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I 

Abstract 

Ever-growing energy needs and the environmental issues arising from the combustion 

of fossil fuels demand a stronger use of renewable energy sources and the 

development of sustainable storage technologies. Batteries are widely used in the 

various energy storage applications, but their storage capabilities are regarded as 

limited at the moment. Moreover, high costs and sustainability issues on the long term 

make the development of alternative systems based on sustainable resources more 

and more attractive. 

The planned worldwide introduction of electric vehicles and grid-scale renewable 

energy storage raises grand challenges to develop systems with high energy density, 

long cycle life, high safety and low cost of the batteries. In this regard, novel electrode 

materials for rechargeable batteries based on different ionic shuttles have been 

investigated in this doctoral thesis. The experimental chapters concentrate on the 

following four parts: rechargeable batteries based on anionic shuttle, i.e., chloride ion 

batteries (in the first and second part); rechargeable batteries based on both cationic 

and anionic shuttles, i.e., organic-based batteries (in the third part); and rechargeable 

batteries based on cationic shuttle, i.e., Li-ion and Na-ion batteries (in the fourth part). 

In the first part, a rechargeable chloride ion battery (CIBs) using vanadium oxychloride 

(VOCl) cathode, Li anode and chloride ion conducting liquid electrolyte was 

investigated. An initial discharge capacity of 189 mAh g-1 was observed at a current 

rate of 130 mA g-1. A capacity of 113 mAh g-1 remained after 100 cycles at 2 C rate with 

a coulombic efficiency of 98 %. The reaction mechanism of the VOCl electrode was 
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studied in detail by electrochemical tests, ex-situ X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), infrared spectroscopy (IR), and transmission 

electron microscopy (TEM). It was revealed that the VOCl interlayers were expanded in 

the initial discharge, and the expanded structure facilitated the chloride ion exchange 

in the subsequent cycling.  

In the second part, magnesium (Mg) based materials were introduced as anodes in the 

CIB, in which the VOCl material worked as a cathode. Composite of Mg powder with 

carbon black (MC) and a mixture of magnesium chloride, Mg and carbon black (MMC) 

were tested as anodes. The VOCl cathode can be charged while VOCl2 is formed and 

discharged to VO when coupled with an MMC anode, delivering two discharge 

plateaus at around 1.9 and 1.3 V in the first cycle. The VOCl electrode delivered a 

reversible capacity of 101 mAh g-1 at a current density of 10 mA g-1 after initial 9 

cycles. 

The third part of the thesis deals with an organic-based rechargeable battery using a 

porphyrin complex of [5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP) 

as a new electrode-active material. Due to the bipolar redox property of the CuDEPP, 

both cations and anions of the electrolyte shuttled during the reaction, enabling the 

transfer of four electrons per CuDEPP formula unit. The CuDEPP could be used as a 

cathode, as anode, or both cathode and anode in the organic cells. Using a lithium 

metal anode, the CuDEPP cathode delivered an initial discharge capacity of 210 mAh 

g-1 at a current density of 200 mA g-1 between 4.5 V and 1.8 V. When coupled with a 

graphite cathode, a high specific power density of 14.4 kW kg-1 was achieved for the 

CuDEPP anode at a high current density of 10 A g-1. In a symmetric cell, it also 

demonstrated highly reversible charge and discharge behavior. 

In the last part, a high performance electrode was developed for Li-ion (LIB) and 

Na-ion batteries (SIB) which are based on a multi-electron reaction. The layered VOCl 

electrode was investigated for both cells. The number of the transferred electrons 

varied when the working window was changed. The VOCl electrode in LIB delivered 
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first discharge and recharge capacities of 1228 mAh g-1 and 759 mAh g-1 at a current 

density of 100 mA g-1 in a voltage range of 3.0 - 0.05 V (vs Li/Li+), respectively, which 

corresponds to 2.8 Li per VOCl formula unit. A discharge capacity of 120 mAh g-1 was 

obtained for SIB at a 0.5 C rate in a voltage range of 1.0 - 3.0 V (vs Na/Na+). The 

reaction mechanism of the VOCl electrode for LIB and SIB was systematically 

investigated. 

The results of this thesis suggest that the migration of chloride ions can be fast using a 

VOCl material as a cathode in chloride ion batteries, and both Li and Mg based 

materials can serve as the anode. High rate capability, and long-term cycle stability of 

energy storage devices could be built using organic based rechargeable batteries 

shuttling of both positive and negative ions. In addition, developing of conversion 

based materials for rechargeable batteries is also of great importance in order to 

increase the energy density. 
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Zusammenfassung 

Der stetig wachsende Energiebedarf und die Umweltprobleme durch die Verbrennung 

von fossilen Brennstoffen erfordern eine zunehmende Nutzung erneuerbarer 

Energiequellen und nachhaltiger Speicherungstechnologien. Batterien werden in 

verschiedenen Anwendungsbereichen zur Energiespeicherung eingesetzt. Deren 

Speicherkapazitäten werden derzeit jedoch als begrenzt erachtet. Außerdem treiben 

hohe Kosten und Nachhaltigkeitsaspekte langfristig die Entwicklung alternativer 

Systeme (der Energiebereittellung), basierend auf nachhaltigen Ressourcen, voran. Die 

Herausforderung für den langfristigen Erfolg von Elektrofahrzeugen und der 

Speicherung von erneuerbaren Energien im Stromnetz liegt insbesondere in der 

Entwicklung von den Batterien mit hohen Energiedichten, langer Lebensdauer, hoher 

Sicherheit und niedrigen Kosten. In dieser Doktorarbeit wurden neuartige 

Elektrodenmaterialien für wiederaufladbare Batterien mit verschiedenen ionischen 

Transportsystemen untersucht. Der Experimentalteil ist in die vier folgenden Teile 

untergliedert: Die ersten beiden Teile befassen sich mit  wiederaufladbaren Batterien, 

basierend auf einem anionischem Ladungstransportsystem (in diesem Fall: 

Chloridionen-Batterien). Im dritten Teil  geht es um wiederaufladbare Batterien, 

basierend auf sowohl anionischem als auch kationischem Ladungstransportsystem (in 

diesem Fall: organisch basierten Batterien). Der letzte Teil befasst sich mit 

wiederaufladbaren Batterien, insbesondere auf Li- bzw. Na-Ionen-Basis, welche auf 

einem kationischen Transportsystem beruhen. 

Im ersten Teil wurden Chlorid-Ionen-Batterien mit Vanadiumoxychlorid (VOCl) als 

Kathode und Lithium als Anode untersucht. Der zugehörige Elektrolyt ist flüssig und 
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gut chloridionenleitend bei Raumtemperatur. Bei einer Anfangskapazität von 189 mAh 

g-1 wurde beim Entladen eine Stromrate von 130 mAh g-1 erreicht. Nach 100 Zyklen bei 

2 C betrug die Kapazität 113 mAhg-1 mit einer Coulomb’schen-Effizienz von 98 %, der 

ex-situ Röntgendiffraktometrie (XRD), Röntgenphotoelektronenspektroskopie (XPS), 

Infrarotspektroskopie (IR) und Transmissionselektronenmikroskopie (TEM) untersucht. 

Es zeigte sich, dass die Zwischenschichten von VOCl während des ersten Entladens 

aufgeweitet wurden und dass dieser Vorgang den Chlorid-Ionenaustausch in den 

folgenden Zyklen erleichterte. 

Im zweiten Teil dienten magnesiumbasierte Materialien als Anode und VOCl als 

Kathode für die CIB. Als Anodenmaterial wurden Komposite aus Mg-Pulver mit 

Kohlenstoffruß, engl. „carbon black“ (MC) und ein Gemisch aus Magnesiumchlorid, Mg 

und carbon black (MMC) getestet. Mit einer MMC-Anode gekoppelt, bildete sich an 

der VOCl-Kathode beim Aufladen VOCl2 und beim Entladen VO. Beim ersten Entladen 

zeigten sich zwei Spannungsplateaus bei 1.9 und 1.3 V. Bei einer Stromdichte von 10 

mA g-1 lieferte die VOCl Kathode eine reversible Kapazität von 101 mAh g-1 für 9 Zyklen.  

Der dritte Teil der Arbeit befasste sich mit auf organischen Elektroden basierenden 

Batterien, in denen neuartige Porphyrin-Komplexe 

[5,15-Bis(ethynyl)-10,20-diphenylporphinato]kupfer(II) (CuDEPP) als 

Elektrodenmaterialien verwendet werden. Aufgrund der bipolaren 

Redoxeigenschaften von DEPP können in den entsprechenden Elektrolyten sowohl 

Kationen als auch Anionen zwischen den beiden Elektroden frei wandern, wodurch 

vier Elektronen pro DEPP-Formeleinheit übertragen werden. Die CuDEPP-Komplexe 

konnten deshalb sowohl als Kathoden wie auch Anoden oder gleichzeitig, als Kathode 

und Anode, in einem Batteriesystem eingesetzt werden. Zusammen mit einer Li-Anode 

lieferte die CuDEPP-Kathode bei einer Stromdichte von 200 mA g-1 eine 

Anfangskapazität von 210 mAh g-1 bei Spannungswerten zwischen 4.5 V und 1.8 V. Eine 

Graphit-Kathode erreichte mit CuDEPP als Anode erreichte bei einer hohen 

Stromsichte von 10 A g-1 eine hohe spezifische Leistungsdichte von 14.4 kW kg-1. In 
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einer symmetrischen Zelle zeigte sich auch nach einigen Tausend Zyklen die hohe 

Reversibilität beim Be- und Entladen. 

Das Ziel im letzten Teil der Arbeit bestand in der Entwicklung von Li-Ionen- und 

Na-Ionen- Batterien mit hohen Leistungsfähigkeiten durch mehrfachen 

Elektronentransfer. Die VOCl-Elektrode mit seinem schichtartigen Aufbau des Materials 

wurde für beide Batteriesysteme untersucht. Die Anzahl übertragener Elektronen 

wurde durch die Wahl des Spanungsfensters beeinflusst. Die VOCl-Elektrode in der LIB 

lieferte bei einer Stromdichte von 100 mA g-1 und in einem Spannungsbereich 

zwischen 3.0 - 0.05 V (vs Li/Li+) Kapazitäten um 1228 mAh g-1 für das erste Entladen 

und 759 mAh g-1 für das Wiederaufladen. Die Entladekapazität entspricht ca. 2.8 

Li-Einheiten pro VOCl-Formeleinheit. Für Na-Ionen-Batterien wurde bei einer 

Stromrate von 0.5 C in einem Spannungsbereich zwischen 1.0 - 3.0 V eine 

Entladekapazität von 120 mAh g-1 erhalten. Desweiteren wurde in den Li- und 

Na-Ionen-Batteriesystemen der an der VOCl-Elektrode stattfindende 

Reaktionsmechanismus systematisch untersucht. 

Die Ergebnisse dieser Arbeit legen nahe, dass eine schnelle Chloridionenwanderung in 

Chloridionenbatterien mit VOCl als Kathodenmaterial, zusammen mit Li- und 

Mg-basierten Anoden, zu bewerkstelligen ist. Mit organisch basierten, 

wiederaufladbaren Batterien, die imstande sind, sowohl positiv als auch negativ 

geladene Ionen zu transportieren, könnten Energiespeichersysteme aufgebaut werden, 

die eine hohe Leistungsfähigkeit als auch eine langanhaltende Zyklenstabilität 

aufweisen. Desweiteren ist zu sagen, dass die Entwicklung von Konversionsmaterialien 

für wiederaufladbare Batterien von großem Interesse ist, vor allem im Hinblick auf die 

Steigerung der Energiedichte. 
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Chapter 1 Introduction 

The climate change, energy production and energy storage are among the most 

important topics in the global society nowadays. According to the Hubbert peak theory, 

the fossil-fuel under the ground in any region is finite and the rate of discovery has run 

over a maximum already. It is claimed that a double of our present rate of energy 

production is needed by 2050 up to 28 terawatt (TW). This equals to 130,000 TWh or 

the equivalent of 1010 tons of oil yearly (Figure 1.1).[1,2] Thus, it is not surprising that 

in the mid-term, one day the energy based on fossil-fuel will hardly meet the needs of 

humans. In addition, carbon dioxide emissions should be considered and effective 

efforts need to be done to alleviate the global warming. To cope with all these 

challenges, the development of both renewable energy sources and sustainable 

energy storage technologies are mandatory. There are several renewable energy 

sources, which have been used, such as wind, sunlight, tides, geothermal heat, and 

biomass. However, the use of these energies for all aspects of human society is not 

satisfactory yet. In particular, the technologies for capturing, storing and transporting 

of the renewable energy need to be further developed. To make best use of these 

energies, good energy storage systems are of great importance. Although great efforts 

have been made in the past decades, there is still only a limited capacity that can store 

around 1 % of the energy consumed worldwide only.[1,2] To secure the energy supply 

for next few decades and beyond, electrochemical storage devices such as 

rechargeable batteries can play an important role as the battery is a simple concept 
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that can efficiently store/release energy between the electric and the chemical form. 

 

Figure 1.1: Past, present and forecast of the world’s energy needs up to 2050. TOE is ton of oil 

equivalent. Reprinted by permission from Macmillan Publishers Ltd: Nature, ref.[3], copyright 

(2014). 

The use of rechargeable batteries started since the invention of lead-acid battery in 

1859. Subsequently, there was an impressive development and market-growth of 

nickel-cadmium batteries (1899), nickel-metal hydride batteries (1967), and lithium ion 

batteries (1985). However, the energy storage capability of the battery using 

traditional electrode material is still limited, which can hardly keep pace with the rate 

of ever-growing energy needs. For example, although lithium ion batteries have been 

widely applied in portable applications, entertainment, computing, electric vehicles, 

and even large grid storage fields, there are also arguments for developing 

“post-lithium chemistries“ or “beyond-lithium ion batteries“. Some advanced energy 

storage systems have been proposed recently as shown in Figure 1.2. For example, the 

lithium-air batteries have theoretical specific energy about 10 times higher than most 

batteries in the market today. Organic-based batteries are inspired by nature and the 
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electrode materials can be made from biomass. There are hardly limitations for 

developing “beyond-lithium ion batteries“, new materials and new chemistries are 

always necessary for further progress. In this thesis, new electrode materials are 

developed for rechargeable batteries based on different ionic shuttles, e.g. batteries 

based on anionic shuttle (i.e. chloride ion batteries), both cationic and anionic shuttles 

(i.e. organic based batteries), and cationic shuttle (i.e. Li-ion and Na-ion batteries), 

aiming at broadening new ideas and strategies for the next generation energy storage.  

 

Figure 1.2: Battery systems over the years. Reprinted by permission from Macmillan Publisher 

Ltd: Nature, ref.[4], copyright (2008). 
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Chapter 2 Fundamentals 

2.1 Battery basics 

A battery is an energy storage device which consists of a group of electrochemical cells 

interconnected either in parallel or in series or both ways to provide the demanded 

voltage and capacity. Each cell is composed of a cathode (positive electrode) and an 

anode (negative electrode) for the energy storage units where the electrochemical 

reaction occurs. A porous electronic insulator separator is placed between the cathode 

and the anode to prevent short circuit but it allows ions to migrate freely. In addition, 

an electrolyte is needed to enable ionic conductivity between the electrodes during 

the electrochemical reaction, which normally contains metal salt (e.g. LiPF6 for LIBs) 

and suitable solvents. 

Two types of batteries exist, primary batteries and secondary batteries. The former 

delivers electrical energy into an electrical circuit until the battery is exhausted. The 

electrodes cannot be recovered after the discharge process. For example, 

zinc-manganese batteries and alkaline batteries are classic primary batteries which 

have widely been used in past few decades.[5] In contrast, secondary batteries are 

able to re-store electrical energy after being discharged through a recharge process 

and the chemical state of the electrode can be in principle recovered to its original 

condition. Lead-acid batteries, nickel-cadmium, nickel-metal hydride, and LIBs are 

commercialized rechargeable batteries at the moment. 
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During the discharge and recharge process, ions migrate between electrodes through 

the ionic conductor (electrolyte), meanwhile the electrons travel through the external 

electronic circuit to ensure the conservation of electric neutrality. For better 

understanding of rechargeable batteries, several general terms and definitions are 

summarized in the following section. 

2.1.1 Battery specification 

 Cathode: the positive electrode which accepts electrons from the external 

circuit during the cell discharge. 

 Anode: the negative electrode which donates electrons into the external 

circuit during the cell discharge. 

 Electrolyte: A salt dissolved in solvent(s) or an ionic conducting compound 

which has a high ionic conductivity but a low electronic conductivity.  

 Capacity: The amount of charge that a battery (cell) contains, often expressed 

as mAh or Ah. It depends on the amount and the type of active materials in a 

battery cell. Specific capacity (C, mAh g-1 or Ah kg-1) is the amount of charge 

per unit weight that an electrode material contains. It is defined for each active 

material, and can be given by Equation 2.1, 

𝐶 =  
𝑛∙𝐹

𝑀
               (2.1) 

Where n is the number of electrons transferred during the reaction, F is the 

Faraday constant (96485.3 C mol-1), M is the molar weight of the active 

material. The capacity is a fundamental characteristic of the active material 

which is used for the battery, it depends on its redox chemistry and structure. 

 Energy density: Energy per volume of an active material or a device. It is 

expressed as Wh L-1. Energy density is a combination of the cell voltage and 

capacity in volume of an electrode material.  
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 Specific energy: Energy per unit weight of an active material or a device. It is 

expressed as Wh kg-1. Specific energy is a combination of the cell voltage and 

capacity in weight of an electrode material. 

 Power density: is expressed as W L-1. Power density is the product of the cell 

operation voltage and the current per volume of an active material or a device.  

 Specific power: is expressed as W kg-1. Power density is the product of the cell 

operation voltage and the current per unit weight of an active material or a 

device. 

 C-rate: In order to normalize against battery capacity, discharge (or charge) 

current density is often expressed as the C-rate. It is the measure of the rate at 

which a battery is discharged (or charged) relative to its maximum capacity. A 1 

C rate means a discharge (or charge) of the entire battery to a maximum 

capacity in 1 hour. For n C rate, the discharge (charge) time will be in 1/n 

hours. 

 Coulombic efficiency: is also called Faradaic efficiency. It is the ratio of number 

of charge output a battery to input of charge. A coulombic efficiency less than 

100 % is primarily due to the loss of charge in unwanted irreversible side 

reactions. 

2.1.2 Thermodynamics and kinetics 

The basic thermodynamic equation for a reversible electrochemical reaction is given 

as:[6] 

ΔG =  ΔH − TΔS             (2.2) 

Where ΔG is the Gibbs free energy (unit: J), ΔH is the enthalpy (unit: J), ΔS is the 

entropy (J K-1), and T is the absolute temperature (unit: K). ΔG, ΔH, and ΔS are state 

functions which only depend on the identity of material in the initial and final state of 
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the reaction. The direction of the spontaneous reaction can be estimated by ΔG. The 

reaction in a certain direction is spontaneous, if the value of ΔG is negative. In a 

rechargeable battery, the net useful energy available for the electrochemical reaction 

can be given as ΔG. Combined with electrical terms, the electromotive force (EMF, V) 

of the battery reaction at an equilibrium condition can be given as:  

𝐸𝑀𝐹 = − 
𝛥𝐺

𝑛𝐹
               (2.3) 

Where n is transferred number of electrons in one mole of the reactant. F is the 

Faraday constant. As a negative Gibbs free energy is provided in a spontaneous process, 

a positive EMF can be obtained according to equation 2.3. 

In practice, the discharge (charge) potential is always lower (higher) than the 

equilibrium potential when the current is flowing through the electrode. This is due to 

kinetic limitations and other factors including physical, chemical, and electrochemical 

steps upon charge-transfer and charge transport. Mainly three different kinetic effects 

need to be considered: (1) the activation polarization of the charge-transfer at 

electrode/electrolyte interfaces of electrodes, (2) the ohmic polarization of the 

resistance from the connection of individual cell components, (3) the concentration 

polarization of mass transport limitations. To build a high performance rechargeable 

battery, one must consider both thermodynamic and kinetic factors. Therefore, a deep 

understanding is necessary of the reaction mechanism, the electrode properties, and 

the system. 

Building novel batteries with performance-oriented active materials is of great 

importance, as all breakthroughs for energy storage greatly depend on new materials 

and new chemistries. In the following, an overview of diverse active materials for 

rechargeable batteries will be addressed, including the state-of-art of rechargeable 

batteries based on 
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 cationic shuttle such as lithium ion batteries and sodium ion batteries, 

 anionic shuttle based on the novel concept of chloride ion batteries, and 

 both cationic and anionic shuttle such as graphite cathode based batteries and 

organic electrode based batteries.

2.2 Rechargeable batteries based on cationic shuttle 

Several rechargeable batteries based on cationic shuttle have been proposed in past 

few decades, such as Li+, Na+, K+, Mg2+, Ca2+, Al3+ etc.[7–20] Among them, the one 

based on lithium ions shuttle, i.e., LIBs, which was first commercialized by the Sony 

Corporation in 1991, dominates the majority of the market today. Recently, sodium ion 

batteries (SIBs) have been considered as an alternative energy storage system that has 

potential to partially replace LIBs in certain areas such as large stationary energy 

storage due to the much cheaper price and abundant sodium resources. Among the 

different battery chemistries, the performance of the active materials is of utmost 

importance, as this is a key factor for the performance of the battery. In this section, 

an overview will be given on the state-of-art of electrode materials for LIBs and SIBs.  

2.2.1 Lithium ion batteries 

The working principle of a LIB is based on lithium ions shuttling between a cathode 

and an anode. The schematic illustration of a LIB is shown in Figure 2.1. 
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Figure 2.1: Schematic illustration of the LIB (anode: graphite, cathode: LiCoO2). Reprinted from 

Ref.[21], copyright (2008), with permission from Elsevier. 

During the charge, Li ions leave the LiCoO2 cathode, travel through the electrolyte and 

are inserted into the graphite anode. At the same time, electrons are generated at the 

cathode and travel through the external circuit and reach at the graphite anode for 

neutralizing the charge. In the discharge, the Li ions and electrons are moving in an 

opposite direction. The electrode reactions during the charge process can be written 

as follows: 

At the cathode: LiCoO2  → Li1−xCoO2 + x Li+ + x e−              (2.4) 

at the anode: 6C + x Li+ + x e−  →  LixC6                       (2.5) 

Cathode: Intercalation based compounds are commonly used as cathodes in LIBs as 

shown in Figure 2.2. They are divided into three types: i) layered transition metal 

material with a two-dimensional (2D) ion diffusion path (e.g. LiMO2, M = Ni, Co, Mn), ii) 

spinel structural material with a three-dimensional (3D) ion diffusion path (e.g. 

LiMn2O4, LiNi0.5Mn1.5O4), and iii) olivine structure material with a one-dimensional (1D) 

ion diffusion path (e.g. LiMPO4, M = Fe, Mn, Co). Figure 2.3 shows the crystal structure 

of three common used cathode materials with different Li ion insertion channels. 
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Figure 2.2: Electrode materials and corresponding electrochemical performance in current LIB 

technologies. Reprinted from Ref.[22], copyright (2013), with permission from Elsevier. 

 

Figure 2.3: Crystal structure of three Li-insertion compounds in which Li+ ions are mobile 

through the 1D, 2D, and 3D frameworks, respectively. Adapted from Ref.[23], open access 

under the CC BY-SA 3.0, https://creativecommons.org/licenses/by-nc-sa/3.0/. 

Layered LiCoO2 was firstly introduced by Goodenough in 1980.[24] It forms an 

α-NaFeO2 distorted rock-salt structure where cations order in alternating (111) planes. 

It was originally commercialized by SONY in 1991. The specific capacity of the LiCoO2 
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electrode is limited to around 150 mAh g-1 at room temperature. Around 0.5 mol Li+ 

are reversibly intercalated per LiCoO2 formula unit, although its theoretical capacity is 

274 mAh g-1.[25,26] The discharge curve of the LiCoO2 electrode is shown in Figure 2.4. 

Increasing discharge capacity would be possible by extracting more lithium ions from 

the lattice by increasing the charge cutoff voltage (> 4.2 V), however this would lead to 

fast decrease in capacity retention upon cycles due to the instability of the 

structure.[27] Good power density can be maintained if the working potential is 

between 4.2 V and 3.0 V (vs. Li/Li+). The major limitations of the LiCoO2 material are its 

low thermal stability and the high cost. Partial replacement of Co by other metals in 

the lattice (Mn, Fe, Al, Cr) and coating of various metal oxides (Al2O3, ZrO2, etc.) are 

effective ways to improve the electrode performance.[28–31] For example, 

LiNixCoyMnzO2 and LiNixCoyAlzO2 (x + y + z = 1) have been proposed as promising 

cathode materials for the next generation LIBs as the electrochemical performance can 

be comparable or even better than the LiCoO2 depending on the content of the 

transition metal element. More importantly, these materials are much cheaper and 

safer than the LiCoO2.[32,33] 

Another cathode material, e.g. LiMn2O4, forms a spinel structure and crystallizes in the 

Fd3m space group with a cubic lattice parameter a = 8.239 Å.[34] At approximately 4 V 

(vs Li/Li+) the discharge occurs in a two-stage process where Li+ ions 

intercalate/de-intercalate in 3D Li ion diffusion paths upon the reaction. The 

theoretical capacity of the electrode is 147 mAh g-1. The main challenge in the 

development of this material is the capacity fade during cycling, which is due to the 

following reasons: i) the dissolution of Mn2+ (Mn3+ → Mn4+ + Mn2+) in the electrolyte, ii) 

the instability of spinel structure in the delithiated state combined with the loss of 

oxygen, iii) Jahn-Teller distortion at the end of discharge. Here, a substitution was 

proposed of 25 % Ni for Mn in LiMn2O4 spinel to keep Mn in the 4+ valence state, i.e., 

LiNi0.5Mn1.5O4 (see Figure 2.4), in order to improve the electrochemical performance of 
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the spinel electrode.[35,36]  

 

Figure 2.4: Comparison of charge and discharge curves of three different cathode materials in 

a half cell with lithium metal as an anode (blue curve for LiCoO2, red curve for LiNi0.5Mn1.5O4, 

and green curve for LiFePO4). Reprinted with permission from Ref.[37]. Copyright (2013) 

American Chemical Society. 

