high rate capability is attributed to the effective conducting network formed by graphene 

nanosheets and acetylene black nanoparticles [125]. 
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Chapter 3 

Using Carbon Nanotube as New Conductive Additive to Enhance the 

Rate Performance of LiMn2O4 Cathode in ReHAB 

3.1 Introduction 

    The low electrical conductivity of LiMn2O4 limits its rate performance [1]. One of the 

approaches is adding conductive additives to enhance the electrical conductivity of LiMn2O4 

cathode [2]. Traditionally, electrodes are fabricated from mixtures of active materials, conductive 

additive (e.g., acetylene black (AB)), and polymeric binders. However, nano-sized AB can’t 

provide long-range conductivity. Carbon nanotubes (CNTs) are well known as an ideal material 

to improve the electrical conductivity of battery electrodes; they can provide long-range 

conductivity, better interfacial contacts between active materials and conducting pathways, and 

create more stable network structures [3]. Therefore, in this chapter, in order to improve the rate 

performance of the LiMn2O4 cathode of the ReHAB, a three-dimensional hierarchically 

structured CNT/AB network was fabricated to increase the conductive contacts among LiMn2O4 

nanoparticles and conductive pathways, using a mechanical mixing method. The hierarchical 

CNT/AB/LiMn2O4 electrode was then studied as the cathode of the ReHAB. 

3.2 Experimental 

3.2.1 Material Preparation 

    Catalyst preparation [4]: Vermiculite (mined in Lingshou, Hebei province of China), a clay 

mineral, which composes of 42 wt% SiO2, 12 wt% Al2O3, 28 wt% MgO, 13 wt% Fe2O3, 4 wt% 

K2O, 0.5 wt% CaO, and 0.5 wt% H2O, was used as substrate of the catalyst. Firstly, vermiculite 
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powder (size of 100-250 µm, bulk density of ~160 kg m-3) was mixed with deionized to form a 

uniform suspension under vigorous stirring at 80 °C; then, a solution of Fe(NO3)3·9H2O (Sigma-

Aldrich, ≥ 99.95% purity) and (NH4)6Mo7O24·4H2O (Sigma-Aldrich, ≥ 99.98% purity) was 

added into the suspension quickly, keeping at 80 °C for 12 h. The weight ratio of vermiculite : 

Fe : Mo was 90 : 5 : 5. Followed by filtration, drying (110 °C for 12 h), and calcination (400 °C 

for 4 h), the lamellar Fe/Mo/vermiculite catalyst was obtained. 

    Synthesis of CNTs [6, 7]: Multi-walled CNTs were produced from a chemical vapor 

deposition (CVD) method. In a typical CVD run, 5 g Fe/Mo/vermiculite catalyst was loaded into 

a vertical-set quartz tube furnace (50 mm in diameter and 1500 mm in length) with a sintered 

porous plate as the gas distributor (Fig. 3.1a). The reactor was then heated to 650 °C under an Ar 

flow (1000 mL min-1). After reduction under a flow of Ar and H2 (10 : 1, v/v) at 1100 mL min-1 

for 15 min, a mixture of C2H4 (600 mL min-1), Ar (400 mL min-1), and H2 (50 mL min-1) was 

introduced for 15 min to allow CNT growth. When the reactor cooled to the room temperature, 

the as-prepared material (vermiculite-CNT composite) was taken out, followed by a purification 

process with acid, using 18% HCl solution (Sigma-Aldrich, ≥ 99% purity) and 20% HF solution 

(Sigma-Aldrich, ≥ 99% purity) with reflux for 1 h, to remove the catalysts. Then, they were 

washed using deionized water and dried at 80 °C overnight before use. 
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Fig. 3.1 (a) Schematic of the downer reactor for the synthesis of CNTs, (Modified from Ref. [5]); (b) 

Schematic illustration of a vermiculite-CNT composite, (Modified from Ref. [4]); (c) SEM image of a 

vermiculite-CNT composite, the blue arrows point to vermiculite substrates and the red arrows point to 

CNTs; (d) TEM image of the CNTs after purification. 



 

 38 

    During the CVD process, the catalysts on the vermiculite substrates catalyze the growth of 

CNTs, forming a vermiculite-CNT composite, which is illustrated in Fig. 3.1b. The morphology 

of the vermiculite-CNT composite is shown in Fig. 3.1c. From the SEM image of the 

vermiculite-CNT composite, we can clearly find that the length of the as-prepared CNTs is up to 

100 micrometers; besides, the diameter of the CNTs is about 11 nm, which can be confirmed by 

TEM image in Fig. 3.1d. 

3.2.2 Physical Characterization 

The crystal structure of the cathodes was characterized using X-ray diffraction techniques 

(XRD, Advance D8, Bruker) with Cu-Kα radiation. For XRD analysis, the electrode sheets were 

stuck on the sample plate and then fixed on the objective table in the XRD equipment for 

analysis in the range of 5 to 90° (2θ) under 4° min-1. 

The morphology of the as-prepared sample (vermiculite-CNT composite) and cathodes were 

observed by scanning electron microscopy (SEM, JEOL JSM-6700, JEOL). Energy dispersive 

X-ray spectroscopy (EDS) analysis was performed on the LEO FESEM 1530 instrument using 

an equipped EDAX apparatus. For SEM analysis, a small amount of the powder of the sample 

(for the cathodes, a small piece of electrode sheet) was stuck on the conductive tape before 

observation. The same process was conducted for EDS analysis. The internal morphology of the 

as-prepared sample (CNTs) and cathodes was studied using transmission electron microscopy 

(TEM, FEI T12, FEI) operated at 120 kV. For TEM analysis, a tiny amount of the powder of the 

samples (for cathodes, a tiny piece of electrode sheet that removed the current collector) was 

dispersed in ethanol under ultra-sonication agitation for less than 10 seconds (inhibit CNTs from 
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breaking into short length), and then 0.5 mL of this solution was dropped onto a Cu grid coated 

by a lacey carbon; followed by drying at 80 °C for 20 min before observation. 

3.2.3 Battery Assembly and Electrochemical Characterization 

    The composite cathodes were prepared by casting a slurry of 83 wt% LiMn2O4 (MTI Co. Ltd, 

~ 0.2 µm), 10 wt% carbon conductor consisting of CNTs and acetylene black (AB, MTI) with 

different weight ratios (CNTs : AB = 1 : 9, 1 : 4, 1 : 2, 1 : 0, and 0 : 1), and 7 wt% 

polyvinylidene fluoride (PVdF, Kynar, HSV900) in 1-methyl-2-pyrrolidinone (NMP, Sigma-

Aldrich, ≥ 99.5% purity) on graphite foil (Alfa Aesar), and vacuum drying at 60 °C for 24 h. The 

electrodes prepared are indicated as the 1wt%CNT/AB/LiMn2O4, 2wt%CNT/AB/LiMn2O4, 

3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 10wt%AB/LiMn2O4 electrodes, 

corresponding to different weight ratios of CNTs to AB as 1 : 9, 1 : 4, 1 : 2, 1 : 0, and 0 : 1. It is 

important to mention that the CNTs should be dispersed in NMP first before mixing with 

LiMn2O4 and AB particles to make the slurry. Disks of 12 mm in diameter were cut and soaked 

in the electrolyte under reduced pressure before battery assembly. Twelve millimeters in 

diameter polished zinc disks (Rotometals, thickness: 0.2 mm) were used as the anode. The 

solution of 2 mol L-1 Li2SO4 (Sigma-Aldrich, ≥ 99% purity) and 1 mol L-1 ZnSO4 (Alfa Aesar, ≥ 

98% purity) in deionized water was used as electrolyte. pH was adjusted to 4 by titration with 0.1 

mol L-1 LiOH. Absorbed glass mat (AGM, NSG Corporation) was used as separator.  

    Cyclic voltammetry (CV) measurement was carried out on a Biologic-VMP3 electrochemical 

workstation at a scan rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) of the 

batteries was conducted at the DC potential of 10 mV, with the frequency range from 0.01 Hz to 
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100 KHz. Two-electrode Swagelok cells were used for galvanostatic charge/discharge cycling at 

room temperature, using a Neware battery tester at various C-rates, 1-20 C, calculated based on 

the nominal specific capacity of LiMn2O4 (1 C=120 mA g-1), between 1.4 and 2.1 V. 

3.3 Results and Discussion 

 

Fig. 3.2 Schematic illustration for preparing hierarchical CNT/AB/LiMn2O4 electrodes. 

Figure 3.2 shows the schematic structure of hierarchical CNT/AB/LiMn2O4 electrodes. The 

small black dots represent AB nanoparticles, the brown squares represent LiMn2O4 

nanoparticles, and the blue lines represent CNTs. The resulting CNT/AB network can provide: 

(i) hierarchical and long-range conductive pathways for fast electron transfer in the cathode, (ii) 

interconnected network structure within the electrode for better active material utilization, and 

(iii) a stable composite structure that enables a longer charge/discharge cycle life. Based on the 



 

 41 

design and structure features, the resulting CNT/AB/LiMn2O4 electrodes exhibit excellent rate 

capability and cyclability in comparison with the cathodes prepared previously. 

 

Fig. 3.3 (a) SEM and (b,c) TEM images of the 3.3wt%CNT/AB/LiMn2O4 electrode. 

    Figure 3.3a presents the representative SEM image of the pristine 3.3wt%CNT/AB/LiMn2O4 

electrode, in which LiMn2O4 nanoparticles are uniformly dispersed in the carbon matrix. The 

CNTs can be clearly identified. The elemental mapping of the 3.3wt%CNT/AB/LiMn2O4 

electrode was obtained by energy-dispersive X-ray spectroscopy (EDS, Fig. 3.4), which further 

confirms the uniform distribution of LiMn2O4 nanoparticles within the CNT/AB networks. TEM 

image at a low magnification also presents the three-dimensional hierarchical network composed 

by CNTs and AB nanoparticles (Fig. 3.3b). TEM observation at higher magnification (Fig. 3.3c) 

further confirms that CNTs interweave between AB and LiMnO4 nanoparticles, increasing the 

interfacial contacts and thus electrical conductivity. 
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Fig. 3.4 SEM image and the corresponding EDS elemental maps of C, O, Mn of the 

3.3wt%CNT/AB/LiMn2O4 electrode. 
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Fig. 3.5 CV curves of the 3.3wt%CNT/AB/LiMn2O4 electrode at 0.1 mV s-1. 