The olivine structure LiFePO4, firstly presented by Goodenough in 1997, is used as a 

cathode material for LIBs due to its inexpensive and less-toxic element composition 

and excellent cycling stability. It has been tested for large-scale applications such as 

hybrid electric vehicles (HEV), and stationary energy storage. LiFePO4 crystallizes in the 

orthorhombic system with Pnma space group. The crystal structure is shown in Figure 

2.3, where FeO6 octahedra are corner-shared and linked together in bc-planes, while 

LiO6 octahedra are edge-shared along the b-axis and the PO4 group connected 

neighboring FeO6 octahedra by sharing a common edge.[38,39] The electrons are 

stored by the redox reaction between Fe2+ and Fe3+ with a redox potential of 3.4 V (vs 

Li/Li+), at a theoretical specific capacity of 170 mAh g-1. The inherent challenge of the 

LiFePO4 electrode is the extremely low Li+ diffusion coefficient (≈ 10-14 cm2 s-1) and low 



 
2.2 Rechargeable batteries based on cationic shuttle 

14 

electronic conductivity (< 10-9 S cm-1).[40,41] Reduced particle size and carbon coating 

are reported to be effective approaches to increase the electrochemical 

performance.[42–45] Although the LiFePO4 electrode has been applied in HEVs and 

other applications, the energy density is regarded as being not high enough even 

though its theoretical capacity can be reached. 

To further improve the energy density, one of the fundamental routes is to develop 

novel electrode materials with a multi-electron reaction. Several high performance 

battery systems have been proposed, for example i) sulfur cathode and lithium metal 

anode (Li-S) for rechargeable LIBs (2Li + S ↔ Li2S), the theoretical capacity is 1675 

mAh g-1 and the operating voltage is ~ 2.1 V (vs Li/Li+). The reported specific energy of 

Li-S battery is almost two or three times higher than that of conventional 

batteries,[46–48] ii) conversion type electrode materials (MFx, M = Fe, Ni, Co, Mn, etc.), 

for example, the cathode material of FeF3 has a high theoretical capacity of 712 mAh 

g-1,[49–51] and iii) novel electrode materials such as organic electrode materials, 

where the theoretical capacity can be tuned by designing the molecular structures. 

The state-of-art of organic based electrode for rechargeable lithium batteries will be 

discussed in section 2.4. 

Anode: Lithium metal is an ideal anode material for LIBs due to its light weight, high 

theoretical capacity (3680 mAh g-1), and the lowest redox potential of all elements 

(-3.04 vs Standard hydrogen electrode, SHE). However, the main challenge of using 

lithium metal in LIBs is the formation of dendrites upon Li plating during cycling, which 

may grow through the separator, reach the cathode, and cause short-circuit of the 

battery and possibly ignite flammable electrolyte. Since carbonaceous materials such 

as graphite, hard carbon, soft carbon have interlayer sites for lithium ions 

intercalation/de-intercalation at a low redox potential (< 1.0 V vs Li/Li+), these carbon 

materials as anode are capable of avoiding the formation of dendrites, a development 

which significantly promoted the LIB technology. The commercialized graphite anode 
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has a theoretical capacity of 372 mAh g-1 based on the formation of LiC6 upon insertion 

of lithium ions into graphene inter-layers.[52][53] The spinel Li4Ti5O12 as an alternative 

anode material has a theoretical capacity of 175 mAh g-1, and it can be cycled at very 

high current densities without changing the structure.[54] TiO2 compound, a 

theoretical capacity of 335 mAh g-1 for one lithium intercalation/de-intercalation per 

formula unit, and has also been proposed as an anode due to its high reversible 

capacity and power density.[55] However, the redox potential (> 1.0 V vs Li/Li+) is 

relatively high. This will compromise the energy density in the application. 

To overcome the current limitation of the energy density, novel anode materials are 

needed. As can be seen in Figure 2.2, conversion-type anode materials and 

alloying-type anode materials are of importance for next generation LIBs because of 

their high specific capacities. Main-group IV (Si, Sn, Ge, etc.) and main-group V (P, Sb, 

etc.) elements and their composites as alloying-type materials have been proposed 

recently. The alloying reaction (Li + n X → LinX) refers to the formation of a new 

compound phase (LinX) by reaction of elements (X, Si, Ge, Sn, P, etc.) and Li. For 

example, the Si anode has a high theoretical capacity of 4200 mAh g-1 according to the 

reaction of 4.4 Li + Si → Li4.4Si.[56,57] Another type of material, so-called conversion 

material, can also have high theoretical capacity, the reaction can be written as 

follows: 

𝑀𝑎𝑋𝑏 + (b ∗ n)Li = a M + b 𝐿𝑖𝑛X       (2.6) 

Where M is transition metal, X = O, N, S, P, etc., and n is the formal oxidation state of X. 

New phases are formed in the MaXb electrode when it reacts with lithium. The reduced 

M metal embedded in a LinX matrix can be reversibly converted to its original state 

upon the recharge process. The transferred electrons greatly depend on the oxidation 

state of the transition metal such as Fe2O3 (6 electrons per formula unit, 1007 mAh g-1), 

CoO (2 electrons, 715 mAh g-1), FeS (2 electrons, 610 mAh g-1), NiP2 (6 electrons, 1333 
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mAh g-1). Reversible capacities of ca. 600 to 1000 mAh g-1 were reported using 

conversion materials as anode.[58–60] However, these materials currently suffer from 

a large irreversible capacity in the first charge, and from a relatively poor cycling 

stability. Many strategies both on fundamental ways and engineering are proceeding 

to bring these high performance materials closer to the commercial implementation. 

2.2.2 Sodium ion batteries 

The sodium ion battery (SIB) has similar configurations and components as the LIB, i.e. 

cathode, anode, electrolyte, separator, and other batteries components. During the 

operation, sodium ions migrate between the cathode and the anode through a sodium 

ion conducting electrolyte while electrons are generated by a redox reaction at the 

respective electrode and are guided through the outer electrical circuit. The 

investigation on SIBs actually has been performed in parallel with lithium based 

systems in the 1980s.[61,62] However, due to the great successes of LIB chemistry, in 

particular, after the commercialization of LIBs in 1991, SIBs were regarded as less 

attractive. Undeniably, the widespread LIBs are promising candidates for power hybrid 

and electric vehicles. Nevertheless, in particular areas, for example the application of 

electric stationary storage such as grids, room temperature rechargeable SIBs could be 

an alternative to replace LIBs because the sodium element is much more abundant 

(2.64 wt %) than lithium (0.006 wt %) on earth. Moreover, since sodium and lithium 

are both in the first group of the periodic table, fundamental chemical properties of 

SIBs and LIBs are similar. There are still opportunities to develop high performance 

electrode materials and the development of SIB can be of great importance for 

sustainable energy storage in the future. In the next section, the state-of-art of 

cathode and anode materials for SIBs will be addressed. 
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Figure 2.5: Electrode materials and the corresponding electrochemical performance for SIBs. 

Adapted from Ref.[63] with permission of The Royal Society of Chemistry. 

Cathode: Layered materials of P2-NaxCoO2,[64] P2-NaxMnO2,[65] O3-NaFeO2,[66] 

NaCrO2,[67] NaNiO2,[68] and solid solution layered oxides of 

O3-NaNi1/3Co1/3Mn1/3O2,[69] O3-NaNi1/3Mn1/3Fe1/3O2,[70] P2-Na2/3Ni1/3Mn2/3O2,[71] 

P2-Na0.45Ni0.22Co0.11Mn0.66O2,[72] etc., have been proposed as candidate cathode 

materials for SIBs, as shown in Figure 2.5. Reversible discharge capacities of 80 - 160 

mAh g-1 were reported depending on the type of cathode material. Among these metal 

oxide materials, the P2-type materials delivered higher reversible capacity and better 

cycle performance than the O3-type. In was suggested that the Na ion occupying a 

large trigonal prismatic site in P2 phase is kinetically favorable compared to in the 

octahedral site in O3 phase and that the phase transition from P2 phase to other 

phase is difficult.[73,74] 

Na0.44MnO2 with an orthorhombic structure has two channels for sodium ion 

insertion/extraction, and can be a high power electrode. Cao et al. reported an 

excellent cycling stability of a SIB using Na0.44MnO2 nanowires as cathode, a capacity 

retention of 77% was achieved after 1000 cycles.[75] Phosphates and pyrophosphates 
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such as NaFexMn1-xPO4,[76]  Na2MP2O7 (M = Fe, Mn, Co),[77]  were also proposed as 

cathode materials for SIBs due to their stable structure and high redox potential (3.0 V 

associated with Fe2+/Fe3+ and 3.6 V associated with Mn2+/Mn3+ vs Na/Na+), with 

reversible capacities in the range of 60 - 120 mAh g-1. NASICON type compounds are 

classic solid state Na+ conductors due to the high Na+ ion conductivity in their 3-D open 

structure. Zhu et al. reported a NASICON type of Na3V2(PO4)3 material embedded in a 

porous matrix carbon composite as cathode. A reversible capacity of 44 mAh g-1 was 

obtained within 7 seconds (200 C), capacity retention of 80 % was achieved after 1000 

cycles at 10 C rate.[78] Other compounds such as Na1.5VOPO4F0.5, Na2MPO4F (M= Fe, 

Mn, Co, Ni), FeF3, NaFeF3, and Prussian Blue have also been tested as cathodes due to 

their high redox potential and high reversible capacities.[79–82]  

Anode: Sodium metal may not be suitable as anode for SIBs because the use of highly 

reactive sodium metal may cause safety issues. Graphite anodes, which are commonly 

used in LIBs, do not intercalate sodium to an appreciable extent and the intercalation 

of sodium rather proceeds in partially disordered environments such as hard 

carbon.[83,84] Several non-graphitic carbon materials were proposed as anode for 

SIBs, where reversible capacities of ca. 200 to 300 mAh g-1 were reported.[83,85,86] 

Charge and discharge curves of the hard carbon anode are shown in Figure 2.6. Two 

sloping profiles are often observed using hard carbon as anode in SIBs, implying two 

different processes upon the sodiation/de-sodiation. It was suggested that the 

intercalation/de-intercalation of Na ions into the graphene inter-layers of the hard 

carbon occurs in Region 1, and Na ions filling the pores of the carbon often occurs in 

Region II.  

Non-carbon compounds were also investigated as anode. Similar to the concept in LIBs, 

intercalation, conversion, and alloying based materials have been proposed as 

non-carbon anode. Intercalation compounds such as Na2Ti3O7,[87] TiO2,[88] 

Li4Ti5O12,[89] were reported to deliver high power density owing to the specific 
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channels for Na ions insertion/extraction, however, the reported specific capacity was 

low. 

 

Figure 2.6: Charge and discharge curves of the hard carbon electrode, cycled in the electrolyte 

of LiClO4 in (a) ethylene carbonate, (b) propylene carbonate, (c) butyl carbonate, respectively. 

Adapted from Ref.[83] with permission of The John Wiley & Sons, Inc. 

Conversion compounds and alloying compounds provide opportunities to achieve 

higher capacity compared to intercalation compounds due to the multi-electron 

reaction. For example, conversion compounds of metal oxides (e.g. CuO + 2 Na ↔ Cu 

+ Na2O, 674 mAh g-1, theoretical capacity, the same below) and metal dichalcogenides 

(e.g. MoS2 + 4 Na ↔ Mo + 2 Na2S, 670 mAh g-1) were investigated by several 

groups.[90,91] Alloying compounds such as Sn (Sn + 4.4 Na ↔ Na4.4Sn, 847 mAh g-1), 

Pb (Pb + 4.4 Na ↔ Na4.4Pb, 485 mAh g-1), Sb (Sb + 3 Na ↔ Na3Sb, 660 mAh g-1) and P 

(P + 3 Na ↔ Na3P, 2596 mAh g-1) were proposed as high performance anode materials 

for SIBs.[92–94] Despite all these efforts, the development of SIBs is still in an early 

stage. There may be more opportunities to reach high energy density, cyclic stability, 

and high rate capability of electrode materials for SIBs if new compounds and new 

chemistries are developed.

Region I 

Region II 
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2.3 Rechargeable batteries based on anionic shuttle 

The state-of-art of rechargeable batteries based on cationic shuttle, e.g. LIBs and SIBs 

have been discussed in previous sections. In principle, there are opportunities to build 

even higher energy density, safer and cheaper of novel battery systems than 

conventional Li or Na batteries, with rechargeable batteries based on anionic shuttle. 

Recently, two types of batteries based on anionic shuttle were proposed, i.e. fluoride 

ion battery (FIB) and chloride ion battery (CIB), where the charge transfer ions are 

fluoride ions and chloride ions, respectively. Of these two battery systems, FIBs might 

be suitable for the application of high temperature energy storage as several stable 

fluoride conductors are available for solid state electrolytes, while CIBs have potential 

to be used at room temperature.[95–98] This section mainly focuses on the CIB system 

where only a handful of research papers have been published so far. As mentioned, 

high theoretical capacities are possible as several electrons per formula unit can be 

transferred and several oxidation states of a transition metal can be used for storing 

the electrons. Selected redox couples for CIBs are shown in Table 2.1. Not only lithium 

anode, also other anode materials such as magnesium, calcium, sodium, etc. can be 

utilized in CIBs. Therefore, the investigation on a novel rechargeable battery based on 

chloride ions shuttle is of great interest and it initially provides opportunities to build 

better energy storage devices compared to some of the conventional batteries. In this 

section, the working principle of CIBs, solid state chloride ion conductors, and the 

investigation of CIBs are reviewed. 

2.3.1 Working principle of chloride ion batteries 

The working principle of the CIB is based on chloride ions shuttle between a cathode 

and an anode through an anion conducting electrolyte as shown in Figure 2.7. The 

cathodic and anodic reaction of the CIB during discharge process can be described as 
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follows: 

At the cathode: MClx + xe- ↔ M + xCl-,                 (2.7) 

at the anode: M' + xCl- ↔ M'Clx + xe-,                  (2.8) 

where the cathode material and the anode material are MClx and M’, respectively. M is 

a metal (e.g. Fe, Bi, Cu or V) or metal monoxide (FeO, VO or BiO), and M’ is the low 

potential metal (e.g. Li, Na, Mg, Ca, or Ce). During the discharge, electrons are 

generated in a thermodynamically feasible, spontaneous redox reaction at the anode. 

These electrons travel through an external circuit to recombine with the cathode 

material (MClx), where the MClx is reduced to M and chloride ions are released. The 

released chloride ions leave the cathode, migrate through the electrolyte, and react 

with the M’ at the anode, where M’Clx is formed and electrons are generated. In the 

recharge, chloride ions and electrons move in the opposite direction, to the cathode 

and the anode, where the cathode and the anode recover back to their original state.  

 

Figure 2.7: Sketch of the working principle of a CIB. 



 
2.3 Rechargeable batteries based on anionic shuttle 

22 

2.3.2 Solid state chloride ion conductors 

Ion conductors are solids in which ions are highly mobile at certain conditions. These 

materials are important for the application of electrochemical devices and various 

sensors. The successful development on ion conductor for batteries is based on 

cationic mobility, e.g. lithium ion conductors. In addition, anion conductors, such as 

oxygen, fluoride, and chloride conducing compounds have also been studied.[99–102] 

In this section, an introduction will be given on solid state chloride ion conductors. 

High chloride ionic conductivities at evaluated temperature have been achieved with 

cotunnite PbCl2 structure compounds (space group Pnma), such as PbCl2,[103] 

SnCl2,[104] and BaCl2.[105] Simkovich et al.[103] investigated the conductivity of the 

pure PbCl2 and doped compounds, where an increased ionic conductivity was 

observed when PbCl2 was doped by KCl, while the ionic conductivity decreased by 

introducing LaCl3. At 573 K, a conductivity of 2.5 × 10-4 S cm-1 was observed for the 

pure PbCl2. This value increased to 3.1 × 10-3 S cm-1 after doping 0.5 mol % of KCl in 

PbCl2 and it decreased to 1.5 × 10-5 S cm-1 when 0.4 mol % of LaCl3 were doped in the 

lattice at the same temperature. The migration of chloride ions through Schottky 

defects was proposed, as the concentration of chloride ion vacancies increases when 

the K atom takes the Pb site in a PbCl2 lattice, while the concentration of chloride ion 

vacancies decreases when the La occupies the Pb sites.  

Perovskite-type chlorides of PbCl2·RbCl, CsPbCl3, and KMnCl3, were also proposed as 

chloride ion conductors.[106,107] The conduction mechanism in Perovskite-type 

chlorides was proposed to be similar to that of in cotunnite PbCl2 structure 

compounds, where the chloride ion conductivity was caused by vacancy-hopping of 

chloride ions.  

The Frenkel defect compound strontium dichloride (SrCl2) was also proposed as 

chloride ion conductor.[108–111] G. M. Hood et al.,[108] studied the ionic conduction 
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and the ionic diffusion behavior in a single crystal of SrCl2, revealing that the 

contribution of Sr2+ to the conductivity can be neglected. Hence, the conductivity of 

SrCl2 was mainly attributed to the migration of chloride ions. The pure SrCl2 crystal 

delivered conductivities of 1.5 × 10-5 and 1 × 10-2 S cm-1 at 373 K and 573 K, 

respectively. After doping with 0.01 wt % Na+, the conductivity was increased to 3.9 × 

10-2 (ohm-1 cm-1) at 573 K. A further study on diffusion mechanism of SrCl2 by M. 

Beniere et al.[109] suggested that the mobility of the cation can be negligible, and the 

motion of chloride ion in anion sub-lattice was partially due to the classic vacancy 

mechanism (80 %) and partially related to the exchange mechanism (20 %) where ions 

are occupied lattice and interstitial sites.  

In addition, water-insoluble of lanthanum oxychloride (LaOCl) based solid electrolyte 

was also reported to be able to deliver a high chloride ion conductivity at high 

temperature.[112] By doping with 20 % Ca, i.e. La0.8Ca0.2OCl0.8, the chloride ion 

conductivity increased significantly, up to 1.9 × 10-2 S cm-1 at 1073 K, which is about 

four orders of magnitude higher than that of the pure material. Hardy et al.[113] 

reported poly (diallydimethylammonium chloride) (DDAC) plasticized with poly 

(ethylene glycol) as a polymer chloride ion conductor. The reported anionic 

conductivity of the polymer was 1 × 10-5 S cm-1 at 299 K and 3 × 10-4 S cm-1 at 370 K, 

respectively. Further investigations on this system by Huang et al.[114] claimed that a 

maximum conductivity of 2.2 × 10-4 S cm-1 at 298 K was achieved by adding 8.8 wt % of 

a tetramethylammonium chloride salt in the polymer, a value that was 22 times 

greater than the value reported by Shriver. Although several chloride conductors were 

proposed and the conduction mechanisms were investigated years ago, there are no 

reports on using these chloride ion conductors as electrolytes in battery systems.  
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Table 2.1: Parameters of proposed electrochemical couples in CIBs.a 

 

a The calculation of the specific energy and energy density is based on the cathode and anode, 

excluding auxiliary components of a cell such as collector, electrolyte, separator etc. ΔG is Gibbs 

free energy, EMF is the electromotive force of a cell. 

2.3.3 Chloride ion batteries 

The proof-of-principle of CIBs was first proposed by Fichtner et al.[98] Several 

electrochemical couples were demonstrated as electrodes and ionic liquid electrolytes 

for chloride ion transfer in the first study. Composites of CoCl2/C, VCl3/C or BiCl3/C (C 

denotes the carbon black) were used as a cathode, lithium foil was used as an anode, 

and an ionic liquid mixture of 1-methy-3-octylimidazolium chloride and 

1-butyl-3-methylimidazolium tetrafluoroborate was used as an electrolyte in the first 

report. The ionic conductivity of the ionic liquid electrolyte was 9.1 × 10-4 S cm-1 at 

room temperature (298 K). The CoCl2 electrode delivered a first discharge capacity of 

80 mAh g-1 with a discharge plateau at around 2.5 V. Ex-situ XRD technique was 
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performed to identify the evolution of the electrode, where diffraction patterns 

related to Co metal in the cathode and LiCl phase in the anode were observed in the 

discharged state (Figure 2.8). This implies a reaction of CoCl2 + 2e- → Co + 2Cl- in the 

cathode and the reaction of Li + Cl- → LiCl + e- in the anode, supporting the concept of 

a chloride ion shuttle. 

 

Figure 2.8: XRD patterns of lithium foil anode (up) and CoCl2 cathode (bottom) in the first 

discharged state. Reprinted from Ref.[98], copyright (2014), with permission from Elsevier. 

Several plateau regions were detected using VCl3 or BiCl3 as cathode, suggesting a 

multi-step reaction. Initial discharge capacities of 111 mAh g-1 and 176 mAh g-1 were 

obtained for the VCl3 and BiCl3 cathode, respectively (Figure 2.9). The electrochemical 

reaction mechanism was investigated by ex-situ XRD, XPS, and CV measurements. No 

diffraction peak was detected in the discharged state of the VCl3 cathode, implying the 

formation of nano/amorphous phase. In the BiCl3 electrode, sharp peaks ascribed to Bi 

metal were detected instead, indicating the dissociation of chloride ions from the 

cathode in the discharge. The reversible process was also evidenced by ex-situ XPS, 

where binding energies attributed to Bi metal in the discharged state and Bi3+ species 

were detected in the recharged state. However, a certain amount of cathode materials 
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was dissolved in the liquid electrolyte, leading to a poor cycling performance.  

 

Figure 2.9: Charge and discharge curves of CIBs cycled at current densities of 1 or 3 mA g-1. (a) 

CoCl2-Li cell, (b) VCl3-Li cell, (c) BiCl3-Li cell and (d) BiCl3-Li cell (cycled at 3 mA g-1). Insets are 

the corresponding CV curves at a scan rate of 50 μV s-1. Reprinted from Ref. [98], copyright 

(2014), with permission from Elsevier. 

Metal oxychlorides (e.g. FeOCl, BiOCl) were also proposed as cathode for CIBs.[115] 

With strong metal-oxygen bonds in the compound, the metal oxychlorides are more 

stable than the metal chlorides in common liquid electrolyte. FeOCl or BiOCl were both 

tested as cathode with lithium foil as anode (FOCl-Li and BiOCl-Li cells). Two ionic 

liquid electrolytes of benzyldimethyltetradecylammonium chloride dissolved in 

butyltrimethylammonium bis(trifluoromethylsulfony)imide (N116Cl) and 

1-butyl-1-methylpiperidinium chloride dissolved in 1-butyl-1-methylpiperidinium 

bis(trifluoromethylsulfonyl)imide (PP14Cl) were tested as the electrolyte. The 

concentration was 0.5 mol L-1. 
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Figure 2.10: a) Charge and discharge curves (1st - 6th cycles with a current density of 5 mA g-1) 

and CV curves (50 μV s-1) of the BiOCl-Li battery cell using an electrolyte of 0.5 M N116Cl at 298 

K. Adapted from Ref.[115] with permission of The John Wiley & Sons, Inc. 

 

Figure 2.11: (a) Selected charge-discharge curves (10 mA g-1), (b) CV curves (1st - 10th cycles at 

60 μV s-1) and (c) cycling performance of the FeOCl-Li battery cell, (d) XRD patterns of the 

FeOCl cathode in different states. Adapted from Ref.[115] with permission of The John Wiley & 

Sons, Inc. 

Compared to the previously tested metal chlorides a better cycling stability was 

observed when using the metal oxychloride compounds. The BiOCl-Li battery cell 
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delivered a first discharge capacity of 60 mAh g-1 and only slight capacity fade was 

observed in the subsequent cycles (Figure 2.10). In FeOCl-Li battery cell, an initial 

discharge capacity of 160 mAh g-1 was reported and it decayed to 100 mAh g-1 in the 

second cycle at a current density of 10 mA g-1. A reversible capacity of 60 mAh g-1 was 

maintained after 30 cycles (Figure 2.11). The reaction mechanism was characterized by 

ex-situ XRD and HRTEM, which evidenced that the chloride ion shuttled between the 

cathode and the anode during the charge and discharge process. 

 

Figure 2.12: (a) Charge-discharge curves of BiOCl-Mg (5 mA g-1), and (b) FeOCl-Mg (10 mA g-1) 

battery cells using an electrolyte of 0.5 M PP14Cl at 298 K. Reprinted with permission from 

Ref.[116]. Copyright (2014) American Chemical Society.  

Beneath lithium, magnesium was also tested as an anode for the CIB. Zhao et al. 

reported a lithium free CIB using FeOCl or BiOCl as the cathode, and Mg as the anode 

and an ionic liquid electrolyte of 0.5 M PP14Cl at room temperature.[116] The 

performance of the CIB cell using different Mg anodes was compared. It was shown 

that the cell can hardly be cycled if Mg foil was directly used as the anode. In contrast, 

relatively stable charge and discharge curves were achieved using a ball milled 

magnesium powder and carbon black composite (M1) or Mg/C composite (M2) 

prepared by decomposing a mixture of ball milled MgH2 and carbon black. The 

hysteresis of the cell using M2 anode was smaller than using M1 as anode. Discharge 

capacity of 102 and 130 mAh g-1 were obtained in BiOCl-Mg (M2 as anode) battery cell 

and FeOCl-Mg (M2) battery cell, respectively (Figure 2.12). The MgCl2 phase was 
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detected in the Mg anode after discharge using XRD and XPS techniques, indicating the 

migration of chloride ions.  

There are challenges such as the dissolution of active material into the electrolyte 

leading to poor cycling stability. Novel chemistries and concepts for CIBs are needed to 

mitigate these deleterious effects. 

2.4 Rechargeable batteries based on both cationic and anionic shuttles 

In previous sections, the state-of-art of rechargeable batteries based on cation shuttle, 

e.g. LIBs or SIBs, and on anionic shuttle, e.g. CIBs were discussed. There is another 

concept under investigation, the so-called “dual-ion” batteries. Here, the shuttle ions 

are both cations and anions, and both are stored simultaneously at the electrodes. 

Currently, two “dual-ion” batteries were proposed, i.e. graphite electrode and organic 

electrode based batteries. Because of their fast reaction kinetics, high power densities 

can often be obtained of these batteries.  

2.4.1 Graphite electrode based dual-ion batteries 

Graphite intercalation compound (GIC) is a redox-amphoteric intercalation host, 

therefore cations (donor-type) or anions (acceptor-type) can in principle be 

electrochemically intercalated at different voltages.[117] Compared to the limited 

number of cationic intercalation guests (Li+, Na+), a variety of anions can intercalate 

into the graphite to form acceptor-type GICs, such as tetrafluoride species, e.g. PF6
-, 

AsF6
-, BF6

-, oxide based guests including SO4
-, NO3

-, ClO4
- and hexachloride compounds 

such as AlCl4-.[118–120] In addition, intercalation of large anions into graphite has also 

been reported, such as bis(trifluoromethanesulfonyl) imide ((CF3SO2)2N-), 

tris(trifluoromethanesulfonyl) methide ((CF3SO2)3C-), trifluoroacetate (CFCOO-), or 

perfluorooctanesulfonate (C8F17SO3
-).[121–123] A high redox potential (> 4.0 V vs Li/Li+) 
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can be achieved if anions are intercalated into the graphite interlayer. Therefore, the 

commonly used graphite anode material for LIBs can also be used as a cathode 

material in rechargeable batteries. The concept of GICs intercalated by anions as 

cathode was suggested by Carlin et al.[124] The cell using a 

1,2-dimethyl-3-propylimidazolium-tetrachloroaluminate [DMPI][AlCl4] electrolyte 

achieved an open-circuit voltage of 3.5 V. The electrolyte did not only act as a charge 

carrier but also delivers the species for intercalation. Placke et al.[122,123] reported a 

highly reversible graphite cathode for intercalation/de-intercalation of bis 

(trifluoromethanesulfonyl)imide anions (TFSI-) from an ionic liquid electrolyte, where 

lithium metal or insertion hosts (graphite, and Li4Ti5O12) were used as anodes for 

intercalation/de-intercalation of Li+ cations. This dual-ion battery delivered a stable 

cycling performance with a capacity retention of 99 % after 500 cycles. Typical charge 

and discharge curves of the dual-ion cell using a graphite cathode and a lithium metal 

anode are shown in Figure 2.13. One of the merits of using graphite as cathode is that 

a high discharge potential (~4.5 V vs Li/Li+) can be provided, enabling a high energy 

density. In addition, high power density can be achieved as well, which is close to that 

of supercapacitors. 

 

Figure 2.13: Charge and discharge curves of a dual-ion cell with a graphite cathode and a 

lithium anode at different current densities, operation temperature was at 333 K, the potential 

range was 3.4 - 5.0 V. Reproduced from Ref.[123] with permission of The Electrochemical 

Society.  
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A symmetric dual-ion cell, in which the graphite acted both as cathode and as anode in 

an electrolyte containg Li+ cation and TFSI- anion, was also reported.[123] The reaction 

mechanism is proposed in Figure 2.14, where anions intercalate into the graphite 

cathode while cations intercalate into the graphite anode during the charge process. In 

the discharge process, both ions are returned back into the electrolyte. A reversible 

capacity of 120 mAh g-1 was reported at a cutoff potential of 5.2 V (vs Li/Li+).  

 

Figure 2.14: Working principle of a dual-ion cell with a graphite cathode and a Li metal or 

insertion host anode during the charge process (upper part) and discharge process (lower 

part). Reproduced from Ref.[123] with permission of The Electrochemical Society. 

The concept of the dual-ion battery using graphite as both electrodes also attracted 

industry’s interest and a disruptive carbon battery (carbon material for both cathode 

and anode) was announced in 2014 by Power Japan Company and Kyushu 

University.[125] They claimed that this battery not only had a high energy density, but 
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it was also economical, safe, reliable, and environmentally sustainable. Most 

importantly, it can charge 20 times faster than common used Li-ion batteries. 

Nevertheless, there are still challenges that need to be addressed, e.g., suitable anions 

with appropriate size and stable electrolytes with large electrochemical window (high 

cutoff potential > 5.0 V is preferred) are needed.  

2.4.2 Organic electrode based dual-ion batteries  

Organic electrode materials for energy storage have been considered as alternatives 

for conventional inorganic electrode materials due to their tunable properties, 

environmental friendliness, flexibility, good safety and sustainability.[126,127] 

Different from the redox reaction mechanism of the inorganic electrode which is 

related to the change of valence of the transition metal, for the organic electrode, the 

redox reaction is ascribed to the change of the charge state of the electroactive 

organic group or moiety. Organic electrode materials can be divided into the following 

three types: n-type organics, p-type organics, and bipolar-type organics. For n-type 

organics, such as organodisfulfide and conjugated carbonyl molecules, the electron 

transfer is between the neutral state (N) and the negatively charged state (N-) of a 

molecule (Figure 2.15 a and b). In p-type organics, such as conjugated amine and 

conjugated thioether molecules, the reaction is between the neutral state (P) and the 

postively charged state (P+) (Figure 2.15 c and d). In bipolar-type organics (B) (Figure 

2.16), such as conjugated hydrocarbon and nitroxyl radical molecules, the reaction is 

either between the negatively charged state (B-) and the neutral state (B), or between 

the positively charged state (B+) and the neutral state (B), or even between the 

negatively charged state (B-) and the positively charged state (B+). 

Several organic electrode materials and their redox mechanism are proposed as shown 

in Table 2.2. Most of organic electrode batteries are typically Li-organic batteries with 

p-type or bipolar-type organic electrode. They involve dual ions shuttle during the 
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electrochemical reaction. This means the anion (A-) and cation (Li+) of the electrolyte 

are transported between the electrolyte and the electrode during the electrochemical 

reaction.  

 

Figure 2.15: The cell configurations and charge transfer processes of various types of 

rechargeable batteries, (a and b) n-type organic material electrode, (c and d) p-type organic 

material electrode. Bipolar organic systems can be regarded as both n- and p- type in these 

configurations according to the real electron reaction. Adapted from Ref.[127] with permission 

of The Royal Society of Chemistry.  

Compared to the relatively low redox potential of n-type organic electrode (< 2.5 V vs 

Li/Li+), an average discharge potential more than 3.0 V (vs Li) can be obtained if p-type 

or bipolar-type organic electrode materials are used. For example, the bipolar-type of 
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nitroxide radical polymer, poly(2,2,6,6-tetramethylpiperidenyloxyl-4-yl methacrylate) 

(PTMA), delivered an average discharge potential of 3.5 V (vs Li/Li+).[128–130] This 

compound also endures fast reaction kinetics and cycling stability. A capacity retention 

of 89 % of the PTMA electrode was obtained after 1000 cycles and the discharge 

profile was almost the same even at a high current density of 50 C rate.[131] The 

electron transfer process of nitroxide radical electrode is shown in Figure 2.16.  

Table 2.2: The structure and redox mechanism of different type of organic electrode materials. 

Adapted from Ref.[127] with permission of The Royal Society of Chemistry. 

 

The nitroxide radical is a typical oxygen-centered stable radical with spin-density 

localization on the oxygen atom, which displays two redox couples, i.e. it can either be 

oxidized to form the corresponding oxoammonium cation (p-type) or reduced to the 

aminoxy anion (n-type). This type of organic compound therefore has attracted 

remarkable interest as it can either be used as a cathode or as an anode, or even as 

both cathode and anode for an all organic battery. The schematic illustration of a 

dual-ion cell using nitroxide material as a cathode and a graphite anode is shown in 
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Figure 2.17, where cations and anions of the electrolyte diffuse into to the anode and 

the cathode during the charging, respectively.  

 

Figure 2.16: The redox processes involving a nitroxide radical (bipolar-type). Adapted from 

Ref.[132] with permission of The Electrochemical Society. 

 

Figure 2.17: A rechargeable Li-organic battery based on the nitroxide electrode. Adapted from 

Ref.[132] with permission of The Electrochemical Society. 

Suga et al. reported an all organic battery using a redox-active radical compound of 

poly[4-(nitronylnitroxyl)styrene] as both cathode and anode.[133] In the charging 

process, anions migrated to the cathode, while cations transferred to the anode 

(Figure 2.18 i). The cation and anion were returned back into the electrolyte in the 

discharging process (Figure 2.18 ii). In addition, further discharge is still possible due to 

the flexible change of the N-O charge state. For example, the cathode at i stage (p-type) 

can be further discharged in the formation of n-type at the stage of iii (as anode). The 

result showed that an extremely high current density (150 C rate) can also be endured. 
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Figure 2.18: The working principle of the all organic battery cell using nitroxide radical 

compound as both cathode and anode. NN refers to the N-O group in the nitroxide radical 

compound. Adapted from Ref.[133] with permission of The John Wiley & Sons, Inc. 

Rechargeable batteries based on dual-ion shuttle would provide many opportunities to 

build novel sustainable energy storage devices. First of all, these batteries are 

potentially more environmentally friendly than conventional LIBs because the organic 

electrodes do not need to contain any metals that may cause problem of the disposal. 

In addition, cheap and renewable organic resources can be used as electrode materials. 

Moreover, high power densities can be achieved due to the fast kinetics of the 

electrochemical reaction. It could be a suitable candidate for bridging supercapacitors 

and batteries for the next generation energy storage. 

2.5 Aim of the thesis 

The target of this thesis is to develop new electrode materials and new chemistries for 

rechargeable batteries, aiming at broadening the idea and offering more materials and 

opportunities for the future energy storage. Three different battery systems are 

designed, including batteries based on anionic (chloride ion batteries), both cationic 
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and anionic (organic based batteries), and cationic shuttle (Li-ion and Na-ion 

batteries).  

In Chapter 4 and Chapter 5 of the thesis, a novel concept of rechargeable battery 

based on anionic (Cl-) shuttle is tested, i.e. chloride ion battery (CIB). A layered 

vanadium oxychloride (VOCl) material is synthesized and used as a cathode in the CIB. 

Both lithium anode and magnesium anode are introduced in the CIB. These two 

chapters will assess the electrochemical performance and reaction mechanism of the 

CIB. 

Chapter 6 aims at developing a new porphyrin complex as electrode for rechargeable 

batteries. Due to the bipolar redox property of the molecule, it is used as a cathode, as 

anode, and as both cathode and anode in the cells, enabling the shuttle of both 

cations and anions during the charge and discharge. Three cells are constructed with 

different components to investigate the reaction mechanism. The long-term cycling 

stability and high rate capability of the cells are explored. 

Chapter 7 is aimed at developing high performance electrode for Li-ion and Na-ion 

batteries which are based on multi-electron reactions. The layered VOCl material is 

used as electrodes for both cells. The number of the transferred electrons is controlled 

by adjusting the working window. The electrochemical performance and the reaction 

mechanism of the electrode are investigated. 

The use of new materials as electrode for rechargeable batteries could provide 

opportunities for developing sustainable energy storage systems. High performance of 

energy storage devices could also be made with rechargeable batteries based on 

different ionic shuttles during the electrochemical reaction.  
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Chapter 3 Experimental methods 

3.1 X-ray diffraction 

X-ray diffraction (XRD) is an analytical technique primarily used for identifying the 

structure of a crystal. The wavelength of the X-rays (0.01 - 10 nm) is in the same order 

of magnitude as the spacing (d) between atomic planes in the crystal, which is 

necessary in a diffraction experiment. X-ray diffractometers consist of three basic 

elements: an X-ray tube, a specimen holder, and an X-ray detector. The electrons are 

produced by heating a tungsten filament, and are accelerated towards an anode target 

(e.g. copper) by applying a high voltage (20 - 60 kV). When these electrons have 

sufficient energy to dislodge inner shell electrons of the target material, continuous 

spectra of X-rays are produced. Since only Kα radiations are required for XRD analysis, 

undesirable parts of the X-rays such as Kβ radiations are removed by a monochromator. 

When the incident X-rays are collimated and directed onto the specimen, the scattered 

X-rays which are emitted by atoms interfere each with other and with different 

intensities. The constructive interference occurs only when the path length difference 

of diffracted X-rays is equal to an integer multiple of the wavelength (Figure 3.1). The 

mathematical condition for the constructive interference can be described by Bragg’s 

law,[134]  

n∙λ = 2∙d∙sinθ              (3.1) 

where λ is the wavelength of the incident X-ray, d is the interplanar spacing, θ is the 
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diffraction angle, n is an integer. During the measurement, the specimen and the 

detector are rotated, and the intensity of diffracted X-rays is recorded. Because there 

are many individual crystals of random orientation in the powder sample, therefore all 

possible diffractions can be observed. 

 

Figure 3.1: Geometry for interference of a wave scattered from two atoms. 

In this work, powder XRD patterns were recorded on a STOE STADI P powder 

diffractometer with a Debye-Scherrer transmission geometry (operated at 40 kV, 40 

mA) and a Bruker D8 Advance diffractometer (operated at 50 kV, 40 mA) with a 

Bragg-Brentano reflection geometry in Ulm and a Philips X’PERT diffractometer 

(operated at 40 kV, 40 mA) in Karlsruhe, respectively. The Cu Kα1 radiation ( = 0.154 

nm) was used for the measurements. 

3.2 Scanning electron microscopy 

The scanning electron microscopy (SEM) is used to image the sample by scanning its 

surface with a high-energy beam of electrons, providing much higher magnification 

than in an optical microscopy, due to the shorter wavelength of the electron beam. 

The electron beam interacts with atoms at the surface of the sample, producing 
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several signals that can be used to obtain the information of the surface topography of 

the sample. There are three signals which are generated during the interaction, i.e. 

backscattered electrons (BSEs), secondary electrons (SEs), and characteristic 

X-rays.[135] The schematic setup of a SEM is shown in Figure 3.2.  

 

Figure 3.2: Schematic setup of a SEM. Adapted from free encyclopedia [136], open access 

under the CC BY-SA 3.0, https://creativecommons.org/licenses/by-nc-sa/3.0/. 

The most common imaging mode in SEM is the collection of low-energy SEs. These 

electrons are ejected from the K-shell of the specimen atoms by the primary electron 

beam. Due to the low energy (< 50 eV), secondary electrons are emitted close to (a 

few nanometers) the sample surface. High-resolution images can therefore be 

produced by detecting these electrons with a secondary electron detector. BSEs are 

primary electrons which are backscattered by atoms of the specimen. Since heavy 

elements backscatter electrons more strongly than light elements, these electrons are 

useful to provide chemical contrast information of the materials. 

Characteristic X-rays are emitted when the electron beam releases inner shell 
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electrons of the specimen, causing outer-shell electrons to fill the vacancy in the inner 

shell (Figure 3.3).[137] These characteristic X-rays are measured by an X-ray detector 

and used to identify the composition and the elements of the sample. This method is 

called energy dispersive X-ray spectroscopy (EDS or EDX).  

 

Figure 3.3: Principle of characteristic X-ray generation. 

In this work, SEM images and EDX spectra were obtained using a ZEISS LEO 1550 VP 

Field Emission SEM with an X-Max Silicon Drift Detector.  

3.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a microscopy technique which can provide 

very high resolution images down to a level of angstroms (1 Å = 0.1 nm). The 

schematic setup of a TEM is shown in Figure 3.4. Because electrons are needed to 

transmit the specimen, a high voltage (100 - 300 kV) is required in the TEM system. 

And the specimen should be thin enough (< 100 nm) to allow electrons to pass 

through. When an electrons beam passes through a specimen, electrons are scattered. 

A sophisticated system of electromagnetic lenses focuses the scattered electrons into 

an image, or a diffraction pattern, or a nano-analytical spectrum depending on the 
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mode of operation. Each of these modes offers a different insight about the specimen. 

For example, the bright field imaging mode, the common used mode for a TEM, 

provides a highly magnified view of the micro- and nanostructure. In the high 

resolution imaging mode a direct map of atomic arrangements of the specimen can be 

provided.  

 

Figure 3.4: (a) Schematic setup of a TEM, (b) the detailed ray diagram near the objective with 

some examples of diffraction patterns. Based on Zeiss EM912 Ω operating manual [138]. 

The local crystal structure information can be provided using a diffraction mode, e.g. 

selected area diffraction (SAD) images. When the electrons pass through the sample, 

some fraction of electrons can be scattered to particular angles, resulting in diffraction 

patterns in an image. Single spots appear only if incident electrons are diffracted by a 

single crystal, while SAD of polycrystalline materials gives ring patterns, and the 

feature of concentric rings will disappear for amorphous materials (Figure 3.4b). In 

nanoanalytical modes, the inelastic interactions occur between incident electrons and 

specimen, the energy loss can be determined by an energy loss spectrometer, where 

the elements, chemical bonding information of the sample can be provided. This 

technique is called electron energy loss spectroscopy (EELS).  

In this work, the transmission electron microscopy (TEM) measurement was 

performed using an aberration (image) corrected FEI Titan 80-300 operated at 300 kV 
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acceleration voltage, equipped with a Gatan US1000 CCD camera, a Gatan Tridem 863 

energy filter and an EDAX S-UTW EDX detector at the Institute of Nanotechnology 

(INT), Karlsruhe Institute of Technology (KIT).  

3.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is a surface-sensitive semi-quantitative spectroscopic 

technique that measures the chemical information of specimen on the surface. The 

principle of an XPS measurement is shown in Figure 3.5. When the specimen is 

irradiated by incoming photons (such as an Al Kα primary radiation with energy of 

1486.6 eV), core level electrons of atoms on the surface are emitted, and kinetic 

energies (Ek) of these electrons are measured by the detector (see Figure 3.5). Based 

on the conservation of energy, the characteristic binding energy (Eb) of respective 

elements can be calculated, giving the elemental composition information of the 

specimen on the surface. 

 Eb = hυ - Ek - φ                (3.2)  

Φ is a work function taking into account energy absorbed by the detector, h is Plank’s 

constant, and υ is the frequency of the photon. 

XP spectra were measured using a physical Electronics PHI 5800 ESCA System with 

mono-chromatic Al Kα radiation (13 kV, 250 W) and pass energies of 93.9 eV for survey 

scans over the whole binding energy range and 29.35 eV for detail scans, respectively. 

The measurement was carried out at the Institute of Surface Chemistry and Catalysis, 

Ulm University, Germany. 
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Figure 3.5: (a) Principle of an XPS measurement, and (b) schematic diagram of the 

photoemission process of a XPS. Adapted from free encyclopedia [139][140], open access 

under the CC BY-SA 3.0, https://creativecommons.org/licenses/by-nc-sa/3.0/. 

 

3.5 Infrared spectroscopy  

Infrared (IR) spectroscopy is an analytical technique used to indentify molecular 

components and structures of a sample. It has been widely used in the organic 

structure determination and verification. An infrared spectrum is commonly obtained 

by passing infrared radiation through the sample and determining what fraction of the 

incident radiation is absorbed at a particular energy. In a molecule, different functional 

groups bend, stretch, or wag at different frequencies, the molecule will absorb the 

infrared radiation only if the frequency of the incident radiation matches the 

(a) 

(b) 
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frequency of stretching, bending, or wagging of the functional group. Therefore, 

absorption bands in IR spectra enable to determine if certain functional groups are 

present in a molecule. A typical IR spectrum is a plot of the amount of transmitted 

infrared versus its wavenumber (ν̅). Wavenumber is inversely proportional to the 

wavelength (ν̅ = 1/λ) with a unit in cm-1. Most bonds in organic molecules absorb 

infrared radiation with wavenumbers between 4000 cm-1 and 400 cm-1. 

Fourier transform infrared spectroscopy was measured with a Perkin Elmer Infrared 

spectroscopy instrument (Spectrum Two L1600401) in an argon-filled glovebox at 

Helmholtz Institute Ulm.  

3.6 Galvanostatic cycling 

The galvanostatic cycling technique is widely used for characterization of energy 

storage devices. In galvanostatic mode, a fixed current is set and controlled between 

the working electrode (WE) and the counter electrode (CE), and the potential between 

the WE and reference electrode (RE) is monitored. In this investigation, a 

two-electrode setup is used, where CE and RE are shorted on one of the electrodes 

while the WE is on the opposite side as shown in Figure 3.6. In this setup, the potential 

across the complete cell is measured, which includes potential contributions from the 

CE/electrolyte interface and the electrolyte itself. Therefore, the electrochemical 

behavior of the whole cell is under investigation. 

 

Figure 3.6: Schematic view of a two-electrode setup. 
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The capacity (Q1) is an important factor to evaluate the performance of an electrode or 

a battery. It can be given as follows: 

𝑄1 (𝑚𝐴ℎ) =  ∫ 𝑖(𝑡)𝑑𝑡
𝑡

0
             (3.3) 

Where i is the set current, and t is the time of the measurement. The value is 

determined by the mass of the active material contained in the electrode or the 

battery. In order to evaluate the performance of an electrode, the specific capacity (Q2) 

is used. The theoretical specific capacity (C, mAh g-1) of the active material can be 

calculated according to the Faraday’s law in equation 2.1 see section 2.1. 

In this work, charge-discharge experiments were performed with an Arbin BT2000 

battery system at 298 K with two-electrode setups of 2032-type coin cell or Swagelok 

cell. 

3.7 Cyclic voltammetry 

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement. It 

is generally used to investigate the electrochemical properties of an electrode. In CV, 

the electrode potential ramps linearly versus time (scanning rate: mV s-1) as shown in 

Figure 3.7a. The potential is applied between the working electrode and the reference 

electrode, while the current is measured between the working electrode and the 

counter electrode as shown in Figure 3.7b. The cathodic current (ipc) and cathodic 

potential (Epc) can be estimated when the scan goes towards negative direction, where 

a reduction reaction occurs (A + e- → A-). In the reversible process, the anodic current 

(ipa) and anodic potential (Epa) will be provided, corresponding to the oxidation 

reaction of A- - e- → A (Figure 3.7b). 

The difference between two peak potentials (ΔE = Epa - Epc) gives important 

information about the redox system. In an ideal case of a reversible n e- transferred 
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reaction, the difference (ΔE) should be 59/n mV. However, the typical value observed 

experimentally is often greater than that of the theoretical one, due to activation 

barriers of the charge transfer process and the diffusion of reactants at the electrode 

surface. 

 

Figure 3.7: (a) the electrode potential ramps linearly versus time in cyclical phases, (b) typical 

cyclic voltammogram. Adapted from Ref.[141]. 

Linear sweep voltammetry (LSV) is similar to the cyclic voltammetry technique, which 

is also used to investigate the property of electrochemical systems. However, the 

scanning on the electrode is not inverted afterwards in LSV. It is often used to test the 

stability of the electrolyte in battery systems, giving the information of the 

electrochemical stability window of the electrolyte. CV and LSV data were collected 

using a Biologic VMP-3 electrochemical workstation in this work. 
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Chapter 4 VOCl cathode and lithium anode for 

rechargeable chloride ion batteries 

4.1 Introduction 

This chapter is based on the publication of Angew. Chem. Int. Ed., 2016, 55, 4285-4290, 

titled “VOCl as a cathode for rechargeable chloride ion batteries”, copyright (2016) 

John Wiley and Sons. 

Recently, a novel rechargeable battery has been demonstrated based on chloride ion 

shuttle, i.e. chloride ion batteries (CIBs).[98] Multiple electron redox reactions have 

been realized in the first study of CIBs using active materials of BiCl3, VCl3 and CoCl2 as 

cathodes, lithium metal as an anode and an ionic liquid electrolyte as transfer agent 

for chloride ions. However, the metal chloride compounds in this study were partly 

soluble in the liquid electrolyte, leading to poor cycling stability. More stable metal 

oxychlorides such as FeOCl, and BiOCl were proposed as potential cathode materials 

for CIBs due to their strong metal-oxygen bonds.[115] Investigation of CIBs currently 

focuses on exploring potential electrodes and electrode combinations with high 

reversibility, as well as the compatible electrolytes.  

In this chapter, a novel room temperature chloride ion battery (Li/PP14Cl-PC/VOCl) 

using layered VOCl material as a cathode, lithium metal as an anode, and a liquid 

chloride ion electrolyte was studied and the electrochemical reaction mechanism of 

the VOCl electrode was investigated in detail by various ex situ techniques.  
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4.2 Experimental section 

4.2.1 Synthesis of VOCl 

VOCl was synthesized by a solid-gas reaction.[142] Typical synthesis involved heating a 

mixture of 0.63 g V2O3 (98 %, Sigma Aldrich) and 1.2 g VCl3 (97 %, Sigma Aldrich) in an 

evacuated and sealed quartz tube kept at 893 K for 120 hours with a heating rate of 1 

K min-1. The length, diameter and thickness of the quartz tube were 300 mm, 15 mm 

and 2 mm, respectively. A brown powder was obtained when the quartz tube was 

cooled down to room temperature naturally. The product was purified by washing with 

water and acetone to remove residual VCl3 and it was further dried at 353 K under 

vacuum for 5 h. 