    The three-dimensional hierarchical CNT/AB networks ensure the 3.3wt%CNT/AB/LiMn2O4 

electrode with excellent lithium storage performance, which was examined by various 

electrochemical characterizations. Cyclic voltammetry (CV) studies were first conducted to 

investigate their lithium storage behaviors at a scan rate of 0.1 mV s−1 (Fig. 3.5). There are two 

redox couples located at 1.82/1.78 V and 1.96/1.92 V vs. Zn2+/Zn, respectively. They are 

corresponding to the two stages of extraction and insertion of Li ions from/into the host spinel 

structure of LiMn2O4 in the aqueous electrolyte, which could be described as LiMn2O4  

Li0.5Mn2O4 + 0.5Li+ + 0.5e− and Li0.5Mn2O4  2MnO2 + 0.5 Li+ + 0.5 e−, respectively [8]. The 

potential differences between oxidation peaks and reduction peaks are contributed to the 

polarization of the electrode during CV testing. The potential difference between oxidation peaks 

and reduction peaks is as small as 0.04 V, resulting partially from the high ionic conductivity of 

the aqueous electrolyte. The symmetrical peaks reveal that the Li ion extraction/insertion process 
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can be regarded as highly reversible. In addition, the peaks retain the well-defined shapes and 

almost the same redox potential over the cycles of the scanning process, demonstrating the 

stability of the 3.3wt%CNT/AB/LiMn2O4 electrode.  

 
Fig. 3.6 (a) Galvanostatic charge/discharge profiles of the 3.3wt%CNT/AB/LiMn2O4 electrode at 4 C; (b) 

Galvanostatic charge/discharge profiles of the 3.3wt%CNT/AB/LiMn2O4 electrode at different rates (1 C, 

4 C, 10 C, and 20 C). 
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    To further quantify the lithium storage capability, galvanostatic charge/discharge was 

conducted. Fig. 3.6a shows the galvanostatic charge/discharge profiles of the 

3.3wt%CNT/AB/LiMn2O4 electrode at 4 C. The charge/discharge curves present two 

distinguished plateaus, which reflect two-stage Li ion extraction/insertion behavior and are 

consistent with the obtained CV data. Initial specific charge and discharge capacities of the 

composite cathode are 146 and 139 mAh g-1, respectively, corresponding to a Coulombic 

efficiency of 95.2%, which is much higher than that in the organic electrolyte [6, 9, 10]. In the 

following cycles, the Coulombic efficiency is close to 100% and remains stable, indicating good 

reversibility. It should be noted that the excellent specific discharge capacity of 139 mAh g-1 has 

never been reported for LiMn2O4 cathodes in other aqueous battery systems [11-13], which may 

be due to a hierarchical and long-range conductive pathway built by high aspect ratio CNTs and 

AB nanoparticles, as well as a interconnected network structure within the electrode. Moreover, 

the charge/discharge curves at different current densities were also performed to evaluate the 

charge storage behaviors (Fig. 3.6b). It shows that the charge/discharge processes of the 

3.3wt%CNT/AB/LiMn2O4 electrode are highly reversible, suggesting the excellent reaction 

kinetics and further confirming the stability of the CNT/AB network.  
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Fig. 3.7 Rate capability of the 3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 10wt%AB/LiMn2O4 

electrodes. 

    The rate capability of the 3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 

10wt%AB/LiMn2O4 electrodes were studied and compared (Fig. 3.7). The specific discharge 

capacity of the 3.3wt%CNT/AB/LiMn2O4 electrode is significantly larger than that of the 

10wt%AB/LiMn2O4 and 10wt%CNT/LiMn2O4 electrodes at C-rates from 1 to 20 C. At 10 C, the 

3.3wt%CNT/AB/LiMn2O4 electrode exhibits an extremely high specific discharge capacity of 

105 mAh g-1, corresponding to ~79% of that at 1 C. What’s more, the 3.3wt%CNT/AB/LiMn2O4 

electrode still exhibits 73 mAh g-1 at 20 C. Carbon nanotubes help to connect AB and LiMn2O4 

nanoparticles, and improve the electrical conductivity of the cathode significantly, thereby 

enhancing the rate capability.  
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Fig. 3.8 Cyclability of the 3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 10wt%AB/LiMn2O4 

electrodes at 4 C. 

    Except for the excellent rate capability, the 3.3wt%CNT/AB/LiMn2O4 electrode also exhibits 

a good cycling performance at 4 C as shown in Fig. 3.8. After 300 cycles, the specific discharge 

capacity of 92 mAh g-1 is still obtained. Moreover, the Coulombic efficiency is close to 100%. 
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Fig. 3.9 EIS spectra of the batteries made of the 3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 

10wt%AB/LiMn2O4 electrodes after 300 charge/discharge cycles at 4 C. 

    Electrochemical impedance spectroscopy plots of the batteries made of the 

3.3wt%CNT/AB/LiMn2O4, 10wt%CNT/LiMn2O4, and 10wt%AB/LiMn2O4 electrodes after 300 

charge/discharge cycles at 4 C are shown in Fig. 3.9. Each plot consists of a depressed semicircle 

at the high-to-medium frequency region, corresponding to the charge transfer resistance and the 

double-layer capacitance; and an inclined line in the low frequency region, corresponding to the 

Li ion diffusion within LiMn2O4 nanoparticles [14]. The semicircle of the 

3.3wt%CNT/AB/LiMn2O4 electrode is smaller than those of the 10wt%CNT/LiMn2O4 and 

10wt%AB/LiMn2O4 electrodes, indicating a smaller charge transfer resistance. This smaller 

charge transfer resistance is consistent with the higher rate capability of the 

3.3wt%CNT/AB/LiMn2O4 electrode. 
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Fig. 3.10 XRD patterns of the 3.3wt%CNT/AB/LiMn2O4 electrode before and after 300 charge/discharge 

cycles at 4 C. 

    In order to verify the structure stability of the LiMn2O4, XRD patterns of the 

3.3wt%CNT/AB/LiMn2O4 electrode before and after 300 charge/discharge cycles are shown in 

Fig. 3.10. All major peaks are indexed and fit well with the standard pattern [6]. Peak locations 

have not changed significantly before and after cycling, indicating the high stability of the 

LiMn2O4 during charge/discharge cycling. It is evident that the components of CNTs and AB in 

the electrodes are important for better battery performance. The three-dimensional, hierarchical 

structure of the CNT/AB networks is beneficial to obtain the good electrical conductivity and 

stability of the cathode. It is also important to note that the material preparation here is very 

simple and effective, making the approach commercially feasible in comparison with other 

sophisticated and complicated approaches. 
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    The results above reveal that adding a certain amount of CNTs into the cathode can highly 

improve the power/energy density of the ReHAB. However, in order to make the 

CNT/AB/LiMn2O4 electrodes more competitive in comparison with traditional AB/LiMn2O4 

electrodes, reducing the content of CNTs to reduce the cost is crucial. The price of Multi-walled 

CNTs (MWNTs) is about three times higher than that of AB with a high quality. The rate and 

cycling performances of the CNT/AB/LiMn2O4 electrodes with different content of CNTs are 

compared (Fig. 3.11). When the content of CNTs reduces to 2 wt%, the 2wt%CNT/AB/LiMn2O4 

electrode still exhibits at least 23% higher rate capability than the 10wt%AB/LiMn2O4 electrode 

(Fig. 3.11a), and also keeps a high capacity retention of 72.8% after 300 cycles at 4 C (Fig. 

3.11b). 
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Fig. 3.11 (a) Rate capability of the CNT/AB/LiMn2O4 electrodes with different content of CNTs; (b) 

Cyclability of the CNT/AB/LiMn2O4 electrodes with different content of CNTs at 4 C. 

3.4 Summary 

    A three-dimensional, hierarchical CNT/AB network was fabricated by a simple mixing 

approach to improve the rate and its related performance of the LiMn2O4 cathode in the ReHAB. 

Thanks to the hierarchical and long-range conductive pathways for fast electron transfer and the 



 

 52 

stable composite structure, the 3.3wt%CNT/AB/LiMn2O4 electrode exhibits outstanding rate 

performance (specific discharge capacity of 105 mAh g−1 and 73 mAh g−1 at 10 C and 20 C, 

respectively), along with good cycling performance and reversibility (Coulombic efficiency of 

almost 100% over 300 charge/discharge cycles at 4 C). What’s more, when the content of CNTs 

reduces to 2 wt%, the 2wt%CNT/AB/LiMn2O4 electrode still exhibits at least 23% higher rate 

capability than the traditional 10wt%AB/LiMn2O4 electrode. This approach is simple and highly 

effective to enhance the rate capability of the LiMn2O4 cathode. This hierarchical conductive 

network design is also useful in other battery applications for high charge/discharge rates. 
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Chapter 4 

The Preparation of Binder-free Flexible LiMn2O4/CNT Network as High 

Power Cathode for ReHAB  

4.1 Introduction 

    High-performance energy storage systems rely on effective transport of electrons and ions 

during their charge/discharge processes, where energy is reversely transformed as chemical 

energy and electric energy, respectively [1-3]. Reliability of such transport pathways is therefore 

one of the most essential criteria that governs the rate capability of the system. Traditionally, the 

electron-transport pathways are constructed by mixing active electrode materials with conductive 

additives and polymeric binders [4-6]. However, such approach utilizes a significant amount of 

inert components, inevitably compromising the device's energy density. Alternatively, binder-

free LiMn2O4/CNT electrodes have been proposed and used in a lithium ion battery. Directed 

growth of LiMn2O4 on flexible carbon nanotubes (CNTs) was reported by Jia et al. [7], using 

redox reactions between CNTs and KMnO4 with a subsequent hydrothermal treatment in the 

presence of LiOH. Due to the highly conductive and porous CNTs support, the cathode showed 

good rate capability and cyclability.  

    Herein, in this chapter, a highly robust binder-free flexible LiMn2O4/CNT electrode composed 

of CNTs and LiMn2O4 was constructed by a vacuum filtration process and studied as the cathode 

of the Rechargeable Hybrid Aqueous Battery (ReHAB) [8]. It is worth mentioning that this is the 

first demonstration of using highly stable binder-free flexible LiMn2O4/CNT electrodes in an 

aqueous rechargeable battery. 
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4.2 Experimental  

4.2.1 Material Preparation 

    Fabrication of binder-free flexible electrodes. A vacuum filtration method was used to 

fabricate the electrodes with controllable thickness [7]. Firstly, Multi-walled CNTs with length 

of ~100 µm and diameter of ~11 nm were produced and purified by the same process introduced 

in chapter 3.2.1. The purified CNTs were then dispersed in N-methyl-2-pyrrolidone (NMP, 

Sigma-Aldrich, ≥ 99.5% purity) using fluid shearing dispersion for 30 min to form 2.0 mg mL-1 

solution. 10 mL of the CNT dispersion was mixed with 180 mg of the LiMn2O4 (MTI Co. Ltd) 

particles; and then filtered and dried under vacuum at 90 °C for 12 h to obtain the binder-free 

flexible films. The contents of CNT and LiMn2O4 are 10 and 90 wt%, respectively. 