4.2.2 Material characterization 

Scanning electron microscopy (SEM) measurements were carried out using a ZEISS LEO 

1530 instrument. Powder X-ray diffraction (XRD) patterns were recorded on a STOE 

STADI-P diffractometer with a Debye-Scherrer transmission geometry (operated at 40 

kV, 40 mA) and a Bruker D8 Advance diffractometer (operated at 50 kV, 40 mA for 

lithium anode measurement), both equipped with a Cu Kα radiation source ( = 0.154 

nm). Fourier transform infrared spectroscopy (FTIR) was recorded between 4000 cm-1 

and 400 cm-1 with a Perkin Elmer Infrared spectrometer instrument (Spectrum Two 

L1600401) in an argon-filled glovebox at room temperature. Transmission electron 

microscopy (TEM) was performed using an aberration (image) corrected FEI Titan 80 - 

300 operated at 300 kV acceleration voltage, equipped with a Gatan US1000 CCD 

camera, a Gatan Tridem 863 energy filter and an EDAX S-UTW EDX detector. The 

sample was transferred under inert conditions (Argon) from the glove box to the 

microscope by using a Gatan vacuum transfer holder minimizing the possible reaction 

between the sample and the air. X-ray photoelectron spectroscopy (XPS) data were 
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recorded on a Physical Electronics PHI 5800 ESCA System using mono-chromatized Al 

Kα radiation (13 kV, 250 W) and pass energies of 93.9 eV for survey scans over the 

whole binding energy (BE) range and 29.35 eV for detail scans, respectively. Binding 

energy of XPS peaks were referenced to the C1s signal of carbon black at 284.5 eV. The 

TEM and XPS measurements and evaluation of the data were performed by the 

respective operator of the instrument. 

4.2.3 Electrode preparation  

The cathode material was prepared by grinding a mixture of active material (VOCl, 56 

mass %), polyvinylidene fluoride binder (PVDF, 10 mass %) and carbon black (34 

mass %) with N-methyl-2-pyrrolidone (NMP) as solvent in a mortar for 30 minutes. The 

obtained slurry was then spread on stainless steel foils (SS, 16 mm in diameter) and 

dried at 373 K under vacuum overnight. The mass loading of the cathode material was 

2.0-3.0 mg cm-2. Lithium foil was used as the anode. 

4.2.4 Electrochemical measurements 

Electrochemical tests were conducted using 2032 type coin cells (Hohsen Corp., Japan). 

The glass fiber filter (GF/D, Whatman) was used as a separator. A solution of 0.5 M 

1-butyl-1-methylpiperidinium chloride (PP14Cl, 99 %, IoLiTech) in propylene carbonate 

solvent (PC, anhydrous, Sigma-Aldrich) was used as electrolyte. In addition, 1 M LiPF6 

dissolved in a mixture of ethylene carbonate (EC), dimethyl carbonate (DMC), and PC 

with a volume ratio of 1 : 3 : 1 was used as an electrolyte for testing the performance 

of the VOCl electrode in lithium ion battery. The charge and discharge measurements 

were performed using an Arbin BT2000 battery system at 298 K. Cyclic voltammetry 

(CV) and linear sweep voltammetry (LSV) data were collected with a Biologic VMP-3 

electrochemical workstation. The CV was measured at a sweep rate of 0.1 mV s-1 in a 

potential range of 1.0 - 2.8 V.  
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4.3 Results and discussion 

The XRD pattern of the as-synthesized VOCl and the VOCl/C composite is shown in 

Figure 4.1a. All peaks matched well with the VOCl reference pattern from Powder 

Diffraction File (PDF) card number 01-074-1274. In addition, small amounts of 

impurities of V2O3 (ca. 2 wt %), VCl2 (ca. 1 wt %), and presumably an fcc metal were 

also found (see Figure A-1 in Appendix). Layered VOCl crystallizes in an orthorhombic 

structure with a space group of Pmmn (lattice parameters: a = 3.77 Å, b = 3.30 Å, c = 

7.93 Å), which agrees well with the previous report.[143] The buckled V-O bilayer is 

sandwiched between chlorine layers that are weakly coupled along vector c by van der 

Waals forces. Each vanadium atom lies in the center of a distorted octahedron with 

two chloride atoms and four oxygen atoms as shown in the refined structure of VOCl 

(Figure 4.1b). 

   

Figure 4.1: (a) XRD patterns of the VOCl and the VOCl/C composite, (b) crystal structure of the 

VOCl. 

SEM images of the as-synthesized VOCl material and the VOCl/C composite are shown 

in Figure 4.2. They exhibit rod shape morphology with a length of 2 - 5 μm and 

approximately 300 nm in diameter (Figure 4.2a and Figure 4.2b). VOCl semiconductor 

was mixed with conducting additive of carbon black, thereby providing good electrical 

contact of VOCl in the electrode during the electrochemical reaction. The VOCl 
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particles in the composite retained the same morphology and particle size as the 

as-prepared VOCl, and were homogenously dispersed in carbon black as shown in 

Figure 4.2 c and Figure 4.2d. 

 

Figure 4.2: (a, b) SEM images of the VOCl, and (c, d) the VOCl/C composite. 

The liquid electrolyte of the PP14Cl-PC (0.5 mol L-1) prepared in the study has a high 

ionic conductivity of 4.4 mS cm-1, with an electrochemical window of 3.2 V (vs Li) 

measured at room-temperature, thus providing a stable environment for the 

electrochemical reaction (Figure A-2 in Appendix). The initial CV curve of the 

Li/PP14Cl-PC/VOCl cell scanned in a voltage range of 1.0 - 2.8 V at 0.1 mV s-1 is shown in 

Figure 4.3a. Three main redox couples were observed at 1.57/1.67 V, 1.42/1.56 V, 

1.2/1.26 V, which indicate a reversible multiple-step reaction proceeding during the 

discharge and recharge processes. In the subsequent cycles, the CV curves were 

similar to that of the first cycle. In addition, an irreversible anodic peak at around 2.5 V 

was only observed in the first cycle, the origin of this peak will be discussed below. 

Figure 4.3b shows the charge-discharge curves of the Li/PP14Cl-PC/VOCl cell for the 

first 10 cycles obtained at a current density of 0.5 C (1 C = 261 mA g-1). A small plateau 

(a) (b) 

(c) (d) 
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was observed at round 2.5 V, followed by a monotonic voltage drop to 1.7 V, and three 

discharge plateaus were observed at around 1.6, 1.5 and 1.2 V. A total discharge 

capacity of 189 mAh g-1 was obtained in the 1st discharge, corresponding to 0.72 

electrons per VOCl unit participating in the reaction. A capacity of 180 mAh g-1 was 

recovered in the 1st recharge process with an irreversible capacity loss (ICL) of 9 mAh 

g-1 at 0.5 C. 

 

 

 

Figure 4.3: (a) CV curves of a Li/PP14Cl-PC/VOCl cell at a scan rate of 0.1 mV s-1, (b) initial 

charge-discharge curves of the cell at a current density of 0.5 C in the voltage range of 1.0 - 2.8 

V, (c) cycling performance at 1 C and 2 C, (d) selected charge-discharge curves of the cell at 2 C, 

(e, f) rate performance of the cell, 1 C = 261 mA g-1. 

In the subsequent cycles, charge-discharge curves are very similar to that of the first 

cycle, which suggest a high reversibility of the VOCl electrode in this cell. The extension 
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of the small plateau at 2.5 V corresponds to a capacity of 20 mAh g-1, which is 

equivalent to a 0.07 mole electron transfer. This step is attributed to the intercalation 

of 1-butyl-1-methypiperidinium ions (PP14
+) from the electrolyte into the VOCl 

electrode. Previous reports have indicated that large organic cations can be 

intercalated into the interlayer of metal oxychlorides.[144–149] The intercalated 

molecule was detected by combined XRD, FTIR and XPS measurements, which will be 

discussed later. 

The cycling performance of the Li/PP14Cl-PC/VOCl cell recorded at current densities of 

1 C (261 mA g-1) and 2 C (522 mA g-1) are shown in Figure 4.3c. Initial discharge 

capacities of 170 mAh g-1 and 151 mAh g-1 were obtained in a voltage range of 1.0-2.8 

V at 1 C and 2 C, respectively. Capacities reduced to 151 mAh g-1 (1 C) and 135 mAh g-1 

(2 C) in the second cycle. A capacity of 113 mAh g-1 was obtained at 2 C after 100 

cycles with a coulombic efficiency of 98 %. The polarization increased slightly during 

the cycling, as shown Figure 4.3d. The rate performance of the Li/PP14Cl-PC/VOCl cell is 

shown in Figure 4.3e. Discharge capacities of 189 mAh g-1, 154 mAh g-1 and 143 mAh 

g-1 were obtained at 0.5 C (the 1st cycle), 1 C (the 11th cycle) and 2 C (the 21th cycle), 

respectively. After 10 cycles at 2 C, discharge capacities of 148 mAh g-1 (1 C in the 32nd 

cycle) and 147 mAh g-1 (0.5 C in the 42nd cycle) were recovered in the subsequent 

cycling. These results demonstrate that the cell is capable of delivering a high rate 

capacity and decent cycling stability. The charge-discharge curves of the VOCl 

electrode cycled at different current densities are presented in Figure 4.3f, where a 

similar curve with slightly increased polarization was observed at a high current 

density. 

To understand the reaction mechanism of the Li/PP14Cl-PC/VOCl cell, ex situ XRD 

measurements of the VOCl electrode and lithium anode were performed at different 

electrochemical states in the 1st and 10th cycle to probe the phase evolution during 

electrochemical reaction (Figure 4.4). Figure 4.4a shows the charge-discharge curve of 
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the VOCl electrode for the 1st cycle at 1 C with seven different discharged and charged 

states where ex situ XRD measurements were made. In the 1st cycle, points 1-7 

represent the VOCl electrode in various electrochemical states: as-prepared (1), 

discharged 1.53 V (2), discharged 1.33 V (3), discharged 1.0 V (4), recharged 1.62 V (5), 

recharged 1.75 V (6), and recharged 2.8 V (7). Point 8 and point 9 shown in Figure 4.4b 

and Figure 4.4c, displays the discharged state (1.0 V) and the recharged state (2.8 V) of 

the VOCl electrode in the 10th cycle. Figure 4.4b shows the full XRD pattern, and Figure 

4.4c displays the selected XRD patterns at low angles. After discharging to 1.53 V 

(point 2), the XRD pattern was significantly different from that of the as-prepared VOCl 

electrode, in particular in the low-angle region (Figure 4.4b and Figure 4.4c). A new 

strong diffraction evolved at 2θ = 6.5°, which corresponds to a d spacing value of 13.38 

Å. In comparison with the original VOCl with a c axis spacing of 7.91 Å, a 5.47 Å 

expansion took place, which could indicate intercalation of PP14
+ between the VOCl 

interlayers during the initial stage of discharge. Expansion of MOCl layers upon 

intercalation of large organic species have already been found in other metal 

oxychlorides.[145] All further reflections at higher angles strongly decreased in 

intensity, which is indicative of substantial disorder. This is potentially due to the 

relative torsion of neighboring layers or buckling of layers as the relative reorientation 

of neighboring layers is a well-known phenomenon of this structure type.[150,151] 

Upon further discharge to point 3 and point 4, reflections assigned to the VOCl-type 

phase show increased broadening. Interestingly, upon recharging to 2.8 V (point 7), the 

initial width is gradually recovered to its original state, demonstrating the topotactic 

nature of the electrochemical reaction. In the discharged VOCl after 10 cycles (point 8), 

(001)-type reflections were strongly broadened, while remaining parts of the pattern 

were similar to previous states. However, in the subsequent recharge (point 9), all 

peaks were recovered, and the XRD pattern was in good agreement with the pattern 

recorded in the first cycle, implying strong influences on the crystallinity/disorder 
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within the compound by increasing the cycle number.  

  

  

Figure 4.4: (a) Charge-discharge curves of the VOCl electrode at 1 C in the first cycle. The 

different electrochemical states at which ex situ XRD measurements were performed are 

marked. (b and c) ex situ XRD patterns of the VOCl electrode at different charge-discharge 

states in the 1st (1 → 7) and the 10th cycle (8 and 9), (d) XRD patterns of the lithium anode after 

the first discharge. 

Analysis of the patterns in the charged and discharged electrodes demonstrate that 

the impurity phases V2O3, VCl2 as well as the fcc metal were still present in the sample 

without showing a significant change in their relative intensities and/or peak positions 

(Figure A-3 in Appendix). This suggests that these compounds were electrochemically 

inactive and did not contribute to the charging/discharging process. The most obvious 

change was found in the fact that the c-axis increased strongly, supported by the 

following considerations: the first two reflections can be identified to be a (001) as well 

as a (002) reflection. The d-spacing of those reflections are ~13.38 Å and ~6.68 Å. The 

relationship of those d-spacing could be well explained by the intercalation of some 

larger molecular species in between the neutral VOCl layers terminated by Cl- 
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ions.[145,150,152]  

The structure of lithium anode was also investigated by ex situ XRD to further 

understand the reaction and associated phase evolution, data is shown in Figure 4.4d. 

Reflections at 2θ = 30.4°, 35.2° and 50.3° related to LiCl (PDF card no.00-004-0664) 

were detected as well as the lithium phase (2θ = 36.2°, 52.1° and 65.2°; PDF card no. 

00-001-1131) and the stainless steel current collector (2θ = 43.8°, 50.9° and 74.9°). 

These results demonstrate that the lithium anode was oxidized into LiCl by chloride 

ions transported through the electrolyte during the discharge. This is supported by the 

Cl:V ratio on the cathode side. SEM-EDX spectra measured at several particles on the 

VOCl electrodes after the first cycle (see Figure A-4 in Appendix), evidenced a loss and 

gain of chloride in the discharge and recharge processes, respectively. 

Figure 4.5a shows a STEM-HAADF overview image of the rod-shape morphology in the 

as-synthesized sample. The HRTEM micrograph (Figure 4.5b) reveals the layered 

structure corresponding to the Van-der-Waals bonded (001)VOCl planes. In the 

discharged state, the HRTEM micrograph (Figure 4.5d) shows layered features, too. 

The corresponding fast Fourier transformation (FFT, Figure 4.5e) exhibits broad peaks 

with a 1.2 nm lattice distance, corresponding to a distorted (001)VOCl lattice, which is in 

agreement with the XRD results in Figure 4.4. It was also found that the discharged 

sample is sensitive to electron beam damage. Under the electron beam irradiation 

(approximately 5 × 107 electrons nm-2), vanadium (III) oxide crystallites (2 - 3 nm) were 

formed with a space group of Fm3m (225). This result could indicate a meta-stability of 

the layered structure in the discharged sample compared to the as-prepared and 

recharged samples. The d-values determined from the STEM-HAADF and the HRTEM 

micrographs of the recharged sample (approximately 1.2 nm, Figure 4.5 g-i) 

correspond to the distorted reflection of the (001)VOCl lattice plane. 
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Figure 4.5: (a) STEM-HAADF large-area image, (b) enlarged HRTEM micrograph of the 

as-prepared VOCl, (c) STEM-HAADF overview image of the discharged sample, (d) low-dose 
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HRTEM micrograph from the area indicated in c, (e) fast Fourier transform of the HRTEM 

image in c, where the yellow arrows highlight the reflections corresponding to (001)VOCl, (f) 

STEM-HAADF overview image of the recharged sample, (g) HRTEM micrograph from the area 

indicated in f, (i) magnified image of marked area in g, where the red dot-lines highlight 

distorted (001) lattices with a d-value of 1.2 nm, (h) STEM-HAADF image is from the same area 

as i, showing the distorted (001) lattices. 

Figure 4.6 shows EEL spectra recorded on the same area of the TEM for the 

as-prepared (solid, black), discharged (dash-dotted, red) and recharged (dotted, blue) 

VOCl electrode, including the Cl-L edge at 200 eV and the V-L edge at 512 eV. The 

three background corrected spectra are aligned with respect to the vanadium signal. 

The area under the Cl-L edge directly relates to the relative amount of Cl in three 

samples, which implies a loss and gain of chloride ions in the VOCl electrode during 

the discharge and recharge processes, respectively. 

 

Figure 4.6: EEL spectra of the as-prepared (black, solid line), discharged (red, dashed line) and 

recharged (blue, dotted line) VOCl electrodes, features at 285 eV correspond to the carbon 

K-edge of the binder.  

The oxidation state of vanadium in different electrochemical states was investigated by 

ex situ XPS measurement to further understand the reaction mechanism of the 
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Li/PP14Cl-PC/VOCl cell. The survey spectra of the VOCl electrode in the as-prepared (a), 

discharged (b) and recharged (c) states are shown in Figure A-5 in the Appentix. 

Elements of C and F can be attributed to the carbon black and PDVF binder, 

respectively. No other impurity elements were detected in the VOCl electrode. Figure 

4.7 shows the XP spectra of V2p3/2 region in the as-prepared, discharged (1.8 V, 1.33 V, 

1.0 V) and recharged (1.62 V, 1.75 V, 2.8 V) states of the VOCl electrode for the 1st cycle. 

In the as-prepared VOCl electrode, a single peak was observed in the V2p3/2 region with 

a binding energy of 516.3 eV, which can be ascribed to the trivalent vanadium in 

VOCl.[153] Upon discharging to 1.8 V, a new peak with a binding energy at 513.7 eV 

appeared which is attributed to the V2p3/2 state in V2+.[154] And the V2p3/2 peak at 

516.3 eV, which is attributed to the V3+, was also detected. The peak area attributed to 

V2+ was not large, which may be due to partial oxidation of V2+ on the surface, it 

generally increased upon discharge and decreased during the recharge process again. 

For XP spectra corresponding to the recharged VOCl (2.8 V), the lower binding energy 

peak at 513.7 eV disappeared and only the peak at 516.4 eV remained, which suggests 

that the V2+ was transformed back into V3+ in the recharge process. The observation of 

vanadium in a lower chemical valence can be ascribed to the partial reduction of V3+ to 

V2+, in accordance to the dissociation of chloride ions from the VOCl in the discharge 

process. Upon recharging, the V3+ was re-acquired in the VOCl electrode, which 

demonstrates a reversible oxidation-reduction process.  
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Figure 4.7: XP spectra in the V2p3/2 region of the VOCl electrode in various electrochemical 

states, experimental data (black), fitted signals (light blue and red), fitted background (green). 

To gain further insight into the potential intercalation of the organic cation from PP14Cl 

into the VOCl, additional IR and XPS measurements were performed. Figure 4.8 shows 

the FTIR spectra of the PVDF, the discharged VOCl (1.33 V) and the pure PP14Cl 

compound. Bands have been assigned at 944 cm-1 (N-C stretching and the rocking of 

H-C-H in the piperidinium ring), 2872 cm-1 (the symmetric C-H stretching in the butyl 

group) and 2938 cm-1 (symmetric and asymmetric C-H stretching in the piperidinium 

ring).[152,155] A shift of the bands to lower frequencies at 921, 2866 and 2920 cm-1 

was observed in the cycled samples, which is found when organic guest molecules are 

intercalated in layered material.[150] The intercalation of PP14
+ into VOCl interlayers is 
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in the present case. 

 

 

Figure 4.8: (a) IR spectra of the pure PP14Cl (red), the PVDF (green) and the discharged VOCl 

(1.33 V, blue), (b) IR spectra of the VOCl electrode in various charged and discharged states. 

Figure 4.8b shows the IR spectra of the discharged (1.53, 1.33, 1.0 V in the 1st cycle and 

1.0 V in the 10th cycle) and recharged (1.62, 1.75, and 2.8 V in the 1st cyle and 2.8 V in 

the 10th cycle) VOCl electrode. IR bands of the VOCl electrode in different states were 

at the same frequencies in the 1st and 10th cycles, which indicate that the PP14
+ cation 

remained in the VOCl interlayers during the cycling. IR spectra data of the pure PP14Cl, 

IR data of the pure VOCl and cycled VOCl samples are shown in Table 4.1. 
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Table 4.1: IR data of the pure PP14Cl, pure VOCl and the charged/discharged VOCl samples 

(C/DVOCl). 

PP14Cl 

(ν, cm-1) 

VOCl 

(ν, cm-1) 

C/DVOCl (ν, 

cm-1) 
Bands assignment 

 526  V-O stretching 

 606  V-Cl stretching 

944  921 N-C stretching and rocking of H-C-H 

  1039-1163 CF2 group stretching of PVDF 

1297  1278 
Twisting of H-C-H in piperidinium ring and wagging 

of H-C-H in butyl group 

  1387 -CH2 group stretching of PVDF 

1467  1453 H-C-H wagging and umbrella bending in CH3 group 

1780  1767 Scissoring of H-C-H 

2872  2866 Symmetric C-H stretching in Butyl group 

2938,2996  2920,2966 
Symmetric and asymmetric C-H stretching in 

piperidinium ring 

To further study the potential intercalation of the piperdinyl cation in the host, XP 

spectra were taken in the N1s region of the carefully washed VOCl electrode in the 

as-prepared state, discharged states (a, 1.8 V and b, 1.33 V), and recharged states (c, 

1.62 V and d, 1.75 V), see Figure 4.9. The binding energy of N1s at 403 eV can be 

ascribed to the PP14Cl, it appeared when the VOCl electrode was discharged to 1.8 V. 

This peak persisted during the recharging, which suggests the intercalation of the PP14
+ 

into the VOCl electrode. In addition, binding energy of N1s at 400 eV was also observed 

in the cycled sample, which might be ascribed to the decomposition products of the 

PP14Cl containing reduced N during the reaction. Based on these results and analysis 

the XRD pattern of the cycled electrode, it can be conclude that PP14
+ is intercalated 

into the layered VOCl material during the initial stage of the first discharge and it 

remains in the interlayers during further cycles.  

Based on the electrochemical measurement, ex situ XRD, TEM, FT-IR, XPS and 

SEM/EDX analysis we postulate the following reaction mechanism for the 
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Li/PP14Cl-PC/VOCl battery cell. During the initial discharge at 2.5 V, 0.07 mol of the 

PP14
+ is intercalated irreversibly into the VOCl electrode, leading to an expansion of the 

interlayers. For charge balancing, an equal amount of Cl- ions reacts with the anode 

and forms LiCl. Upon further discharge, chloride ions are deintercalated from VOCl, 

transported through the electrolyte, and react with Li to form LiCl. 

 

Figure 4.9: XP spectra in the N1s region of the VOCl electrode in, (a) the as-prepared (OCV) and 

discharged to 1.8 V, (b) the discharged to 1.33 V, (c) the recharged to 1.62 V, and (d) the 

recharged to 1.75 V state. 

During the recharge process chloride ions are intercalated into the VOCl electrode. The 

intercalated PP14
+ remains and facilitates the chloride ions 

deintercalation/intercalation processes by keeping layers widely spaced and intact, 

which is indicated by the reversible change of width of the remaining peak at 2θ = 6.5° 

during charging and discharging. This could be a reason for the good reversible 

capacity of the electrode, which is also observed for high current densities. 

It is interesting to compare the charge-discharge profiles of the Li/PP14Cl-PC/VOCl cell 

and Li/LiPF6-EC-DMC-PC/VOCl cell, the former one is based on chloride ion transport 
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and the later one is based on lithium-ion transport as shown in Figure 4.10. These two 

batteries used the same cathode (VOCl) and anode (Li), but different electrolytes. The 

charge-discharge profile of the VOCl electrode based on chloride ion migration is 

completely different in comparison to the Li/LiPF6-EC-DMC-PC/VOCl cell, which further 

evidences that the Li/PP14Cl-PC/VOCl cell works with a different mechanism. It should 

be mentioned that in the CIB cell, the discharge product of LiCl may dissolve to a 

certain extent in PC solvent. Therefore, the interference of lithium intercalation into 

VOCl electrode cannot be ignored during long cycling. 

 

Figure 4.10: Charge-discharge curves of the VOCl electrode for the Li/LiPF6-EC-DMC-PC/VOCl 

cell (blue) and Li/PP14Cl-PC/VOCl cell (red) in the voltage range of 1.0 - 2.8 V at a current 

density of 260 mA g-1 in the first cycle. 

In this chapter, we have presented a novel CIB using VOCl as cathode, lithium foil as 

anode and a liquid chloride ion electrolyte (Li/PP14Cl-PC/VOCl). The reversible behavior 

of the CIB was characterized by CV and galvanostatic measurements. The results show 

that the battery can be well discharged and recharged even at a high current density. 

The reaction mechanism of the Li/PP14Cl-PC/VOCl cell was validated by ex situ XRD, 

TEM, FTIR and XPS measurements. The results indicated that the chloride ion indeed 

shuttles between the cathode and anode and that the cation of the ionic liquid 

intercalates the host VOCl, this facilitates the chloride ion exchange. 
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Chapter 5 VOCl cathode and magnesium anode for 

rechargeable chloride ion batteries 

5.1 Introduction 

This chapter is based on the publication of ACS Appl. Mater. Interfaces, 2014, 6, 

22430-22435, entitled “Vanadium oxychloride/magnesium electrode systems for 

chloride ion batteries”, copyright (2014) American Chemical Society. 

In the previous chapter, layered VOCl material as a cathode and lithium metal have 

been tested as an anode for CIBs. Highly reversible capability and cycling stability have 

been observed. In particular, the cell delivered a reversible capacity of 112 mAh g-1 

after 100 cycles even at a high current density of 2 C rate. In principle, lithium-free 

materials such as sodium (Na), magnesium (Mg), calcium (Ca), etc. could be used as 

anode for the CIBs. Compared to Li anode, Mg electrode has a higher theoretical 

specific volumetric capacity (3833 mAh cm-3 for the Mg anode and 2046 mAh cm-3 for 

the Li anode) but lower electrochemical potential (-2.37 V for Mg/Mg2+ and -3.04 V for 

Li/Li+ vs Standard hydrogen electrode). In this chapter, a new rechargeable chloride ion 

battery using VOCl material as a cathode and a lithium-free anode composed of Mg 

based composite was investigated. The VOCl electrode is stable in the liquid electrolyte 

and it could be oxidized to vanadium oxydichloride (VOCl2) during the charging, which 

has a high theoretical capacity of 388 mAh g-1 based on the reaction of VO/VOCl2. 