4.2.2 Physical Characterization 

    The cathode morphology was observed by scanning electron microscopy (SEM, JEOL JSM-

6700, JEOL). For SEM analysis, a small piece of electrode sheet was stuck on the conductive 

tape before observation.  The internal morphology was studied using transmission electron 

microscopy (TEM, FEI T12, FEI) operated at 120 kV. For TEM analysis, a tiny piece of 

electrode sheet was dispersed in ethanol under ultra-sonication agitation for less than 10 seconds 

(inhibit CNTs from breaking into short length), and then 0.5 mL of this solution was dropped 

onto a Cu grid coated by a lacey carbon; followed by drying at 80 °C for 20 min before 

observation. Nitrogen sorption isotherms were measured at 77 K with a Micromeritics ASAP 

2020 analyzer. The electrode film (thickness: 0.2 mm, measured by a FJS025 Digital Spiral-

micrometer) was cut into sheets (10 mm × 10 mm) for mechanical tests, which were conducted 
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on an INSTRON 5564 with a speed of 2.0 mm min-1 at room temperature. The resistance of the 

CNT dispersion and the composite electrode (cut into sheet with the size of 5 mm × 25 mm) 

under bending were both measured using a 266 Clamp Meter. The volume conductivity of the 

composite electrode was calculated based on the equation: κ=L/(RA), where R is the resistance 

values that can be obtained from the 266 Clamp Meter, L is 25 mm, A= 0.2 mm × 5 mm. 

4.2.3 Battery Assembly and Electrochemical Characterization 

    For electrochemical test, the flexible LiMn2O4/CNT films were cut into disks of 12 mm in 

diameter and soaked in the electrolyte under reduced pressure before assembling of batteries. 

The traditional electrodes were prepared by casting a slurry of 86 wt% LiMn2O4 (MTI Co. Ltd, 

~0.2 µm), 7 wt% carbon conductor consisting of CNTs or acetylene black (AB, MTI), and 7 wt% 

polyvinylidene fluoride (PVdF, Kynar, HSV900) in 1-methyl-2-pyrrolidinone (NMP, Sigma-

Aldrich, ≥ 99.5% purity) on graphite foil (Alfa Aesar), and vacuum drying at 60 °C for 24 h. 

Twelve millimeters in diameter polished zinc disks (Rotometals, thickness: 0.2 mm) were used 

as the anode. The solution of 2 mol L-1 Li2SO4 (Sigma-Aldrich, ≥ 99% purity) and 1 mol L-1 

ZnSO4 (Alfa Aesar, ≥ 98% purity) in deionized water was used as electrolyte. pH was adjusted to 

4 by titration with 0.1 mol L-1 LiOH. Absorbed glass mat (AGM, NSG Corporation) was used as 

separator. Finally, the electrodes were assembled into Two-electrode Swagelok cells before 

electrochemical test.  

    Cyclic voltammetry (CV) measurement was carried out on a Biologic-VMP3 electrochemical 

workstation at a scan rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) of the 

batteries was conducted at the DC potential of 10 mV, with the frequency range from 0.01 Hz to 
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100 kHz. Two-electrode Swagelok cells were used for galvanostatic charge/discharge cycling at 

room temperature, using a Neware battery tester at various C-rates, 1-20 C, calculated based on 

the nominal specific capacity of LiMn2O4 (1 C=120 mA g-1), between 1.4 and 2.1 V. 

4.3 Results and Discussion 

 

Fig. 4.1 Schematic fabrication of binder-free flexible LiMn2O4/CNT network electrodes through 

dispersion and vacuum filtration processes. 

    A schematic illustration of the formation process of a binder-free flexible LiMn2O4/CNT 

electrode is shown in Fig. 4.1. First, CNTs were dispersed into a sol-like dispersion using a high-

speed fluid shearing method, where CNTs maintained their high aspect ratios, and steadily 

dispersed in the solvent. Owing to the high aspect ratios, CNTs formed a network structure, 

which can capture nanoparticles, just like “fishes on nets”. After simple mixing and a vacuum 

filtration process, binder-free flexible LiMn2O4/CNT electrodes for the ReHAB were available.  

    Note that LiMn2O4 nanoparticles are tightly entangled into the composite electrode without 

binders, forming a porous yet integrated structure. Through our design of the electrode structure, 

the following benefits can be achieved: (1) the total weight of the electrode is highly reduced, 

since CNTs simultaneously act as the binder, conductive additive, and current collector; no other 
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electrochemically inactive additives are introduced in the electrode, increasing the total energy 

density; (2) the conductivity of the electrode is greatly enhanced due to the good conductivity of 

CNT networks compared with the traditional conductors and binders, and additives used in 

surfactant- and/or polymer-assisted synthesis that are usually insulating; (3) the continuous and 

porous CNT networks facilitate the electrolyte infiltration in addition to electron transfer, so 

LiMn2O4 nanoparticles can access Li ions more efficiently; (4) The resilient network structure 

also alleviates the volume changes of the active material during battery charge/discharge 

processes, enhancing cycling stability. It is noted that such a synthesis process does not require 

expensive facilities and extra chemicals, since the CNT dispersion can tightly capture 

nanoparticles, thereby enabling the fabrication of a structurally stable composite. 

 

Fig. 4.2 (a) Digital photographs of CNT dispersion of 2.0 mg mL-1 after standing one week; (b) TEM 

image of dispersed CNTs, showing interconnected networks; (c) Resistance changes of 2.0 mg mL-1 CNT 

dispersion varying time. 

    To make the hybrid electrode, CNTs were dispersed into the networks using a high-speed fluid 

shearing dispersion, where the high-aspect ratio nanotubes effectively maintain their lengths. 
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Note that making the CNT dispersion and maintaining the lengths have been difficult. For 

example, the common methods using ultra-sonication or strong acid oxidation usually destroy 

CNTs [9]. The dispersion could be stably placed more than one week (Fig. 4.2a), suggesting the 

excellent stability of the dispersion. The reason is because that the CNTs were dispersed into the 

network structure, as confirmed by TEM observation (Fig. 4.2b). It displays that the CNTs are in 

single-dispersion state, and more importantly, form interconnected networks due to the high 

aspect ratios. Fig. 4.2c shows that the dispersion with a CNT concentration of 2.0 mg mL-1 has a 

stable conductivity varying time, further suggesting that the CNTs in the dispersion did not 

aggregate. Such network structure proves to have high capacity to capture nanoparticles, while 

mostly reported CNT dispersions with small lengths show very limited such capacity.  
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Fig. 4.3 Optical photographs of (a) the produced hybrid film, and the states under various deformations 

such as (b) bending and (c) twisting; (d) Stress-strain curve of the flexible electrode consisting 90 wt% 

LiMn2O4 nanoparticles; (e) Volume conductivity changes of the flexible electrode under bending. 

    Figure 4.3a shows that the prepared electrode maintains their integrity at large sizes (e.g., 30 

mm in diameter). Such hybrid electrode sheets are very flexible, and can be bent under force (Fig. 

4.3b), or even twisted (Fig. 4.3c). Even at a high nanoparticle loading of 90 wt%, the prepared 

electrodes still retain the high flexibility. Fig. 4.3d displays the stress-strain curve of an electrode. 

Typically, a tensile strength of 2.7 MPa is achieved at a strain of 1.1%. The strength ensured the 
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stability of the electrode structure, making them promising in actual device applications. The 

robust structure was further confirmed through electrical conductivity measurements under 

bending (Fig. 4.3e). Indeed, the flexible electrodes with 90 wt% of LiMn2O4 had a constant 

conductivity of 170 S m-1 under different degrees of bending. Such flexibility was usually not 

observed in binder-bound electrodes. 
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Fig. 4.4 (a) SEM and (b) TEM images of the binder-free flexible LiMn2O4/CNT electrode; (c) N2 sorption 

isotherms of the hybrid electrode. 
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    The structure of the binder-free flexible LiMn2O4/CNT hybrid is observed under scanning 

electron microscopy (SEM, Fig. 4.4a). Obviously, CNTs and LiMn2O4 nanoparticles are highly 

entangled, forming robust composite networks. Such structure endows the electrodes with 

mentioned mechanical strength. Close TEM observation of the composite shows that their 

texture is uniform, with threading CNTs interweaved through nanoparticles (Fig. 4.4b). The 

nanocomposites exhibit direct interfacial contact between the CNTs and LiMn2O4 components, 

key for the high performance of the electrodes.  Moreover, nitrogen sorption isotherms of the 

binder-free flexible LiMn2O4/CNT hybrid conforms the interconnected porous channels of this 

material (Fig. 4.4c). The surface area of the electrodes was measured to be 42.7 m2 g-1 with 

broad pore size distributions. Such pore structure facilitates electrolyte transport, a key factor 

affecting electrodes’ rate performance.	 
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Fig. 4.5 Electrochemical performance of the binder-free LiMn2O4/CNT network electrode. (a) CV curves 

of the binder-free LiMn2O4/CNT electrode collected at a scan rate of 0.1 mV s-1; (b) Charge/discharge 

curves of the binder-free LiMn2O4/CNT electrode at 4 C in the potential window of 1.4-2.1 V; (c) 

Comparison of rate capability of the binder-free LiMn2O4/CNT, 7wt%CNT/LiMn2O4, and 

7wt%AB/LiMn2O4 electrodes; (d) Cycling stability of the binder-free LiMn2O4/CNT electrode at 4 C in 

comparison with that of the 7wt%CNT/LiMn2O4 and 7wt%AB/LiMn2O4 electrodes. 

    The electrochemical performance of the LiMn2O4/CNT film electrode was tested as the 

cathode for the ReHAB [8, 10, 11]. The robust structure of the LiMn2O4/CNT hybrid ensures 

binder-free electrodes with excellent ion storage performance. Cyclic voltammetry (CV) studies 
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were first conducted to investigate their lithium storage behaviors (Fig. 4.5a). There are two 

pairs of well-defined redox peaks located at 1.85/1.73 V (1st cycle), 1.84/1.75 V (2nd and 3rd 

cycle) and 1.98/1.89 V (1st cycle), 1.96/1.89 V (2nd and 3rd cycle) vs. Zn2+/Zn, respectively. They 

are corresponding to the two stages of extraction/insertion of Li ions from/into the host spinel 

structure of LiMn2O4 in the aqueous electrolyte, which could be described as  

LiMn2O4  Li0.5Mn2O4 + 0.5Li+ + 0.5e− and Li0.5Mn2O4  2MnO2 + 0.5Li+ + 0.5e−, 

respectively. The lithium extraction during the first cycle is slightly different from those 

observed in subsequent cycles due to the initial activation process of the electrode. From the 

second cycle, however, the extraction/insertion process becomes stable. The potential differences 

between oxidation peaks and reduction peaks are contributed to the polarization of the electrode 

during the CV testing. The potential differences between oxidation peaks and reduction peaks are 

as small as 0.07 V, resulting partially from the high ionic conductivity of the aqueous electrolyte. 