Moreover, a large Gibbs free energy generated between VOCl2 and Mg would yield a 
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still high EMF of 1.86 V. 

5.2 Experimental section 

5.2.1 Electrode preparation 

The VOCl was prepared by a solid-gas reaction as described in the previous chapter. 

The VOCl/C composite was prepared by ball milling a mixture of 80 mass % VOCl and 

20 mass % carbon black (Sigma Aldrich) using a silicon nitride vial and balls (10 mm in 

diameter) for 1 h at a speed of 200 rpm. The ball to powder ratio was 22 : 1. The 

MgCl2/Mg/C composite (MMC) was prepared by milling of 50 mass % anhydrous MgCl2 

(98 %, Sigma Aldrich), 40 mass % Mg powder (99.8 %, Alfa Aesar), and 10 mass % 

carbon black using a tungsten carbide vial and tungsten carbide balls for 10 h at 300 

rpm. The Mg/C composite (MC) was prepared by milling of Mg powder (80 mass %) 

with carbon black (20 mass %) using the same procedure as for the MMC composite. 

The ball to powder ratio was 30 : 1. Ionic liquids of 1-butyl-1-methylpiperidinium 

bis(trifluoromethylsulfonyl)imide (PP14TFSI, 99 %, IoLiTech) and 

1-butyl-1-methylpiperidinium chloride (PP14Cl, 99 %, IoLiTech) were further dried at 

358 K for 72 h under vacuum. 

The cathode electrodes were prepared by grinding a mixture of active material 

(VOCl/C, 80 mass %), poly(vinylidene difluoride) binder (PVDF, 10 mass %) and carbon 

black (10 mass % ) with N-methylpyrrolidone (NMP) as solvent for 30 minutes in a 

mortar. The slurry was then spread on stainless steel foils with 12 mm in diameter. The 

electrodes were further dried at 353 K overnight under vacuum. The mass loading of 

the electrode was 1.0 - 1.5 mg cm-2. The MC and MMC anodes were prepared by 

pressing the composite into a pellet with 20 mg in mass and 11 mm in diameter, 

thickness approximately 1 mm. The electrolyte was prepared by stirring the mixture of 

PP14Cl and PP14TFSI for 10 h at room temperature. The concentration of the electrolyte 
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was 0.5 mol L-1. 

5.2.2 Material characterization 

Powder X-ray diffraction patterns were obtained with a Philips X’PERT diffractometer 

equipped with Cu Kα radiation source (operated at 40 kV, 40 mA). Scanning electron 

microscope (SEM) and energy-dispersive X-ray spectroscopy (EDX) were carried out 

using a ZEISS LEO 1530 instrument. X-ray photoelectron spectroscopy (XPS) data was 

recorded on a physical electronics PHI 5800 ESCA System using mono-chromatized Al 

Kα radiation (13 kV, 250 W) and a pass energy of 29.35 eV for the detail scan in the 

vanadium (2p) binding energy (BE) region. For BE calibration, the main C1s peak was 

set to 284.8 eV. XPS measurements and data evaluation were performed by the 

operator of the instrument. 

5.2.3 Electrochemical measurements 

Electrochemical tests were conducted using Swagelok-type cells with a two-electrode 

configuration. The cells were assembled in an argon-filled glove box using VOCl/C as 

cathode, glass fiber filter (GF/D, Whatman) as separator, and MMC or MC as anode. A 

mixture of 0.5 M PP14Cl in PP14TFSI was used as electrolyte. Galvanostatic charge and 

discharge measurements were performed with an Arbin BT2000 battery system at 298 

K. The voltage ranges were 0.6 - 2.5 V and 0.6 - 2.2 V for the VOCl-MMC and VOCl-MC 

cell, respectively. Cyclic voltammetry (CV) was collected using a Biologic VMP-3 

electrochemical workstation. In CV measurement, the scanning rate was 0.05 mV s-1 in 

the voltage range between 2.5 V and 0.6 V.  

5.3 Results and discussion  

The as-prepared VOCl material consisted of rod-like particles with a size of 100 - 500 

nm in width and 2 - 5 μm in length, as in the previous chapter (Figure 5.1a). The EDX 
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spectrum of the as-prepared VOCl presented in Figure 5.1b indicates the elemental of 

Vanadium, Oxygen and Chlorine. After ball milling, the morphology of the VOCl 

particles was destroyed and the particles were surrounded with well-distributed 

carbon black (Figure 5.1c). The EDX elemental mapping of the VOCl/C composite 

shown in Figure 5.1d indicates a uniform elemental distribution. XRD patterns of the 

as-prepared VOCl material and the VOCl/C composite are shown in Figure 5.1e. All 

reflections can be indexed and assigned to the orthorhombic VOCl phase with the 

space group of Pmmn (VOCl PDF card no. 01-085-0353) except for minor impurity of 

V2O3. The peaks attributed to the VOCl phase broadened after ball milling, which 

indicates a reduction of the crystalline size. 

 

 

Figure 5.1: (a) SEM images of the as-prepared VOCl, (b) corresponding EDX spectrum from the 
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marked area in a, (c) SEM image of the VOCl/C composite, (d) corresponding elemental 

mapping of Carbon, Vanadium, Oxygen and Chlorine, (e) XRD patterns of the as-prepared VOCl 

(blue) and the VOCl/C composite (red), the * denotes the impurity of V2O3 (PDF no. 34-0187). 

The electrochemical behavior of the VOCl cathode was investigated by galvanostatic 

charge-discharge test. Two cells of VOCl-MC (MC as anode) and VOCl-MMC (MMC as 

anode) were constructed. Figure 5.2a shows the cycling performance of the VOCl-MC 

cell at 5 mA g-1 in the voltage range of 0.6 - 2.2 V. A reversible discharge capacity of 40 

mAh g-1 was obtained in the first cycle (the capacity is based on the active material of 

the VOCl cathode), which is close to 15 % of the theoretical capacity (260 mAh g-1). The 

discharge capacity increased to 44 mAh g-1 in the 3rd cycle, and the coulombic 

efficiency increased from 83 % in the first cycle to 99 % in the 3rd cycle. Subsequently, 

the discharge capacity faded upon the cycling, and a capacity of 30 mAh g-1 remained 

in the 15th cycle. The selected charge/discharge curves of the VOCl-MC cell cycled at 5 

mA g-1 are shown in Figure 5.2b, where an initial discharge plateau at 1.3 V was 

observed. A slope discharge profile was observed in the second cycle, and the 

hysteresis voltage increased significantly in the following cycles, which implies an 

increase of kinetic barriers in Mg electrode and/or the volume change in cathode and 

anode during the reaction. 

    

Figure 5.2: (a) Cycling performance, and (b) selected charge/discharge curves the VOCl-MC cell 

in a voltage range of 0.6 - 2.2 V at 5 mA g-1. 

A low reversible capacity has been observed in the VOCl-MC cell, which was based on 

transferring of 1 Cl per VOCl formula unit. As the VOCl cathode could be oxidized to 
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VOCl2 by reacting with Cl ions, and these Cl ions could be dissociated from the MgCl2 in 

the anode during the charge. In this case, two Cl can be provided in the VOCl2 

electrode, leading to a high theoretical capacity. In order to further investigate and 

improve the electrochemical performance of the VOCl electrode, MMC anode was 

used (VOCl-MMC). The battery performance of the VOCl-MMC cell is shown in Figure 

5.3, where the VOCl-MMC cell was charged to 2.5 V firstly, aiming at the formation of 

VOCl2. This process is different from that of the VOCl-MC cell, in which the cell was 

discharged to 0.6 V firstly. Figure 5.3a and b show the initial charge/discharge curves of 

the VOCl-MMC cell at current densities of 5 mA g-1 and 10 mA g-1, respectively. The 

charge capacities of 259 mAh g-1 (at 5 mA g-1) and 198 mAh g-1 (at 10 mA g-1) were 

obtained in the first cycle with a charge plateau at around 2.1 V, which can be related 

to the transformation of VOCl to VOCl2, details will be discussed below. The VOCl 

electrode delivered discharge capacities of 80 (at 5 mA g-1) and 66 mAh g-1 (at 10 mA 

g-1) with two distinct discharge plateaus at around 1.9 V and 1.3 V in the first cycle. 

However, in the VOCl-MC cell, only single plateau at 1.3 V can be observed in the first 

discharge, which indicates the different electrochemical reaction mechanism of these 

two cells. 

The formation of interface layers on the electrode and partially reversible reaction of 

the electrode could lead to a low coulombic efficiency in the VOCl-MMC cell 

particularly in the first cycle. Nevertheless, the coulombic efficiency increased 

significantly in the subsequent cycling, which indicates the activation process in initial 

cycles. In comparison with the discharge curve of the VOCl-MC cell and VOCl-MMC cell 

in the first cycle (Figure 5.3c), the discharge plateau at about 1.9 V in the VOCl-MMC 

cell can be attributed to the redox reaction of VOCl2 + e- → VOCl + Cl- (EMF = 2.24 V). A 

low discharge plateau at around 1.3 V was observed for both cells, suggesting the 

reaction of VOCl + e- → VO + Cl- (EMF = 1.49 V). The cycling performance of the 

VOCl-MMC cell in 0.6 - 2.5 V at a current density of 10 mA g-1 is shown in Figure 5.3d, 
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where the capacity increased in the first few cycles and a maximum discharge capacity 

of 101 mAh g-1 was observed in the 9th cycle. Then the cell retained a discharge 

capacity of 87 mAh g-1 in 30 cycles. Subsequently, the capacity faded generally in the 

next 20 cycles and a capacity retention of 59 % was obtained after 53 cycles. 

  

   

Figure 5.3: Initial charge/discharge curves of the VOCl-MMC cell (a) at 5 mA g-1, and (b) 10 mA 

g-1, (c) the discharge curve of the VOCl-MC cell and VOCl-MMC cell in the first cycle at 5 mA g-1, 

(d) the cycling performance of the VOCl-MMC cell at 10 mA g-1. 

Figure 5.4 shows the CV curves of the VOCl-MMC cell in the potential range between 

2.5 V and 0.6 V at a scan rate of 0.05 mV s-1. In the CV measurement, it was initially 

swept from the open circuit voltage (OCV = 1.65 V) to 2.5 V. A broad anodic peak 

located at 2.4 V was observed in the first anodic scan from OCV to 2.5 V, which can be 

assigned to the reaction of VOCl + Cl- → VOCl2 + e-. Two cathodic peaks appeared at 2.0 

V and 1.3 V in the first cycle, which can be attributed to a two-step reduction reaction 

of VOCl2 + e- → VOCl + Cl- (EMF = 2.24 V) and VOCl + e- → VO + Cl- (EMF = 1.49 V), 

respectively. In the second cycle, the anodic peak shifted to a lower potential (2.3 V) 

and its intensity decreased. Meanwhile, the intensity of the cathodic peak at around 

1.9 V increased upon cycling. This result is consistent with the increase of capacity in 
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the initial cycles shown in Figure 5.3. A pair of cathodic/anodic peaks at 1.3/1.5 V 

corresponding to the reaction of V3+/V2+ was more stable. Two distinct redox couples 

of 2.3/1.9 V and 1.5/1.3 V were observed in the subsequent cycling, which suggests a 

two-step reaction upon cycling. 

 

Figure 5.4: CV curves of the VOCl-MMC cell in initial cycles at a scan rate of 0.05 mV s-1, the 

voltage range was 2.5 - 0.6 V. 

In order to understand the reaction mechanism of the VOCl-MMC cell, the VOCl 

electrodes were stopped at various charge and discharge states for the ex situ XRD and 

XPS measurements. The first charge/discharge curve of the VOCl electrode is shown in 

Figure 5.5a, in which the electrode at the as-prepared (1), charged (2.5 V, 2) and 

discharged (0.6 V, 2) state were used for the XRD measurements. For the as-prepared 

VOCl/C electrode, the pattern can be indexed and assigned to the orthorhombic VOCl 

phase. And a small amount of V2O3 was detected however (Figure 5.5b line 1). This 

may be caused by partial decomposition of VOCl during ball milling. When the VOCl/C 

electrode was charged to 2.5 V (line 2), the intensity of the pattern related to the 

VOCl phase was decreased drastically. Nevertheless, the VOCl2 phase was not detected, 

which is supposed to be formed by electrochemical oxidation of VOCl. This could be 

due to the formation of nanosized and/or amorphous phase. Upon discharging the 
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electrode to 0.6 V in the first cycle (line 3), the diffraction peaks related to VO phase 

(PDF card no. 00-038-0974), V2O3 phase (PDF card no. 34-0187), and the VOCl phase 

were detected. One diffraction peak at 2θ = 13.5° was not identified. The formation of 

VO phase in the cathode demonstrates that the chloride ions were dissociated from 

the VOCl in the discharge process. In addition, the discharged state (0.6 V, 4) of the 

electrode in the 10th cycle was also characterized by XRD, where the dominant phases 

of V2O3 with contribution of VOCl were detected. The VO phase was not detected.  

 

Figure 5.5: (a) Initial charge/discharge profiles of the VOCl-MMC cell, (b) XRD patterns of the 

VOCl electrode at different states. 

Conversion reactions refine the active material particles and therefore lead to the 

formation of large fresh and active surfaces, which has been observed for a number of 
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conversion systems. However, VO of the discharged product was gradually oxidized to 

V2O3 during the XRD measurement (about 5 h), even though a protected XRD holder 

assembled in the glove box was used. A diffraction peak at 2θ = 28.4° was observed in 

the 10th discharge state, and its intensity increased compared to the intensity of the 

electrodes (line 2 and 3) in the first cycle. This may be related to the formation of 

VO2 phase (PDF no. 43-1051), which was formed by the oxidation of vanadium oxide 

with lower vanadium valence during the XRD measurement.  

 

Figure 5.6: XP spectra of the V2p3/2 region of the VOCl electrode in the as-prepared, charged, 

and discharge states. 

The conclusion in this investigation could not be drawn on the basis of XRD data alone, 

because there were difficulties to detect some of the phases, possibly due to their 

nanoscale size and amorphous phase. Hence, XPS was used as an additional method, 

in order to detect the oxidation states of the vanadium in different charge and 

discharge states. Figure 5.6 shows the XP spectra in the V2p3/2 region of the VOCl 

electrode in the as-prepared, charged (2.5 V) and discharged (0.6 V) states in the first 

cycle. The binding energy at 516.3 eV was observed for the as-prepared VOCl 
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electrode, which is consistent with V3+ oxidation state.[154,156] When the VOCl 

electrode was charged to 2.5 V, V2p3/2 peaks at 516.3 eV and 517.8 eV were detected, 

which can be assigned to the vanadium oxidation states of V3+ (VOCl) and V4+ (VOCl2), 

respectively.[157] The peak area at 517.8 eV corresponding to V4+ species was smaller 

than that of the main peak at 516.3 eV, suggesting that only partial electrochemical 

oxidation of VOCl to VOCl2 in the first charge process took place.  

 

Figure 5.7: SEM images and the corresponding EDX spectra of the VOCl electrode (a, b) in the 

as-prepared state, (c, d) charged state, and (e, f) discharged state. 

In the discharged (0.6 V) sample, a new V2p3/2 peak with a binding energy of 513.2 eV 

appeared, which can be ascribed to VO. [154,156] The peak at 516.3 eV assigned to 

the V3+ species was still detected in the discharged electrode, indicating that the VOCl 

electrode was not fully transformed in the reduction reaction. The observed V4+ in the 

charged state and V2+ in discharged state indicate that the VOCl electrode can be 
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oxidized in the first charge process in the formation of VOCl2 and be reduced to VO in 

the discharge, indicating the migration of chloride ions during the cycling.  

EDX spectra of the VOCl electrode in the as-prepared state, charged state (2.5 V) and 

discharged state (0.6 V) further support the migration of chloride ion as shown in 

Figure 5.7. The atomic ratio of Cl/V varied depending on the electrochemical state of 

the VOCl electrode. It increased from Cl/V ≈ 1 in the as-prepared state (Figure 5.7b) to 

Cl/V > 1 in the 1st charged state (Figure 5.7d), and decreased to Cl/V < 1 in the 

discharged state (Figure 5.7f), which further indicates that the Cl ions migrated to the 

cathode during the charge and dissociated from the cathode in the discharge. 

Based on the electrochemical and structural information above, it is concluded that 

the electrochemical reaction in the VOCl-MC cell and VOCl-MMC cell during cycling is 

reversible. The electrochemical reaction process of the cell is therefore proposed as 

shown in Figure 5.8. The cathodic and anodic reactions of the VOCl-MMC cell can be 

described as follows: 

In the first charge, 

2 VOCl + MgCl2 → 2 VOCl2 +  Mg        EMF = 2.24 V   (5.1) 

in the first discharge,  

2 VOCl2 + Mg → 2 VOCl + MgCl2         EMF = 2.24 V   (5.2) 

2 VOCl + Mg → 2 VO + MgCl2            EMF = 1.49 V   (5.3) 

In the VOCl-MC cell (Figure 5.8a), the VOCl cathode is reduced to VO when the 

chloride ions are dissociated from the VOCl electrode in the first discharge. Meanwhile, 

the Mg anode is oxidized to MgCl2 by reacting with chloride ions transferred from the 

electrolyte. The EMF of this reaction is 1.49 V as shown in equation 5.3. The chloride 

ions are therefore shuttled between the VOCl cathode and the MC anode. 

In the VOCl-MMC cell (Figure 5.8b), the chloride ions are dissociated from the MMC 

anode (MgCl2 + 2 e- → Mg + 2 Cl-) and migrate to the VOCl cathode in the first charge, 
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which results in the formation of VOCl2 in the cathode (EMF = 2.24 V, equation 5.1). In 

the subsequent discharge, both VOCl2 and the residual VOCl are partially reduced to 

VO and the chloride ions move back to the anode (equation 5.2 and 5.3). Thus, the 

chloride ions are shuttled between the VOCl2 cathode and the MMC anode for the 

VOCl-MMC cell. 

 

Figure 5.8: Schematic illustration of the phase evolution for the VOCl-MC cell (a), and the 

VOCl-MMC cell (b).  

In this chapter, a rechargeable chloride on battery was demonstrated using VOCl 

cathode and Mg based anode in a liquid electrolyte, operating at room temperature. 

The VOCl electrode can be either oxidized to VOCl2 in the first charge process, or be 

reduced to VO in a discharge process. The electrochemical performance and the 

reaction mechanism the cells were investigated by galvanostatic cycling, CV, XRD, XPS, 

EDX. 
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Chapter 6 Porphyrin complex as electrode for 

rechargeable batteries 

6.1 Introduction 

This chapter is based on the submitted version for an EU patent application 

(EP16000312.5), entitled “High performance organic electrodes for secondary 

batteries”, 2016. 

Rechargeable batteries based on organic electrode materials are potential alternative 

to conventional lithium-ion batteries due to their tunable properties, environmental 

friendliness, flexibility, good safety, sustainability and relative low cost.[158–162] 

Porphyrins have an aromatic 18 π conjugated system delocalized over 24 core atoms 

which satisfy Hückel's (4n+2) π-electron rule. Many porphyrins and metalloporphyrins 

exist naturally and have a wide range of applications, e.g. in light harvesting, as a 

catalyst, etc.[163–166] Porphyrins and their derivatives with highly conjugated 

π-systems are suitable for efficient electron transfer processes due to the minimal 

structural change of the molecules during the removal or uptake of an electron. 16 

π-electron and 20 π-electron “antiaromatic” porphyrins are accessible by the oxidation 

or reduction of the 18 π-electron systems of aromatic porphyrins and in some cases 

can be successfully isolated and structurally determined.[167–172] 

In this chapter, [5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP), is 

proposed as a new electrode-active material for rechargeable batteries, which is based 



 
6.1 Introduction 

82 

on the shuttling of both cations and anions during the electrochemical reaction. 

Excellent rate performance and long-term cycling stability have observed with the 

CuDEPP material either as a cathode or an anode, or as both cathode and anode in a 

symmetric organic battery. 

6.2 Experimental section 

6.2.1 Synthesis of [5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II)  

The synthesis and characterization of the CuDEPP material was done by Zhi Chen, from 

the group of Prof. Mario Ruben, at the Institute of Nanotechnology (INT), Karlsruhe 

Institute of Technology (KIT), Germany. 

6.2.1.1 Synthesis of 5,15-Bis(trimethylsilanylethynyl)-10,20-diphenyl-21H, 23H-porphyrin (3) 

Reactions requiring an inert gas atmosphere were conducted under argon, and the 

glassware was dried at 140 °C in an oven. THF was further distilled from sodium prior 

to use. Et3N was distilled over CaH2 and stored under argon. Commercially available 

chemicals were used as received. 

5, 15-dibromo-10,20-diphenyl-21H,23H-porphyrin (0.620 g, 1 mmol), Pd(PPh3)2Cl2 

(0.035 g, 0.05 mmol), CuI (0.010 g, 0.05 mmol) and ethynyltrimethylsilane (0.206 g, 2.2 

mmol) were added into the mixture of THF (35 mL) and triethylamine (15 mL) under 

an argon atmosphere. The reaction mixture was stirred at room temperature for 12 

hours, then the solution was poured into 150 mL water and extracted by CH2Cl2 (3 * 50 

mL). Solvents were removed in vacuum and the residue was purified by column 

chromatography on silica gel (hexane: CH2Cl2 = 1:1) affording brown purple solid of 3 

(0.344 g, yield 52%). 

1H NMR (500 MHz, CDCl3) δ ppm 9.63 (d, J = 4.68 Hz, 4H, pyrrole-H), 8.85 (d, J = 4.65 

Hz, 4H, pyrrole-H), 8.20 (d, J = 6.14 Hz, 4H, Ph-H), 7.94-7.73 (m, 6H, Ph-H), 0.63 (s, 18H, 
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-Si(CH3)3), -2.16 (s, 2H, pyrrole -NH). 13C NMR (126 MHz, CDCl3) δ ppm 141.35, 134.55, 

128.01, 126.94, 121.81, 106.87, 102.75, 100.88, 0.336. 1H UV-vis (CH2Cl2, nm) 434, 508, 

541, 582, 678. NIR (KBr cm-1) 3428, 3319, 2956, 2924(Si(C-H3)3), 2853, 2141(C≡C), 1597, 

1558, 1441, 1467, 1441, 1398, 1337, 1247, 1194, 1138, 1069, 1002, 974, 964, 844, 797, 

704, 657, 418. ESI ToF Calc. for C42H39N4Si2: [MH+], 655.3; Found: m/z 655.2.  

6.2.1.2 Synthesis of [5,15-Bis(trimethylsilylethynl)-10,20-dipheny)porphinato] copper(II) (4) 

Cu(OAc)2·H2O (0.400 g, 2 mmol) was added to a solution of 3 (0.332 g, 0.6 mmol) in a 

mixture of 50 mL THF, 50 mL CH2Cl2 and 5 mL Et3N. The reaction was stirred at room 

temperature for 12 hours, then poured into 150 mL water and extracted by CH2Cl2 (3 

*50 mL). The CH2Cl2 solution was concentrated under reduced pressure and the 

residue was passed through a short column chromatography on silica gel (hexane: 

CH2Cl2 = 1:1). After removed solvents, a dark purple solid 3 (0.343 g, 80 %) was 

obtained.  

UV-vis (CH2Cl2, nm) 432, 564, 606. NIR (KBr cm-1) 2917(Si(C-H3)3), 2849, 2134(C≡C), 

1523, 1462, 1443, 1344, 1246, 1209, 1166, 1067, 1004, 993, 840, 794, 755, 706, 666, 

620, 566. ESI ToF Calc. for C42H36N4Si2: [M+], 715.2; Found: m/z 715.2. 

6.2.1.3 Synthesis of [5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (1) 

4 (0.322 g, 0.45 mmol) was dissolved in THF (50 mL) under an argon atmosphere at 

0 °C. Then tetrabutylammonium fluoride (0.252 g, 0.8 mmol) was added. After 30 min, 

the reaction was poured into 50 mL MeOH. The precipitate was filtered and washed by 

100 mL MeOH. The product was collected to yield a dark purple solid 1 (0.244 g, 95 %).  

UV-vis (CH2Cl2, nm) 425, 558, 598. NIR (KBr cm-1) 3264 (CC-H), 2096 (C≡C), 1596, 1521, 

1443, 1347, 1211, 1174, 1070, 1004, 936, 796, 751, 737, 711, 701, 676, 666, 646, 614, 

503. MALDI ToF calc. for C36H20N4Cu: [M-], 571.1; Found: m/z 571.0. 
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Figure 6.1: Synthetic route of CuDEPP (1). 

6.2.2 Materials characterization  

Thin-layer chromatography was performed on aluminum plates pre-coated with Merck 

5735 silica gel 60 F254. Column chromatography was performed with Merck silica gel 60 

(230 - 400 mesh). 1H NMR and 13C NMR spectra were recorded on a Bruker DRX 500 

spectrometer, chemical shifts are given in ppm, referenced to residual proton 

resonances of the solvents. UV-vis spectra were measured on a Varian Cary 500 Scan 

UV/vis/NIR spectrophotometer. The matrix-assisted laser desorption ionization 

time-of-flight (MALDI-ToF) mass spectroscopy measurements were carried out on a 

Synapt G2-S HDMS spectrometry workstation. IR spectra were measured in KBr pellets 

on MAGNA FTIR 750, Nicolet.  