The symmetrical peaks reveal that the Li ion extraction/insertion process can be regarded as 

highly reversible. In addition, the peaks retain the well-defined shapes and almost the same redox 

potential over the cycles of the scanning process, demonstrating the stability of the 

LiMn2O4/CNT electrode. 

    To further quantify the lithium storage capability, galvanostatic charge/discharge was 

conducted. Fig. 4.5b shows the charge/discharge profiles of the binder-free flexible 

LiMn2O4/CNT electrode at 4 C. There are two distinguished plateaus that reflect two-stage Li 

ion extraction/insertion behavior and are consistent with the obtained CV data. During the 

cycles, the Coulombic efficiency is close to 100% and remains stable, indicating good 

reversibility. This further confirms the stability of the binder-free flexible LiMn2O4/CNT 
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electrode. It should be noted that the specific discharge capacity of 116 mAh g-1 can be 

comparable to other excellent aqueous battery systems with LiMn2O4 cathodes [12]. Moreover, 

the charge/discharge curves at different current densities were also performed to evaluate the 

charge storage behaviors. It shows that the charge/discharge processes of the binder-free flexible 

LiMn2O4/CNT electrode are highly reversible, suggesting the excellent reaction kinetics. The 

excellent ion storage performance contributes to the improved transport in the porous structure of 

the electrodes and, more importantly, increased electrical conductivity due to ultra-long CNT 

networks. 

    The rate capability of the binder-free flexible LiMn2O4/CNT, 7wt%CNT/LiMn2O4, and 

7wt%AB/LiMn2O4 electrodes were studied and compared (Fig. 4.5c). The specific discharge 

capacity of the binder-free flexible LiMn2O4/CNT electrode is significantly larger than that of 

the 7wt%AB/LiMn2O4 and 7wt%CNT/LiMn2O4 electrodes at C-rates from 1 to 20 C. At 20 C, 

the binder-free flexible LiMn2O4/CNT electrode still exhibits a specific discharge capacity of 72 

mAh g-1, which is much higher than the 7wt%CNT/LiMn2O4 (45 mAh g-1) and 

7wt%AB/LiMn2O4 (42 mAh g-1) electrodes. Note that such excellent rate performance is 

comparable or even better than that of LiMn2O4 cathodes in other aqueous battery systems [13-

24]. 

    Except for the excellent rate capability, the binder-free flexible LiMn2O4/CNT electrode also 

exhibits remarkable cycling stability. As shown in Fig. 4.5d, the composite electrode was cycled 

at the rate of 4 C. After 300 cycles, the specific discharge capacity of 92 mAh g-1 is still retained. 

Moreover, the Coulombic efficiency is close to 100% during the cycling. In contrast, control 

electrodes fabricated by mixing LiMn2O4 with CNTs or AB, and PVdF show significantly lower 
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stability. The results indicate that the LiMn2O4/CNT hybrid electrode does significantly improve 

the cycling stability due to its robust network structure. Since the mechanical test, conductivity 

test, and EIS measurements all suggest that the binder-free LiMn2O4/CNT electrode has a stable 

structure, the capacity fading during cycling may be related to other factors, such as the stability 

of the Zn anode. Systematic studies on protection of the Zn anode are underway [25]. It is 

expected to improve the cyclability of the battery with this binder-free electrode [26-28]. 

 

Fig. 4.6 (a) EIS spectra of the batteries made of the pristine binder-free LiMn2O4/CNT network electrode, 

after 15 and 300 cycles at 4 C (Inset is the enlarged EIS spectra of the composite electrode after 15 and 

300 cycles); (b) EIS spectra of the batteries made of the binder-free LiMn2O4/CNT network electrode 

compared to that of the 7wt%CNT/LiMn2O4 and 7wt%AB/LiMn2O4 electrodes after 300 cycles at 4 C. 

    To further investigate the structure and interface stability of the hybrid electrodes during 

cycling, EIS was conducted along with galvanostaic charge/discharge (Fig. 4.6a). The Nyquist 

plots exhibit a single semicircle at high-to-medium frequency, which is due to the charge transfer 

resistance and the double-layer capacitance [29]. The ohmic resistance of the electrode is nearly 

constant during cycling, indicating good contacts of the ReHAB as well as structure integrity of 
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the electrode. Very interestingly, EIS plots of the following cycles almost maintain the same 

(inset of Fig. 4.6a, 15th and 300th), thereby suggesting that the resistances are relatively stable. 

This suggests that the LiMn2O4/CNT network structure formed a robust and stable electrode and 

accordingly, electrode capacity was well maintained. In addition, the EIS plots of the batteries 

made of the 7wt%CNT/LiMn2O4 and 7wt%AB/LiMn2O4 electrodes were measured, and 

compared with that of the binder-free LiMn2O4/CNT electrode. As shown in Fig. 4.6b, the 

binder-free flexible LiMn2O4/CNT electrode displayed a smaller resistance, thereby offering a 

better rate performance.  

4.4 Summary 

    Highly robust, flexible, binder-free electrodes were synthesized by using long CNTs to capture 

LiMn2O4 nanoparticles. Such an robust network architecture possesses abundant porous 

structures and excellent electrical conductivity, which enables effective charge transport; at the 

same time, the electrode can be bent and twisted under high mechanical strength, endowing the 

electrode with high capacity, high rate capability and excellent cyclability for high-performance 

flexible device applications. 
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Chapter 5 

Using Graphene as New Conductive Additive to Enhance the Rate 

Performance of LiMn2O4 Cathode in ReHAB 

5.1 Introduction 

    In the previous chapters, carbon nanotubes (CNTs) have been studied as effective additives for 

the cathode of the ReHAB. Co-usage of acetylene black (AB) and CNTs in electrodes delivers 

three-dimensional conductive scaffolds for effective charge transport [1]. Graphene, a two-

dimensional macromolecular sheet of carbon atoms with a honeycomb structure, has excellent 

electrical conductivity and mechanical strength; and may be another potential conductive 

additive in battery electrodes [2, 3]. However, graphene is difficult to disperse into electrodes 

due to its hydrophobic interfacial properties. There are few reports to improve the battery 

performance sharply when graphene is directly dispersed in electrode [3]. It will be exciting to 

offer a new graphene additive that can highly improve the battery performance by simple 

mechanical mixing in the electrode. 

    In this chapter, porous graphene (PG) was synthesized and used as a new conductive additive 

for the LiMn2O4 cathode of the ReHAB (Fig. 5.1). It is worth mentioning that the PG was used 

in aqueous batteries for the first time, and it was added into the electrode directly by a simple 

mechanical mixing method. It indicates that this kind of porous graphene can be easily dispersed 

compared to the in-plane graphene [4]. Also, the porous structure of the PG can store electrolyte 

for easy access to the active material [5, 6]. Based on the structural features of the new 

conductive additive, the resulting 10wt%PG/LiMn2O4 electrode exhibits excellent rate capability 
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and cyclability. 

 

Fig. 5.1 Schematic illustration for the structure of PG we synthesized: the porous structure offering facile 

aqueous electrolyte access; the graphene sheet providing excellent conductivity. 

    It needs to point out that the exfoliated graphene (EG) sheets are hydrophobic [7], making the 

aqueous electrolyte difficult to access. The commonly used reduced graphene oxide, or RGO, 

has many defects, which are highly susceptible to chemical attack, making the aqueous batteries 

unstable [8]. PG has the following structure features: (1) PG has a porous structure that can allow 

higher amounts of electrolyte uptake for facile ion transport; (2) PG is prepared from high-

temperature chemical vapor deposition, which endows PG with a good conductivity; (3) PG has 

a sheet-like structure with the size of several hundreds of nanometers, which could offer longer-

range continuous conductivity. Based on the key structure properties, PG has obvious advantages 

that RGO and EG do not have. The synthesis method of this kind of PG is a fluidized-bed CVD 

method, which has high potential for scaling up to industrial level [4, 5]. It is worth mentioning 

that our electrode preparation method is very simple and effective, making this approach 

commercially feasible in comparison with other sophisticated and complicated approaches. 
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5.2 Experimental 

5.2.1 Material Preparation 

 

Fig. 5.2 (a) Illustration of the formation of porous graphene; (b) Schematic of the downer reactor for the 

synthesis of porous graphene (Modified from Ref. [4]). 

    Synthesis of PG [4, 9]: the strategy for the preparation of porous MgO layers and the template 

growth of PG is illustrated in Fig. 5.2a. Lamella-like porous MgO layers were prepared by a 

boiling treatment. First, the as-purchased MgO powder (analytical purity, 20-30 nm particles, 

Beijing Chemical Reagent Company) was mixed with deionized water under ultrasonic agitation. 
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The mixture was boiled for 24 h in a reflux apparatus. After filtration and drying, the obtained 

material was ground into fine powder. Finally, the powder was calcined at 500 °C for 30 min to 

remove water, resulting in the formation of porous MgO layers. 

PG was prepared by a one-step CVD process by using MgO as catalyst. In a typical CVD run, 

30 g MgO was loaded into a vertical-set quartz tube furnace with a sintered porous plate as the 

gas distributor (Fig. 5.2b). The reactor was then heated under an Ar flow (1000 mL min-1). Once 

the temperature reached 875 °C, a methane flow (800 mL min-1) was introduced for 10 min. 

After cooled to the room temperature, the as-prepared material was taken out, followed by an 

acid washing using excessive amount of 32% HCl solution (Sigma-Aldrich, ≥ 99% purity) and 

deionized water, with volume ratio of 1 : 2) with reflux for 1 h to remove MgO. This was 

followed by filtration and drying at 80 °C overnight in an oven. The material obtained was 

ground into fine powder.  

Synthesis of RGO: RGO was reduced from graphene oxide (GO). GO was synthesized from 

natural graphite flakes by a modified Hummer’s method [10]. Firstly, excessive amount of 

95.0~98.0% H2SO4 solution (Sigma-Aldrich, ≥ 99% purity) and 85% H3PO4 solution (Sigma-

Aldrich, ≥ 99% purity) were mixed together with the weight ratio of 9 : 1 in a round bottom flask 

with three necks, then 18 g KMnO4 (Sigma-Aldrich, ≥ 99% purity) was added into the solution; 

the mixture was placed in an ice bath to prevent the temperature from increasing in the upcoming 

exothermic reaction. 3 g graphite flake (Alfa Aesar, natural, ~10 mesh, ≥99.9% purity) was then 

added and the temperature was observed constantly to ensure that it remained between 30 to 40 

°C. The mixture was stirred with a rotating speed of 750 rpm at 40 °C for 16 h. After cooled to 

room temperature, it was poured into 400 mL ice with the temperature remained around 30 °C. 