Scanning electron microscope (SEM) measurements were carried out using a ZEISS LEO 

1530 instrument. Powder X-ray diffraction (XRD) patterns were recorded in 

transmission geometry using a STOE STADI-P diffractometer (operated at 40 kV, 40 mA). 

The thermogravimetric analysis (TGA) was conducted by a SETARAM SENSYS Evo 
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thermal analyzer under air flow (20 mL min-1) with a heating rate of 5 oC min-1. 

6.2.3 Electrochemical measurements 

[5,10,15,20-tetraphenylporphinato]copper(II) (CuTPP) and graphite material were 

purchased from Sigma-Aldrich. The graphite was dried before use at 473 K for 12 h 

under vacuum. The CuDEPP and CuTPP electrode were fabricated by mixing of the 

(CuDEPP or CuTPP) active material (50 mass %), carbon black (40 mass %), and 

polyvinylinde fluoride (PVDF, 10 mass %) in N-methylpyrrolidone (NMP) in a mortar for 

30 min. The graphite electrode was prepared by mixing of graphite material (90 

mass %) and PVDF (10 mass %) in NMP with the same procedure as for the CuDEPP 

electrode. The slurry was pasted on a stainless steel foil (16 mm in diameter). The 

electrodes were dried at 373 K under vacuum for 10 h. The mass loading of the 

CuDEPP (CuTPP) electrode and the graphite electrode were around 1.0 mg cm-2 and 

3.0 mg cm-2, respectively. 

Electrochemical measurements were performed using a 2032 coin-type cell. A glass 

fiber filter was used as a separator. 1 M lithium hexafluorophosphate (LiPF6) in a 

solvent mixture of ethylene carbonate (EC), propylene carbonate (PC), dimethyl 

carbonate (DMC) (EC : PC : MC = 1 : 1 : 3 by volume ratio) was used as an electrolyte 

for the Li/LiPF6/CuDEPP cell and CuDEPP/LiPF6/CuDEPP cell. The ionic liquid of 

1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide (PP14TFSI, 99 %, 

IoLiTech) was used as an electrolyte for the CuDEPP/PP14TFSI/graphite cell. The cells 

were assembled in an argon filled glove box (MBRAUN) with water and oxygen 

concentrations below 0.1 ppm. Galvanostatic charge-discharge measurements were 

performed using an Arbin battery tester at 298 K. Cyclic voltammetry (CV) 

measurements were conducted using a Biologic VMP-3 potentiostat. 
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6.3 Results and discussion 

6.3.1 Porphyrin complex as cathode for rechargeable batteries 

[5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP) bearing two meso 

ethynyl groups was successfully synthesized in three steps as shown in Figure 6.1. The 

obtained powder was characterized by means of matrix-assisted laser desorption 

ionization time-of-flight mass spectroscopy (MALDI-ToF-MS, Figure 6.2a), 

ultraviolet-visible spectroscopy (UV-vis, Figure 6.2b) and Infrared spectroscopy (IR) 

(Figure 6.2c), which evidence the characteristics of the CuDEPP molecule. Notably, the 

CuDEPP molecule is thermally stable up to 250 °C in air measured by the 

thermogravimetric-differential scanning calorimetric analysis (TGA-DSC) as shown in 

Figure 6.2d, which may be attributed to its highly π conjugated structure and aromatic 

character. 

  

  

Figure 6.2: (a) UV-vis spectra of the compound 1, 3 and 4, (b) MALDI-ToF mass spectra, (c) IR 

spectra, and (d) the TG-DSC curve of the CuDEPP compound. 
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Based on the intrinsic properties of the aromatic 18 π conjugated system and the 

reported redox chemistry of the analogue compound CuTPP as well,[173] a reversible 

two-electron oxidation and a two-electron reduction are proposed for the CuDEPP 

molecule bearing 18 π-electrons, forming a dicationic species (CuDEPP2+, 16 π-electron) 

and a dianionic species (CuDEPP2-, 20 π-electron) as shown in Figure 6.3.  

 

Figure 6.3: Schematic diagram of the electron transformation among 16, 18, 20 π-electron of 

the porphyrin core. The bold line denotes each π-conjugation circuit. R1 = ethynyl, R2 = phenyl 

(CuDEPP). 

To verify the intriguing donor-acceptor chemistry and versatile redox relativity of the 

CuDEPP, three different battery cells were constructed according to the corresponding 

redox mechanism as illustrated in Figure 6.4. In cell 1 (Li/LiPF6/CuDEPP), the CuDEPP 

was used as a cathode, and lithium foil is used as an anode with an electrolyte of 1 M 

LiPF6 in EC/DMC/PC. 

In cell 2, i.e., CuDEPP/PP14TFSI/graphite, the CuDEPP was used as an anode by coupling 

with the graphite cathode in an anhydrous ionic liquid electrolyte (PP14TFSI). 

Cell 3 (CuDEPP/LiPF6/CuDEPP) was a symmetric organic battery system employing the 

CuDEPP as both cathode and anode, 1 M LiPF6 in EC/DMC/PC was used as the 

electrolyte. 

In these three cells, both cations and anions of the electrolyte act as the charge 

carriers during the charge and discharge, which is totally different from that of the 

conventional batteries where only single type of ion (either cations or anions) shuttles 
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between the cathode and the anode during the cycling. 

 

Figure 6.4: Operation schemes for cell 1 wherein the CuDEPP is used as a cathode (left), cell 2 

system wherein the CuDEPP is used as an anode (middle), and cell 3 system wherein the 

CuDEPP is used as a cathode as well as an anode (right). 

[5,10,15,20-tetraphenylporphinato]copper(II) (CuTPP), a commercially available 

porphyrin complex, was initially tested as cathode with a construction of cell 1. 

However, the performance was unsatisfying as shown in Figure 6.5a. A discharge 

capacity of only 17 mAh g-1 (based on the mass of the active material) was observed in 

the first cycle at a current density of 100 mA g-1, which is almost an order of 

magnitude lower than that of the CuDEPP electrode (198 mAh g-1) in the voltage range 

of 4.5 - 1.8 V at 200 mA g-1. This may originate from the high solubility of CuTPP active 

material in the liquid electrolyte and/or intrinsic limitations of the electrochemical 

kinetics of the CuTPP electrode. The molecular structure of the CuTPP and CuDEPP are 

presented in Figure 6.5c and d. Considering the ethynyl moities showing exceptional 

influence on the spectroscopic and electrochemical properties of the 

porphyrins,[174–178] I assume that the altered battery performance of the electrode 

was attributed to the decoration of ethynyl substituents onto the porphyrin molecular 

structure. 



 
6 Porphyrin complex as electrode for rechargeable batteries 

89 

   

            

 

Figure 6.5: (a) Initial charge/discharge profiles of the CuTPP electrode, (b) the CuDEPP 

electrode in the voltage range of 4.5 - 1.8 V, (c, d) molecular structure of the CuTPP and 

CuDEPP. 

To determine the working potential window for the Cell 1, the cyclic voltammograms 

with a two-electrode cell system were applied using the CuDEPP electrode as working 

electrode and a Li foil as the counter electrode in a voltage range of 4.5 - 0.05 V and 

4.5 - 1.8 V, respectively. As shown in Figure 6.6a, a strong oxidative peak at 4.2 V is 

assigned to the oxidation of CuDEPP to CuDEPP2+ and a possible polymerization of the 

ethynyl units. The cathodic peaks at 3.62 V and 2.34 V correspond to the reduction 

reaction at the porphyrin core, e.g. CuDEPP2+ to CuDEPP2-. The lowest irreversible 

reductive peaks at about 1.27 and 0.78 V are likely associated with the reduction of 

the center Cu(II) to Cu(I) and/or other side reactions. In the voltage range of 4.5 - 1.8 V 

(Figure 6.6b), reversible redox couples at 2.22/2.95 V and 3.55/3.68 V were observed 

from the second cycle, which are correlated to the redox reaction of the CuDEPP 

electrode. The weak intensity of the redox peaks may be caused by the fast electron 
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transfer process among the CuDEPP electrode, which is also reflected in the sloping 

discharge/charge profiles as discussed later.  

   

Figure 6.6: (a) Initial CV curves of the Li/LiPF6/CuDEPP cell at a scan rate of 0.1 mV s-1 in a 

voltage range of 4.5 - 0.05 V, and (b) repeated CV scans in a 4.5 - 1.8 V window.  

Two voltage ranges were applied (4.5 - 1.0 V and 4.5 - 1.8 V) to investigate the 

performance of the CuDEPP electrode as shown in Figure 6.7. A first discharge capacity 

of around 450 mAh g-1 was obtained in a voltage range of 4.5 - 1.0 V, which is almost 

two times higher than the electrode cycled between 4.5 V and 1.8 V (Figure 6.7a and 

c). However, the reversible capacity faded significantly in 4.5 - 1.0 V. Better capacity 

retention was observed when the cell cycled in 4.5 - 1.8 V compared to that of in 4.5 - 

1.0 V. The CuDEPP cathode delivered a discharge capacity of 138 mAh g-1 (2 A g-1, 

Figure 6.7c and d) in the 200th cycle in 4.5 - 1.8 V, while much lower capacity of 109 

mAh g-1 (2 A g-1, 200th, Figure 6.7a and b) was obtained in the 4.5 - 1.0 V window. In 

addition, the potential hysteresis increased significantly when the cell was cycled in 

between 4.5 and 1.0 V compared to that in the 4.5 - 1.8 V window (Figure 6.7b and d). 

This may be related to the unstable structure of the CuDEPP molecule in the low 

voltage range. Hence, the voltage range of 4.5 - 1.8 V was chosen for cell 1 in the 

further investigations. 

The first charge capacity was approximately 400 mAh g-1 at a current density of 200 

mA g-1 (Figure 6.7e), which is higher than the value estimated by a two-electron 
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oxidation from the CuDEPP to CuDEPP2+ (theoretical capacity of the CuDEPP electrode 

is 47 mAh g-1 for one-electron transfer). The 1st discharge capacity was about 210 mAh 

g-1 and gradually decreased to 182 mAh g-1 in the 3rd cycle, which is close to the 

theoretical value of 187 mAh g-1 based on a four-electron reaction of CuDEPP2+ → 

CuDEPP2- (vice versa for the recharge process). 

  

  

   

Figure 6.7: Cycling performance of the Li/LiPF6/CuDEPP cell and the corresponding 

charge/discharge profiles: (a, b) in a voltage range of 4.5 - 1.0 V, (c, d) in a voltage range of 4.5 

- 1.8 V. (e) Initial charge/discharge profiles of the CuDEPP electrode in the voltage range of 4.5 

- 1.8 V, (f) dQ/dV plot of the discharge curve in e. 

Considering the long and flat voltage plateau and the corresponding intense CV signal 

at about 4.2 V during the first anodic sweep, we suspect a side reaction as origin, 
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polymerization of ethynyl group of the initial CuDEPP molecule during the first charge 

process. No well-defined voltage plateaus were observed in the subsequent cycles, 

which suggest a fast electron transfer process through a solid solution reaction 

mechanism rather than a two-phase transition mechanism. In addition, the subtle 

discharge behaviors were illustrated in a dQ/dV plot of the initial cycles as shown in 

Figure 6.7e, in which four potential peaks at 3.9, 3.7, 2.9, and 2.2 V were revealed, 

implying a four-electron transfer process. 

The rate performance of the Li/LiPF6/CuDEPP cell was further evaluated. As shown in 

Figure 6.8a, the cell maintained a discharge capacity of 185 mAh g-1 with a coulombic 

efficiency of 84 % after the initial 20 cycles at a current density of 200 mA g-1. 

Subsequently, the cell was cycled by employing increased current rates from 1 A g-1 to 

10 A g-1. The discharge capacities of 163, 143, 132, 125 mAh g-1 were observed at 

current densities of 1, 2, 4 and 6 A g-1 within a period of 100 cycles, respectively. 

Moreover, the discharge capacities can be mostly retrieved by stepwise tuning the 

current densities from 10 to 1 A g-1. An average discharge potential about 3.0 V (vs Li) 

was observed for the CuDEPP electrode. The selected discharge profiles of the CuDEPP 

electrode at different current densities are shown in Figure 6.8b, in which the potential 

slightly decreased with increasing discharge rate. Remarkably, even at a high current 

density of 10 A g-1 (53 C), the CuDEPP electrode still delivered a stable reversible 

discharge capacity of 115 mAh g-1, with a coulombic efficiency of 99.5 %. Here on 

discharge was finished within 42 seconds. This value corresponds to a specific energy 

density of 345 Wh kg-1 (based on the cathode active material) and a specific power of 

29.5 kW kg-1, which is in the range of supercapacitors.[179,180] The overlapped 

charge/discharge profiles were observed as shown in Figure 6.8c, which demonstrate 

that the voltage-fading can hardly be observed even at an extremely high current 

density of 10 A g-1 up to 100 cycles, implying excellent rate capability. 
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Figure 6.8: Electrochemical performance of the Li/LiPF6/CuDEPP cell in a voltage range of 

4.5-1.8 V. (a) rate performance, (b) selected discharge profiles at current densities from 0.2 to 

10 A g-1, (c) selected charge/discharge profiles at a current density of 10 A g-1. 

Due to the bipolar redox reactivity of CuDEPP electrode, the electrochemical behavior 

of the Li/LiPF6/CuDEPP cell was also tested by starting with discharge process based on 

the reaction of CuDEPP + 2e- → CuDEPP2- (Figure 6.9). The discharge voltage decreased 

steeply from the OCV (3.1 V) to 2.0 V, followed by a plateau at around 1.5 V, resulting 

in a capacity of 172 mAh g-1 at a current density of 200 mA g-1 (Figure 6.9a). In the 

subsequent cycling, the cell was operated between 4.5 V and 1.5 V. A reversible 

capacity of around 150 mAh g-1 was obtained in the 2nd cycle and the charge/discharge 

profiles were similar to that of the cell 1 as shown in Figure 6.9b. 

For the cycling performance of the CuDEPP electrode, the Li/LiPF6/CuDEPP cell was 

tested at a high current density of 4 A g-1 (21 C) for an extremely long-term cycling 

(8100 cycles in total). As shown in Figure 6.10, the cell was initially operated at a 
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current density of 200 mA g-1 for 20 cycles to activate the CuDEPP cathode. The 

maximal capacity of 150 mAh g-1 was obtained in the 226th cycle and the capacity 

retention was approximately 85 % for the first 2000 cycles and gradually decreased to 

60 % after 8000 cycles with a high coulombic efficiency (> 99 %). The selected 

charge/discharge profiles of the cell are shown in Figure 6.10b and c, where the 

potential hysteresis was slightly increased upon the long term cycling.  

   

Figure 6.9: (a) Initial charge-discharge profiles, (b) the profiles in the 2nd - 5th cycle of the 

Li/LiPF6/CuDEPP cell. The cell was discharged firstly from OCV to 1.5 V in a voltage range of 4.5 

- 1.5 V. 

Additional cyclic voltammograms were further captured after cycling the 

Li/LiPF6/CuDEPP cell for 2000 cycles. As shown in Fig. 6.10d, a reversible well-defined 

redox peak at approximately 3 V was presented at a sweeping rate of 10 mV s-1. In 

particular, CV curves over 10 cycles were almost identical even at a high scan rate of 

100 mV s-1 as shown in Figure 6.10e, which indicates the highly reversible process and 

excellent rate capability of the CuDEPP cathode. The stability of the Li/LiPF6/CuDEPP 

cell can be attributed to the good compatibility of the CuDEPP electrode and the liquid 

electrolyte, and the good stability of the CuDEPP molecule as well. 
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Figure 6.10: Long-term cycling of the Li/LiPF6/CuDEPP cell: (a) Cycling performance, (b, c) 

selected charge/discharge profiles at a current density of 4 A g-1. (d) CV curves of the cell 

obtained after 2000 cycles in a battery test at the scan rates of: (a) 10 mV s-1, (b) 100 mV s-1. 

The morphology and crystallinity of the CuDEPP electrode material was analyzed by 

SEM and ex situ XRD in different states, respectively. Rod-like crystalline morphology 

with about 4 μm in length and 200 - 400 nm in width for the pristine CuDEPP was 

obtained as shown in Figure 6.11a and b. The morphology of the CuDEPP particle was 

unchanged after the first cycle (Figure 6.11 c and e). Some small particles were 
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observed on the surface of the CuDEPP particles, which can be due to the formation of 

the new phases (Figure 6.11d and f). The intensity of the XRD peaks of the CuDEPP 

crystal was weakened in the charged and further reduced in the discharged state. This 

indicates the loss of crystallinity of the CuDEPP material, which can be related to the 

formation of amorphous and/or nanosized crystalline when the PF6
- and Li+ react with 

the CuDEPP molecule during the charge and discharge process. It can also not be 

excluded that the order in the stacking of the porphyrin molecules was reduced. 

   

Figure 6.11: Morphology and XRD of the CuDEPP electrode at different states: (a, b) SEM 

images of the as-prepared, (c, d) charged to 4.5 V, and (e, f) discharged to 1.8 V states, (g) 

corresponding XRD patterns in the mentioned states of the CuDEPP electrode. White and black 

scale bar in SEM images represent 2 μm and 200 nm, respectively. 

6.3.2 Porphyrin complex as anode for rechargeable batteries 

In the previous section, the CuDEPP was tested as a cathode in the Li/LiPF6/CuDEPP 

cell and excellent performance has been achieved either by charging or discharging 

the cell in the first cycle. In this section, another rechargeable battery cell is proposed 

using the CuDEPP as an anode and the graphite as a cathode, i.e. the cell 2 

(CuDEPP/PP14TFSI/graphite), as shown in Figure 6.4. 

The CV measurements of the CuDEPP/PP14TFSI/graphite cell were performed in a 
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voltage range of 4.0 - 0.0 V at scan rate of 5 mV s-1. A couple of sharp 

oxidation/reduction peak was observed at 3.51/3.14 V, which is ascribed to the 

intercalation/de-intercalation of TFSI- into/from the graphite interlayers.[120–122] In 

addition, three reduction peaks at 2.57, 1.73 and 0.66 V were observed in the 

following anodic sweep, which suggests a multi-stage process for de-intercalation of 

TFSI- from the graphite. The peak intensity was significantly reduced in the second scan 

and the CV curves stabilized after the 2nd cycle (Figure 6.12a). In particular, overlapping 

CV curves were observed in the subsequent scans at a scan rate of 20 mV s-1 (Figure 

6.12b), which implies the fast electron-transfer kinetics and the highly reversibility of 

the electrode. 

Galvanostatic charge-discharge tests for the CuDEPP/PP14TFSI/graphite cell were 

carried out in a voltage range of 4.0 - 0.0 V. The OCV of the cell was around 24 mV. A 

first discharge capacity of 94 mAh g-1 was observed (based on the mass of the CuDEPP 

material) at a current density of 1 A g-1 (Figure 6.12c). This value is close to the 

theoretical capacity of 93.5 mAh g-1 (CuDEPP  CuDEPP2-). Excellent rate capability 

was achieved at current densities from 1 to 10 A g-1 (Figure 6.12d). Notably, a 

reversible discharge capacity of 32 mAh g-1 was obtained within 12 seconds at a 

current density of 10 A g-1 (106 C), corresponding to a high specific power of 14.4 kW 

kg-1, suggesting that the power performance of the electrode is comparable to that of 

supercapacitors. 

The cycling performance of the CuDEPP/PP14TFSI/graphite cell was tested at a high 

current density of 5 A g-1 (53 C) as shown in Figure 6.12e. The capacity increased in 

initial cycles, stabilized in the following 100 cycles, and decreased slightly upon 

subsequent cycles. A reversible discharge capacity of 44 mAh g-1 was obtained in the 

200th cycle. Selected charge/discharge profiles of the cell in the 50th, 100th, and 150th 

cycle are shown in Figure 6.12f, where the voltage fading was not significant during the 

cycling, which implies a highly reversible of the electrode at a high current rate. 
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Figure 6.12: (a) Initial CV curves of the CuDEPP/PP14TFSI/graphite cell at 5 mV s-1, and (b) at 20 

mV s-1. (c) Initial charge-discharge profiles of the cell at 1 A g-1, (d) rate performance of the cell 

for 100 cycles in total, (e) cycling performance of the cell at 5 A g-1 for 225 cycles, (f) selected 

charge-discharge profiles of the cell at the 50th, 100th and 150th cycle. The voltage range 

between 4.0 V and 0.0 V was applied. 

The intercalation of TFSI- anions into graphite interlayers was verified by XRD, SEM, 

and EDX measurements. The graphite electrodes were stopped at 4.0 V in the first 

charged state, and at 0.0 V in the first discharged state. The (002) peak of the pristine 

graphite at 2θ = 26.4o shifted to a lower diffraction angle (2θ = 25.3o) in the charged 

state (4.0 V), which suggests that the lattice along of the graphite was expanded along 

c-axis by intercalating the TFSI- anion in the charge process (Figure 6.13a.). Upon 
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discharging, the expanded (002) peak was almost recovered (2θ = 26.3o), implying the 

shrinkage of the c-axis lattice upon de-intercalating of the TFSI-. Compared to the 

pattern in pristine graphite, the XRD peaks were broadened both in the charged and 

discharged states, which indicates the reduction of the crystallite size of the graphite 

upon the intercalation/deintercalation of TFSI-. 

 

Figure 6.13: (a) XRD patterns of the graphite cathode in the as-prepared (upper), charged 

(middle) and discharged state (lower), (b) SEM image of the charged graphite cathode, (b → f) 

the corresponding elemental mapping of Carbon (c), Oxygen (d), Fluorine (e), Nitrogen (f), and 

Sulfur (g), respectively.  

The intercalated TFSI- in the graphite cathode was further indicated by the EDX spectra 

and the elemental mapping (Figure 6.13b and Figure 6.14d). As shown in Figure 6.13b-f, 

the elemental mapping of carbon (C), oxygen (O), fluorine (F), nitrogen (N) and sulfur 
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(S) were uniformly distributed in the charged graphite electrode. In addition, the EDX 

spectrum further confirms the presence of the TFSI- species in the charged graphite 

cathode (see Figure A-6 in the Appendix). However, after discharging, the F, O, S, and N 

elements were still detected, which indicate that the de-intercalation of the TFSI- from 

the graphite electrode was not complete. The remaining partial TFSI- anions in the 

cathode kept expanding the graphite interlayers, which may facilitate the 

intercalation/de-intercalation processes. 

6.3.3 Porphyrin complex as both cathode and anode for rechargeable batteries 

In the previous sections, the CuDEPP was used as a cathode in the cell 1 and as an 

anode in the cell 2, both cells demonstrated highly reversible performance. In this 

section, the CuDEPP was used as both the cathode and the anode in a symmetric 

organic battery system to further probe the bipolar redox-activity (cell 3, 

CuDEPP/LiPF6/CuDEPP), the schematic of the cell 3 is shown in Figure 6.4.  

An initial discharge capacity of 72 mAh g–1 (based on the mass of active material in the 

cathode) was achieved in a voltage range of 0.0 - 2.8 V at 200 mA g-1. Due to the 

bipolar redox-activity of the CuDEPP electrode, it can be oxidized to the CuDEPP2+ 

species during the charge (the CuDEPP as a cathode indicated in the Chapter 6.3.1) 

and it can also be reduced to the CuDEPP2– species in the discharge (the CuDEPP as an 

anode indicated in the Chapter 6.3.2). Hence, in the symmetric cell, a two-electron 

redox process can be taken place in both CuDEPP cathode and CuDEPP anode in a 

voltage range of 0.0 - 2.8 V. In the cathode, the redox reaction involved between 

CuDEPP and CuDEPP2+ species, i.e. CuDEPP + 2PF6
- ↔ CuDEPP(PF6)2 + 2e-. Meanwhile, 

in the anode, the redox reaction occurred between the CuDEPP and CuDEPP2- species, 

i.e. CuDEPP + 2Li+ ↔ Li2CuDEPP - 2e-. The capacity decreased upon cycling, discharge 

capacity of 59 mAh g-1 was obtained in the 5th cycle as shown in Figure 6.14a. However, 

large irreversible capacities were observed, which are probably related to the side 
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reaction of the electrolyte and/or the asymmetric kinetics in the cathode and the 

anode. 

In order to further probe the bipolar redox-activity of the CuDEPP molecule (i.e. 

CuDEPP2+ ↔ CuDEPP2–), the symmetric cell was also operated in a large voltage range 

of 2.6 - (-1.8) V. Four electrons can therefore be transferred between the CuDEPP2+ and 

CuDEPP2- species in total. The voltage at 0.0 V (CuDEPP cathode vs CuDEPP anode) 

shown in the dotted line suggests that the symmetric cell has returned to its original 

state as shown in Figure 6.14b. A negative potential was observed in the profiles, 

meaning the formation of the CuDEPP2- species in the cathode and the formation of 

CuDEPP2+ species in the anode in the discharge process (vice versa for the charge 

process). Reversible capacities of 138, 136, 134 mAh g-1 were obtained in the 10th, 20th, 

30th cycle, respectively.  

    

Figure 6.14: Charge/discharge profiles of the CuDEPP/LiPF6/CuDEPP cell: (a) Initial cycles in 

2.8-0.0 V, (b) profiles of the 10th, 20th, 30th cycle in the 2.6 - (-1.8) V window.  

Figure 6.15 shows the Regone plots for various energy storage systems. In contrast to 

the comparably slow lithium insertion process in oxide host materials of Li-ion 

batteries, higher rate capability can be achieved with the CuDEPP electrode. In 

particular, the observed specific power density of the CuDEPP electrode was close to 

that of the supercapacitors without sacrificing its high specific energy density (same 

order of magnitude as Li-ion battery). Therefore, an energy storage device using 

CuDEPP molecule as electrode-active material has the potential for bridging the gap 
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between batteries and supercapacitors.  