 

 72 

Then, 30% H2O2 solution (Sigma-Aldrich, ≥ 99% purity) was added to remove the residue 

KMnO4. Finally, after centrifugation, washing with 32% HCl solution (Sigma-Aldrich, ≥ 99% 

purity) and deionized water, as well as sieving (300 µm sieve), the GO was obtained. 

Then, 50 mL of GO suspension (1 mg mL-1) was ultra-sonicated for 1 h, in which 0.5 g of 

reducing agent (hydrazine hydrate) was added. The mixture was treated at 60 °C for 12 h. 

Finally, the as-prepared sample was freeze-dried overnight to get RGO. 

 

Fig. 5.3 The schematic drawing of experiment device for the synthesis of exfoliated graphene. (Reprinted 

from Ref. [7]) 

Synthesis of EG: EG was prepared by a high-speed fluid shearing in supercritical CO2 [7]. The 

schematic illustration of the experiment device, including a gas cylinder, a chiller, a pump and 

reactors, is shown in Fig. 5.3. Firstly, 1 g graphite was put into the reactor (1.5 L) and heated to 

55 °C by an electric furnace. Then, the liquid CO2 cooled by a chiller was pumped into the 

reactor. The graphite was exfoliated into graphene under high-speed fluid shear by supercritical 

CO2. The exfoliation parameters used in this process are listed: temperature of 55 °C, pressure of 
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12 MPa, rotating speed of 2000 rpm, and process time of 1 h. After exfoliation, CO2 was emitted 

through the vent, and graphene powders were collected. The EG used in my research was 

provided by Li’s group in China University of Petroleum (Beijing). 

5.2.2 Physical Characterization 

The crystal structure of the as-prepared samples (PG, RGO, and EG) and cathodes was 

characterized using X-ray diffraction techniques (XRD, Advance D8, Bruker) with Cu-Kα 

radiation. For XRD analysis of the samples, the grinded powder was filled into the recessed 

center of the sample plate and compacted by a glass slide, making sure that the surface was flat 

and kept at the same high as the sample plate; then the sample plate was fixed on the objective 

table in the XRD equipment for analysis in a range of 5 to 90° (2θ) under 4° min-1; As for the 

cathodes, an electrode sheet was stuck on the sample plate and then fixed on the objective table 

in the XRD equipment for analysis in the range of 5 to 90° (2θ) under 4° min-1. 

The morphology of the as-prepared samples (PG, RGO, and EG) and cathodes were observed 

by scanning electron microscopy (SEM, JEOL JSM-6700, JEOL). For SEM analysis, a small 

amount of the grinded powder of the samples (for the cathodes, a small piece of electrode sheet) 

was stuck on the conductive tape before observation. The internal morphology was studied using 

transmission electron microscopy (TEM, FEI T12, FEI) operated at 120 kV. For TEM analysis, a 

tiny amount of the grinded powder of the samples (for cathodes, a tiny piece of electrode sheet 

that removed the current collector) was dispersed in ethanol under ultra-sonication agitation for 

30 min, and then 0.5 mL of this solution was dropped onto a Cu grid coated by a lacey carbon; 

followed by drying at 80 °C for 20 min before observation. 
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The specific surface area (SSA) was calculated by the Brunauer-Emmett-Teller (BET) method 

with a Micromeritics ASAP 2020 analyzer. The N2 adsorption-desorption isotherm was collected 

using a Quantachrome Instrument Autosorb-IQ2-MP-C system at 77 K. Pore-size distribution 

was calculated based on the Quenched Solid Density Function Theory using the adsorption 

branch. The conductivities of the as-prepared samples were calculated from the resistance values 

obtained from a 266 Clamp Meter. Firstly, 0.1 g grinded sample (PG, RGO, and EG) was 

pressed to disks (diameter: 13 mm, thickness: 2 mm) under 1 MPa with an XRF Briquetting 

Press (Manual 12 Ton Force, Chemplex Industries, INC.); then the disks were cut into sheets (10 

mm × 5 mm) before measurement. The conductivity was calculated based on the equation: 

κ=L/(RA), where R is the resistance values that can be obtained from the 266 Clamp Meter, L is 

10 mm, A= 2 mm × 5 mm. 

5.2.3 Battery Assembly and Electrochemical Characterization 

    The composite cathodes were prepared by casting a slurry of 83 wt% LiMn2O4 (MTI Co. Ltd, 

~0.2 µm), 10 wt% carbon conductor (PG, RGO, and EG), and 7 wt% polyvinylidene fluoride 

(PVdF, Kynar, HSV900) in 1-methyl-2-pyrrolidinone (NMP, Sigma-Aldrich, ≥ 99.5% purity) on 

graphite foil (Alfa Aesar), and vacuum drying at 60 °C for 24 h. Disks of 12 mm in diameter 

were cut and soaked in the electrolyte under reduced pressure before battery assembly. Twelve 

millimeters in diameter polished zinc disks (Rotometals, thickness: 0.2 mm) were used as the 

anode. The solution of 2 mol L-1 Li2SO4 (Sigma-Aldrich, ≥ 99% purity) and 1 mol L-1 ZnSO4 

(Alfa Aesar, ≥ 98% purity) in deionized water was used as electrolyte. pH was adjusted to 4 by 

titration with 0.1 mol L-1 LiOH. Absorbed glass mat (AGM, NSG Corporation) was used as 

separator.  
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    Cyclic voltammetry (CV) measurement was carried out on a Biologic-VMP3 electrochemical 

workstation at a scan rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) of the 

batteries was conducted at the DC potential of 10 mV, with the frequency range from 0.01 Hz to 

100 kHz. Two-electrode Swagelok cells were used for galvanostatic charge/discharge cycling at 

room temperature, using a Neware battery tester at various C-rates, 1-20 C, calculated based on 

the nominal specific capacity of LiMn2O4 (1 C=120 mA g-1), between 1.4 and 2.1 V. 
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5.3 Results and Discussion 

 

Fig. 5.4 SEM and TEM images of the (a, b) PG, (c, d) RGO, and (e, f) EG. 
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    Porous graphene nanosheet material was prepared by a one-step CVD process, using MgO as 

the catalyst. Fig. 5.4a and b display the structure features of the PG. The size of the PG is in the 

range of several hundreds of nanometers, with the thickness more than several nanometers (Fig. 

5.4a). In the close observation under TEM, the material’s network is continuous, and provides 

long-range ion and electron access (Fig. 5.4b). By comparison, the RGO shows un-regular size, 

and aggregates randomly (Fig. 5.4c, d). The EG displays a typical in-plane structure. It is very 

difficult to separate them into single or even few layers of sheets (Fig. 5.4e). The TEM 

observation shows that they are still thick; only some of them are separated into few layer sheets 

(Fig. 5.4f). Quite different from the PG, no porous and corrugated structure is observed in the 

RGO and EG. 

 

Fig. 5.5 XRD pattern of the PG compared with that of the RGO and EG. 

To further compare the structure of the PG with the RGO and EG, XRD characterization was 

carried out on the three samples. In Fig. 5.5, the XRD pattern of the PG displays two weak and 
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broad diffraction peaks at ~22.6 and 43.8o, which are similar to the porous carbonaceous 

structure. The broad diffraction peaks could be ascribed to the highly porous structure of the PG 

that would be further confirmed by N2 sorption measurement. On the other hand, the XRD 

pattern of the RGO also shows broad peak at ~22.8o.  In contrast, the EG shows high intensity 

peaks of (002) at 26.5o, due to the high thickness of graphitic layers. The XRD data is consistent 

with structure morphology observed under electron microscopies. 

 

Fig. 5.6 (a) N2 sorption isotherm and (b) the DFT pore size distribution of the PG, RGO, and EG from 

nitrogen gas sorption measurement. 

PG made from this method has highly porous structure, thereby offering high specific surface 

areas.  Nitrogen gas sorption measurements of the PG shows characteristic of type IV (Fig. 5.6a), 

with a Brunauer-Emmett-Teller (BET) surface area of 1100 m2 g-1. The specific surface area of 

the PG is much higher than that of the RGO (450 m2 g-1) and EG (29 m2 g-1). The pore size 

distribution of the PG calculated by the density functional theory model shows an averaged size 

of 17.2 nm (Fig. 5.6b) [11], which is consistent with the TEM observation. On the other hand, 

the pore size distribution of the RGO is widespread, while there is no obvious pore structure for 
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the EG. The porous structure of the PG is critical for facile electrolyte transport, which is key for 

high power performance of the electrodes. In addition, the bulk conductivities of the PG, RGO, 

and EG were measured, offering the conductivities of 16.4, 12.3, and 920 S cm-1, respectively 

(Fig. 5.7 and Table 5.1). 

 

Fig. 5.7 Electrical conductivity of the PG compared with that of the RGO and EG. 

Table  5.1 Specific surface area, pore size, and electrical conductivity of the PG, RGO, and EG. 

Sample 
Surface area 

/ m2 g-1 
Pore size / nm 

Conductivity  

/ S cm-1 

PG 1100 17.2 16.4 

RGO 450 40 12.3 

EG 29 - 920 
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Fig. 5.8 Electrode morphology made from the (a, b) PG, (c) RGO, and (d) EG. 

Figure 5.8 compares the SEM images of the electrodes prepared from the PG, RGO, and EG, 

respectively. In the SEM image of the 10wt%PG/LiMn2O4 electrode, LiMn2O4 nanoparticles are 

uniformly mixed with PG nanosheets. No obviously aggregated PG is observed (Fig. 5.8a), 

although they are only mixed by a simple mechanical stirring method. Moreover, the 

morphology further confirms that PG nanosheets and LiMnO4 nanoparticles have tight interfacial 

contacts (Fig. 5.8b), thereby offers multiple pathways for effective electrical conductivity. In 

contrast, in the RGO (Fig. 5.8c) and EG (Fig. 5.8d) electrodes, the aggregates can be clearly 
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identified. This is because the difficult dispersion of the RGO during the use in electrodes. As for 

the EG, the large size and the thickness, as well as the rigid in-plane structure make it difficult to 

directly disperse in electrodes by simple mechanical mixing. 

 

Fig. 5.9 (a) CV curves of the 10wt%PG/LiMn2O4 electrode collected at a scan rate of 0.1 mV s-1; (b) 

Charge/discharge curves of the 10wt%PG/LiMn2O4 electrode at 4 C in the potential window of 1.4-2.1 V; 

(c) Comparison of rate capability of the 10wt%PG/LiMn2O4, 10wt%RGO/LiMn2O4, and 

10wt%EG/LiMn2O4 electrodes; (d) Cycling stability of the 10wt%PG/LiMn2O4 electrode at a rate of 4 C 

in comparison with that of the 10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 electrodes. 
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    The porous structure of the PG facilitates the transport of Li ions, and its excellent electrical 

conductivity ensures the 10wt%PG/LiMn2O4 electrode with excellent Li ion storage 

performance, which was investigated by various electrochemical characterizations. Fig. 5.9a 

shows the cyclic voltammetry (CV) curves of the 10wt%PG/LiMn2O4 electrode collected at a 

scan rate of 0.1 mV s-1. Two pairs of well-defined redox peaks located at 1.85/1.76 V and 

1.98/1.90 V vs. Zn2+/Zn are exhibited in the CVs, respectively. They are corresponding to the 

two stages of extraction/insertion of Li ions from/into the host spinel structure of LiMn2O4 in the 

aqueous electrolyte, which could be described as  

LiMn2O4  Li0.5Mn2O4 + 0.5Li+ + 0.5e− and Li0.5Mn2O4  2MnO2 + 0.5Li+ + 0.5e−, 

respectively. The small potential differences between oxidation peaks and reduction peaks (0.08 

V) are partially due to the high ionic conductivity of the aqueous electrolyte, which also reveals 

that the Li ion extraction/insertion process can be regarded as highly reversible. Moreover, the 

well-defined shapes and almost the same redox potential of the peaks over the cycles of the 

scanning process reveal the stability of the 10wt%PG/LiMn2O4 electrode. Excellent cycling and 

rate performance are expected based on the CV response. 

    Figure 5.9b shows the charge/discharge curves of the 10wt%PG/LiMn2O4 electrode at 4 C. 

The 10wt%PG/LiMn2O4 electrode exhibits the typical voltage platforms, which correspond to 

the two-stage Li ion extraction/insertion behavior and are consistent with the obtained CV data. 

The Coulombic efficiency in the fist cycle reaches 90.3%, which is much higher than that in the 

organic electrolyte [2, 5, 6, 12]. In the following cycles, the Coulombic efficiency stays close to 

100%, which indicates a good reversibility and further confirms the stability of the 

10wt%PG/LiMn2O4 electrode. The highly reversible charge/discharge processes of the 
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10wt%PG/LiMn2O4 electrode are attributed to the excellent reaction kinetics.  

    Figure 5.9c shows the rate capability of the 10wt%PG/LiMn2O4, 10wt%RGO/LiMn2O4, and 

10wt%EG/LiMn2O4 electrodes. Although the initial discharge capacity of the 

10wt%PG/LiMn2O4 electrode (104 mAh g−1 at 1 C) is less than that of the 10wt%RGO/LiMn2O4 

electrode (114 mAh g−1), the specific discharge capacity of the 10wt%PG/LiMn2O4 electrode 

remains stable, while the specific discharge capacity of the 10wt%RGO/LiMn2O4 electrode 

decreases sharply. Additionally, the 10wt%PG/LiMn2O4 electrode shows significantly higher 

specific discharge capacity than that of the 10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 

electrodes in the following cycles at C-rates from 1 to 20 C. Even at 20 C, the 

10wt%PG/LiMn2O4 electrode still delivers a specific discharge capacity of 56 mAh g-1, while the 

specific discharge capacities of the 10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 electrodes are 

almost zero due to the severe aggregation of the RGO and EG. Therefore, compared to the 

hydrophobic EG and RGO with huge levels of defects, porous conductive PG exhibits an 

excellent rate performance. 

    Except for the excellent rate capability, the 10wt%PG/LiMn2O4 electrode also exhibits 

wonderful cycling stability. Fig. 5.9d shows the cycling performance of the 10wt%PG/LiMn2O4, 

10wt%RGO/LiMn2O4, and 10wt%EG/LiMn2O4 electrodes at the rate of 4 C. Compared to the 

10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 electrodes, the 10wt%PG/LiMn2O4 electrode 

exhibits significantly higher stability. After 300 cycles, the specific discharge capacity of the 

10wt%PG/LiMn2O4 electrode still remains 72 mAh g-1, which is much higher than that of the 

10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 electrodes, 18 and 10 mAh g-1, respectively. 

Besides, the Coulombic efficiency of the 10wt%PG/LiMn2O4 electrode is close to 100% during 
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the cycling. The electrochemical properties of the 10wt%PG/LiMn2O4 electrode are compared to 

those of LiMn2O4-based aqueous batteries [2, 13-15], and the results suggest that PG nanosheets 

used in this work show comparable or even better rate capability and cyclability compared to that 

used carbon blacks and carbon nanotubes [16]. 

 

Fig. 5.10 EIS spectra of the batteries made of the 10wt%PG/LiMn2O4 electrode compared to that of the 

10wt%RGO/LiMn2O4 and 10wt%EG/LiMn2O4 electrodes after 300 cycles at 4 C. 

    Electrochemical impedance spectroscopy (EIS) analysis provides evidence to support the 

excellent electrochemical performance of the 10wt%PG/LiMn2O4 electrode. Fig. 5.10 shows the 

EIS plots of the batteries made of the 10wt%PG/LiMn2O4, 10wt%RGO/LiMn2O4, and 

10wt%EG/LiMn2O4 electrodes after 300 charge/discharge cycles at 4 C. The high-to-medium 

frequency semicircle in EIS plots corresponds to the charge transfer resistance and the double 

layer capacitance; the inclined line in the low frequency region of the EIS plots corresponds to 

the Li ion diffusion within LiMn2O4 particles [17, 18]. The size of the semicircle of the 
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10wt%PG/LiMn2O4 electrode is smaller than those of the 10wt%RGO/LiMn2O4 and 

10wt%EG/LiMn2O4 electrodes, indicating a lower charge transfer resistance in the 

10wt%PG/LiMn2O4 electrode. The lower charge transfer resistance contributes to the higher rate 

capability of the 10wt%PG/LiMn2O4 electrode. 

 

Fig. 5.11 XRD patterns of the 10wt%PG/LiMn2O4 electrode before and after 300 charge/discharge cycles 

at 4 C. 

    Figure 5.11 shows the XRD pattern of the 10wt%PG/LiMn2O4 electrode before and after 300 

charge/discharge cycles. All major peaks are indexed and fit well with the standard pattern [19]. 

After 300 cycles, the peak locations have not changed significantly, which indicates the high 

stability of LiMn2O4 during charge/discharge process. The SEM and TEM images of the 

10wt%PG/LiMn2O4 electrode after 300 cycles are shown in Fig. 5.12. The morphology of the 

electrode keeps the closely mixed state (Fig. 5.12a). In addition, the PG after cycling retains the 

corrugated pores (Fig. 5.12b), suggesting the robust porous structure. These results further 
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confirm the stability of the 10wt%PG/LiMn2O4 electrode during charge/discharge processes; and 

further convince that the excellent rate capability and cyclability are due to the PG nanosheets, 

which can provide efficient diffusion channels for Li ions and a highly conductive pathway for 

electrons.  

 

Fig. 5.12  (a) SEM and (b) TEM images of the 10wt%PG/LiMn2O4 electrode after 300 cycles at 4 C. 

5.4 Summary 

    Porous graphene, or PG, was fabricated, and for the first time used as a conductive additive to 

the cathode. The PG provides facile access for the electrolyte and high electrical conductivity in 

the cathode. The PG is easily dispersed into the electrode materials. By simple mechanical 

mixing, this new conductive nanocarbon highly increases the electrochemical performance of the 

LiMn2O4 cathode. It exhibits good cycling performance and reversibility (Coulombic efficiency 

of almost 100% over 300 charge/discharge cycles at 4 C), along with outstanding rate 

performance (specific discharge capacity of 56 mAh g−1 at 20 C). By comparison, the reduced 

graphene oxide and exfoliated graphene offer very limited performance improvement, especially 
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at high C-rates, due to their difficult dispersion in the electrode materials. Porous graphene is an 

effective graphene additive for aqueous batteries, and it is also expected to be effective in other 

energy storage applications. 
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Chapter 6 

Building Porous Graphene/Acetylene Black Conductive Network to 

Enhance the Rate Performance of LiMn2O4 Cathode in ReHAB 

6.1 Introduction 

    In Chapter 5, the porous graphene (PG) has been investigated as a new conductive additive of 

the LiMn2O4 cathode for the ReHAB. Thanks to its porous structure and high electrical 

conductivity, the LiMn2O4 cathode with the PG as a conductive additive shows a more excellent 

rate capability than the other graphene materials, the exfoliated graphene and the reduced 

graphene oxide. However, the price of the PG is about US $3000 kg-1, which is about 100 times 

higher than acetylene black (AB) with a high quality, although the production of the PG has huge 

potential to scale-up [1]. In order to make the battery more competitive, reducing the content of 

the PG to reduce the cost is crucial. In this Chapter, PG/AB conductive networks were 

constructed to increase the electrical conductivity of the LiMn2O4 cathode by a simple 

mechanical mixing method. At the same time, the effects of the PG nanosheets and AB 

nanoparticles to the performance of the electrode were investigated. It is interesting to find that 

the rate performance of the LiMn2O4 cathode is significantly improved when PG nanosheets and 

AB nanoparticles coexist in the LiMn2O4 cathode. The PG/AB conductive networks can provide: 

(1) conductive contacts between LiMn2O4 and AB nanoparticles; (2) conductive contacts 

between LiMn2O4 nanoparticles and PG nanosheets; (3) physical contacts between AB 

nanoparticles and PG nanosheets. The PG/AB networks facilitate the transfer of electrons, 

resulting in an excellent rate performance of the ReHAB.  
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6.2 Experimental 

6.2.1 Material Preparation 

    Porous graphene (PG) was prepared by the same procedure as present in Chapter 5.2.1. 

6.2.2 Physical Characterization 

The cathode morphology was observed by scanning electron microscopy (SEM, JEOL JSM-

6700, JEOL). For SEM analysis, small pieces of electrode sheets were stuck on the conductive 

tape before observation. The internal morphology was studied using transmission electron 

microscopy (TEM, FEI T12, FEI) operated at 120 kV. For TEM analysis, a tiny piece of 

electrode sheet that removed the current collector was dispersed in ethanol under ultra-sonication 

agitation for 30 min, and then 0.5 mL of this solution was dropped onto a Cu grid coated by a 

lacey carbon; followed by drying at 80 °C for 20 min before observation. The electrode structure 

was characterized using X-ray diffraction techniques (XRD, Advance D8, Brüker) with Cu-Kα 

radiation. For XRD analysis, the electrode sheets were stuck on the sample plate and then fixed 

on the objective table in the XRD equipment for analysis in the range of 5 to 90° (2θ) under 4° 

min-1. 