 

Figure 6.15: Ragone plots of the energy density and power density for various energy storage 

systems. Data refer to the Ref.[32,181–188] 

In this chapter, we have developed a novel bipolar redox organic material of 

[5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) as electrode for rechargeable 

batteries. Three different battery cells have been constructed for investigating the 

electrochemical performance and the reaction mechanism of the CuDEPP electrode. 

During the cycling, both cations and anions of the electrolyte migrate between the 

cathode and anode. Excellent cycling stability and high rate capability have been 

achieved for the CuDEPP electrode either as a cathode or as an anode in the cells. 

Both high specific energy and high power density of the CuDEPP electrode have been 

observed, which would bridge the gap between the conventional rechargeable 

batteries and the supercapacitors for energy storage. 
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Chapter 7 VOCl as a novel electrode for rechargeable 

Li-ion and Na-ion batteries 

7.1 Introduction 

This chapter is based on the publication of Electrochem. Commun., 2015, 60, 180-184, 

entitled “Vanadium oxychloride as electrode material for sodium ion batteries”, 

copyright (2015) Elsevier, and the publication of Journal of The Electrochemistry of 

Society, 2016, 163 (10) A2326-A2332, entitled “Electrochemical behavior of layered 

vanadium oxychloride in rechargeable lithium ion batteries” Copyright 2016 The 

Electrochemical Society. 

Much progress has been achieved with the intercalation materials for rechargeable 

batteries, e.g. Li-ion batteries (LIBs) and Na-ion batteries (SIBs), because of their good 

cycle performance and rate capability.[189–191] However, the theoretical specific 

capacities are relatively low due to the limited number of vacant sites for Li (Na) ions 

intercalation/de-intercalation. Novel electrode materials capable of transferring more 

electrons per formula unit are therefore desirable. The number of electrons involved in 

an alloying/de-alloying reaction or in a conversion reaction can be more than one per 

formula unit, which enables high theoretical capacities, in principle. 

In this chapter, a new layered VOCl material as electrodes is investigated for 

rechargeable Li-ion and Na-ion batteries. In chapter 4 and 5, the VOCl has been tested 

as electrode-active material in rechargeable chloride ion batteries, showing good 
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electrochemical performance. It has been found that the VOCl is air-stable and it is 

insoluble in the electrolytes so far. A high theoretical capacity of 260 mAh g-1 would be 

obtained in case of a full reaction of 1 VOCl with 1 Li (Na). Moreover, if a conversion 

reaction mechanism works with this compound as well, e.g. VOCl + 3 Li+ + 3 e- ↔ Li2O 

+ V + LiCl, the theoretical capacity of the VOCl electrode can be up to 788 mAh g-1. In 

this chapter, the electrochemical performance and the reaction mechanism of the 

VOCl electrode for Li-ion and Na-ion batteries has been studied.  

7.2 Experimental section 

7.2.1 Electrode preparation 

The preparation of the VOCl electrode for LIBs and SIBs is described in chapter 4.2.3 

and chapter 5.2.1, respectively. 

7.2.2 Material characterization 

Scanning electron microscopy (SEM) was carried out in a ZEISS LEO 1530 instrument. 

Fourier transform infrared spectroscopy (FTIR) measurements were performed using a 

Perkin Elmer infrared spectrometer (Spectrum Two L1600401) in an argon-filled glove 

box. Powder X-ray diffraction (XRD) patterns were recorded in transmission geometry 

using a STOE STADI-P diffractometer with a Cu Kα radiation source ( = 0.154 nm, 

operated at 40 kV and 40 mA). For ex-situ XRD measurements, the cycled VOCl 

electrode was carefully disassembled in the argon-filled glove box, washed with DMC 

and then dried at 353 K under vacuum overnight. X-ray photoelectron spectroscopy 

(XPS) data were recorded on a Physical Electronics PHI 5800 ESCA System using 

monochromatized Al Kα radiation (13 kV, 250 W) and a pass energy of 29.35 eV for 

detail scans and of 93.9 eV for survey scans, respectively. The binding energies (BEs) of 

the XPS peaks were referenced to the C(1s) signal of adventitious carbon at 284.8 eV. 
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Ex situ V K-edge XANES experiments were performed at the KMC-2 beamline at the 

BESSY II synchrotron in the transmission mode in Berlin, Germany. Powder samples 

were prepared and sealed in plastic bags in an argon-filled glovebox. Two argon-filled 

ionization chambers were used to detect the incident intensity and the transmitted 

intensity. Energy calibration was done by using V reference foils. The XPS and XANES 

measurements and data evaluation were performed by the operator of the 

instrument. 

7.2.3 Electrochemical measurements 

1 M LiPF6 dissolved in a mixture of EC/DMC/PC was used as an electrolyte for LIBs (EC : 

DMC : PC = 1 : 3 : 1, volume ratio). 1 M sodium perchlorate (NaClO4) dissolved in PC 

was used as the SIB electrolyte. Glass fiber filters (GF/D, Whatman) served as 

separators for both LIBs and SIBs. All electrodes and cells were fabricated in an 

argon-filled glove box with water and oxygen contents below 0.1 ppm. 2032-type coin 

cells were used for measuring the electrochemical performance of the VOCl electrode. 

The lithium foil and sodium foil were used as reference electrodes in LIBs and SIBs, 

respectively. The charge and discharge measurements were performed with an Arbin 

BT2000 battery system at 298 K. The cyclic voltammetry (CV) and electrochemical 

impedance spectroscopy (EIS) data were collected with a Biologic VMP-3 

electrochemical workstation. 

7.3 Results and discussion 

7.3.1 VOCl electrode for lithium ion batteries 

The electrochemical redox behavior of the VOCl electrode was characterized by CV 

measurements in a voltage range of 0.05 - 3.0 V (vs Li) at a scan rate of 0.1 mV s-1. 

Initial CV curves of the VOCl electrode are shown in Figures 7.1. Four cathodic peaks of 
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2.08 V, 1.82 V, 1.63 V and 1.48 V were observed in the first cathodic scan down to 1.2 V, 

which implies a multi-step reaction involving sequential intercalation of lithium ions 

into the layered VOCl structure. Subsequently, an intense cathodic peak at 0.42 V was 

observed, which is ascribed to a conversion reaction during the further lithiation 

process. Few small peaks at 1.07 V, 0.95 V, 0.18 V, 0.12 V, which were only detected in 

the first cycle, may be related to an SEI formation and/or minor side reaction of the 

electrolyte in the initial discharge. From the 2nd cycle to the 4th cycle, two stable redox 

couples at 2.1/2.2 V and 1.0/1.2 V were observed (Figure 7.1b), which suggests a 

similar reaction path in these cycles.  

The electrochemical performance of the VOCl electrode was tested in LIBs in a voltage 

range of 0.05 - 3.0 V (Figures 7.1c and d). Current density of 100 mA g-1 was applied for 

both charge and discharge processes. Two plateaus at 2.07 V and 1.61 V were 

observed in the first discharge down to 1.5 V (Figure 7.1c). Subsequently, a plateau-like 

region at 1.2 V appeared which is related to the intercalation of lithium ions into the 

VOCl material. Further lithiation led to a long slope from 0.85 to 0.3 V with a capacity 

contribution of about 756 mAh g-1, which corresponds to the conversion reaction of 

the electrode with Li and will be discussed later. A total discharge capacity of 1228 

mAh g-1 was obtained in the first cycle, which is higher than the theoretical capacity of 

788 mAh g-1 based on the reaction of VOCl + 3 Li+ + 3 e- ↔ Li2O + V + LiCl. This excess 

capacity can be ascribed to initial side reactions of the electrode, probably with the 

electrolyte and/or the formation of solid electrolyte interface (SEI). A capacity of 759 

mAh g-1 (corresponding to 2.8 Li per VOCl) was recovered in the first recharge (Figure 

7.1c). In the 2nd cycle (Figure 7.1d), discharge capacity of 666 mAh g-1 (corresponding 

to 2.5 Li per VOCl) was obtained with a recharge capacity of 675 mAh g-1, giving a 

coulombic efficiency of 98.6%.  
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Figure 7.1: (a, b) Initial CV curves of the VOCl electrode at a scan ratio of 0.1 mV s-1 in a voltage 

range of 0.05 - 3.0 V, (c, d) Initial charge-discharge profiles of the VOCl electrode in 0.05 - 3.0 V 

at a current density of 100 mA g-1, (e, f) Initial charge-discharge profiles of the VOCl electrode 

in 1.0 - 3.0 V at 100 mA g-1. 

A narrower voltage range of 1.0 - 3.0 V was also applied to further investigate the 

performance of the VOCl electrode. Two main plateaus at 2.0 V and 1.6 V with a 

capacity contribution of 169 mAh g-1 were observed at 250 mA g-1 in the first discharge 

as shown in Figure 7.1e, which is equivalent to a transfer of 0.65 e- per formula unit. 

Different from that of the large change in the voltage curve after the 1st cycle in 0.05 - 

3.0 V, the charge/discharge profiles of the VOCl electrode kept their peculiar shape 
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during cycling in the voltage range of 1.0 - 3.0 V (Figure 7.1f). This implies that the 

electrode reaction involved different reaction paths in 0.05 - 3.0 V and 1.0 - 3.0 V. The 

charge-discharge profiles of the VOCl electrode in the mentioned two different 

voltages range are shown in Figure 7.2. As no obvious change in the voltage curves 

were observed in the first and subsequent cycles in the voltage range of 1.0 - 3.0 V, 

which indicates that the reaction is most likely only attributed to the lithium ions 

intercalation/de-intercalation in the stable layered VOCl structure. In contrast, the 

electrochemical reaction of the VOCl electrode in the voltage range of 0.05 - 3.0 V 

likely involves a combination of an initial intercalation and a subsequent conversion 

reaction process. More detailed investigations on the phase evolution of the VOCl 

electrode during cycling will be discussed below.  

 

Figure 7.2: Initial charge/discharge profiles of the VOCl electrode at 100 mA g-1 in the voltage 

range of 1.0 - 3.0 V (green and black lines) and in 0.05 - 3.0 V (red and blue lines). 

The cycling performance of the VOCl electrode was tested in the voltage range of 0.05 

- 3.0 V at different current densities as shown in Figure 7.3a. Discharge capacities of 

1204, 1179 and 1154 mAh g-1 with the corresponding recharge capacities of 670, 638 

and 613 mAh g-1 were obtained in the first cycle at 260, 320 and 640 mA g-1, 
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respectively. In the 2nd cycle, the discharge capacities of 653, 625 and 608 mAh g-1 

were obtained accordingly and the capacity faded significantly in the first 20 cycles. 

After 120 cycles, discharge capacities of 351, 312 and 290 mAh g-1 were obtained at 

the mentioned current densities for the VOCl electrode, respectively. Selected 

charge/discharge profiles (the 10th and 50th cycle) of the VOCl electrode are shown in 

Figures 7.3b, in which similar charge/discharge profiles were observed at different 

current densities during the electrochemical reaction. In addition, the potential 

hysteresis (polarization) of the electrode increased after 50 cycles, implying an 

increase of the kinetic barriers during cycling. 

   

    

Figure 7.3: (a) Cycling performance of the VOCl electrode at various current densities in a 

voltage range of 0.05 - 3.0 V, (b) selected charge/discharge profiles of the VOCl electrode in 

the 10th and 50th cycles at 260, 320 and 640 mA g-1, (c, d) Initial charge-discharge profiles of 

the carbon black electrode in a voltage range of 0.05 - 3.0 V at 260 mA g-1. 

Note that the capacity contribution from the conductive carbon black in the VOCl 

electrode has been deducted by testing pure carbon black as active material in the cell. 
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voltage range of 0.05 - 3.0 V are shown in Figure 7.3c and d. It delivered a reversible 

discharge capacity of 173 mAh g-1 in the 2nd cycle, where capacity contributed mainly 

in the voltage range between 1.0 V and 0.05 V. 

The reaction mechanism of the VOCl electrode was characterized by means of ex-situ 

XRD, XPS, XANES and IR measurements. Figure 7.4a shows the first charge and 

discharge curves in which seven different states were taken for the ex-situ XRD 

measurements. In the as-prepared state, the pattern can be assigned to the reference 

VOCl phase (PDF no. 01-074-1274, Figure 7.4b). After discharge to 1.2 V (state B), the 

(001) reflection (2θ = 11.1°) of the pristine VOCl disappeared and a new peak at 2θ = 

6.9° appeared. With ongoing discharge, this peak further shifted to 2θ = 5.4° at 0.76 V 

(state C) and to 2θ = 3.1° at 0.4 V (state D). The continuous shift of the (001) peak can 

be ascribed to the intercalation of lithium ions into the VOCl interlayer in initial steps 

(state A → C), leading to an increase of the d-spacing. Such behavior of expansion the 

plane is very similar to that of analogous layered material upon intercalation of lithium 

ions.[192] The reflection peak at 2θ = 3.1° does not show a further shift in the 

following discharge and recharge processes (state D → G). Apart from this feature, a 

notable change in the diffraction patterns was observed between state C and D, which 

can be attributed to a conversion reaction, occurring at the theoretical potential (0.81 

V) of the reaction VO + 2 Li+ + 2 e- ↔ Li2O + V. Upon discharging to 0.05 V (state E), the 

intensity of the XRD pattern gradually decreased, which indicates a loss of the 

crystallinity of the electrode. 

Li2O, LiCl and V metallic phases, which should be formed according to the proposed 

reaction of VOCl + 3 Li+ + 3 e- ↔ Li2O + V + LiCl, were not detected by XRD in the first 

cycle. This may be due to the formation of amorphous phases and/or of nanosized 

particles, which are found frequently in the conversion reactions - or due to a different 

reaction mechanism that is not reflected in the reaction equation above. LiCl and Li2O 

phases, however, were further identified by IR measurement, in which the absorption 
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peaks related to the Li2O and LiCl vibration (references at 452, and 498 cm-1) were 

detected in the first discharged state (Figure 7.5a), which further confirms the 

conversion reaction of the VOCl electrode and giving hints for the correctness of the 

initial hypothesis about the reaction mechanism. 

 

Figure 7.4: (a) Charge-discharge profile of the VOCl electrode in the first cycle where seven 

points were taken for the ex-situ XRD measurements, A → G denote the VOCl electrode in the 

as-prepared (A), discharged to 1.2 V (B), 0.76V (C), 0.4 V (D), 0.05 V (E), and recharged to 1.8 V 

(F) and 3.0 V states(G), (b) ex situ XRD patterns of the VOCl electrode at different states. 

Furthermore, XRD patterns of the VOCl electrode in the 1st charged and 2nd charged 
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states are similar as shown in Figure 7.5b. No characteristic pattern corresponding to 

the as-prepared VOCl can be found in the recharged states (charged to 3.0 V). Instead, 

XRD pattern of the expanded VOCl electrode was observed, which suggests that some 

of the lithium ions remained in the VOCl during the cycling. Based on the contributed 

capacity in the 1st recharge and the 2nd discharge as shown in Figures 7.1c and d, the 

product in the charged state can reasonably be regarded as an intercalated phase of 

LixVOCl (x ≈ 0.3). 

Ex situ XPS measurement was carried out to probe the oxidation state of vanadium on 

the surface the VOCl electrode in different electrochemical states as shown in Figure 

7.6a. In the as-prepared VOCl electrode, a single peak was detected in the V2p3/2 

spectrum at a binding energy (BE) of 516.3 eV, which is assigned to V(+III).[156] In the 

discharged electrode (0.05 V), the XP spectrum indicates a mixture of vanadium 

species with different oxidation states. The peak components at 516.2 eV, 514.7 eV 

and 512.3 eV are assigned to the oxidation states V(+III), V(+II) and V (0), 

respectively.[193,194] The observation of V (0) in the discharged state further supports 

the earlier conclusion that a multi-electron conversion reaction occurs during the 

electrochemical reaction. Therefore, the high reversible capacity of 675 mAh g-1 in the 

first recharge process at 100 mA g-1 can, at least in part, be attributed to the 

conversion reaction of VOCl + 3 Li+ + 3 e- ↔ V + Li2O + LiCl. In the spectrum of the 

following fully recharged state (3.0 V), peaks at 516.4 eV and 514.8 eV were detected 

which are assigned to the oxidation states V(+III) and V(+II), respectively. This indicates 

that the metallic vanadium atoms in the discharged state can be reversibly oxidized in 

the recharge process. However, oxidation does not fully lead back to the initial state of 

V(+III) (of VOCl), a part of vanadium atoms remains in the oxidation state V(+II) at the 

surface. This result is in good agreement with the XRD observations, where showed 

that diffraction features observed at 2θ = 3.1° in the 1st and 2nd recharged state (Figure 

7.5b) were similar but different from that of the VOCl pattern in the as-prepared state, 
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indicating a mixture of oxidation states of vanadium in the recharged VOCl electrode. 

 

Figure 7.5: (a) IR spectra of the as-prepared and the discharged VOCl electrode (0.05 V), LiCl, 

Li2O and PVDF binder were added for the reference. (b) XRD patterns of charged VOCl 

electrode in the 1st and the 2nd cycles. 

To probe also the bulk V species for comparison, ex-situ vanadium K-edge XANES 

measurements were carried out at the VOCl electrode. Normalized V K-edge XANES 

spectra together spectra from a vanadium metal reference are shown in Figure 7.6b. 

The spectrum of the as-prepared VOCl shows that the V K-edge XANES exhibits a weak 

pre-edge absorption feature at a low energy (~ 5466 eV), followed by a shoulder (at 

5476 eV) and the main absorption edge (at 5482 eV) at a higher energy. These features 
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transition and the dipole-allowed 1s  4p transition of the vanadium atom, 

respectively.[195] The pre-edge for the as-prepared VOCl sample is relatively weak, 

which indicates a strong forbidden transition of 1s  3d in the octahedral VO4Cl2.[196] 

The discharged (1.0 V) electrode shows the similar spectra shape as the as-prepared 

VOCl electrode, which indicates that the chemical environment of the V atoms in VOCl 

does not change much after intercalation of lithium ions during discharging to 1.0 V.  

 

Figure 7.6: (a) V2p3/2 region of XP spectra of the as-prepared, fully discharged (0.05 V) and 

recharged (3.0 V) VOCl. (b) Ex-situ XANES spectra of the VOCl electrode at as-prepared, 

discharged (1.0 V, 0.05 V), and recharged (3.0 V) states, the spectrum of vanadium metal was 

used as the reference.  
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However, after discharging to 0.05 V, the shoulder absorption peak at 5476 eV 

disappeared. Note that mixed oxidation states of vanadium have been found on the 

surface by XPS measurement in the fully discharged state (0.05 V). If this is valid for the 

bulk as well, the observed V K-edge absorption profiles in the discharged state (0.05 V) 

are an addition of scattering contributions from different vanadium species. Upon 

recharging to 3.0 V, an intense pre-edge peak at 5469 eV appears, indicating the weak 

forbidden transition of 1s  3d. The shoulder absorption is still absent, which is 

different from the as-prepared VOCl sample. This finding supports the conclusions 

from XPS and XRD measurements, where a mixture species of vanadium was detected 

by XPS and the expanded VOCl phase was observed by XRD in the recharged VOCl 

electrode (3.0 V), respectively, showing different chemical environment of vanadium in 

the pristine and the recharged VOCl electrode.  

The morphology of the VOCl electrode material during the electrochemical reaction 

was investigated by SEM as shown in Figure 7.7. The as-prepared VOCl in Figure 7.7a 

shows that the VOCl particles with a rod-like morphology are dispersed in carbon black 

particles. After discharging to 1.2 V, particle size remained similar to that of the 

as-prepared VOCl (Figure 7.7b). In the fully discharged state (0.05 V), many 

nanoparticles were observed on the surface of the VOCl material (Figures 7.7c and 

7.7d), which suggests the formation of new phases through the mentioned conversion 

reaction. The size of the VOCl particles was reduced after 1st cycle in the recharged 

state (Figure 7.7e and f) and strongly reduced after 100 cycles (Figure 7.7g and h), 

which indicates the refinement of the particles during the conversion reaction. 

The performance of the VOCl electrode during the electrochemical reaction was 

further investigated by electrochemical impedance spectroscopy (EIS) and cyclic 

voltammetry (CV) measurements. The EIS of the cell in the as-prepared, discharged to 

1.2 V and discharged to 0.05 V states in the first cycle in Figure 7.8a shows that the 

charge transfer resistance (Rct, reflected in the diameter of the semicircle[197]) of the 
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cell decreased with the degree of discharge. This can be due to an increase of 

electronic conductivity of the VOCl electrode by intercalating of lithium ions, similar to 

earlier reports in other analogous layered materials.[198]  

 

Figure 7.7: SEM images of the VOCl electrode at various states, (a) as-prepared, (b) discharged 

to 1.2 V, (c, d) discharged to 0.05 V, (e, f) recharged to 3.0 V in the 1st cycle, and (g, h) 

recharged to 3.0 V in the 100th cycle. 

The charge storage in a battery through a faradaic process normally contains two parts, 

i.e. the diffusion controlled Li+ insertion and contributions from surface or near-surface 

redox reactions (pseudocapacitance). The contribution of each part can be calculated 

according to the equation (7.1) and equation (7.2) by analysis of CV data taken at 
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various scan rates:[199–201] 

i = avb                              (7.1) 

log (i) = b log (v) + log (a)               (7.2) 

where i is the peak current, v is the CV scan rate, and a and b are the adjustable fit 

parameters. When b approaches 1 or 0.5, the system is dominated by capacitance or 

by Li+ insertion diffusion, respectively. Figure 7.8b shows CVs, which were obtained at 

different scan rates. Plots of log (i) vs. log (v) are shown in Figure 7.8c, and the inset 

displays the b-values which were extracted for different oxidation and reduction states. 

The average b value is 0.81, which indicates that the capacitance contribution cannot 

be neglected during the electrochemical reaction. In that case, the current response (i) 

at a fixed potential (V) should consist of two parts, the capacitive contribution (k1v) 

and the diffusion-controlled insertion (k2v1/2), as shown in equation (7.3).[202] 

i (V) = k1v + k2 v1/2                     (7.3) 

By determining k1 and k2, it is thus possible to calculate the fraction of the capacitive 

contribution and of the Li+ insertion to the total current. Figure 7.8d shows the CV at a 

scan rate of 0.5 mV s-1 in the 3rd cycle. The shadowed region indicates the 

pseudocapacitance contribution to the overall current response, which was deduced 

from current analysis. A similar capacitance behavior has also been found for several 

other layered metal oxides and metal dichalcogenides.[200–204]  

Based on the observed results, lithium storage in the VOCl electrode is proposed to 

proceed along the following mechanism as follows: 

VOCl + x Li+ + x e- ↔ LixVOCl   (0 < x ≤ 1)                        (7.4)  

LixVOCl + y Li+ + y e- ↔ y VO + y LiCl + Lix(VOCl)1-y  (0 < x + y ≤ 1)      (7.5) 

VO + 2 Li+ + 2 e- ↔ V + Li2O                                    (7.6) 
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Overall reaction: VOCl + 3 Li+ + 3 e- ↔ V + Li2O + LiCl                (7.7) 

   

    

Figure 7.8: (a) Nyquist plots of the VOCl electrode at the as-prepared, discharged to 1.2 V and 

discharged to 0.05 V states, (b) CV curves of the VOCl electrode obtained at various scan rates 

after 3 cycles, (c) b-value determination of the peak cathodic and anodic currents (i) at 

scanning rate (v) from 0.1 to 2 mV s-1, (d) CV curve at a scan rate of 0.5 mV s-1 with 

pseudocapacitive contribution (shadowed region) to the total current. 

Obviously, lithium ions intercalate into the layered VOCl during the initial steps 

(equation 7.4 and equation 7.5, the EMF is 2.4 V), and a fraction of the formed of 

LixVOCl (0 < x ≤ 1) is reduced to VO and LiCl. Subsequently, additional lithium ions (2 

mol per formula unit, theoretical amount) can further react with VO (1 mol), leading to 

the formation of V and Li2O (equation 7.6, the EMF is 0.81 V). Theoretically, 3 electrons 

per VOCl formula unit in total can be transferred during the electrochemical reaction 

leading to a theoretical capacity of 788 mAh g-1 with an EMF of 1.34 V for the total 

reaction (equation 7.7). In addition, a diffusion-controlled Li+ insertion process and a 

pseudocapacitive contribution in the surface or near-surface redox reaction have been 

identified for the charge storage of VOCl electrode in a lithium ion rechargeable 

0 10 20 30 40 50

0

5

10

15

20

25

 

 

Z
''/

 (
o

h
m

)

z'/ (ohm)

 OCV

 dis 1.2  V

 dis 0.05 V

0.0 0.5 1.0 1.5 2.0 2.5 3.0
-4

-3

-2

-1

0

1

2

 

 

C
u

rr
e

n
t/

 (
m

A
)

Voltage/ (V)

 0.1 mV s
-1

 0.2 mV s
-1

 0.5 mV s
-1

 1.0 mV s
-1

 2.0 mV s
-1

peak 1
peak 2

peak 3

peak 4

-0.9 -0.6 -0.3 0.0 0.3

-1.2

-0.9

-0.6

-0.3

0.0

0.3

 

 

 peak 1

 peak 2

 peak 3

 peak 4

lo
g

 (
i)

log (v, scan rate)

state peak b-value

oxidation 1 0.76

2 0.84

reduction 3 0.72

4 0.93

0.0 0.5 1.0 1.5 2.0 2.5 3.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

 

 

C
u

rr
e

n
t/

 (
m

A
)

Voltage/ (V)

 0.5 mV s
-1

 Capacitance

(a) (b) 

(c) (d) 



 
7 VOCl as a novel electrode for rechargeable Li-ion and Na-ion batteries 

119 

battery. 