6.2.3 Battery Assembly and Electrochemical Characterization 

    The composite cathodes were prepared by casting a slurry of 83 wt% LiMn2O4 (MTI Co. Ltd, 

~ 0.2 µm), 10 wt% carbon conductor consisting of PG and acetylene black (AB, MTI) with 

different weight ratios (PG : AB = 0.5 : 9.5, 1 : 9, 1 : 4, 1 : 2, 1 : 0, and 0 : 1), and 7 wt% 

polyvinylidene fluoride (PVdF, Kynar, HSV900) in 1-methyl-2-pyrrolidinone (NMP, Sigma-

Aldrich, ≥ 99.5% purity) on graphite foil (Alfa Aesar), and vacuum drying at 60 °C for 24 h. The 
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cathodes prepared are indicated as the 0.5wt%PG/AB/LiMn2O4, 1wt%PG/AB/LiMn2O4, 

2wt%PG/AB/LiMn2O4, 3.3wt%PG/AB/LiMn2O4, 10wt%PG/LiMn2O4, and 10wt%AB/LiMn2O4 

electrodes, corresponding to different weight ratios of PG to AB as 0.5 : 9.5, 1 : 9, 1 : 4, 1 : 2, 1 : 

0, and 0 : 1. Disks of 12 mm in diameter were cut and soaked in the electrolyte under reduced 

pressure before battery assembly. Twelve millimeters in diameter polished zinc disks 

(Rotometals, thickness: 0.2 mm) were used as the anode. The solution of 2 mol L-1 Li2SO4 

(Sigma-Aldrich, ≥ 99% purity) and 1 mol L-1 ZnSO4 (Alfa Aesar, ≥ 98% purity) in deionized 

water was used as electrolyte. pH was adjusted to 4 by titration with 0.1 mol L-1 LiOH. Absorbed 

glass mat (AGM, NSG Corporation) was used as separator.  

    Cyclic voltammetry (CV) measurement was carried out on a Biologic-VMP3 electrochemical 

workstation at a scan rate of 0.1 mV s-1. Electrochemical impedance spectroscopy (EIS) of the 

batteries was conducted at the DC potential of 10 mV, with the frequency range from 0.01 Hz to 

100 KHz. Two-electrode Swagelok cells were used for galvanostatic charge/discharge cycling at 

room temperature, using a Neware battery tester at various C-rates, 1-20 C, calculated based on 

the nominal specific capacity of LiMn2O4 (1 C=120 mA g-1), between 1.4 and 2.1 V. 
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6.3 Results and Discussion 

 

Fig. 6.1 (a) Schematic illustration of the conducting mode of PG/AB/LiMn2O4 electrodes; SEM (b) and 

TEM (c, d) of the 3.3wt%PG/AB/LiMn2O4 electrode. 

    Figure 6.1a shows the schematic illustration of the conducting mode of PG/AB/LiMn2O4 

electrodes. The PG/AB conductive network can provide: (1) conductive contacts between 

LiMn2O4 and AB nanoparticles; (2) conductive contacts between LiMn2O4 nanoparticles and PG 

nanosheets; (3) physical contacts between AB nanoparticles and PG nanosheets. As shown in 
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Fig. 6.1a, the conducting contact between LiMn2O4 nanoparticles and PG nanosheets is more 

efficient than that between LiMn2O4 and AB nanoparticles due to the large surface contact; 

besides, PG nanosheets with high surface area can provide efficient diffusion channels for Li 

ions and a highly conductive pathway for electrons [2]. It is worth mentioning that the contact 

between AB nanoparticles and PG nanosheets is necessary to further improve the conductivity of 

the PG/AB/LiMn2O4 electrodes. The PG/AB conductive network facilitates the transfer of 

electron, resulting in an excellent rate capability in comparison with the electrodes prepared 

previously.  

    Fig. 6.1b shows the SEM image of the 3.3wt%PG/AB/LiMn2O4 electrode. As shown in Fig. 

6.1b, AB nanoparticles distribute effectively on PG nanosheets, constructing PG/AB conductive 

network; LiMn2O4 nanoparticles contact with PG nanosheets and AB nanoparticles at the same 

time. TEM image at a low-magnification also presents the distribution mode of the 

3.3wt%PG/AB/LiMn2O4 electrode (Fig. 6.1c) and the more specific morphology of the PG is 

shown in Fig. 6.1d. The PG exhibits a porous morphology with obvious surface corrugations. 

This pore structure makes the transfer of Li ions much faster. SEM and TEM observations 

confirm that the PG/AB conductive network can highly increase the effective conductive 

contacts and thus enhance the electrical conductivity. 
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Fig. 6.2 (a) CV curves of the 3.3wt%PG/AB/LiMn2O4 electrode at 0.1 mV s-1; (b) CV curves of the 

10wt%AB/LiMn2O4, 10wt%PG/LiMn2O4, and 3.3wt%PG/AB/LiMn2O4 electrodes at 0.1 mV s-1. 

    Figure 6.2a shows the CV curves of the 3.3wt%PG/AB/LiMn2O4 electrode to investigate its 

Li ion storage behaviors at a scan rate of 0.1 mV s−1. There are two redox couples located at 

1.83/1.77 V and 1.97/1.91 V vs. Zn2+/Zn, respectively. They are corresponding to the two stages 
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of extraction/insertion of Li ions from/into the host spinel structure of LiMn2O4 in the aqueous 

electrolyte, which could be described as  

LiMn2O4  Li0.5Mn2O4 + 0.5Li+ + 0.5e− and Li0.5Mn2O4  2MnO2 + 0.5Li+ + 0.5e−, respectively 

[3]. The potential differences between oxidation/reduction peaks that are due to the polarization 

of the electrode during CV testing are as small as 0.06 V, resulting partially from the high ionic 

conductivity of the aqueous electrolyte. The symmetrical peaks indicate that the Li ion 

extraction/insertion process can be regarded as highly reversible. In addition, the peaks retain the 

well-defined shapes and almost the same redox potential over the cycles of the scanning process, 

revealing the stability of the 3.3wt%PG/AB/LiMn2O4 electrode. Moreover, the CV curves of the 

10wt%AB/LiMn2O4, 10wt%PG/LiMn2O4, and 3.3wt%PG/AB/LiMn2O4 electrodes are compared 

(Fig. 6.2b). As shown in Fig. 6.2b, the 3.3wt%PG/AB/LiMn2O4 electrode displays a much larger 

sectional area than the 10wt%AB/LiMn2O4 and 10wt%PG/LiMn2O4 electrodes in the CV curves, 

which means a larger quantity of Li ions could be reversibly stored/released for the 

3.3wt%PG/AB/LiMn2O4 electrode. This is consistent with the fact that the 

3.3wt%PG/AB/LiMn2O4 electrode has higher specific capacities and better rate performance 

during charge/discharge tests (see the later parts). Meanwhile, the current densities of the redox 

peaks in the CV curves for the 3.3wt%PG/AB/LiMn2O4 electrode are higher than the 

10wt%AB/LiMn2O4 and 10wt%PG/LiMn2O4 electrodes, which means a lower resistance of the 

battery made of the 3.3wt%PG/AB/LiMn2O4 electrode. This can demonstrate that the PG 

conductive additive (3.3 wt%) has effectively increased the conductivity of the PG/AB/LiMn2O4 

electrode, which contributes to the excellent rate capability. 
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Fig. 6.3 (a) Galvanostatic charge/discharge profiles of the 3.3wt%PG/AB/LiMn2O4 electrode at 4 C; (b) 

Galvanostatic charge/discharge profiles of the 3.3wt%PG/AB/LiMn2O4 electrode at different rates (1 C, 4 

C, 10 C, and 20 C). 

    The galvanostatic charge/discharge processes were conducted to further quantify the Li ion 

storage capability of the 3.3wt%PG/AB/LiMn2O4 electrode. Fig. 6.3a shows the galvanostatic 

charge/discharge profiles of the 3.3wt%PG/AB/LiMn2O4 electrode at 4 C. The two distinguished 
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plateaus shown on the charge/discharge curves represent the two-stage Li ion extraction/insertion 

behavior and are consistent with the obtained CV data. Initial specific charge and discharge 

capacities of the composite cathode are 127 and 118 mAh g-1, respectively, corresponding to a 

Coulombic efficiency of 92.9%, which is much higher than that in the organic electrolyte [4-6]. 

In the following cycles, the Coulombic efficiency is close to 100% and remains stable, indicating 

good reversibility. Moreover, the charge/discharge curves at different current densities were also 

performed to evaluate the charge storage behaviors (Fig. 6.3b). It shows that the 

charge/discharge processes of the 3.3wt%PG/AB/LiMn2O4 electrode are highly reversible, 

suggesting the excellent reaction kinetics and further confirming the stability of the composite 

structure. 
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Fig. 6.4 (a) Cyclability of the 3.3wt%PG/AB/LiMn2O4, 10wt%PG/LiMn2O4, and 10wt%AB/LiMn2O4 

electrodes at 4 C; (b) Rate capability of the 3.3wt%PG/AB/LiMn2O4, 10wt%PG/LiMn2O4, and 

10wt%AB/LiMn2O4 electrodes. 

    The 3.3wt%PG/AB/LiMn2O4 electrode exhibits excellent cycling and rate performance (Fig. 

6.4). Fig. 6.4a shows the cycling performance of the 3.3wt%PG/AB/LiMn2O4 electrode 

compared with the 10wt%PG/LiMn2O4 and 10wt%AB/LiMn2O4 electrodes. The specific 
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discharge capacity of the 3.3wt%PG/AB/LiMn2O4 electrode is much higher than the other 

electrodes. After 300 cycles, the specific discharge capacity of 104 mAh g-1 (87.4% of the initial) 

is still retained. The Coulombic efficiency of the first charge/discharge cycle is ~92.9% due to 

the instability of charge/discharge process; the Coulombic efficiencies for the following cycles 

are close to 100%. Fig. 6.4b shows the rate performance of the 3.3wt%PG/AB/LiMn2O4, 

10wt%PG/LiMn2O4, and 10wt%AB/LiMn2O4 electrodes. The 3.3wt%PG/AB/LiMn2O4 electrode 

exhibits higher specific discharge capacity than the other electrodes from 1 C to 20 C. At 20 C, 

the specific discharge capacity of the 3.3wt%PG/AB/LiMn2O4 electrode still retains 71 mAh g-1, 

which is much higher than the 10wt%PG/LiMn2O4 (56 mAh g-1) and 10wt%AB/LiMn2O4 (52 

mAh g-1) electrodes. 