7.3.2 VOCl electrode for sodium ion batteries 

In the previous section, the layered VOCl material has been tested as electrode in LIBs, 

in which a high reversible capacity of 759 mAh g-1 has been obtained, corresponding 

to 2.8 Li per VOCl. Since the similar reaction mechanism for LIBs and NIBs, the VOCl 

material might also be used as an electrode in SIBs. Based on the observations in the 

previous section, the layered VOCl material can, in principle, either be as an 

intercalation-type electrode or as a conversion-type electrode in LIB depending on the 

working voltage windows, or both. To check the intercalation behavior, a narrow 

voltage window, i.e. 1.0 - 3.0 V, was used for the VOCl electrode in SIBs.  

    

Figure 7.9: CV curves of the VOCl electrode in: (a) initial 5 cycles, (b) following cycles (6th-13th) 

in a voltage range of 1.0 - 3.0 V. The scanning rate was 0.1 mV s-1. 

The electrochemical behavior of VOCl vs. Na was investigated by CV measurements 

and galvanostatic charge-discharge tests. Initial CV curves of the VOCl electrode in a 

voltage range of 1.0 - 3.0 V are shown in Figure 7.9. Five redox couples at 2.65/2.70 V, 

1.86/1.95 V, 1.48/1.67 V, 1.25/1.46 V and 1.04/1.14 V (vs. Na/Na+) were observed in 

the first cycle (Figure 7.9a). After the initial cycles, three main redox peaks at 

2.64/2.72 V, 1.86/1.97 V, 1.42/1.46 V remained from the 6th cycle to the 13th cycle as 

shown in Figure 7.9b. From the results of CV, it can be concluded that the reaction of 

the VOCl electrode with Na proceeds in multiple steps with different intermediate 
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reaction products, similar behavior has been reported in other electrode materials in 

SIB.[205,206] 

Figure 7.10 shows the charge and discharge curves of the VOCl electrode at 0.5 C in 

the voltage range of 1.0 - 3.0 V for initial 10 cycles (1 C = 260 mA g-1). An initial 

discharge capacity of 120 mAh g-1 was obtained, corresponding to 0.46 mol of sodium 

per mole VOCl. In the second cycle, the charge and discharge curves were similar to 

that of the first one and a coulombic efficiency of 92 % was observed. The capacity loss 

during the first cycle may be ascribed to an irreversible process leading to an interface 

layer at the surface and/or the structural changes associated with a loss of the 

electrical contact of a part of the active material. The features of the charge and 

discharge curves of the 2nd cycle to the 10th cycle were very similar, implying the 

similar reaction path during the charge and discharge processes. 

 

Figure 7.10: Charge-discharge curves of the VOCl electrode vs. Na/Na+ at 0.5 C in a voltage 

range of 1.0 - 3.0 V for initial 10 cycles.  

The cycling performance of the VOCl electrode cycled at 1 C is shown in Figure 7.11a. 

The electrode delivered an initial discharge capacity of 117 mAh g-1. A discharge 

capacity of 80 mAh g-1 was maintained after 55 cycles, corresponding to capacity 

retention of 68 %. The coulombic efficiency between 92 % and 95 % indicates side 

reactions of the electrode, probably with the electrolyte. By coating the surface of 
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VOCl or confining the VOCl into conductive porous material, the cyclic stability of the 

electrode might be improved further. Figure 7.11b shows selected charge/discharge 

profiles of the VOCl-Na cell at 1 C in different cycles. It exhibited similar behavior to 

the one which was cycled at 0.5 C as shown in Figure 7.10. However, the polarization 

increased, resulting in a lower discharge potential during cycling.  

    

Figure 7.11: (a) Cycling performance, (b) selected charge/discharge profiles of the VOCl 

electrode at 1 C rate, in a voltage range of 1.0 - 3.0 V. 

In order to investigate the Na-storage mechanism in the VOCl electrode, several 

analytical techniques were employed at various states of charge and discharge. For a 

first overview, ex-situ XRD measurements were performed on the VOCl electrode at 

different charged and discharged states as shown in Figure 7.12. Five points related to 

different states of the VOCl electrode in the first cycle shown in Figure 7.12a were 

taken for ex-situ XRD measurements. The reflections corresponding to the as-prepared 

VOCl were still present but also new diffraction peaks with high intensity appeared at 

low angles (2θ = 6.96°) during the discharge process. Similar behavior was also 

observed after lithiation of layered iron oxychloride by Aurora et al.[192] The observed 

new diffraction peak at 2θ = 6.96° corresponds to a d-spacing value of 12.68 Å. The 

expanded d-spacing along the c axis strongly supports the assumption of Na 

intercalation in the lattice of VOCl. Besides these peaks, the diffraction peaks 

corresponding to NaCl (PDF card no. 00-001-0994) were also observed in the 

discharged state which indicates that, upon sodiation, part of VOCl underwent a 
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conversion reaction.  

 

 

Figure 7.12: (a) Different electrochemical states of the VOCl electrode in the 1st cycle, where 

ex-situ XRD measurement were taken, (b) XRD patterns of the VOCl electrode at different 

states in the 1st cycle, discharged (1.0 V) and recharged (3.0 V) state in the 2nd cycle. 

However, the detection of VO in discharged states was not possible from XRD data 

(Figure 7.12b), which may be attributed to the formation of nanoparticles and/or 

amorphous phases. The NaCl phase was still detectable in recharged states (recharged 

1.8 V and 3.0 V), which suggests the partial reconversion of NaCl to VOCl during the 
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recharge. In addition, the patterns of the discharged and recharged VOCl in the 2nd 

cycle were similar to that of the 1st cycle, which demonstrate a similar path during the 

cycling. However, the reflection peak at 2θ = 6.96° remained in the 1st and 2nd 

recharged states, which indicate that the d-spacing along c-axis of the VOCl was still 

expanded even in the recharged state, when the material was depleted from Na. 

To gain further insight in the reaction mechanism, SEM and EDX measurements were 

performed on the discharged VOCl electrode. Figure 7.13a and b shows SEM images of 

the discharged (1.0 V) VOCl electrode. Sub-micrometer sized particles can be seen on 

the surface of the discharged electrode which may correspond to new phases formed 

in the first discharge (Figure 7.13b). The elemental mapping in Figure 7.13c shows that 

the sodium was dispersed homogeneously in the discharged VOCl electrode. The 

elements V, O, Cl, F and Na were observed in the discharged state (Figure 7.13d) which 

provides evidence for the insertion of Na in the electrode. The high carbon content 

was caused by the carbonaceous substrate for the measurement and PDVF binder in 

the electrode. The F signal can be attributed to the fluorine content of the PVDF 

binder.  

Summarizing the result above, we propose the sodium storage mechanism of VOCl 

electrode as follows:  

VOCl + x Na+ + x e- ↔ NaxVOCl                           (7.8) 

NaxVOCl +y Na+ + y e- ↔ y NaCl + y VO + Nax(VOCl)1-y         (7.9) 

During the first discharge process, x mol of sodium ions (per formula unit of VOCl) 

intercalate in the interlayers of the VOCl, leading to an expansion along the c axis (0 < x 

< 1, EMF = 2.4 V). In addition, the new phase of NaCl is formed by taking additional y 

mol of sodium ions in the discharge process (0 < x + y < 1, EMF = 2.4 V). In the recharge 

process, discharge product of NaxVOCl and NaCl are partially converted into the 

original state. This means the sodium storage mechanism of VOCl and Na is a 
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combination of intercalation and conversion reaction in the voltage range between 1.0 

V and 3.0 V (vs Na). 

 

Figure 7.13: (a, b) SEM images of the discharged of the VOCl, (c) the corresponding mapping, 

and (d) the EDX spectrum. 

In this chapter, we have investigated the layered VOCl as an electrode-active material 

in both Li-ion batteries and Na-ion batteries. The electrochemical performance and the 

reaction mechanism have been studied by various techniques, e.g. ex-situ XRD, XPS, 

XANES, FTIR and SEM. A combination of intercalation and conversion reaction has 

been proposed for the VOCl electrode depending on the working voltage windows. 
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Chapter 8 Conclusions 

The introduction of renewable energy storage in our energy system raises great 

challenges with respect to high energy densities, long cycle lives, good safety and 

low-cost of electrical storage devices, rechargeable batteries in particular. In this 

investigation, efforts have made on developing of novel electrode materials and 

concepts for rechargeable batteries aiming at broadening the idea for building better 

energy storage devices. 

Three rechargeable batteries based on anionic and/or cationic shuttles have been 

investigated and some promising results are documented which might help future 

improvements in the field of electrochemical energy storage. Two new 

electrode-active materials, vanadium oxychloride (VOCl) and 

[5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP), have been 

developed for the rechargeable batteries. The electrochemical characterizations and 

the reaction mechanism of these electrodes have been systematically investigated. 

Rechargeable chloride ion battery based on chloride ion transfer has a high theoretical 

energy density up to values of 2500 Wh L-1 depending on potential electrochemical 

couples, which has the potential for extending the energy storage of the lithium ion 

batteries. The implementation of the VOCl cathode in the chloride ion batteries was 

discussed in Chapter 4 and 5, in which both Li and Mg were used as anodes. 

1-butyl-1-methylpiperidinium chloride dissolved in propylene carbonate and 

1-butyl-1-methylpiperidinium chloride dissolved in 1-butyl-1-methylpiperidinium 
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bis(trifluoromethylsulfonyl)imide were tested as electrolytes. Using Li as an anode in 

the cell, the VOCl cathode delivered an initial discharge capacity of 189 mAh g-1 at a 

current density of 0.5 C, which corresponds to 0.72 mol of electron transferred in the 

reaction. A discharge capacity of 113 mAh g-1 was observed after 100 cycles at a 

current density of 2 C. The migration of chloride ions between the cathode and the 

anode was characterized by various techniques. XPS results indicated that the 

oxidation state of vanadium was partially reduced from V(III) to V(II) during the 

discharge, and it was oxidized to V(III) in the recharge process. The LiCl phase was 

detected in the Li anode after the first discharge by XRD measurement. A lattice 

expansion along the c axis of 5.47 Å was observed at the VOCl electrode, which is 

ascribed to the intercalation of PP14
+ ions during the initial discharge process. 

Indications for this mechanism were found by ex-situ XRD, IR, TEM and XPS 

measurements. The enlarged interlayers facilitated the Cl- ions moving out/into the 

VOCl cathode during the discharge/recharge processes, resulting in fast charge and 

discharge capabilities. The good compatibility of the VOCl electrode with the liquid 

electrolyte could be one of reasons for the good cyclic stability. The finding in this work 

suggests that chloride ions can be transferred rapidly between the cathode and the 

anode in the chloride ion battery. 

Li-free chloride ion battery cell with a Mg based anode was further investigated and 

discussed in Chapter 5. It was shown that the chloride ion can be dissociated from the 

VOCl and formed VO at the cathode in the discharge process using a composite of 

Mg/CB as an anode. Furthermore, the VOCl cathode was oxidized to VOCl2 in the first 

charge process using a composite of MgCl2/Mg/CB as the anode. The oxidation state of 

vanadium in V(II) and V(IV) were detected in the discharged and charged state, 

respectively. Better electrochemical performance was observed when the VOCl 

electrode was cycled between 2.5 V and 0.6 V with the compostite of MgCl2/Mg/CB as 

anode. Two distinct plateaus were observed at 1.9 V and 1.3 V (vs Mg) in the discharge 
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process, which are related to the redox reactions of the V4+/V3+ and V3+/V2+. An 

activation process was noticed during the initial cycles, delivering a maximum 

discharge capacity of 101 mAh g-1 in the 9th cycle and the capacity reduced to 87 mAh 

g-1 after 30 cycles. In comparison with the results of the chloride ion battery using Li as 

an anode, the VOCl cathode demonstrated a lower reversible capacity when the Mg 

based composite anode was used. Further investigation on the Mg anode is needed 

for better understanding the Li-free chloride ion battery. From these two chapters, it 

can be concluded that the chloride ion battery could have the potential to deliver 

highly reversible capacities depending on the electrochemical couples and the 

electrolytes. In addition, both Li and Mg based anodes can be used in the chloride ion 

batteries, which might provide new insights on building different electrochemical 

couples for the energy storage. 

Organic rechargeable batteries have gained much attention recently due to their 

tunable specific energy and power density, cost-effective, environmentally friendly 

properties. Moreover, organic materials can facilitate and shorten the coating process 

during the fabrication of electrodes which is another important cost factor. However, 

although promising from the initial storage capacities, voltages, safety and resource 

situation, the cyclic stability is low of most of the published organic electrodes and 

new approaches seem therefore necessary. In Chapter 6, a 

[5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) (CuDEPP) has been developed 

as a new and much more stable electro-active material for organic rechargeable 

batteries. There, the organic molecule can serve both as an electron acceptor and as 

electrode donor during the electrochemical reaction. The CuDEPP electrode has a 

theoretical capacity of 188 mAh g-1 based on a four-electron reaction. In addition, the 

molecule is thermally stable up to 250 °C in air and it is insoluble in the commonly 

used liquid electrolyte, which is of great importance for the application in rechargeable 

batteries. The CuDEPP material has been tested as a cathode (cell 1), an anode (cell 2), 
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and in a symmetric configuration cell (cell 3) to fully evaluate its electrochemical 

performance. 

The cell 1 cycled between 4.5 V and 1.8 V (vs Li) delivered better electrochemical 

performance compared to other operating voltage windows. An analogous compound 

of [5,10,15,20-tetraphenylporphinato]copper(II) (CuTPP) as a cathode does not have 

the abovementioned ethynyl groups of the CuDEPP and demonstrated poor 

electrochemical performance, delivering an initial discharge capacity of 17 mAh g-1 

which was almost one order magnitude lower than that the CuDEPP electrode (198 

mAh g-1) using the same cell configuration. The cell 1 demonstrated both ultra-fast 

charge and discharge (53 C) capabilities and long-term (8100 cycles) cycling stabilities. 

This good electrochemical performance can be attributed to the conjugated system 

with two ethynyl groups in the CuDEPP molecule. The triple bonds obviously stabilize 

the material in the bulk configuration by coordinating the Cu in a donor-acceptor 

interaction and lead to a staircase-like stacking of the molecules, thus enabling good 

access of the charge carriers. A specific energy density of 345 Wh kg-1 and a specific 

power density of 29.5 kW kg-1 were achieved at a current density of 10 A g-1 based on 

the mass of the CuDEPP active material which is a world record for a battery with such 

a good cyclic stability. Both Li+ and PF6
- from the electrolyte participated in the 

electrochemical reaction, and migrated to the negative charge and the positive charge 

of the electrodes, respectively. 

The CuDEPP material has also been tested as an anode in the rechargeable batteries, 

i.e., CuDEPP/PP14TFSI/graphite. A high discharge voltage was observed using graphite 

as a cathode where the anions were intercalated. During the charge and discharge, 

PP14
+ ions of the PP14TFSI electrolyte migrated into/from the CuDEPP at the anode. At 

the same time, the TFSI- ions were intercalated/de-intercalated into/from the graphite 

cathode. Two electrons per CuDEPP unit were transferred between the CuDEPP and 

the CuDEPP2- species enabling a theoretical capacity of 93.5 mAh g-1. The (002) plane 
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of the graphite expanded/shrinked during the charge/discharge processes because of 

the intercalation/de-intercalation of the TFSI-, as was identified by XRD and EDX 

measurements. The cell 2 delivered an initial discharge capacity of 94 mAh g-1 at a 

current density of 1 A g-1 between 4.0 V and 0.0 V, which is close to the theoretical 

capacity. The cell 2 could endure extremely high rates of charge and discharge. A 

reversible discharge capacity of 32 mAh g-1 was observed at a current density of 106 C, 

and the discharge step was done in 12 seconds only. 

In a symmetric cell, i.e., CuDEPP/LiPF6/CuDEPP, the CuDEPP material was used as both 

the cathode and the anode. In this configuration, a two-electron reaction or a 

four-electrode reaction could be established by adjusting the operating voltage 

windows. The two-electron reactions occurred simultaneously at both the CuDEPP 

cathode and the CuDEPP anode, in which the electrons were transferred between the 

CuDEPP and CuDEPP2+ species at the cathode, and between the CuDEPP and CuDEPP2– 

species at the anode in a 2.8 - 0.0 V window. The four-electron reactions process 

involved the electron transferring between the CuDEPP2+ species and the CuDEPP2– 

species, which was operated between 2.6 V and (-1.8 V). The symmetric organic cell 

delivered discharge capacities of 72 mAh g-1 and 138 mAh g-1 in voltage ranges of 2.8 - 

0.0 V and 2.6 V - (-1.8 V) at a current density of 200 mA g-1, respectively. 

In contrast to the comparably slow lithium insertion process in oxide host material for 

Li-ion batteries, high rate capability has been achieved with the CuDEPP electrode in 

organic batteries based on both cationic and anionic shuttles discovered in the present 

work. The stabilization of the redox species with highly π-conjugated structure 

obviously plays an important role in sustaining good battery performance. The 

diversity of the CuDEPP molecule as an electrode-active material in this investigation 

highlights a new approach for molecular design of bipolar redox organic electrode for 

the rechargeable batteries. 
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Conversion materials for rechargeable batteries offer theoretically high energy 

densities which have the potential as alternatives to address the challenges in 

traditional lithium ion batteries. In Chapter 7, the study was set out to explore high 

performance electrodes for rechargeable batteries based on cationic shuttle. Layered 

VOCl material has been initially investigated as electrode in lithium ion and sodium ion 

batteries. For the implementation of the VOCl electrode in Li-ion battery, it could be 

shown that the Li ions storage in the VOCl electrode involved an intercalation reaction 

in initial steps and a conversion reaction in subsequent steps. Three electrons can be 

transferred theoretically within a conversion reaction enabling a theoretical capacity of 

788 mAh g-1. A high reversible capacity of 759 mAh g-1 was achieved when the VOCl 

electrode was cycled in a voltage range of 3.0 - 0.05 V (vs Li), corresponding to 2.8 Li 

per VOCl formula unit. The oxidation state of V (0) was detected by XPS, and the LiCl 

and Li2O were evaluated by IR on the discharged VOCl electrode, which support the 

hypothesis of a conversion reaction of the VOCl electrode with Li. A particle 

refinement was noticed in the first cycle through the conversion reaction, and this 

became significant after 100 cycles. In addition, a diffusion-controlled Li+ insertion 

process and a pseudocapacitive contribution in the surface or near-surface redox 

reaction were identified for the charge storage of VOCl electrode in the Li-ion 

batteries. 

In the second part of the Chapter 7, the study was focused on the investigation of VOCl 

electrode for the rechargeable Na-ion batteries between 1.0 V and 3.0 V (vs Na). The 

VOCl interlayers were expanded after intercalating Na ions during the first discharge. 

The expansion remained in the subsequent cycles, enabling fast charge and discharge 

capabilities. The cell delivered a reversible discharge capacity of 117 mAh g-1 at a 

current density of 1 C, which corresponds to 0.45 Na per VOCl unit, and the capacity 

decreased to 80 mAh g-1 in the 55th cycle. NaCl phase was detected in the discharged 

electrode by ex-situ XRD and it partially converted back to VOCl during the recharge 
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process. The Na storage mechanism in the VOCl electrode obviously involves a 

combination of intercalation/de-intercalation and partial conversion reaction 

processes in the voltage range of 3.0 - 1.0 V.  

In this thesis, three rechargeable batteries based on different ions shuttles have 

developed. Rechargeable batteries based on chloride ion shuttling have the potential 

to deliver highly reversible battery performance. High power density, energy density 

and long-term cyclic stability of energy storage devices could be built with organic 

batteries based on both cationic and anionic shuttles. The functional groups in the 

tested molecules played an important role in the battery performance. Developing of 

conversion material for rechargeable batteries based on cationic shuttle provides 

opportunities to increase the energy storage capability for the future energy storage. 
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Chapter 9 Outlook 

Developing new materials and batteries remains an important issue for energy storage 

also in the future. The new concept of chloride ion batteries is still in an early stage, 

there are many aspects that need to be addressed in further studies. Developing high 

performance electrodes (both cathode and anode), such as cathode materials of metal 

chloride (e.g. FeCl3, CuCl2 and BiCl3), can be greatly important. However, these metal 

chlorides are easily soluble in liquid electrolytes and may migrate to the anode during 

the cycling, which will deteriorate the battery performance. Thus new ideas for 

constructing the electrodes and developing suitable chloride ion conducting 

electrolytes, for example solid state or gel polymer electrolytes, are desired. In 

addition, the interface behavior at the electrode during the electrochemical reaction 

needs to be further characterized. 

Rechargeable batteries based on porphyrin complex electrode demonstrated excellent 

long-term cyclic stability and high rate capability already in this first study. The 

following topics related to the organic electrode may be important for the further 

work: 1) understanding the relationship between the battery performance, the bulk 

structure, and the functional groups, 2) the kinetic behavior of the organic electrode 

during the reaction. In addition, due to the bipolar redox-activity and air stability of 

the CuDEPP molecule, it may also be suitable for developing even cheaper battery 

systems, e.g. Na-based, Mg-based, K-based, Zn-based batteries. Moreover, not only 

the use of non-aqueous electrolyte, but also the development of aqueous electrolyte 
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for an organic battery, for example in an organic flow battery, can also be of particular 

interest because of its abundant resources coming from natural products. 

Conversion materials for rechargeable batteries lead to a high specific capacity owing 

to the multi-electron reaction. Normally, these conversion electrodes can deliver high 

reversible capacities in initial cycles, however, the reversible capacity faded 

significantly in the following cycling. To understand the reason and improve the cycling 

stability will essential in further work.
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Appendix 

 

Figure A-1: Rietveld analysis of the VOCl/C composite. Small amounts of impurities of V2O3 (ca. 

2 wt %), VCl2 (ca. 1 wt %), and presumably an fcc metal were also found. The VOCl crystallizes 

in an orthorhombic structure with a space group of Pmmn, lattice parameters: a = 3.77 Å, b = 

3.30 Å, c = 7.93 Å. Bragg R factor, Rbragg = 8.1%; Weighted R factor, Rwp = 8.6%; Goodness of Fit, 

GOF = 1.86.  
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Figure A-2: Linear sweep voltammetry of the 0.5 M PP14Cl-PC electrolyte in a cell configuration 

of Li/PP14Cl-PC/stainless steel at a sweep rate of 5 mV s-1. 

   

    

Figure A-3: (a) Rietveld analysis of the as-prepared VOCl/C electrode, (b) analysis of the 

recharged VOCl electrode (2.8 V) after initial discharging (Pawley type fit for the VOCl phase, 

Rietveld fits for other phases), dependency of the full width at half maximum (FWHM) of the 

first four reflections at different states of (c) discharging (1.53 V, 1.33 V, and 1.0 V), and (d) 

charging (1.62 V, 1.75 V, and 2.8 V). First four reflections to simple Lorentzian type functions 

were fitted as shown in c and d indicate that the width of all the reflections strongly increased 

on discharging, and decreased again on charging of the compound. Rwp = 10 %, GOF = 2.6 for 

the charged sample (b). 
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Figure A-4: SEM images and the corresponding EDX spectra of the VOCl electrode (a, b) in the 

as-prepared, (c, d) discharged, and (e, f) recharged states. 
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Figure A-5. XPS survey of the VOCl electrode, (a) at the as-prepared, (b) discharged (1.0 V), and 

(c) recharged (2.8 V) states in the first cycle. 
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Figure A-6: SEM images of graphite cathode and their corresponding EDX spectra in the 

as-prepared (a, b), charged (c, d) and discharged (e, f) states. 
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Abbreviations 

CuDEPP [5,15-Bis(ethynyl)-10,20-diphenylporphinato]copper(II) 

CuTPP [5,10,15,20-tetraphenylporphinato]copper(II) 

CB Carbon black 

CIBs Chloride ion batteries  

CV Cyclic voltammetry 

CE Counter electrode 

DMC Dimethyl carbonate 

EC Ethylene carbonate 

EDX Energy-dispersive X-ray spectroscopy 

EELS Electron energy loss spectroscopy 

EIS Electrochemical impedance spectroscopy 

EMF Electromotive force 

EV Electric vehicle 

FWHM Full width at half maximum 

FFT Fast Fourier transformation 

HAADF High angle annular dark field  

HEV Hybrid electric vehicle 

IR Infrared spectroscopy 

ICL Irreversible capacity loss 

LSV Linear sweep voltammetry 
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LIBs Lithium ion batteries 

LiPF6 Lithium hexafluorophosphate 

MALDI Matrix-assisted laser desorption/ionization  

TOF-MS Time-of-flight mass spectroscopy 

MC Mg/carbon black composite 

MMC MgCl2/Mg/carbon black composite 

NMP N-methyl-2-pyrrolidone 

NIBs Sodium ion batteries 

NaClO4 Sodium perchlorate 

OCV Open circuit voltage 

PVDF Poly(vinylidene difluoride) 

PC Propylene carbonate 

PP14Cl 1-butyl-1-methylpiperidinium chloride 

PP14TFSI 1-butyl-1-methylpiperidinium 

bis(trifluoromethylsulfonyl)imide 

PDF Powder diffraction file 

RE Reference electrode 

SEM Scanning electron microscopy 

STEM Scanning transmission electron microscope 

SAED Selected area electron diffraction 

SEI Solid electrolyte interface 

SHE Standard hydrogen electrode 

TEM Transmission electron microscopy  

TGA-DSC Thermogravimetric differential scanning calorimetry 

UV-vis Ultraviolet-visible spectroscopy 

VOCl Vanadium oxychloride 

VOCl2 Vanadium oxydichloride 
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WE Working electrode 

XANES X-ray absorption near edge structure 

XRD X-ray diffraction  

XPS X-ray photoelectron spectroscopy  
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