 

Fig. 6.5 EIS spectra of the batteries made of the 3.3wt%PG/AB/LiMn2O4, 10wt%PG/LiMn2O4, and 

10wt%AB/LiMn2O4 electrodes after 300 charge/discharge cycles at 4 C. 

    Electrochemical impedance spectroscopy plots of the batteries made of the 



 

 99 

3.3wt%PG/AB/LiMn2O4, 10wt%PG/LiMn2O4, and 10wt%AB/LiMn2O4 electrodes after 300 

charge/discharge cycles at 4 C are shown in Fig. 6.5. Each plot consists of a depressed semicircle 

at the high-to-medium frequency region, corresponding to the charge transfer resistance and the 

double layer capacitance, and an inclined line in the low frequency region, corresponding to the 

Li ion diffusion within LiMn2O4 particles [7-10]. The semicircle of the 3.3wt%PG/AB/LiMn2O4 

electrode is smaller than those of the 10wt%AB/LiMn2O4 and 10wt%PG/LiMn2O4 electrodes, 

indicating a smaller charge transfer resistance. This smaller charge transfer resistance is 

consistent with the higher rate capability of the 3.3wt%PG/AB/LiMn2O4 electrode.  

 

Fig. 6.6 XRD patterns of the 3.3wt%PG/AB/LiMn2O4 electrode before and after 300 charge/discharge 

cycles at 4 C. 

    Figure 6.6 shows the XRD patterns of the 3.3wt%PG/AB/LiMn2O4 electrode before and after 

300 charge/discharge cycles. All major diffraction peaks are fit well with the standard profiles 

[5]. Besides, the locations of the peaks have not changed obviously before and after cycling, 
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indicating the high stability of the LiMn2O4 during charge/discharge process. It further confirms 

that the PG/AB network contributes to the high electrical conductivity and stability of the 

LiMn2O4 cathode. 

    The results above reveal that the electrochemical performances of the battery are highly 

improved when PG and AB coexist. However, in order to make PG/AB/LiMn2O4 electrodes 

more competitive in the market, reducing the content of the PG to reduce the cost of the battery 

is crucial. The cycling and rate performances of the PG/AB/LiMn2O4 electrodes with different 

content of the PG are compared (Fig. 6.7). When the content of the PG reduces to 1 wt%, the 

1wt%PG/AB/LiMn2O4 cathode still exhibits at least 19% higher rate capability than the 

10wt%AB/LiMn2O4 cathode (Fig. 6.7a), and also keeps a high capacity retention of 82.1% after 

300 cycles at 4 C (Fig. 6.7b). 
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Fig. 6.7 (a) Rate capability of the PG/AB/LiMn2O4 electrodes with different content of the PG; (b) 

Cyclability of the PG/AB/LiMn2O4 electrodes with different content of the PG at 4 C. 

6.4 Summary 

    In order to improve the rate capability of the LiMn2O4 cathode, PG/AB conductive networks 

were constructed by simple mechanical mixing. The excellent rate capability contributes to the 

PG/AB conductive networks, which facilitate the transfer of electrons.  Among all 
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PG/AB/LiMn2O4 cathodes, the 3.3wt%PG/AB/LiMn2O4 electrode exhibits the best 

electrochemical performance with outstanding rate capability (specific discharge capacity of 94 

and 71 mAh g−1 at 10 C and 20 C, respectively) and good cyclability (Coulombic efficiency of 

almost 100% over 300 charge/discharge cycles at 4 C). What’s more, when the content of the PG 

reduces to 1 wt%, the 1wt%PG/AB/LiMn2O4 electrode still exhibits at least 19% higher rate 

capability than the traditional 10wt%AB/LiMn2O4 electrode. This is a very simple and effective 

approach to enhance the rate capability of the LiMn2O4 cathode, which makes it commercially 

feasible. 
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Chapter 7 

Final Conclusions and Future Directions  

7.1 Final Conclusions 

Large-scale energy storage systems are urgently needed to integrate the renewable energy 

sources into the grid. Aqueous rechargeable batteries are more suitable than lithium ion batteries 

to be used as large-scale energy storage systems because of their safety, high ionic conductivity 

and low cost. Among various aqueous batteries that have been used commercially, lead-acid 

batteries are the most widely used large-scale energy storage system. However, the highly 

poisoning metal of lead contaminates the environment severely. Our new aqueous Zn/LiMn2O4 

batteries, or ReHAB, are not only environment friendly, but also show comparable power/energy 

density to lead-acid batteries. Hence, it is extremely meaningful to do research on the ReHAB. 

Further, improving the rate performance of the LiMn2O4 cathode is one of the crucial parts of 

research to get high power density of the ReHAB.  

    The thesis is focused on preparation of new carbon materials (CNT and graphene) as 

conductive additives to improve the rate performance of LiMn2O4 cathode for the ReHAB. The 

electrochemical performance of the composites prepared by our work is shown in Table 7.1.  

(1) Mechanical mixing CNTs (PG) and AB with the ratio of 1 : 2 can highly improve the rate 

capability of LiMn2O4 cathode, corresponding to the 3.3wt% CNT/AB/LiMn2O4 and 

3.3wt%PG/AB/LiMn2O4 electrode; PG/AB/LiMn2O4 cathodes show at least 10% higher capacity 

retention than CNT/AB/LiMn2O4 cathodes after 300 cycles at 4 C.  
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(2) Compared with the 10wt%AB/LiMn2O4 electrode, the rate capability of the 

2wt%CNT/AB/LiMn2O4 electrode (the weight ratio of CNTs to AB is 1 : 4) can still improve by 

at least 23%; the rate capability of the 1wt%PG/AB/LiMn2O4 electrode (the weight ratio of PG 

to AB is 1 : 9) can still improve by at least 19%. 

(3) Binder-free flexible LiMn2O4/CNT electrode is firstly used in aqueous rechargeable batteries 

and also shows excellent rate capability and cyclability.  

(4) The Nyquist plots of the batteries prepared by our work after 300 charge/discharge cycles 

were simulated by the equivalent circuit shown in Fig. 7.1. The R values of the batteries are 

obtained and listed in Table 7.2. As shown in Table 7.2, the R2 values of the batteries with the 

3.3wt%CNT/AB/LiMn2O4, 2wt%CNT/AB/LiMn2O4, 3.3wt%PG/AB/LiMn2O4, and 

1wt%PG/AB/LiMn2O4 electrodes are 29.49, 48.13, 35.71 and 45.1 Ω, respectively, which are 

obviously smaller than those of the batteries with other electrodes. The smaller R2 values mean 

smaller charge transfer resistances, which contribute to the better rate capability of the batteries. 
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Table 7.1 The electrochemical performances of the electrodes prepared by our work, where the capacities 

represent discharge capacity (1 C=120 mAh g-1). 

Cathode 

Capacity in 

first cycle at 

4C / mAh g-1 

Capacity in 

300 cycles at 

4C / mAh g-1 

Capacity 

retention after 

300 cycles at 4 C 

/ % 

Capacity at 

10 C  

/ mAh g-1 

Capacity at 

20 C  

/ mAh g-1 

10wt%AB/LiMn2O4 100 64 64 79 51 

10wt%CNT/LiMn2O4 117 84 71.8 84 49 

3.3wt%CNT/AB/LiMn2O4 139 97 69.8 105 73 

2wt%CNT/AB/LiMn2O4 125 91 72.8 97 68 

7wt%AB/LiMn2O4 97 55 56.7 66 45 

7wt%CNT/LiMn2O4 100 47 47 67 47 

flexible LiMn2O4/CNT 117 93 79.5 100 72 

10wt%EG/LiMn2O4 63 10 15.9 15 4 

10wt%RGO/LiMn2O4 85 18 21.2 7 2 

10wt%PG/LiMn2O4 102 72 70.6 77 56 

3.3wt%PG/AB/LiMn2O4 119 104 87.4 94 71 

1wt%PG/AB/LiMn2O4 117 96 82.1 94 68 

 

 

Fig. 7.1 The equivalent circuits for the EIS analysis. R1 represents electrolyte resistance; R2 represents 

charge transfer resistance; CPE1 represents the double-layer capacitance; W1 represents Warburg 

impedance. 
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Table 7.2 The R values of the batteries made of the electrodes prepared by our work calculated from the 

equivalent circuits. 

Cathode R1 / Ω R2 / Ω 

10wt%AB/LiMn2O4 1.024 102.3 
10wt%CNT/LiMn2O4 2.728 79.02 

3.3wt%CNT/AB/LiMn2O4 2.632 29.49 
2wt%CNT/AB/LiMn2O4 2.41 48.13 

7wt%AB/LiMn2O4 3.269 105.7 
7wt%CNT/LiMn2O4 1.726 110.5 

flexible LiMn2O4/CNT 2.456 76.8 
10wt%EG/LiMn2O4 2.453 120.2 

10wt%RGO/LiMn2O4 3.129 123 
10wt%PG/LiMn2O4 1.818 91 

3.3wt%PG/AB/LiMn2O4 3.869 35.71 
1wt%PG/AB/LiMn2O4 3.291 45.1 

7.2 Future Directions 

    The experimental results reveal that mixing AB with CNTs or PG at an appropriate weight 

ratio can obviously improve the rate performance of the LiMn2O4 cathode. Note that the 

electrode preparation here is very simple and effective, making this approach commercially 

feasible in comparison with other sophisticated and complicated approaches. However, many 

issues still remain unsolved and intensive research efforts are needed to address them, for 

example: 

(1) The normal prices for high quality AB, MWNTs, and PG are about US $30 kg-1, US $100 kg-

1, and US $3000 kg-1, respectively. It is competitive to replace 2 wt% of AB with MWNTs to 

improve the rate capability by 20%. Nevertheless, it is not attractive to obtain the same 
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improvement by replacing 1 wt% of AB with PG due to the extremely high price of PG. It is thus 

crucial to achieve the mass production of PG with lower price and high quality. 

(2) Substitutional doping of CNTs (graphene) with different atoms (e.g., B, N, and S) can not 

only tailor the electronic properties of the sp2 carbon structures but also alter their chemical 

reactivity; therefore, atom-doped CNTs (graphene) will be prepared and used as conductive 

additives of LiMn2O4 cathode for the ReHAB. 

(3) The deposition and dissolution rate of zinc at the anode also affects the rate capability of the 

ReHAB, systematic studies of the Zn anode are needed. Besides, active carbon or PG can be 

developed as new anode materials to solve this problem. 

    Although many obstacles still need to be overcome before the commercialization of the 

ReHAB, major advances in both the performance enhancement and the mechanism elucidation 

of the ReHAB have been reported. It is believed that further investigation will eventually lead to 

the practical application of the ReHAB in the near future. 
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